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some specific types of surgeries.'* ™% However, of these

three intraoperative parameters, the appropriate cutoff
values for EBL may not be identical between surgeries
because the amount of blood loss differs between different
types of surgeries. Indeed, different cutoff values for EBL.
were proposed for patients undergoing total cystectomy,
and.this modified SAS (mSAS) proved to correlate with
short-term morbidity and mortality.”* However, the sig-
nificance of the SAS and the appropriate cutoff values for
EBL after gastrectomy, have not yet been evaluated.

Our aim in this study was to evaluate the predictability
of the SAS for severe complications after gastrectomy.
Furthermore, the predictability of an mSAS, in which the
cutoff value for EBL was slightly adjusted, was evalnated.

METHODS

We investigated 328 patients who underwent gastrec-
tomy with D1-2 lymph node dissection for primary gastric
cancet' at the Shizuoka Cancer Center in 2010. Clinico-
pathological data were collected from the database of our
hospital. Intraoperative L-HR and L-MAP were collected
from electronic medical records. This retrospective study
was approved by the Human Ethics Review Committee of
the Shizuoka Cancer Center.

The parameters evaluated in this study included intra-
operative L-HR, L-MAP, and EBL. The original SAS
(0SAS) was calculated by these three parameters
(Table 1)."' In addition, we developed an mSAS, in which
the cutoff values for blood loss were set by the quartile
values of the 328 patients in this study (Table 2). The
median EBL was 274 mL (range 0-2,067 mL), and the
interquartile range was 146-524 mL.

Other variables evalunated included age, sex, body mass
index, preoperative albumin, type of surgery, thoracotomy,
surgical approach, extent of lymph node dissection, oper-
ation time, tumor size, macroscopic type, cStage, and
American Society of Anesthesiologists (ASA) score. The
macroscopic type and cStage were determined according to

TABLE 1 Evaluation of the original Swgical Apgar Score

the Japanese Gastric Cancer Association classification (3rd
English edition).'* We performed D2 lymph node dissec-
tion for patients with Stage IB or higher, while we
performed DI-+Hlymph node dissection for patients with
Stage IA disease,

Evaluation of Complication Grade

We defined postoperative complications as any mor-
bidities observed within 30 days after the first discharge.
The severity of complication was graded using the Cla-
vien-Dindo classification.'® Patients with a Clavien-Dindo
classification of grade ITla or higher were defined as having
severe complications.

Statistical Analysis

In this study, the Chi-square test was used for categor-
ical variables, and the ¢ test or Wilcoxon test was used for
numerical variables, as appropriate.

Clinical characteristics and surgical findings were
compared between patients with and without severe
complications.

The receiver operating characteristic (ROC) analyses of
the 0SAS and mSAS were used to identify an appropriate
cutoff level to predict severe complications.

All statistical analyses were performed with IMP soft-
ware, version 8.0 (SAS Institute, Cary, NC, USA). p Values
<0.05 were considered statistically significant, and all tests -
were two-sided.

RESULTS
Patient Characteristics

The mean age of the study population was 66.8 years,
and about two-thirds of the patients were male (66.3 %).

Approximately 60 % of patients were classified as Stage L
The most frequently performed operation was distal

0 point 1 point 2 points 3 points 4 points
Estimated blood loss (mL) >1,000 >600, <1,000 >100, <600 <100 -
Lowest mean artegal pressure (mm Hg) <40 >40, <55 >55, <70 =70 -
Lowest heart rate (beats/min) >85 >75, <85 >63, =78 >55, <65 <55
TABLE 2 Curoff values for estimated bloed Joss which were used in the modified Surgical Apgar Score
0 point 1 point 2 points 3 points 4 points
Estimated blood loss (mL) >525 >274, <525 >147, <274 <147 -
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gastrectomy (514 %), while total gastrectomy was per-
formed in 97 patients (29.5 %). A D2 lymph node
dissection was performed in 163 patients (49.7 %). Sple-
nectomy was also performed in 47 patients (14.3 %).

Complications

There was no mortality within 30 days after the first
discharge. Of the 328 patients included in our analysis,
severe postoperative complications were observed in 36
patients (11.0 %). The most frequently observed severe
complication was pancreatic fistula (n = 15; 4.6 %), fol-
lowed by anastomotic leakage (2 =7; 2.1 %), pleural

FIG. 1 Distribution of patients (a)
and propottion of severe

Numb fents
complications by the (a) oSAS, umber of patients

effusion (z = 6: 1.8 %), bowel obstruction {(n = 5; 1.5 %),
abdominal abscess (1= 3; 0.9 %), bleeding (n=2;
0.6 %), pneumonia (n = 2; 0.6 %), and chylous ascites
n=103%)

Distribution of Patients and Receiver Operating
Characteristic (ROC) Analysis by Original Surgical
Apgar Score (SAS)

The distribution of patients by the oSAS is shown in
Fig. la. The area under the ROC curve for predicting
severe complications by the 0SAS was 0.65 (Fig. 2a). This
analysis showed that the best cutoff line for the 0SAS was
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FIG. 2 Receiver operating characteristic curves for predicting severe
complications by the (a) original SAS, and (b) modified SAS. SAS
Surgical Apgar Score, AUC area under the curve

between six and seven points, at which sensitivity plus,

specificity was maximal. Sensitivity, specificity, and posi-
tive predictive value at each cutoff value for 0SAS are
shown in the electronic supplementary Table Ia. The
number of patients under the cutoff value for the 0SAS was
95 (28.9 %) (Fig. 1a).

Distribution of Patients and ROC Analysis by modified
SAS

The distribution of patients by the mSAS is shown in
Fig. 1b. The area under the ROC curve for predicting

TABLE 3 Association between patient characteristics and compli-
cation severity according to the Clavien~Dindo classification

Parameters No. of patients (%) with
complications
<Grade 11 >Grade ITa p Value
Preoperative factors
Sex 0.015
Male 187 (86.2) 30 (13.8)
Female 105 (94.6) 6 (5.4)
Age (years) 0.085
>75 73 (83.9) 14 (16.1)
<75 219 {50.9) 22 (9.1)
Body mass index 0.850
>25 69 (89.6) 8 (10.4)
<25 223 (88.8) 28 (11.2)
ASA score 0.506
0-1 97 (90.7) 10 (9.3)
2-5 195 (88.2) 26 (11.8)
Preoperative albumin (g/dL}) 0.023
>3.0 7 (63.6) 4 (364)
<3.0 285 (89.9) 32 (10.1)
Preoperative chemotherapy 0.083
Not performed 276 (89.9) 31 (10.1)
Performed 16 (76.2) 5 (23.8)
cStage 0.003
LI 225 (92.2) 19 (7.8)
I, v 67 (79.8) 17 (20.2)
Perioperative factors
Operation <0.001
Total gastrectomy 71 (73.2) 26 (26.8)
Other 221 (95.7) 10 (4.3)
Thoracotomy 0.016
Performed 3 (50.0) 3 (50.0)
Not performed 289 (89.8) 33(102)
Surgical approach 0.023
Open 250 (87.7) 35 (12.3)
Laparoscopic 42 (97.7) 1(2.3)
Lymph node dissection 0.021
D1, DI+ 153 (92.7) 12 (7.3)
D2 139 (85.3) 24 (14.7)
Operation time (min) <0.001
>231 134 (81.3) 31 (18.7)
<231 158 (96.9) 531
0SAS 0.012
0-6 77 (82.0) 17 (18.0)
7-10 215 (91.9) 19 (8.1)
mSAS <0.001
0-6 115 (79.9) 29 (20.1)
7-10 177 (96.2) 7 (3.8)

ASA American Society of Anesthesiologists, 0SAS, original Surgical
Apgar Score, mSAS modified Surgical Apgar Score
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TABLE 4 Multivariate analysis of association between patient
characteristics and postoperative complications rated as grade Iffa or
higher by the Clavien-Dindo classification (0SAS selected as a
covariate)

TABLE 5§ Multivariate analysis of association between patient
characteristics and postoperative complications rated as grade Illa or
higher by the Clavien-Dindo classification (mSAS sclected as a
covariate)

Variables Odds ratic p Value Variables Qdds ratio p Value
{95 % CI) 95 % Chy
Sex (mmale) 2.07 (0.82-6.06) 0.i28 Sex (male) 2.14 (0.83-6.30) 0.115
Preoperative albumin (<3.0) .96 (0.40-9.09)  0.393 Preoperative albumin (<3.0) 0.61 (0.14-2.94)  0.529
Preoperative chemotherapy (performed) 0.88 (0.24-2.90)  0.848 Preoperative chemotherapy (performed) 0.80 (0.22-2.61) 0.713
cStage (110 0.98 (0.38-2.50) 0976 cStage (2I) 095 (0.37-2.39)  (.922
Type of operation {(TG) 5.96 (250-15.2) <0001 Type of operation (TG) 525 (2.21-13.2) <0.001
Extent of lymph node dissection (=D2) 1.11 (045-275) (.810 Extent of lymph node dissection (D2} 0.99 (0.40-2.50) 0.987
0SAS (<6) 1.00 (042-2.34) 0955 mSAS (<6} 262 (1.01-746) 0.048
Operation time (=231 min) 4.90 (1.80-15.9)  0.001 Operation time (2231 min) 3.56 (1.26-11.8) 0.016

C7 confidence interval, 7G total gastrectomy, oSAS original Surgical
Apgar Score

severe complications by the mSAS was 0.71 (Fig. 2b). This
analysis showed that the best cutoff line for the mSAS was
between six and seven points. Sensitivity, specificity, and
positive predictive value at each cutoff value for mSAS are
shown in the electronic supplementary Table 1b. The
number of patients under the cutoff valne for the mSAS
was 144 patients (43.9 %) (Fig. 1b).

Risk Factors for Severe Complications

Univariate analyses showed that the 0SAS and mSAS,
as well as sex, preoperative albumin, cStage, type of sur-
gery, thoracotomy, surgical approach, operation time, and
extent of lymph node dissection, were associated with
severe complications (Table 3). Variables achieving a
probability value <0.10 in a univariate analysis were
included in a subsequent mwultivariate analysis to identify
risk factors for severe complications. In the multivariate
analysis, we did not include thoracotomy and surgical
approach as covariates because these are apparent con-
founding factors for operative procedure; thoracotomy was
used only for total gastrectomy, and laparoscopy was used
only for distal gastrectomy in our institute. In the multi-
variate analysis, the type of surgery and operation time
were selected as independent predictive factors for severe
complications, while the oSAS was not (Table 4). On the
other hand, when we included the mSAS as a covariate
instead of the 0SAS, the mSAS was selected as an inde-
pendent predictive factor (Table 3).

DISCUSSION

In this study, we showed that the mSAS is a useful
predictor for the development of severe complications after
gastrectomy. With the mSAS; surgical teams can assess the
risk of major complications imediately after surgery.

CI confidence interval, TG total gastrectomy, mSAS modified Surgical
Apgar Score

The SAS was first proposed by Gawande et al. in
2007.'' Like the widely used obstetrical Apgar score
developed by Virginia Apgar in 1953,)7 the SAS was
intended for use immediately after surgery to predict
patient outcomes. This surgical score reflects intraoperative
hemodynamic stability, and is influenced by various factors
such as the quality of surgery and anesthesia, and the
patient’s condition before and during surgery. At first, the
SAS was validated in a cohort of patients who underwent
colectomy and a cohort who underwent general and vas-
cular surgery.!''®1° After that, modified versions of the
SAS have been applied in other fields of surgery, including
urology and neurosurgery.'>'* However, the SAS has not
yet been applied to patient cohorts who have undergone
gastrectomy. To the best of our knowledge, the present
study is the first to investigate the utility and significance of
the SAS after gastrectomy for gastric cancer.

Several scoring models have been shown to effectively
predict patient outcomes. However, they cousist of many
variables, which include subjective parameters, such as the
severity of the patients’ preoperative comorbidities, as
indicated by the ASA score. The number of parameters
required in the NSQIP, POSSUM, and E-PASS scores is
66, 18, and 9, respectively. Furthermore, all three scoring
models need complex calculation formulae. On the con-
trary, the SAS uses only three intraoperative parameters,
which are objective, and can be calculated easily. In
addition, the area under the curve for the mSAS was not
inferior to that of E-PASS or POSSUM when we calculated
them with the same data set (data not shown).

Although EBL, L-MAP, and L-HR alone have been
shown to be important predictors for complications in the
past,®*! the combination of these three variables is a
unique characteristic of the SAS.!! We were able to notice
intraoperative hemodynamic changes precisely using the
three variables together, but not with a single variable. We
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consider that intraoperative hypovolemia and hypoperfu-
sion, reflected by an increased EBL, increased L-HR, and
decreased L-MAP, lead to a lower perioperative tissue
oxygenation, resulting in infectious complications.™** Tn
addition, lower L-MAP and higher L-HR might reflect
intraoperative systemic inflammatory response syndrome,
which has an increased postoperative complication rate.*

We set new cutoff values for EBL in this study. This
kind of modification was also made in patients undergoing
total cystectomy where 2 higher cutoff value for the 0SAS
was set because EBL during total cystectomy is usually
higher than that during general surgeries. In our series, the
median intraoperative blood loss was 274 mL which was
thought to be lower than that in general surgery. Therefore,
we adopted a new cutoff value for EBL; we used the
quartile values of EBL in our mSAS. We consider appro-
priate cutoff values for EBL may be different depending on
the type of surgery, although the cutoff values for L-MAP
and L-HR should be the same in every type of surgery.

The present study showed that the mSAS is an inde-
pendent risk factor for severe complications, while the
0SAS is not. The 0SAS was not selected as an independent
risk factor even when we adopted a cutoff value other than
<& (data not shown). When we find patients with an mSAS
<6, we should pay particular attention to the development
of severe complications. For these patients, careful obser-
vation and intensive care are necessary.

Although the 0SAS with slight modification is a useful
scoring system to predict severe postoperative complica-
tions, this kind of modification reduces the universal appeal
of the scoring system because different cutoff values have
to be set when the SAS is used for different surgical pro-
cedures. From the point of view of general use, therefore,
previously reported risk scoring models (POSSUM, E-
PASS, etc.) may be superior to the SAS, Nevertheless, we
still believe the mSAS is a promising scoring system
because it is simple and as useful as POSSUM or E-PASS,
and it can be calculated with ease at the bedside immedi-
ately after surgery. Accordingly, the SAS with slight
modification can be applied easily in clinical practice if
cutoff values are appropriately revised for specific types of
surgery.

D2 lymphadenectomy has become a standard treatment
for advanced gastric cancer in Western countries since the
15-year follow-up.of the Dutch trial showed the survival
benefit of D2 lymphadenectomy.” In Japan, although D2
lymphadenectomy has been a standard treatment for
advanced gastric cancer, the Japanese guidelines allow less
than a D2 lymphadenectomy for early gastric cancer. This
is why we performed a D1 or Di-+lymphadenectomy in
50.3 % of the patients in this study. However, Western
randomized controlled trials have shown an increased
incidence of intra-abdominal infection including pancreatic

fistnla after D2 lymphadenectomy compared with D1
lymphadenectomy, and Western guidelines recommend
that D2 lymphadenectomies should only be performed at
high-volume centers.**” We believe the mSAS would be
useful for the prediction of this potentially fatal
complication.

The present retrospective stady in a single institute has
several limitations. First, the sample size was small to
obtain any conclusive results. Second, it is unclear whether
our cutoff value for EBL is also useful in Western conn-
tries. In Western countries, the average body mass index is
higher than in Japan, resulting in longer operation times,
higher EBL, and increased postoperative morbidity and
mortality rates. Therefore, the appropriate cutoff value for
EBL in Western countries may be different from that in the
present study. We consider the cutoff value we set should
be validated with a large number of patients, including
Western patients, in the. future. Third, although we believe
that the appropriate cutoff value for EBL is different
among different types of surgery, this concept has not been
validated in surgeries other than total cystectomy. This
issue should also be clarified in the future. Fourth, the SAS
is not widely utilized in clinical practice, and it may be
seen more as a research comparison tool. In addition, it is’
unclear whether appropriate control of the three variables
improves patient outcome. Finally, about 60 % of patients
had Stage 1 disease in our study, which is much higher than
in Western countries. Accordingly, 50.3 % of patients
underwent a D1+lymphadenectomy in our series. There-
fore, for the results of the present study to be adopted in
Western couatries, a further validation study will be
needed.

CONCLUSIONS

The oSAS was not found to be a significant predictive
factor for severe complications after gastrectomy. On the
contrary, our mSAS, in which the cutoff value for EBL was
slightly modified, was considered to be a useful predictor
for severe complications. The mSAS appears to be a useful
tool for assessing the risk of severe complications imme-
diately after surgery in patients with gastric cancer.
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Abstract

Background XJIAP-associated factor 1 (XAF1) is ubig-
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 XAF! 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).
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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 gasiric 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 sop-
pressed in the variant-expressing cells. Furthermore, splice
variants of XAF! were upregulated in peripberal blood
containing CTCs. In XAFI 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 XAF! 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 (qQRT-
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]. XAFRI1 overexpression induces apoptosis and inhibits
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" tumor growth in multiple types of cancer including gastric,
colorectal, and. pancreatic -cancers [2-7]. XAFT 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
XAF! 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 XAF] 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 (GASS) by NMD inhibition .

through cellular stress (such as seram 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 ocenrring may demonstrate
alternative splicing that generates transcripts which would
normally be targeted by NMD.

Quantitative real-time polymerase chain reaction (qQRT-
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, CEACAMS) {30~
32]. The PAXgene gRT-PCR assay can detect stabilized
RNA in the peripheral blood, thus reflecting the expression
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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 XAF! 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
XAF] 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 XAF! 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 (30-83) 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. ¢DNA for different splice vari-
ants of XAF] 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 XAF! 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 instroctions.
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 medimm 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 gRT-PCR stan-
dard curve was derived by Pearson’s correlation ana-
lysis. XAFI and survivin (Baculoviral JAP Repeat
Containing 5, BIRCS) 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 1.5x% interquartile range (IQR) and
3.0x IQR, respectively. Because of the difference in
sample size between patients and volunteers, the p value
of the gRT-PCR analysis was calculated based on
Welch’s ¢ 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), ie., 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, l4th edition, were
compared using Fisher's exact test, Significance was
defined as p < 0.05.

Results
Identification of novel XAF! exons

Several splice variants of XAF] are known to be expressed
in cancer cell lines [11-14]. To analyze the variants, we
initially characterized the expression pattern of XAF7 in the
highly metastatic gastric cancer cell MKN45P (Fig. la).
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 (XAFIF) was coexpressed with XAFIA
and XAFIC in MKN45P. PCR-based cloning and DNA
sequencing analysis using RACE subsequently showed that
XAFIF 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.

XAFI1F expression in cancer cell lines

XAF] wanscripts are downregulated or absent in colo-
rectal cancer cells [12]. We thus investigated the
expression profile of XAFIF transcripts in gastrointestinal
(colorectal, gastric, and pancreatic) and breast cancer cell
lines using RT-PCR analysis (Fig. 2). The XAFI!F tran-
script was expressed .in 20 cell lines (20/45, 44 %) and
also coexisted with other XAF1 transcripts (XAFIA/C) in
20 cell lines (20/20, 100 %). However, 10 of 32 XAFIA-
expressing cell lines did not express the XAF1FE trauscript
(10732, 31 %). These results suggest that although XAFIF
harboring PTC was often degraded by the NMD pathway,
this transcript was coexpressed with other XAFIs in many
cancer cells.

mRNA expression of NMD-related genes

Althongh XAFIF 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
(MEN45P 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 XAFIF, 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, QqRT-PCR for NMD-related genes was
performed using these pairs (Fig. 3a). In MKIN4SP cells,
the NMD target transcripts ATF3 [16, 40] and MAFF
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Primer sels (sensefantisense}
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XAF1F {novel variant}

S5/gFAS
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XAF1C (known variant) .-——-4 4 H {-E}E s 4 7 |-
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Fig. 1 Identification of a novel XIAP-associated factor 1 (XAFT)
transcript. a Detection of XAF! transcripts expressed in a gastric
cancer cell line (MKN45P). The novel transcript (XAFIF) was
detected by RT-PCR using the primer sets qFS/CAS and S3/qFAS
(sensefantisense). P and N under the individual lanes indicate the
positive control (RT-PCR with MKN45P template) and negative
controf (without template}, respectively. b Schematic representation

Fig. 2 Expression profile of
XAF transcripts in gastric,
colorectal, pancreatic, and
breast capcer cell lines. The
transeripts of XAFIF and
XAFIAIC were detected by RT-
PCR using specific primer sets
gFS/CAS and AS/AAS (sense/
antisense), respectively. RT-
PCR for beta-actin (ACTB) was
conducted as 2 positive control
experiment. Agarose gels were
used at a concentration of 2 %

g
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{411 were upregulated but the NMD factor UPFI [16,
41} was downregulated, indicating that the NMD path-
way was inhibited. In KP-3L cells, mRNA expression of
ATF3, GADD45B [16], and UPFI was significantly
increased.
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of the exon structures of the XAF] gene and transcripts identified in
this study. The gray boxes show anovel exonic region extending from
known exon 3 in the XAFI gene, resulting in 8 exons. The primer
positions for RT-PCR are indicated by arrows. Primers gFAS 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, respactively

Colorectal

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. 3 Expression analysis of nonsense-mediated mRNA  decay
(NMD)-telated and XAF!I wanscripts in pairs of cell lines used as a
metastatic model. a Comparison of NMD-related gene expression
between highly metastatic cefls and their parental cells. The pairs of
gastric cells (MKN45 vs. MKN45P) and pancreatic cells (KP-3 vs,
KP-3L) are shown in lefr and right panels, respectively. The
expression levels in the parental cells (MKN4S 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

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 XAFIC and XAFIF harboring PTC was
significantly increased in NMD-inhibited cancer cells.
These upregulations were observed in other colorectal and
breast cancer cells expressing XAFIF (Fig. S3 in the
Supplementary Material).

Quantification of XAFIF 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 evalnated
using our gRT-PCR assay and semiquantitative RT-PCR as
previously teported [12] (Fig. 4). To minimize the influ-
ence of RNA degradation on PCR, the RNA from all the
samples was confinred to have an RNA integrity number
(RIN) [42] of at least 6.5 [43] (data not shown). XAFIF and
XAFIC 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 (p) for the
samples (Table S3 in the Supplementary Material). The p
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 XAF!

MKN45P KP-3

KP-3L

:M«zm:cm-«

DWW st N
v N i . N M ;

-

evaluated by Student’s ¢ test. b Expression levels of XAFT transcripts
in NMD-inhibited cancer cells. NMD was inhibited by caffeine and
actD weatment (+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
control. The expression levels of XAFIA and XAFIC were estimated
based on previous reports [12]. gRT-PCR of ATF3 was conducted to
determine NMD inhibition

splice variants were upregulated in the peripheral blood of
gastric cancer patients,

mRNA expression of NMD-related genes in peripheral
blood containing CTCs

gRT-PCR performed using peripheral blood collected with
PAXgene can detect transcripts in CTCs [33, 34]. Recently,
several research groups reported that CTC-derived suivivin
(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 B/RCS gene as a marker and performed a
gRT-PCR assay for the quantification of BIRC5 and
XAF]F transcripts (Fig. S4 in the Supplementary Material).
The prediction performance for CTC detection was eval-
uvated 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 B/RCS expression, as measured by
our qRT-PCR assay, is an efficient predictor for CTCs in
the peripheral blood of gastric cancer patients. Using the
caleulated .cutoff value, 79 CTC-positive samples were
identified from 96 patients with gastric cancer.

To investigate the relationship between XAFI splice
variants and the NMD target gene ATF3 in the CTC-
positive population, we also performed a ROC curve ana-
lysis for XAFIF and XAFIC (Fig. 85 in the Supplementary
Material). Although the AUC of the variants was lower
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Fig. 4 Quantification of XAFIF and XAFIC transcripts in peripheral
blood. XAFIF and XAFIC expression in gastric cancer patients
(n = 96) and bealthy volunteers {3 = 22) was guantified using the
gRT-PCR assay described in Figure S1 in the Supplementary
Material. The normal and extreme outliers are indicated by circle
and plus symbols, respectively
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Fig. 5 ROC curve of BIRCS expression in peripheral blood. The
black solid line indicates the curve for BIRCS in all peripheral blood
samples (1 = 118)

than that of BIRCS, the cutoff values were determined from
the ROC curve. Table 1 shows ATF3 expression in
XAFIC/F-positive and XAFIC/F-negative populations
distinguished by these values. The XAFIF- and XAFIC-
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 XAFIC/F-positive and XAFIC/F-negative
populations, we correlated clinicopathological characteris-
tics with the expression level of the splice variants
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Table 1 mRNA expression level of XAFJ varants and ATF3 in
gastric cancer patients

Sample ATE3
number "
Expression level p value
(mean X SD)
In all patients
BIRCS+ 79 L.O6 £ 0.51 NS
BIRCS~ 17 0.87 & 047
In BIRCS-positive patients
XAFIF+ 49 115 £ 054 0.032
XAFIF- 30 0.92 & 0.42
XAFIC+ 36 1.27 £ 0.61 0.0013
XAFIC—- 43 0.89 + 0.31
XAFIFIC+ 26 133+ 062 0.0040
XAFIFIC~ 53 0.93 £ 0.38

Test used: Welch's ¢ test
NS not significant

(Table 2), Among tumors invading into the subserosa (88)
or forther, 74 % (29/39) expressed the XAFIF transcript,
whereas 50 % (20/40) of tumors invading the muscularis
propria (MP) were XAFIF negative (» = 0.0368). Com-
parison of patients with XAFIF 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 XAFIF positive, whereas
56 % (22/39) of patients without venous invasion did not
show expression of XAFIF (p = 0.0011). In the XAFIF-
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 XAFIF positive
(7 = 0.0101). To investigate the relationship between this
metastasis and lymphatic invasion, we further analyzed the
frequency of invasion in XAFIF-positive patients with
Iymph 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 (NO) had no lymphatic invasion (14/17,
p=7528 x 10™° 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 genérate mul-
tiple mRNAs that can be translated into diverse proteins
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Table 2 Expression of XAFIF and XAF1C in clinicopathological characteristics of circnlating tumor cell (CTC)-containing patients

XAFIF XAFIC XAFIFIC
Positive Negative p value Positive Negative p value Positive Negative p value
(n = 49) (n = 30) (n = 36) (n = 43) (1 = 26) {n =53)
Gcndc;r NS NS NS
Male 33 20 25 28 16 37
Female 16 10 11 L5 10 16
Depth of tumor invasion 0.0368 NS NS
<MP* (T2) 20 20 16 24 11 29
>88® (T3) 29 10 20 i9 15 24
Lymph node metastasis 0.0101 NS NS
NO 17 20 17 20 11 26
N1 2,3 32 10 19 23 15 27
Peritoneal cytology NS NS NS
CYo 7 1 2 6 2 6
CY1 42 29 34 37 2% 47
Stage NS NS NS
LI 27 23 25 26 17 33
1, IV 22 7 11 17 9 20
Histological typing NS NS NS
Differentiated 19 15 L7 17 10 24
Undifferentiated 30 15 19 26 16 29
Lymphatic invasion . NS NS NS
iy0 19 17 17 9 13 23
Iy, 2,3 30 i3 19 24 13 30
Venous invasion 0.0011 NS NS
v 17 22 18 21 10 29
vl.2,3 32 8 18 22 16 24
Recurrence NS NS NS
Yes 3 0 1 2 [ 2
No 46 30 '35 41 25 51

Test used: Fisher’s exact test
NS not significant

® Musculacis propria

b Subserosa

{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. [5I, 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 XAF] simultaneously.

In agreement with previous reports [2, 12}, XAFI was
downregulated in more than half the cell lines tested.
However, the XAFIF transcript harboring a PTC was not

often coexpressed with other XAF! transcripts. Compara-
tive analysis of metastatic models obtained by xenografting
(MEN45P vs. MKN4S and KP-3L vs. KP-3) revealed that
the XAFIF and NMD target genes were upregulated in
MEKN45P and KP-3L cells. These data suggest that the
NMD pathway in XAFIF-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 XAFIF transcript harboring PTC was
upregulated in NMD-suppressed cancer cells and presum-
ably subjected to NMD. To elucidate the degradation of the
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XAFIF transcript through the NMD pathway, an NMD
inhibition assay was performed. The NMD factor UPFI
and NMD target genes (Fig. 3a) were significantly upreg-
ulated in KP-3L cells, which raises the possibility that
NMD inhibition in XAFIF-expressed cells is regulated by
other NMD factors. Therefore, we used caffeine as an
NMD inhibitor [37] rather than depletion of UPFI by
RNAI [16]. In cancer cells treated with only actD, which
blocks transcription, XAFIF expression was decreased,
indicating that this transcript is especially unstable in cells
with active NMD. In contrast, XAF] F accumulated in cells
in which NMD was inhibited with caffeine. These resulis

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, XAF! variants are likely to be derived from
CTCs. However, use of the gRT-PCR assay and PAXgene
cannot eliminate the influence of circulating cell-free RNA
{55] (including mRNA in microvesicles or exosomes [56,
571 ) 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
XAFI variants in CTCs isolated using immunomagnetic
separation systems (such as CellSearch). However, Chi
et al. reported that XAFJ] transcripts ave significantly
downregulated in gastric and colorectal tumors {2, 12]. If
the upregulated XAF] 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 1o 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 XAFIF/C-positive
population accounted for approximately half the CTC-
positive patients and showed significant expression of the
ATF3 twanscript. 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
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population identified in this study may also confribute to
the heterogeneity of CTCs.

XAF1 in cancer cells acts as a tumor suppressor because
of its pro-apoptotic function (Fig. 6) [13]. XAFI 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)! and p53
can also negatively regulate the XAFI gene via the binding
of these binding elements [63, 64]. Several studies have
demonstrated that XAF/ 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 XAFIF
is generated by aberrant pre-mRNA processing through
NMD inhibition, which is often induced by cellular stress in
the tumor microenvironment [17-19]. The XAFIF-
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 XAFI F-expressing CTCs with
irhibition of NMD may be strongly stressed by the extemnal
environment in comparison with the XAFIF-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, 731,
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 XAFIF in CTCs
was significantly correlated with venouns invasion, lymph
node metastasis, and tumor invasion that reached the SS,
Additionally, the lymph node metastasis associated with
XAF I F-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
minimurm, these findings suggest that expression of both
XAFIF and swrvivin 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 XAFIF in
CICs and the depth of tumor invasionlymph node
metastasis, whereas XAFIF expression tended to be asso-
clated with the stage of gastric cancer (p = 0.05985 in
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Fig, 6 Key roles of XAF] in
cancer cells. The transcription
of the XAFJ gene is under the
control of negative and positive
regulatory elements, NMD
inhibition promotes
accumunlation of XAFIF. Gray
arrows indicate the upregulation
or downregulation of the XAFJ
transcripts. HSF and XIAP
represent heat shock factor [
and XIAP, respectively
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Fisher's exact test), In stage L and II, 67 % (2/3) and 90 %
(9/10) of patients with lymph node metastasis were cate-
gorized as XAFIF positive, respectively. These results
suggest that XAFIF expression in CTCs strongly reflects
lymph node metastasis in stage I and IJ, leading to a weak
association between XAFIF expression and tumor stage.
Additionally, XAFIF 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 XAFI 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 XAFI 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 XAF] variants accumulate by
NMD inhibition in the peripheral blood of gastric cancer
patients and may indicate heterogeneity of CTCs.
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