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Abstract: Currently, lung cancer has remained the most common cause of cancer death while non-small
cell lung cancer (NSCLC) accounts for the most of all lung cancer cases. Regardless of multiple existing
managements, chemotherapy regimens are still the mainstay of treatment for NSCLC, where pemetrexed
has shown cytotoxic activity and has increasingly been used, especially for advanced cases. However, chemo-
resistance may inhibit clinical efficacy after long-term use. Mechanisms responsible for chemo-resistance
to pemetrexed in NSCLC are plethoric but can be separated into two categories to be discussed: tumor
cells and their interactions with drugs. Phenomena relevant to tumor cells such as oncogene or oncoprotein
alterations, DNA synthesis, DNA repair, and tumor cell biology behavior are discussed, as well as processes
associated with drug dynamics, including drug uptake, drug elimination, and antifolate polyglutamylation.
This review will focus on clinical trials and the basic biomedical mechanisms of NSCLC treated with
pemetrexed and will describe the underlying mechanisms of resistance to facilitate more efficient clinical

therapies to treat patients.
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Introduction of treatment for NSCLC, especially used as palliative care
for advanced patients (3). With respect to chemotherapy,
platinum is not only regarded as the standard first-line

regimen for advanced NSCLC, but it is also recommended

Cancer is a major public health problem worldwide, and
lung cancer has remained the most common cause of cancer

death in recent years. Among patients with lung cancer, for patients with earlier stages (4,5)
,5).

non-small cell lung cancer (NSCLC) represents 87% of Besides platinum, pemetrexed, one of the antifolates,

all cases, including adenocarcinoma and squamous cell
carcinoma as its main subtypes (1). However, advances in
lung cancer treatment have always been challenging over the
past three decades, and the current 5-year survival for lung
cancer is only 18% (2). Even though multiple approaches
are recommended for NSCLC patients such as surgery,
chemotherapy, targeted therapy, immunotherapy, and
radiotherapy, systemic chemotherapy is still the mainstay

© Translational lung cancer research. All rights reserved.

has also been extensively used to treat NSCLC. Regarding
to its function, pemetrexed is an antagonist against folates.
Because folates donate one-carbon units to the biosynthesis
of purines, thymidine, and hence DNA, the interruption
of folate metabolism by pemetrexed contributes to
ineffective DNA synthesis and failure of growth in tumor
cells finally (6). In resembling the metabolism of folates,
there are three steps by which pemetrexed exerts its
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inhibitory potency. Three uptake receptors are responsible
for the cell entry of pemetrexed, including the reduced
folate receptor (RFC), the folate receptor-o (FR-a) and
the proton-coupled folate receptor (7-9). Afterwards, the
agent is modified to its pharmacologically active forms by
folylpolyglutamate synthetase (FPGS) in the cytosol and
mitochondria, to be better retained in cells and to gain a
greater affinity than the parent form (10). This process
competes with hydrolysis of accumulated glutamate tails on
pemetrexed, which is catalyzed by another enzyme called
y-glutamyl hydrolase (GGH) in the lysosome, leading to
elimination of the drug (11). Finally, four primary folate-
dependent enzymes are inhibited: thymidylate synthase
(TS), dihydrofolate reductase (DHFR), glycinamide
ribonucleotide formyl-transferase (GARFT), and
S-aminoimidazole-4-carboxamide ribonucleotide formyl-
transferase (AICARFT) (12,13). In clinical treatments,
pemetrexed has shown efficacy not only with platinum as a
first-line therapy but also as a single agent for second-line
treatment among advanced patients (14,15). In addition,
modest efficacy has also been reported when pemetrexed
is used as further-line treatment options (16,17). However,
despite the high efficacy of pemetrexed, NSCLC will
develop chemoresistance that hinders clinical efficacy
after long-term use. According to recent reviews, the
molecular mechanisms of drug tolerance can be split into
two categories: cancer cells and their interactions with
anticancer agents (18). In this review, we will elaborate
known mechanisms from these two categories that apply
to the resistance of pemetrexed in NSCLC treatment, to
provide a better understanding as well as a guidance on
new directions in this field and to facilitate more efficient
therapies for patients in clinical treatments. Understanding
pemetrexed resistance or toxicity may provide accurate
patient stratifications and appropriate drug administration
by clinicians.

Mechanisms relevant to cancer cells

Oncogene and oncoprotein alterations

The ErbB receptor family, including EGFR, HER2
(ErbB2), HER3 (ErbB3), and HER4 (ErbB4), regulate cell
proliferation, anti-apoptosis, and invasion in cancer (19).
In lung cancer, EGFR mutations occur in about 40% of
Asian patients, mostly in adenocarcinomas (20). Better
outcomes were obtained in EFGR-mutated patients rather
than wild-type patients when treated with pemetrexed,
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indicating the EGFR mutation as a positive factor for
pemetrexed in NSCLC [progression-free survival (PFS):
3.9 vs. 2.3 months, P=0.030] (21). Furthermore, in terms of
the types of mutations, pemetrexed efficacy was found to be
significantly higher in the exon 21 (Leu858Arg) mutation
group than that in the exon 19 (deletion) group in another
study (PFS: 3.3 vs. 1.8 months, P=0.0080) (22). Besides, the
expression of ErbB protein was determined in biomedical
lung cancer studies. A group of authors found that ErbB
was significantly upregulated in pemetrexed-resistant A549
adenocarcinoma cell lines (A549/PEM) when compared
with parent cells, and the cellular response to pemetrexed
of A549/PEM was increased via silencing both EGFR and
HER3 (23). Apart from ErbB, anaplastic lymphoma kinase
(ALK) and ROS proto-oncogene 1 (ROS1) frequently
occur in NSCLC patients, with 2-7% and 1-2% of all cases
respectively (24,25). Favorable clinical outcomes have been
reported in ALK-positive NSCLC patients when treated
with pemetrexed, and the outcome was more evident when
pemetrexed was used as single agent (P<0.0010) (26,27).
Moreover, compared to EGFR mutations, NSCLC patients
with ALK rearrangements showed better outcomes than
EGFR-mutant or wild-type patients who had been treated
with pemetrexed [time to progression (T'TP): 9.2 vs. 1.4
vs. 2.9 months, P=0.0010) (28). Furthermore, a recent
study comparing the relationship between ROSI and the
efficacy of pemetrexed in NSCLC cases reported better
survival among patients with ROSI translocations than
those without translocations (P=0.0030) (29). In addition
to EGFR, ALK and ROS1, the viral RAS oncogene family
(KRAS, NRAS, and HRAS) has been investigated in NSCLC
where KRAS mutations are frequently found in 25% of lung
adenocarcinomas, particularly in non-Asians while NRAS
mutations are rarely found in NSCLC (30). A certain study
has been conducted to determine the possible correlation
between the drug efficacy of pemetrexed and several
gene aberrations incorporating RAS. The results showed
that advanced NSCLC patients with no matter which
mutation had better clinical outcomes than those without
any mutation after receiving pemetrexed as maintenance
treatment [PFS, P=0.0060; overall survival time (OS),
P=0.0010] (31). Apart from the abovementioned factors, one
of the most common tumor suppressor genes, p33 together
with its transcriptional target p21, is worth discussing. In
NSCLC, a previous study reported notable elevations of
p21 and p27 in A549 cells after receiving pemetrexed (32).
Furthermore, knocking down the p53-regulated zinc finger
protein (ZMAT3) was reported to sensitize the response of
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Characteristics with

Authors Samples Histology [case load] Factors pemetrexed resistance
Wu SG et al. [2011] (21) Tissue Adenocarcinoma [296]; EGFR mutation Negative
SCC [46]; others [23]
Igawa S et al. [2016] (22) Tissue Adenocarcinoma [53] EGFR mutation Exon 19 (deletion)
Yu Z et al. [2014] (23) A549 cells - EGFR, HER3 Upregulated
Lee HY et al. [2013] (26) Tissue Adenocarcinoma [201]; ALK rearrangements Negative
SCC [127]; others [49]
Park S et al. [2015] (27) Tissue Adenocarcinoma [442] ALK rearrangements Negative
Lee JO et al. [2011] (28) Tissue Adenocarcinoma [78]; ALK rearrangements Negative
others [17]
Chen YF et al. [2016] (29) Tissue Adenocarcinoma [253] ROS1 translocations Negative
Liang Y et al. [2015] (31) Tissue NSCLC [196] RAS mutations Negative

Wu MF et al. [2010] (32)
Wen Y et al. [2012] (33)
Sun JM et al. [2011] (35)

A549 & H1355 cells
A549 cells

Tissue

Grenberg BH et al. [2013] (36) Tissue

Adenocarcinoma [255]; LCC [11];

pleomorphic carcinoma [1];
others [18]

Adenocarcinoma [112];

SCC [62]; LCC [13]; others [49]

p21, p27
ZMAT3
TTF-1

TTF-1

Downregulated
Upregulated

Negative

Negative

NSCLC, non-small cell lung cancer; LCC, large-cell carcinoma; SCC, squamous cell carcinoma; EGFR, epidermal growth factor receptor;
ALK, anaplastic lymphoma kinase; ROS1, ROS proto-oncogene 1; ZMAT3, p53-regulated zinc finger protein; TTF-1, thyroid transcription

factor 1.

A549 cell lines to pemetrexed (P<0.050) (33).

Oncoprotein thyroid transcription factor 1 (T'TF-1) is
a tissue-specific transcription factor expressed mainly in
the epithelial cells of the lungs. It is used as an important
marker to classify NSCLC when no clear morphological
features can be found, because the expression frequency of
TTF-1 is very high in lung adenocarcinoma but rare in lung
squamous cell carcinoma (34). It was reported in two studies
that patients with TTF-1-positive NSCLC tumors, who
underwent pemetrexed-based regimens, had significantly
better outcomes than those with negative NSCLC tumors
(OS: 25.4 vs. 14.2 months; hazard ratio: 0.55) (OS: 10.4 vs.
6.0 months, P<0.0010) (35,36).

Together, oncogene mutations, including EGFR, ALK,
ROS1, KRAS, and NRAS as well as TTF-1 status are
positive factors for pemetrexed in NSCLC patients, while
tumor suppressor factors and exon 19 (deletion) in EGFR
may signify resistance, but the results still need to be
confirmed. A table summarizing the pemetrexed-resistance
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mechanisms relevant to oncogene and oncoprotein
alterations in NSCLC is included in Tzble 1. Further
detailed are needed to define the precise drug efficacy of
pemetrexed for NSCLC patients harboring specific gene
alterations.

DNA synthesis and replication

Synthesis of purines and pyrimidines is the most
outstanding factors in DNA synthesis and replication.
Among the four target enzymes of pemetrexed, 7S has most
frequently been investigated. The correlation between low
levels of TS expression and chemosensitivity to pemetrexed
was first found in 61 human tumor samples, including lung
cancer (37). Subsequently, this correlation was proven to
be an inverse one on NSCLC patients (P=0.0060) (38). In
addition, significantly beneficial outcomes were reported in
NSCLC patients with low expression levels of 7S in another
clinical study (PFS: 5.6 vs. 3.5 months, P=0.013) (39).
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Views suggested by predecessors have been elucidated by
relevant basic studies as described below. It was reported
that the more 7S is expressed by NSCLC cell lines, the
weaker the sensitivity to pemetrexed (40). However, another
study reported an opposite result, showing that TS mRNA
was significantly reduced in a dose-dependent manner in
lung adenocarcinoma cells treated with pemetrexed (32), so
further studies are needed to resolve this controversy. On
the gene level, many studies have searched for additional
mechanisms associated with 7S expression and pemetrexed
efficacy in NSCLC. The most important observation has
been the amplification of 7'S. Higher copy numbers of 7S
were found in pemetrexed-resistant lung cancer sublines
when compared with parental cells (41). Moreover, after
receiving pemetrexed, advanced NSCLC patients with
amplified TS showed a worse response to pemetrexed
when compared with those in the unamplified group (RR:
0 vs. 35.3%, P=0.054) (42). Another aspect investigated
on the gene level has been the variant genotypes of TS.
Of note, there are three different types of polymorphisms
in TS. Two types of polymorphisms are in the promoter
of TS: a 28-base-pair (bp) variable number tandem repeat
(VNTR), including two and three repeats (2R/3R) located
in the 5'-untranslated region (UTR) and a 6 bp deletion or
insertion in the 3'-UTR. A third modality is the SNP, of
which G > C is often the case studied (43). In this review,
research conclusions relating to the 5'-UTR of TS will
be described first. NSCLC patients with the 3R in the
5'-UTR were found to have superior clinical outcomes
after receiving pemetrexed (RR: 100%; P=0.017) (44).
Nonetheless, an opposite finding was reported among non-
SCC patients treated with pemetrexed, in which the clinical
outcomes of the 3R genotype carriers were insignificantly
poorer than their counterparts, and a significant shorter
survival was observed when there was a synchronous G
nucleotide in the second repeat of VNTR (P=0.020) (45).
Apart from the 5'-UTR of TS, there is still research with
respect to genotypes in the 3'-UTR. NSCLC patients
with 6bp deletion/6bp deletion polymorphisms have been
reported to have a better prognosis than those with 6bp
deletion/6bp insertion genotypes (PFS: 3.4 vs. 2.9 months;
P=0.0010; OS: 14 vs. 12 months; P=0.000) (46). Apart
from TS, other primary targets of pemetrexed, including
DHEFR and GARFT, have been investigated in recent years.
While the association between the expression of DHFR and
pemetrexed efficacy remains a controversial issue, higher
GARFT status appears to play a pivotal role in NSCLC cell
line resistance to pemetrexed (P=0.0080) (32,37,40).
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Purines and pyrimidines are subsequently utilized for
composing ribonucleotides that make up of strands of
DNA during its replication, where ribonucleotide reductase
subunit M1 (RRM1), one of the subunits of ribonucleotide
reductase (RNR) plays an essential role (47). A survey
among NSCLC patients with neoadjuvant chemotherapy
using pemetrexed revealed that the tumor response rate
was inversely correlated with the RRM1I expression level,
suggesting that higher expression of RRM1 indicated
resistance to pemetrexed (P<0.0010) (38).

Additionally, given the role that folate plays in
metabolism, folate is also a crucial factor worthy to
be discussed in this issue. Methylenetetrahydrofolate
reductase (MTHFR) is an enzyme that converts
5,10-methytetrahydrofolate (5,10-MTHF), used as one-
carbon units, to 5-methytetrahydrofolate, which provides
methyl groups for DNA methylation not used for synthetic
processes (48). With regard to NSCLC, a report suggested
that clinical outcomes for NSCLC patients with the single
nucleotide polymorphism (SNP) 677T > T genotype were
better than those harboring the 677C > C or 677C > T
genotypes, all of whom had received pemetrexed combined
with platinum (P=0.030) (49).

In general, primary targets of pemetrexed such as 78,
DHFR, and GARFT together with RRM1 and MTHFR are
predictive factors for NSCLC patients under pemetrexed-
based therapy. We may conclude that patients with higher
TS expression or gene copy numbers as well as certain kinds
of genotypes of TS or MTHFR are more likely to show
weaker responses to pemetrexed. The same results were
observed with those harboring elevated levels of GARFT
and RRM1.

DNA damage and repair

The base excision repair (BER) system is a vital factor
worthy to be discussed in this review. One of the most vital
components of the BER system is ceaseless aberrant uracil
incorporation and reincorporation induced by TS (50).
Deoxyuridine triphosphate nucleotidohydrolase (dUTPase)
and uracil DNA glycosylase (UDG) are two regulators
of this process (51). By silencing dUTPuase, a greatly
diminished survival ability was observed in cells treated
with pemetrexed (52). Additionally, higher expression
of UDG was demonstrated to be significantly associated
with higher drug resistance in NSCLC cell lines treated
with pemetrexed, whereas knockdown of UDG expression
resulted in a seven-fold increased sensitivity to pemetrexed
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compared to that of parental cells (P<0.0001) (53).

Apart from the abovementioned studies, another
important mechanism used to repair damaged DNA is
nucleotide excision repair (NER), among which excision
repair cross-complementation group 1 (ERCC1) is one of
the responsible polypeptides (47). As reported, low ERCC1
expression was significantly associated with prolonged
survival in patients with advanced lung adenocarcinoma
treated with pemetrexed as first-line therapy (RR: 52.3 vs.
30.8%, P=0.015; PFS: 6.4 vs. 3.8 months, P=0.0040) (54).
Of interest, patients harboring a variant-type polymorphism
of 8092C > A were found to have shorter survival compared
with wild-type carriers after receiving a combined therapy
including pemetrexed (RR: 10 vs. 48%, P=0.0050; OS: 14.7
vs. 21.1 vs. 30.1 months, P=0.032) (55).

Checkpoint kinase 1 (CHKI1), human MutS homolog
2 (MSH2), and Ku protein are also biomarkers associated
with DNA repair systems. Poor differentiation has been
shown in lung adenocarcinoma cells with higher CHK1
levels, indicating an increased dependence on the CHKI
pathway in response to pemetrexed (56). Moreover, by
evaluating multiple NSCLC cell lines after treatment
with pemetrexed, MSH2 levels were demonstrated to be
increased and the cytotoxicity of pemetrexed was found to
be enhanced by the knockdown of MSH2 (P<0.010) (57).
Similar to MSH2, pemetrexed-treated A549 cell viability
was found to be augmented by silenced Ku80, one of the
two subunits of Ku protein (58).

Opverall, a higher status of DNA repair systems, including
BER, NER, as well as CHKI, MSH2 and Ku protein may
contribute to resistance to pemetrexed in NSCLC. A table
summarizing pemetrexed-resistance mechanisms relevant to
DNA biosynthesis processes in NSCLC that we discussed

above is included in Table 2.

Other mechanisms relevant to cancer cells

Epithelial-to-mesenchymal transition (EMT) is a
program causing epithelial cells to attain mesenchymal
characteristics, enhancing tumor progression, and
eventually, metastasis (59). An activated EMT pathway
was found to be associated with resistance to pemetrexed
in NSCLC cell lines, and the result was confirmed by the
regression in pemetrexed efficacy after blocking the EMT
pathway (P<0.050) (60). A further study not only achieved
similar results to the previous study but pointed out that
p38 and/or ERK signaling pathways might regulate the
EMT process (61).
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Beyond the EMT, cancer stem cells (CSCs) are emerging
systems related to tumors, which have characteristics
similar to embryonic stem cells (62). Using NSCLC cell
lines and detecting CD166, one of the surface markers of
stem cells, greater resistance to pemetrexed was found in
CD166-postive cells rather than in CD166 positive cells,
demonstrating a correlation between therapeutic resistance
to pemetrexed and cancer cell stemness in NSCLC
(P<0.010) (63). Furthermore, increased levels of stem cell
factors were also found to be associated with resistance of
NSCLC cell lines to pemetrexed (P<0.050) (60).

In addition, there are some other factors related to tumor
cell migration and metastasis such as NME1 (NM23-H1),
lipocalin 2 (LCN-2), cortactin (CTTN), and Src kinase.
It was reported that after treatment with pemetrexed,
NM23-H1 and LCN-2 were dramatically increased in
A549 cell lines in a dose-dependent manner. Moreover,
LCN-2-silenced cells appeared to be more responsive to
pemetrexed, also in a dose-dependent manner (32). Besides,
high expression of CTTN in A549 cells was also found
to be correlated with resistance to pemetrexed and the
sensitivity of A549 cells to pemetrexed was also augmented
by knocking down CTTN (P<0.050) (33). The result was
also the same with Src kinase in another clinical study
indicating Src kinase as an adverse prognostic factor (PFS:
49.7 vs. 74.2 months, P=0.040) (64).

Apart from the abovementioned studies, three less
studied aspects associated with resistance to pemetrexed in
NSCLC, including cell apoptosis, microRNAs (miRNAs)
expressions, and variations of mean corpuscular volume
(MCV), are presented in the followings. First, enhanced
prevention of cell apoptosis was strongly correlated with
pemetrexed-induced resistance in A549 cells in terms of the
overexpression of protectors against apoptosis such as flavin
reductase (FR) and calreticulin (65). Secondly, in one study
performed on advanced NSCLC patients, three miRNAs
were implicated as predictive biomarkers for treatment
efficacy of pemetrexed. In terms of clinical outcomes, it was
pointed out that upregulation of miR-25 (PFS: 3.8 vs. 4.8
months, P=0.0070) or miR-210 (PFS: 3.7 vs. 4.9 months,
P=0.0010) as well as downregulation of miR-145 (PFS: 3.8 vs.
5.0 months, P=0.0010) might be indicative of low pemetrexed
drug efficacy (66). Last but not least, variations of MCV of
erythrocytes were also shown to be potentially associated
with drug efficacy in NSCLC. A study demonstrated that
pemetrexed could induce a macrocytosis phenomenon
in NSCLC patients. The study further evaluated the
range of changes in MCV and found that patients with
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Table 2 Mechanisms relevant to DNA biosynthesis processes in NSCLC

Characteristics with

Authors Samples Histology [case load] Factors pemetrexed resistance
Bepler G et al. [2008] (38) Tissue SCC [19]; non-SCC [33] TS Upregulated
Christoph DC et al. [2013] (39) Tissue Adenocarcinoma [156]; TS Upregulated
LCC [12]; SCC [12];
others [27]
Zhang D et al. [2011] (40) PC9 & A549 cells - TS Upregulated
Wu MF et al. [2010] (32) A549 & H1355 cells - TS Downregulated

Ozasa H et al. [2010] (41)
Shimizu T et al. [2016] (42)

Arévalo E et al. [2014] (44)

Krawczyk P et al. [2014] (45)

Wang X et al. [2013] (46)

Wu MF et al. [2010] (32)
Zhang D et al. [2011] (40)
Hanauske AR et al. [2007] (37)
Bepler G et al. [2008] (38)
Smit EF et al. [2009] (49)

Wilson PM et al. [2012] (52)
Weeks LD et al. [2013] (53)
Lee SH et al. [2013] (54)
Liao WY et al. [2018] (55)

Grabauskiene S et al. [2013] (56)

Tung CL et al. [2014] (57)
Shang B et al. [2017] (58)

PC6 cells

Tissue

Tissue

Tissue

Tissue

A549 & H1355 cells
PC9 & A549 cells
Tissue

Tissue

Tissue

Adenocarcinoma cells
A549 & H1975 cells
Tissue

Tissue
Adenocarcinoma cells
H520 & H1703 cells
A549 cells

Adenocarcinoma [38];
LCC [2]; SCC [3];
others [7]

Adenocarcinoma [24];
others [1]

Adenocarcinoma [106];
LCC [8]; others [1]

Adenocarcinoma [119];
SCC [41]

Lung cancer (unknown)
SCC [19]; non-SCC [33]

Adenocarcinoma [59];
LCC [24]; SCC [31];
others [7]

Adenocarcinoma [41]

Adenocarcinoma [58]

TS copy number
TS copy number

TS 5'-UTR genotype

TS 5'-UTR genotype

TS 3'-UTR genotype

DHFR

DHFR

DHFR, GARFT
RRM1

MTHFR genotype

dUTPase
ubG
ERCC1
ERCC1
CHK1
MSH2
Ku80

Amplified
Amplified

Without 3R/3R genotypes

3R/3R genotype with
G nucleotide

-6bp/+6bp genotype

Downregulated
Upregulated
Upregulated
Upregulated

SNP 677C > T: CC, CT

Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated

SCC, squamous cell carcinoma; non-SCC, non-squamous cell carcinoma; LCC, large-cell carcinoma; TS, thymidylate synthase; UTR,
untranslated region; DHFR, dihydrofolate reductase; GARFT, glycinamide ribonucleotide formyl-transferase; RRM1, ribonucleotide
reductase subunit M1; MTHFR, methylenetetrahydrofolate reductase; dUTPase, deoxyuridine triphosphate nucleotidohydrolase; UDG,
uracil DNA glycosylase; ERCC1, excision repair cross-complementation group 1; CHK1, checkpoint kinase 1; MSH2, human MutS
homolog 2; Ku80, Ku protein subunit 80; SNP, single nucleotide polymorphism.

large variations of MCV, over 5 fL, had better clinical
outcomes than those with less than 5-f. MCV (PFS: 7 vs.
3 months, P=0.0016; OS: 17 vs. 10 months, P=0.020) (67).

However, the mechanism remains to be validated.

In summary, stronger driving forces for tumor migration
and metastasis, for example, activate EMT, cancer cell
stemness, and other changes in biomarkers are likely to
induce insensitivity of NSCLC cells to pemetrexed. Besides,
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Table 3 Other mechanisms relevant to cancer cells in NSCLC
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Characteristics with

Authors Samples Histology [case load] Factors pemetrexed resistance
Liang SQ et al. [2015] (60) A549, H358, and H460 cells - EMT Upregulated
Chiu LY et al. [2017] (61) CL1 & A549 cells - EMT Upregulated
Zhao M et al. [2015] (63) A549 cells - CSC Upregulated
Liang SQ et al. [2015] (60)  A549, H358, and H461 cells - CSC Upregulated
Wu MF et al. [2010] (32) A549 & H1355 cells - NM23-H1, LCN-2 Upregulated
Wen Y et al. [2012] (33) A549 cells - CTTN Upregulated
Ceppi P et al. [2012] (64) Tissue & A549 cells Adenocarcinoma [55];  Src kinase Upregulated
SCC [32]; LCC [7]
Chou HC et al. [2015] (65) A549 cells - FR, Calreticulin Upregulated
Shi SB et al. [2016] (66) Tissue Adenocarcinoma [148] miR-25, miR210; miR-145 Upregulated;
downregulated
Buti S et al. [2015] (67) Patients Adenocarcinoma [168]; AMCV Upregulated

others [23]

SCC, squamous cell carcinoma; LCC, large-cell carcinoma; EMT, epithelial-to-mesenchymal transition; CSC, cancer stem cell; NM23-H1,
NMET; LCN-2, lipocalin2; CTTN, cortactin; FR, flavin reductase; MCV, mean corpusular volume.

declined cell apoptosis, smaller variation ranges in MCV,
as well as changed expressions of certain miRNAs may
hinder the efficacy of pemetrexed for NSCLC patients.
A table summarizing the aforementioned mechanisms of
pemetrexed-resistance relevant to tumor cells in NSCLC is
included in Table 3.

Mechanisms relevant to drug dynamics

Both of uptake and elimination processes affect the
intracellular concentration of anticancer agents. RFC
and FR-a are all transporters of pemetrexed. In one
study, RFC was found to be markedly downregulated in
certain pemetrexed-resistant NSCLC cells (P<0.050) (68).
Additionally, two SNPs in RFC were evaluated in another
study, including 2117C > T and 9148C > A, showing that
patients with homozygous variant genotypes of SLC19A, for
instance 2117T > T and 9148A > A, had a significantly better
outcome in clinical events compared with their counterparts
(2117C > T, OS: 16.7 vs. 14 vs. 8.9 months, P=0.030;
9148C > A OS: 22.7 vs. 10.3 vs. 9.4 months, P=0.045) (69).
Furthermore, studies regarding the effects of FR-a expression
on pemetrexed efficacy demonstrated that high membranous
FR-a expression was significantly associated with prolonged
patient survival, suggesting FR-a as a positive biomarker
for prognosis of patients receiving pemetrexed (PFS: 5.6 vs.

© Translational lung cancer research. All rights reserved.

3.7 months, P=0.031; OS: 22.1 vs. 11.5 months, P=0.013) (39).
Regarding the elimination of anticancer agents, ATP-binding
cassette (ABC) transporters are pivotal in this process.
ABCCI1, one of the seven subfamilies of ABC transporters,
was found to be correlated with resistance to pemetrexed
in NSCLC. The expression of ABCC11 was higher in
pemetrexed-resistant lung adenocarcinoma PC6 cells than
in parental cells (P<0.0001). Moreover, after assessing 538G
> A of ABCC11, one of the functional SNPs, cells with 538A
> A genotypes were more sensitive to pemetrexed than their
counterparts (P=0.040) (70).

FPGS and its competitor GGH are both in charge
of the balance of pemetrexed accumulation in cancer
cells. In NSCLC, downregulated FPGS expression was
found in some pemetrexed-resistant A549 cell lines (68).
Consistently, another study showed the same results in
PC6 cells and, furthermore, FPGS SNP 2572C > T was
also discussed in this study. It was demonstrated that
after treatment with pemetrexed together with platinum,
2572C > C carriers expressed significantly higher levels of
FPGS protein (P=0.0022) and obtained better responses
to pemetrexed compared to patients harboring 2572T
> T or 2572C > T (RR 78.6% wvs. 35.6%, P=0.0034)
(71). Moreover, some studies observed the GGH SNP
1042C > T in NSCLC patients receiving pemetrexed in
combination with gemcitabine and demonstrated that

Transl Lung Cancer Res 2019;8(6):1107-1118 | http://dx.doi.org/10.21037/tcr.2019.10.14



1114

Liang et al. Resistance to pemetrexed in non-small cell lung cancer

Table 4 Pemetrexed-resistance mechanisms related to drug dynamics in NSCLC

Characteristics with

Authors Samples Histology [case load] Factors pemetrexed resistance

Yang M et al. [2014] (68) A549 cells - RFC Downregulated

Adjei AA et al. [2010] (69) Tissue SCC [31]; non-SCC [117] RFC genotype SNP 2117C > T: CC, CT;
SNP 9148C > A: CC, AA

Christoph DC et al. [2013] (39) Tissue Adenocarcinoma [156]; SCC [12]; FR-a Downregulated

LCC [12]; combined tumors [20]; others [7]

Uemura T et al. [2010] (70) PC9cells -

Yang M et al. [2014] (68) A549 cells -

Fukuda S et al. [2016] (71) Tissue & Adenocarcinoma [89];
PC6 cells LCC [4]; non-SCC [8]

Adjei AA et al. [2010] (69) Tissue SCC [31]; non-SCC [117]

ABCC11; ABCC11  Upregulated;

genotype SNP 538G > A: GA, GG
FPGS Downregulated

FPGS; FPGS Downregulated;
genotype SNP 2572C > T: CT, TT
GGH genotype SNP 1042C >T: TT

SCC, squamous cell carcinoma; non-SCC, non-squamous cell carcinoma; LCC, large-cell carcinoma; RFC, reduced folate receptor; FR-
a, folate receptor-a; ABCC11, ATP-binding cassette sub-family C member 11; FPGS, folypolyglutamate synthetase; GGH, y-glutamyl

hydrolase; SNP, single nucleotide polymorphism.

1042C > T carriers had a longer clinical survival compared
to patients with 1042T > T genotypes, but the result was
not of significance (69).

In conclusion, impaired cell entry and enhanced efflux
of pemetrexed, as well as defective polyglutamylation all
contribute to chemo-resistance to pemetrexed in NSCLC.
A table summarizing the pemetrexed-resistance mechanisms
relevant to drug dynamics and pharmacogenomics in
NSCLC discussed above is included in 7able 4. Moreover,
a figure summarizing known mechanisms associated with
pemetrexed-resistance in NSCLC that we discussed all
above is available in Figure 1.

Search strategy and selection criteria

Data for this Review were identified by searches of PubMed,
Web of Science, and references from relevant articles using
the search terms “NSCLC”, “pemetrexed”, “resistance”,
and “mechanism”. Abstracts and reports from meetings
were included only when they related directly to previously
published work. Only articles published in English between
2007 and 2018 were included.

Discussion

Pemetrexed has been approved for the treatment of
NSCLC patients. In this article, we have focused on

© Translational lung cancer research. All rights reserved.

just two categories of mechanisms in association with
pemetrexed resistance (biochemical changes in tumor
cells and drug dynamics as well as pharmacogenomics).
However, tissues and cell lines investigated in studies
were not all treated with pemetrexed as a single agent, so
the characteristics of resistance we have provided might
be not only to pemetrexed alone. Besides, resistance to
anticancer agents can be divided into two sections (intrinsic
and acquired) (72), but hardly had any study reported
explicitly whether the chemoresistance to pemetrexed
were developed before or after the drug administration,
remaining the nature of these mechanisms unclear.
Therefore, to understand the intricate mechanisms and
to individualize the adoption of pemetrexed in clinical use
among NSCLC patients, there still exists the need of a full
assessment of drug toxicities and resistance when patients
are treated with combined regimens. Moreover, due to
the wide range of practical use of pemetrexed, not only in
lung cancer but also in various solid tumors such as breast
cancer, gastric cancer, and head and neck cancer (73),
some other novel biomarkers indicating chemoresistance
to pemetrexed in NSCLC will be explored if drawing
on the research carried on over the abovementioned
tumors. Overall, a deeper and clearer understanding of
resistance mechanisms to pemetrexed is required, which
can potentially bring an exciting new facet to personalized
medicine for lung cancer treatment.
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Figure 1 Pemetrexed-resistance mechanisms in NSCLC. (A) Biochemical changes in cancer cells; (B) drug dynamics and pharmacogenetics.
ABC, ATP-binding cassette; BER, base repair system; CHK1, checkpoint kinase 1; CSC, cancer stem cells; CT'TN, cortactin; DHFR,
dihydrofolate reductase; EMT, epithelial-to-mesenchymal transition; FPGS, folylpolyglutamate synthetase; FR-a, folate receptor-o; GARFT,

glycinamide ribonucleotide formyl-transferase; GGH, y-glutamyl hydrolase; Ku, Ku protein; LCN-2, lipocalin 2; mi-RNAs, microRNAs;
MSH2, human MutS homolog 2; MTHFR, methylenetetrahydrofolate reductase; NER, nucleotide excision repair system; NM23-H1,
NMEL; PEM, pemetrexed; PEM-Glu,, pemetrexed with accumulated glutamates; RFC, reduced folate receptor; TS, thymidylate synthase.

Conclusions

Numerous clinical and molecule-level trials have been
performed to determine the mechanisms of resistance
to pemetrexed. Our review, taking all the results into
consideration, showed that non-mutated status, higher
expression of oncoprotein TTF-1 and pemetrexed target
enzymes, enhanced DNA repair systems, activated
EMT, and cancer stemness as well as impaired drug
uptake, reinforced drug elimination, and defective
polyglutamylation processes are correlated with
development of resistance to pemetrexed in NSCLC. We
have discussed some potential prospects of more precise
diagnoses and individualized treatments for diverse patients.
However, further detailed clinical studies on lung cancer
and pemetrexed are still warranted in order to determine
the precise drug efficacy of pemetrexed for NSCLC patients
harboring the abovementioned or potential characteristics,
which may provide accurate patient stratifications and
appropriate drug administrations to be achieved by

© Translational lung cancer research. All rights reserved.

clinicians in the future.
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