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MAT2A Inhibition Blocks t
he Growth of MTAP-
Deleted Cancer Cells by Reducing PRMT5-
Dependent mRNA Splicing and Inducing DNA
Damage
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d MAT2Ai reduce PRMT5 activity affecting mRNA splicing and

inducing DNA damage

d Antiproliferative effects of AG-270 are synergistic with

taxanes in vitro and in vivo
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SUMMARY
Themethylthioadenosine phosphorylase (MTAP) gene is located adjacent to the cyclin-dependent kinase in-
hibitor 2A (CDKN2A) tumor-suppressor gene and is co-deleted with CDKN2A in approximately 15% of all
cancers. This co-deletion leads to aggressive tumors with poor prognosis that lack effective, molecularly tar-
geted therapies. The metabolic enzymemethionine adenosyltransferase 2a (MAT2A) was identified as a syn-
thetic lethal target inMTAP-deleted cancers. We report the characterization of potent MAT2A inhibitors that
substantially reduce levels of S-adenosylmethionine (SAM) and demonstrate antiproliferative activity in
MTAP-deleted cancer cells and tumors. Using RNA sequencing and proteomics, we demonstrate that
MAT2A inhibition is mechanistically linked to reduced protein arginine methyltransferase 5 (PRMT5) activity
and splicing perturbations. We further show that DNA damage and mitotic defects ensue upon MAT2A inhi-
bition in HCT116 MTAP�/� cells, providing a rationale for combining the MAT2A clinical candidate AG-270
with antimitotic taxanes.
INTRODUCTION

The metabolic enzyme methionine adenosyltransferase 2a

(MAT2A) has an important role in metabolism and epigenetics

as the primary producer of the universal methyl donor S-adeno-

sylmethionine (SAM). Despite this broad cellular role, recent

work has shown that depletion of MAT2A leads to a selective

antiproliferative effect in cancers with deletion of a separate

metabolic gene, methylthioadenosine phosphorylase (MTAP)
C

(Kryukov et al., 2016; Marjon et al., 2016; Mavrakis et al.,

2016). An explanation for this selective vulnerability could be

that the activity of the SAM-utilizing type II arginine methyltrans-

ferase PRMT5 is inhibited by a metabolite, 50-methylthioadeno-

sine (MTA), which accumulates when MTAP is deleted. Within

the high-MTA environment of MTAP-deleted cancers, the cata-

lytic activity of PRMT5 is reduced and is sensitive to further inhi-

bition by reduction in SAM levels (Marjon et al., 2016). While

these results suggest that targetingMAT2Amay prove beneficial
ancer Cell 39, 209–224, February 8, 2021 ª 2020 Elsevier Inc. 209
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inMTAP-deleted cancers, past efforts to devise effectiveMAT2A

inhibitors have been hampered by the presence of a large hydro-

philic active site; a large, open, highly hydrophobic allosteric

binding pocket; and by cellular adaptations that reduce the

cellular potency of MAT2A inhibitors (Quinlan et al., 2017).

Methionine analogs such as cycloleucine (Lombardini et al.,

1970; Lombardini and Sufrin, 1983) inhibit MAT2A in vitro,

although their low potency and structural simplicity raise con-

cerns about inhibitor specificity, and poor pharmacokinetics limit

their use in vivo. A moderately potent allosteric MAT2A inhibitor,

PF-9366, was recently discovered (Quinlan et al., 2017). Howev-

er, PF-9366 treatment in cells induces cellular adaptation,

including upregulation of MAT2A, which blunts its antiprolifera-

tive effects.

We developed de novo chemotype small-molecule inhibitors

of MAT2A that are potent, cell permeable, and amenable to

in vivo testing. Our optimized MAT2A inhibitors potently reduce

SAM levels in cells by blocking de novo SAMbiosynthesis. Using

pharmacologic inhibitors of MAT2A, we validate MAT2A as a

synthetic lethal target in MTAP-deleted cancers, demonstrating

inhibition of cancer cell proliferation in vitro and tumor growth

in vivo. Finally, we describe the biological consequences of

MAT2A inhibition in MTAP-deleted cancer cells, including the

genotype-selective impact on cellular PRMT5 activity and

mRNA splicing, ultimately leading to cell-cycle defects and

attenuated proliferation. Thus, targeting of MAT2A in MTAP-

deleted cancers represents a successful application of synthetic

lethality and a potential therapeutic approach for the substantial

subset of patients with loss of the cyclin-dependent kinase inhib-

itor 2A (CDKN2A)/MTAP locus.

RESULTS

Cell-Based Activity of MAT2A Inhibitors
Small-molecule MAT2A inhibitors were identified by screening a

library of >2,000 low-molecular-weight fragments for their ability

to bind to MAT2A using a mass spectrometry-based ultrafiltra-

tion assay. Fragment hits with confirmed MAT2A binding in

orthogonal enzymatic and surface plasmon resonance assays

were co-crystallized with the MAT2A protein in complex with

SAM. Further structure-guided design resulted in discovery of

AGI-24512, a MAT2A inhibitor with an improvement in cell po-

tency of 3–6 orders of magnitude compared with previously re-

ported MAT2A inhibitors PF-9366 and cycloleucine (Figures

1A, 1B, and S1A).

To assess the specificity of its impact in cancer cells, wemoni-

tored the MAT2A product SAM after treatment with either AGI-

24512 or a structurally related inactive compound (Figures 1A

and 1C). Treatment with AGI-24512, but not the inactive control,

led to a dose-dependent decrease in SAM levels, suggesting

that the reduction in SAM was an on-target effect. Next, the

rate of intracellular conversion of stable isotope-labeled
13C5,

15N-methionine to 13C5,
15N-SAM was assessed to directly

measure the rate of SAM production in cells following short-

term inhibitor treatment. AGI-24512 treatment led to near com-

plete reduction of de novo SAM production at doses above

cellular IC50 for SAM (Figures 1C and 1D) with an IC50 of

6.2 nM for 13C5,
15N-SAM biosynthesis inhibition (Figure S1B).

We performed local pathway tracing with U-13C5-methionine to
210 Cancer Cell 39, 209–224, February 8, 2021
characterize the impact of AGI-24512 on metabolic pathways

downstream of SAM (Figure S1C), revealing reduced metabolite

production in both HCT116 MTAP�/� and wild-type cells

(referred to hereafter as MTAP�/� and WT).

PRMT5 is a methyltransferase that is uniquely sensitive to re-

ductions in SAM in MTAP-deleted cancer cells due to its

biochemical properties such as low Ki for the MTAP substrate

MTA combined with relatively low binding affinity for SAM (Mar-

jon et al., 2016). We therefore tested whether pharmacologic in-

hibition of MAT2A would impair PRMT5 activity in an MTAP-null

genotype-selective manner. Levels of PRMT5-dependent sym-

metric dimethyl arginine (SDMA) marks were assessed in

MTAP�/� and WT cells following AGI-24512 treatment (Figures

1E and 1F). Consistent with prior results, basal SDMA levels

were substantially lower inMTAP�/� cells.We also observed sig-

nificant reduction in SDMA levels (Figures 1E and 1G) upon

MTAP inhibition (Singh et al., 2004). AGI-24512 treatment led

to a further reduction of SDMA marks in MTAP�/� but not in

WT cells. Additionally, pharmacologic inhibition of MTAP in WT

cells synergized with MAT2A inhibition to dramatically reduce

SDMAmarks. Dose-response studies using a quantitative assay

revealed that AGI-24512 inhibits PRMT5-mediated SDMAmarks

with an IC50 of 95 nM in MTAP�/� cells, correlating with the

100 nM IC50 for cell-growth inhibition observed in these cells

(Figure 1F). In contrast, treatment with a SAM-uncompetitive

PRMT5 inhibitor, EPZ015666, led to a dose-dependent

decrease of SDMA marks irrespective of the MTAP status (Fig-

ures 1G and 1H). Thus, potent MAT2A inhibitors induce an

MTAP-null selective effect on PRMT5 cellular activity that to

date has not been observed with pharmacologic inhibitors

of PRMT5.

AGI-24512 Blocks Proliferation of MTAP-Deleted
Cancer Cells In Vitro

The effect of AGI-24512 on cell growth was monitored in both

MTAP�/� andWT cells using an ATP-based proliferation readout

and time-lapse imaging of cell confluence (Figures 2A and S2A).

AGI-24512 reduced growth of MTAP�/� cells (IC50 after 96 h of

treatment was 100 nM), with no significant effect in WT cells.

Additionally, pharmacologic MTAP inhibition in WT cells led to

accumulation of MTA (Marjon et al., 2016) and sensitized the

cells to antiproliferative effects by AGI-24512 (Figures 2A and

S2B). Consistent with prior PF-9366 results (Quinlan et al.,

2017), we observed upregulation of MAT2A protein upon treat-

ment with AGI-24512 (Figures 1E and 1F). Notably, this pathway

feedbackmechanism did not prevent the antiproliferative activity

of AGI-24512. We hypothesized that the improved potency of

AGI-24512 relative to prior MAT2A inhibitors enabled AGI-

24512 to maintain antiproliferative effects despite this cellular

adaptation and observed that while AGI-24512 cellular potency

initially decreased over time, this effect was self-limiting and pla-

teaued within 40 h (Figure S2C). Finally, CDKN2A deletion was

not responsible for sensitivity to MAT2A inhibition, as MTAP in-

hibitor (MTAPi) pretreatment was necessary to reduce growth

in CDKN2A knockout (KO) HAP1 cells (Figures S2D and S2E).

Thus, AGI-24512 selectively reduced growth ofMTAP�/� can-

cer cells, confirming our observations using genetic tools target-

ing MAT2A (Marjon et al., 2016), suggesting that pharmacologic

inhibition of MAT2A enzymatic function represents a viable
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Figure 1. MAT2A Inhibitor AGI-24512 Re-

ducesCellularS-adenosylmethionineLevels,

S-adenosylmethionine De Novo Biosyn-

thesis, and Symmetric Dimethyl Arginine

Levels

(A) Structures of AGI-24512 and close analog,

AGI-38053, with low-to-no activity in biochemical

assay. IC50 denotes half maximal inhibitory con-

centration.

(B) Percent reduction in cellular SAM levels after

4 h of treatment with AGI-24512, AG-270, PF-

9366, or cycloleucine (mean ± SD, n = 3).

(C) Reduction in cellular SAM levels after 72 h of

treatment with AGI-24512 or AGI-38053 (mean ±

SD, n = 3). IC50 value shown.

(D) Impact of AGI-24512 on the rate of 13C5,
15N-

methionine conversion to 13C5,
15N-SAM.

(E and G) Immunoblot analysis of the indicated

proteins following treatment with AGI-24512 (E) or

EPZ015666 (G) at 1 mM for 96 h. WT, wild type;

MTAPi, methylthioadenosine phosphorylase in-

hibitor.

(F and H) In-cell western analysis of the reduction in

PRMT5-dependent SDMA marks following treat-

ment with AGI-24512 (F) or EPZ015666 (H). Mean ±

SD, with data collected in triplicate from 3–4 inde-

pendent experiments. IC50 value for percent SDMA

change versus dimethyl sulfoxide (DMSO) control

shown.

See also Figure S1.
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therapeutic approach. Next, we explored the antiproliferative ef-

fects of AGI-24512 in a panel of 316 cell lines of diverse tumor

origins (Figure 2B and Table S1). AGI-24512 inhibited the prolif-

eration of mostMTAP-deleted lines, with limited effects on most

MTAP WT lines. Across the panel, MTAP deletion predicted

sensitivity to AGI-24512, as assessed by growth inhibition

(GI50; p = 2.6 3 10�13) or by growth rate (GR) adjusted metric

(GR, 2.2 mM; p = 1.43 10�15) (this metric was chosen arbitrarily;

similar results were obtained using additional GR metrics).

Furthermore, unbiased bioinformatics analyses revealed that

MTAP deletion was the genetic feature most predictive of sensi-

tivity toMAT2A inhibition with AGI-24512, and the only other pre-

dictive features were deletions of genes adjacent to MTAP on

chromosome 9p21 (Figures 2C and S2F). Notably, MTAP-

deleted cell lines were not significantly more sensitive than

MTAP WT cell lines to the nonspecific cytotoxic agent stauro-

sporine, indicative of the lack of nonspecific vulnerability

(Table S1).
Canc
While these data suggested that AGI-

24512-mediated inhibitionofSDMAmarks

and cancer cell growth were likely on

target, we generated drug-resistant cells

to further establish the mechanism of

AGI-24512 antiproliferative effects. Treat-

ment of MTAP-deleted cells with

increasing doses of MAT2A inhibitor for

10 weeks led to the emergence of a drug-

resistant population. Genome sequencing

of this population indicatedanA276Vpoint

mutation in MAT2A (Figure S2G). Exoge-
nous expression of A276V in treatment-naı̈veMTAP�/� cells indi-

cated that the effects of AGI-24512 are mediated via inhibition of

MAT2A (Figures S2H and S2I). AGI-24512 failed to reduce

SDMA levels in A276V MAT2A-expressing cells, showing that

the effects of AGI-24512onPRMT5-mediatedSDMAmarks occur

via inhibitionofMAT2A (FigureS2J). Thedrug-resistantA276Vmu-

tation is located in the MAT2A allosteric binding pocket (Quinlan

et al., 2017 and Agios data on file), suggesting that it could desta-

bilize formation of the drug-enzyme complex.

MAT2A Inhibitors Reduce Growth of MTAP-Deleted
Cancer Cells in vivo

Initial assessment of the pharmacokinetic properties of AGI-

24512 indicated poor oral absorption and a short half-life in vivo.

Structure-guided design and optimization of AGI-24512 gener-

ated AG-270, an orally bioavailable and metabolically stable

MAT2A inhibitor amenable to in vivo work (Figure 3A).

AG-270 demonstrated potent reduction in intracellular SAM,
er Cell 39, 209–224, February 8, 2021 211
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Figure 2. MAT2A Inhibitors Reduce Prolifer-

ation of MTAP-Deleted and Wild-Type Cell

Models In Vitro

(A) Percent growth of MTAP�/� and WT cells (+/�
MTAPi, MTAP inhibitor) upon treatment with AGI-

24512 for 96 h (mean ± SD, n = 3).

(B) Normalized growth rate at 2.2 mMAGI-24512 in

a panel of 316 MTAP-deleted or WT cancer cell

lines of various tissues of origin.

(C) Correlation of AGI-24512 half-maximal growth

inhibitory (GI50) concentrations with various gene

copy numbers in the vicinity of MTAP locus in the

panel from (B). Adjusted (shown as Adj.) p value for

each gene is plotted against its genomic distance

from the MTAP locus. bp, base pairs.

See also Figure S2.
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MTAP�/�-selective antiproliferative activity, and reduction in

SDMA marks with IC50 of 50 nM and 35.3 nM, respectively (Fig-

ures 1B, 3A, S3A, and S3B). Oral treatment of animals with AG-

270 led to sustained high-level exposure in HCT116 xenograft tu-

mors (Figure S3C) with corresponding reductions in levels of

SAM (Figure S3D) and was well tolerated. To test whether

MTAP-null tumors are sensitive to the antiproliferative effects

of MAT2A inhibition in vivo, we dosed AG-270 orally once daily

to mice bearing subcutaneous MTAP�/� xenografts (Figures

S3E and S3F). Treatment led to a substantial reduction in tumor

growth of MTAP�/� xenografts (tumor growth inhibition [TGI] =

75%, p < 0.01) and was well tolerated, with body weight loss

of <20% for all animals. In contrast, no antiproliferative effects

were observed inWT tumor-bearingmice. AG-270 led to compa-

rable SAM reductions in both MTAP�/� and WT models (Fig-

ure S3G), supporting the hypothesis that enhanced reliance on

SAM and not differences in SAM production are driving MTAP-

null selective vulnerability upon MAT2A inhibition. Furthermore,

AG-270 treatment reduced SDMA marks in MTAP�/� tumors

with negligible effects in WT tumors (Figure S3H).

To further explore the effects of AG-270 on tumor growth

in vivo, we surveyed a panel of patient-derived xenograft (PDX)

models from a variety of tumor histological types (Figure 3B

and Table S2). PDXmodels were grown in immunocompromised

animals, and established tumors were treated with 200 mg/kg

AG-270, which demonstrated maximum target engagement in

our HCT116 isogenic pair in vivo work. Drug treatment was

well tolerated, resulting in reduced tumor growth in a histologi-

cally diverse subset of MTAP-deleted PDX models, with sus-

tained high drug exposure and reduction in intratumoral SAM

levels (Figures S3I and S3J).

Availability of PDX models of both MTAP WT and MTAP-

deleted genotype within the non-small cell lung cancer (NSCLC)
212 Cancer Cell 39, 209–224, February 8, 2021
cohort allowed us to assess correlations

between MTAP status and extent of anti-

proliferative activity in vivo. This analysis

highlighted that, similarly to our in vitro

data, AG-270 reduced growth of most

MTAP-deleted NSCLC PDX models to a

greater extent than MTAP WT models

(Figure 3C), and thiswas observeddespite

the equivalent reduction in intratumoral
SAM levels (Figure 3D). Critically, analysis of PRMT5 activity in

NSCLC models treated with AG-270 highlighted a selective

impact on PRMT5-dependent SDMA levels in MTAP-deleted

models, as measured by our quantitative immunohistochemistry

analysis (Figure 3D). This provided proof-of-concept evidence

that our observations regarding MTAP-null selective effects of

MAT2A pharmacologic modulation on PRMT5 cellular activity

could be extended to the in vivo setting.

While our assessment of AG-270 efficacy across PDX models

did not distinguish any particular histological tumor type asmore

sensitive to MAT2A pharmacologic targeting, we did observe tu-

mor stasis and complete regressions in select tumor models

(Figures 3E and 3F).

Finally, assessment of AG-270 specificity in in vitro binding as-

says at 10 mM using Eurofins’ panel of 90 unrelated targets did

not reveal any effects exceeding 50% inhibition (Figure S3K).

Pharmacologic Inhibition of MAT2A Leads to MTAP–/–

Genotype-Selective Cell-Cycle Delays andDNADamage
We have shown that pharmacologic inhibition of MAT2A enzy-

matic function represents a viable therapeutic approach yielding

antiproliferative activity in vitro and in vivo in MTAP-deleted

models. Since combination regimens of cancer therapeutics

are often critical for maximal patient benefit (Bayat Mokhtari

et al., 2017), we set out to develop rational combination treat-

ment approaches that maximize efficacy of targeting MAT2A in

patients with MTAP-deleted tumors.

Consistent with antiproliferative responses observed upon AGI-

24512 treatment, reduced incorporation of thymidine analog 5-

ethynyl-20-deoxyuridine (EdU) was measured by immunofluores-

cence analysis inMTAP�/� but not WT cells (Figures 4A and 4B).

However, no pronounced cell-cycle checkpoint activation was

detectable upon MAT2A inhibition in asynchronously proliferating
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Figure 3. AG-270 Reduces SAMProduction In Vitro and Reduces Growth ofMTAP-Deleted andWTPatient-Derived Xenograft Models In Vivo

(A) Reduction in cellular SAM levels after 72 h of treatment (left y axis, red trace) and percent growth after 96 h of treatment (right y axis, MTAP�/� with blue trace

and WT cells with green trace) with AG-270 (mean ± SD, n = 3).

(B) Impact of AG-270 on growth of MTAP-deleted patient-derived xenograft (PDX) models from a variety of tumor histological types.

(C) Impact of AG-270 on growth of MTAP WT and MTAP-deleted genotype within PDX non-small cell lung cancer (NSCLC) cohort.

(D) Levels of intratumoral SAM and PRMT5-dependent SDMA within NSCLC cohort.

(E and F) Examples of complete tumor stasis and tumor regression in PDX LU0038NSCLC (E) and ES0214 esophageal carcinoma (F)models treatedwith AG-270.

TGI, tumor growth inhibition; QD, once daily; SCC, squamous cell carcinoma.

For all PDX models, n = 3 per group per model; data shown as mean ± SEM. See also Figure S3.
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Figure 4. Pharmacologic Inhibition of MAT2A Leads to MTAP–/– Genotype-Selective Cell-Cycle Delays and Mitotic Defects

(A and B) Immunofluorescence analysis of 5-ethynyl, 20-deoxyuridine (EdU) incorporation (A) and quantitative analysis of EdU-positive cells (B) upon treatment

with AGI-24512 or DMSO for 6 days (mean ± SD, n = 3). Scale bar, 50 mm.

(C and D) Cell-cycle profile histograms (C) and quantitative analysis of cell-cycle distribution (D) after 72 h of pretreatment with 1 mMAGI-24512 or DMSO followed

by double-thymidine block and release for indicated period of time. Uns, unsynchronized, Untr, untreated.

(E and F) 40,6-Diamidino-2-phenylindole (DAPI) staining of micronucleus (E) and quantitative analysis (F) of micronucleus-positive cells upon treatment with AGI-

24512 or DMSO (mean ± SD, n = 5). Scale bar, 50 mm.

(G and H) DAPI stain with anti-b-actin co-stain demonstrating mitotic defects (G) and quantitative analysis of multinucleated cells (H) upon treatment with AGI-

24512 or DMSO (mean ± SD, n = 10). Scale bar, 10 mm.

p values were calculated using unpaired Student’s t test. **p = 0.01, ***p = 0.001, ****p = 0.0001; NS, not significant. See also Figure S4.
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cells. Since cell-cycle alterations induced by AGI-24512 may

become more obvious in synchronized cells, we performed dou-

ble-thymidine block treatment to synchronize cells pretreated

with AGI-24512 for 72 h in early S phase (Figure 4C). Upon release

from replicative block, we observed significantly attenuated pro-

gression of AGI-24512-treated MTAP�/� but not of WT cells

from G1 into S and G2/M phase (Figures 4C and 4D). This attenu-

ated cell-cycle progression correlated with reduced protein levels

of several critical regulators of S and G2/M phase transition,

including cyclin B and Aurora kinase B, as well as attenuated

appearance of a mitotic marker, phosphorylated histone H3 (Fig-

ure S4A). Additionally, levels of CDKN1A/Cip1/p21 (inhibitor of

CDK4/6 activity and E2F-driven transcription) were induced

upon treatment, consistent with stabilization of p21 upstream

regulator p53 (Figure S4A).

These cell-cycle changes were accompanied by chromo-

somal-level DNA damage, as shown by the formation of micro-

nuclei and appearance of binucleated and multinucleated cells

upon treatment with AGI-24512 (Figures 4E–4H). Both micronu-

cleus formation and appearance of multinucleated cells were

confined to MTAP�/� cells and absent from WT cells.

Reduced proliferation rate, p53 activation, and accumulation

of cells with chromosomal abnormalities suggested that AGI-

24512 treatment was triggering a DNA damage response

(DDR). To assess DDR induction, we analyzed formation of

phosphorylated H2AX (gH2AX) foci as a marker for double-

strandedDNAbreaks (Figures 5A and 5B).We found a significant

increase in gH2AX–positive cells in MTAP�/� cells after treat-

ment with AGI-24512 compared with dimethyl sulfoxide control

and WT cells.

We next sought to identify the trigger of DNA damage upon

MAT2A inhibition. PRMT5 activity is known to modulate levels

of RNA/DNA hybrid structures known as R loops (Zhao et al.,

2016), ultimately leading to cellular DNA damage (Paulsen

et al., 2009). We used high-throughput immunofluorescence

analysis with the R-loop-specific S9.6 antibody to detect

whether R-loop formation was induced by MAT2A inhibition

with AGI-24512. We detected pronounced and significant in-

creases in R-loop nuclear signal intensity upon AGI-24512 treat-

ment in MTAP�/� cells (Figures 5C and 5D). Additional dot blot

analysis using the S9.6 antibody demonstrated similar increases

in R-loop intensity upon treatment with AGI-24512 in MTAP�/�

cells (Figures S5A and S5B).

RNAse H is a major regulator of the removal of R loops in eu-

karyotes (Amon and Koshland, 2016). We generated stable cell

lines and observed that overexpression of RNAse H1, but not

the catalytically inactive mutant D145N, significantly decreased

formation of gH2AX foci in MTAP�/� cells treated with AGI-

24512 (Figures 5A and 5B), indicating that R-loop formation is

essential for DNA damage induced by MAT2A inhibition.

Importantly, all effects of AGI-24512 including micronucleus

formation, gH2AX foci formation, and R loops were also

observed upon direct inhibition of PRMT5 with EPZ015666 but

were independent of the MTAP genotype (Figures S5C–S5E).

Thus, reduction of PRMT5 activity downstream of MAT2A inhibi-

tion is sufficient to explain the R-loop formation and DNA dam-

age. Consistent with these findings, overexpression of a

PRMT5 mutant (K333R/Y334T) with impaired catalytic activity

(Figure S5F) and dominant negative effects in cells (Figure S5G)
sensitized WT cells to MAT2Ai antiproliferative effects (Fig-

ure S5H), further supporting the hypothesis that MAT2Ai-

induced growth inhibition in MTAP-null cells arises due to

reduced PRMT5 activity (Kryukov et al., 2016; Marjon et al.,

2016; Mavrakis et al., 2016).

Evidence suggests that R-loop formation due to impact on

splicing leads to DNA damage upon collision between RNA tran-

scription and DNA replication machineries acting on the same

DNA template (Hamperl et al., 2017). Indeed, we observed that

MAT2A inhibition resulted in DNA damage in S-phase cells, as

supported by co-localization of gH2AX and EdU signal and

collapsed replication fork marker pRPA32 S33 with spliceosome

marker SC35 (Figures S5I and S5J). To assess the impact of AGI-

24512 on replication fork processivity and replication efficiency,

we performed DNA fiber analysis, which showed an increased

number of collapsed replication forks in MTAP�/� cells after

treatment with AGI-24512 (Figures S5K and S5L). Collectively,

these data suggest that R loops accumulate upon treatment

with AGI-24512, leading to reduced replication rates and DNA

damage.

MAT2A Inhibition Leads to Substantial Alterations in
RNA Splicing Downstream of PRMT5
Given that MAT2A inhibition leads to reduction of PRMT5 meth-

yltransferase activity in MTAP-deleted cancers (Figures 1E and

3D), we assessed the biological consequences of this PRMT5

inhibition.

PRMT5 methylates multiple components of the splicing com-

plex, and PRMT5 inhibition is reported to dysregulate splicing

(Bezzi et al., 2013; Braun et al., 2017). We therefore performed

RNA sequencing in MAT2A-inhibitor-treated cells to measure

gene expression changes and detect splicing changes. We

found that AGI-24512 affected multiple alternative splicing

events inMTAP�/� but not in WT cells (Figures 6A and 6B; Table

S3).

While multiple forms of splicing were perturbed upon MAT2A

inhibitor treatment, we observed a particularly large increase in

transcripts containing a detained intron (DI) (Figures 6A and

6B). This is consistent with recent reports indicating that diverse

splicing events including DIs are heavily regulated by PRMT5 ac-

tivity, and suggest that dysregulated splicing downstream of

MAT2A may influence protein expression, since DI-containing

transcripts are retained in the nucleus and thus are ineffectively

translated (Boutz et al., 2015; Braun et al., 2017). The majority of

perturbed DIs were upregulated upon AGI-24512 treatment (Fig-

ure 6B), including a number of genes involved in DNA repair. Pro-

teomic analyses revealed that several pathways involved in the

DDR were dramatically downregulated by AGI-24512 treatment

inMTAP�/� cells. Reactome pathway analysis identified the Fan-

coni anemia (FA) pathway as highly affected, including reduc-

tions in the levels of FANCL, FANCA, and FANCD2, but not

FANCI (Figure 6C and Table S4).

To determine whether changes to FA pathway proteins

were driven by the accumulation of DI transcripts, we per-

formed qRT-PCR, which revealed upregulation of FANCL

and FANCA DI-containing transcripts, while total levels of

FANCL and FANCA mRNA were reduced (Figure 6D). Upre-

gulation of several other previously reported DI-containing

transcripts was confirmed via qRT-PCR using validated
Cancer Cell 39, 209–224, February 8, 2021 215
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Figure 5. MAT2A Inhibitor AGI-24512 Increases R-Loop Formation and DNA Damage in MTAP-Deleted and WT Cell Models

(A and B) Immunostaining (A) and quantitative analysis (B) of gH2AX-positive cells (%) upon treatment with AGI-24512 or DMSO in WT and MTAP�/� cells +/�
RNaseH1 WT or RNaseH1 D145N nuclease-dead mutant (mean ± SD, n = 3).

(C and D) Immunostaining (C) and quantitative analysis (D) of S9.6 nuclear signal intensity upon treatment with AGI-24512 or DMSO (a.u., arbitrary units; 200

individual nuclei are shown; horizontal lines within boxes denote median, edges of boxes the first and fourth quartiles, and whiskers the minimum/maximum

values).

p values were calculated using unpaired Student’s t test. *p = 0.045, **p = 0.0055, ***p = 0.0002, ****p = 0.0001. Scale bars, 10 mm. See also Figures S5 and S6.
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primers and was observed upon either MAT2A inhibition or

direct inhibition of PRMT5 (Figures S6A–S6C). We also

confirmed reductions in several FA pathway components by

western blot (Figure 6E).

Importantly, inducible RNAse H1 overexpression did not

rescue splicing defects based on the lack of restoration of

FANCA and FANCD2 expression in AGI-24512- or EPZ015666-

treated cells (Figure S6D), indicating that this effect of MAT2A in-
216 Cancer Cell 39, 209–224, February 8, 2021
hibition is not a consequence of the R-loop-induced DNA dam-

age, but rather is driven by MAT2A/PRMT5-dependent regula-

tion of splicing and DI. Additionally, while AGI-24512-induced

DNA damage could be observed as early as 10–24 h after treat-

ment, no significant decline in FA complex components was

observed until later (after 48–72 h of treatment, Figures S6E

and S8C). These data suggest that AGI-24512 treatment not

only triggers DNA damage but also affects the ability of cells to
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Figure 6. Pharmacologic Inhibition of MAT2A Affects PRMT5 Downstream Splicing Biology
(A and B) rMATS inclusion level differences andDEXseq log2 fold change in intron usage inMTAP�/� (A and B) andWT (A) cells between AGI-24512-treated (1 mM,

6 days) and DMSO control conditions. A5SS, alternative 50 splicing site; A3SS, alternative 30 splicing site; RI, retained introns; SE, skipped exons; MXE, mutually

exclusive exons; DI, detained introns. Vertical lines within boxes denote median, edges of boxes the first and fourth quartiles, and whiskers the minimum/

maximum values; only statistically significant changes are shown.

(C) Network map of reactome DNA response and repair pathways and impact of AGI-24512 on protein levels. GSEA NES, gene-set enrichment analysis

normalized enrichment score; PCNA, proliferating cell nuclear antigen; SUMO, small ubiquitin-like modifier.

(legend continued on next page)
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repair it, and both occur through its impact on PRMT5 activity,

leading to R-loop accumulation and splicing perturbations.

In VivoPDXStudyCorroborates theRole of DNADamage
Dysregulation as Part of the MAT2A Inhibition-Driven
Mechanism
Analysis of sensitivity to MAT2A inhibitor in our large-scale PDX

in vivo study (Figures 3B–3F) revealed that somemodels demon-

strated better response than others. We next assessed next-

generation whole-exome sequencing data of our PDX models

to identify potential additional genetic determinants of sensitivity

to MAT2A inhibition. This analysis revealed that several of the

most sensitive models carried mutations in the FANCI gene,

and in some cases this was accompanied by the loss of hetero-

zygosity of the second allele (Figures 7A and S7A; Table S5). This

finding was intriguing considering our data regarding the impact

of in vitro tool compound AGI-24152 on FA complex compo-

nents (Figure 6). As several of the FANCImutations were not pre-

viously functionally characterized, we expressedmutant variants

in HAP1 FANCI KO cells, challenged cells with the DNA cross-

linking agent mitomycin C to assess FA complex function, and

revealed that the mutations identified in our PDX samples were

at least partial loss-of-function (LOF) alleles (Figures S7B

and S7C).

In accordance with enhanced in vivo responses, we observed

that FANCI KOHAP1 cells that are deficient in FA pathway activ-

ity displayed increased sensitivity to AGI-24512 compared with

the parental control when co-treated with MTAPi (Figures 7B

and 7C). This was accompanied by the signs of more severe

DNA damage and mitotic defects as evidenced by an increased

fraction of cells with micronuclei formation, gH2AX positivity,

and multinucleation in HAP1 FANCI KO cells treated with AGI-

24512 and MTAPi (Figures 7D–7H). Assessment of pH3S10

staining in FANCI KO cells clearly demonstrated failed chromo-

somal segregation and chromosome bridges upon co-treatment

with MTAPi and AGI-24512 (Figure 7D). Importantly, while loss of

FANCI in HAP1 alone was not sufficient to drive R-loop forma-

tion, we detected a stronger S9.6 signal in FANCI KO MTAP-in-

hibited cells treated with AGI-24512 (Figures S7D and S7E),

consistent with the loss of ability to efficiently resolve these

structures (Garcia-Rubio et al., 2015; Okamoto et al., 2019;

Schwab et al., 2015). Thus, while the effect of AGI-24512 on R-

loop accumulation and induction of DNA damage is FA indepen-

dent, partial loss of FA complex activity due to perturbed splicing

and DI, and especially complete inactivation of FA in LOF genetic

backgrounds (FANCI KO, FANCI LOF mutation), may cooperate

with MAT2A inhibition-induced DNA damage, leading to inade-

quate damage repair and enhanced growth defects.

Finally, we observed that MAT2A inhibition affected additional

critical DNA damage regulators with DI, such as ATM kinase, in

our models. The impact on ATM was consistent with the sensi-

tizing effects of ATM inhibitor co-treatment on MAT2A inhibi-

tion-induced antiproliferative effects (Figures S7F and S7G),
(D) qRT-PCR analysis of the detained intron-containing and total mRNA levels for i

(mean ± SD, n = 3).

(E) Immunoblot analysis of the indicated proteins in HCT116MTAP isogenic pair an

72 h.

See also Figure S6.
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especially in a FANCIKOgenetic background, in line with reports

regarding cooperativity between FA pathway loss and ATM inhi-

bition (Cai et al., 2020). Thus, additional DDR pathway compo-

nents may play a role in antiproliferative activity upon MAT2A

inhibition.

Rational Combination Strategies with AG-270 and
Taxanes
The FA complex has mitotic roles (Abdul-Sater et al., 2015; Na-

lepa et al., 2013), in addition to its role in DNA damage repair dur-

ing S phase via homologous recombination and R-loop resolu-

tion. Deficiency of the most commonly disrupted FA pathway

component FANCA has been correlated with increased sensi-

tivity to the antimitotic taxane therapeutic paclitaxel (Abdul-Sater

et al., 2015). We hypothesized that reduced levels of FA pathway

components triggered by MAT2A inhibition may have a similar

sensitizing effect toward taxane-based standard-of-care thera-

pies. Indeed, we observed increased sensitivity of FANCD2

and FANCL KO HAP1 cells to docetaxel and paclitaxel (Fig-

ure S8A). We thus tested for AG-270 synergy with taxanes

in vitro (Chou, 2006) (Figure 8A) and observed a Combination In-

dex of <1, suggestive of a synergistic interaction between AG-

270 and docetaxel as well as paclitaxel (Figure 8A) that was se-

lective to MTAP�/� cells. Synergy was also observed in the

MTAP-deleted (CDKN2A-deleted) pancreatic cancer cell line

KP4 and in the H2122 NSCLC model converted to a functional

MTAP-inactive state via pretreatment with MTAPi (Figure S8B).

As expected, treatment with AG-270 decreased the expression

of FANCA and FANCD2 in KP4 cells. Moreover, consistent with

reports demonstrating that loss of FANCA leads to reduced

levels of phospho-H3S10 and multinucleation upon taxol treat-

ment (Abdul-Sater et al., 2015), AG-270 reduced phospho-

H3S10, leading to increased numbers of multinucleated cells

and increased cleavage of poly(ADP-ribose)polymerase and

caspase-3 when combined with either docetaxel or paclitaxel

(Figures S8C and S8D).

Encouraged by this in vitro synergy between AG-270 and tax-

anes, we conducted in vivo combination treatment studies in

NSCLC and esophageal squamous cell carcinoma (SCC) PDX

models (Figures 8B and 8C). To facilitate assessment of synergy,

we selected two models that were previously identified as only

moderately sensitive to MAT2A inhibition alone (Table S2). While

modest efficacy was observed upon treatment with either doce-

taxel (2.5 or 5 mg/kg) or AG-270 (100 mg/kg) alone, complete tu-

mor stasis or regressions were achieved when both agents were

combined in both the NSCLC and esophageal models (Figures

8B and 8C). We also observed AG-270 and docetaxel synergy

in a KP4-K xenograft model in vivo, as well as strong additive ef-

fects in another PDXmodel of pancreatic histology (Figures S8E–

S8G). In a separate KP4-Kmodel study with similar in vivo obser-

vations of synergy between AG-270 and docetaxel, biomarkers

of deficient mitosis demonstrated increased frequency of cyto-

megaly and multinucleated cells in the AG-270/docetaxel
ndicated genes upon treatment with AGI-24512 in HCT116MTAP isogenic pair

dWT cells pretreated withMTAPi upon treatment with AGI-24512 or DMSO for
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Figure 7. FANCI Loss-Of-Function Mutations Increase Sensitivity to MAT2A Inhibition In Vivo and In Vitro

(A) Impact of FANCI mutation status on efficacy of AG-270 treatment in the large-scale PDX in vivo study from Figure 3.

(B) Immunoblot analysis of the indicated proteins in HAP1 FANCI isogenic pair upon treatment with 1 mM AGI-24512 with or without 500 nM MTAPi for 72 h.

(C) Percent growth of HAP1 FANCI isogenic pair cells (+/� MTAPi) treated with AGI-24512 (mean ± SD, n = 3).

(legend continued on next page)
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Figure 8. Rational Combination Strategies with AG-270 and Taxanes

(A) Impact of combined treatment with AG-270 and docetaxel on cancer cell growth. Combination Index (CI) < 1 indicates synergy, CI > 1 indicates antagonism,

and CI = 1 indicates additive effect of the combination of two drugs. Min CI refers to the lowest CI observed over all the compound concentrations assayed.

(B) Impact of AG-270 and docetaxel alone and in combination on the kinetics of tumor growth in NSCLC-SCC PDX model LUX001 (mean ± SEM, n = 8).

(C) Impact of AG-270 and docetaxel alone and in combination on the kinetics of tumor growth in esophageal-SCC PDXmodel ESX030 (mean ± SEM, n = 12). QD,

dosed daily; Q7D, dosed once a week; Q14Dx2, dosed once every 2 weeks, two cycles of dosing.

See also Figure S8.
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combination arm (Figures S8H and S8I). Thus, combination with

taxanes, the standard of care for NSCLC, esophageal cancers,

and pancreatic cancers, may be an effective clinical strategy

for MAT2A inhibitors such as AG-270.

DISCUSSION

Dysregulation of cellular metabolism has been codified as a hall-

mark of cancer (Hanahan and Weinberg, 2011), leading to many

of the earliest anticancer agents, such as antimetabolite thera-

pies, disrupting DNA synthesis (Chabner and Roberts, 2005).

While these agents play an important role in cancer therapy, it re-

mains of high interest to identify less toxic options using predic-

tive biomarkers to identify patients likely to benefit from therapy.

Targeting oncogenic driver mutations in the metabolic enzymes

isocitrate dehydrogenase 1 (IDH1) and IDH2 has proved suc-
(D–F) Immunostaining (D) and quantitative analysis of micronucleus-positive cells

with MTAPi and AGI-24512 or MTAPi and DMSO (mean ± SD, n = 5). Scale bar,

(G and H) DAPI stain with anti-b-actin co-stain (G) and quantitative analysis (H) of

24512 or MTAPi and DMSO (mean ± SD, n = 5). Scale bar, 20 mm.

p values were calculated using unpaired Student’s t test. **p = 0.0059, ***p = 0.0
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cessful (Amatangelo et al., 2017; Kats et al., 2017; Stein et al.,

2017; Yen et al., 2017) and has resulted in the recent approval

of small-molecule inhibitors of mutant IDH2 and IDH1 for the

treatment of patients with refractory/resistant acute myeloid leu-

kemia. However, despite extensive cancer genome sequencing,

no additional gain-of-function metabolic oncogenes have been

discovered, and designing targeted therapies in cancer meta-

bolism remains a challenge.

Deletion ofCDKN2A/MTAP is one of the most prevalent onco-

genic events across all malignancies, with biallelic deletions

occurring in a wide variety of cancers (Beroukhim et al., 2010).

While the CDKN2A tumor suppressor is the primary oncogenic

driver at this locus, MTAP resides approximately 100 kb distal

to CDKN2A and biallelic deletion of MTAP occurs in 80%–90%

of all CDKN2A-deleted tumors (Zhang et al., 1996). Despite

this prevalence, very few approaches have been described
(E) and gH2AX-positive cells (F) in HAP1 FANCI isogenic pair upon treatment

50 mm.

multinucleated cells in HAP1 FANCI isogenic pair treated with MTAPi and AGI-

002, ****p = 0.0001. See also Figures S5–S7.
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that selectively target CDKN2A/MTAP-deleted tumors. Inhibi-

tors of CDK4/CDK6 have been reported to selectively block

the growth of CDKN2A-deleted cells in vitro (Cen et al., 2012;

Young et al., 2014), but to date this therapeutic approach has

not yielded efficacy in clinical studies. A metabolic strategy to

drug MTAP-deleted cancers was proposed (Bertino et al.,

2011), but this metabolic vulnerability is lost in vivo, as tumors

uptake circulating adenine, which rescues sensitivity (Ruefli-

Brasse et al., 2011).

Previouswork investigatingMTAP loss in cancer cells revealed

that MTA accumulation sensitizes cells to short hairpin RNA-

mediated depletion of MAT2A as well as the SAM-utilizing

enzyme PRMT5. However, existing inhibitors of PRMT5 fail to

recapitulate the effects of RNAi-mediated depletion of the target,

likely because existing inhibitors have a SAM-uncompetitive

mechanism that is not synergistic with MTA and thus fails to

leverage MTA elevations that arise in MTAP-deleted cancers

(Marjon et al., 2016). In contrast, wedemonstrate here that reduc-

tion of SAM levels via pharmacologic inhibition of MAT2A does

act synergistically with MTA elevation and results in further

reduction in PRMT5 activity and antiproliferative effects in

MTAP-deleted cancer cells and tumors. Thus, MAT2A inhibition

in cancers with loss ofMTAP/CDKN2A represents an alternative

strategy for precision medicine targeting the human metabo-

lome. TheMAT2A/PRMT5 axis essentially allows for the selective

inhibition of PRMT5 activity inMTAP-deleted cancers by limiting

SAM availability, thus MAT2A inhibition might afford a greater

therapeutic window than PRMT5 inhibition due to the potential

toxicities associatedwith loss of PRMT5 function in normal phys-

iology (Bezzi et al., 2013; Liu et al., 2015; Tee et al., 2010).

Here, we characterize the orally bioavailable cell- and in vivo-

active small-molecule inhibitors of MAT2A that entered first-in-

human clinical trials, and explore the biological impact of

MAT2A inhibition in MTAP-deleted cancer models. Specifically,

we focus on reduction in PRMT5 activity upon MAT2A inhibition

and its impact on downstream cellular processes, such as R-

loop formation, DNA damage, and pre-mRNA splicing.

The role of PRMT5 in regulating many key pathways promot-

ing cancer cell proliferation has made it a focus of several recent

drug-discovery efforts (Alinari et al., 2015; Chan-Penebre et al.,

2015; Kong et al., 2017; Mao et al., 2017; Smil et al., 2015). An

emerging theme is the role of PRMT5 in regulating the splicing

machinery that profoundly affects critical cell-cycle regulators

as well as DDR and repair mechanisms (Bezzi et al., 2013; Braun

et al., 2017). Aberrant splicing downstream of PRMT5 inhibition

also leads to formation of R loops (Jangi et al., 2017; Li and Man-

ley, 2005; Tanikawa et al., 2016; Zhao et al., 2016), DNA-RNA hy-

brids that can cause DNA damage (Paulsen et al., 2009; Wan

et al., 2015), due to collisions between RNA transcription and

DNA replication machineries (Hamperl et al., 2017).

Analysis of pre-mRNA splicing uponMAT2A inhibition showed

remarkable similarity to the effects of direct targeting of PRMT5,

including severe splicing perturbations in DI. Notably, perturba-

tions were MTAP-null selective when targeting MAT2A. These

drug-induced splicing defects likely contribute to the antiprolifer-

ative effects of MAT2A inhibitors in MTAP-null cells. This is

supported by our observations of R-loop accumulation and

R-loop-dependent DNA damage, which was abrogated by over-

expression of the R-loop-resolving enzyme RNAse H1. Addition-
ally, FA pathway DNA damage repair proteins function to resolve

R loops (Garcia-Rubio et al., 2015; Okamoto et al., 2019), and

thus partial loss of FA activity via DI-mediated downregulation

upon MAT2A inhibition results in exacerbated DNA damage.

Consistently, LOF mutations in FANCI that inactivate the FA

pathway completely rendered greater sensitivity toward

MAT2A inhibition-driven antiproliferative effects. While many

other DDR components were affected according to our prote-

omics analysis and thus potentially play an additional role in anti-

proliferative effects upon MAT2A inhibition, such as ATM kinase,

extensive bioinformatics analysis of both our cell-line panel and

PDX in vivo studies indicated that mutation of p53 or any other

DDR gene fails to significantly affect MAT2A inhibitor sensitivity.

Unresolved DNA replication intermediates may propagate into

mitosis especially in an FA-deficient setting, thus contributing to

the mitotic defects observed in MAT2A-inhibitor treated cells.

Alternatively, mitosis-specific roles of the FA pathway may lead

to mitotic defects downstream of MAT2A/PRMT5 inhibition.

FANCD2 and FANCI foci can persist into mitosis, localizing to

DNA fragile sites that mark the extremities of ultrafine DNA

bridges (UFBs) (Chan et al., 2009; Naim and Rosselli, 2009).

Increased UFBs and failure to complete cell division was

observed in FA pathway-deficient settings (Vinciguerra et al.,

2010). Taken together, MAT2A inhibition drives downregulation

of PRMT5 activity in cells with dysregulation of splicing and par-

tial FA pathway deficiency. These effects combined may explain

DNA damage and mitotic defects downstream of MAT2A inhibi-

tion in MTAP-deficient background.

Critically, reduced levels of FA pathway components were

also reported to sensitize cells to the antimitotic activity of pacli-

taxel (Abdul-Sater et al., 2015). We hypothesized that the impact

of MAT2A inhibition on FA pathway components and activity

may have a similar sensitizing effect toward taxane-based stan-

dard-of-care therapies. We have shown that AG-270 synergisti-

cally interacts with taxanes in our model systems. Furthermore,

MAT2A-induced phenotypes such as multinucleation and inap-

propriate chromosomal segregation were potentiated by these

microtubule stabilizing agents in vitro and in vivo.

In summary, we describe the mechanism of action of potent

cell- and in vivo- active inhibitors of MAT2A. Potent MAT2A inhi-

bition is well tolerated and efficacious in MTAP-deleted cancers

in vitro and in vivo. Thus, MAT2A inhibitors represent a viable

tool to study the biology of MAT2A and SAM in both health

and disease, and MAT2A is validated as a therapeutic target

for biomarker-directed clinical trials for the substantial patient

population withMTAP-deleted cancers. Based on these discov-

eries, the MAT2A inhibitor AG-270 has entered clinical develop-

ment, and a phase I trial is currently enrolling patients with

MTAP-deleted solid tumors and lymphomas (Clinical Trial

NCT03435250). Furthermore, based on the identified mecha-

nisms driving efficacy upon MAT2A inhibition, we propose that

a rational combination approach capitalizing on the synergy be-

tween AG-270 and taxanes could be an effective clinical

strategy.
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Antibodies

Mouse monoclonal anti-Phospho-Histone H2AX Millipore Cat# 05-636; RRID: AB_309864

Anti-SC35 Abcam Cat# 1182; RRID: AB298608

Anti-phospho RPA32 S33 Thermo Fisher Scientific Cat# A300-246A; RRID: 2180847

Anti-phospho ATM S1981 Cell Signaling Technology Cat# 4526; RRID: AB2062663

Mouse monoclonal anti-DNA-RNA clone S9.6 Millipore Cat# MABE1095; RRID: AB2861387

Mouse monoclonal anti-DNA, single stranded Millipore Cat# MAB3868; RRID: AB_570342

Rabbit polyclonal anti-Nucleolin Abcam Cat# ab22758; RRID: AB_776878

Rabbit anti-SDMA Cell Signaling Technology Cat# 13222; RRID: AB_2714013

Rabbit polyclonal anti-PRMT5 Cell Signaling Technology Cat# 2252; RRID: AB_10694541

Rabbit monoclonal anti-HA-tag Cell Signaling Technology Cat# 3724; RRID: AB_1549585

Rabbit monoclonal anti-Phospho-Histone H3 (Ser10) Cell Signaling Technology Cat# 53348; RRID: AB_2799431

Rabbit monoclonal anti-p21 Waf/Cip1 Cell Signaling Technology Cat# 2947; RRID: AB_823586

Rabbit monoclonal anti-Cleaved PARP Cell Signaling Technology Cat# 5625; RRID: AB_10699459

Rabbit polyclonal anti-CyclinB1 Cell Signaling Technology Cat# 4138; RRID: AB_2072132

Rabbit polyclonal anti-AuroraB Cell Signaling Technology Cat# 3094; RRID: AB_10695307

Rabbit monoclonal anti-ATM Cell Signaling Technology Cat# 2873; RRID: AB_2062659

Rabbit monoclonal anti-Beta-actin Cell Signaling Technology Cat# 4970; RRID: AB_2223172

Mouse monoclonal anti-MAT2A Santa Cruz Biotechnology Cat# sc-166452;

RRID: AB_2266199

Mouse monoclonal anti-MTAP Santa Cruz Biotechnology Cat# sc-100782;

RRID: AB_2147095

Mouse monoclonal anti-FANCL Santa Cruz Biotechnology Cat# sc-137067;

RRID: AB_2102346

Rabbit polyclonal anti-H4R3me2s Epigentek Cat# A3718

Mouse monoclonal anti-Vinculin Sigma-Aldrich Cat# V9131; RRID: AB_477629

Rabbit monoclonal anti-FANCA Abcam Cat# AB201457

Rabbit monoclonal anti-FANCD2 Abcam Cat# ab108928; RRID: AB_10862535

Mouse monoclonal anti-p53 Abcam Cat# ab1101; RRID: AB_297667

Donkey anti-rabbit IRDye 680RD LI-COR Biosciences Cat# 926-68073;

RRID: AB_10954442

Donkey anti-mouse IRDye 800CY LI-COR Biosciences Cat# 926-32212; RRID: AB_621847

Mouse anti-BRDU BD Biosciences Cat# 347580; RRID: AB_10015219

Rat monoclonal anti-BRDU Abcam Cat# 6326; RRID: AB_305426

Goat anti-mouse Alexa Fluor 488 Invitrogen Cat# A32723; RRID: AB_2633275

Goat anti-rabbit Alexa Fluor 555 Invitrogen Cat# A32732; RRID: AB_2633281

Goat anti-rabbit Alexa Fluor 647 Invitrogen Cat# A-21245; RRID: AB_2535813

Chemicals, Peptides, and Recombinant Proteins

AG-270 This Manuscript N/A

AGI-24512 This Manuscript N/A

EPZ015666 (Chan-Penebre et al., 2015) N/A

KU55933 Selleckchem Cat# S1092

MTAPi (Singh et al., 2004) N/A

Docetaxel Myoderm Cat# 66758-0050-01

Docetaxel Selleckchem Cat# S1148

Paclitaxel Selleckchem Cat# S1150
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DMSO Sigma-Aldrich Cat# 276855

CellTag 700 Cell Signaling Technology Cat# 926-41090

BSA Cell Signaling Technology Cat# 9998S

Blocking solution Roche Cat# 11096176001

DAPI Cell Signaling Technology Cat# 4083

IdU Sigma-Aldrich Cat# I7125

CldU Sigma-Aldrich Cat# C6891

Vectashield Vector lab Cat# H-1000

Acetic acid Sigma-Aldrich CAT# 8187552500

Methanol Sigma-Aldrich Cat# 34860

Ethanol Sigma-Aldrich Cat# 459836
13C5,

15N-SAM Sigma-Aldrich Cat# 608106

D3-SAM Sigma-Aldrich Cat# D4093

Heptafluorobutyric acid Sigma-Aldrich Cat# 77249

Acetic acid Fisher Scientific Cat# A11350

Formic acid Fisher Scientific Cat# A117-50

Ammonium acetate Fisher Scientific Cat# A11450

Acetonitrile Fisher Scientific Cat# A955-500

Protease/Phosphatase inh cocktail Cell Signaling Technology Cat# 5872

PBS Corning Cat# 21031CV

Paraformaldehyde solution 4% in PBS Santa Cruz Biotechnology Cat# 30525-89-4

HPMCAS-MF Shin Etsu N/A

TPGS Thermo Fisher Scientific Cat# NC9999736

Odyssey� blocking buffer in TBS Li-Cor Cat# 927-50000

Urea Sigma-Aldrich Cat# U5378

HEPES pH 8.5 Boston BioProducts Cat# BBH-85

Trypsin Promega Cat# V5280

Propidium Iodide BD Biosciences Cat# 556463

Matrigel Corning Cat# 356234

TRIzol reagent ThermoFisher Cat# 15596026

FuGENE� 6 Transfection Reagent Promega Cat# E2691

Hygromycin B Thermo Fisher Scientific Cat# 10687010

Polyvinylpyrrolidone (Plasdone PVP K30) Sigma-Aldrich Cat# 81420-500G

Critical Commercial Assays

CellTiter-Glo� 2.0 Cell Viability Assay Promega Cat# G9241

EnVision Rabbit HRP Detection Kit Agilent Cat# K400911-2

Click-iT Invitrogen Cat# C10337

BCA assay Thermo Fisher Scientific Cat# A53225

PiColorLock Gold kit Innova Biosciences N/A

SYBR� Green PCR Master Mix Thermo Fisher Scientific Cat# 4309155

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat# 4368814

Deposited Data

mRNA sequencing data in HCT116 MTAP isogenic pair Deposited to GEO GSE161706

Compound structures PubChem Compound CIDs 134307780 and 202785

Experimental Models: Cell Lines

Human: HCT116wt and HCT116 MTAP-/- Horizon discovery Cat# HD R02-033

Human: KP4 Riken Cat# RCB1005

Human: H2122 ATCC Cat# CRL-5985

Human: Hap1wt and HAP1 FANCI- Horizon discovery N/A

(Continued on next page)
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Human Hap1 FANCD2- Horizon discovery N/A

Human Hap1 FANCL- Horizon discovery N/A

Human: Hap1wt and HAP1 CDKN2A-/- Horizon discovery Cat# HZGHC003751c011

Human: 293T ATCC Cat# CRL-3216

Experimental Models: Organisms/Strains

Nu/Nu mouse Crl:NU-Foxn1nu Charles River Laboratories CRL:088, RRID:IMSR_CRL:088

SCID mouse CB17/Icr-Prkdcscid/IcrIcoCrl Charles River Laboratories CRL:236, RRID:IMSR_CRL:236

NOD SCID mouse Shanghai Lingchang

Biotechnology Co., Ltd

N/A

BALB/c nude mouse GemPharmatech Co., Ltd, N/A

Nu/Nu mouse Beijing Vital River

Lab Animal Technology

Co., Ltd.

N/A

Athymic Nude-Foxn1nu Envigo N/A

Oligonucleotides

See Table S6

Recombinant DNA

pLVX-IRES-hygro:FANCI-HA S478C Agios N/A

pLVX-IRES-hygro:FANCI-HA Q560fs Agios N/A

pLVX-IRES-hygro:FANCI-HA D728G Agios N/A

pLVX-IRES-hygro:FANCI-HA R884S Agios N/A

pLVX-IRES-hygro:FANCI-HA R954T Agios N/A

pLVX-IRES-hygro:FANCI-HA Y635C Agios N/A

pLVX-IRES-hygro:FANCI-HA N1030Y Agios N/A

pLVX-IRES-hygro:FANCI-HA WT Agios N/A

pLVX-IRES-hygro:RNAseH-HA WT Agios N/A

pLVX-IRES-hygro:RNAseH-HA D145N Agios N/A

pLVX-IRES-hygro:Empty Vector Agios N/A

psPAX2 Agios N/A

pCMV-VSVG Agios N/A

Software and Algorithms

Graphpad Prism 8 Graphpad Software www.graphpad.com/

scientific-software/prism/

Image Studio Lite 5 LI-COR www.licor.com/bio/products/

software/image_studio_lite/

FlowJo v10 FlowJo LLc www.flowjo.com

ImageJ: Image processing and analysis in Java ImageJ https://imagej.nih.gov/ij/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Katya

Marjon (katya.marjon@agios.com).

Materials Availability
All unique reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability
The accession number for the RNA sequencing datasets generated in this study is GEO: GSE161706. The accession numbers for the

AGI-24512 and AG-270 structures reported in this paper are PubChem: Compound CID 134307780 and PubChem Compound CID:

202785.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
HCT116 colon carcinoma parental (WT) cells with MTAP-/- isogenic clone and HAP1 fibroblast-like cells (WT) with corresponding

FANCI, FANCD2, FANCL, and CDKN2A knockout isogenic clone were licensed from Horizon Discovery. All other cell lines were ob-

tained from the American Type Culture Collection (ATCC), RIKEN Bioresource Center cell bank, DSMZ (Deutsche Sammlung von

Mikroorganismen und Zellkulturen GmbH), or Japanese Cancer Research Resources Bank (JCRB). All cell lines were cultured in Ros-

well Park Memorial Institute (RPMI) media supplemented with 10% fetal bovine serum (FBS). Cell line authentication was performed

on cells that were used for in vivo studies using Short Tandem Repeat (STR) DNA profiling.

Mice
Nu/Nu and female SCID mice (five to six weeks old, Charles River Laboratories) were used for in vivo xenograft studies and were

cared for in accordance with guidelines approved by an Agios Pharmaceuticals Animal Care and Use Committee (IACUC). Athymic

Nude-Foxn1nu mice (Envigo, Indianapolis, IN, USA) were used for in vivo PDX efficacy studies conducted at Champions following

approved IACUC protocols. Nu/Nu mice (Beijing Vital River Lab Animal Technology Co., Ltd.) were used for in vivo PDX efficacy

studies conducted at ChemPartner following approved IACUC protocols. BALB/c nude mice (GemPharmatech Co., Ltd, Nanjing,

China) or NOD SCID female mice (Shanghai Lingchang Biotechnology Co., Ltd, Shanghai, China) were used for in vivo PDX efficacy

studies conducted at CrownBio following approved IACUC protocols.

METHODS DETAILS

In Vitro SAM and De novo SAM Biosynthesis Measurement
The concentrations of SAM and 13C5,

15N-SAM in cell samples were determined in HCT116MTAP-/- cells after 4 hr or 72 hr treatment

with DMSO control or MAT2A inhibitors as described in figure legends using a non-validated liquid chromatography-tandem mass

spectrometry (LC-MS/MS) method as follows. Pelleted cell samples were extracted with 80% cold methanol and 20% water con-

taining 1 M acetic acid and the internal standard D3-SAM at 100 ng/mL, dried down under vacuum, and reconstituted in 80% aceto-

nitrile, 20%Milli-Q water containing 0.05% formic acid for injection on a LC-MS/MS instrument. SAMwas quantified with a surrogate

matrix calibration curve of 1 M acetic acid in cold methanol with a dynamic range of 1–500 ng/mL. 13C5,
15N-SAMwas quantified with

the surrogate analyte approach using SAM as the surrogate calibration analyte and D3-SAM as an internal standard; linearity was

established from 0.3–500 ng/mL. The peak area ratios of the analyte relative to the internal standard were used for quantitation. Qual-

ity control sampleswere prepared in the samemanner as calibration standards, and a quality control sample of HCT116MTAP-/- cells

prepared in the same fashion was used to assess longitudinal method performance.

A Waters UPLC Acquity BEH Amide column (2.1x50 mm, 1.7 mm) was used for chromatographic separation at 50�C. A mixture of

acetonitrile and water at 5:95 (v/v) with 1% formic acid and 10 mM ammonium acetate (mobile phase A) and a mixture of acetonitrile

and water at 95:5 (v/v) with 1% formic acid and 10 mM ammonium acetate (mobile phase B) was employed as the mobile phase at a

flow rate of 0.5 mL/min. The linear and stepwise gradient was programmed as follows:

0–0.2 minutes: 75% mobile phase B, 25% mobile phase A

0.2–0.5 minutes: 75%-35% mobile phase B, 25%-65% mobile phase A

0.5–1.0 minutes: 35% mobile phase B, 65% mobile phase A

1.0–1.1 minutes: 35%–75% mobile phase B, 65%-25% mobile phase A

1.1–2.0 minutes: 75% mobile phase B, 25% mobile phase A

Ionization and detection were performed with an API-6500Mass Spectrometer (Sciex, Framingham,MA, USA) or Xevo TQ-SMass

Spectrometer (Waters, Milford, MA, USA) in positive ESI mode. SAM andD3-SAMwere detected withmultiple-reaction monitoring of

a mass transition pair at m/z 399.2/250.1 and 402.2/250.1, respectively. For the SAM de novo biosynthesis assay, 13C5,
15N-SAM

was monitored using mass transition pair at m/z 405.3/250.1.

In Vivo SAM Measurement by LC-MS/MS
The concentration of SAM in plasma and tissue samples was determined using a non-validated LC-MS/MS method as follows.

Plasma and tissue samples were stored at -80�C prior to preparation and analysis. Tissue samples were pulverized or cut and

weighed in polypropylene tubes. A solution of 1 M acetic acid in cold methanol was added at a 10-fold (w/v) ratio, and the tissue

samples were bead homogenized and then spun downwith amicro-centrifuge at 4�C, 14,000 RPM for 10minutes. A calibration curve

was prepared containing SAM in a surrogate matrix of 1M acetic acid in methanol with a dynamic range of 10–3,000 ng/mL. Quality

control samples were prepared in the same surrogate matrix; additionally, a CD-1 mouse plasma sample (Bioreclamation IVT, West-

bury, NY, USA) and pooled HCT116MTAP-/- tumor homogenate prepared in the same way as described above were used to assess

longitudinal method performance.

A 15 mL aliquot of calibration standards, quality controls, plasma samples, and the tissue homogenate supernatant was used for

each analysis. The samples were extracted with cold methanol containing 1 M acetic acid and the internal standard D3-SAM at
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100 ng/mL, dried down under vacuum, and reconstituted in 80%acetonitrile, 20%Milli-Qwater containing 0.05% formic acid for LC-

MS/MS detection. SAM was quantified in samples from the calibration curve using the peak area ratio of the analyte relative to the

internal standard.

A Waters UPLC Acquity BEH Amide column (2.1x100 mm, 1.7 mm) was used for chromatographic separation at 50�C. Amixture of

acetonitrile and water at 5:95 (v/v) with 1% formic acid and 10 mM ammonium acetate (mobile phase A) and a mixture of acetonitrile

and water at 95:5 (v/v) with 1% formic acid and 10 mM ammonium acetate (mobile phase B) was employed as the mobile phase at a

flow rate of 0.5 mL/min. The linear and stepwise gradient was programmed as follows:

0–0.2 minutes: 75% mobile phase B, 25% mobile phase A

0.2–2.5 minutes: 75%-35% mobile phase B, 25%-65% mobile phase A

2.5–2.51 minutes: 35%-75% mobile phase B, 65%-25% mobile phase A

2.51-3.0 minutes: 75% mobile phase B, 25% mobile phase A

Ionization and detection were performed with an API-6500Mass Spectrometer (Sciex, Framingham, MA, USA) or Xevo TQ-SMass

Spectrometer (Waters, Milford, MA, USA) in positive ESI mode. SAM andD3-SAMwere detected with multiple-reaction monitoring of

a mass transition pair at m/z 399.2/250.1 and 402.2/250.1, respectively.

Isotopomer Labeling to Assess Metabolic Activity
To assessmetabolic activity through themethionine recycling and salvage pathways, cells were incubated for 72 hrs with 0.2 mM 1:1

[U-13C5]:[U-12C5] methionine. After which, media was aspirated and cells were washed with PBS. Metabolism was quenched and

metabolites extracted with cold 80/20 (v/v) methanol/water containing 0.1% formic acid. Cells were incubated on dry ice for 15 mi-

nutes, centrifuged, and the supernatants were then dried under reduced pressure and stored at –80�C until LC-MS analysis. Prior to

injection, dried extracts were reconstituted in LC-MS grade water containing 50 ng/mL acetaminophen as an injection standard. The

amount of water was normalized to cell counts.

LC-MS analyses were performed with reversed-phase ion-pairing chromatography coupled by electrospray ionization to a QEx-

active Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA). For positive mode ionization, the stationary phase was

an Atlantis T3 (3 mm, 2.1x150mm) column. LC separation was achieved with a gradient of solvent A (water with 0.1% formic acid and

0.025%heptafluorobutyric acid), and solvent B (acetonitrile with 0.1% formic acid and 0.025%heptafluorobutyric acid). The gradient

was 0 min, 0% B; 4 min, 0% B; 6 min, 30% B; 6.1 min, 35% B; 7 min, 100% B; 7.05 min, 100% B; 11 min, 0% B. The flow rate was

200 mL/min.

For negative mode ionization, the stationary phase was an Acquity HSS T3 (1.8 mm, 2.1x150 mm) column. LC separation was

achieved with a gradient of solvent A (97:3 H2O/MeOH with 10 mM tributylamine and 15 mM acetic acid, pH 4.95), and solvent B

(100% MeOH). The gradient was 0 min, 0% B; 0.5 min, 0% B; 3 min, 20% B; 5.5 min, 20% B; 11 min, 55% B; 13.5 min, 95% B;

16.5 min, 95% B; 17 min, 0% B; 25 min, 0% B. The flow rate was 400 mL/min.

For both modes, the injection volume was 10 mL and the QExactive Mass Spectrometer scanned from m/z 70-1000 at a resolving

power of 70,000. Data analysis was conducted in MAVEN (Melamud et al., 2010) and Spotfire. Relative quantitation was performed

by matching exact mass and retention times to external standards. Untargeted pathway analysis was conducted by classifying me-

tabolites according to the KEGG BRITE database.

MAT2A and PRMT5 Protein Expression and Purification
HumanMAT2A protein was expressed by recombinant baculovirus in SF9 infected cells using the Bac to Bac system cloned into the

pFASTBAC1 vector (Invitrogen, Carlsbad, CA). Recombinant MAT2A was isolated from the cell lysate of 150 g of infected cells using

HP Ni sepharose column chromatography. Recombinant MAT2A homodimer was eluted with 250 and 500 mM imidazole, and frac-

tions containing MAT2A were identified by sodium dodecyl sulfate polyacrylamide gel electrophoresis and pooled.

Recombinant PRMT5 WT and PRMT5 K333R/Y334T were expressed and purified as previously described (Antonysamy

et al., 2012).

In Vitro Enzymology
For determination of the inhibitory potency of compounds against theMAT2A homodimer, protein was diluted to 1.25 mg/mL in assay

buffer (50 mM Tris, pH. 8.0, 50 mM KCl, 15 mM MgCl2, 0.3 mM EDTA, 0.005% [w/v] bovine serum albumin [BSA]). Test compound

was prepared in 100% dimethyl sulfoxide (DMSO) at 503 the desired final concentration. A 1 mL volume of compound dilution was

added to 40 mL of enzyme dilution and the mixture was allowed to equilibrate for 60 minutes at 25�C. The enzymatic assay was initi-

ated by the addition of 10 mL of substrate mix (500 mM ATP, pH 7.0, 400 mM L-methionine in 13 assay buffer), and the mixture was

incubated for a further 60 minutes at 25�C. The reaction was halted and the liberated phosphate released by the enzyme in stoichio-

metric amounts by the production of SAMwas measured using the PiColorLock Gold kit (Innova Biosciences, UK). Absolute product

amounts were determined by comparison to a standard curve of potassium phosphate buffer, pH 8.0.

Kinetic analysis of PRMT5WT and double mutant K333R/Y334T in complex with MEP50 was conducted at a constant GL-27 pep-

tide substrate concentration of 50 nM as described (Prabhu et al., 2017). Velocity curves were fit to the standard Michaelis-Menten

equation (Copeland, 2006) to yield Vmax for the WT and mutant.
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In Vitro SAM and Proliferation Assay
Two types of assays were conducted in parallel: MAT2A inhibition in cellular environment was monitored by measurement of the

abundance of its product, SAM, in HCT116MTAP-/- cells, and cell growth inhibition was monitored in HCT116WT andMTAP-/- cells.

HCT116 MTAP-/- cells were plated in 96 well tissue culture plates at 20,000 cells per well and allowed to attach overnight at 37�C in

5%CO2. Compounds were added in a dose response format in 3 rows to generate a 9-point dose response curve in triplicate. Doses

were usually started at a 20 mM top concentrationwith 1:3 serial dilution. Compoundswere diluted in DMSO to a final concentration of

0.2% DMSO in media. One column on each plate was designated for the 0.2% DMSO control. Cells were incubated with compound

for 72 hrs. After this treatment period, medium was removed and cells were extracted for SAM metabolite measurement by LC-

MS/MS.

In parallel, both HCT116WT and HCT116MTAP-/- cells were plated at 2,000 cells/well and treated as described above for 96 hrs in

a cell growth assay. Readout of cell proliferation was obtained by measuring total cellular adenosine triphosphate levels using Cell-

Titer-Glo reagent.

GraphPad Prism was used for plotting the graphs, data analysis, and calculation of the concentration of compound that achieved

half maximal inhibition (IC50). SAM level change was plotted as measured SAM concentration in ng/ml against log10 of compound

concentration in molar (M) units. Curve fitting was performed using a four-parameter logistic regression.

Cell proliferation readout from the CellTiter-Glo (CTG) assay was plotted as percent inhibition of growth (%Growth) against log10 of

compound concentration in molar (M) units. Growth Inhibition (%)=1003(CTG readout 96 hrdose-AvgCTG readout 96 hrblank)/(CTG

readout 96 hrDMSO control-AvgCTG readout 96 hrblank).

In Vitro Combination Studies
Cells were seeded in 96-well plates at a density of 2,000 cells per well. After treatment with the corresponding compounds, cells were

analyzed for cell viability on days zero and six, using CellTiter-Glo luminescent assay (Promega) following themanufacturer’s instruc-

tions. Luminescence was read on a SpectraMax Paradigm (Molecular Devices). The assessment of drug interactions was performed

using the Chou-Talalay model (Chou and Talalay, 1984), which allows estimation of the interactions between two drugs in combina-

tion studies. According to this model the interactions are estimated from dose-effect data of single and combined treatments and are

represented as a Combination Index (CI) score.

The CI is defined as (D1/EDx1) + (D2/EDx2), where EDx1 (or EDx2) is the dose of single agent drug 1 (or drug 2) which produces a

selected effect x (such as 50% growth inhibition), and D1 and D2 are doses of drugs 1 and 2 which also produce the effect x when

given in combination. For a given pair of compounds, multiple dose combinations were explored (in a matrix design) to identify the

D1/D2 pair that give the lowest CI.

If CI < 1, the two drugs have a synergistic effect, and if CI > 1, the drugs have an antagonistic effect. CI = 1 suggests that the drugs

have an additive effect.

PRMT5 Inhibitor
PRMT5 inhibitor EPZ015666 was synthesized following the published synthetic protocol (Chan-Penebre et al., 2015).

Immunoblotting
Cells were resuspended in NP40 lysis buffer, containing protease and phosphatase inhibitor cocktails (Cell Signaling Technology).

The cell lysates were incubated on ice for 10 minutes, then sonicated and centrifuged at 4�C. Antibodies used were PRMT5 (2252S),

HA-tag (3724S), phH3 S10 (53348S), p21 (2947S), Cleaved PARP (5625S), CyclinB1 (4138S), AuroraB (3094S), ATM (2873S), b-actin

(3700S) from Cell Signaling Technology. MAT2A (sc-166452), MTAP (sc-100782), FANCI (sc-137067) from Santa Cruz Biotech-

nology. SDMA antibody developed against H4R3me2s antigen (A-3718, Epigentek), Vinculin (V9131 Sigma). FANCA (ab201457),

FANCD2 (ab108928), p53 (ab1101) from Abcam. Secondary antibodies used were IRDye 680RD Donkey anti-Rabbit (926-68073,

LI-COR) and IRDye 800CW Donkey anti-Mouse (926-32212, LI-COR).

In-Cell Western Assay
The HCT116 colon carcinoma parental cell line (WT) and MTAP-/- isogenic variant cells were plated in 96 well tissue culture

plates at 2,000 per well and allowed to attach overnight at 37�C in 5% CO2. Compounds were added in a dose-response format

in 3 rows to generate a 9-point dose-response curve in triplicate. Doses were usually started at a 2 mM top concentration with

1:3 serial dilution. Compounds were diluted in DMSO to a final concentration of 0.2% DMSO in media. One column on each

plate was designated for the 0.2% DMSO control. Cells were incubated with compounds for 96 hrs. After this treatment period,

medium was removed and cells stained with antibodies against SDMA protein marks (Cell Signaling Technology #13222), as

well as with nonspecific cell stain CellTag 700 (Cell Signaling Technology #926-41090). The change in SDMA level for each com-

pound dose and the DMSO control was calculated by normalizing the SDMA signal in each well to the CellTag 700 signal to

adjust for the effect of compound treatment on cell number. The SDMA level change was then plotted as SDMA Inhibition

(%) (normalized to each cell line DMSO control sample) against log10 of compound concentration in molar (M) units. Curve fitting

was performed using a four-parameter logistic regression. The percentage of SDMA inhibition was calculated as follows: SDMA

Inhibition (%) =1003(1-SDMAdose/SDMADMSO control).
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Cancer Cell Line Panel Assay
Cancer cell lines were plated in 96 well tissue culture plates and allowed to attach overnight at 37�C in 5% CO2. AGI-24512 was

added in a dose response format in 2 rows to generate a 10-point dose response curve in duplicate. Dose curves were started at

a 20 mM top concentration with 1:3 serial dilution. Compoundswere diluted in DMSO to a final concentration of 0.2%DMSO inmedia.

One column on each plate was designated for the 0.2% DMSO control. In each assay run, staurosporine (as specificity control) was

added at a 2 mM top concentration with 1:3 serial dilution. Cells were incubated with compounds for 6 days. Total cellular ATP levels

were measured using CellTiter-Glo reagent on the day of cell plating (time 0-hr readout). After a 6-day treatment period, readout of

cell proliferation was obtained again using CellTiter-Glo reagent. ATP standard curve was generated on both day 0 and day 6.

Growth Rate and Growth Inhibitory Concentration
ATP concentrations for wells treated with AGI-24512, staurosporine, and DMSOwere calculated by taking the median luminescence

of the corresponding wells, subtracting the median blank well value, and multiplying by the slope of the standard curve. Cell lines for

which the DMSO-treated control cells did not double at least once during the 6-day experiment were not analyzed further. Normal-

ized growth rate (GR) values (Hafner et al., 2016) were calculated for various doses of AGI-24512 and staurosporine in each cell line,

as follows:

GR=2x – 1, where x=log2 (Acompound/A0)/log2 (Acontrol/A0), in which Acontrol and Acompound are the final ATP concentrations for cells

treated with DMSO control or compound, respectively, and A0 is the initial ATP concentration for the same cell line.

Growth inhibitory (GI) values were calculated for each cell line and compound dose as follows:

GI (%)=1003([Acontrol – Acompound]/[Acontrol – A0]), where Acontrol and Acompound are the final ATP concentrations for cells treated with

DMSO control or compound, respectively, and A0 is the initial ATP concentration for the same cell line.

Values of GI50, the concentration of compound that corresponds to half maximal growth inhibitory concentration, were calculated

for each compound and cell line as follows:

If the largest GI at any dose was less than 34%, the GI50 was set to the maximum dose (20 mM for AGI-24512, 2 mM for staurospor-

ine). Otherwise, the GI values and compound doses were fitted to a 4-parameter log-logistic curve using the drc package of the R

statistical language (R Core Team, 2017). In a few cases the curve fitting procedure failed and no GI50 value was obtained.

If curve fitting was successful but no GI50 value could be extracted, it was set to the maximum dose; in these cases, inspection of

the fitted data confirmed that 50%GI was not reached at any dose. If the calculated GI50 exceeded the maximum dose, it was set to

that value.

Correlation of Sensitivity with MTAP Genotype
For cell lines of knownMTAP genotype, GI50 and GR values for the 2 genotypes were compared using a 2-sided Wilcoxon rank sum

test, implemented in the stats package of the R statistical language (R Core Team, 2017).

Correlation of AGI-24512 GI50 with Copy Number
Copy number data for the relevant cell lines were obtained from 2 databases, the Cancer Cell Line Encyclopedia and the Catalogue of

Somatic Mutations in Cancer (Barretina et al., 2012; Forbes et al., 2017). Copy numbers were categorized as homozygous deletion,

hemizygous deletion, diploid, low gain, or high amplification using each database. If the copy number data for a gene was not corre-

latedwith gene expression data from the same database (r<0.3), those data were not used. Also, if the data from the 2 databases for a

particular gene and cell line were contradictory, they were not used.

For correlation testing, genes with alterations from diploid copy number in less than 3 cell lines were not considered. A total of

19,506 genes were tested in 291 cell lines. The copy number for each gene in each cell line was assigned a numerical value from

1 to 7, with a value of 1 for homozygous deletion, 2 for homozygous deletion in 1 database and hemizygous deletion in the other,

3 for hemizygous deletion, 4 for diploid, 5 for low gain, 6 for low gain in 1 database and high amplification in the other, and 7 for

high amplification. For each gene, the correlation between AGI-24512 GI50 and copy number values across the cell lines was as-

sessed with a 2-sided test using Spearman’s rho, implemented in the stats package of the R statistical language (R Core Team,

2017). The resulting p values were adjusted for multiple testing using the method of Benjamini and Yekutieli (Benjamini, 2001).

The start coordinate of each genewas obtained from theGRCh38.p7 human genome assembly. For generation of the plot showing

p value for each gene compared to its genomic distance from theMTAP locus, distances were measured from the start of theMTAP

gene to the start of each other gene.

De novo SAM Biosynthesis Assay
HCT116MTAP-/- cells were plated in 96 well tissue culture plates and allowed to attach overnight at 37�C in 5%CO2. AGI-24512 was

added the next day, and cells were incubated with the compound or DMSO for 4 hrs (with medium and compound refreshed after

2 hrs of incubation). AGI-24512 was tested at indicated doses and was diluted in DMSO to a final concentration of 0.2% DMSO in

medium. After the 4-hr treatment period, cells were re-fed with medium containing 13C5,
15N-methionine instead of naturally labeled

methionine in the presence of compound or DMSO to label intracellular SAM. At 0, 2.5, 5, 7.5, 10, 15, 20, 30, 45, 60, and 90 minutes

after the addition of label, cells were quenched and extracted with organic solvents for LC-MS/MS analysis of 13C5,
15N-SAM and

12C5,
14N-SAM levels. GraphPad Prism was used for plotting the graphs, data analysis, and calculation of the concentration of com-

pound that achieved half maximal inhibition (IC50) of de novo SAM biosynthesis.
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Immunohistochemistry
SDMA immunohistochemistry was performed in accordance with Mosaic Laboratories’ standard operating procedures. The SDMA

(rabbit MultimAB, Catalog# 13222, Cell Signaling, Danvers, MA) immunohistochemistry (IHC) assaywas designed and validated to be

a laboratory-developed test. After heat-induced epitope retrieval, the procedure for IHC analysis of SDMAwas performed using auto-

mated detection with EnVision Rabbit HRP Detection Kit (Agilent, Carpinteria, CA) on the Dako Link 48 autostainer (Agilent). Staining

was visualized with DAB chromogen.

Immunofluorescence
Cellswere plated on cover slips, fixedwith 4%paraformaldehyde for 10minutes at room temperature andpermeabilizedwith ice-cold

methanol for 5minutes at -20�C. The cells were incubated in blocking buffer 3%bovine serum albumin (BSA) in PBS for 30minutes at

room temperature and then with primary mouse monoclonal anti-gH2AX antibody (S139; Millipore, clone JBW301). For R-loops, im-

munostaining with an ice-cold methanol fixation method and pretreatment with 0.5% triton X-100 in PBS was used. The slides were

blocked with blocking reagent (11096176001 Roche) for 30 minutes and incubated with S9.6 mouse monoclonal (MABE1095 Milli-

pore) and rabbit polyclonal anti-Nucleolin (Abcam ab22758). EdU incorporation analysis was performed usingClick-iT Alexa Fluor im-

aging kit (Invitrogen) according the manufacturer’s protocol. Immunofluorescence analysis was performed using 60X objective with

Olympus FV1200 Laser Scanning Confocal microscope. High throughput image acquisition was performed using 20X objective with

CellInsightHigh-Content Screening (HCS)Platform. ForR-loops, 200nucleiwere assessedper experimental condition, all pointswere

shown. For gH2AX, multiple fields were assessed per experimental condition in triplicate. Data were represented as mean±SD.

Dot Blot Analysis
Dot blot analysis was performed as described (Sollier et al., 2014). Genomic DNAwas isolated using the DNeasy Blood and Tissue Kit

(Qiagen) following the manufacturer’s instructions. 1mg of DNA was spotted directly on a nitrocellulose membrane and UV cross-

linked. For detection of RNA/DNA hybrids, membrane was incubated with mouse S9.6 antibody in BSA/TBST (Tween 0.1%) over-

night at 4�C. Single-strand DNA was visualized following 10 min DNA denaturation using 0.5 N, NaOH, 1.5 M NaCl and neutralization

for another 10min in 1MNaCl, 0.5MTris-HCl pH7.0. Detectionwas performed usingmouse anti-single-strand DNA antibody in BSA/

TBST (Tween 0.1%) overnight at 4�C. Images were acquired and quantified using Image Studio Lite software (Li-COR Biosciences).

DNA Fiber Analysis
Cells were subsequently labeled with 25 mM IdU and 250 mMCldU for 20 minutes, washed with PBS, and harvested for fiber spread

preparation according previously described methodology (Nieminuszczy et al., 2016).

Cell Cycle Analysis
Cells were collected and washed with PBS, fixed with 70% ethanol, treated with 100 mg/mL RNase A, and stained with 50 mg/mL

propidium iodide. Immunostainings were assessed by FACSCanto (Becton Dickinson).

Splicing Changes from RNAseq Data
5x105 cells were plated in 10 cmdishes and treated either with DMSOor AGI-24512 for 6 days in triplicates. RNAwas extracted using

TRIzol isolation method. Samples were sent to BGI for paired end polyA RNA sequencing, obtaining approximately 100-140 million

total 100 base reads per sample. Data quality was assessed using FastQC (Andrew, 2010). The first 5 bases of every read were

removed using fastx-trimmer (Hannon, 2009) due to low sequence quality, then reads were aligned to the hg38 human genome build

using STAR (Dobin et al., 2013).

Splicing changes on AGI-24512 treatment were first determinedwith rMats version 3.2.5, using reads on target and junction counts

(Shen et al., 2014). Additional changes in detained intron usage were determined as follows. The locations of detained introns re-

ported by Braun and colleagues in the U-87 MG cell line, both with and without treatment with PRMT5 inhibitor, were combined

with those reported by Boutz and colleagues in human umbilical vein endothelial, hESC, HeLa, and HepG2 cells (Boutz et al.,

2015; Braun et al., 2017). We then applied DEXseq (Anders et al., 2012) to our RNAseq data to determine changes in the usage of

these detained intron sequences on AGI-24512 treatment. To validate our approach, we applied it to the RNAseq data of Braun

and colleagues for U-87MGcells treatedwith the PRMT5 inhibitor EPZ015666. Of 1,315 detained intron segments detected byBraun

and colleagues in EPZ015666-treated cells only (and therefore presumably upregulated on treatment), our method identified 976

(74%) as being upregulated on treatment. For both rMATS and DEXseq, statistically significant splicing changes were selected using

the criterion FDR < 0.05 and are listed in Table S2.

Cell- and Patient-Derived Xenograft Studies
HCT116MTAPWTandHCT116MTAP-/- xenograftswere generatedby subcutaneously injecting 10e6 cells, resuspended in 150mLof

1:1 matrigel and RPMI-1640media, into the right flank of female Nu/Numice (five-to-six weeks old) obtained fromCharles River Lab-

oratories, maintained in ventilated caging. For the KP4 in vivo study, parental KP4 cells were stably transduced with Katushka tag

(Shcherbo et al., 2007) and termed KP4-K. Five to six-week-old female SCID mice were obtained from Charles River Laboratories,

and then 5e6 cells were resuspended in 100 ml of 1:1 matrigel and RPMI-1640 medium and injected subcutaneously. Once tumors

reached 150–250 mm3, mice were randomized into vehicle or drug-treated groups. AG-270 or vehicle (6.7 % w/w HPMCAS-MF,
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1%w/w PVP K30, 2%w/w TPGS, 0.1% Simethicone) was administered orally daily (QD). In the KP4-K combination experiment, do-

cetaxel (Myoderm, Cat. No. 66758-0050-01) was dosed intravenously (IV) Q7D for 5 doses. Animals receiving both AG-270 and do-

cetaxel received compoundswithin a1 hr interval. Bodyweightsweremeasureddaily and tumor volumemeasured twiceweekly using

Vernier calipers, and tumor volume calculated using the formula 0.5xWxWxL,with results graphed asmean ± standard error (SEM). At

study end, tumorswere harvestedandflash frozen for further analysis. Tumor growth inhibition (%TGI)wasdeterminedby the formula:

%TGI = (1-{Tt/T0 / Ct/C / 1-{C0/Ct}) X 100, where Tt = median tumor volume of treated tumor at time t, T0 = median tumor volume of

treated tumor at time 0, Ct =median tumor volume of control tumor at time t, andC0=median tumor volume of control tumor at time 0.

For single-agent AG-270 PDX efficacy studies, animals were randomized into treatment groups (n=3 animals/cohort) when tumor

volumes reached 100-300 mm3 and then treated daily with oral (PO) AG-270 (200 mg/kg) or vehicle (6.7%w/w HPMCAS-MF, 1%w/

w PVP K30, 2% w/w TPGS, 0.1% Simethicone). Tumor volumes and body weights were recorded twice per week. Tumor volumes

were measured in two dimensions using a caliper, and the volume was expressed in mm3 using the formula: V = (L xW xW)/2, where

V is tumor volume, L is tumor length (the longest tumor dimension) andW is tumor width (perpendicular to L). Tumor growth inhibition

rate (TGI%) of each dosing group was calculated according to the following formula:%TGI = [1-(TVi-TV0)/(TVvi-TVv0)]3100%; TVi is

average tumor volume of a dosing group on a specific day; TV0 is average tumor volume of a dosing group on the initial day; TVvi is

average tumor volume of the vehicle group on a specific day; TVv0 is average tumor volume of the vehicle group on the initial day. %

TGI max was recorded as maximum %TGI observed at any time point over the course of efficacy study. Mice were dosed until the

mean tumor volume in the vehicle group reached > 1000mm3 and at the end of study, plasma and tumor tissues were collected 6 hrs

after the last dose. Tumor tissue was cut in half, one half snap frozen and the other half prepared using FFPE. Plasma and tumor

tissues were analyzed for PK and PD. AG-270 and taxane combination efficacy studies were performed in the following xenograft

models: CTG-1194 (Champions), KP4-K (Agios), ESX030 (ChemPartner), PA0372 (CrownBio), and LUX001 (ChemPartner). Dosing

was initiated when mean group tumor volumes were between 130-224 mm3. Docetaxel was dosed IV and paclitaxel dosed intraper-

itoneally, and combination treatments (taxane and AG-270) were dosed simultaneously within a 1 hr interval. AG-270 was dosed at

100 mg/kg, dosed PO, QD; docetaxel was dosed at 2.5 mg/kg, IV, once weekly for 18 weeks (Q7Dx18). Each model utilized n=12

animals/arm, except the LUX001 experiment which contained n=8 animals/arm.

In the LUX001 experiment, in the combination group, the last day of drug treatment was day 141. Four animals in this group pre-

sented with mostly tumor stasis and were removed from the study on day 120. The 4 remaining animals presented with no palpable

tumor by day 109 and remained tumor-free until the end of the study, day 141. In the AG-270 groups, several animals presented with

body weight loss (BWL) �20% and were given AG-270 dosing holidays on days 16-21; in the combination group, 2 animals had

�20% BWL, therefore 1 animal was given AG-270 dosing holidays on days 54-59, 65-73, and 77-83, and the second animal was

given a AG-270 dosing holiday on days 38-46 and a docetaxel holiday on day 42. Body weight recovered in both animals.

In the ESX030 experiment, docetaxel was dosed at 5 mg/kg, IV, on days 1, 15, and 29, and then Q7D. On day 120, three animals

with tumors > 1000 mm3 were removed from the study. The last day of drug treatment was on day 135 and on day 136; three animals

with slow-growing tumors were removed from the study. The six remaining mice presented with no palpable tumor by day 120 and

remained tumor-free until the end of the study on day 155. In the combination group, 1 of 12 animals displayed BWL > 20% and

received AG-270 dosing holidays on days 55-60; BWL recovered.

Combination synergy analysis compared the area under the (mean) tumor growth curves between single agents and combination

treatment. Synergy was determined as follows: synergy score <0 and p-value <0.05; antagonismwas determined as follows: synergy

score >0 and p-value <0.05; otherwise the effect was considered additive (Huck et al., 2014).

MTAP Deletion and Sequencing Analysis in PDX Models
RNAseq and whole-exome next-generation sequencing data from untreated PDX tumors were obtained from the respective vendors

and processed using Array Suite (Omicsoft), removing mouse reads as described for the DNAseq data. To determineMTAP deletion

in PDXmodels, we inspected the DNAseq (quality value) and RNAseq reads aligned to theMTAP gene using the Array Suite genome

browser; this allowed us to identify partial deletions. For a subset of the PDX models, the presence or absence of MTAP mRNA

expression was determined by quantitative reverse transcriptase PCR of two MTAP exons in RNA from tumor samples taken at

the end of our efficacy study, and these results were perfectly consistent with the RNAseq data obtained for these models from sam-

ples taken before the efficacy study.

We confirmed FANCI mutational status via Sanger sequencing in all indicated samples, except for the R954T mutation in model

CTG1076, which was not detected in a tumor sample taken at the end of our efficacy study, and the R884S mutation in model

LU1513, which was detected in a sample taken earlier than our efficacy study but not in a sample taken at the end of the effi-

cacy study.

Proteomics Analysis
In brief, cell pellets were lysed in 8 M urea and cysteines were reduced and alkylated. Proteins were sequentially digested with LysC

(1:50 enzyme:substrate, Wako Chemicals) and trypsin (1:100 enzyme:substrate, Thermo Fisher) and desalted by solid phase extrac-

tion. Peptide amounts were normalized and labeled with TMT10plex Isobaric Label Reagents (Thermo Fisher). Pooled peptides were

fractionated by basic pH reverse phase into a 96-well plate and fractions were consolidated into 24 samples in a checkerboard

manner. Peptides were separated on a 50mM C18 EASY-Spray column (Thermo Scientific) using a 70 min, 8�28% acetonitrile

gradient and spectra were acquired on an Oribtrap Fusion (Thermo Scientific) using a TMT-MS3 method. All .RAW files were pro-
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cessed using Proteome Discoverer 2.1.0.81. Quantitation data from razor peptides were excluded and only unique peptides were

used for protein quantitation. Each 10-plex contained the same pooled sample labeled with TMT-131 and all relative abundance

data were normalized to this channel so as to compare relative protein abundance across 10-plexes.

Unless otherwise stated, all chemicals were from Sigma Aldrich. All water and solvents were Optima LC/MS grade from Thermo

Scientific. Methodology adapted from (Edwards and Haas, 2016).

Protein Extraction and Digestion
Cell pellets were lysed in 8 M urea/50 mM HEPES pH8.5 (Alfa Aesar) and treated with nuclease (Thermo Scientific) for 10 minutes at

room temperature with constant shaking in a Thermomixer (Eppendorf). Lysates were reduced with 5mMDTT for 30minutes at 37�C
and cysteine residues alkylated with 15 mM iodoacetamide for 30 minutes at room temperature in the dark. Excess iodoacetamide

was quenched with 10 mMDTT for 15 minutes at room temperature in the dark. Protein was extracted by methanol�chloroform pre-

cipitation and 2 x 1 mL methanol washes. Pellets were dried and resuspended in 8 M urea/50 mM HEPES pH 8.5. Protein concen-

trations were measured by BCA assay (Thermo Scientific) prior to protease digestion. 200 mg aliquots of protein were diluted to 2 M

urea and digested with LysC (Wako) in a 1:100 enzyme:protein ratio overnight at 30�C. The next morning trypsin (Promega) was

added to a final 1:100 enzyme:protein ratio for 6 h at 37�C. Digests were acidified with 10% trifluoroacetic acid (TFA) to a pH �2

and subjected to solid-phase extraction (SPE) with HyperSep Retain PEPCartridges (Thermo Scientific). Peptideswere resuspended

in 200 mM HEPES pH 8.5/10% acetonitrile (ACN) and concentrations were measured by microBCA assay (Thermo Scientific).

Tandem Mass Tag Labeling
Isobaric labeling of peptides was performed using 10-plex tandem mass tag (TMT) reagents (Thermo Scientific). TMT reagents

(0.8 mg) were dissolved in 41 mL of anhydrous ACN and 10 mL was added to 50 mg of peptide. Samples were labeled for 2 hrs at

room temperature and quenched by the addition of hydroxylamine to 0.5% v/v for 15 minutes. Samples were pooled, acidified

with 10% TFA to a pH �2 and subjected to SPE. 1.08 mg of peptides from 36 protein digests labeled with TMT-131 was spiked

into each 10-plex to normalize across 10-plex experiments. Sample usage and protein digests used in pool are described in Table

S3.

Basic pH Reverse-Phase HPLC Fractionation
TMT-labeled peptides were subjected to orthogonal basic-pH reverse phase fractionation. Peptides were solubilized in buffer A

10 mM ammonium bicarbonate pH 8.0/5% ACN and separated on a Biobasic C18 column (5 mm particle size, 4.6 mm ID, and

250 mm length, Thermo Scientific) using an Ultimate 3000 HPLC (Thermo Scientific) and a 44 min linear gradient from 12% to

36% ACN in 10 mM ammonium bicarbonate pH 8 (flow rate of 0.8 mL/min), which separated the peptide mixtures into a total of

96 fractions. The 96 fractions were consolidated into 24 samples in a checkerboard manner, acidified with TFA to pH �2 and vac-

uum-dried. Each sample was redissolved in 20 mL 5% formic acid (FA)/5% ACN and 2 mL were analyzed by mass spectrometry.

Orbitrap Fusion Parameters
Spectra were acquired on an Orbitrap Fusion (Thermo Scientific) coupled to an Easy-nLC 1200 ultrahigh pressure liquid chromatog-

raphy (UHPLC) pump (Thermo Scientific). Peptides were separated on a 50 mM C18 EASYspray column (Thermo Scientific) using a

70 min, 8�28% ACN (constant 0.1% FA) gradient with a 300 nL/min flow rate. MS1 spectra were collected in the Orbitrap at a res-

olution of 60,000, automated gain control (AGC) target of 5e5, and a max injection time of 100 ms. The 10 most intense ions were

selected for MS/MS in a data-dependent manner. Precursors were filtered according to charge state (2-6 z), monoisotopic peak

assignment, and previously selected peaks were excluded using a dynamic window of 60 seconds with a mass error +/- 10 ppm.

MS2 precursors were isolated with a quadrupole mass filter set to a width of 0.5 m/z and detected in the ion trap operated at Rapid

scan rate. MS2 spectra were collected at an AGC of 1e4, max injection time of 150 ms, and CID collision energy of 35%. Synchro-

nous-precursor-selection (SPS) was enabled to include the top 10 MS2 fragment ions for MS3 analysis in the Orbitrap at a resolution

of 60,000, automated gain control (AGC) target of 5e5, and a max injection time of 250 ms. 50% HCD collision energy was used to

ensure TMT reporter detection.

Mutations and Copy Number Variations in PDX Models
For each PDX model from ChemPartner or Crown Bio, either whole-genome or whole-exome DNAseq data from untreated tumor

samples was obtained from the respective vendors and processed using Array Suite (OmicSoft, Cary, NC, USA). To remove

sequencing reads originating frommouse tissue, we first aligned the data to theOmicSoft mouse B38 reference genome and retained

only the non-aligned reads. The OmicSoft human B37.3 reference genome was used for subsequent alignment.

To determine point mutations and small insertions/deletions, we applied the Array Suite implementation of the Sentieon DNAseq

pipeline. Joint calling of samples was used, with whole-genome andwhole-exome data treated separately; matched normal samples

were not available. For PDX models from Champions, we obtained variant calls generated by that vendor (see https://database.

championsoncology.com/about). All variant calls were then filtered as follows. Variants were annotated using SnpEff (Cingolani

et al., 2012) and variant frequencies observed in the 1000 Genomes, ESP6500 and gnomAD population sequencing databases

were added using Array Suite. We filtered out variants that were supported by low numbers of reads (less than 5 variant reads or
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less than 10 total reads), variants that had no functional effect, and variants that were likely to be germline rather than somatic based

on their frequencies in population databases (>0.1% in 1000 Genomes or ESP6500 or >5% in gnomAD).

To confirm mutations in the FANCI gene identified from the DNAseq data, we prepared genomic DNA from PDX tumor samples

taken at the end of the efficacy study. DNA was isolated using a Qiagen DNA extraction kit and samples were submitted for Sanger

sequencing of the relevant regions at NeoGenomics (Fort Myers, FL, USA). Also, for PDX models from Crown Bio, we asked that

vendor to similarly sequence tumor samples taken prior to our efficacy study, after the same number of passages as the samples

used for DNAseq.

Segmented copy numbers were determined using the pipeline included in Array Suite with small pools of approximately process-

matched normal samples: for the whole-exome data HapMap samples NA18943 and NA18948 (Shigemizu et al., 2015) and for the

whole-genome data 1000Genomes samples HG00097, HG00110, HG02508, HG03625, and NA18546. For PDXmodels fromCham-

pions, we obtained segmented copy numbers generated by that vendor (see https://database.championsoncology.com/about). For

all PDX samples, copy numbers for individual genes were determined using the CNTools package (Zhang, 2019), excluding the X and

Y chromosomes. Copy number ratios r were interpreted as follows: r < 0.125, homozygous deletion; 0.125 % r < 0.75, hemizygous

deletion; 1.625 < r % 2.5, low amplification; r > 2.5, high amplification.

Proteomic Data Processing
All .RAW files were processed using Proteome Discoverer 2.1.0.81. MS2 spectral assignment was performed using the SEQUEST

algorithm using Uniprot Human reference proteome (UP000005640 downloaded 10/05/2016) and a list of known contaminants

(CRAPome.org). Mass tolerances were set to 10 ppm for precursor ions, 0.6 Da for MS2 ions, and 20 ppm for MS3 reporter ions.

MS2 false discovery rate (FDR) of less than 1%was calculated using the Percolator algorithm. Reporter ion intensities were adjusted

to correct for the isotopic impurities of the different TMT reagents (manufacturer specifications). TMT tags on peptide N termini/lysine

residues (+229.162932 Da) and carbamidomethylation of cysteine residues (+57.02146 Da) were set as static modifications and

methionine oxidation (+15.99492 Da) was set as a variable modification. Signal-to-noise values for all peptides were summed within

each TMT channel and each channel was scaled according to the highest channel sum so that the sum abundance of each channel is

equal. Peptides were filtered for a minimum sum signal-to-noise value of 160 across all 10 channels. Quantitation data from razor

peptides were excluded and only unique peptides were used for protein quantitation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details of statistical analyses of the various experiments are described in the relevant methods section. If not specified, graphing and

statistical analyses were performed in GraphPad Prism. Details of the data points shown are described in the respective

figure legends.
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