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Brief Communication

Evaluation of Multiple~Turnover Capability of Locked
Nucleic Acid Antisense Oligonucleotides in Cell-Free
RNase H-Mediated Antisense Reaction and in Mice

Tsuyoshi Yamamoto,' Naoko Fujii} Hidenori Yasuhara, Shunsuke Wada,' Fumito Wada,
Naoya Shigesada,' Mariko Harada-Shiba,? and Satoshi Obika’

The multiple-turnover ability of a series of locked nucleic acid (LNA)-based antisense oligonucleotides (AONSs)
in the RNase H-mediated scission reaction was estimated using a newly developed cell-free reaction system. We
determined the initial reaction rates of AONs under multiple-turnover conditions and found that among 24 AONs
tested, AONs with melting temperatures (7m) of 40°C-60°C efficiently elicit multiple rounds of RNA scission.
On the other hand, by measuring Tm with two 10-mer RNAs partially complementary to AONs as models of
cleaved 5" and 3’ fragments of mRNA, we found that AONs require adequate binding affinity for efficient turnover
activities. We further demonstrated that the efficacy of a set of 13-mer AONs in mice correlated with their
turnover efficiency, indicating that the intracellular situation where AONs function is similar to multiple-turnover
conditions. Our methodology and findings may provide an opportunity to shed light on a previously unknown
antisense mechanism, leading to further improvement of the activity and safety profiles of AONs.

Introduction

ANTISENSE OLIGONUCLEOTIDES (AONSs) having specific
configurations compatible with RNase H-inducible ca-
pacity have been developed over decades and have been
shown to be very powerful and robust gene silencing mate-
rials in cultured cells and animals, as well as in humans
(Crooke, 2007; Yamamoto et al., 2011). In particular, the
“gapmer”’ configuration, which is a chimeric AON consist-
ing of a central RNase H-recruitable DNA stretch pinched
by affinity-enhancing modified nucleic acids with fully
phosphorothioated (PS) internucleotide linkages, has shown
great promise. Affinity-enhancing modified nucleic acids,
such as MOE (2-O-methoxyethyl RNA), 2/,4-BNA/LNA
(2-0,4’-C-methylene bridged nucleic acid/locked nucleic
acid) (Fig. 1A) (Obika et al,, 1997; Obika et al., 1998; Singh
et al., 1998), and other bridged nucleic acids (BNAs) (Hari et al.,
2006; Miyashita et al., 2007; Seth et al., 2009; Prakash et al.,
2010; Yahara et al., 2012) mostly interfere with RNase H
~ activity, but when used in a chimeric gapmer, they assist in
enhancing target binding and nuclease stability, greatly im-
proving its potency without affecting RNase H capacity.
Despite these innovations, very few products have been re-
leased on the market and some candidates in clinical trials
have been dropped due to efficacy and safety issues.

More recently, Straarup et al. successfully improved effi-
cacy of an earlier LNA-based gapmer targeting apolipopro-

tein B-100 (apoB) by trimming its conventional long-strand
[16 ~20 nucleotides (nt)] and utilizing the resulting shorter
LNA gapmers (~ 13 nt) (Straarup et al., 2010). Our group
also independently reproduced and extended this observation
by using newly developed 2’,4"-BNANC chemistry and sup-
ported the unusual notion that a drug with weaker binding has
stronger silencing activity (Fig. 1A) (Yamamoto et al.,
2012b). One possible explanation for this finding is that
shorter AONs accelerate the reaction to a greater degree than
conventional AONs via turnover mechanisms. Stanton et al.
recently observed that melting temperatures (7m) of greater
than 80°C showed reduced silencing activity and explained
this finding as a result of an inability to recycle AONs in cells
(Stanton et al., 2012). However, to the best of our knowledge,
there is no experimental evidence of AON turnover, de-
spite its anticipated importance as in RNAi mechanisms
(Hutvagner and Zamore, 2002). If turover of AONs was
demonstrated in antisense mechanisms, a more favorable
configuration or chemistry that accelerates AON turnover
may be discovered, and this discovery could lead to addi-
tional insights into strategies for further improving the ac-
tivity and safety of AONs. Most previous works related to
antisense reaction kinetics have been conducted to determine
whether duplexes of interest have an ability to elicit RNase H,
and are thus performed under excess amounts of AON/RNA
duplex over RNase H in cell-free systems (single-turnover
conditions for AON) (Crooke et al., 1995; Lima and Crooke,
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. . TAMRA
FIG. 1. Recycling of antisense oligo- ), . |,
nucleotides in antisense reaction. (A) @ ,,
Structures of bridged nucleic acids
(BNAs). (B) Schematic illustration of
cell-free Forster resonance energy trans- 0
fer (FRET)-based turnover monitoring
system used in this study. Color images
available online at www liebertpub.com/

nat

1997; Vester et al., 2008; Stanton et al., 2012). In the
present study, to investigate whether AONs are recyclable
in antisense reactions, we devised a cell-free reaction sys-
tem, in which synthetic 20-mer target RNA conjugated with
a pair of FRET (Forster resonance energy transfer) dyes and
Escherichia coli—derived RNase H are both in excess over
AONs (multiple-turnover conditions). In this system, an
increase in fluorescence from the FRET donor is observed
after binding, cleavage, and release proceeds sequentially
(Fig. 1B). The main problem facing previous works is the
potential difficulty in separating affinity issues from length
issues, because affinity usually varies as a function of strand
length. In this study, we utilized LNA, which enables us to
freely modify AON affinity without changing length; thus,
we prepared a series of LNA-based apoB-targeting AONs
with a central focus on 13-mer AONs (Table 1), one of
which (ApoB-13a) had been previously characterized as
highly potent in vitro and in vivo (Straarup et al., 2010;
Yamamoto et al., 2012b).

Materials and Methods
Oiigonucleotides

All oligonucleotides listed in Table 1 were purchased from
Gene Design Inc.

Thermal denaturation experiments

Thermal denaturation experiments were carried out on
SHIMADZU UV-1650 and UV-1800 spectrometers equip-
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ped with a Tm analysis accessory. For duplex formation,
equimolecular amounts of target RNA and each AON were
dissolved in 10mM sodium phosphate buffer (pH=7.2)
containing 100 mM (1.0 M for MRNA-1, MRNA-2) NaCl to
give a final strand concentration of 2.0 pM. Duplex samples
were then annealed by heating at 90°C, followed by slow
cooling to room temperature. Melting profiles were recorded
at 260 nm from 0°C to 95°C at a scan rate of 0.5°C/minute.
Melting temperatures were obtained as maxima of the first
derivative of the melting curves.

Turnover experiments

Dual-labeled complementary RNA probe (DL-MRNA)
and non-labeled complementary 20-mer RNA (NL-MRNA)
were combined in a 1:3 molar ratio. The intended amounts of
the resulting mixture and AON were added to RNase H re-
action buffer (New England Biolabs). The reaction was ini-
tiated by addition of 1 ulL of the intended concentrations of
E. coli RNase H (Takara) to 199 puL of reaction mixture.
Fluorescence intensity was recorded once every 15 seconds
for 15 minutes at 555nm (ex) and 590nm (em) using a
fluorescence microplate reader (Molecular Devices). The
initial turnover rates (v0) were calculated by fitting a linear
regression line to the data for the first 0-60 seconds and then
converted the resulting slopes expressed as RFU/second into
v0 (nM/second) by using a conversion factor, 6.15 (RFU/
nM), determined by experiments shown in Supplementary
Fig. S1 (Supplementary Data are available online at www
Jliebertpub.com/nat).
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TABLE 1. OLIGONUCLEOTIDES USED IN THIS STUDY
No. Sequence ID Sequence T, (°C)
1 ApoB-20a 5’-TTCAGcattggtattCAGTG-3’ 7610.4
2 ApoB-20b 5-T°T°C°A°GeattggtattC°A°G°T°G-3’ 7940.6
3 ApoB-20¢ 5-1°1°c%a%g°c®at°t°g g1 °a 1% °a g *t°g -3/ 59+£0.6
4 ApoB-16a 5-CAGeattggtatTCAG-3’ 66+0.5
5 ApoB-14a 5’-AGCattggtatTCA-3’ 6210.6
6 ApoB-14b 5’-AgCattggtatTcA-3’ 5804
7 ApoB-13a 5’-GCattggtatTCA-3" 5910.5
8 ApoB-13b 5’-G°CattggtatT°C°A-3’ 62+0.1
9 ApoB-13c 5'-gCattGgtat TCA-3’ 63+0.5
10 ApoB-13d 5’-GeattggtaTTCA-3" 58:4+0.8
11 ApoB-13e 5’-GCattggtattCA-3" 55+0.5
12 ApoB-13f 5’-G°CattggtattC°A-3’ 5740.1
13 ApoB-13g 5’-GCattggtatTcA-3’ 58+0.6
14 ApoB-13h 5’-gcattggtatTCA-3’ 48+0.7
15 ApoB-13i 5’-GCAttggtatica-3’ 50+0.5
16 ApoB-12a 5’-GCattggtatTC-3’ 52106
17 ApoB-12b 5’-GCattggtaTtC-3" 53+0.5
18 ) ApoB-12¢ 5’-G°CattggtatT°C-3" 54405
19 ApoB-11a 5’-CAtiggtatTC-3’ 3905
20 ApoB-11b - 5. C°Attggtat T°C-3’ 41404
21 ApoB-10a 5’-CattggtatT-3’ 28404
22 ApoB-10b 5-CAttggtaTT-3 33+0.6
23 ApoB-10c 5’-C°AttggtaT°T-3" 36105
24 ApoB-10d 5’-cattggtATT-3’ 29+0.5
25 DL-MRNA 5’-R-cacugaauaccaaugcugaa-Q-3’
26 NL-MRNA 5’-cacugaauaccaaugcugaa-3’
27 MRNA-1 5’-cacugaaunac-3’
28 MRNA-2 5’-caaugcugaa-3’

Upper case, lower case, lower italic, and superscript circle indicate locked nucleic acid (LNA), DNA, RNA, and phosphodiester linkage,
respectively. All internucleotide linkages are phosphorothioated unless otherwise noted. All RNAs numbered 25, 26, 27, and 28 have
phosphodiester internucleotide linkages. Melting temperatures (T,,) are shown as mean £ SD.

apoB, apolipoprotein B-100; dl-mrna, dual-labeled complementary RNA probe; nl-mrna, non-labeled complementary 20-mer RNA.

In vivo pharmacological experiments

All animal procedures were performed in accordance with
the guidelines of the Animal Care Ethics Committee of the
National Cerebral and Cardiovascular Center Research In-
stitute. All animal studies were approved by an institutional
review board. All C57BL/6J mice (CLEA Japan) were male,
and studies were initiated when animals were 8 weeks of age.
Mice were maintained on a 12-hour light/12-hour dark cycle
and fed ad libitum. Mice received a single treatment of AONs
administered subcutaneously at a dose of 0.75 mg/kg. At the
time of sacrifice, mice were anesthetized and livers were
harvested and snap frozen until subsequent analysis. Whole
blood was collected and subjected to serum separation for
subsequent analysis.

mRNA quantification

Total RNA was isolated from mouse liver tissues using
TRIzol Reagent (Life Technologies Japan) in accordance with
the manufacturer’s instructions. Gene expression was evaluated
using a two-step quantitative reverse transcription-polymerase
chain reaction (RT-PCR) method. Reverse transcription of
RNA samples was performed using a High-Capacity cDNA
Reverse-Transcription Kit (Life Technologies), and quan-
titative PCR was performed using TagMan Gene Expres-
sion Assays (Life Technologies Japan). Messenger RNA
levels of apoB were normalized against GAPDH mRNA

levels. For murine apoB and GAPDH, TagMan gene ex-
pression assays were used (assay IDs: Mm01545156_m1 and
Mm99999915_g1, respectively).

AON quantification in liver

Assay was performed as described previously (Yamamoto
et al., 2012a). Template DNA: 5'-gaatagcgatgaataccaatgc-3’
with biotin at the 3’ end; ligation probe DNA: 5'-tcgctattc-3”
with phosphate at the 5 end and digoxigenin at the 3’ end.

Serum chemistry

Assay kits (#439-17501; WAKO) were used to measure
serum levels of total cholesterol.

Statistics

Pharmacological studies were performed with more than
three mice per treatment group. All data are expressed as
means + standard deviation (SD). P <0.05 was considered to
be statistically significant in all cases. Statistical comparisons
were performed by Dunnett’s or Bonferroni’s multiple
comparison ftests.

Results and Discussion

Our first goal was to prepare bioactive AONs with a variety
of binding affinities for the target RNA. We designed and
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synthesized 24 AONs, as shown in Table 1. Most of the
AONs were 10- to 20-mer LNA/DNA chimeras with full or
partial PS backbones. DNA stretches ‘on these AONs were
kept in the 6- to 10-nt range, which is expected to be sufficient
for eliciting RNase H of both E. coli and mammalian origins
(Monia et al., 1993; Kurreck et al., 2002). ApoB-13c¢ con-
taining LNA in the center of the gap was prepared as a non-
cleavable negative control. We next determined Tm values of
all AONs with the NL-MRNA (Table 1). As expected, Tm
values of these AONs were uniformly and broadly distributed
from approximately 30° to 80°C under the indicated buffer
conditions.

In order to investigate turnover activities of AONs, we
developed a cell-free fluorescent turn-on system. DL-MRNA
labeled with reporter dye (TAMRA) and quencher (BHQ2)
on the 5" and 3’ termini, respectively, was designed and pre-
pared to detect RNA scission. Using this probe, we first eval-
uated the turnover activity of previously validated ApoB-13a.
In the presence of an 80- to 240-fold molar excess of com-
plementary RNA, 10 oM ApoB-13a was pre-incubated at
37°C in a 96-well microplate before addition of RNase H. It
should be noted that the target complementary RNA used
here consists of one-quarter dual-labeled DL-MRNA and
three-quarters non-labeled NL-MRNA to avoid undesirable
quenching or other interactions that may affect fluorescence
(Supplementary Table S1). After addition of 60 units per well
RNase H to the reactions, fluorescence intensities of TAMRA
were measured (excitation =555 nm and emission =590 nm)
every 15 seconds for 15 minutes (Supplementary Fig. S1A).
Fluorescence of the reporter dye increased over time. The
initial reaction rates also increased as a function of RNA
concentration, where the initial reaction rates were deter-
mined from the slope of the initial linear portions (0-60
seconds) of the plots of fluorescence intensity versus time. In
contrast, time-dependent fluorescence changes in TAMRA
were not seen in an ApoB-13a-lacking control. We also ob-
served very low background fluorescence levels in the control
group, which indicates efficient quenching of TAMRA
fluorescence by BHQ2, despite these dyes being 20 nt distant
from one another. The fluorescence increases reached a pla-
teau at 5 minutes. We confirmed that this indicates the
completion of degradation of all target RNAs and then at-
tempted to estimate the conversion coefficient between
fluorescence intensity and concentration of RNA (Supple-
mentary Figs. S1B, S2). By plotting fluorescence intensities
at 15 minutes as a function of RNA concentration, we found
high linear correlations between fluorescence intensity and
concentration and determined 6.15 (RFU/nM) as a conver-
sion factor. To determine the required amount of RNase H in
this system, we performed further tests with various amounts
of RNase H (2-180 units/well). A near maximum reaction
rate could be obtained when at least 60 units/well of RNase
H were added to the reaction, and confirmed that the rate-
determining step of this reaction was not the scission step, but
was the recycling step under these conditions (Supplemen-
tary Fig. S3). Taken together, these results are consistent with
the recycling of ApoB-13a during this cell-free antisense
reaction (see also Supplementary Fig. S4; Supplementary
Table S2), and this system is useful for rapid screening of
multiple-turnover activities of a series AONSs.

We next aimed to measure a set of initial rates of AONs
(Table 1). The initial velocities were determined as described
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above. At a concentration of 10 nM, each AON was incubated
in the presence of 800nM complementary RNA (DL-
MRNA:NL-MRNA = 1:3) and 60 units/well RNase H. Time-
dependent fluorescence changes were measured and initial
rates were subsequently determined. The observed initial
rates were rearranged in ascending order of 7m values of
corresponding AONs and are shown in Fig. ZA. As expected,
we found an inverted U-shaped relationship between initial
rate and 7m values on the whole: AONs with high (> 60°C)
and low (<30°C) Tm values have relatively small initial
rates, while AONs having Tm of 40°C~60°C showed efficient
turnover in this system. This implies that AONs having
higher multiple-turnover activities are more potent than
conventional long LNA gapmers with extraordinarily high
affinity. On the other hand, ApoB-12a showed the highest
turnover ability among AONs tested, but ApoB-12a was
shown to be less potent than ApoB-13a in vivo (Straarup
et al., 2010). Thus, interpreting these data, we must take into
account the differences between experimental buffer condi-
tions used here and physiological conditions. For instance, it
is known that longer PS-DNAs are more likely to form
stronger undesirable complexes with proteins and inactivate
RNase H to reduce their efficacy (Gao et al., 1992; Watanabe
et al., 2006). As in this system, there are limited accompa-
nying components such as inorganics, proteins, and lipids,
and effects including such length-dependent factors may not
have been considered. Among the four 10-mer LNAs, ApoB-
10a and ApoB-10d showed marked inefficient turnover
activity when compared with ApoB-10b and ApoB-10c, in-
dicating a lack of binding affinity. In contrast, the two 20-mer
AONSs showed inefficient turnover activities when compared
with ApoB-20c, probably due to slow product release.
Surprisingly, turnover activities of ApoB-13d and ApoB-
13h were exceptionally low, although their Tim values were in
an active range (Fig. 2A). To better understand this obser-
vation, we further measured Tm values of AONs with two
additional 10-mer RNAs (MRNA-1, MRNA-2) (Fig. 2B).
MRNA-1 and MRNA-2 were prepared as models for the
cleaved products of RNase H and correspond to the 5" and 3’
halves of NL-MRNA, respectively. The results showed that
melting temperatures for MRNA-1 were lower than those for
MRNA-2, but this trend was reversed in ApoB-13d and
ApoB-13h. This potential affinity bias may explain the dif-
ference in efficiency of turnover activity. The consensus se-
quence for the preferred RNase H cleavage sites is unknown;
instead, a strong positional preference for cleavage has been
observed in a family of enzymes. For example, human RNase
H1 has been shown to preferentially cleave the RNA part
of RNA/DNA hybrid several nucleotides away from the
5"-RNA/3’-DNA terminus, probably due to the binding di-
rectionality of the enzyme (Lima et al., 2007a; Lima et al.,
2007b). It has been predicted that the hybrid binding domain
of RNase H binds the 5-RNA/3"-DNA flank of the hybrid
relative to the catalytic domain, which is strongly supported
by the crystal structure of human RNase H with RNA/DNA
hybrids (Nowotny et al., 2007). Despite some reported dif-
ferences between E. coli and human RNase H such as a
minimal gap size required for activation of RNase H (Monia
et al., 1993; Crooke et al., 1995), the high similarity of the
structures of human RNase H1 and E. coli RNase H1 suggests
that this positional directionality for cleavage encourages
ApoB-13d to produce longer RNA segments than fragments
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produced by other AONSs, thereby forming very stable du-
plexes with the 37 half of ApoB-13d and eventually decel-
erating product release, as well as turnover. Collectively, the
requirements for high turnover rates would be adequate
binding affinity of the duplex formed by using several bases
of AON (for the rapid release of cleaved mRNA), as well as
moderate binding affinity of full-length AON/mRNA duplex
(for efficient target capture). In contrast, the affinity of the 5
half of ApoB-13h is thought to be too low to form .stable
duplexes for cleavage.

In order to explore the capacity of turnover under
biological conditions, we attempted to evaluate the in vivo
efficacy of AONs with identical length (ApoB-13a, -13d,
-13e, -13g, and -13h), and to compare the 7m data relevant to
turnover activity. We here adopted a low dosage of 0.75mg
kg™, which had been confirmed as being sufficient to achieve
knockdown of the target apoB mRNA for ApoB-13a, a posi-
tive control for in vivo screening, because even a single ad-
ministration of a relatively low dose of 5 mg/kg ApoB-13a had

been shown to reduce apoB mRNA by 97%, which made it
difficult to discriminate differences in efficacy when AONs
screened have similar high efficacy (Straarup et al., 2010).
Mice (n=3/group) were dosed subcutaneously with 0.75mg
kg™ ApoB-13a, -13d, -13e, -13g and -13h. After 48 hours
post-injection, expression levels of apoB mRNA in the liver
were analyzed. The apoB mRNA reduction is associated with
the clinically relevant therapeutic phenotype characterized by
reduced blood cholesterol concentration for the treatment of
hypercholesterolemia. Expression levels were rearranged in
ascending order of Tin values of corresponding AONSs vs full-
length NL-MRNA and are described in Fig. 3. The highest
level of reduction in hepatic apoB mRNA was observed in
ApoB-13a, while the lowest level of reduction was observed
in ApoB-13d and -13h (Fig. 3A; Supplementary Table S3).
Statistical significance was seen for ApoB-13a, -13e and
-13g, but not for ApoB-13d and -13h. A similar-sized LNA
phosphorothioate oligonulecotide without target sites on
apoB mRNA was used as a control, showing no decrease in
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hepatic apoB mRNA and no potential toxicity (Supplemen-
tary Tables S3, S4).

The efficacy order of ApoB-13a>-13g>-13e>
- 13h>- 13d appears to be unrelated to binding affinity to full-
length NL-MRNA, but inefficiency of ApoB-13d and ApoB-
13h in vivo were consistent with their slow turnover rates in
the cell-free system, while other AONs are potent in vivo and
show fast turnover rates in the cell-free system. Serum re-
duction levels in total cholesterol denoted the same ten-
dency as mRNA reduction levels (Supplementary Fig. S5).
As we selected AONs with an identical length of 13 nt,
identical sequences and similar compositions for ir vivo
examination, the mouse liver content of these 13-mer
AONs was measured and found to be almost identical
(Fig. 3B). In addition to this, we speculate that AONs are
not necessarily in vast excess of mRNA even in vivo.
Sohlenius-Sternbeck has estimated a hepatocellularity num-
ber for humans, mice and other animal livers (Sohlenius-
Sternbeck, 2006). The value for mice was estimated to be
135 % 10° cells per gram of liver, where livers of 8-week-old
mice are 1.0 gram on average. On the other hand, we and
others have calculated that approximately <10% of dosed
oligonucleotides (<400 pmol for 0.75 mg/kg) reside in liver,
even at 48-72h post-dosing (Straarup et al., 2010; Yama-
moto et al.,, 2012a).

Considering these conditions, each parenchymal cell may
be exposed to AONs to a lesser extent than it is in a con-
ventional in vitro transfection experiment. Furthermore,
nonparenchymal cells such as Kupffer cells are thought to be
more likely to ingest AONs than apoB-expressing paren-
chymal cells do and intracellular distribution of AONs via
non-productive uptake further reduces the active form of
AONSs (Koller et al., 2011). In the light of this context, our
in vivo multiple-turnover hypothesis is a compelling expla-
nation for the in vivo activity of AONs. Of course, as there
may exist differences such as intracellular distribution of
AOQONs into productive versus less productive compartments,
which can be influenced by small changes in chemistry and
protein binding ability, it is necessary to continue gathering
evidence. This hypothesis may also offer a new direction with

regard to the remaining issues in antisense drug development;
for example, inconsistency between in vifro gene silencing
activity of AONs delivered in complex with transfection
vehicles and in vivo activity of naked AONs (Stein et al.,
2010; Zhang et al., 2011).

In the presence of transfection reagents, AONs are de-
livered quite efficiently to reaction sites, and consequently,
might be placed under single-turnover conditions, while
inefficient naked conditions may encourage multiple-turn-
over condijtions. However, it should again be noted that it
is difficult to monitor the intracellular turnover reaction in
living cells and tissues due to their dynamic nature; thus,
further experimental support is necessary to determine
whether AONSs are actually placed under multiple-turnover
conditions at the intracellular antisense reaction site.
Nevertheless, our study provides an important opportunity
to shed light on the uncertain antisense mechanisms, and
may lead to further improvement of the activity and safety
profiles of AONs.
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Abstract

Purpose To evaluate the correlation between apparent
diffusion coefficient (ADC) and prognosis in head and neck
squamous cell carcinoma (HNSCC) treated with
radiotherapy.

Materials and methods We retrospectively studied 41
patients (38 male and 3 female, ages 37-85 years) diagnosed
with HNSCC (14 oropharynx, 22 hypopharynx, 4 larynx, 1
oral cavity) and treated with radiotherapy, with radiation
dose to gross tumor volume over 60 Gy. The association
between age, gender, performance status, tumor location,
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T stage, N stage, stage, dose, overall treatment time, treat-
ment method, adjuvant therapy, or ADC and prognosis was
analyzed using a Cox proportional hazard test.

Results  ADC calculated with b-values of 300, 500, 750,
and 1,000 s/mm* (ADC 300-1,000) alone showed a signif-
icant correlation with all of the analyses (p = 0.022 for local
control, p = 0.0109 for regional control, p = 0.0041 for
disease-free survival, and p = 0.0014 for overall survival).
ADC calculated with b-values of 0, 100, and 200 s/mm”
(ADC 0-200) showed a significant correlation with overall
survival (p = 0.0012). N stage showed a significant corre-
lation with regional control (»p = 0.0241). Performance
status showed significant association with local control
(p = 0.0459), disease-free survival (p = 0.023), and overall
survival (p = 0.0151), respectively.

Conclusion ADC is an independent predictor of progno-
sis in HNSCC treated with radiotherapy.

Keywords Apparent diffusion coefficient - Bystander
effect - Head and neck cancer - Prognosis - Radiotherapy

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the
fifth most common neoplasm worldwide [1], and approxi-
mately two-thirds of HNSCC patients present with
advanced-stage disease, commonly involving regional
nodes. However, distant metastasis at the initial presenta-
tion is not common (approximately one-tenth of all
patients) [2]. Among treatment options, chemoradiotherapy
is increasingly being chosen as an organ-sparing primary
treatment.

The self-diffusion of cell water is theoretically affected
by temperature and viscosity, but it is also affected by
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barrier structures such as cell membranes, because it takes
some time to measure proton diffusion with magnetic
resonance (MR) imaging [3]. Diffusion-weighted (DW)
MR imaging thus provides microstructural information
about tissues [4]. Several studies have used apparent dif-
fusion coefficient (ADC) as an indicator for treatment
response, revealing that pretreatment ADC correlates with
treatment response [5—8] and that changes or the absence of
changes in ADC at an early phase of treatment can predict
treatment response [9—13].

Although chemoradiotherapy is increasingly being
chosen as a primary treatment option for HNSCC, there
have been few studies applying ADC as a prognostic factor
[14-21]. To the best of our knowledge, few clinical studies
have ever evaluated the usefulness of ADC as an indicator
for disease-free or overall survival using multivariate
analysis. We hypothesized that pretreatment ADC would
correlate not only with local control but also with regional
control, disease-free survival, and overall survival in
HNSCC treated with radiotherapy.

Materials and methods

This study was approved by the Committee on Clinical
Study at our institute. Informed consent was waived for the
retrospective study. The patients analyzed in the present
study overlapped with those of previous studies [17, 18,
21]. However, the present study analyzed not only local
control but also regional control as well as disease-free and
overall survival while the previous studies analyzed local
control alone.

Patients

We enrolled 62 consecutive patients, who were histologi-
cally proved to have primary HNSCC, at our institute
between April 2006 and August 2009. These were sched-
uled to receive radical radiotherapy [>60 Gy to gross
tumor volume (GTV)] and underwent MR imaging,
including DW imaging, before treatment. Among the 62
patients enrolled, 8 patients with diagnoses of nasopha-
ryngeal cancer were excluded because nasopharyngeal
cancer is known to be more radiosensitive than other types
of HNSCC. Seven patients were excluded because detec-
tion and/or demarcation of the primary lesion on DW
imaging was difficult due to small lesions or artifacts, and 6
patients were excluded because the radiation dose to the
GTV was <60 Gy due to poor patient conditions or severe
side effects. Therefore, we studied 41 patients (14 oro-
pharynx, 22 hypopharynx, 4 larynx, 1 oral cavity; all
squamous cell carcinoma) who received radiotherapy with
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Table 1 Characteristics of the patients, diseases, and treatments
Variable Case
Age (years)

Range 37-85

Median 64
Gender

Male 38

Female
Performance status

0 24

1 10

2 6

3 1
Tumor location

Oropharynx 14

Hypopharynx 22

Larynx 4

Oral cavity 1
T stage

1 2

2 22

3 8

4 9
N stage

0 8

1 6

2 2]

3
M stage

0 41
Stage

1 1

2 7

3 6

4+ 27
Dose (Gy)

Range 64-71

Median 65.4
OTT (days)

Range 43-91

Median 63
Treatment method

Radiotherapy alone 5

Chemoradiotherapy using TS-1 33

Chemoradiotherapy using CDDP 3
Adjuvant chemotherapy

Positive 21

Negative 20
ADC 0-200 (10~* mm?/s)

Range 0.78-3.30

@ Springer
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Table 1 continued

Variable Case
Mean 1.67
ADC 300-1,000 (10™3 mm?/s)
Range 0.40-1.35
Mean 0.81

a radiation dose to GTV over 60 Gy (64-71 Gy, median
65.4 Gy) and had MR imaging before treatment, including
DW imaging. TNM stages were classified according to the
International Union Against Cancer staging system 2002.
No patients had a history of receiving chemotherapy or
radiotherapy. The patient, disease, and treatment charac-
teristics are summarized in Table 1.

Treatment and follow-up

External radiotherapy was performed with 4- or 6-MV
X-ray in 1.8-2.0 Gy fractions at 5 fractions per week using
a three-dimensional conformal technique. Concurrent
chemoradiotherapy was administered to 36 patients [TS-1
for 33 patients: 65 mg/m’ for 4 weeks followed by
2 weeks of rest while receiving radiotherapy; cisplatin
(CDDP) for 3 patients: 5 mg/m” for 5 days a week while
receiving radiotherapy] and the remaining 5 patients were
treated with radiotherapy alone due to their condition.

The patients were followed up for the evaluation of
local and regional control and for distant metastasis. The
follow-up evaluations included physical, endoscopic, and
radiological examinations. Contrast-enhanced computed
tomography (CT) was the base of the radiological
examination, and MR imaging and/or (18)F-fluorodeoxy-
glucose positron emission tomography (PET)/CT images
were obtained when the otorhinolaryngologists considered
these examinations necessary. Histologically confirmed
local and/or regional recurrences during follow-up were
considered local and/or regional failures, respectively.
Distant metastasis was defined as a newly appearing
lesion that increased in size on follow-up imaging exams
with reference to (18)F-fluorodeoxyglucose PET/CT when
needed.

The follow-up period was designated as the total time of
follow-up starting at treatment initiation. Regarding local
and regional control, the follow-up period ended either at
histologically confirmed local and/or regional failure or at
the last patient contact without local or regional failure. For
disease-free survival, it ended at local or regional failure,
distant metastasis, or the last patient contact without local
or regional failure, or distant metastasis. For overall sur-
vival, it ended either at patient death or the last patient
contact.

@ Springer

MR imaging

MR imaging was performed using a 1.5-T system (Intera
Achieva; Philips Medical Systems, Best, the Netherlands)
before the initiation of treatment. The field of view was
200-230 mm with a slice thickness of 3-5 mm, and a
neurovascular coil with sensitivity encoding was used.
Pretreatment images were obtained at a median of 8 days
(range 0-26 days) before the start of radiotherapy.
T2-weighted turbo spin-echo, T1-weighted, DW, and
gadolinium-enhanced T1-weighted transverse images of
the neck were obtained at pretreatment imaging, and
coronal and/or sagittal images were also obtained when
needed. The imaging parameters for DW imaging were as
follows: matrix 256 x 112; repetition time 3,000 ms; echo
time 73 ms; b-factors 0, 100, 200, 300, 500, 750 and
1,000 s/mm?; number of excitations 2: examination
duration 4 min 6 s. DW imaging was obtained with a

Fig. 1 A representative good-prognosis woman in her 70s (disease-
free survival with 36.8 months follow-up) with oropharyngeal cancer
(T2N2MO, performance status 0, ADC 0-200 = 2.18 x 107 mm?s,
ADC 300-1,000 = 0.57 x 1077 mm?s). a T2-weighted transverse
image. b DW transverse image (b = 1,000 s/mm?)
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Fig. 2 A representative poor-prognosis man in his 50s (local and
regional failure at 3.3 months follow-up and died at 13.1 months
follow-up) with hypopharyngeal cancer (T4N2MO, performance
status 0, ADC 0-200 = 1.65 x 107> mm?s, ADC 300-1,000 =
0.90 x 107* mm?%s). a Gadolinium-enhanced T1-weighted trans-
verse image. b DW transverse image (b = 1,000 s/mm?)

single-shot spin-echo echo-planar imaging sequence using
a spectral presaturation with inversion recovery for fat
suppression. The motion-probing gradient pulses were
placed along the x-, y-, and z-axes and synthesized images
from the 3 images were used. Representative images are
shown in Figs. 1 and 2.

ADC calculation

The region of interest (ROI) was designated as the primary
lesion at the level of the largest tumor diameter on DW
images of each b-value to cover most of the lesion, while
avoiding cystic or necrotic components with reference to
conventional MR images. This procedure was indepen-
dently performed by two of the authors (board-certified
diagnostic radiologists with 17 and & years of experience,
respectively) without information regarding prognosis. The

ADC was calculated as follows: the mean signal intensities
(SIs) of the ROI under various b-values were fitted to the
equation SI = Slye PP where SI is the measured signal
intensity, Sl is the SI at b-value 0, b is the strength of the
motion-probing gradient, and D stands for ADC. An ADC
calculated with b-values of 0, 100, and 200 s/mm? was
taken as the value of ADC 0-200, and ADC calculated with
b-values of 300, 500, 750, and 1,000 s/mm> as ADC
300-1,000, respectively. The mean ADC 0-200 and ADC
300-1,000 values obtained by the two radiologists were
considered the ADC 0-200 and ADC 300-1,000 values for
each lesion, respectively.

Statistics

The variables [age, gender, performance status (PSO1 vs
PS23), tumor location (hypopharynx vs others), T stage
(T12 vs T34), N stage (NO1 vs N23), stage (123 vs 4),
dose, overall treatment time (OTT), treatment method
(chemoradiotherapy vs radiotherapy alone), adjuvant
chemotherapy (positive vs negative)], ADC 0-200, and
ADC 300-1,000 were selected and tested for their cor-
relation with local failure, regional failure, disease-free
survival, and overall survival. To identify an optimal
threshold for a binary classifier, a receiver operating
characteristic curve analysis was performed for numer-
ical data.

In the univariate survival analysis, the curves for local
control, regional control, disease-free survival, and overall
survival were estimated using the Kaplan—Meier method,
and the log rank test was used to test the differences. The
variables showing significant correlation in a log rank test
were further tested by multivariate survival analysis using a
Cox proportional hazard test. The correlation of ADC
between the two radiologists was analyzed by calculating
the interclass correlation coefficient (ICC).

The statistical calculations were performed in consul-
tation with a biostatistician using statistical analysis soft-
ware (JMP, version 7.0.1, SAS, Cary, NC, USA; Prism,
version 5.02, GraphPad, San Diego, CA, USA; and SPSS,
version 16, SPSS, Chicago, IL, USA). Values of p <0.05
were considered significant.

Results

Prognosis

Twelve patients developed local failure (follow-up time
2.0-17.5 months with a median of 3.8 months) and the
remaining 29 showed local control (follow-up time

5.3-54.8 months with a median of 35.5 months). Twelve
patients developed regional failure (follow-up time

@ Springer
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Table 2 Correlation of each variable with local control

Table 3 Correlation of each variable with regional control

Variable p value Variable p value
Log rank Cox proportional Log rank Cox proportional
test hazard test test hazard test

Age (years) Age (years)

>75 vs <75 NS >71 vs <71 NS
Gender Gender

Male vs female NS Male vs female NS
Performance status Performance status '

PS 01 vs PS 23 <0.0001 0.0459 PS 01 vs PS 23 0.0153 NS
Tumor location Tumor location

Hypopharynx vs others NS Hypopharynx vs others NS
T stage T stage

T12vs T 34 0.0003 NS T12vs T 34 NS

N stage N stage
N Ol vs N 23 NS N 01 vs N 23 0.0336 0.0241
Stage Stage

Stage 123 vs stage 4 NS Stage 123 vs stage 4 0.0336 -
Dose (Gy) Dose (Gy)

>66 vs <66 NS >66 vs <66 NS
OTT (days) OTT (days)

>55 vs <55 NS >60 vs <60 NS
Treatment method Treatment method

Chemoradiotherapy vs 0.0005 NS Chemoradiotherapy vs NS

radiotherapy alone radiotherapy alone

Adjuvant chemotherapy Adjuvant chemotherapy

Positive vs negative NS Positive vs negative NS

ADC 0-200 (10> mm?/s) ADC 0-200 (107 mm?/s)

21.85 vs <1.85 0.0298 NS >1.80 vs <1.80 NS

ADC 300-1,000 (10~ mm?s) ADC 300-1,000 (10~ mm?s)

20.86 vs <0.86 <0.0001 0.0220 20.70 vs <0.70 0.027 0.0109

Variables in bold face mean p < 0.05
NS means p > 0.05

2.0-9.3 months with a median of 3.5 months) and the
remaining 29 showed regional control (follow-up time
6.1-54.8 months with a median of 35.0 months). Seven
patients developed both local and regional failure. Twenty-
one patients developed disease recurrence or metastasis
(follow-up time 2.0-27.4 months with a median of
3.9 months) and the remaining 20 showed disease-free
survival (follow-up time 11.3-54.8 months with a median
of 36.8 months). Eleven patients died (follow-up time
2.1-27.0 months with a median of 10.5 months) and the
remaining 30 survived (follow-up time 5.3-54.8 months
with a median of 35.9 months).

Survival analyses

Regarding local control, the variables of performance sta-
tus (0,1 vs 2,3), T stage (12 vs 34), treatment method

@ Springer

Stage was not applied for multivariate analysis becanse there was a
significant correlation between N stage and stage
Variables in bold face mean p < 0.05

NS means p > 0.05

(chemoradiotherapy vs radiotherapy alone), ADC 0-200
(>1.85 vs <1.85 x 107> mm%s), and ADC 300-1,000
(>0.86 vs <0.86 x 107> mm?/s) showed significance in
the univariate survival analysis using a log rank test. Per-
formance status (01 vs 23) and ADC 300-1,000 (>0.86 vs
<0.86 x 107 mm?/s) showed significance in multivariate
analysis using a Cox proportional hazard test (Table 2).
Regarding regional control, performance status (01 vs 23),
N stage (01 vs 23), stage (123 vs 4), and ADC 300-1,000
(=0.70 vs <0.70 x 10™> mm?*/s) showed significance in a
log rank test. N stage (01 vs 23) and ADC 300-1,000
(=0.70 vs <0.70 x 1073 mmz/s) showed significance in a
Cox proportional hazard test (Table 3). Stage was removed
from multivariate analysis because there was a significant
correlation between N stage and stage (p <0.01,



-~ Jpn J Radiol (2014) 32:80-89

Table 4 Correlation of each variable with disease-free survival

Table 5 Correlation of each variable with overall survival

Variable p value Variable p value
Log rank Cox proportional Log rank Cox proportional
test hazard test test hazard test

Age (years) Age (years)

>63 vs <63 NS >76 vs <76 NS
Gender Gender

Male vs female NS Male vs female NS
Performance status Performance status

PS 01 vs PS 23 <0.0001 0.023 PS 01 vs PS 23 0.0001 0.0151
Tumor location Tumor location

Hypopharynx vs others NS Hypopharynx vs others NS
T stage T stage

TI12vs T34 0.0461 NS T12vs T 34 0.0131 NS
N stage N stage

N Ol vs N 23 NS N Ol vs N 23 NS
Stage Stage

Stage 123 vs stage 4 NS Stage 123 vs stage 4 NS
Dose (Gy) Dose (Gy)

>66 vs <66 NS 266 vs <66 0.0414 NS
OTT (days) OTT (days) .

>66 vs <66 NS >65 vs <65 NS
Treatment method Treatment method

Chemoradiotherapy vs 0.003 NS Chemoradiotherapy vs NS

radiotherapy alone radiotherapy alone
Adjuvant chemotherapy Adjuvant chemotherapy

Positive vs negative NS Positive vs negative NS
ADC 0-200 (10> mm?s) ADC 0-200 (107 mm?s)

>1.80 vs <1.80 NS >1.85 vs <1.85 0.0092 0.0012
ADC 300-1,000 (10~ mm?/s) ADC 300-1,000 (10~ mm?/s)

20.725 vs <0.725 0.0004 0.0041 20.84 vs <0.84 0.0004 0.0014

Variables in bold face mean p < 0.05
NS means p > 0.05

Spearman’s rank correlation coefficient). Performance
status (01 vs 23), T stage (12 vs 34), treatment method
(chemoradiotherapy vs radiotherapy alone), and ADC
300-1,000 (=0.725 vs <0.725 x 10~ mm®s) showed
significance on disease-free survival using a log rank test.
Performance status (01 vs 23) and ADC 300-1,000
(=0.725 vs <0.725 x 10~* mm?/s) showed significance in
a multivariate analysis using a Cox proportional hazard test
(Table 4). Regarding overall survival, performance status
(01 vs 23), T stage (12 vs 34), dose (=66 vs <66 Gy), ADC
0-200 (>1.85 vs <1.85 x 10> mms), and ADC
300-1,000 (>0.84 vs <0.84 x 107> mm?/s) showed sig-
nificance in a log rank test. Performance status (01 vs 23),
ADC 0-200 (>1.85 vs <1.85 x 1073 mm?/s), and ADC
300-1,000 (=0.84 vs <0.84 x 107> mm?/s) showed sig-
nificance in a Cox proportional hazard test (Table 5). The
survival curve results are summarized in Fig. 3.

Variables in bold face mean p < 0.05
NS means p > 0.05

Correlation of ADC between radiologists

The ICCs for ADC 0-200 and ADC 300-1,000 were 0.826
(95 % confidence interval 0.697-0.903) and 0.715 (95 %
confidence interval 0.525-0.837), respectively.

Fig. 3 Survival curves. a Comparison of local control curvesp
between ADC 300-1,000 > 0.86 x 107 and <0.86 x 107> mm?s.
b Comparison of local control curves between ADC
0-200 > 1.85 x 107 and <1.85 x 10~ mm?%s. ¢ Comparison of
regional control curves between ADC 300-1,000 > 0.70 x 1073 and
<0.70 x 107> mm%s. d Comparison of disease-free survival curves
between ADC  300-1,000 > 0.725 x 107> and <0.725 x
10~* mm?/s. e Comparison of overall survival curves between ADC
300-1,000 > 0.84 x 107 and <0.84 x 107" mm%s. f Comparison
of overall survival curves between ADC 0-200 > 1.85 x 107> and
<1.85 x 107> mm?%s
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Fig. 4 Proposed mechanism of
the correlation between ADC
and radiosensitivity. a Cancer
with high cancer cell density
and low ADC. The chemical
substances released from
heavily damaged cancer cells
diffuse, reach adjacent cancer
cells, and affect them, resulting
in a radiosensitive cancer.

b Cancer with low cancer cell
density and high ADC. The
chemical substances released
from heavily damaged cancer
cells diffuse but do not reach or
affect adjacent cancer cells,

[—_‘J.?/ crtea |
9)(e)(o]

a Cancer with high cancer cell density and low ADC

(99 (99
(e)(e](e)

Bl

Neighboring cancer cells are damaged

Chemical substances diffuse
and reach adjacent cancer cells

b cancer with low cancer cell density and high ADC

i s Critical
resulting in a radioresistant v
cancer Radiation
Chemical substances diffuse Neighboring cancer cells are not damaged
but do not reach adjacent cancer cells
Discussion characteristics. This might be the reason that ADC calcu-

The results of the present study show that ADC calculated
from DW imaging is a predictor of prognosis in HNSCC
treated with radiotherapy. ADC 300-1,000 calculated with
relatively high b-values is an independent predictor of
prognosis (local and regional control, and disease-free and
overall survival). ADC 0-200 calculated with relatively
low b-values is also a predictor of overall survival.

There have been some studies evaluating the relation
between ADC and treatment response or prognosis in
HNSCC treated with radiotherapy. However, their results
have differed. The present results are in accordance with
the previous reports that lower pretreatment ADC corre-
lates with good treatment response [14, 15], local control
[17, 18, 21], and prognosis [20]. In contrast, there have
been studies reporting that pretreatment ADC does not
correlate with local or regional control but ADC change
values 3 weeks after the initiation of treatment or the ADC
change ratio 3 weeks after the completion of treatment
correlate with local or regional control in HNSCC treated
with radiotherapy [16, 19]. The reasons for these different
results were unclear. The present study was designed to
shed some light onto this problem, and a possible reason
for these differences is as follows. As shown in Tables 2
and 5, and Fig. 3, a higher ADC 0-200 showed a favorable
prognosis in contrast with ADC 300-1,000, which showed
the opposite directional correlation with prognosis, which
was that of lower ADC 300-1,000 with favorable prog-
nosis. When ADC is calculated with both relatively low
and high b-values, it is thought to include these opposite

lated with both relatively low and high b-values, e.g. 0 and
1,000 s/mm?, is not significantly correlated with prognosis.
It was reported that ADC calculated with b-values of 0 and
1,000 s/mm?” is not significantly correlated with overall
survival in HNSCC treated with radiotherapy, which would
support our interpretation [22]. We consider that DW
imaging with several b-values would be preferable for
predicting the prognosis. In contrast, a lower minimum
ADC was reported to be an unfavorable prognostic factor
for distant metastasis-free and overall survival in malignant
mucosal melanoma treated with carbon ion radiotherapy
and concurrent chemotherapy. The difference in ADC
calculating method, in which the authors also calculated
ADC with relatively low and high b-values, and the dif-
ference in histology and treatment method might have
affected the results [8].

The mechanisms underlying the correlation between
pretreatment ADC and prognosis are unclear. We propose a
possible theory as follows: cancers with low ADC usually
show high cell density [23]. The spatial distribution of
photons is usually not homogeneous for each cancer cell,
and this causes critical damage to some cancer cells but is
not critical for adjacent other cancer cells. When one
cancer cell undergoes critical damage, it could release
chemical substances, and these substances diffuse and can
reach adjacent cancer cells; this process could increase the
damage level to the cancer cells from sub-lethal to lethal,
resulting in increasing radiation sensitivity. In contrast, in
cancers with high ADC and low cancer cell density, the
chemical substances released from critically damaged
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cancer cells would also diffuse but would not reach
neighboring cancer cells at effective concentrations
(because the distances between cancer cells are greater),
thus causing no critical damage to the neighboring cancer
cells, resulting in radiation resistance. These mechanisms
are summarized in Fig. 4. This theory is supported by the
findings that cells exposed to radiation can release signals
that induce similar effects in non-targeted neighboring cells
(bystander effect). These irradiated cells secrete cytokines
or other factors [e.g. reactive oxygen species, interleukin 8,
transforming growth factor [, soluble death ligands Fas,
tumor necrosis factor-related apoptosis-inducing ligand,
and tumor necrosis factor o] that induce an increased
intracellular level of reactive oxygen species in unirradi-
ated cells [24].

Regarding mechanisms of the correlation between ADC
0-200 and prognosis, ADC calculated with relatively low
b-values is thought to correlate with perfusion [25, 26] and
tumors with high perfusion are known to be oxygen-rich
and radiosensitive. As a result, a tumor with high perfusion
probably shows high ADC 0-200 and favorable prognosis
(Tables 2, 5; Fig. 3).

The demarcations of lesions can differ among radiolo-
gists, and this difference could affect the results. However,
the results obtained here by two independent radiologists
showed excellent and good correlations in ADC 0-200 and
ADC 300-1,000, respectively, according to the following
criteria. (ICC <0.4, poor; 0.4 <ICC < 0.59, fair;
0.6 < ICC < 0.74, good; ICC =0.75, excellent) [27].
Thus, we believe that our method was robust and reliable.

The present result that performance status correlated
with local control, disease-free and overall survival is
consistent with previous knowledge. Performance status
has been known to be a robust prognostic factor irrespec-
tive of cancer histology or treatment method. The result
that N stage correlated with regional control is also con-
sistent with previous knowledge. However, N stage was not
correlated with overall survival probably because salvage
neck-node dissection could be effective for regional
recurrence. Hypopharyngeal cancer is known to have a
relatively poor prognosis. Thus, the prognosis of hypo-
pharyngeal cancer was compared with that of other can-
cers, but the tumor location showed no effect on prognosis
in the present study. The reason for this is unclear, but the
small number of cases might have affected the results.

The present study has some limitations. First, the his-
tology of the patients studied in the present research was all
squamous cell carcinoma, and all of the patients were
treated with radiotherapy (>60 Gy to GTV). Second, pul-
sation from carotid artery and jaw movement may affect
ADC. As described in the Section ‘Patients’, some cases
were excluded because of artifacts. We consider that
effects of such artifacts were slight and did not affect the

@ Springer

results. Third, MR imaging of the head and neck region has
shifted from a 1.5-T to a 3-T system. Further studies using
the 3-T system would be preferable [28].

In conclusion, ADC is an independent predictor of
prognosis in HNSCC treated with radiotherapy.

Conflict of interest The authors declare that they have no conflict
of interest.
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Anterior gradient 2 downregulation in a subset of
pancreatic ductal adenocarcinoma is a prognostic factor
indicative of epithelial-mesenchymal transition

Yusuke Mizuuchi'?, Shinichi Aishima', Kenoki Ohuchida®, Koji Shindo'?, Minoru Fujino!, Masami Hattori',
Tetsuyuki Miyazaki', Kazuhiro Mizumoto®, Masao Tanaka® and Yoshinao Oda’

Anterior gradient 2 (AGR2), a member of the protein disulfide isomerase family, has been implicated in various cancers
including pancreatic ductal adenocarcinoma (PDAC) and is known to promote cancer progression. However, the
prognostic value of AGR2 expression and the interaction with epithelial-mesenchymal transition (EMT) remain unclear.
We investigated the clinical significance of AGR2 and EMT markers in PDAC patients by immunohistochemical analyses.
Although AGR2 expression was not observed in normal pancreas, all pancreatic precursor neoplastic lesions were positive
for AGR2, even at the earliest stages, including pancreatic intraepithelial neoplasia-1A, AGR2 expression was reduced in
27.7% (54/195 cases) of PDAC patients. AGR2 downregulation correlated with EMT markers (vimentin overexpression and
reduced membranous E-cadherin expression), high Union for International Cancer Control stage (P<0.0001), high
histological cellular grade (P<0.0001), and adverse outcome (P<0.0001). In vitro, targeted silencing of AGR2 in cancer
cells using siRNA reduced cell proliferation, colony formation, cell invasiveness, and migration, but did not alter EMT
markers. To confer a more aggressive phenotype and induce EMT in PDAC cells, we co-cultured PDAC cell lines with
primary-cultured pancreatic stellate cells (PSCs) and found that AGR2 was downregulated in co-cultured PDAC cells
compared with PDAC monocultures. Treatment with transforming growth factor beta-1 (TGF-f), secreted from PSCs,
decreased AGR2 expression, whereas inhibition of TGF-§ signaling using recombinant soluble human TGF-f receptor type
Il and TGF-f-neutralizing antibodies restored AGR2 expression. We conclude that AGR2 downregulation is a useful
prognostic marker, induced by EMT, and that secreted TGF-f3 from PSCs may partially contribute to AGR2 downregulation
in PDAC patients. AGR2 downregulation does not induce EMT or a more aggressive phenotype, but is a secondary effect
of these processes in advanced PDAC.

Laboratory Investigation (2015) 95, 193-206; doi:10.1038/labinvest.2014.138; published online 24 November 2014

Pancreatic ductal adenocarcinoma (PDAC) is one of the nous neoplasms (IPMNs), and mucinous cystic neoplasms.

leading causes of cancer death in the United States, with an
overall survival rate of 3-5%.! Early recurrence following
resection is associated with high mortality, and to date, few
treatment options are available. Thus, the development of
novel markers for early detection and prognosis prediction
is necessary to improve the management of patients with
PDAC. Understanding of the progression from precursors
to invasive disease has significantly advanced, following the
identification of three important precursors, including pancreatic
intraepithelial neoplasia (PanIN), intraductal papillary muci-

However, the mechanisms underlying the progression from
these precursors to invasive disease remain unclear.2™
Anterior gradient genes were first identified in Xenopus
laevis and are named according to their specific expression
patterns during embryonic development.>® Anterior gradient
2 (AGR2) homolog expression is responsible for the develop-
ment of the cement gland, a glandular organ in frog embryos,
and for limb regeneration in newts.”® In humans, the AGR2
gene lies at chromosomal position 7p21.3, and gives rise to
an 18-kDa-sized protein. AGR2 is classified as a member of
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