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 review review

Introduction

Since the publication in 1988 of a review on tumors lacking 
MTAP,1 both the results of a clinical trial,2 and new information 
from many sources on the incidence of MTAP-deficiency, have 
been reported, prompting the present review. The focus here is on 
the potential for selectively targeting these tumors with inhibitors 
of de novo purine synthesis and on a new strategy using toxic 
purine and pyrimidine analogs.

The MTAP gene, located at chromosomal locus 9p21, is 
flanked by CDKN2A and miR-31 and the gene is frequently 
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Many solid tumors and hematologic malignancies 
lack expression of the enzyme methylthioadenosine 
phosphorylase (MTAP), due either to deletion of the MTAP 
gene or to methylation of the MTAP promoter. in cells that 
have MTAP, its natural substrate, methylthioadenosine 
(MTA), generated during polyamine biosynthesis, is cleaved 
to adenine and 5-methylthioribose-1-phosphate. The latter 
compound is further metabolized to methionine. Adenine 
and methionine are further metabolized and hence salvaged. 
in MTAP-deficient cells, however, MTA is not cleaved and the 
salvage pathway for adenine and methionine is absent. As 
a result, MTAP-deficient cells are more sensitive than MTAP-
positive cells to inhibitors of de novo purine synthesis and 
to methionine deprivation. The challenge has been to take 
advantage of MTAP deficiency, and the changes in metabolism 
that follow, to design a strategy for targeted treatment. in 
this review, the frequency of MTAP-deficiency is presented 
and past and recent strategies to target such deficient cells 
are discussed, including one in which MTA is administered, 
followed by very high doses of a toxic purine or pyrimidine 
analog. in normal host cells, adenine, generated from MTA, 
blocks conversion of the analog to its toxic nucleotide. in 
MTAP-deficient tumor cells, conversion proceeds and the 
tumor cells are selectively killed. Successful mouse studies 
using this novel strategy were recently reported.

Targeting tumors that lack methylthioadenosine 
phosphorylase (MTAP) activity

Current strategies
Joseph r. Bertino,1,* william r. waud,2 william B. Parker2 and Martin Lubin3

1Departments of Medicine and Pharmacology; The Cancer institute of New Jersey; robert wood Johnson Medical School; New Brunswick, NJ USA; 
 2Southern research institute; Birmingham, AL USA; 3Dartmouth Medical School; Hanover, NH USA

Key words: MTAP, MTA, adenine, 6-mercaptopurine, methotrexate

co-deleted, in many different tumors, with the CDKN2A and 
CDKN2B genes that encode the tumor suppressors p15, p16, 
p19 and with the genes for interferons alpha and beta that lie 
telomeric to miR-31.3-16 Selective MTAP deficiency, without 
co-deletion of the CDKN2 genes, has also been reported, due 
either to selective deletion of the MTAP locus or to methylation 
of the MTAP promoter.17-19 In normal cells, MTAP cleaves MTA, 
generated during the biosynthesis of polyamines, to adenine and 
5-methylthioribose-1-phosphate (Fig. 1). The latter compound is 
further metabolized to methionine and adenine is converted to 
AMP. Cells lacking MTAP, however, are unable to salvage ade-
nine or methionine from endogenous MTA. As a consequence, 
they are more sensitive to inhibitors of de novo purine synthe-
sis than cells with intact MTAP, and are also more sensitive to 
methionine starvation.20,21 MTAP deficiency occurs frequently 
in both solid tumors and hematologic malignancies.3-16,22 Solid 
tumors in which a high percentage lack MTAP include mesothe-
lioma, non-small cell lung cancer (NSCLC), gliomas and pan-
creatic cancer (Table 1). MTAP gene deletions were also noted 
in 9 of 54 ampullary cancers and 4 of 33 biliary cancers.5 In 
another series, MTAP deficiency was found in 10 of 28 biliary 
tract cancers.16 In all of these solid tumors, loss of MTAP protein 
expression, detected by a monoclonal anti-MTAP antibody, was 
associated with loss of p16 protein expression.5

Initial estimates of MTAP deficiency in NSCLC, by quanti-
tative PCR-ELISA, were 44% in adenocarcinoma and 29% in 
squamous cell carcinoma,18 while a larger series showed that 17% 
of patients with NSCLC were MTAP-negative.6 A recent series 
of patients, screened by an immunohistochemical assay, showed 
that a lower percentage of patients with mesothelioma and pan-
creatic tumors lacked MTAP.2 Other solid tumors reported to 
lack MTAP include soft tissue sarcoma, esophageal cancer, 
endometrial cancer, chondrosarcoma, osteosarcoma, gastrointes-
tinal stromal tumors and chordoma (Table 1). Several reports 
have linked MTAP deficiency with increased aggressiveness of 
solid tumors. Compared to benign nevi, MTAP expression was 
reduced in primary malignant and metastatic melanoma.17

Lack of MTAP expression is also common in hematologic 
malignancies22-28 (Table 2). Using a probe that encompassed 
MTAP, CDKN2A and CDKN2B genes, 6 of the 16 diffuse large 
cell lymphomas and 1 of 9 of low-grade lymphomas had deletions 
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A recent study of MTAP knockout mice showed that mice 
homozygous for the MTAP null allele had an embryonic lethal 
phenotype, while mice heterozygous for MTAP appeared to be 
indistinguishable from wild-type mice, but died prematurely 
with lymphomas of T-cell origin. MTAP expression, measured 
by immunohistochemistry staining with an antibody to MTAP 
protein, and levels of MTAP RNA, were significantly reduced, 
compared to normal controls, in the tissues of these mice infil-
trated with lymphoma. The investigators of this study proposed 
that the MTAP gene might be a tumor suppressor, independent 
of CDKN2A.29

Information on MTAP-deficiency in primary breast cancer 
is lacking, although many cell lines, including the often-studied 
MCF-7 and MDA-MB-231, are MTAP-deficient. In a recent 
report on primary breast cancer, the frequency of loss of hetero-
zygosity (LOH) of an MTAP intragenic marker was 19/119.30 
Among informative cases for intragenic markers in CDKN2A 
and MTAP, there was a 90% concordant LOH.

MTAP-deficient Cells are Sensitive to Inhibitors  
of Purine Biosynthesis

Several studies have reported that MTAP-deficient tumor cells 
are as much as 20 times more sensitive than MTAP-positive 
cells to inhibitors of purine biosynthesis, such as methotrex-
ate (MTX), 6-mercaptopurine, azaserine (a potent inhibitor 
of the initial step in purine biosynthesis) and L-alanosine.10,20,31 

Figure 1. MTAP metabolic pathway. in normal cells, MTAP cleaves MTA, a by-product of polyamine biosynthesis, into adenine and 5-methylthioribose-
1-phosphate (MTr-1-P). Adenine is converted to AMP by the ubiquitous enzyme adenine phosphoribosyltransferase (APrT), with phosphoribosyl-
1-pyrophosphate (PrPP) serving as donor of the phosphoribosyl group. MTr-1-P is converted by a series of steps to methionine. AMP is also produced 
in cells by de novo purine biosynthesis. in addition to APrT, other cellular phosphoribosyltransferases, such as hypoxanthine-guanine phosphoribos-
yltransferase and orotate phosphoribosyltranferase, convert purines and pyrimidines to nucleotides.49

Table 1. MTAP deficiency in solid tumors

Tumor type
MTAP-deficiency 

(frequency)
Reference

Mesothelioma 64/95 4

Pancreatic cancer 91/300 5

Osteosarcoma 11/40 7, 8

Chondrosarcoma 7/14 9

Soft tissue sarcoma 8/21 10

Gliomas 9/12 11

Gastrointestinal stromal tumors 25/146 12

endometrial cancer 7/50 13

esophageal carcinoma 25/114 14

Chordoma 12/30 15

Biliary tract cancer 10/28 16

Metastatic melanoma 8/14 17

Non-small cell lung cancer 9/50 18

Breast cancer  
(loss of  heterozygosity)

19/119 30

Table 2. MTAP deficiency in hematologic malignancies

Tumor type
MTAP deficiency 

(frequency)
Reference

Adult T-cell leukemia 15/94 22, 23

B-lineage ALL 36/227 24, 25

T-cell acute leukemaia 28/45 26

Diffuse large cell lymphoma 6/16 27

Mantle cell lymphoma 8/52 28

of this region. Deletions were more common in the transformed 
lymphomas. In childhood B-lineage ALL, MTAP was inactive in 
16% of patients. In mantle cell lymphoma (MCL), lack of MTAP 
expression was noted in 8 of 52 tumors. Patients with MCL and 
MTAP gene deletions had a shorter overall survival (mean, 16 
months) than did patients with wild-type MTAP (mean, 64 
months). Although ascribed to MTAP deficiency, the association 
with p16 and p19 deletions, known to affect prognosis, made it 
difficult to attribute the difference in survival and progression of 
tumors to MTAP deficiency alone. The recent findings that the 
MTAP gene may be inactivated by methylation would indicate 
that tests for genomic deletion may underestimate the prevalence 
of MTAP deficiency in tumors and that the test for MTAP defi-
ciency should be lack of protein expression.
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A modified trial might produce better results. Since tumors 
lacking MTAP have increased sensitivity to L-alanosine, perhaps 
lower, non-toxic doses, administered for longer periods, would be 
more effective. Other trials to consider could involve the choice 
of a different inhibitor of purine biosynthesis, combined with a 
cytocidal drug. Patients with mesothelioma and osteosarcoma 
have been shown to respond to antifolates, and the combina-
tion of pemetrexed and cisplatin is an FDA-approved treatment 
for mesothelioma. Another study, perhaps, would target these 
tumors with the combination of MTX and a thiopurine and com-
pare the response of patients whose tumors lacked or did not lack 
MTAP.39 Given the substantial number of hematologic tumors 
with MTAP deficiency, and the known response of these tumors 
to MTX and thiopurines, another important study would be to 
determine if MTAP deficiency correlates with increased response 
and survival to treatments containing MTX alone and in com-
bination with other drugs, specifically with 6-mercaptopurine, as 
used in maintenance therapy in patients with acute lymphocytic 
leukemia, and in patients with T-cell lymphomas.

MTA as a Protective Agent

MTA is derived as a byproduct of the synthesis of spermidine 
and spermine. As mentioned earlier, MTA is rapidly cleaved 
by MTAP, an enzyme ubiquitously expressed in tissues, gener-
ating adenine and 5-methylthioribose-1-phosphate. The latter 
substance is converted to methionine through a complex set of 
reactions (Fig. 1). Thus the metabolism of MTA is an impor-
tant salvage pathway that generates purines and methionine. In 
the absence of MTAP, MTA may accumulate and inhibit, by 
feedback, spermine and, to a lesser extent, spermidine biosyn-
thesis and ornithine decarboxylase, in part by its metabolite, 4- 
methylthio-2-oxobutanate.40 Tumor cells lacking MTAP may 
secrete MTA instead of metabolizing it.

MTA at high doses, in experimental models, has been 
reported to have protective effects against liver damage and, even 
when given intraperitoneally to rodents over extended periods, 
MTA showed no toxicity.41,42 MTA has also been administered 
orally to 50 volunteers at 600 mg daily for one month and to 10 
volunteers at 1,600 mg daily for one month, without toxicity.43,44 
Clinical trials of MTA alone, as an anti-inflammatory agent and 
as an inhibitor of melanoma and colon cancer growth, have been 
proposed.45-47

Selective Killing of Tumors Deficient in MTAP:  
A New Strategy

Strategies to take advantage of MTAP-deficiency in many tumors 
were proposed as far back as 1981. These include inhibition of de 
novo purine synthesis, and methionine deprivation by a methioni-
nase.21,48 In a new proposal,49 MTAP-deficient tumors are treated 
with both MTA and a drug which requires phosphoribosylation 
for conversion to its toxic nucleotide (Fig. 1). These drugs include 
adenine analogs, such as 2,6-diaminopurine, 6-methylpurine and 
2-fluoroadenine, and two analogs that are in clinical use: 6-TG 
and 5-fluorouracil (5-FU). In normal host cells, when MTA is 

These inhibitors have differing metabolic actions and hence the 
increase in sensitivity of MTAP-deficient cells to inhibitors varies. 
Thus MTX is considered to be primarily an inhibitor of dihy-
drofolate reductase, and polyglutamate forms of MTX are potent 
inhibitors of purine biosynthesis.32 Both 6-mercaptopurine and 
6-thioguanine (6-TG) are rapidly converted to nucleotides, and 
inhibit de novo purine synthesis. 6-TG, in addition, is incorpo-
rated into DNA, and cells lacking mismatch repair are more resis-
tant to 6-TG treatment.33 L-alanosine, an amino acid analog, is 
converted to L-alanosinyl-5-amino-4-imidazole carboxylic acid 
ribonucleotide, which inhibits the penultimate step from IMP to 
AMP. Hypoxanthine can reverse the action of some inhibitors of 
purine synthesis, such as azaserine. Hypoxanthine lies upstream 
of IMP and hence, in the presence of L-alanosine, hypoxanthine 
would not be converted to AMP, nor would it reverse the action 
of L-alanosine.

Perhaps the most convincing study showing the relationship 
of MTAP deficiency to sensitivity to purine and methionine 
depletion was that by Hori et al.31 who transfected MTAP cDNA 
into an A549 lung cancer cell line lacking MTAP, thus mini-
mizing additional genetic alterations that might affect chemo-
therapeutic sensitivity. Cells lacking MTAP protein were more 
sensitive to MTX, 5,10-dideazafolate (a purine synthesis inhibi-
tor), L-alanosine, and also to methionine depletion. MTA was 
able to completely rescue the cell lines that contained MTAP, but 
not the cell lines deficient in MTAP, from these inhibitors and 
from methionine restriction.

The increased sensitivity of MTAP-deficient tumor cells to 
inhibitors of purine biosynthesis has important implications for 
clinical applications, as was recognized in the design of a trial 
described below in reference 2.

Clinical Studies Targeting Tumors that Lack MTAP

To date, in the only clinical trial reported in patients whose 
tumors specifically lacked MTAP, the purine synthesis inhibi-
tor L-alanosine was used.2 Previous Phase II studies with this 
drug did not take into account MTAP status, and no appreciable 
therapeutic activity was noted in these trials.34-37 Patients with 
advanced refractory tumors—NSCLC, mesothelioma, soft tissue 
sarcoma, pancreatic cancer and osteosarcoma—that were shown 
by immunohistochemistry to lack MTAP expression were treated 
with a continuous infusion of L-alanosine, at a starting dose of 
80 mg/m2 daily for 5 days, repeated every 21 days. Stable disease 
lasting a median of 4 months was recorded in 5 of 13 patients 
with mesothelioma, and 8 of 42 patients with other histolo-
gies. While this recent study in patients with MTAP-deficient 
tumors was therefore not very promising, as compared to treat-
ment with cisplatin and pemetrexed that produces tumor regres-
sions in 30% of patients with mesothelioma,38 why—given the 
preclinical data—did it not work better? As the investigators of 
this study noted, no pharmacodynamic studies were performed 
on tumors to show that L-alanosine entered cells and inhibited 
purine biosynthesis. It is also possible that tumors may have sal-
vaged enough adenine or adenosine from blood or the microen-
vironment to compete with L-alanosine for activating enzymes.
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results of this latter study demonstrate proof-of-concept: MTA 
protected the host from the cytocidal drug 6-TG, while the tumor 
was not protected. Moreover, the protection of the host mice by 
MTA from high—in fact supralethal—doses of 6-TG suggests 
that 6-TG might be safely used at levels that far exceed the cur-
rent maximum tolerated dose for humans, presently limited by 
toxicity to bone marrow. 6-TG is primarily used in treatment of 
leukemia and lymphoma but, if the host were protected by MTA, 
much higher doses of 6-TG would be tolerated, and higher doses 
may show antitumor effects even in solid tumors lacking MTAP.

This treatment strategy applies as well to MTA and 5-FU. 
5-FU is converted to its toxic nucleotide by orotate phosphori-
bosyltranferase, with PRPP serving as the donor of the phospho-
ribosyl group (as is the case with 6-TG). Two experiments with 
similar results have been performed that clearly demonstrate that 
MTA can protect mice from lethal doses of 5-FU. The results of 
the second experiment are shown in Table 3. In groups 3 and 4, 
MTA protected all mice from the lethal effect of 5-FU. There 
was very little weight loss in groups 3 and 4, although group 4 
had more weight loss than group 3 (data not shown). Historically 
the maximum tolerated dose of 5-FU using this schedule is  
75 mg/kg (q4dx4). In this experiment, therefore, the tolerated 
dose of 5-FU was increased from 75–200 mg/kg.

One caveat to this treatment strategy might be that when 
MTA is administered, sufficient adenine would be generated 
by normal tissues expressing MTAP, and utilized by an MTAP-
deficient tumor, consuming PRPP and thus decreasing the acti-
vation of purine analogs or 5-FU. There may be an optimal dose 
of MTA, therefore, for protection of normal tissues without com-
promising antitumor effects.

Conclusions

Since the subject of MTAP-deficiency in tumors was last 
reviewed over twenty years ago, the variety of tumors discovered 

administered, substantial adenine is produced by the action of 
MTAP. Adenine then competes effectively with a co-admin-
istered drug for phosphoribosylation by 5-phosphoribosyl-1- 
pyrophosphate (PRPP). Hence the drug is not converted to its 
nucleotide, as it must be for toxic activity. Tumor cells lacking 
MTAP, however, cannot derive adenine from MTA. Hence PRPP 
remains at adequate levels, and the co-administered drug can be 
readily converted to its toxic nucleotide. A high degree of selec-
tivity of the treatment is assured by the clear difference between 
tumor and host cells in MTAP activity. The method may be 
potentiated by providing MTA in advance of the drug, so as to 
decrease PRPP levels in host cells before exposure to the drug. In a 
pilot study of the strategy, intraperitoneal pre-treatment of Swiss-
Webster mice with MTA protected them from subsequent lethal 
doses of 6-TG.50,51 In a second study,52 NOD-SCID mice bearing 
the MTAP-negative CCRF-CEM human T-cell leukemia were 
given MTA (100 mg/kg) intraperitoneally, followed one hour later 
by 6-TG (75 mg/kg), on days 1, 4 and 7. By day 13, the tumors 
had regressed completely, with minimal loss of weight, although 
the tumors did return in the weeks following (Fig. 2A and B). 
Animals treated with 6-TG (75 mg/kg) alone on days 1, 4 and 7 
had marked tumor regression but died of toxicity by day 13. The 

Figure 2. MTA protects host tissues but not MTAP-deficient tumor cells from 6-TG toxicity. (A) NOD-SCiD mice (N = 6, per group) were inoculated with 
one million CCrF-CeM human lymphoblastic leukemia cells and when tumor size was 500 mm3 the mice were treated with either 6-TG, MTA or the 
combination of the two drugs (MTA followed one hour later by 6-TG) or saline, ◆ control; □, MTA; 100 mg/kg; ▲, 6-TG, 75 mg/kg; X, MTA, 100 mg/kg 
plus 6-TG, 75 mg/kg. (B) effect of treatments on body weights. Control and MTA treated mice were sacrificed by day 13 due to large tumors. 6-TG treat-
ed mice also died by day 13, due to 6-TG toxicity, while marked tumor regression with minimal toxicity was noted (<10% weight loss) in mice treated 
with MTA followed one hour later by 6-TG. vertical bars: SD. (◆, control; □, MTA; 100 mg/kg; ▲, 6-TG, 75 mg/kg; X, MTA, 100 mg/kg plus 6-TG, 75 mg/kg).

Table 3. effect of MTA on the toxicity of 5-FU in NCr-nu/nu mice

Treatment group Deaths Day of death

1 100 mg/kg MTA 0

2 200 mg/kg 5-FU 3/3 (8, 9, 10)

3 100 mg/kg MTA plus 200 mg/kg 5-FU 0/3

4 100 mg/kg MTA plus 200 mg/kg 5-FU 0/3

Female NCr-nu/nu mice were injected ip with the above compounds 
once on days 1, 5, 9 and 13 (q4dx4).  in this experiment, MTA was 
administered twice (60 and 15 min) prior to injection of 5-FU (group 3) 
and it was also administered 30 min before 5-FU and 30 min after 5-FU 
(group 4).
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doses of a toxic purine or pyrimidine analog. In normal host 
cells, adenine, generated from MTA, blocks conversion of the 
analog to its toxic nucleotide. In MTAP-deficient tumor cells, 
conversion proceeds and the tumor cells are selectively killed. 
To optimize doses and timing of MTA for protection of normal 
cells, without compromising antitumor effects in MTAP defi-
cient tumors, further studies are planned. If warranted, clinical 
studies would follow.

to have this deficiency has increased steadily. The list now 
includes many solid tumors and hematologic malignancies with 
a dire prognosis. The challenge has been to take advantage of 
MTAP-deficiency to design a strategy for targeted treatment. 
This review discusses early proposals, and one clinical trial that 
involved administering an inhibitor of de novo purine synthe-
sis but was not successful. Several other possible strategies are 
offered. In one, MTA is administered, followed by very high 
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