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Abstract

Postoperative distant metastasis dramatically affects rectal cancer patients who
have undergone neoadjuvant chemoradiotherapy (NACRT). Here, we clarified the
association between NACRT-mediated mammalian target of rapamycin (mTOR) sign-
aling pathway activation and rectal cancer metastatic potential. We performed im-
munohistochemistry for phosphorylated mTOR (p-mTOR) and phosphorylated Sé
(p-Sé) on surgical specimen blocks from 98 rectal cancer patients after NACRT (co-
hort 1) and 80 colorectal cancer patients without NACRT (cohort 2). In addition, we
investigated the association between mTOR pathway activity, affected by irradiation,
and the migration ability of colorectal cancer cells in vitro. Based on the results of
the clinical study, p-mTOR was significantly overexpressed in cohort 1 (with NACRT)
as compared to levels in cohort 2 (without NACRT) (P < .001). High p-mTOR and
p-Sé6 levels correlated with the development of distant metastasis only in cohort 1.
Specifically, high p-Sé expression (HR 4.51, P = .002) and high pathological T-stage
(HR 3.73, P = .020) after NACRT were independent predictors of the development
of distant metastasis. In vitro, p-Sé levels and migration ability increased after irra-
diation in SW480 cells (TP53 mutation-type) but decreased in LoVo cells (TP53 wild-
type), suggesting that irradiation modulates mTOR signaling and migration through
cell type-dependent mechanisms. We next assessed the expression level of p53 by
immunostaining in cohort 1 and demonstrated that p-S6 was overexpressed in sam-
ples with high p53 expression as compared to levels in samples with low p53 expres-
sion (P = .008). In conclusion, p-Sé levels after NACRT correlate with postoperative
distant metastasis in rectal cancer patients, suggesting that chemoradiotherapy

might modulate the mTOR signaling pathway, promoting metastasis.
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1 | INTRODUCTION

The combination of fluorouracil-based neoadjuvant chemoradio-
therapy (NACRT) and total mesenteric excision (TME) is the stan-
dard therapy for locally advanced rectal cancer. Although NACRT
improves local control, its benefits for patient survival and distant
recurrence remain unclear.’® Previous reports showed that 18.5%-
29.8% of patients with locally advanced rectal cancer who underwent
NACRT with TME developed postoperative distant metastasis.**

How NACRT modulates the rate of distant metastasis after
surgery in rectal cancer remains controversial. Preclinical studies
including colorectal cancer in vitro studies demonstrated irradia-
tion-induced metastasis in solid cancers.>” Tumor cells that survive
ionizing radiation (IR) often acquire an aggressive phenotype char-
acterized by high motility and invasiveness, such as the epithelial-
mesenchymal transition (EMT) phenotype. In contrast, the inhibitory
effect of IR on the growth of distant tumors, known as the abscopal
effect, has also been reported.8'9 In a previous clinical study of pa-
tients with rectal cancer receiving NACRT, postoperative recurrence
was found to be more likely among patients with EMT-like alterations
in protein expression.'® These findings suggested that IR-enhanced
metastasis might occur in rectal cancer patients.

The PI3K/AKT/mTOR axis is a known intracellular signaling path-
way that promotes distant metastasis through EMT induction.**?
Previously, we demonstrated activation of the mammalin target of
rapamycin (mTOR) pathway by IR in two colorectal cancer (CRC) cell
lines.’® However, it was unclear whether IR-induced mTOR pathway
activation promotes metastasis. Furthermore, suppression, and not
activation, of the mTOR pathway by IR has been shown in other
CRC cell lines,* suggesting that irradiation-mediated effects differ
between cell lines. We hypothesized that the modulation of mTOR
activity by NACRT influences the distant metastatic potential of rec-
tal cancer after surgery. We tested our hypothesis using clinical re-
sected specimens and in vitro cell lines, evaluating expression levels
of phosphorylated Sé6 ribosomal protein (p-S6), which is central to
the mTOR pathway.

2 | METHODS
2.1 | Study design

A previous immunohistochemical (IHC) analysis of paraffin-embed-
ded advanced colorectal cancer samples demonstrated that phos-
phorylated mTOR pathway-related proteins are overexpressed at
the cancer invasion front.® This revealed that IHC staining of biopsy
samples is inappropriate for analyzing mTOR signaling activity in
colorectal cancer. In our institution, patients with locally advanced
lower rectal cancer undergo NACRT and curative surgery, whereas
patients with middle and upper rectal cancer or colon cancer do
not. Therefore, we utilized resected specimens from patients with
low rectal cancer receiving NACRT (cohort 1). In addition, resected

specimens from the curative surgery of patients with colon and

rectal cancer also not receiving neoadjuvant therapy (cohort 2) were
evaluated. The present study was approved by the ethics committee
of our institution (No. 3252-(8)) and written informed consent was

obtained from all participants in the study.

2.2 | Patients

A total of 98 consecutive patients diagnosed with lower rectal ade-
nocarcinoma of clinical stage T3/4 or N positive and MO disease who
underwent NACRT and curative surgery between January 2003 and
December 2013 were enrolled in cohort 1. In addition, 80 patients
diagnosed with colorectal adenocarcinoma of a clinical stage com-
parable to that of cohort 1 who underwent curative surgery without
neoadjuvant therapy between January and December 2012 were
enrolled in cohort 2. All patients in cohort 1 received a total dose of
50.4 Gy of radiation in 25 fractions and concomitant 5-fluorouracil-
based chemotherapy followed by radical surgery using the standard
TME technique 6-10 weeks after NACRT. Patients with synchronous
cancer at the time of surgery (n = 8), those with pathological com-
plete regression after NACRT (n = 10) and those with a small amount
of residual tumor after NACRT (which was unevaluable by IHC stain-
ing; n = 5) were excluded.

Allresected specimens from cohorts 1and 2 were assessed patho-
logically and all patients underwent a standardized follow-up sched-
ule based on the eighth edition of the American Joint Committee
on Cancer. The median follow-up period was 80.4 months in cohort
1 and 67.2 months in cohort 2. Evaluated oncological outcomes
included overall survival, relapse-free survival and cumulative inci-

dences of distant metastasis after surgery.

2.3 | Immunohistochemistry of mammalian target of
rapamycin-related protein

Tissue sections (4-mm thickness) from formalin-fixed, paraffin-em-
bedded tissue blocks were deparaffinized in xylene and rehydrated
in a graded ethanol series. Antigen retrieval was performed using cit-
rate buffer (pH 6.0) in an autoclave at 121°C for 10 minutes. After
blocking endogenous peroxidase activity with 0.3% hydrogen perox-
ide in methanol for 30 minutes, sections were incubated with 10%
normal goat serum (Nichirei Biosciences) for 30 minutes. The sec-
tions were first incubated with primary rabbit monoclonal antibodies
against mTOR (clone 7C10; Cell Signaling Technology [CST], Japan;
1:100 dilution), phosphorylated mTOR (p-mTOR, Ser2448, clone
49F9; CST; 1:100 dilution), phosphorylated Sé ribosomal protein (p-
Sé6, Ser235/236, clone 91B2; CST; 1:200 dilution) or primary mouse
monoclonal antibody against p53 protein (clone DO-7; Dako; 1:100
dilution) overnight at 4°C, and then with biotin-conjugated anti-rab-
bit secondary goat antibody or anti-mouse secondary rabbit antibody
(Nichirei Biosciences) at room temperature for 20 minutes, and fi-
nally with peroxidase-conjugated streptavidin (Nichirei Biosciences)

for 10 minutes. Subsequently, the sections were incubated with
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3,3'-diaminobenzidine (Wako, Osaka, Japan) for 10 minutes and coun-
terstained with hematoxylin. Sections incubated without primary anti-
bodies served as negative controls.

Immunostaining for mTOR, p-mTOR or p-S6 was interpreted
using a semiquantitative histology scoring method.*® The staining
intensity was scored from O to 3 to indicate no, weak, moderate
and strong staining, respectively. Representative staining images
for each intensity score are shown in Figure 1. The percentage
of stained cells was classified as follows: score 0, 0%-10%; score
1, 11%-25%; score 2, 26%-50%; and score 3, 51%-100%. The in-
tensity and percentage scores were normalized as scores from O
and 9, relative to the target protein in each specimen. Two inde-
pendent blinded investigators evaluated the cytoplasmic and/or
membranous staining of p-mTOR and p-Sé at the invasive front of
cancer cells using high-power field microscopy (x400). Moreover,
immunostaining for p-mTOR and p-S6 was validated with other an-
tibodies from different clones, specifically anti-p-mTOR (Ser2448,
clone EPR4262(2); Abcam; dilution 1:100) and anti-p-S6 (Ser
235/236, clone D57.2.2E; dilution 1:200), in a randomized internal
cohort (n = 20). For the assessment of p53 staining, moderate/
strong nuclear staining in 50% or more tumor cells was interpreted

as p53-high expression.'’

2.4 | Cell culture and reagents

The human colorectal cancer cell line SW480 (TP53 mutation-type
[R273H;P309S], KRAS mutation-type [G12V], BRAF wild-type, PTEN
wild-type, microsatellite stable [MSS]) and LoVo cells (TP53 wild-type,
KRAS mutation-type [G13D;A14V], BRAF wild-type, PTEN wild-type,
microsatellite instability [MSI]-high), were purchased from the Japanese
Cancer Research Resource Bank. Cells were cultured in RPMI 1640
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medium (Sigma Aldrich) supplemented with 5% FBS and 1% antibiotic/
antimycotic solution in a 5% CO, incubator at 37°C. The experimental
dose of the mT'OR inhibitor temsirolimus (TEM) (Sigma Aldrich) was set at
80 nmol/L based on our previous report.'® The cells were pretreated with
or without TEM for 1 hour, followed by exposure to ionizing radiation (IR)
of 3 or 6 Gy (1.0 Gy/min) with an X-ray generator (Pantac HF350; Kyoto,
Japan).

2.5 | Wound healing assay

Cells were seeded in six-well plates and pretreated with or without
TEM for 1 hour before IR exposure. After incubation for 24 hours,
cell monolayers were wounded by scratching with 200-uL micropi-
pette tips and then kept in medium with 5% FBS. Cells were moni-
tored at O and 48 hours under a microscope (BZ-8100; Keyence) at
x40 magnification. The migration index was quantified using the
following equation: (scratch distance at O hours - scratch distance
at 48 hours)/scratch distance at O hours. Each experiment was per-
formed in triplicate.

2.6 | Western blot analysis

Cells were incubated for 24 hours with or without TEM after expo-
sure to IR. Whole cell protein extracts were obtained by lysing cells
in Bolt LDS Sample Buffer (Life Technologies). Forty micrograms of
protein samples were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes using the Bolt system (Life
Technologies). Western blotting was performed using the iBind
Western System (Life Technologies) according to the manufacturer’s
instructions. The rabbit antibodies against p-Sé (Ser235/236, 91B2,

Intensity score

Score 1

Score 2

FIGURE 1 Representative immunohistochemical staining for phosphorylated mammalian target of rapamycin (p-mTOR) (A-D) and
phosphorylated Sé6 ribosomal protein (p-S6) (E-H) in colon cancer tissues showing intensity scores of O (A, E), 1 (B, F), 2 (C, G) and 3 (D, H)
(x100 magnification). The insert (left lower) shows higher magnification (x400)
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CST; 1:1000 dilution) and Sé ribosomal protein (5G10, #2217, CST,;
1:1000 dilution) as a primary antibody, and alkaline phosphatase-la-
beled goat anti-rabbit antibody (ab97048, Abcam; 1:2000 dilution) as
a secondary antibody were used. The membranes were incubated in
CDP-star solution (Life Technologies) and chemiluminescence was de-
tected using ChemiDoc XRS System (BIO RAD). The experiment was
performed three times. The density of each band was measured using
Image J software (version 1. 4. 3). The phosphorylated isoform fraction

of S6 was normalized by the total Sé level.

2.7 | Flow cytometry

Cells were prepared and treated as mentioned previously, and the
harvested cells were immediately stained with the PE-conjugated
mouse antibody against CD324 (E-cadherin; BD Pharmingen; 1:100
dilution). In addition, the other cells were stained with the PE-
conjugated mouse antibody against vimentin (BD Pharmingen; 1:100
dilution) after fixation with 4% formaldehyde and permeabilization
with a 0.1% tween solution. The samples were analyzed using a BD
FACSCalibur flow cytometer (BD Biosciences). Each experiment was

performed in triplicate.

2.8 | Statistical analysis

For the clinical study, the agreement rate of IHC score evaluation
for p-mTOR or p-S6 expression between the two investigators was
quantified with the kappa statistic. p-mTOR or p-Sé expression lev-
els in cohorts 1 and 2 were compared using the Mann-Whitney U
test. Associations between patient characteristics and the expres-
sion score of p-mTOR or p-S6 were assessed using the ;(2 test or the
Fisher exact test. Survival curves and the cumulative incidence of
distant metastasis were estimated using the Kaplan-Meier method
and compared using the log-rank test. Multivariate analysis of vari-
ables associated with distant metastasis was performed using the
Cox proportional hazards model.

For the in vitro study, statistical significance of the differences
was determined using a one-way ANOVA followed by the Tukey
post-test for multiple comparisons. All analyses were performed
with JMP Pro 14.0 software (SAS Institute). A P-value < .05 was con-
sidered statistically significant.

3 | RESULTS
3.1 | Clinical study

Representative images of IHC staining for p-mTOR and p-Sé in colorec-
tal cancer without neoadjuvant therapy are shown in Figure 2. In agree-
ment with a previous report,’® for most samples, p-mTOR and p-$6
staining intensities were stronger at the invasive front than on the sur-

face. Given the heterogeneity of p-mTOR and p-Sé expression in cancer

specimens, the strongest stained area within the invasive front was
considered. The concordance degree for the evaluation of IHC stain-
ing scores between investigators was moderate, with a Kappa value
of 0.787 for p-mTOR and 0.732 for p-Sé. In addition, we confirmed
the specific staining for p-mTOR and p-Sé based on the validation test
using other antibodies from different clones (Figure S1 and S2).

The clinical and pathological features of patients in cohorts 1
and 2 are shown in Table 1, and p-mTOR and p-Sé expression scores
based on the IHC staining results are shown in Figure 3. The median
p-mTOR expression score for cohort 1 was 9, and that for cohort 2
was 6. p-mTOR levels were significantly higher in samples from co-
hort 1 than in those from cohort 2 (P < .001); total-mTOR expression
levels followed a similar trend (P < .001, Figure S3).

Patients in each cohort were divided into two groups based on
their p-mTOR (low, score < 6; high, score 2 6) or p-Sé expression score
(low, score < 3; high, score > 3); these cutoff scores were the median
scores for p-mTOR and p-Sé, respectively, in cohort 2. There were no
differences in p-mTOR and p-Sé expression scores between colon and
rectal cancers in cohort 2. Based on the association analyses between
clinicopathological factors and mTOR signaling (Table 2), both p-mTOR
and p-Sé expression levels did not correlate with cancer staging. The
clinical features and tumor regression grade following NACRT also did
not correlate, except for an association between sex and p-Sé levels in
cohort 1 and between the pathological N status and p-mTOR levels in
cohort 2. Similarly, total-mTOR levels did not correlate with the clinico-
pathological factors in both cohorts, except for an association between
the histological type and total-mTOR levels in cohort 1 (Table S1).

Next, we assessed the association between mTOR pathway activ-
ity and patient prognosis after surgery (Figure 4). In cohort 2, mTOR
pathway activity was not associated with postoperative prognosis.
However, in cohort 1, the recurrence rates after surgery for patients
with high p-Sé levels after NACRT tended to be increased, as compared
to those in the low-level group, although the differences were not sta-
tistically significant. Specifically, the p-Sé expression level after NACRT
was a factor that was strongly associated with distant metastasis after
surgery. Total-mTOR levels were not associated with postoperative
prognosis in both cohorts (Table S2). Thus, we subsequently performed
multivariate analyses on cohort 1 (Table 3). We found that a high p-Sé
expression level after NACRT was an independent factor to predict the
development of distant metastasis after surgery (HR 4.51, P = .002),
along with a high pathological T stage after NACRT (HR 3.73, P = .020).

3.2 | Invitro study

To clarify the association between p-Sé expression levels modulated
by radiotherapy and tumor metastatic potential, western blotting and
wound healing assays were performed using the human colorectal can-
cer cell lines SW480 (TP53 mutation-type) and LoVo (TP53: wild-type)
exposed to different doses of IR (Figure 5). Results showed that p-S6
expression levels and migration ability increased upon IR in SW480
cells (Figure 5A,C) but decreased in LoVo cells (Figure 5B,D). The ad-

dition of TEM markedly suppressed p-S6 expression and migration in
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FIGURE 2 Immunohistochemical
staining for phosphorylated mammalian
target of rapamycin (p-mTOR) (A) and
phosphorylated S6 ribosomal protein
(p-S6) (B) in colon cancer tissues from
patients who did not undergo neoadjuvant
therapy. Left panels (a) represent all layers
of the colon tissues at lower magnification
(x20). Right-upper panels (b) represent
the surface layer, and right-lower panels
(c) represent the deep layer at higher
magnification (x400). The intensities of
p-mTOR and p-Sé staining in the deep
layer (c) were stronger than those in the
surface layer (b)

(B)
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p-mTOR

SW480 cells, in both irradiated and unirradiated cells. In LoVo cells,
TEM also significantly suppressed p-Sé expression, and consequently
unirradiated cell migration. However, IR suppressed p-Sé expression
in LoVo cells, and the addition of TEM minimally affected p-Sé expres-
sion in response to IR in these cells. The migration of LoVo cells after
irradiation was unaffected by TEM. In addition, IR affected the expres-
sion levels of EMT-related proteins (Figure 6). The expression level of
E-cadherin decreased after IR and that of vimentin increased in SW
480 cells; furthermore, the addition of TEM diminished these effects.
In contrast, the expression level of E-cadherin increased after IR and
that of vimentin decreased in LoVo cells, whereas the addition of TEM
minimally affected these levels.

3.3 | Association between the expression
level of p53 protein and p-Sé after neoadjuvant
chemoradiotherapy

The transcription factor p53 is known as a master regulator of both
DNA damage and mTOR activity.® To confirm the p53-dependent

mTOR regulation after chemoradiotherapy, IHC analysis for p53 was
performed in the clinical setting after NACRT (cohort 1). Six samples
with undetectable cancer cells were removed from the analysis, and
the residual 92 samples were evaluated. Results showed that 55 of
92 (60.0%) samples had high expression of p53, and p-S6 was overex-
pressed in samples with high p53 expression as compared to levels in
samples with low expression (P < .008, Figure 7).

4 | DISCUSSION

The PI3SK/AKT/mTOR intracellular signaling pathway phosphoryl-
ates proteins downstream of tyrosine kinase receptors, ultimately
resulting in the phosphorylation of ribosomal protein S6 and eu-
karyotic translation initiation factor 4E-binding protein 1 (4E-BP1).
In cancer cells, mTOR activation promotes tumor growth and angi-
ogenesis and inhibits a\poptosis.12 Previous studies demonstrated
that IR exposure enhances p-56 levels in colorectal cancer cells*®
and phosphorylates AKT in endometrial cancer'? and breast cancer

cells.?% In the present study, p-mTOR expression was significantly
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Cohort 1 (n = 98) with

NACRT
Age,’y (range) 65 (56-75)
Sex Male 59 (60%)
Location Colon/Rectum -
Distance from AV, cm (range) 4 (2-6)
pT T1/T2/T3/T4 11/30/49/8
pN Positive 23 (23%)
LVI Positive 57 (58%)
Histological type Differentiated 91 (93%)
TRG Responder 36 (37%)
p-mTOR expression score® (range) 9 (6-9)
p-S6 expression score® (range) 3(2-6)

TABLE 1 Patients characteristics of

eI cohort 1 and cohort 2

without NACRT
65 (56-75)

46 (58%)

66 (83%)/14 (17%)
0/10/51/19

37 (46%)

61 (76%)

76 (95%)

6 (4-8)

3(2-6)

Abbreviations: AV, anal verge; Differentiated, well to moderately differentiated adenocarcinoma;
Location, location of primary tumor; LVI, lymphovascular invasion; NACRT, neoadjuvant
chemoradiotherapy; p-mTOR expression score, phosphorylated mammalian target of rapamycin
expression score based on the results of immunohistochemical staining; pN, pathological lymph
node metastasis; p-Sé expression score, phosphorylated Sé6 ribosomal protein expression score
based on the result of immunohistochemical staining; pT, pathological T stage; TRG, tumor

regression grade.
?Data are expressed as median (range).

higher in cohort 1 than in cohort 2 (Figure 3), suggesting that
NACRT increases p-mTOR levels in rectal cancer. In contrast, we
found no difference in p-S6 levels between the two cohorts. mTOR
is known to consist of mTOR complex 1 (mMTORC1) and complex 2
(mMTORC2). mTORC1 phosphorylates downstream proteins of Sé,
but mTORC2 does not. p-Sé levels were reported to be a specific
indicator of the levels of phosphorylated mTORC1.1%2! Therefore,
it was suggested that p-mTOR levels do not necessarily indicate
mTORC1-S6 axis activity. Our in vitro experiments demonstrated
that irradiation activates the mTOR pathway only in one of the two
CRC cell lines tested but inactivates it in the other (Figure 5). This
result suggested that following NACRT, patients might have either
enhanced or suppressed p-Sé6 expression, which could contribute
to the lack of differences in p-Sé expression levels between the

P<.001

o 9 e ¢ enqmeane
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o 7
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L 0l o

Cohort 1 Cohort 2

FIGURE 3

two cohorts. However, it is unknown whether mTORC2 is uni-
formly activated by chemoradiotherapy. Therefore, it is necessary
to distinguish and evaluate mTORC1 and mTORC2 activities in re-
sponse to irradiation in the future.

Activity of the mTOR pathway is known to be mediated by p53 in
cells exposed to IR. In response to IR-induced DNA damage, activated
p53 suppresses mTOR through the activation of AMP-responsive
protein kinase (AMPK) and the induction of phosphatase and tensin
homolog (PTEN). However, in cancer cells with a TP53 mutation, dys-
functional p53 might disrupt these pathways.'® SW480 cells, which
showed IR-dependent mTOR activation, are known to carry a mutated
form of TP53, whereas LoVo cells, which showed inactivation of the
mTOR pathway in response to IR, possess wild-type TP53. In addi-
tion, DNA damage with high energy levels was reported to cause AKT

P= 411

8 gi 00 omoro— o °
(e} 7
[&]
» 6 ° ° ° °
S 5
g gf o o $e X Xrp
Sl
x 1 ® e ° °
w o o amakos- 00

Cohort 1 Cohort 2

Immunohistochemical staining scores for phosphorylated mammalian target of rapamycin (p-mTOR) (A) and phosphorylated

S6 ribosomal protein (p-Sé) (B) in cohort 1 (patients with low rectal cancer treated with neoadjuvant chemoradiotherapy; left) and cohort
2 (patients with colorectal cancer not treated with neoadjuvant therapy; right). Horizontal lines represent the median expression scores of

p-mTOR (A, score of 6) and p-S6 (B, score of 3) in cohort 2
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TABLE 2 The associations between patient characteristics and p-mTOR or p-Sé expression levels in cohort 1 and cohort 2

p-mTOR expression

p-Sé expression

Low (<score 6) High (2score 6)

Low (<score 3) High (2score 3)

Cohort 1 N=15 N =83
Age?, y (range) 62 (58-66) 63 (57-70)
Sex (Male) 12 (80%) 47 (57%)
Distance from AV (<4 cm) 12 (80%) 49 (59%)
pT (T1/T2/T3/T4) 2/5/7/1 9/25/42/7
pN (positive) 4(27%) 19 (23%)
LVI (positive) 6 (40%) 51 (61%)
Histological type (differentiated) 1 (7%) 6 (7%)
TRG (responder) 8 (53%) 28 (34%)
Cohort 2 N =27 N =53
Age,’y (range) 69 (59-75) 64 (55-72)
Sex (male) 1 (4%) 29 (55%)
Location (rectum) 4 (15%) 10 (19%)
pT (T2/T3/T4) 3/19/5 7/32/14
pN (positive) 17 (63%) 20 (38%)
LVI (positive) 22 (81%) 39 (74%)
Histological type 26 (96%) 50 (94%)

(Differentiated)

P N =39 N =59 P
.870 63 (58-70) 63 (57-69) 799
.088 31 (79%) 28 (47%) .002°
123 28 (72%) 33 (56%) 113
977 2/13/20/4 9/17/29/4 445
751 8(21%) 15 (25%) .575
121 23 (59%) 34 (58%) .895
.938 2 (5%) 5(8%) 529
.075 10 (26%) 26 (44%) 128
N =29 N=51

192 68 (55-78) 64 (56-74) 911
481 15 (52%) 31 (61%) 431
.652 7 (24%) 7 (14%) .239
.666 4/20/5 6/31/14 .587
.032° 13 (45%) 24 (47%) .847
433 22 (76%) 39 (77%) 951
.704 27 (93%) 49 (96%) .557

Abbreviations: AV, anal verge; Differentiated, well to moderately differentiated adenocarcinoma; Location, Location of primary tumor; LVI,
lymphovascular invasion; p-mTOR expression level, phosphorylated mammalian target of rapamycin expression level based on the results of
immunohistochemical staining; pN stage, pathological lymph node metastasis; pN, pathological lymph node metastasis; p-Sé expression level,
phosphorylated Sé ribosomal protein expression level based on the result of immunohistochemical staining; pT, pathological T stage; pT, pathological

T stage; TRG, tumor regression grade.
?Data are expressed as median (range).

phosphorylation through the induction of p38a, which consequently
activates mTORC1.2822 These data suggested that p53 dysfunction
due to TP53 mutations and the induction of p38a can consequently ac-
tivate the mTOR pathway in SW480 cells after irradiation. In fact, p-Sé
was overexpressed in samples with high p53 expression as compared
to levels in samples with low expression in the clinical setting after
NACRT (Figure 7), suggesting that chemoradiotherapy might modulate
the mTOR signaling pathway in a p53-dependent manner.

A previous report showed that p-mTOR overexpression cor-
relates with lymph node metastasis and distant metastasis in
colorectal cancer,?® whereas another report demonstrated no as-
sociation between p-mTOR expression levels and colorectal cancer
progression.24 In this study, neither p-mTOR nor p-Sé expression
showed a general association with the degree of cancer progression.
In addition, a specific p-mTOR or p-Sé expression pattern, includ-
ing tumor regression grade, was not observed for the NACRT co-
hort, although activation of the mTOR signaling by IR was previously
deemed essential for radioresistance.?

We also assessed the association between activity of the mTOR
pathway and patient prognosis. In the cohort of patients that did not
receive neoadjuvant therapy, mTOR pathway activity was not associ-

ated with patient prognosis, in agreement with a previous report.24

In addition, previous clinical trials failed to demonstrate the survival
benefit of mTOR inhibitors for metastatic colorectal cancer.2?” These
results suggest that activity of the mTOR pathway in treatment-naive
colorectal cancer does not contribute to the poor prognosis of the
patients. In contrast, the association between mTOR pathway activity
after NACRT and the prognosis of patients with rectal cancer treated
with NACRT had not been investigated. In the present study, we ob-
served a trend toward a higher incidence of recurrence in patients with
high p-Sé levels after NACRT as compared to that in individuals with
low expression levels (Figure 4). Importantly, we found that high p-Sé
expression after NACRT was a strong indicator of the development
of postoperative distant metastasis. A previous report demonstrated
that mTOR contributes to the development of systemic metastasis of
colorectal cancer through the induction of EMT in a mouse model.!?
Therefore, it is likely that activation of the mTOR pathway by NACRT,
and especially an increase in p-Sé expression, differed between cases
and that enhanced activation of this pathway might contribute to the
development of distant metastasis after surgery.

To determine whether IR-induced mTOR pathway activation
promotes cancer metastasis, we performed a further in vitro study
using colorectal cancer cells (Figures 5 and 6). We found that IR

increased the p-Sé6 expression level and, consequently, induced
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EMT-like protein expression patterns and increased the migration
of SW 480 cells (TP53 mutation-type) but not LoVo cells (TP53 wild-

type). The mTOR inhibitor temsirolimus suppressed p-S6 expression

FIGURE 4 Survival curves and
cumulative incidences of distance
metastases after surgery. Patients

in cohort 1 (left) and cohort 2 (right)

were stratified according to the
immunohistochemical (IHC) scores

with cutoff values of a score of 6 for
phosphorylated mammalian target of
rapamycin (p-mTOR) and a score of 3 for
phosphorylated Sé6 ribosomal protein (p-
S6). The overall survival (A), the relapse-
free survival (B) and the distant metastasis
rate (C) for patients with p-mTOR and
p-S6 expression scores lower than each
cutoff score are represented by red lines,
and those for patients with expression
scores equal to or higher than each cutoff
score are represented by blue lines

and, consequently, migration in SW480 cells regardless of irradi-
ation. However, the addition of temsirolimus exerted little effect

on the modulation of p-Sé expression by IR in LoVo cells, and the
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TABLE 3 Univariate and multivariate analysis of prognostic variables for distant metastasis in cohort 1, patients with rectal cancer

treated with neoadjuvant chemoradiotherapy

Age (<60 vs >60)

Sex (male vs female)

Distance from anal verge (24 cm vs <4 cm)
pT stage (T1/2 vs T3/4))

pN (negative vs positive)

LVI (negative vs positive)

Histological type (differentiated vs others)
TRG (non-responder vs responder)
p-mTOR expression (low vs high)

p-S6 expression (low vs high)

Univariate Multivariate

P HR 95% Cl P
321

417

.013 2.07 0.89-5.05 .100
.002 3.73 1.22-14.09 .020*
.037 1.97 0.80-4.61 138
.038 1.20 0.44-3.70 .732
196

.048 0.52 0.16-1.49 229
.057

.006 4.51 1.67-15.69 .002*

Abbreviations: Cl, confidence interval; Differentiated, well to moderately differentiated adenocarcinoma; HR, Hazard ratio; Location, Location of
primary tumor; LVI, lymphovascular invasion; p-mTOR expression, phosphorylated mammalian target of rapamycin expression level based on the
results of immunohistochemical staining; pN, pathological lymph node metastasis; p-Sé expression, phosphorylated Sé6 ribosomal protein expression
level based on the result of immunohistochemical staining; pT, pathological T stage; TRG, tumor regression grade.

*P <0.05

FIGURE 5 Expression levels of
phosphorylated Sé ribosomal protein
(p-S6) and migration abilities in response
to ionizing radiation (IR) in colorectal
cancer cell lines. Cells were treated

with or without 80 nmol/L temsirolimus
(TEM) followed by 3 or 6 Gy radiotherapy
and examined 24 h after radiotherapy.
Western blot analysis of p-Sé and total S6

expression in SW480 (A) and LoVo cells (B).

Bar plots represent the relative expression

levels of p-S6 normalized to total S6 levels.

The data are expressed as the mean + SD.
**P < ,01. Wounds in SW480 (C) and LoVo
(D) cell monolayers at 0 and 48 h after
scratching (x40 magnification). Bar blots
represent the migration index of cells.
The data are expressed as the mean + SD.
*P<.05.**P<.01
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migration of these cells after irradiation was also not affected by The novelty of our findings is as follows: (a) our study is the
temsirolimus. These results suggested that the activation or inacti- first report demonstrating that the response to irradiation can dif-
vation of p-Sé expression by IR might promote or reduce cell migra- fer among cell lines of the same organ origin; (b) there have been

FIGURE 6 Expression levels of
E-cadherin and vimentin in response to
ionizing radiation (IR) in colorectal cancer
cell lines. Cells were treated with or
without 80 nmol/L temsirolimus (TEM)
followed by 3 or 6 Gy radiotherapy and
examined 24 h after radiotherapy. FACS
analysis of E-cadherin and vimentin
expression in SW480 (A, C) and LoVo
cells (B, D). The data are expressed as the
mean + SD. *P < .05. **P < .01

tion ability via EMT. no studies investigating whether the different mTOR responses to
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irradiation result in different migratory activities of irradiated cells,
which was demonstrated in our study; and (c) our study is the first
clinical report demonstrating the correlation between differences in
the mTOR activation status after CRT and the postoperative devel-
opment of distant metastasis.

Based on our results, the administration of intensive chemo-
therapy before or after surgery might be beneficial to suppress
the development of distant metastasis after surgery in patients
with rectal cancer showing NACRT-induced mTOR pathway ac-
tivation. In addition, several gene products including KRAS,
BRAF or PTEN, and TP53 are known to regulate the mTOR path-
way.'2282% Therefore, clarifying the association between the
status of these molecular markers and mTOR pathway activity
affected by NACRT in rectal cancer might be helpful to predict
distant metastasis after surgery. Furthermore, if these gene pro-
files could predict mTOR signaling activity after NACRT and the
development of distant metastasis, the administration of mTOR
inhibitors combined with NACRT, according to the patient-spe-
cific gene profile, might help to prevent the development of dis-
tant metastasis after surgery.

There were several limitations to the present study. First, this
clinical study evaluated only a small number of patients from a
single institution. Furthermore, factors that determine activation
or suppression of the mTOR pathway and the mechanism through
which activation of the mTOR pathway by IR enhances cancer
cell migration were not investigated and require further studies.
In conclusion, our results identified high p-Sé expression after
NACRT as an independent predictor of the development of distant
metastasis after surgery in patients with locally advanced lower
rectal cancer. These findings suggested that chemoradiothera-
py-induced mTOR pathway activation might promote the metas-
tasis of rectal cancer.
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