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Abstract

The discovery of cancer dependencies has the potential to inform therapeutic strategies and to 

identify putative drug targets. Integrating data from comprehensive genomic profiling of cancer 

cell lines and from functional characterization of cancer cell dependencies, we discovered that loss 

of the enzyme methylthioadenosine phosphorylase (MTAP) confers a selective dependence on 

protein arginine methyltransferase 5 (PRMT5) and its binding partner WDR77. MTAP is 

frequently lost due to its proximity to the commonly deleted tumor suppressor gene, CDKN2A. 

We observed increased intracellular concentrations of methylthioadenosine (MTA; the metabolite 

cleaved by MTAP) in cells harboring MTAP deletions. Furthermore, MTA specifically inhibited 

PRMT5 enzymatic activity. Administration of either MTA or a small molecule PRMT5 inhibitor 

showed a modest preferential impairment of cell viability for MTAP-null cancer cell lines 

compared to isogenic MTAP-expressing counterparts. Together, our findings reveal PRMT5 as a 

potential vulnerability across multiple cancer lineages augmented by a common “passenger” 

genomic alteration.

Main Text

The gene encoding methylthioadenosine phosphorylase (MTAP) is ubiquitously expressed in 

normal tissues (fig. S1). However, homozygous deletion of MTAP occurs frequently in 

cancer due to its proximity to CDKN2A, one of the most commonly deleted tumor 

suppressor genes (Fig. 1A) (1-7). For example, MTAP is deleted in 40% of glioblastomas; 

25% of melanomas, urothelial carcinomas, and pancreatic adenocarcinomas; and 15% of 

non-small cell lung carcinomas (NSCLC) (8). MTAP cleaves methylthioadenosine (MTA) to 

generate precursor substrates for methionine and adenine salvage pathways. Synthetic lethal 
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strategies to exploit MTAP loss with methionine starvation or by inhibiting de novo purine 

synthesis have been proposed; however, clinical efficacy of such approaches has not been 

demonstrated (9-11).

We searched for genetic vulnerabilities associated with MTAP loss by leveraging genome-

scale pooled short hairpin RNA (shRNA) screening data for 216 cancer cell lines from 

Project Achilles (12, 13). MTAP deletion status for each line was determined using profiles 

of MTAP copy number and mRNA expression from the Cancer Cell Line Encyclopedia 

(CCLE; Additional data table S1) (14). We correlated 50,529 shRNA sensitivity profiles 

with MTAP deletion status across these lines and identified two shRNAs that strongly 

correlated with reduced viability of MTAP-null (MTAP−) lines (n=50) but not MTAP-

positive (MTAP+) lines (n=166; Fig. 1B; Additional data table S2). One shRNA targeted 

PRMT5 (shPRMT5 #1; two-sided Wilcoxon p <3 × 10-15) and the other targeted WDR77 
(shWDR77 #1; p <4 × 10-12). We observed a correlation between sensitivity to these 

shRNAs (Fig. 1C), suggesting that MTAP− lines sensitive to suppression with either shRNA 

were generally also sensitive to suppression with the other shRNA. Cell lines with loss of 

CDKN2A but not MTAP were generally less sensitive to PRMT5 or WDR77 depletion than 

were lines with co-deletion of CDKN2A and MTAP, suggesting a correlation with MTAP 
(but not CDKN2A) loss (Fig. 1D; fig. S2). To provide further support for a possible 

dependency on PRMT5 or WDR77 in the setting of MTAP loss, we examined additional 

shRNAs against PRMT5 and WDR77 from the screening dataset. We identified a second 

shRNA against PRMT5 (shPRMT5 #2) and WDR77 (shWDR77 #2) that also demonstrated 

a strong correlation between impaired cell viability and MTAP loss (Fig. 1E; Additional data 

table S3).

False positive findings can occur from genome-scale shRNA analyses because of “off-

target” microRNA-like effects attributable to partial sequence complementarity with the 5′ 
end of the shRNA (known as the “seed” region) (15, 16). To investigate this possibility, we 

identified shRNAs from the screening dataset that shared sequence identity in the seed 

region with each of the four shRNAs against PRMT5 or WDR77. None of the shRNAs with 

shared seed sequence identity demonstrated a correlation between cell viability and MTAP 

status comparable to that observed for the shRNAs against PMRT5 or WDR77, arguing that 

the differential viability was not caused by a seed effect (fig. S3; table S1, S2). We also 

confirmed on-target activity of all four shRNAs against PRMT5 or WDR77 by 

immunoblotting of lysates from shRNA-expressing cells (fig. S4).

PRMT5 and WDR77 encode critical components of the methylosome. PRMT5 forms a 

complex with WDR77 and catalyzes the transfer of methyl groups to arginine side-chains of 

target proteins including histones (involved in chromatin remodeling and gene expression) 

and Sm proteins (RNA-binding proteins involved in mRNA processing) (17-19). Genetic 

depletion of PRMT5 has previously been reported to impair cancer cell viability by 

promoting G1 cell cycle arrest and apoptosis (20-22). Interestingly, shRNAs targeting either 

PRMT5 or WDR77 reduced levels of both proteins (while demonstrating specific 

suppression of the target transcript), consistent with depletion of the methylosome complex 

using either shRNA (fig. S4). MTAP− cells were also sensitive to shRNA-mediated 

depletion of CLNS1A and RIOK1, which encode two additional components of the 
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methylosome (Fig. 1E) (23). Finally, the correlation between MTAP loss and sensitivity to 

PRMT5 or WDR77 suppression was not confounded by cell lineage. Within individual 

lineages (including glioma, pancreatic adenocarcinoma, and NSCLC), MTAP− cell lines 

were generally (but not universally) more sensitive to depletion of PRMT5 and WDR77 than 

were MTAP+ lines (Fig. 1F; fig. S2).

Based on these observations, we hypothesized that MTAP loss may confer enhanced 

sensitivity to genetic suppression of PRMT5 and WDR77. To validate this hypothesis, we 

examined effects of shRNAs targeting PRMT5 and WDR77 on cell viability in 275 

additional cancer cell lines profiled through Project Achilles. This profiling data was 

generated using an expanded shRNA library with additional shRNAs not included in the 

initial study. Similar to findings from the initial screening dataset, we observed that MTAP− 

lines (n=47) were generally more sensitive to PRMT5 or WDR77 suppression than MTAP+ 

lines (n=228; Fig. 1G; Additional data table S4). Three of the four shRNAs used to establish 

our initial finding from the screening dataset again demonstrated a strong correlation 

between loss of cell viability and MTAP status, as did an additional shRNA targeting 

PRMT5 not included in the screening dataset (shPRMT5 #3). In total, the overall increased 

sensitivity of MTAP− cells to PRMT5 or WDR77 depletion was demonstrated with five 

shRNAs (three targeting PRMT5 and two targeting WDR77) from two independent 

functional datasets comprising 491 cancer cell lines (fig. S5).

To determine whether the effects of PRMT5 or WDR77 suppression on cell viability are 

affected by MTAP, we first introduced MTAP into four MTAP− cell lines [LU99 and H647 

(NSCLC), SF-172 (glioma), and SU.86.86 (pancreatic ductal carcinoma)]. This resulted in 

robust MTAP protein expression in MTAP-reconstituted lines, whereas MTAP was absent 

from parental lines (Fig. 2A, fig. S6). We then performed colony formation assays to assess 

differences in cell viability following depletion of PRMT5 or WDR77 in the presence or 

absence of MTAP. We observed a reduction in cell viability for each MTAP− cell line with 

PRMT5 or WDR77 suppression, consistent with our screening and validation results (Fig. 

2B, C; fig. S6). Overall, MTAP-reconstituted lines demonstrated reduced sensitivity to 

PRMT5 or WDR77 suppression compared to isogenic MTAP− counterparts, suggesting a 

functional link between MTAP loss and PRMT5 or WDR77 dependency (Fig. 2B, C; fig. 

S6).

Prior studies suggest the activity of PRMT proteins may be inhibited by MTA (the substrate 

of MTAP) (24, 25). MTA is an analog of S-adenosyl methionine (SAM; the donor substrate 

for PRMT-mediated methylation) (26). We hypothesized that somatic MTAP loss may lead 

to increased intracellular MTA concentrations, which in turn confers a partial inhibition of 

PRMT5 activity. Together, these effects may heighten cell sensitivity to further reductions in 

PRMT5 activity (e.g., through genetic suppression). To test this hypothesis, we first 

determined whether MTAP− cells contain elevated MTA levels. We used liquid 

chromatography tandem mass spectrometry (LC-MS) to quantify levels of 56 metabolites 

(including MTA) from LU99, H647, SF-172, and SU.86.86 cells and their isogenic MTAP-

reconstituted counterpart lines. The abundance of most measured metabolites was not 

significantly altered by ectopic MTAP expression (Fig. 3A). However, intracellular MTA 
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abundance was reduced by 1.5 to 6-fold with MTAP reconstitution in each isogenic cell line 

pair, consistent with increased intracellular MTA in the absence of MTAP (Fig. 3A-C).

To determine whether MTA levels are generally higher in MTAP− cell lines compared to 

MTAP+ lines, we quantified intracellular levels of 73 metabolites from MTAP− (n=19) and 

MTAP+ (n=21) cancer cell lines from various lineages including NSCLC, melanoma, and 

breast. Among profiled metabolites, the abundance of MTA was most strongly correlated 

with MTAP loss (Fig. 3D; Additional data table S5, S6). We observed an approximately 3.3-

fold increase in median MTA levels in MTAP− lines compared to MTAP+, consistent with 

the hypothesis that MTAP loss leads to increased intracellular MTA (Fig. 3E). In contrast, 

intracellular levels of the methyl donor SAM were not significantly different between MTAP

− and MTAP+ lines (fig. S7). Using shRNA sensitivity data from Project Achilles, we also 

observed a significant correlation between MTA levels and PRMT5 dependency across 

profiled cell lines (Fig. 3F; fig. S7, Additional data table S7).

Next, we assessed whether elevated MTA might inhibit PRMT5 activity. PRMT5 catalyzes 

the formation of symmetric dimethyl arginine (sDMA), while most other PRMTs generate 

asymmetric dimethyl arginine (aDMA) (17, 27, 28). Using an antibody previously shown to 

recognize sDMAs generated by PRMT5 (29), we observed decreased sDMA levels in 

MTAP− cells compared to isogenic, MTAP-reconstituted lines (Fig. 4A). In addition, 

reduced sDMA was observed in MTAP-reconstituted cells exposed to exogenous MTA, 

consistent with inhibition of PRMT5 enzymatic activity (Fig. 4A). Similar findings were 

observed with an antibody recognizing symmetric methylation of histone H4 arginine 3 

(H4R3), an established substrate of PRMT5 (Fig. 4A) (30). In contrast, we observed only 

modest effects of MTAP status or exogenous MTA on levels of aDMA (Fig. 4A).

This finding raised the possibility that among PRMT family members, PRMT5 may exhibit 

heightened sensitivity to MTA intracellular concentrations. To test this, we measured the 

ability of MTA to inhibit the catalytic function of 31 histone methyltransferases (including 

PRMT5 and the PRMT5/WDR77 complex) using a radioisotope filter binding assay 

(Additional Data Table S8) (31). We observed more than 100-fold selectivity for MTA 

against both PRMT5 and PRMT5/WDR77 activity compared to all other profiled 

methyltransferases, consistent with the hypothesis that PRMT5 function is selectively 

vulnerable to elevated MTA concentrations (Fig. 4B). Furthermore, we demonstrate that 

MTA is a SAM-competitive inhibitor of PRMT5 (fig. S8).

Next, we sought to determine whether MTAP− cell lines might exhibit increased sensitivity 

to pharmacologic inhibition of PRMT5 compared to MTAP+ lines. We identified two 

inhibitors with distinct PRMT5 binding sites: the metabolite MTA itself and EPZ015666, a 

potent peptide-competitive and SAM-cooperative inhibitor with >10,000-fold specificity 

against PRMT5 relative to other methyltransferases (32). We tested the ability of these 

inhibitors to selectively impair viability of parental MTAP− cell lines compared to isogenic 

lines expressing MTAP, as well as parental MTAP+ cell lines compared to isogenic 

CRISPR-mediated MTAP knockout lines (fig. S9). Among the 11 isogenic cell line pairs 

assayed, the IC50 values (concentrations of inhibitor that led to a 50% reduction in viability) 

for MTAP− cell lines treated with MTA or EPZ015666 were generally lower than IC50 
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values for isogenic MTAP+ lines, consistent with our findings from genetic depletion of 

PRMT5 (although with a smaller effect size) (Fig. 4C, D). While the results for any given 

cell line pair were consistent using either PRMT5 inhibitor (fig. S9), the differences between 

each isogenic cell line pair were generally modest and more pronounced for some pairs than 

others (the differential sensitivity was absent altogether in SF-172). Furthermore, we did not 

observe significant differences in mean IC50 values between MTAP+ and MTAP− cell lines 

for either compound (fig. S9).

The discrepancy in effect size that we observed between genetic depletion and enzymatic 

inhibition of PRMT5 may be caused by several factors. For example, it is possible that the 

reported SAM-cooperative mechanism of action of EPZ015666 limits inhibition of PRMT5 

in the setting of excess MTA and reduced SAM binding (32). Consistent with this, assays of 

PRMT5 activity in the setting of excess MTA are reported to increase the IC50 of 

EPZ015666 by an order of magnitude (33). In addition, we cannot exclude the possibility 

that a non-catalytic PRMT5 function also contributes to the dependency. In this case, 

therapeutic approaches to exploit this type of vulnerability may require strategies that 

deplete protein levels of either PRMT5 itself or the larger methylosome complex. Further 

work will be necessary to explore these and other mechanistic possibilities.

Collectively, our findings suggest that MTAP loss leads to increased intracellular MTA, 

which in turn inhibits PRMT5 activity and confers heightened susceptibility to further 

depletion of PRMT5 (fig. S10). While PRMT5 has recently emerged as a possible 

therapeutic target in some cancers (26), genetic alterations correlated with sensitivity to 

PRMT5 inhibition have not previously been identified. Our data suggest that many MTAP− 

tumors are more sensitive to depletion of the methylosome, although there is an overlapping 

distribution of sensitivities to PRMT5 or WDR77 suppression between MTAP− and MTAP+ 

cell lines (Fig. 1D, F, G). Thus, MTAP status alone is not sufficient to distinguish cell lines 

that are sensitive to PRMT5 inhibition. These observations suggest the presence of other 

modifiers of sensitivity to methylosome depletion that function in a manner independent of 

MTAP status. Nevertheless, our results endorse the unexpected notion that MTAP loss 

confers sensitivity to PRMT5 depletion. More generally, these findings highlight the value of 

comprehensive functional and molecular characterization of large cancer cell line collections 

to promote identification of potentially targetable dependencies conferred by common 

genetic lesions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cancer cell lines with homozygous MTAP loss are selectively sensitive to suppression of 
PRMT5 or WDR77
(A) Frequency of MTAP deletion for selected cancers is shown. Data was obtained from the 

cBioPortal for Cancer Genomics (http://www.cbioportal.org). MPNST, malignant peripheral 

nerve sheath tumor; GBM, glioblastoma; DLBCL, diffuse large B-cell lymphoma. (B) Point 

biserial correlation coefficients are plotted against Wilcoxon two-class comparison test p-

values for 50,529 shRNAs. (C) Log2(fold) of depletion of shPRMT5 #1 and shWDR77 #1 

are shown, demonstrating a correlation between sensitivity to these shRNAs for MTAP− 

lines. (D) Log2(fold) of shPRMT5 #1 depletion is plotted for cell lines with the indicated 

genotypes. Median with upper and lower 25th percentiles are shown. (E) Pearson correlation 

test p-values for the top-scoring shRNAs are plotted against p-values for the second best-

scoring shRNAs targeting the same gene. Selective sensitivity of MTAP− lines to depletion 

of the methylosome is supported by at least two hairpins against four members of the 

complex including constitutive members of the complex (PRMT5 and WDR77, red) and 

mutually exclusive substrate adaptors (CLNS1A and RIOK1, orange). (F) Log2(fold) of 

shPRMT5 #1 depletion is plotted for all 216 cell lines (left) and for lines from the indicated 
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lineages. lung_NSC, non-small cell lung cancer; AML, acute myeloid leukemia. (G) 

Log2(fold) depletion for the indicated shRNAs is shown for all 275 cell lines from the 

validation cohort.

Kryukov et al. Page 10

Science. Author manuscript; available in PMC 2016 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Cells with MTAP loss are more sensitive to suppression of PRMT5 and WDR77 than 
isogenic MTAP-reconstituted cells
(A) Protein lysates were harvested from H647 (top) or LU99 (bottom) and from MTAP-

reconstituted H647 or LU99 cells (MTAP+) 5 days after lentiviral transduction with the 

indicated shRNAs or control. Lysates were fractionated by SDS-PAGE, and immunoblotting 

was performed with the indicated antibodies. (B) H647 or LU99 cells and MTAP-

reconstituted H647 or LU99 cells were transduced with lentivirus harboring the indicated 

shRNAs and stained with crystal violet after 10 to 18 days. Media change was performed 

every 3 days. (C) Quantitation of crystal violet uptake by cells transduced with shRNAs 

against PRMT5 or WDR77 (normalized to control shRNA for each cell line). Mean and 

standard error of 3-4 replicates are shown. The experiment was performed 2-3 times for each 

of the four cell line pairs. ** p < 0.01; * p < 0.05 by two-tailed Student's t-test.
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Fig. 3. Intracellular MTA is increased in MTAP− cells and correlates with sensitivity to PRMT5 
suppression
(A) Relative abundance of 56 profiled metabolites was compared for cell extracts from 4 

isogenic cell line pairs. Fold-change in relative abundance of each metabolite with MTAP 

reconstitution is shown for each isogenic pair. Results represent the mean of 2 independent 

experiments with 3 replicates per cell line. Findings for MTA (methylthioadenosine) are 

indicated with an asterisk. (B) Representative extracted ion chromatograms (XICs) from LC-

MS analysis of SF-172 (left) or MTAP-reconstituted SF-172 (right) cell extracts 

demonstrating a peak corresponding to MTA. RT, retention time; m/z, mass-to-charge ratio. 

(C) Relative abundance of MTA from cell extracts is displayed. Mean and standard error of 

3 biological replicates are shown. The experiment was performed twice with similar 

findings. * p < 0.01 by Student's t-test. (D) Correlation of metabolite levels with MTAP 

status is shown. Point biserial correlation coefficients are plotted against Wilcoxon two-class 

comparison test p-values for 73 metabolites profiled across 40 MTAP+ and MTAP−cell 

lines. (E) Relative abundance of MTA from MTAP+ (n=21) and MTAP− (n=19) cell lines 

from various lineages is shown. For each cell line, mean of 3 biological replicates is 

displayed. Median with upper and lower 25th percentiles are shown for MTAP− and MTAP+ 

lines. (F) Correlation of intracellular MTA levels with sensitivity to PRMT5 depletion is 
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shown. shPRMT5 sensitivity data from the screening and validation studies was normalized 

and combined using modified z-scores. Z-scores are plotted against relative intracellular 

abundance of MTA for the 40 assayed cell lines. Spearman rank correlation p-value is 

shown.
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Fig. 4. Pharmacological inhibition of PRMT5
(A) Cells were exposed to DMSO or 200 μM MTA for 48 hours. Lysates were harvested and 

fractionated by SDS-PAGE. Immunoblotting was performed with the indicated antibodies 

[recognizing symmetric or asymmetric di-methyl arginine motifs (sDMA and aDMA, 

respectively), symmetric di-methyl histone H4 arginine 3 (H4R3me2s), or vinculin (loading 

control)]. Molecular weight is indicated on the right in kDa. (B) Dendrogram and heat map 

indicating relative sensitivity of 31 histone methyltransferases to inhibition by MTA as 

determined by radioisotope filter binding assay. (C, D) Relative cell viability IC50 

(normalized to MTAP+ cells for each line) for cells treated with EPZ015666 (top) or MTA 

(bottom), for isogenic cell lines derived from (C) MTAP-expressing parental cell lines or (D) 

MTAP− parental cell lines. Mean IC50 and 95% confidence interval of 6 replicates are 

shown for each cell line. Each experiment was performed twice for each cell line. * = p < 

0.05 by two-tailed Student's t-test (vs. MTAP+ cells).
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