
was depleted) cell death was reduced (67 to 16%)
(Fig. 4C). Similar schedule-dependent interactions
were observed between MDMX suppression
and four different chemotherapy agents (4NQO,
doxorubicin, camptothecin, and actinomycin D)
in MCF7 and the primary line RPE1 (fig. S7).
MDMX-depleted cells showed a similar ampli-

tude of p53 accumulation to that inmock-treated
cellswhenDNAdamagewas applied during phase
II (Fig. 4, E, H, and I, and fig. S6B), indicating that
the reduction in cell death is not caused by lower
amounts of p53. Instead, we suggest that tran-
scriptional regulation of genes byMDMX-induced
p53 oscillations could make cells less susceptible
to DNA damage. Indeed, p53 oscillations during
the second phase after MDMX depletion induced
accumulation of p21 and cell cycle arrest (Fig. 3, D
and E), which provides protection from cell death
(17). In addition, MDMX suppression led to a
stronger activation of the pro-survival signal
phospho-Akt after DNA damage and to a weaker
accumulation of the pro-apoptotic protein PUMA
as compared with those in MDMX-expressing
cells (fig. S8). This suggests that, in addition to
induction of p21 and cell cycle arrest by p53 os-
cillations,MDMX suppression shifts cells toward
a pro-survival cellular state (fig. S8),whichmay also
contribute to its protection from DNA damage–
induced cell death.
The complexity of cellular signaling pathways

makes it challenging to predict the response to a
single perturbation, and even more challenging
to predict responses to combined perturbations.
In the context of combined therapeutic treat-
ments, the schedule of administration can be cru-
cial [Fig. 4J and (1, 18, 19)]. The results presented
here unexpectedly show that the combination of
DNA damage with MDMX inhibitors for cancer
therapy has the potential either to improve can-
cer therapy or to blunt its effects. Our results have
implications for the design ofMDMX-combination
drug regimes and perhaps for the design of com-
bination therapies in general. Further considera-
tion of treatment schemes in the context of other
physiological rhythms, such as the cell cycle and
circadian clock (20–22), can be critical for more
precise and effective therapies. Such a detailed
quantitative description of system behavior at
the single-cell level can reveal hidden regulatory
principles and the nature of cellular state changes
in response to perturbations.

REFERENCES AND NOTES

1. M. J. Lee et al., Cell 149, 780–794 (2012).
2. S. W. Morton et al., Sci. Signal. 7, ra44 (2014).
3. M. Wade, Y.-C. Li, G. M. Wahl, Nat. Rev. Cancer 13, 83–96

(2013).
4. A. Gembarska et al., Nat. Med. 18, 1239–1247

(2012).
5. C. J. Brown, S. Lain, C. S. Verma, A. R. Fersht, D. P. Lane,

Nat. Rev. Cancer 9, 862–873 (2009).
6. J. A. Barboza, T. Iwakuma, T. Terzian, A. K. El-Naggar,

G. Lozano, Mol. Cancer Res. 6, 947–954 (2008).
7. F. Mancini et al., Int. J. Biochem. Cell Biol. 42, 1080–1083

(2010).
8. X. Wang, J. Wang, X. Jiang, J. Biol. Chem. 286, 23725–23734

(2011).
9. J. E. Purvis et al., Science 336, 1440–1444 (2012).
10. B. Graves et al., Proc. Natl. Acad. Sci. U.S.A. 109, 11788–11793

(2012).

11. D. Reed et al., J. Biol. Chem. 285, 10786–10796 (2010).
12. G. Lahav et al., Nat. Genet. 36, 147–150 (2004).
13. A. Loewer, E. Batchelor, G. Gaglia, G. Lahav, Cell 142, 89–100

(2010).
14. E. Batchelor, C. S. Mock, I. Bhan, A. Loewer, G. Lahav, Mol. Cell

30, 277–289 (2008).
15. H. Kawai et al., J. Biol. Chem. 278, 45946–45953

(2003).
16. G. Lahav, Adv. Exp. Med. Biol. 641, 28–38 (2008).
17. O. D. K. Maddocks et al., Nature 493, 542–546

(2013).
18. M. Behar, D. Barken, S. L. Werner, A. Hoffmann, Cell 155,

448–461 (2013).
19. P. Lito, N. Rosen, D. B. Solit, Nat. Med. 19, 1401–1409

(2013).
20. J. Bieler et al., Mol. Syst. Biol. 10, 739 (2014).
21. C. Feillet et al., Proc. Natl. Acad. Sci. U.S.A. 111, 9828–9833

(2014).
22. A. Sancar et al., FEBS Lett. 584, 2618–2625 (2010).

ACKNOWLEDGMENTS

We thank A. G. Jochemsen, J. C. Marine, X. Wang, and J. Chen
for sharing their experience and thoughts on MDMX regulation;
R. Ward, S. Gruver, G. Gaglia, J. Porter, L. Bruett, and members
of the Lahav laboratory for comments, support, and discussion;
and the Nikon Imaging Center at Harvard Medical School for
support with live cell imaging. This research was supported by
National Institutes of Health grant GM083303 to G.L., grant
F32GM105205 to S.C., and funding from the Novartis Institutes for
Biomedical Research.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/351/6278/1204/suppl/DC1
Materials and Methods
Figs. S1 to S8
References (23–25)

12 May 2015; accepted 28 January 2016
10.1126/science.aac5610

CANCER THERAPY

Disordered methionine metabolism
in MTAP/CDKN2A-deleted cancers
leads to dependence on PRMT5
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5-Methylthioadenosine phosphorylase (MTAP) is a key enzyme in the methionine
salvage pathway. The MTAP gene is frequently deleted in human cancers because of its
chromosomal proximity to the tumor suppressor gene CDKN2A. By interrogating data
from a large-scale short hairpin RNA–mediated screen across 390 cancer cell line
models, we found that the viability of MTAP-deficient cancer cells is impaired by
depletion of the protein arginine methyltransferase PRMT5. MTAP-deleted cells
accumulate the metabolite methylthioadenosine (MTA), which we found to inhibit
PRMT5 methyltransferase activity. Deletion of MTAP in MTAP-proficient cells rendered
them sensitive to PRMT5 depletion. Conversely, reconstitution of MTAP in an
MTAP-deficient cell line rescued PRMT5 dependence. Thus, MTA accumulation in
MTAP–deleted cancers creates a hypomorphic PRMT5 state that is selectively
sensitized toward further PRMT5 inhibition. Inhibitors of PRMT5 that leverage this
dysregulated metabolic state merit further investigation as a potential therapy for
MTAP/CDKN2A-deleted tumors.

5
-Methylthioadenosine phosphorylase (MTAP)
participates in the methionine salvage path-
way that metabolizes methylthioadenosine
(MTA) to adenine andmethionine. Because
of its proximity to the tumor suppressor gene

CDKN2A on human chromosome 9p21, theMTAP
gene is deleted at high frequency in many human
tumors, including 53% of glioblastomas, 26%
of pancreatic cancers, and other tumor types
(Fig. 1A). Given the critical role ofMTAP inmethi-
onine metabolism, we hypothesized that the

metabolic rewiring in response toMTAP loss may
create new vulnerabilities.
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Fig. 1. Interrogation of deep-
coverage shRNA screen data
identifies strong sensitivity of
MTAP-deficient cells to PRMT5
inhibition. (A) Chromosome
9 ideogram with an enlarged
view of the 9p21 region showing
the close proximity of CDKN2A
and MTAP in the genome. As a
result, MTAP is frequently
co-deleted with CDKN2A in
many primary tumors. All
studies are from The Cancer
Genome Atlas with the exception
of two (*) from Memorial Sloan
Kettering Cancer Center, as
reported by the cBio Portal
(February 2015). Only indications
with a CDKN2A deletion
frequency >10% are displayed.
(B) Pooled shRNA screen analysis
to identify genes that are selectively required for the proliferation of cells lacking
MTAP expression. The mean difference in gene-level ATARiS scores between
MTAP-deficient andMTAP-expressing cells is plotted on the x axis, and the degree
of significance is on the y axis (P values calculated by Mann-Whitney-Wilcoxon
rank sum test and adjusted by the false-discovery rate). Note that two inde-
pendent gene-level solutions for PRMT5 (PRMT5 solution 1 and PRMT5 solution
2, as computed by ATARiS algorithm) scored as differentially lethal in MTAP-
deficient versus MTAP-expressing setting. (C) Waterfall plot of PRMT5 depen-
dence colored byMTAP RNA expression [MTAPdeficient (<4.5) in red andMTAP
expressing (>4.5) inblue]. (D)UnbiasedcorrelationanalysisofpredictorsofPRMT5

dependence across all CCLE features, including mutations, copy number, and
expression—the most significantly associated features are listed; P values have
been corrected for multiple-hypothesis testing, and, e.g., P = 5.03E-35 may be
statedP=5.03× 10–35. (E) The IntegrativeGenomicsViewerchromosomal viewof
the 9p21.3 locus across the panel of screened cell lines, sorted according to their
sensitivity to PRMT5 depletion. Cell line models that are most dependent on
PRMT5 are at the top (minimum ATARiS score) and least-dependent cell lines
at the bottom (maximum ATARiS score). MTAP expression (RNA) is co-
plotted as a heat map. Broader deletions encompassing both MTAP and
CDKN2A lead to a loss ofMTAPexpression (green) and PRMT5 sensitivity (red).
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We recently performed a pooled short hairpin
RNA (shRNA) screen across 390 cancer cell lines
of the Cancer Cell Line Encyclopedia (CCLE)
with a library encompassing ~7500 genes at an
approximate depth of 20 shRNAs per gene. To
find genes that are selectively required for the
viability of MTAP-deficient cells, we compared
the gene-level shRNA values [using ATARiS, (1)]
between cell line models lacking MTAP expres-
sion to those that express MTAP (fig. S1A, table
S1, and table S2). This analysis identified sev-
eral genes that selectively affected the growth
of MTAP-deficient cells (Fig. 1B and fig. S2). One

of the hits that scored as selectively lethal to
MTAP-deficient cells was methionine adenosyl-
transferase 2A (MAT2A) (P = 2.93 × 10–7) (Fig.
1B), an enzymewithin the S-adenosyl methionine
(SAM) biosynthesis pathway (fig. S1C), which
supported the notion that MTAP loss creates
new metabolic vulnerabilities. The most diff-
erential hit was the protein arginine methyl-
transferase PRMT5 (P = 1.64 × 10–25). Several
cofactors that are required for PRMT5 function,
such asmethylosome protein 50 (MEP50/WDR77)
(P = 1.21 × 10–5), methylosome subunit pICIn
(P = 3.81 × 10–5), and RIO kinase 1 (RIOK1) (P =

2.93 × 10–7) (2, 3), also scored as differentially
required for the growth of MTAP-deficient can-
cer cells (Fig. 1B). Similar results were obtained
when the cell lines were partitioned by MTAP
copy number rather than by expression values
(fig. S1B).
To test the hypothesis that the PRMT5 com-

plex is selectively required for the proliferation
of MTAP-deficient cells, we performed a recip-
rocal unbiased correlation analysis of all CCLE
features (including somatic mutations, copy
number, and expression data) to identify which
markers correlate best with PRMT5 dependence.
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Fig. 2. Loss of MTAP renders cells sensitive to PRMT5 depletion. (A)
Immunoblot to assess PRMT5 depletion of two independent doxycycline
(Dox)–inducible hairpins (shPRMT5-1 and shPRMT5-2); shNT represents
a nontargeting control shRNA. PRMT5 protein levels and H4R3me2s were
assessed by immunoblotting in MTAP-null (MIAPaCa2) and MTAP-expressing
(WT; PK1) pancreatic cell lines. Vinculin serves as a loading control. (B)
Foci-formation assays of cell lines [corresponding to Western blots in (A)]
transduced with the indicated inducible shRNAs. (C) shRNA-mediated
depletion of PRMT5 substantially decreased the confluence (measured
by IncuCyte) of MIAPaCa2 shPRMT5-2 cells stably expressing an empty
control vector (mCherry); –Dox (blue) versus +Dox (red); P < 0.001. (D)
Expression of a shRNA-resistant PRMT5 cDNA (HA-scPRMT5) fully re-
scued the antiproliferative effects of PRMT5 shRNA (NS, P > 0.05;

shown are means and SD of triplicate experiments). (E) Immunoblot of
lysates extracted from MIAPaCa2 (parental), MIAPaCa2 stably expressing
shPRMT5-2, and stable MIAPaCa2 shPRMT5-2 cell lines expressing ei-
ther HA-scPRMT5 or mCherry control that were probed for PRMT5, HA,
and actin loading control. (F and G) In vitro proliferation assay of PK1
MTAP isogenic cell lines that have been engineered with a nontargeting
control single guide RNA (sgRNA) (PK1 CTRL) (F) or with a sgRNA-targeting
MTAP (PK1 MTAP KO) (G) and stably express a Dox-inducible PRMT5
shRNA (shPRMT5-2). The proliferation of cells with and without treat-
ment with doxycycline (±Dox) over time (hours) was assessed by IncuCyte
(n = 24 per treatment condition). (H) Immunoblot of cells used in (F) and
(G) with and without shRNA induction and probed with the indicated
antibodies.
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This analysis revealed deletion (low copy num-
ber) of MTAP (P = 1.17 × 10–13) and low expres-
sion (P = 5.03 × 10–35) of MTAP as the top
features predictive of cancer cell dependence on
PRMT5 (Fig. 1, C andD, and fig. S1D), followed by
deletion of CDKN2A and CDKN2B. Although
cells with concomitant loss of both CDKN2A
andMTAP were strongly sensitive to PRMT5 de-
pletion (knockdown), cells harboring focal dele-
tions encompassing CDKN2A, but not MTAP,
were generally insensitive to PRMT5 depletion
(Fig. 1E). These findings indicate that loss of
MTAP, rather than CDKN2A, confers sensitiv-
ity to PRMT5 inhibition. Thus, PRMT5 depen-
dence is an example of collateral lethality (4) in
which MTAP loss, as a consequence of CDKN2A
deletion, creates a selective vulnerability to PRMT5
knockdown.
We next explored the mechanistic link be-

tweenMTAP loss andPRMT5knockdown.Knock-
down of PRMT5 with two independent shRNAs
(fig. S3, A and B, and fig. S4, A and B) markedly
inhibited cell growth in two pancreatic MTAP-
null cell line models, MIAPaCa2 and su86.86
(Fig. 2B and fig. S5). By contrast, PRMT5 de-
pletion had only minor effects on viability in the
MTAP-expressing pancreatic cell line PK1, de-

spite displaying similar levels of PRMT5 pro-
tein knockdown (Fig. 2, A and B, and fig. S5, A
to C). Expression of a shRNA-resistant version
of PRMT5 fully rescued the colony formation
and proliferation effects in MIAPaCa2, which
indicated that growth inhibition is mediated
by PRMT5 depletion and is unlikely to be a
consequence of shRNA off-target effects (Fig. 2,
C to E). To directly test the hypothesis that
MTAP loss confers sensitivity to PRMT5 knock-
down, we next evaluated the effect of PRMT5
depletion in an isogenic cell line setting. To
this end, clustered regularly interspaced short
palindromic repeats (CRISPR)–mediated deletion
was used to inactivate MTAP in PK1 cells. In
comparisonwith parental PK1 cells, PK1-MTAP−/−

cells were strongly sensitized to shRNAs target-
ing PRMT5 (Fig. 2, F to H, and fig. S6, A to D). To
examine if MTAP-deficient cells remained depen-
dent on PRMT5 in vivo, we established tumor
xenografts of theMTAP-deficientMIAPaCa2 cells
expressing inducible shRNAs targeting PRMT5
or a nontargeting control and monitored tumor
size over time. Induction of PRMT5 shRNAs led
to reduced levels of H4R3me2s (symmetrical di-
methylation on arginine 3 of histone 4), a known
PRMT5 substrate (5–7), and markedly inhibited

tumor growth, whereas the nontargeting control
had no impact on tumor volume (Fig. 3, A to C,
and fig. S7E). In keeping with the in vitro
observations, this effect was specific to cells with
MTAP loss, as PRMT5 knockdown did not affect
the growth of the MTAP-expressing HARA xeno-
graft model (fig. S7, A to D). Similar in vivo re-
sults were obtained with the PK1 MTAP isogenic
cell lines, which confirmed that loss of MTAP is
responsible for the difference in sensitivity (fig. S8).
These experiments indicate that MTAP-deficient
cells are sensitive to PRMT5 inhibition in vitro
and in vivo.
We examined whether the methyltransferase

activity of PRMT5 was required for the growth
of MTAP-deficient cells. Expression of PRMT5
mutant proteins predicted to affect SAMbinding
(G365A/R368A; in which alanine replaces glycine
365 and arginine 368) or the methyltransferase
activity (E444Q; in which glutamine replaced
Glu444) (3, 8, 9) failed to restore H4R3me2s levels
in cells depleted for endogenous PRMT5, which
confirmed their impaired catalytic activity (Fig.
3D). Despite being expressed at levels similar to
those of wild-type PRMT5, the two catalytical-
ly dead PRMT5 mutants failed to rescue the
growth of PRMT5-depleted cells (Fig. 3E), which

SCIENCE sciencemag.org 11 MARCH 2016 • VOL 351 ISSUE 6278 1211

Fig. 3 PRMT5 is required for the growth of MTAP-deficient cells in vivo,
and its catalytic HMTactivity is essential. (A to C) MIAPaCa2 cells stably
expressing shNT (A) or one of two inducible PRMT5 shRNAs—(B) shPRMT5-
1 and (C) shPRMT5-2—were subcutaneously implanted, and tumor volume
was monitored over a 28-day period. Dox treatment was initiated on day 9
postimplantation (±7 for each treatment arm; shown are mean tumor vol-
umes and SEM). shNT control +Dox (red) versus –Dox (blue) (P = 0.943);
shPRMT5-1 ± Dox (P < 0.001); shPRMT5-2 ± Dox (P < 0.001). (D and E) PRMT5

catalytic activity is required for growth in MTAP-deficient MIAPaCa2 cells.
(D) Immunoblot of stable lines generated with shRNA-resistant mutants and
probed with antibodies detecting PRMT5, HA, H4R3me2s, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) loading control. (E) Cells were
transduced with the indicated shRNAs and shRNA-resistant cDNA vectors,
and the relative growth was assessed by foci-formation assay. WTdenotes
wild-type PRMT5. G365A/R368A and E444Q are catalytically inactive
PRMT5 mutants.
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Fig. 4 Accumulation
of MTA in MTAP-
deficient cells selec-
tively inhibits the
catalytic activity of
PRMT5. (A) Intra-
cellular MTA levels
were measured using
liquid chromatogra-
phy–mass spectrome-
try (LC-MS) across a
panel of 14 cell lines
representing sixMTAP-
deficient and eight
MTAP-expressing cell
lines, including the PK1
isogenic cell line pair
(PK1 MTAP KO and
PK1 MTAP+/+, respec-
tively); ± 3, shown are
the means and SD.
On average, MTAP-
deficient cells have
~15 times as much
intracellular MTA as
MTAP-intact cells
(mean MTA levels
across all MTAP-
deficient cells profiled =
37.9 pmol/106; mean
MTA levels across all
MTAP intact cells =
2.48 pmol/106 cells;
P = 6.18 × 10–9).
(B) Immunoblot of PK1
MTAP isogenic cell
lines generated by
CRISPR/Cas9 with a
sgRNA nontargeting
control (MTAP+/+) or a
sgRNA-targeting MTAP
(MTAP KO) and probed
with antibodies as indi-
cated. (C) MIAPaCa2
cell lines stably
expressing shPRMT5-2
and either MTAP or
empty vector control
(Empty) and blotted
with antibodies detect-
ing PRMT5, MTAP,
H4R3me2s, and
loading control (vinculin). (D) MTA selectively inhibits PRMT5 biochemical
activity. Heat map of the IC50 values of MTA and sinefungin across a panel of
methyltransferases in anLC-MS–basedbiochemical assay. (E)Crystal structure
of the published SAM analog A9145C-bound PRMT5:WDR77 complex with the
H4 peptide (left in cyan; PDB ID: 4gqb) compared with the MTA-bound form
(right in purple).The arginine residue from theH4 substrate peptide is shown as
gray sticks. Dashes represent hydrogen bonds between E435 or A9145C and
K333,Y334,orwater (purple sphere).Comparisonof key residues inMTA-bound
PRMT5 across other family members finds Lys333 and Tyr334 (red) to be unique
to PRMT5 (PRMT5 amino acids 330 to 340; dPRMT5 refers to the Drosophila
PRMT5; Uniprot accession codes from top to bottom: O14744,Q9U6Y9,Q99873,
P55345,O60678,Q86X55,Q96LA8,Q9NVM4,Q9NR22, andQ6P2P2). (FandG)
Growth inhibitory effect of PRMT5 knockdown in MTAP-deficient cells is
abrogated by ectopic MTAP reexpression. MIAPaCa2 cells stably expressing

inducible shPRMT5-2 were transduced with retroviral empty vector control (F)
or with MTAP cDNA (G), and proliferation was assessed by confluence mea-
surements using IncuCyte. Expression of the MTAP cDNA was constitutive,
whereas shPRMT5 expression was controlled by the addition (+Dox, red) or
absence (–Dox, blue) of doxycycline; ± 6, shown are means and SD. (H to J)
Exogenous addition ofMTA restores sensitivity ofMTAP-rescued cells to PRMT5
knockdown. In vitro proliferation assay as described in (F) of MIAPaCa2 cells
stably expressingMTAPand inducible shPRMT5-2 ±Dox (± 6, shown aremeans
and SD) and treated with (H) 10 μM MTA (± Dox, P ≤ 0.001); (I) 15 μM MTA
(±Dox,P≤0.001); and (J) 25μMMTA(±Dox,P≤0.001). (K) Effect of additionof
exogenous MTA (concentrations indicated on x axis) on the proliferation of PK1
isogenic cells described in Fig. 2, F to H.Cell viability was assessed 10 days after
compound treatment using Cell Titer Glo and normalized to dimethyl sulfoxide
(DMSO) controls; the means and SD of quadruplicate experiments are shown.
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indicated that the catalytic activity of PRMT5
is required for the proliferation of MTAP-
deficient cells. It remained unclear, however,
why cancer cells lacking MTAP are selectively
sensitized toward PRMT5 depletion mediated
by RNA interference (RNAi). MTAP catalyzes
the phosphorylation of MTA to adenine and 5-
methylthioribose-1-phosphate, which is further
recycled to methionine (10) (fig. S1C), and tumors
with loss of MTAP exhibit a marked increase of
intra- and extracellular levels of MTA (5, 11, 12).
Consistent with the prior tumor data, metabolic
profiling of MTA across a number of MTAP-
deficient and -proficient cancer models, as well
as in the PK1 isogenic cell lines, revealed that both
intra- and extracellular MTA levels were in-
creased in cells lacking MTAP (Fig. 4A; fig. S9, A
and B; and fig. S10B). By contrast, intracellular
SAM levels were on average higher than MTA
levels and did not stratify with MTAP status (fig.
S10, A and B). Given that MTA has been pro-
posed to act as a general inhibitor of PRMTs
(12, 13), we hypothesized that increased MTA
levels due to MTAP loss may partially cripple
PRMT5 catalytic activity and thereby sensitize
cells to further PRMT5 inhibition. Indeed, dele-
tion of MTAP in PK1 cells (MTAP-KO) led to a
reduction in the levels of H4R3me2s, consist-
ent with the hypothesis that MTAP loss leads to
reduced PRMT5 activity (Fig. 4B). Conversely,
reexpression of MTAP in the MTAP-deficient
MIAPaCa2 cell line, which according to our
model should restore PRMT5 function by lower-
ing MTA levels, resulted in increased levels of
H4R3me2s (Fig. 4C).
To investigate the inhibitory activity of MTA

on PRMTs in more detail, we profiled MTA in
biochemical assays across a panel of 18 histone
methyltransferases (HMTs), including several
PRMTs (6). In contrast to thepan-methyltransferase
inhibitor sinefungin (7), MTA selectively inhib-
ited PRMT5 activity with a median inhibitory
concentration (IC50) of 4.6 mM and did not affect
the activity of any of the othermethyltransferases
profiled at concentrations up to 100 mM (Fig. 4D
and table S3). This finding may help explain why
MTAP-deficient cells are selectively sensitized to
depletion of PRMT5 but not other PRMT family
members.
To further investigate the selective inhibition

of PRMT5 by MTA, we determined the crystal
structure ofMTA-bound PRMT5:WDR77 in com-
plex with a H4 peptide (Fig. 4E and table S7).
SAM andMTA are structurally similar (fig. S10C),
and as expected, the adenine and ribose moieties
of MTA are nearly identical to those described
for the SAM analog (A9145C) bound to human
PRMT5:WDR77 (3). Our analysis revealed a
change in the conformation of Glu435 in theMTA-
bound form of PRMT5; this residue no longer
coordinates the arginine residue of the peptide
substrate as seen in the A9145C-peptide structure
(Fig. 4E; cyan) but, rather, shifts down to make
a split hydrogen bond with Tyr334 and a salt
bridge with Lys333 (Fig. 4E; purple). The shifted
Glu435 side chain and an additionalwatermolecule
occupy a region similar to the 2-aminobutanoate

of the SAM analog, and they form the lower
wall of the MTA pocket. Whereas Glu435 is in-
variant among all arginine methyltransferase
family members and has been proposed to be
important for function, Lys333 and Tyr334 are
unique to PRMT5 (Fig. 4E). Thus, we hypothesize
that the selectivity ofMTA inhibition for PRMT5
is due, in part, to the reordering of the cofactor
binding pocket facilitated by the Glu435-Lys333/
Tyr334 interactions.
If MTAP loss, and concomitant MTA accumu-

lation, is responsible for inducing sensitivity to
PRMT5 inhibition, then restoration ofMTAP func-
tion should renderMTAP-deficient cells insensitive
to PRMT5 depletion. Indeed, expression of exog-
enous MTAP in the MTAP-deficient MIAPaCa2
cell line rescued the PRMT5 shRNA-mediated
effects on proliferation (Fig. 4, F andG).Moreover,
MTA supplementation resensitized this MTAP-
reconstituted cell line toPRMT5knockdown,which
resulted in decreased proliferation andH4R3me2s
levels (Fig. 4, H to J, and fig. S11, A and B). Higher
concentrations of MTA (25 mMMTA) (Fig. 4J) by
itself caused antiproliferative effects and reduced
H4R3me2s to levels comparable to those seenwith
PRMT5 knockdown in the MIAPaCa2 wild-type
(WT) scenario (fig. S11C). This effect could either
be due to more complete inhibition of PRMT5
function, thus mimicking the PRMT5 null pheno-
type, ormight bemediated by feedback inhibition
of spermidine synthase, a by-product of polyamine
synthesis (10, 14, 15).
EPZ015666 is a potent pharmacological inhib-

itor of PRMT5, and it requires SAM for efficient
binding to and inhibition of the enzyme (16). SAM
is more abundant than MTA in cells. Whereas
MTAP loss leads to a profound increase in MTA
levels (Fig. 4, A and B), we found that it has little
impact on SAM levels (fig. S9C and fig. S10, A and
B). We hypothesized that the activity of SAM co-
operative inhibitors would not be differentially
affected by the altered metabolic state in MTAP-
deficient cancers. Indeed, when we profiled
EPZ015666 across a panel of 11 MTAP-deficient
and intact cell lines, including the PK1 isogenic
MTAP-KO cells, we did not detect substantial
selective antiproliferative effects correlating with
MTAP status (fig. S12, A to D). Consistent with
this, we found that complete inactivation of
PRMT5 by CRISPR is lethal even in MTAP-
proficient cells (fig. S13, A to C). PRMT5 bio-
chemical assays with differing concentrations of
MTA and SAM (fig. S14A) further supported our
hypothesis.
Because MTA inhibits PRMT5 by competing

rather than cooperating with SAM for binding to
the catalytic site (fig. S14, B and C), we next ex-
plored whether MTA itself could act as an exog-
enous SAM-competitive inhibitor. We found that
the isogenic MTAP-deleted PK1 cells were more
sensitive to MTA than the parental PK1 cells
(Fig. 4K). Therefore, in the MTAP-deleted setting,
where an increased fraction of the MTA-bound
inactive form of PRMT5 exists, enhanced sensi-
tivity to exogenous MTA is achieved, and this is
due to its SAM-competitive binding mode. Thus,
we postulate that SAM-competitive inhibition of

PRMT5 can be exploited to selectively alter the
proliferation of MTAP-deficient cells. Overall,
our data suggest a model in which complete loss
of MTAP leads to partial metabolite-based in-
hibition of PRMT5 by altering the ratio of MTA
to SAM (fig. S15).
In summary, loss of the 9p21 tumor suppressor

locus is the most common deletion event across
all cancer types, yet this event has remained in-
tractable for therapeutic targeting. Our study and
that of Kryukov et al. (17) indicate that deletion of
the MTAP gene in human cancer leads to an al-
tered metabolic state that represents an attract-
ive opportunity for therapeutic intervention. Based
on our mechanistic insights, therapeutics that
mimic the mode of action of MTA on PRMT5
function (e.g., by competing with SAM for bind-
ing toPRMT5)or thatpreferentiallybind toPRMT5
in the presence of MTA will be required to phar-
macologically exploit the PRMT5 hypomorphic
state found in these cancers.
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Conceivably, drugs that inhibit PRMT5 activity could be developed into a tailored therapy for MTAP-deficient tumors.
to growth inhibition by compounds that suppress the activity of a specific arginine methyltransferase called PRMT5. 
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