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Background: Thymidylate synthase (TS) has a predictive role in pemetrexed treatment of mesothelioma; however, additional
chemoresistance mechanisms are poorly understood. Here, we explored the role of the reduced-folate carrier (RFC/SLC19A1)
and proton-coupled folate transporter (PCFT/SLC46A1) in antifolate resistance in mesothelioma.

Patients and methods: PCFT, RFC and TS RNA and PCFT protein levels were determined by quantitative RT-PCR of frozen
tissues and immunohistochemistry of tissue-microarrays, respectively, in two cohorts of pemetrexed-treated patients. Data were
analyzed by t-test, Fisher’s/log-rank test and Cox proportional models. The contribution of PCFT expression and PCFT-promoter
methylation to pemetrexed activity were evaluated in mesothelioma cells and spheroids, through 5-aza-20-deoxycytidine-
mediated demethylation and siRNA-knockdown.

Results: Pemetrexed-treated patients with low PCFT had significantly lower rates of disease control, and shorter overall survival
(OS), in both the test (N¼ 73, 11.3 versus 20.1 months, P¼ 0.01) and validation (N¼ 51, 12.6 versus 30.3 months, P¼ 0.02)
cohorts. Multivariate analysis confirmed PCFT-independent prognostic role. Low-PCFT protein levels were also associated with
shorter OS. Patients with both low-PCFT and high-TS levels had the worst prognosis (OS, 5.5 months), whereas associations were
neither found for RFC nor in pemetrexed-untreated patients. PCFT silencing reduced pemetrexed sensitivity, whereas 5-aza-20-
deoxycytidine overcame resistance.

Conclusions: These findings identify for the first time PCFT as a novel mesothelioma prognostic biomarker, prompting
prospective trials for its validation. Moreover, preclinical data suggest that targeting PCFT-promoter methylation might eradicate
pemetrexed-resistant cells characterized by low-PCFT expression.
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Introduction

Malignant pleural mesothelioma (MPM) is an aggressive tumor

of the pleura with increasing incidence [1]. Most MPM patients

are not amenable to radical surgery, and the combination of

pemetrexed and cisplatin (or carboplatin) is the standard first-line

treatment [2]. A few studies highlighted the predictive role of

thymidylate synthase (TS), the primary target of pemetrexed [3, 4].

However, this remains controversial [5, 6], prompting research on

additional biomarkers.

Three transport systems are currently known to mediate cellular

uptake of antifolates. These include the family of folate receptors

(encoded by three different genes, FRa/b/c), the reduced-folate
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carrier (RFC/SLC19A1) and the proton-coupled folate trans-

porter (PCFT/SLC46A1) [7]. Despite high expression of FRa in

72% of MPM specimens, no difference was observed in overall

survival (OS) compared with patients with negative immunohis-

tochemical staining of FRa [8]. Conversely, impaired RFC func-

tion was associated with resistance to pemetrexed and

methotrexate in MPM and leukemia, respectively [6, 9]. These

data are consistent with the cross-resistance to several antifolates

in cells which have lost RFC expression [10].

However, in HCT-15 colorectal cancer cells, loss of RFC ex-

pression led to a reduction in pemetrexed transport, but this was

associated with an increased sensitivity to pemetrexed, attributed

to a substantial level of pemetrexed transport via an RFC-

independent route [11]. The collateral sensitivity to pemetrexed

reflected enhanced inhibition of TS and de novo purine biosyn-

thesis (a secondary target of pemetrexed), attributable to

decreased pools of reduced folates, which compete with peme-

trexed for intracellular targets.

More recently, the RFC-independent transport of pemetrexed has

been attributed to PCFT [12]. The key role of PCFT in folate/antifo-

late transport has been demonstrated in various models, including

MPM cells [13], but has not yet been characterized in human MPM

specimens. In contrast to RFC, which displays optimal transport ac-

tivity at physiological pH, the optimal pH for PCFT-dependent

transport is 5.5, approximating the acidic microenvironment of

solid tumors [14]. Notably, PCFT exhibits a high-transport affinity

for pemetrexed, and PCFT transfection increased pemetrexed cyto-

toxicity [15]. These findings support the unique role that PCFT

plays in the pharmacologic activity of pemetrexed.

The PCFT promoter can be silenced via dense DNA methyla-

tion [14], eventually reducing its transcriptional activity. Indeed,

promoter silencing through methylation accounted for the loss of

PCFT activity in antifolate-resistant HeLa-R1-11 cells [15].

The current study was aimed at evaluating the possible associ-

ation of RFC and PCFT expression, and PCFT promoter methy-

lation with pemetrexed outcome in MPM. To this end, we used a

large repository of well-characterized MPM specimens, including

two independent cohorts of patients uniformly treated with

pemetrexed-based therapies. Moreover, using appropriate

in vitro models, we provide new mechanistic insights that may

contribute to the development of novel therapeutic interventions

for this devastating disease.

Materials and methods

Patients

A test and a validation cohort of 73 and 51 patients were consecutively
enrolled at Humanitas-Cancer-Center (Milan, Italy) between 2003 and
2008, and 2008–2013, respectively. Protein levels were evaluated in tissue
microarrays (TMA) from 35 patients from the validation cohort. An add-
itional cohort included 40 pemetrexed-untreated patients. This study
was approved by the appropriate ethical review board (ClinicalTrials.gov
NCT00867711).

Quantitative RT-PCR

RFC and PCFT expression were assessed using RNA isolated from
paraffin-embedded samples (5–516 ng), as described previously [4].

Immunohistochemistry

PCFT analysis was carried out using an affinity purified human PCFT-
specific polyclonal antibody, as described in supplementary material and
supplementary Figure S1, available at Annals of Oncology online.

Statistics

RECIST criteria were used to classify tumor response. Patients with
disease control, including partial response and stable disease, were com-
pared with patients with progressive disease. Progression-free survival
(PFS) and OS were calculated from the start of chemotherapy until
progression and death (or last contact), respectively. Kaplan–Meier
and log-rank methods were used to compare the curves, using
SPSS-Version.20 (IBM-SPSS, Chicago, IL). Significant prognostic
variables (P< 0.05) identified by univariate analysis were included in the
multivariate analysis, using Cox’s proportional hazards model.

In vitro studies

Preclinical studies were carried out in four human MPM cell lines.
Pemetrexed was a gift from Eli Lilly (Indianapolis, IN), while 5-aza-20-
deoxycytidine was purchased from Sigma-Aldrich (St. Louis, MO).

PCFT promoter methylation was evaluated by bisulfite DNA sequenc-
ing, while PCFT mRNA and protein levels were quantified by quantita-
tive RT-PCR and immunocytochemistry, respectively, as detailed in the
supplementary material, available at Annals of Oncology online. The
effects of PCFT modulation were assessed with ID#141241-siRNA

Table 1. Baseline characteristics of MPM patients enrolled in the present
study

Clinical characteristics n of patients (%)

Test cohort Validation cohort

Age, years [median, range] 63 [40–85] 73 [51–85]
Gender

Male 56/73 (76) 32/51 (63)
Female 17/73 (24) 19/51 (37)

EORTC prognostic score
Good 29/73 (40) 39/51 (76)
Poor 44/73 (60) 12/51 (24)

Histologic subtype
Epithelial 68/73 (93) 44/51 (86)
Non-epithelial 5/73 (7) 7/51 (14)

IMIG stage
Stage III 30/73 (41) 23/51 (45)
Stage IV 43/73 (59) 28/51 (55)
Surgical therapies EPP 4/73 (5) 1/51 (2)

CT response
SD 38 (52) 30 (59)
PD 14 (19) 4 (8)
PR 21 (29) 17 (33)
Median PFS (months) 6.8 7.5
Median OS (months) 17.5 19.3

Survival data were available for all patients. Among the 15 patients still
alive the minimum follow-up at the time of analysis was 22.4 months.
CT, computerized tomography; EPP, extrapleural pneumonectomy (after
chemotherapy); IMIG, International Mesothelioma Interest Group, OS,
overall survival; PD, progressive disease, PFS, progression-free survival; PR,
partial response; SD, stable disease.
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(Ambion
VR

Silencer). Additional experiments evaluated PCFT expression,
cell proliferation and pemetrexed metabolites after DNA demethylation,
using 1 lM 5-aza-20-deoxycytidine (supplementary material, available at
Annals of Oncology online).

Results

Clinical characteristics

Baseline characteristics of the two cohorts were comparable, ex-

cept EORTC-prognostic score (Table 1), and patients older than

65 years or of male gender had significantly shorter OS (supple

mentary Tables S1 and S2, available at Annals of Oncology online),

while none of the other characteristics were associated with

outcome.

Correlation of PCFT mRNA expression with
outcome

Quantitative RT-PCR reactions were successfully carried out in

69 out of the 73 specimens (macrodissected according to path-

ologists’ indications, i.e. with tumor content>70%) from the test

cohort and in all the specimens from the validation cohort. Gene
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Figure 1. Correlation of PCFT mRNA expression with clinical outcome. (A and B) Overall survival (OS) and progression-free survival (PFS)
curves segregated according to PCFT mRNA expression in the MPM patients from the test cohort. High/low PCFT levels are relative to the me-
dian values acquired by RT-PCR data available from 69 patients; (C and D) OS and PFS curves according to RT-PCR data of PCFT mRNA expres-
sion in the MPM patients from the validation cohort (mRNA expression data were available from 51 patients); (E) OS curves subgrouped
according TS mRNA expression levels in the MPM patients from the validation cohort. High/low levels are relative to the median values
acquired by RT-PCR data available from 51 patients; (F) OS curves according to RT-PCR data of both TS and PCFT mRNA levels in the MPM pa-
tients from both the test and the validation cohorts (mRNA expression data were available for 120 patients). The curves were compared using
the log-rank test.
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expression data were evaluated continuously, but the cut-off val-

ues were not identified. Therefore, the two cohorts of patients

were categorized according to their mRNA median values.

Significant correlations were neither detected between gene

expression and baseline characteristics, nor between PCFT or

RFC levels and clinical response. However, low PCFT expression

levels significantly correlated with higher risk of developing

a progression compared with disease-control, considering both

the test and the validation cohorts (P¼ 0.01 and P¼ 0.04,

respectively). Notably, disease-control correlated with OS

(supplementary Tables S1 and S2, available at Annals of

Oncology online).

No correlation was found for RFC expression with either OS or

PFS in both cohorts (supplementary Figure S2A and S2B, avail-

able at Annals of Oncology online). Conversely, PCFT expression

was significantly associated with OS. In particular, significantly

longer survival was observed in patients with high PCFT expres-

sion (median OS, 20.1 months, 95% CI: 10.1–30.0), in compari-

son to patients displaying low PCFT expression (11.3 months,

95% CI: 10.1–12.5, P¼ 0.01, Figure 1A). A significant association

was also observed for PFS (Figure 1B). Similarly, in the validation

cohort, patients with low PCFT expression had the worst progno-

sis (median OS, 12.6 months, 95% CI: 6.3–17.1), compared with

the patients with high PCFT expression (30.3 months, 95% CI:

15.3–36.7, P¼ 0.01, Figure 1C). A significant difference was also

observed for PFS (Figure 1D). Multivariate analysis confirmed

the prognostic relevance of PCFT (Table 2).

The potential predictive role versus prognostic role of PCFT

mRNA expression was further investigated in a series of 40 pa-

tients who were not treated with pemetrexed. The median OS of

this population was 11.9 months (95% CI, 3.4–20.4), and a cor-

relation was neither found between PCFT mRNA levels and OS

nor with PFS (supplementary Figure S3A and S3B, available at

Annals of Oncology online).

Correlation of combined expression of TS and PCFT
with outcome

We previously reported a correlation between the expression of

the main target of pemetrexed, TS, and both PFS and OS, in pa-

tients belonging to the first cohort [4]. Therefore, we repeated

this analysis in our second/validation cohort of patients, catego-

rized on the basis of TS median value, showing again a highly sig-

nificant correlation (P¼ 0.01) with OS (Figure 1E). Then, we

carried out a subgroup analysis for the patients with both low-

PCFT mRNA and high-TS mRNA levels (16/69 in the first and

15/51 patients in the second cohort). In this subgroup, we

observed a statistically significantly shorter OS, compared with

all the other patients in both the test and validation cohorts, as

well as when the two cohorts were combined (P< 0.001, Figure

1F). PFS data showed a similar association, as reported in supple

mentary Figure S4A, available at Annals of Oncology online.

Similarly, the subgroup analysis for patients with both high-

PCFT mRNA and low-TS showed significantly longer OS and

PFS (supplementary Figure S4B and S4C, available at Annals of

Oncology online).

Correlation of PCFT protein expression with
outcome

PCFT protein levels were analyzed by immunohistochemistry on

TMAs (Figure 2A). This analysis showed a variable PCFT protein

expression, related to mRNA expression. Tissues characterized by

high-PCFT mRNA levels presented a strong and diffuse staining,

while tissues with low-PCFT levels had only a few scattered posi-

tive cells with a weak membrane staining. Patients were catego-

rized according to their high- versus low-PCFT levels, using the

scoring system reported in supplementary Figure S1, available at

Annals of Oncology online, and the univariate analysis revealed a

significant correlation between high PCFT and longer OS

(P¼ 0.02, Figure 2B), as well as a trend towards a significant

association with PFS (P¼ 0.08, Figure 2C),

PCFT promoter methylation and expression affect
pemetrexed cytotoxicity

The DNA methylation status of the PCFT promoter was evaluated

in four MPM cell lines, and compared with Caco-2 and CCRF-

CEM cells, as described previously [14]. Promoter methylation

(Figure 3A and supplementary Figure S5, available at Annals of

Oncology online), showed a strong inverse correlation with PCFT

gene expression and protein levels (Figure 3B and supplementary

Figure S6, available at Annals of Oncology online). CCRF-CEM and

H28 cells, which exhibited low but detectable levels of PCFT, dis-

played PCFT promoter methylation, with �85% of the CpG-

islands methylated in H28 cells. Further, Caco-2 cells exhibited the

highest PCFT levels and showed almost no promoter methylation,

Table 2. Factors associated with overall survival (OS) and progression-free
survival (PFS) in the multivariate analysis

HR (95% CI) Wald P

Covariates for PFS
Test cohort (n¼73)

Sex: male versus female 1.52 (0.98–2.11) 0.06
Age: below versus >65 years 1.25 (0.71–1.82) 0.23
PCFT mRNA: low versus high PCFT 2.27 (1.12–3.74) 0.02
TS mRNA: low versus high TS 0.59 (0.37–0.93) 0.02

Validation cohort (n¼51)
Sex: male versus female 1.58 (1.00–2.11) 0.05
Age: below versus >65 years 1.23 (0.72–1.86) 0.23
PCFT mRNA: low versus high PCFT 1.92 (1.32–3.05) 0.03
TS mRNA: low versus high TS 0.60 (0.37–0.98) 0.04

Covariates for OS
Test cohort (n¼73)

Sex: male versus female 1.48 (0.61–2.25) 0.47
Age: below versus above median 0.92 (0.51–3.10) 0.39
PCFT mRNA: low versus high PCFT 2.12 (1.35–3.14) 0.03
TS mRNA: low versus high TS 0.72 (0.44–0.95) 0.03

Validation cohort (n¼51)
Sex: male versus female 1.56 (0.72–3.49) 0.65
Age: below versus above median 0.86 (0.37–2.82) 0.35
PCFT mRNA: low versus high PCFT 2.43 (1.44–3.58) 0.02
TS mRNA: low versus high TS 0.82 (0.65–0.97) 0.04

HR, hazard ratio, OS, overall survival; PFS, progression-free survival.
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whereas the MSTO-211, H2452 and H2052 cells had �40%, 60%

and 65%, respectively, of their CpG-sites methylated.

A concentration-dependent inhibition of cell growth was seen

in all MPM cells treated with pemetrexed (Figure 3D). MSTO-

211 H cells, harboring the highest PCFT levels, were the most sen-

sitive cells (IC50, 0.021 6 0.003 lM), whereas H28 cells, display-

ing the lowest PCFT mRNA/protein levels, were the most

inherently pemetrexed resistant (IC50, 10.96 6 2.46 lM).

Notably, we previously found that H28 cells also express low lev-

els of RFC [16]. This suggests that PCFT is the dominant entry

route for pemetrexed in these tumor cells.

The role of PCFT expression on the anti-proliferative activity of

pemetrexed was further evaluated using siRNA-silencing,

which repressed PCFT mRNA levels by 80% (Figure 3C), and re-

sulted in four- and threefold increased IC50 values in MSTO-

211 H and H2452 cells, respectively (Figure 3D). A slight change

in pemetrexed sensitivity accompanying PCFT modulation

was also detected in the H28 cells, showing an IC50 of

15.65 6 2.39 lM.

We then treated the cells with 1 lM 5-aza-20-deoxycytidine,

which reduced the methylation of the PCFT promoter by 70% in

H28, and by 45% in H2452 and MSTO-211 H cells, with conse-

quently increased PCFT mRNA levels (Figure 3C). Consequently,

this demethylating agent significantly increased the entry of

pemetrexed and the concentration of its di-glutamate metabolite,

as well as its growth inhibitory activity in both monolayers and

spheroids (Figure 3E and supplementary Figures S7–S9, available

at Annals of Oncology online).

Discussion

This study explored the differential expression of key folate trans-

porters in MPM specimens and, to the best of our knowledge, it is

the first study showing a correlation between PCFT mRNA and

protein levels and OS in two large cohorts of MPM patients who

received a pemetrexed/carboplatin regimen. Moreover, our

in vitro studies demonstrated a correlation between PCFT pro-

moter methylation and silencing and pemetrexed resistance. These

findings suggest novel therapeutic interventions to overcome

pemetrexed resistance mediated by loss of PCFT expression in

MPM.

The prognosis of MPM patients varies among different tumors

and patient characteristics, and novel biomarkers and therapies

are urgently needed [1]. A comprehensive genomic analysis iden-

tified four distinct MPM molecular subtypes correlated with sur-

vival [17], and recent trials evaluated new agents such as FAK

inhibitors [18].
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Figure 2. Correlation of PCFT protein expression with clinical outcome. (A) Representative pictures of the tissue-microrrays (TMAs) including
cores obtained from paraffin-embedded tumor material (from four different tumor areas from each of the 35 MPM patients of the validation
cohort) incubated with an anti-PCFT specific antibody, as described in the methods; (upper panels) TMA slide (original magnification 1�
magnification) and single spots of negative and positive controls (original magnification 20�); (Lower panels) Example of weak, intermediate
and strong PCFT staining (original magnification 20�). Staining results were evaluated using a four-tier system (supplementary Figure S1A,
available at Annals of Oncology online). (B and C) Overall survival (OS) and progression-free survival (PFS) curves segregated according to
PCFT protein expression levels in the MPM patients from the validation cohort.
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Figure 3. PCFT promoter methylation and PCFT expression affect pemetrexed cytotoxicity. (A) DNA methylation of the PCFT promoter in-
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pendent experiments; bars, SEM. (C) PCFT silencing successfully reduced PCFT mRNA levels in the three MPM cell lines. Conversely, exposure
to the demethylating agent 5-aza-20-deoxycytidine (5-aza-CdR, 1 lM) increased the mRNA expression of PCFT. *Significantly different
(P< 0.05) from untreated cells (cells treated with the siRNA negative control had similar results, data not shown). (D) Representative growth
inhibition curves of MPM cells treated with pemetrexed (PMX, 0.001–50 lM, 72-h exposure), with and without transfection with a specific
anti-PCFT siRNA; Points, mean values obtained from three independent experiments; bars, SEM. (E) (Upper panels) Representative images of
trypan blue-stained H2452 cells following treatment with PMX after exposure to 5-aza-CdR; (Lower panel). Cell growth of cells treated with
PMX (at the cell line specific IC50) after exposure to 5-aza-CdR (1 lM). Cell growth of treated cells was compared to growth of untreated con-
trol cells set at 100%. *Significantly different (P< 0.05) from cells treated with PMX alone.
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However, only a few studies identified potential predictors of re-

sponsiveness to chemotherapy. The two largest multicenter studies

on pemetrexed-based regimens reported that both TS mRNA and

protein expression are inversely correlated with OS and response

[3, 4]. Conversely, a similar study with a smaller cohort did not find

this correlation, but rather suggested a prognostic role for RFC and

folylpolyglutamate synthetase (FPGS), responsible for polygluta-

mylation and cellular retention of antifolates [6]. Yet another study

showed that neither TS nor FPGS were useful markers of response

to pemetrexed [5]. These controversial results might be explained

by different quantification procedures, since a consensus has not

yet been reached regarding TS immunohistochemistry scoring.

However, recent studies, including a meta-analysis on 526 patients,

and a prospective randomized trial clearly supported the role of TS

in predicting the outcome of non-small-cell lung cancer (NSCLC)

patients treated with pemetrexed regimens [19, 20]. Accordingly,

TS had a strong prognostic value in our validation cohort.

Furthermore, we showed for the first time that PCFT expression is

another important prognostic factor. As might be predicted, pa-

tients with both low-PCFT and high-TS levels had the worst prog-

nosis, suggesting that multiple mechanisms affecting pemetrexed

pharmacokinetics/-dynamics play key roles in tumor sensitivity.

PCFT has recently emerged as the main transporter mediating

pemetrexed influx, with remarkable transport Km values of 0.2–

0.8 lM, and its expression has been linked to pemetrexed cyto-

toxicity [15]. Consistently with this notion, we observed that

PCFT silencing increased pemetrexed IC50 values.

Previous studies demonstrated that the PCFT promoter is

highly methylated, thereby silencing PCFT expression, accounting

for the loss of PCFT activity in antifolate-resistant cells [14, 15]. In

the current study MPM cells with the lowest levels of PCFT

mRNA/protein exhibited PCFT promoter hypermethylation and

were more resistant to pemetrexed. Thus, one plausible modality

to overcome pemetrexed resistance could involve the simultan-

eous treatment with a DNA-demethylating agent. Therefore, we

tested a combination of pemetrexed and 5-aza-20-deoxycytidine, a

well-tolerated compound used in myelodysplastic syndrome and

under investigation for other malignancies [21]. Our results sug-

gest that tumor cells with low PCFT levels, comparable with low-

PCFT expression in MPM tissues, can be successfully targeted by

this combination. Moreover, a recent study supported the

immune-related antitumor activity of 5-aza-20-deoxycytidine in

MPM models [22], while a phase I/II trial of combined epigenetic

therapy with inhibitors of DNA methylation, in metastatic

NSCLC, showed some clinical responses, with the best change in

defined target lesions after pemetrexed treatment [23].

In conclusion, PCFT expression emerged as a novel biomarker

for predicting potential therapeutic outcome after pemetrexed-

based chemotherapy in a homogeneous setting of patients with

MPM, hence prompting prospective trials. Moreover, preclinical

data suggest that modulation of promoter methylation by 5-aza-

20-deoxycytidine may eradicate antifolate-resistant tumor cells

displaying low PCFT levels.
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