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Abstract

Background XIAP-associated factor 1 (XAF1) is ubiq-

uitously expressed in normal tissues, but its suppression in

cancer cells is strongly associated with tumor progression.

Although downregulation of XAF1 is observed in tumors,

its expression profile in the peripheral blood of cancer

patients has not yet been investigated. Here, we identified a

novel XAF1 splice variant in cancer cells and then inves-

tigated the expression level of this variant in peripheral

blood containing gastric cancer-derived circulating tumor

cells (CTCs).

Methods To identify splice variants, RT-PCR and DNA

sequencing were performed in mRNAs extracted from

many cancer cells. We then carried out quantitative RT-

PCR to investigate expression in peripheral blood from all

96 gastric cancer patients and 22 healthy volunteers.

Results The XAF1 variant harbored a premature termi-

nation codon (PTC) and was differentially expressed in

highly metastatic cancer cells versus the parental cells, and

that nonsense-mediated mRNA decay (NMD) was sup-

pressed in the variant-expressing cells. Furthermore, splice

variants of XAF1 were upregulated in peripheral blood

containing CTCs. In XAF1 variant-expressing patients, the

expression levels of other NMD-targeted genes also

increased, suggesting that the NMD pathway was sup-

pressed in CTCs.

Conclusions Our study identified a novel splice variant of

XAF1 in cancer cells. This variant was regulated through

the NMD pathway and accumulated in NMD-suppressed

metastatic cancer cells and peripheral blood containing

CTCs. The presence of XAF1 transcripts harboring the

PTC in the peripheral blood may be useful as an indicator

of NMD inhibition in CTCs.

Keywords Alternative splicing � Circulating tumor cells �
Gastric cancer � Nonsense-mediated mRNA decay �
Quantitative real-time polymerase chain reaction (qRT-

PCR)

Introduction

XIAP-associated factor 1 (XAF1) has been identified as a

nuclear protein and a binding partner that directly interacts

with endogenous X-linked inhibitor of apoptosis (XIAP)

[1]. XAF1 overexpression induces apoptosis and inhibits
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tumor growth in multiple types of cancer including gastric,

colorectal, and pancreatic cancers [2–7]. XAF1 is ubiqui-

tously expressed in normal cells but expressed at extremely

low levels in several types of cancer cells [8]. Lower

expression of this gene in tumor tissues is strongly asso-

ciated with tumor stage [2, 5, 9, 10]. Splice variants of

XAF1 have been detected in various cancer cell lines [11–

13]. Fang et al. [14] found a switch from full-length to

short XAF1 transcripts in prostate cancer cells, suggesting

differential function of the short variant in apoptosis reg-

ulation. The production of these transcripts is regulated

through aberrant epigenetic modification [12–14]. How-

ever, the expression profile of XAF1 splice variants in

human cancer remains unclear.

Nonsense-mediated RNA decay (NMD) helps the cell to

maintain mRNA quality [15]. Abnormal transcripts gen-

erated by alternative splicing often harbor premature ter-

mination codons (PTC), leading to degradation of these

transcripts via the NMD pathway. NMD is suppressed by

cellular stresses in the tumor microenvironment, the inhi-

bition of which promotes stabilization of NMD-targeted

mRNA and tumorigenesis [16–19]. Recently, Tani et al.

[20] reported that accumulation of noncoding RNA

growth-arrest-specific 5 (GAS5) by NMD inhibition

through cellular stress (such as serum starvation) leads to

the downregulation of apoptosis-related genes. Thus,

aberrant RNAs that accumulate through NMD inhibition

are considered to be potential tumor markers or

biomarkers.

Although a meta-analysis of the published literature

revealed that circulating tumor cells (CTCs) are involved in

the poor prognosis of gastric cancer patients [21], the

associated gene expression profiles remain unclear. Epi-

thelial-mesenchymal transition (EMT)-related genes have

been shown to be often expressed in CTCs [22–24], and

several genes are abnormally spliced in the EMT [25–27].

RNA-Seq analysis revealed that alternative splicing can

induce critical aspects of EMT-associated phenotypic

changes, suggesting that the EMT is closely related to RNA

splicing [28]. Recently, Valacca et al. [29] reported that

aberrantly spliced transcripts accumulated as a result of

NMD inhibition in an in vitro model of the EMT. Thus,

CTCs in which the EMT is occurring may demonstrate

alternative splicing that generates transcripts which would

normally be targeted by NMD.

Quantitative real-time polymerase chain reaction (qRT-

PCR) is one of the most sensitive methods for evaluation of

gene expression and is utilized to detect mRNA tumor

markers in peripheral blood, such as mRNA encoding

cytokeratin 19 (CK19), cytokeratin 20 (CK20), and carci-

noembryonic antigen (CEA; synonym, CEACAM5) [30–

32]. The PAXgene qRT-PCR assay can detect stabilized

RNA in the peripheral blood, thus reflecting the expression

level of transcripts in CTCs, which showed strong con-

cordance with the results of CTC counting by immuno-

magnetic separation (CellSearch; Janssen Diagnostics,

Raritan, NJ, USA) [33, 34]. However, several markers

detected in peripheral blood are frequently expressed in

normal epithelial cells, resulting in decreased sensitivity

and specificity of qRT-PCR [35]. To maintain the perfor-

mance of this method using peripheral blood samples,

cancer-specific transcripts must be selected [34, 36].

In this study, to evaluate the potential utility of a splice

variant harboring PTC as a biomarker or tumor marker, we

investigated the presence of aberrant XAF1 transcripts in

cancer cell lines and in the peripheral blood of patients

with gastric cancer using qRT-PCR. The RT-PCR analysis

and DNA sequencing revealed that a novel splice variant of

XAF1 was expressed in gastric, pancreatic, colorectal, and

breast cancer cell lines. This splice variant harboring PTC

accumulated in NMD-suppressed cells. Furthermore, the

XAF1 variant in peripheral blood containing CTCs

obtained from patients with gastric cancer was significantly

upregulated relative to samples from healthy volunteers.

These findings suggest that the novel XAF1 variant iden-

tified in this study is a potential blood biomarker.

Materials and methods

Patients and specimens

From April 2010 to August 2012, PAXgene (PreAnalytiX;

Hombrechtikon, Switzerland) was used to collect periph-

eral blood samples (2.5 ml) from 96 patients [65 men, 31

women; median age, 67 (30–85) years] with gastric cancer

at Shizuoka Cancer Center Hospital and from 22 healthy

volunteers [16 men, 6 women; median age, 36 (26–70)

years] who were coworkers at the hospital. Informed con-

sent was obtained from all patients, and the Institutional

Review Board at Shizuoka Cancer Center approved all

aspects of this study.

Cell cultures, RNA sample preparation, and RT-PCR

The cell lines used in this study are listed in Table S1 in the

Supplementary Material. cDNA for different splice vari-

ants of XAF1 was screened using the intron-spanning

exonic primers listed in Table S2 in the Supplementary

Material. The methods are described in detail in the Sup-

plementary Material.

DNA sequencing analysis

To determine the sequence of the novel XAF1 transcript,

rapid amplification of cDNA ends (RACE) was conducted
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using the GeneRacer Kit (Life Technologies, Carlsbad,

CA, USA) according to the manufacturer’s instructions.

The primer sequences are shown in Table S2. The methods

used for DNA sequencing analysis are provided in detail in

the Supplementary Material.

Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed

using the SYBR Green dye technique and the ABI PRISM

7900HT Fast Real-Time PCR System (Life Technologies).

The methods and the validation results are described in

detail in the Supplementary Material.

NMD inhibition assay with caffeine

The method for inhibiting NMD was previously described

in detail [37]. Briefly, cells were seeded in two culture

plates, and caffeine (10 mM) was added to one plate.

Following 4 h of incubation, the medium was removed

from both plates and the cells were washed twice with

phosphate-buffered saline. Both actinomycin D (actD,

2 mg/ml) and caffeine (10 mM) were added to one plate

(pretreated with caffeine), and actD alone was added to the

other plate. After a further 4 h incubation, total RNA was

obtained from both plates (see details in the Supplementary

Material).

Statistical analysis

The coefficient of determination in the qRT-PCR stan-

dard curve was derived by Pearson’s correlation ana-

lysis. XAF1 and survivin (Baculoviral IAP Repeat

Containing 5, BIRC5) expression levels in gastric cancer

patients and healthy volunteers were depicted as box

plots containing outliers and extreme outliers. The inner

and outer fences for the plotting of the outliers were

calculated using the 1.59 interquartile range (IQR) and

3.09 IQR, respectively. Because of the difference in

sample size between patients and volunteers, the p value

of the qRT-PCR analysis was calculated based on

Welch’s t test. Receiver operating characteristic (ROC)

curves were computed using the R software and the

associated pROC package [38]. The area under the curve

(AUC) and optimal threshold (cutoff value), i.e., the

point closest to the top left in the plot, were calculated in

R. The 95 % confidence interval (CI) was computed to

assess the variability of the measure using 10,000

bootstrap replicates [39]. Gene expression and clinico-

pathological characteristics according to the Japanese

Classification of Gastric Carcinoma, 14th edition, were

compared using Fisher’s exact test. Significance was

defined as p\ 0.05.

Results

Identification of novel XAF1 exons

Several splice variants of XAF1 are known to be expressed

in cancer cell lines [11–14]. To analyze the variants, we

initially characterized the expression pattern of XAF1 in the

highly metastatic gastric cancer cell MKN45P (Fig. 1a).

RT-PCR was conducted using previously reported primers

[12] and newly designed primers to detect known tran-

scripts and novel variants, respectively. Electrophoresis of

the RT-PCR amplicons revealed that an unknown tran-

script candidate (XAF1F) was coexpressed with XAF1A

and XAF1C in MKN45P. PCR-based cloning and DNA

sequencing analysis using RACE subsequently showed that

XAF1F was a novel splice variant (Fig. 1b). Specifically,

this variant lacked exon 5 and possessed a unique exon 3

that contained exon 3-ext derived from the intronic region,

resulting in seven exons. The sequence of the novel exonic

region had a stop codon that was regarded as a PTC.

XAF1F expression in cancer cell lines

XAF1 transcripts are downregulated or absent in colo-

rectal cancer cells [12]. We thus investigated the

expression profile of XAF1F transcripts in gastrointestinal

(colorectal, gastric, and pancreatic) and breast cancer cell

lines using RT-PCR analysis (Fig. 2). The XAF1F tran-

script was expressed in 20 cell lines (20/45, 44 %) and

also coexisted with other XAF1 transcripts (XAF1A/C) in

20 cell lines (20/20, 100 %). However, 10 of 32 XAF1A-

expressing cell lines did not express the XAF1F transcript

(10/32, 31 %). These results suggest that although XAF1F

harboring PTC was often degraded by the NMD pathway,

this transcript was coexpressed with other XAF1s in many

cancer cells.

mRNA expression of NMD-related genes

Although XAF1F possessed a PTC in its mature mRNA

sequence, it was expressed in 20 cancer cell lines.

Among them, comparison of two pairs of cell lines

(MKN45P vs. MKN45 and KP-3L vs. KP-3) in a met-

astatic model obtained by xenografting (for details, see

Table S1) revealed that XAF1 expression, including that

of XAF1F, in highly metastatic cells was higher than that

in the parental cells (Fig. 2 and S2 in the Supplementary

Material). To investigate NMD activity in variant-

expressing cells, qRT-PCR for NMD-related genes was

performed using these pairs (Fig. 3a). In MKN45P cells,

the NMD target transcripts ATF3 [16, 40] and MAFF
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[41] were upregulated but the NMD factor UPF1 [16,

41] was downregulated, indicating that the NMD path-

way was inhibited. In KP-3L cells, mRNA expression of

ATF3, GADD45B [16], and UPF1 was significantly

increased.

XAF1 expression in NMD-inhibited cells

To determine whether the transcript was degraded through

the NMD pathway, we performed an NMD inhibition assay

using caffeine and actD (Fig. 3b). The combination of
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Fig. 1 Identification of a novel XIAP-associated factor 1 (XAF1)

transcript. a Detection of XAF1 transcripts expressed in a gastric

cancer cell line (MKN45P). The novel transcript (XAF1F) was

detected by RT-PCR using the primer sets qFS/CAS and S5/qFAS

(sense/antisense). P and N under the individual lanes indicate the

positive control (RT-PCR with MKN45P template) and negative

control (without template), respectively. b Schematic representation

of the exon structures of the XAF1 gene and transcripts identified in

this study. The gray boxes show a novel exonic region extending from

known exon 3 in the XAF1 gene, resulting in 8 exons. The primer

positions for RT-PCR are indicated by arrows. Primers qFAS and

DAS are designed to step over the intron between exons 3 and 4 and

exons 4b and 5, respectively. The dagger and asterisk symbols

indicate the locations of the start and stop codon, respectively
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Fig. 2 Expression profile of

XAF1 transcripts in gastric,

colorectal, pancreatic, and

breast cancer cell lines. The

transcripts of XAF1F and

XAF1A/C were detected by RT-

PCR using specific primer sets

qFS/CAS and AS/AAS (sense/

antisense), respectively. RT-

PCR for beta-actin (ACTB) was

conducted as a positive control

experiment. Agarose gels were
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these reagents was adopted to block increased transcription

resulting from a stress response to NMD inhibition [37].

The NMD target transcript ATF3 was upregulated in caf-

feine-treated cancer cells, indicating that the NMD path-

way was inhibited by this treatment. Furthermore, mRNA

expression of XAF1C and XAF1F harboring PTC was

significantly increased in NMD-inhibited cancer cells.

These upregulations were observed in other colorectal and

breast cancer cells expressing XAF1F (Fig. S3 in the

Supplementary Material).

Quantification of XAF1F in the peripheral blood

of gastric cancer patients

Peripheral blood samples from all 96 patients and the 22

healthy volunteers were collected using PAXgene to sta-

bilize whole RNA in the blood and subsequently evaluated

using our qRT-PCR assay and semiquantitative RT-PCR as

previously reported [12] (Fig. 4). To minimize the influ-

ence of RNA degradation on PCR, the RNA from all the

samples was confirmed to have an RNA integrity number

(RIN) [42] of at least 6.5 [43] (data not shown). XAF1F and

XAF1C expression levels were significantly increased in

patients relative to healthy volunteers. To investigate the

relationship between age and mRNA expression, we cal-

culated Spearman’s rank correlation coefficient (q) for the
samples (Table S3 in the Supplementary Material). The q
value in the targeted genes was low, indicating a very weak

to negligible correlation, suggesting that the expression

was independent of age. These results indicate that XAF1

splice variants were upregulated in the peripheral blood of

gastric cancer patients.

mRNA expression of NMD-related genes in peripheral

blood containing CTCs

qRT-PCR performed using peripheral blood collected with

PAXgene can detect transcripts in CTCs [33, 34]. Recently,

several research groups reported that CTC-derived survivin

(BIRC5) was frequently detected in the peripheral blood of

gastrointestinal cancer patients and that the mRNA

expression level of this gene is useful as a prognostic factor

[36, 44–47]. Therefore, to isolate CTC-positive samples,

we adopted the BIRC5 gene as a marker and performed a

qRT-PCR assay for the quantification of BIRC5 and

XAF1F transcripts (Fig. S4 in the Supplementary Material).

The prediction performance for CTC detection was eval-

uated using a ROC curve (Fig. 5). The AUC and cutoff

values were 0.8299 (95 % CI, 0.7311–0.9048) and 180.75

(sensitivity, 82.99 %; specificity, 77.27 %), respectively.

These data indicate that BIRC5 expression, as measured by

our qRT-PCR assay, is an efficient predictor for CTCs in

the peripheral blood of gastric cancer patients. Using the

calculated cutoff value, 79 CTC-positive samples were

identified from 96 patients with gastric cancer.

To investigate the relationship between XAF1 splice

variants and the NMD target gene ATF3 in the CTC-

positive population, we also performed a ROC curve ana-

lysis for XAF1F and XAF1C (Fig. S5 in the Supplementary

Material). Although the AUC of the variants was lower

ba

0

1

2

3

4

5

6

2-
ΔΔ

C
t

MKN45

MKN45P
AT

F3
G

AD
D

45
B

M
AF

F
U

PF
1

KP-3

KP-3L

AT
F3

G
AD

D
45

B
M

AF
F

U
PF

1

0

1

2

3

4

5

6

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l XAF1A
XAF1C
XAF1F

co
nt

ro
l

-c
af

fe
in

e
+c

af
fe

in
e

0

1

2

3

4

16

18

20

22

0

1

2

3

4

13

15

17

19

co
nt

ro
l

-c
af

fe
in

e
+c

af
fe

in
e

co
nt

ro
l

-c
af

fe
in

e
+c

af
fe

in
e

0

1

2

3

4

5

6

7

8

co
nt

ro
l

-c
af

fe
in

e
+c

af
fe

in
e

0

1

2

3

4

5

6

7

8
MKN45 MKN45P KP-3 KP-3L

ATF3

**

*

*

**

***

Fig. 3 Expression analysis of nonsense-mediated mRNA decay

(NMD)-related and XAF1 transcripts in pairs of cell lines used as a

metastatic model. a Comparison of NMD-related gene expression

between highly metastatic cells and their parental cells. The pairs of

gastric cells (MKN45 vs. MKN45P) and pancreatic cells (KP-3 vs.

KP-3L) are shown in left and right panels, respectively. The

expression levels in the parental cells (MKN45 or KP-3) are shown

as 1.0. SD was calculated from the relative expression level of

triplicates. Statistical significance (*p\ 0.05 and **p\ 0.01) was

evaluated by Student’s t test. b Expression levels of XAF1 transcripts

in NMD-inhibited cancer cells. NMD was inhibited by caffeine and

actD treatment (?caffeine). Treatment with actD alone (-caffeine)

was used to observe RNA stability after blockade of transcription.

Cancer cells that were not treated with reagents are presented as the
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based on previous reports [12]. qRT-PCR of ATF3 was conducted to
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than that of BIRC5, the cutoff values were determined from

the ROC curve. Table 1 shows ATF3 expression in

XAF1C/F-positive and XAF1C/F-negative populations

distinguished by these values. The XAF1F- and XAF1C-

positive patients accounted for 62.0 % (49/79) and 45.6 %

(36/79), respectively, of the patients with CTCs. The

population that was positive for both variants expressed the

ATF3 transcript. The expression level of ATF3 in the

positive patients was higher than that in the negative

patients.

To further evaluate the differences in the patients with

CTCs in the XAF1C/F-positive and XAF1C/F-negative

populations, we correlated clinicopathological characteris-

tics with the expression level of the splice variants

(Table 2). Among tumors invading into the subserosa (SS)

or further, 74 % (29/39) expressed the XAF1F transcript,

whereas 50 % (20/40) of tumors invading the muscularis

propria (MP) were XAF1F negative (p = 0.0368). Com-

parison of patients with XAF1F expression demonstrated

that 59 % (29/49) of the tumors in those patients invaded as

far as the SS or further. Among patients with venous

invasion, 80 % (32/40) were XAF1F positive, whereas

56 % (22/39) of patients without venous invasion did not

show expression of XAF1F (p = 0.0011). In the XAF1F-

positive population, 65 % (32/49) of the patients had evi-

dence of venous invasion. Furthermore, 76 % (32/42) of

patients with lymph node metastasis were XAF1F positive

(p = 0.0101). To investigate the relationship between this

metastasis and lymphatic invasion, we further analyzed the

frequency of invasion in XAF1F-positive patients with

lymph node metastasis. Although this splice variant was

not correlated with lymphatic invasion in 79 patients with

CTCs, 27 of 32 patients with metastasis (N1, 2, 3) had

lymphatic invasion (84 %), whereas 82 % of patients

without metastasis (N0) had no lymphatic invasion (14/17,

p = 7.528 9 10-6 in Fisher’s exact test). This result

indicates that the lymph node metastasis associated with

XAF1F-expressing CTCs accompanies lymphatic invasion.

These CTCs may therefore easily metastasize to a lymph

node rather than a lymphatic vessel.

Discussion

Alternative splicing allows a single gene to generate mul-

tiple mRNAs that can be translated into diverse proteins
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Table 1 mRNA expression level of XAF1 variants and ATF3 in

gastric cancer patients

Sample

number

ATF3

Expression level

(mean ± SD)

p value

In all patients

BIRC5? 79 1.06 ± 0.51 NS

BIRC5- 17 0.87 ± 0.47

In BIRC5-positive patients

XAF1F? 49 1.15 ± 0.54 0.032

XAF1F- 30 0.92 ± 0.42

XAF1C? 36 1.27 ± 0.61 0.0013

XAF1C- 43 0.89 ± 0.31

XAF1F/C? 26 1.33 ± 0.62 0.0040

XAF1F/C- 53 0.93 ± 0.38

Test used: Welch’s t test

NS not significant
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[48]. Many transcripts have been predicted by in silico

approaches and registered in public databases (e.g., En-

sembl, http://www.ensembl.org) as candidate splice vari-

ants [49, 50]. Recently, Furuta et al. [51, 52] and our

research group independently found that aberrant alterna-

tive splicing in cancer cells results in the insertion of

intronic regions as extended exons, which results in the

generation of new splice variants. Thus, it is important to

explore the intronic regions of target genes to find novel

splice variants, and here, we investigated the exons and

introns of XAF1 simultaneously.

In agreement with previous reports [2, 12], XAF1 was

downregulated in more than half the cell lines tested.

However, the XAF1F transcript harboring a PTC was not

often coexpressed with other XAF1 transcripts. Compara-

tive analysis of metastatic models obtained by xenografting

(MKN45P vs. MKN45 and KP-3L vs. KP-3) revealed that

the XAF1F and NMD target genes were upregulated in

MKN45P and KP-3L cells. These data suggest that the

NMD pathway in XAF1F-expressing cells with metastatic

potential is suppressed relative to the parent cells. Recent

studies have shown that tumor growth and metastasis are

facilitated by NMD inhibition [53, 54]. The suppression of

the NMD pathway in MKN45P and KP-3L cells may

therefore be associated with cancer metastasis.

We found that the XAF1F transcript harboring PTC was

upregulated in NMD-suppressed cancer cells and presum-

ably subjected to NMD. To elucidate the degradation of the

Table 2 Expression of XAF1F and XAF1C in clinicopathological characteristics of circulating tumor cell (CTC)-containing patients

XAF1F XAF1C XAF1F/C

Positive

(n = 49)

Negative

(n = 30)

p value Positive

(n = 36)

Negative

(n = 43)

p value Positive

(n = 26)

Negative

(n = 53)

p value

Gender NS NS NS

Male 33 20 25 28 16 37

Female 16 10 11 15 10 16

Depth of tumor invasion 0.0368 NS NS

BMPa (T2) 20 20 16 24 11 29

CSSb (T3) 29 10 20 19 15 24

Lymph node metastasis 0.0101 NS NS

N0 17 20 17 20 11 26

N1, 2, 3 32 10 19 23 15 27

Peritoneal cytology NS NS NS

CY0 7 1 2 6 2 6

CY1 42 29 34 37 24 47

Stage NS NS NS

I, II 27 23 25 26 17 33

III, IV 22 7 11 17 9 20

Histological typing NS NS NS

Differentiated 19 15 17 17 10 24

Undifferentiated 30 15 19 26 16 29

Lymphatic invasion NS NS NS

ly0 19 17 17 19 13 23

ly1, 2, 3 30 13 19 24 13 30

Venous invasion 0.0011 NS NS

v0 17 22 18 21 10 29

v1, 2, 3 32 8 18 22 16 24

Recurrence NS NS NS

Yes 3 0 1 2 1 2

No 46 30 35 41 25 51

Test used: Fisher’s exact test

NS not significant
a Muscularis propria
b Subserosa
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XAF1F transcript through the NMD pathway, an NMD

inhibition assay was performed. The NMD factor UPF1

and NMD target genes (Fig. 3a) were significantly upreg-

ulated in KP-3L cells, which raises the possibility that

NMD inhibition in XAF1F-expressed cells is regulated by

other NMD factors. Therefore, we used caffeine as an

NMD inhibitor [37] rather than depletion of UPF1 by

RNAi [16]. In cancer cells treated with only actD, which

blocks transcription, XAF1F expression was decreased,

indicating that this transcript is especially unstable in cells

with active NMD. In contrast, XAF1F accumulated in cells

in which NMD was inhibited with caffeine. These results

suggest that the PTC-harboring XAF1F is degraded through

the NMD pathway. Therefore, we concluded that expres-

sion analysis of this splice variant is valuable to evaluate

NMD inhibition in cancer cells.

Splice variants of XAF1 have been found to be signifi-

cantly upregulated in the peripheral blood of gastric cancer

patients. Furthermore, survivin, which is considered to be

expressed in CTCs, is also detected in many patients.

Therefore, XAF1 variants are likely to be derived from

CTCs. However, use of the qRT-PCR assay and PAXgene

cannot eliminate the influence of circulating cell-free RNA

[55] (including mRNA in microvesicles or exosomes [56,

57] ) and lymphocytes or other nucleated cells because of

the stabilization of whole RNA in the peripheral blood.

Further studies should thus investigate the expression of

XAF1 variants in CTCs isolated using immunomagnetic

separation systems (such as CellSearch). However, Chi

et al. reported that XAF1 transcripts are significantly

downregulated in gastric and colorectal tumors [2, 12]. If

the upregulated XAF1 transcripts that we observed are

derived from CTCs, then the expression levels of these

transcripts would thus be inconsistent between the tumor

tissue and CTCs. Several reports described such a differ-

ence in the gene expression profiles of primary tumors and

CTCs [58, 59]. This discrepancy should be also examined

using isolated CTCs in further studies.

We further attempted to discriminate survivin-positive

patients using the cutoff value calculated from the ROC

curve to identify the population who had CTCs. Among the

patients, 82 % (79/96) were categorized as survivin-

expressing CTC-positive patients, which was similar to the

discriminative performance in a previous study using RT-

PCR ELISA [35]. Furthermore, the XAF1F/C-positive

population accounted for approximately half the CTC-

positive patients and showed significant expression of the

ATF3 transcript. These results suggest that the NMD

pathway is often suppressed in peripheral blood containing

survivin-expressing CTCs derived from gastric cancer.

Recently, several research groups have reported that het-

erogeneity may lead to differences in protein expression or

cellular adhesion in CTCs [60–62]. The NMD-suppressed

population identified in this study may also contribute to

the heterogeneity of CTCs.

XAF1 in cancer cells acts as a tumor suppressor because

of its pro-apoptotic function (Fig. 6) [13]. XAF1 expression

in various cancer cell types was found to be transcription-

ally inactivated by the methylation of CpG sites in the

promoter region [9, 10]. Heat shock factor (HSF)1 and p53

can also negatively regulate the XAF1 gene via the binding

of these binding elements [63, 64]. Several studies have

demonstrated that XAF1 is upregulated by interferon (IFN),

resulting in the sensitization of cells to apoptosis [65–69].

To our knowledge, this study is the first to show that XAF1F

is generated by aberrant pre-mRNA processing through

NMD inhibition, which is often induced by cellular stress in

the tumor microenvironment [17–19]. The XAF1F-

expressing cells with inhibition of NMD may be stressed by

external stimuli or have an amplified cellular stress

response. Our qRT-PCR assay revealed that the NMD

pathway tends to be inhibited in some CTCs from gastric

cancer. Several studies have demonstrated that CTCs

exposed to blood flow undergo physiological shear stress,

leading to a change in the gene expression pattern [70, 71].

These findings suggest that XAF1F-expressing CTCs with

inhibition of NMD may be strongly stressed by the external

environment in comparison with the XAF1F-negative

population or that they may be highly sensitive to stress.

Recent studies detected CTCs from gastric or hepato-

cellular cancer in patients with vascular invasion [72, 73],

whereas CTCs derived from head and neck cancer were

associated with lymph node metastasis [74, 75], indicating

that these characteristics depend on the primary tumor. In

our study, the mRNA expression level of XAF1F in CTCs

was significantly correlated with venous invasion, lymph

node metastasis, and tumor invasion that reached the SS.

Additionally, the lymph node metastasis associated with

XAF1F-expressing CTCs accompanied lymphatic invasion.

Metastatic cells in which the EMT has occurred have been

shown to penetrate local tissue and blood or lymphatic

vessels [76]. These findings raise the possibility that

XAF1F-positive CTCs in gastric cancer have the charac-

teristics of EMT. In several cancer cell types, the EMT is

closely related with RNA splicing [28] or NMD inhibition

that can generate aberrant transcripts [29]. Therefore,

CTCs expressing splice variants via NMD suppression may

have been phenotypically converted by the EMT. At the

minimum, these findings suggest that expression of both

XAF1F and survivin in the peripheral blood of gastric

cancer patients is a predictor of venous invasion, lymph

node metastasis, and depth of tumor invasion.

A significant correlation was found between XAF1F in

CTCs and the depth of tumor invasion/lymph node

metastasis, whereas XAF1F expression tended to be asso-

ciated with the stage of gastric cancer (p = 0.05985 in

758 K. Hatakeyama et al.

123



Fisher’s exact test). In stage I and II, 67 % (2/3) and 90 %

(9/10) of patients with lymph node metastasis were cate-

gorized as XAF1F positive, respectively. These results

suggest that XAF1F expression in CTCs strongly reflects

lymph node metastasis in stage I and II, leading to a weak

association between XAF1F expression and tumor stage.

Additionally, XAF1F expression in CTCs was not associ-

ated with recurrence, although CTCs are useful as a

prognostic factor [36, 44–47]. In further studies, this dis-

crepancy should be also examined using long-term follow-

up data of CTCs isolated from patients to clarify the origin

of the XAF1 variant.

In conclusion, the present study identified a novel splice

variant of XAF1 in gastric, pancreatic, colorectal, and

breast cancer cells. This variant was regulated through the

NMD pathway and accumulated in NMD-suppressed

metastatic cancer cells. To our knowledge, this is the first

study to clearly detect XAF1 variants in peripheral blood

containing CTCs derived from gastric cancer. The

expression of these variants was significantly higher than

that in healthy volunteers. Furthermore, in part of the CTC-

positive population, the NMD pathway was suppressed.

These findings suggest that XAF1 variants accumulate by

NMD inhibition in the peripheral blood of gastric cancer

patients and may indicate heterogeneity of CTCs.
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