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ABSTRACT

Rectal cancer represents approximately 10% of cancers worldwide. Preoperative
chemoradiotherapy increases complete pathologic response and local control,
although it offers a poor advantage in survivorship and sphincter saving compared
with that of radiotherapy alone. After preoperative chemoradiotherapy, approximately
20% of patients with rectal cancer achieve a pathologic complete response to the
removed surgical specimen; this response may be related to a better prognosis and an
improvement in disease-free survival. However, better biomarkers to predict response
and new targets are needed to stratify patients and obtain better response rates.

MAP17 (PDZK1IP1) is a small, 17 kDa non-glycosylated membrane protein
located in the plasma membrane and Golgi apparatus and is overexpressed in a wide
variety of human carcinomas. MAP17 has been proposed as a predictive biomarker
for reactive oxygen species, ROS, inducing treatments in cervical tumors or laryngeal
carcinoma. Due to the increase in ROS, MAP17 is also associated with the marker
of DNA damage, phosphoH2AX (pH2AX). In the present manuscript, we examined
the values of MAP17 and pH2AX as surrogate biomarkers of the response in rectal
tumors. MAP17 expression after preoperative chemoradiotherapy is able to predict
the response to chemoradiotherapy, similar to the increase in pH2AX. Furthermore,
we explored whether we can identify molecular targeted therapies that could help
improve the response of these tumors to radiotherapy. In this sense, we found that
the inhibition of DNA damage with olaparib increased the response to radio- and
chemotherapy, specifically in tumors with high levels of pH2AX and MAP17.

INTRODUCTION 2015 [2]. The standard of care in patients with locally

advanced rectal cancer is preoperative chemoradiotherapy
before surgical excision. The addition of preoperative
radiation therapy improves local control and survival in

Rectal cancer represents approximately 10% of
cancers worldwide [1]. In 2012, there were 446.801

newly diagnosed cases and 214.727 deaths attributed to
this entity in Europe [1]. Colorectal cancer was estimated
to be the most frequent neoplasm diagnosed in Spain in

this set of patients [3—8]. Preoperative chemoradiotherapy
increases the complete pathologic response and local
control, although it offers a poor advantage in survivorship
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and sphincter saving compared with that of radiotherapy
alone [9-13]. After preoperative chemoradiotherapy,
approximately 20% of patients with rectal cancer achieve
a pathologic complete response in the surgical specimen
removed, which may be related with a better prognosis and
an improvement in disease-free survival [14]. However,
better biomarkers to predict response and new targets are
needed to stratify patients and to obtain better response
rates.

MAPI17 is a small, 17 kDa non-glycosylated
membrane protein located in the plasma membrane and
Golgi apparatus [15]. Although its physiological role is not
fully clear, different studies have shown that it stimulates
sodium-glucose linked transporter (SGLT), thereby
increasing glucose and mannose uptake in Xenopus
ovocites [15] and human tumor cells [16].

MAPI17 is overexpressed in a wide variety of
human carcinomas [16]. According to a study by
Guijarro et al. [16] on carcinoma tumor samples from
different localizations, MAP17 overexpression is >70%
in the ovary, colon, stomach, cervix and thyroid gland
and approximately 50% in the lung, uterus and rectum.
Furthermore, overexpression of the protein strongly
correlates with tumor progression in colon, prostate,
sarcomas and ovarian carcinomas (P < 0.0001) [16].

Tumor cells that overexpress MAP17 show
phenotypic advantages with enhanced proliferative
capabilities, decreased apoptotic sensitivity and increased
migration [17]. The mechanism responsible for the
increased tumor capabilities of cells expressing MAP17
has not yet been described. MAP17 overexpression in vitro
activates the Notch pathway in tumor cells, leading to an
increase in the stem cell pool [18]. This aberrant signaling
activation may be present in a large percentage of tumors
[18]. A correlation between MAP17 expression and an
inflammatory phenotype in tumors and other inflammatory
diseases has also been described. Immunohistochemical
analysis has confirmed local inflammation, even at
the site of MAP17 expression in tumors [19]. Chronic
inflammation is also a cause of neoplastic transformation
and progression; therefore, it is likely that MAP17 plays
an important role in cancer development by regulating the
immune microenvironment [19].

This increased malignant behavior is associated
with an increase in reactive oxygen species (ROS)
production, and treatment of cells with antioxidants
reduces their tumorigenic properties [17]. ROS play a
fundamental role in cellular physiology. They promote
both cell proliferation and growth and cell death, which
is a highly efficacious tool in cancer treatment. This dual
mechanism has been related with ROS concentrations in
the cellular environment. At low levels, they are involved
in maintaining cellular homeostasis and regulate cellular
physiological processes such as proliferation and apoptosis
[20]. When the concentration of ROS increases, they act
as oncogene activators [21] and as intracellular second
messengers for proliferation and cell growth [22, 23].

However, further increases in ROS (close to threshold
levels) may induce a toxic environment and turn the
physiology of cells towards apoptosis [24, 25].

The ectopic expression of MAP17 increases glucose
and mannose uptake, generating an increase in ROS levels
as a product of increased metabolism [17]. A direct link
between MAP17 and the terminal domain of glucose
transporters is also possible, altering ion exchanges and
the intracellular redox-balance [26]. Tumors expressing
high levels of MAP17 may benefit from therapies that
increase oxidative stress. These tumors show increased
ROS production and could cross the threshold toxic level
easier than non-tumor cells with oxidative treatments [26],
which has been observed in tumor types subjected to ROS-
inducing treatments.

MAP17 expression was detected in approximately
70% of tumors from more than 200 cervical tumor
samples obtained from biopsies prior to treatment. After
treatment with cisplatin plus radiotherapy, high levels of
MAP17 were related with improved patient survival [27].
Therefore, high levels of MAP17 could serve as a marker
for good prognosis in patients with cervical tumors after
cisplatin plus radiotherapy treatment [27].

Similarly, MAP17 has also been proposed as a
predictive biomarker for laryngeal carcinoma. Patients
with larynx cancer and high MAP17 expression in
pretreatment biopsies showed better outcomes than those
with low MAP17 expression [28]. MAP17 expression
was associated with overall survival (OS) (p < 0.001),
laryngoesophageal dysfunction-free survival (p = 0.002)
and locoregional control (p = 0.016) [28]. The same study
found a positive correlation between MAP17 expression
and SGLT (p = 0.022) and high levels of MAP17/SGLT
in combination with an increase in OS (p = 0,028) [28].
MAPI17 is also associated with the marker of DNA
damage, phosphoH2AX (pH2AX). When pH2AX was
evaluated in combination with MAP17, higher expression
of both potential biomarkers was associated with an
improvement in laryngoesophageal dysfunction-free
survival (61.35 vs. 32.2 months, p = 0.05) and OS (66.6
vs 39.8 months, p = 0.01) [29]. In tumors with MAP17
overexpression, pH2AX, which acts as a surrogate of
tumor damage, could be induced by an increase in ROS.
[29] Histone H2AX is a variant of histone H2A and is
implicated in DNA repair. H2AX becomes phosphorylated
in response to DNA double-strand breaks and is then
called gamma-H2AX (YyH2AX or pH2AX), which
participates in the recruitment of DNA repair proteins; it
can be phosphorylated by kinases of the PI13-family, such
as ataxia telangiectasia mutated (ATM) and ATMRad3-
related (ATR), in response to DNA damage. pH2AX has
been employed as an indicator of unrepaired DNA damage
and has been proposed as a sensitive marker of cancer
progression and response to cancer therapies [30].

In the present study, we investigated whether
MAP17 and pH2AX expression levels can be detected
in locally advanced rectal cancer after preoperative
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chemoradiotherapy and their relationship with disease-free
survival (DFS) and OS prognostic values. Furthermore,
we explored whether we can identify molecular targeted
therapies that could help improve the response of these
tumors to radiotherapy.

RESULTS

MAP17 expression in rectal tumor samples

Our cohort of 135 samples from patients with
locally advanced rectal cancer who received preoperative
chemoradiotherapy in the same institution from 2005 to
2014 (Supplementary Table 1) was evaluated for OS for
comparison with published data. In our cohort, we found
a 5-year OS of 75% (Figure 1A), which is similar to other
published cohorts [31, 32].

Positive MAP17 expression was evaluated by
immunohistochemistry (Figure 1B). Increased MAP17
protein expression in the tumor samples was defined to
occur when the percentage of stained tumor was higher
than 0.75 (0-3, as indicated in the M&M) compared to
that of non-tumor samples [27, 28], and low expression
was defined by a value lower or equal to 0.75. Under
these conditions, 93 (69%) tumor samples exhibited
high expression of MAP17 and 42 (31%) exhibited low
expression (Figure 1C). Similar data were obtained when
the mRNA was analyzed in publicly accessible databases,
such as the Kaiser colon [33] through the Oncomine
analysis portal (Figure 1D). The analysis of our cohort
also revealed that the levels of MAP17 were associated
with the development of metastases (p = 0.07). Although it
does not reach statistical significance, shows a clear trend
(Figure 1E).

MAP17 expression and prognostic values

Patients with low MAP17 expression also showed a
better OS (p = 0.064) and DFS (p = 0.380) compared with
those with high expression (Figure 2A and 2B). Although
these data do not reach statistical significance, they show
a clear trend, individuals with higher levels of MAP17 are
at a higher risk and show a worse response to anticancer
treatments (Figure 2C and 2D) than those with lower levels
of MAP17.

Since  MAP17 levels were associated with
metastases, we analyzed whether MAP17 is linked to
this phenotype or whether its diagnostic capability is
independent of the metastases and analyzed its survival
probability. Patients with metastases and high MAP17
levels showed worse survival probability than those with
low MAP17 levels (p = 0.7) (Figure 2E) Although it does
not reach statistical significance, shows a clear trend.
Therefore, MAP17 is an independent prognostic factor of
metastases.

Pathways enriched in genes correlating with
MAP17 expression in rectal tumors

Next, we used the R2 bioinformatics platform
to analyze genes and pathways that may be associated
with MAP17 expression in rectal tumors. Altered genes
associated with MAP17 expression were mainly related
with DNA damage and DNA repair functions (Figure 3).
These genes were also related with signal transduction,
membrane proteins, drug targets and development.
Among the genes related to DNA damage and DNA
repair functions, we found genes involved in the Fanconi
anemia pathway (27%) homologous recombination (27%),
nucleotide excision repair (20%), base excision repair
(16%) and mismatch repair (10%).

Phosphorylation of H2AX (pH2AX) in rectal
tumor samples

Positive pH2AX expression was
immunohistochemically examined by double-blind
independent observations (Figure 4A). We detected
increased pH2AX protein expression in some tumor
samples compared to that in non-tumor samples (Figure
4A). The levels of pH2AX expression were scored by
multiplying the strength of nuclear staining (0-3) and the
percentage of tumor cells with positive nuclei. The cut-
off point was considered 100 (<100 as negative, >100 as
positive) [29]. Under these conditions, 82 (60%) tumor
samples exhibited high expression of pH2AX and 53
(40%) exhibited low expression (Figure 4B).

Low expression of pH2AX was associated with
a better prognosis in terms of OS (p = 0.156), although
this result was not statistically significant (Figure 4C).
However, low pH2AX expression was not associated with
DEFS (p = 0.659) (Figure 4D).

When combining pH2AX and MAP17 expression,
patients with low marker values of both proteins (pH2AX
expression < 100 and MAP17 expression < 0.75) obtained
better DFS (p = 0.188) and OS (p = 0.037) than those with
high values (pH2AX >100 and MAP17 >0.75) (Figure 5).

The DNA damage inhibitor olaparib re-sensitizes
MAP17- and pH2AX-positive rectal tumors to
radiotherapy

It is clear that patients with tumors exhibiting
high levels of both MAP17 and pH2AX have a worse
prognosis. These results may be related to an increase in
the DNA damage response associated with MAP17. It is
possible to increase the sensitivity to radiotherapy in these
MAP17+pH2AX tumors by inhibiting the response to
DNA damage (DDR). This point has been shown in other
contexts [34—36] but not in the context of radiotherapy-
treated operable locally advanced rectal cancer.
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Figure 1: MAP17 upregulation in rectal tumors after concurrent chemoradiotherapy. (A) Overall survival analysis of the
rectal tumor cohort (Supplementary Table 1) used in this study. (B) Representative pictures of MAP17-stained rectal tumor samples. An
ROC curve was used to identify the cut-off point (0.75). (C) Percentage of tumors positive and negative for MAP17 in our cohort of rectal
tumor samples (n = 135). (D) MAP17 mRNA expression levels in non-tumor colon (# = 5) and rectal mucinous adenocarcinomas (n = 4).
(E) MAP17 mRNA expression levels in samples from patients without metastasis (NO) vs patients with metastasis (YES).
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Figure 2: Prognosis analysis of MAP17 expression in rectal tumors after concurrent chemoradiotherapy. (A, B)
Association between MAP17 protein expression assessed by IHC to survival in the rectal tumor cohort. (A) Overall survival (OS) and (B)
disease-free survival (DFS) Kaplan-Meier survival curves based on MAP17 protein expression. (C) mRNA MAP17 expression by risk
group in TCGA rectal tumors cohort. (D) mRNA MAP17 expression by responders or non-responders in TCGA rectal tumors cohort. (E)
Kaplan—Meier accumulated survival curve according to time to metastasis by MAP17 mRNA expression.
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To prove this point, we explored the levels of MAP17
and pH2AX in a panel of colorectal cell lines (Figure 6A, 6B,
Supplementary Table 1). We selected 2 colorectal cell lines,
HCT116 with high MAP17 and high pH2AX expression,
and SW480, with low MAP17 and pH2AX expression
(Figure 6A, 6B). These lines were treated with different
doses of radiotherapy either in the presence or absence of the
PARP inhibitor olaparib (Figure 6C, 6D). The suboptimal
dose selected (10 uM) does not induce any significant
decrease in survival. Radiation of 2 Gy alone induced a
clear decrease in survival in the HCT116 cell line, which
was more pronounced in the presence of olaparib (Figure
6C, 6D). At 4 Gy of radiotherapy treatment, we observed
a further decrease in survival that was more pronounced in
the presence of olaparib. These data indicate that treatment
with suboptimal doses of olaparib prior to radiation
treatment may decrease the survival of MAP17+pH2AX-
positive tumors (Figure 6C). However, these results are
not maintained in SW480, a cell line with low levels of
these markers. In this case, olaparib does not induce a
further decrease in survival induced by radiotherapy alone
(Figure 6F).

Since radiotherapy treatment of rectal tumors is
concurrent with chemotherapy, which usually involves
5FU, we determined whether the inhibition of DNA
repair by olaparib improves chemotherapy treatment in
rectal tumors when applied as concurrent chemotherapy.
Both cell lines were treated with different doses of
chemotherapy either in the presence or absence of
suboptimal doses of olaparib (10 uM) (Figure 6E, 6F).
Olaparib treatment did not sensitize SW480 cells, the

line with low MAP17 and low pH2AX expression, to
SFU treatment (Figure 6E). However, in the HCT116 cell
line with high levels of MAP17 and pH2AX, treatment
with suboptimal doses of olaparib caused a significant
reduction in the IC, value of SFU (Figure 6F).

DISCUSSION

The use of long-course chemoradiation (CRT) or
concurrent short-course radiotherapy (SCRT) consistently
improves local control rates compared to those from
surgery alone, postoperative CRT or postoperative
radiotherapy [37, 38]. However, its use does not
consistently translate to OS [39].

Therefore, multidisciplinary information has
become important when making decisions regarding
CRT. These decisions are based on the combination of
magnetic resonance imaging (MRI), tumor and patient
characteristics and laboratory experimental findings.

Very few robust molecular studies have elucidated
the mechanism of chemoradiation resistance. Very few
promising predictive biomarkers have been suggested,
including EGFR, thymidylate synthase, PI3K, methylation
or proteins involved in the ras/MAPK pathway [40-44].
Furthermore, it has been reported that different genomic
signatures identify responders and non-responders from
whole-genome analysis [39, 42]. However, none of the
signatures from the gene microarray profile on locally
advanced rectal cancer have been successfully validated
as a diagnostic or prognostic tool applicable to routine
clinical practice [39].

development

13%

Sgntransd=signalt-ansduction

Mitchmach repair
10%

Figure 3: Gene Ontology pathways correlating with MAP17 expression. Genes that correlated with MAP17 expression
(Pearson » < —0.35, r > 0.35) were selected. Gene Ontology analysis was applied, and the most representative signaling pathways are

presented.
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Our work shows that patients with high MAP17 are
associated with worse OS and the presence of metastasis.
Furthermore, the associated high levels of MAP17
and pH2AX showed better prognostic capability than
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Figure 4: Phosphorylation of YH2AX (p-H2AX) in rectal tumors after concurrent chemoradiotherapy. (A) Representative
pictures of MAP17-stained rectal tumor samples. (B) Percentage of tumors positive and negative for MAP17 in our cohort of rectal tumor
samples (n = 135). An ROC curve was used to identify the cut-off point (100). (C) Overall survival (left) and disease-free survival (right)
analysis of the rectal tumor cohort (Supplementary Table 1) used in this study. (D) Disease-free survival analysis of the rectal tumor cohort
(Supplementary Table 1) used in this study
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high MAP17 and high pH2AX) correlated with improved
patient survival after treatment [28, 45, 46].

In this setting, our analysis in rectal cancer showed
a clear but not statistically significant relationship
between low MAP17 protein expression and increased
0S8, suggesting that MAP17 expression is an independent
biomarker for survival. In fact, high MAP17 levels
demonstrated worse OS than low levels.

pH2AX was also related with OS in the same
cohort of 135 patients with rectal cancer. Our data suggest
that inherent DDR pathway activation (measured by
the endpoint of YH2AX phosphorylation) is a valuable
prognostic marker in patients with rectal carcinoma who
received radiation therapy.

It has been proposed that the DDR network may
serve as an inducible barrier to control the initial steps
of tumor development by inducing p53-dependent
senescence or apoptosis [46—49]. Ongoing chronic DDR
activation favors the outgrowth of malignant clones with
genetic or epigenetic defects in a DNA repair mechanism,
such as those involved in the DDR pathway [49]. Our
samples from already malignant tumors (stages 1I-1V)
correlated with a worse onset of disease. It is likely that
DNA damage defects that induce DDR activation are
carried through the malignant process and it is possible
that other proteins are mutated in the process, resulting in
the DNA-damaging effect of radiotherapy.

We also showed that the combination of MAP17 and
pH2AX has a predictive role in patients with rectal cancer
treated with CRT. Taking into account the combined
analysis of pH2AX and MAP17, we hypothesize that the

DDR pathway plays an essential role in the predictive
outcome of rectal cancer. Furthermore, proof of concept
analysis of tumor cells treated with olaparib indicated
that DNA repair pathway inhibition sensitizes tumor cells
with high MAP17 and pH2AX levels to radiotherapy and
concurrent chemotherapy.

High MAP17 levels are associated with OS. MAP17
increases endogenous ROS [26, 27, 50], which induce
DNA damage [51]. Data from our study and others suggest
that high levels of MAP17 induce ROS, which increase
DNA damage and DDR signaling; this is denoted by
higher pH2AX levels [45, 51]. Upon the inhibition of DNA
damage or a further increase in damage by RT treatment,
tumors are more likely to undergo apoptosis. Furthermore,
proof of principle experiments in vitro demonstrated that
DNA damage inhibitors such as olaparib increased the
sensitivity of MAP17-expressing cells, confirming the
relevance of the oxidative status of the tumors in response
to radiation. Patients who are unlikely to respond could be
offered an alternative approach to therapy by co-adjuvant
or concurrent chemotherapy combined with inhibition of
the DNA damage response pathway.

Therefore, our data confirm that pH2AX (and its
combination with MAP17) levels, is a marker of structural
DNA damage in rectal tumors and thus may serve as a
novel valuable and easily applicable predictive biomarker
for rectal carcinoma.

In conclusion, current treatment depends on clinical
and laboratory predictive and prognostic markers. Our
study focused on the use of two predictive markers to
explain some variability in response to standard treatment.
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MAP17 and pH2AX, either alone or in combination, levels of these biomarkers (high MAP17 + high pH2AX) by

obtained after RT and co-adjuvant therapy or concurrent the addition of olaparib (or other DNA repair inhibitors
chemotherapy treatment are predictive markers to predict + RT treatment). In future trials, assessing CRT and
the responses of rectal tumors. Furthermore, our work neo-, coadjuvant or concurrent chemotherapy for rectal
offers an adjusted therapy to patients with a combination cancer should be evaluated prospectively. It is clear that
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HCT116 and SW480 colon tumor cell lines. (E and F) Determination of the IC, value (concentration of the drug necessary to induce 50%
cell death) for SW480 and HCT116 and colon tumor cells lines following treatment with olaparid and/or SFU.
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there is a biological basis to support the use of olaparib
as a co-adjuvant or concurrent chemotherapy in patients
with tumors with high MAP17+pH2AX and treated with
radiation + SFU, while patients with markers predicting
a poor response could be offered an adjusted therapy in
terms of agents or treatment sequence.

MATERIALS AND METHODS

Study approval

All patients provided written informed consent
according to the protocol approved by the local ethics
committee (CEI 0309-N-15). All tissue samples and
patient information were treated according to the
Declaration of Helsinki.

Cohort description and treatment

We evaluated tumor samples from 135 patients with
locally advanced rectal cancer who received preoperative
chemoradiotherapy in the same institution from 2005 to
2014 (Supplementary Table 1).

Eligibility criteria included patients with locally
advanced rectal cancer T3-4 N+ MO (stages II-1IT) who
completed the neoadjuvant chemoradiotherapy plan
before resection with curative intention. We excluded
patients with synchronous metastases at diagnosis or
with metastatic disease before treatment. The patients
included 43 women and 92 men. The median diagnostic
age was 68 years old. Fifty-four tumors were localized
in the low rectum (3—5 cm from the anal verge), 45 were
localized in the medium rectum (6-9 cm) and 34 were
localized in the high rectum (10—15 cm). In two patients,
the localization was not recorded in the medical history.
Before induction treatment, 28 patients presented with
tumors with a histological grade of 1, 67 presented with
a grade of 2, 5 presented with a grade of 3 and, in 35
patients, these data were missing. One patient presented
with TNM stage I before neoadjuvant treatment and
surgery, 23 presented with ITA stage, 3 patients presented
with IIB stage, 10 patients presented with IIC stage, 7
patients presented with IIIA stage, 67 patients presented
with IIIB stage, 22 patients presented with IIIC stage,
and 2 patients presented with stage IVa. All patients
received the same neoadjuvant chemoradiotherapy
treatment based on three-dimensional conformal radiation
therapy (3D-CRT) achieving doses of 45-50.4 Gy with
concurrent chemotherapy. Concurrent chemotherapy
regimens included continuous infusion of 5-fluorouracil
(225 mg/m?) over 24 hours 5 or 7 days/week or
capecitabine (825 mg/m?) twice daily 5 days/week during
radiation therapy. Most patients underwent surgery 4—-6
weeks after neoadjuvant treatment.

Eighty-nine patients were managed with low
anterior resection, 41 with abdominoperineal resection,

and 5 with another procedure. After wound healing
and overall recovery, most patients received adjuvant
chemotherapy with XELOX (capecitabine plus
oxaliplatin) or capecitabine monotherapy.

After a median follow-up of 45 months, 34 patients
experienced tumor recurrence: 11 presented with local
relapse, 7 presented with hepatic disease, 7 presented
with lung disease, 2 presented with local relapse and
synchronous hepatic metastases, 3 presented with local
relapse and synchronous lung metastases, 1 presented
with local relapse and peritoneal disease, and 3 presented
with distant metastases in a different location. In the same
period, 34 patients passed away. The mean OS was 91.99
months (95% confidence interval [CI] 83.78-100.20) and
the mean DFS was 81.96 months (95% CI 73.17-90.76).

Tissue acquirement and preparation

Formalin-fixed, paraffin-embedded tissue sections
from 135 rectal tumors were selected. Histological
characterization of all samples was assessed by
hematoxylin and eosin staining. We constructed tissue
microarrays (TMAs) with two representative samples of
each tumor and 3 control samples of non-tumor rectal
tissues.

These tissue samples were solicited to the
Andalusian Public Health System Biobank under the
current normative, and all samples were owned by patients
who expressed their agreement in writing for the donation
and handling of the samples for scientific purposes.

Immunohistochemistry

Three-micrometer slices were sectioned from the
TMA block and applied to coated immunochemistry slides
(DAKO, Glostrup, Denmark). The slides were baked
overnight in a 56° C oven, deparaffinized in xylene for
20 min, rehydrated through a graded ethanol series and
washed with PBS. A heat-induced epitope retrieval step
was performed by heating the slide in a solution of sodium
citrate buffer (pH 6.5) for 2 min in a conventional pressure
cooker. After heating, the slides were incubated with
proteinase K for 10 min and rinsed in cool running water
for 5 min. Endogenous peroxide activity was quenched
with 1.5% hydrogen peroxide (DAKO) in methanol
for 10 min. Incubation with the primary antibodies,
anti-MAP17 (1:4) [29-33] and anti-phospho-g-H2AX
(phospho S139)(ab11174 from Abcam), was performed for
40 min. After incubation, immunodetection was performed
with the EnVision (DAKO) visualization system using
diaminobenzidine chromogen as the substrate according
to the manufacturer’s instructions. Immunostaining was
performed in a TechMate 500 automatic immunostaining
device (DAKO) and measured through a double-
blind visual assessment using microscopic observation
according to the anatomopathological experience of
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the pathologists. Sample scoring was performed by
semiquantitative microscopic analysis while considering
the number of stained cells and signal intensity. Staining
of both MAP17 and phospho-g-H2AX was performed.
In both cases, the score obtained by the intensity levels
(0, 1, 2 or 3) in positive cells was used. For MAP17, the
threshold used was the score of the total cohort obtained
by the ROC curve as the most relevant to establish as a
dichotomous variable (0.75). For phospho-g-H2AX, there
was no staining in any of the non-tumor surrounding
tissue, and t positivity was considered when a positive
nucleus was observed in the tumor. Immunostaining
was evaluated through a double-blind visual assessment
using microscopic observation according to the
anatomopathological experience of the pathologists.

Cell lines

Characteristics of the cell lines used are shown in
Supplementary Table 2. All cell lines were authenticated
and regularly tested for mycoplasma.

Validation of the response to different doses of
radiotherapy

We used the clonogenic assay, which enables the
assessment of differences in reproductive viability (capacity
of cells to produce progeny, i.c., a single cell to form a
colony of 50 or more cells) between control untreated cells
and cells that have undergone exposure to ionizing radiation
treatment. This method uses the Linear Quadratic model
to predict the response of a tumor and normal tissues in
the clinic. When the confluence reached approximately
90%, cells were irradiated with 2, 4, 6, or 8 Gy using a
137 Cesium source. After irradiation (24—72 h), the number
of cells in each sample was counted carefully using a
hemocytometer and diluted such that an appropriate cell
number (500-1000) was seeded onto 10-cm dishes. The
cells were then incubated from 1 to 4 weeks depending on
the cell line and fixed. ImagelJ (Fiji Version 1.44a) was used
to count colonies. Efficiency and survival fraction were
calculated as follows: (number of colonies counted /number
of cells plated)/plating efficiency. SF was expressed as SF
at 2 Gy if available for comparison to human doses.

Cytotoxicity studies

Cytotoxicity studies were performed as previously
described. Briefly, 3,000 cells/well were seeded onto 96-
well plates and allowed to attach and grow for 24 h before
treatment. The drugs were diluted with DMSO or water.
From here, a “mother plate” was prepared at 200X the
final concentration in culture for serial dilutions. Serial
dilutions of each drug from an initial 30 uM dose were
assayed in a minimum of three independent experiments.

The medium was removed from the cells and replaced
with 0.2 ml of medium containing the drug to be tested.
Each concentration was assayed in triplicate. Two sets
of control wells were included on each plate, which
consisted of either medium only or medium with the
same concentration of DMSO or water. A third control
set consisting of untreated cells just before drug addition
was also established, which served as the seeding control
indicating the number of cells starting the culture. The
cells were exposed to the drug for 96 h and subsequently
fixed with glutaraldehyde (0.5%) and stained with crystal
violet. After dissolving in 20% acetic acid, the resulting
absorbance was measured at 595 nM using a microplate
reader (Bio-Rad, Hercules, CA, USA), and the cytotoxic
effect of each treatment was assessed by calculating the
concentration necessary to induce 50% cell death (IC_,
value) using PRISM software.

Public databases of clinical samples

To validate our results, we obtained data from
publicly available clinical and genomic information from
Oncomine (https://powertools.oncomine.com) and TCGA
Research Network (https://cancergenome.nih.gov/).

Statistics

In vitro data are presented as the mean + standard
deviation to indicate variation within each group.
Statistical analysis was performed with the SPSS statistical
package (v19, IBM). The in vitro and in vivo experiments
were analyzed using an unpaired non-parametric Mann—
Whitney U test or Student’s 7 tests. P-values less than 0.05
were considered significant. The Kaplan-Meier method
was used for survival analyses of the clinical data and cell
line xenograft experiments. A Cox proportional hazards
model was used to adjust for explanatory variables and
p-values were obtained. Type II ANOVA was used to
analyze differences in survival among groups. The Cox
proportional hazards model was used to obtain the hazard
ratio values.

Variable definitions

DFS was defined as the time from surgery to the
time the patient experienced any event (local or distant
recurrence and death). OS was defined as the time from
surgery to the time the patient died from any cause.

ACKNOWLEDGMENTS

The authors thank the donors and the HUVR-IBiS
Biobank (Andalusian Public Health System Biobank and
ISCIII-Red de Biobancos PT13/0010/0056) for the human
specimens used in this study.

www.oncotarget.com

Oncotarget


https://powertools.oncomine.com
http://cancergenome.nih.gov/

CONFLICTS OF INTEREST

None of the authors declare any competing interest.

FUNDING

The AC lab was supported by grants from the
Spanish Ministry of Economy and Competitivity, Plan
Estatal de I+D+I 2013-2016, ISCIII (Fis: P115/00045)
and CIBER de Cancer (CB16/12/00275), co-funded by
FEDER from Regional Development European Funds
(European Union), Consejeria de Ciencia e Innovacion
(CTS-1848) and Consejeria de Salud of the Junta de
Andalucia (PI-0096-2014). This work was also possible
thanks to the Fundacion BBVA and the Fundacion AECC.

REFERENCES

1. Ferlay J, Steliarova-Foucher E, Lortet-Tieulent J, Rosso
S, Coebergh JW, Comber H, Forman D, Bray F. Cancer
incidence and mortality patterns in Europe: Estimates for
40 countries in 2012. European Journal of Cancer. 2013;
49:1374-1403.

2. Galceran J, Ameijide A, Carulla M, Mateos A, Quirds
JR, Rojas D, Aleméan A, Torrella A, Chico M, Vicente M,
Diaz JM, Larrafiaga N, Marcos-Gragera R, et al. Cancer
incidence in Spain, 2015. Clin Transl Oncol. 2017;
19:799-825.

3. Cedermark B, Dahlberg M, Glimelius B, Pahlman L, Rutqvist
LE, Wilking N; Swedish Rectal Cancer Trial. Improved
Survival with Preoperative Radiotherapy in Resectable
Rectal Cancer. N Engl J Med. 1997; 336:980-987.

4. Camma C, Giunta M, Fiorica F, Pagliaro L, Craxi A,
Cottone M. Preoperative radiotherapy for resectable rectal
cancer: A meta-analysis. JAMA. 2000; 284:1008-1015.

5. Kapiteijn E, Marijnen CA, Nagtegaal ID, Putter H, Steup
WH, Wiggers T, Rutten HJ, Pahlman L, Glimelius B,
van Krieken JH, Leer JW, van de Velde CJ. Preoperative
Radiotherapy Combined with Total Mesorectal Excision
for Resectable Rectal Cancer. N Engl J Med. 2001;
345:638-646.

6. Figueredo A, Zuraw L, Wong RK, Agboola O, Rumble
RB, Tandan V. The use of preoperative radiotherapy in the
management of patients with clinically resectable rectal
cancer: a practice guideline. BMC Medicine. 2003; 1:1.

7. Glimelius B, Gronberg H, Jarhult J, Wallgren A, Cavallin-
stahl E. A Systematic Overview of Radiation Therapy
Effects in Rectal Cancer. Acta Oncologica. 2003;
42:476-492.

8. Folkesson J, Birgisson H, Pahlman L, Cedermark B,
Glimelius B, Gunnarsson U. Swedish Rectal Cancer Trial:
Long Lasting Benefits From Radiotherapy on Survival and
Local Recurrence Rate. Journal of Clinical Oncology. 2005;
23:5644-5650.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Sauer R, Liersch T, Merkel S, Fietkau R, Hohenberger W,
Hess C, Becker H, Raab HR, Villanueva MT, Witzigmann
H, Wittekind C, Beissbarth T, Rodel C. Preoperative Versus
Postoperative Chemoradiotherapy for Locally Advanced
Rectal Cancer: Results of the German CAO/ARO/AIO-94
Randomized Phase III Trial After a Median Follow-Up of 11
Years. Journal of Clinical Oncology. 2012; 30:1926-1933.

Bosset JF, Collette L, Calais G, Mineur L, Maingon P,
Radosevic-Jelic L, Daban A, Bardet E, Beny A, Ollier JC.
Chemotherapy with Preoperative Radiotherapy in Rectal
Cancer. N Engl J Med. 2006; 355:1114-1123.

Gérard JP, Conroy T, Bonnetain F, Bouché O, Chapet O,
Closon-Dejardin MT, Untereiner M, Leduc B, Francois
E, Maurel J, Seitz JF, Buecher B, Mackiewicz R, et al.
Preoperative Radiotherapy With or Without Concurrent
Fluorouracil and Leucovorin in T3-4 Rectal Cancers:
Results of FFCD 9203. Journal of Clinical Oncology. 2006;
24:4620-4625.

Ceelen W, Fierens K, Nieuwenhove YV, Pattyn P.
Preoperative chemoradiation versus radiation alone for
stage Il and III resectable rectal cancer: A systematic review
and meta-analysis. International Journal of Cancer. 2009;
124:2966-2972.

Fiorica F, Cartei F, Licata A, Enea M, Ursino S, Colosimo
C, Camma C. Can chemotherapy concomitantly delivered
with radiotherapy improve survival of patients with
resectable rectal cancer? A meta-analysis of literature data.
Cancer Treatment Reviews. 2010; 36:539-549.

Maas M, Nelemans PJ, Valentini V, Das P, Rodel C, Kuo LJ,
Calvo FA, Garcia-Aguilar J, Glynne-Jones R, Haustermans
K, Mohiuddin M, Pucciarelli S, Small W Jr, et al. Long-
term outcome in patients with a pathological complete
response after chemoradiation for rectal cancer: a pooled
analysis of individual patient data. Lancet Oncol. 2010;
11:835-844.

Blasco T, Aramayona JJ, Alcalde Al, Catalan J, Sarasa
M, Sorribas V. Rat kidney MAP17 induces cotransport of
Na-mannose and Na-glucose in Xenopus laevis oocytes.
Am J Physiol Renal Physiol. 2003; 285:F799-F810.

Guijarro MV, Leal JFM, Fominaya J, Blanco-Aparicio
C, Alonso S, Lleonart M, Castellvi J, Ruiz L, Ramon y
Cajal S, Carnero A. MAP17 overexpression is a common
characteristic of carcinomas. Carcinogenesis. 2007;
28:1646-1652.

Guijarro MV, Leal JF, Blanco-Aparicio C, Alonso S,
Fominaya J, Lleonart M, Castellvi J, Ramon y Cajal S,
Carnero A. MAP17 enhances the malignant behavior of
tumor cells through ROS increase. Carcinogenesis. 2007;
28:2096-2104.

Garcia-Heredia JM, Lucena-Cacace A, Verdugo-Sivianes
EM, Pérez M, Carnero A. The Cargo Protein MAP17
(PDZK1IP1) Regulates the Cancer Stem Cell Pool
Activating the Notch Pathway by Abducting NUMB.
Clinical Cancer Research. 2017; 23:3871-3883.

www.oncotarget.com

32969

Oncotarget



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Garcia-Heredia JM, Carnero A. The cargo protein MAP17
(PDZK1IP1) regulates the immune microenvironment.
Oncotarget. 2017; 8:98580-98597. https://doi.org/10.18632/
oncotarget.21651.

Storz P. Reactive oxygen species in tumor progression.
Front Biosci. 2005; 10:1881-1896.

Jackson JH, Vollenweider M, Hill J, Rodriguez H,
Schwabacher AW, Mitra G, Kuo CY. Stimulated human
leukocytes cause activating mutations in the K-ras
protooncogene. Oncogene. 1997; 14:2803-2808.

Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel
T. Requirement for generation of H202 for platelet-
derived growth factor signal transduction. Science. 1995;
270:296-299.

Irani K, Xia Y, Zweier JL, Sollott SJ, Der CJ, Fearon
ER, Sundaresan M, Finkel T, Goldschmidt-Clermont
PJ. Mitogenic signaling mediated by oxidants in Ras-
transformed fibroblasts. Science. 1997; 275:1649—-1652.
Kong Q, Beel JA, Lillehei KO. A threshold concept for
cancer therapy. Med Hypotheses. 2000; 55:29-35.

Kovacic P, Jacintho JD. Mechanisms of carcinogenesis:
focus on oxidative stress and electron transfer. Curr Med
Chem. 2001; 8:773-796.

Carnero A. MAP17 and the double-edged sword of ROS.
Biochim Biophys Acta. 2012; 1826:44-52.

Perez M, Praena-Fernandez JM, Felipe-Abrio B, Lopez-
Garcia MA, Lucena-Cacace A, Garcia A, Lleonart M,
Roncador G, Marin JJ, Carnero A. MAP17 and SGLT1
protein expression levels as prognostic markers for cervical
tumor patient survival. PLoS One. 2013; 8:¢56169.

de Miguel-Luken MJ, Chaves-Conde M, de Miguel-
Luken V, Munoz-Galvan S, Lopez-Guerra JL, Mateos
JC, Pachon J, Chinchon D, Suarez V, Carnero A. MAP17
(PDZKIP1) as a novel prognostic biomarker for laryngeal
cancer. Oncotarget. 2015; 6:12625-12636. https://doi.
org/10.18632/oncotarget.3470.

de Miguel-Luken MJ, Chaves-Conde M, Quintana B,
Menoyo A, Tirado I, de Miguel-Luken V, Pachon J, Chinchén
D, Suarez V, Carnero A. Phosphorylation of gH2AX
as a novel prognostic biomarker for laryngoesophageal
dysfunction-free  survival.  Oncotarget. 2016; 7:
31723-31737. https://doi.org/10.18632/oncotarget.9172.
Karp JE, Ricklis RM, Balakrishnan K, Briel J, Greer J,
Gore SD, Smith BD, McDevitt MA, Carraway H, Levis MJ,
Gandhi V. A phase 1 clinical-laboratory study of clofarabine
followed by cyclophosphamide for adults with refractory
acute leukemias. Blood. 2007; 110:1762-1769.

Tseng MS, Zheng H, Ng IW, Leong YH, Leong CN, Yong
WP, Cheong WK, Tey JC. Outcomes of neoadjuvant
chemoradiotherapy followed by total mesorectal excision
surgery for locally advanced rectal cancer: a single-
institution experience. Singapore Med J. 2018; 59:305-310.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Roh MS, Colangelo LH, O'Connell MJ, Yothers G, Deutsch
M, Allegra CJ, Kahlenberg MS, Baez-Diaz L, Ursiny
CS, Petrelli NJ, Wolmark N. Preoperative multimodality
therapy improves disease-free survival in patients with
carcinoma of the rectum: NSABP R-03. J Clin Oncol. 2009;
27:5124-5130.

Kaiser S, Park YK, Franklin JL, Halberg RB, Yu M, Jessen
W1, Freudenberg J, Chen X, Haigis K, Jegga AG, Kong
S, Sakthivel B, Xu H, et al. Transcriptional recapitulation
and subversion of embryonic colon development by mouse
colon tumor models and human colon cancer. Genome Biol.
2007; 8:R131.

Senra JM, Telfer BA, Cherry KE, McCrudden CM, Hirst
DG, O'Connor MJ, Wedge SR, Stratford 1J. Inhibition
of PARP-1 by olaparib (AZD2281)
radiosensitivity of a lung tumor xenograft. Mol Cancer
Ther. 2011; 10:1949—1958.

Mao Y, Huang X, Shuang Z, Lin G, Wang J, Duan F, Chen J,
Li S. PARP inhibitor olaparib sensitizes cholangiocarcinoma
cells to radiation. Cancer Med. 2018; 7:1285-1296.

Wang W, Duan B, Zeng L. [Effect and Mechanism of
Radiosensitization of Poly (ADP-Ribose) Polymerase
Inhibitor n Lewis Cells and Xenografts]. [Article in
Chinese]. Zhongguo Fei Ai Za Zhi. 2016; 19:16-23.

Dewdney A, Cunningham D, Chau I. Selecting patients with
locally advanced rectal cancer for neoadjuvant treatment
strategies. Oncologist. 2013; 18:833—-842.

Bosset JF. Distal rectal cancer: sphincter-sparing is also a
challenge for the radiation oncologist. Radiother Oncol.
2006; 80:1-3.

Conde-Muino R, Cuadros M, Zambudio N, Segura-
Jimenez I, Cano C, Palma P. Predictive Biomarkers to
Chemoradiation in Locally Advanced Rectal Cancer.
Biomed Res Int. 2015; 2015:921435.

Kuremsky JG, Tepper JE, McLeod HL. Biomarkers for
response to neoadjuvant chemoradiation for rectal cancer.
Int J Radiat Oncol Biol Phys. 2009; 74:673—688.

Dreussi E, Cecchin E, Polesel J, Canzonieri V, Agostini
M, Boso C, Belluco C, Buonadonna A, Lonardi S,
Bergamo F, Gagno S, De Mattia E, Pucciarelli S, et al.
Pharmacogenetics Biomarkers and Their Specific Role
in Neoadjuvant Chemoradiotherapy Treatments: An

increases the

Exploratory Study on Rectal Cancer Patients. Int ] Mol Sci.
2016; 17.

Grade M, Wolff HA, Gaedcke J, Ghadimi BM. The
molecular basis of chemoradiosensitivity in rectal cancer:
implications for personalized therapies. Langenbecks Arch
Surg. 2012; 397:543-555.

Lim SH, Chua W, Henderson C, Ng W, Shin JS, Chantrill L,
Asghari R, Lee CS, Spring KJ, de Souza P. Predictive and
prognostic biomarkers for neoadjuvant chemoradiotherapy
in locally advanced rectal cancer. Crit Rev Oncol Hematol.
2015; 96:67-80.

www.oncotarget.com

32970

Oncotarget


https://doi.org/10.18632/oncotarget.21651
https://doi.org/10.18632/oncotarget.21651
https://doi.org/10.18632/oncotarget.3470
https://doi.org/10.18632/oncotarget.3470
https://doi.org/10.18632/oncotarget.9172

44,

45.

46.

47.

48.

Dayde D, Tanaka I, Jain R, Tai MC, Taguchi A. Predictive
and Prognostic Molecular Biomarkers for Response to
Neoadjuvant Chemoradiation in Rectal Cancer. Int J Mol
Sci. 2017; 18.

Kuo LJ, Yang LX. Gamma-H2AX - a novel biomarker for
DNA double-strand breaks. In Vivo. 2008; 22:305-309.

Reinhardt HC, Schumacher B. The p53 network: cellular
and systemic DNA damage responses in aging and cancer.
Trends Genet. 2012; 28:128-136.

Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger
K, Guldberg P, Sehested M, Nesland JM, Lukas C, Orntoft
T, Lukas J, Bartek J. DNA damage response as a candidate
anti-cancer barrier in early human tumorigenesis. Nature.
2005; 434:864-870.

Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos
P, Kotsinas A, Liloglou T, Venere M, Ditullio RA Jr,
Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn M, et
al. Activation of the DNA damage checkpoint and genomic

49.

50.

51.

instability in human precancerous lesions. Nature. 2005;
434:907-913.

Bartek J, Bartkova J, Lukas J. DNA damage signalling
guards against activated oncogenes and tumour progression.
Oncogene. 2007; 26:7773-7779.

Guijarro MV, Vergel M, Marin JJ, Munoz-Galvan S,
Ferrer I, Cajal SR, Roncador G, Blanco-Aparicio C,
Carnero A. p38alpha limits the contribution of MAP17
to cancer progression in breast tumors. Oncogene. 2012;
31:4447-4459.

Caputo F, Vegliante R, Ghibelli L. Redox modulation of
the DNA damage response. Biochem Pharmacol. 2012;
84:1292-1306.

www.oncotarget.com

32971

Oncotarget



