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Abstract

Saliva, a biological fluid, is a promising candidate for novel approaches to prognosis, clinical
diagnosis, monitoring and management of patients with both oral and systemic diseases. However,
to date, saliva has not been widely investigated as a biomarker for radiation exposure. Since white
blood cells are also present in saliva, it should theoretically be possible to investigate the
transcriptional biomarkers of radiation exposure classically studied in whole blood. Therefore, we
collected whole blood and saliva samples from eight head and neck cancer patients before the start
of radiation treatment, at mid-treatment and after treatment. We then used a panel of five genes:
BAX, BBC3, CDKN1A, DDB2 and MDMZ2, designated for assessing radiation dose in whole
blood to evaluate gene expression changes that can occur during radiotherapy. The results revealed
that the expression of the five genes did not change in whole blood. However, in saliva, CDKN1A
and DDB2 were significantly overexpressed at the end, compared to the start, of radiotherapy, and
MDM2 was significantly underexpressed between mid-treatment and at the end of treatment.
Interestingly, CDKN1A and DDB2 expressions also showed an increasing monotonic relationship
with total radiation dose received during radiotherapy. To our knowledge, these results show for
the first time the ability to detect gene expression changes in saliva after head and neck cancer
radiotherapy, and pave the way for further promising studies validating saliva as a minimally
invasive means of biofluid collection to directly measure radiation dose escalation during
treatment.
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INTRODUCTION

Biological markers of radiation response may be an important tool in the management of
radiation therapy as well as for triage of potentially exposed populations in a radiation mass
casualty event. The dicentric chromosomal assay is currently the gold standard in
biodosimetry (1). However, this approach is time consuming and highly technique
dependent, and detection of very low or high dose is limited. Because of these limitations,
studies published over the past several years have suggested the development of gene
expression profiles in biological fluid, especially in blood, as an alternative approach for
identifying exposed individuals and assessing absorbed dose (2-8). These studies have
shown promising results indicating that distinctive gene expression patterns could be highly
correlated with different radiation doses. Although blood is the primary body fluid studied,
saliva is also highly desirable for biomarker development (9). Indeed, saliva testing carries
many advantages over blood: collection is easy, with the possibility of self-collection, while
blood sampling often requires highly trained phlebotomists; the procedure is noninvasive,
with minimal discomfort to subjects, allowing repeated sampling and facilitating approval
from ethical committees; samples are safer to handle, ship and store; the procedure is
economical, since saliva is easily collected, shipped and stored, resulting in decreased
overall cost to patients and health care providers (10).

Despite these advantages, saliva has not been widely investigated in the context of radiation
exposure (11). In two recent studies, salivary biochemical markers were investigated after
total-body irradiation (TBI) in small animals. Soni et al. analyzed electrolytes, total protein,
urea and amylase as potential acute toxicity parameters (12). Moreover, Laiakis et al.
conducted global metabolomics profiling to identify radiation and dose-specific biomarkers
(13). Moore et al. used a 90-analyte protein assay panel to identify three proteins (MCP-1,
IL8 and ICAM-1) and demonstrated radiation responsiveness in saliva samples collected
from patients before and after TBI, however, few other studies have been performed in
humans (14).

Saliva samples contain buccal cells and leucocytes, so in addition to secreted proteins and
electrolytes, it should theoretically be possible to investigate the transcriptional biomarkers
of exposure classically studied in blood lymphocytes, as long as enough cells can be
collected (11). Throughout the literature there is significant divergence on the number of
leukocytes in normal saliva, ranging from 2 to 136,000 cells/ml, and in patients with
inflammation of the oral cavity, this number was found to reach up to 1.1" 106/ml (15).
Several studies revealed that mouthwash or whole saliva samples are superior to buccal
swabs for obtaining high molecular weight DNA, suggesting that blood cells may be an
important source of high-quality genetic material in saliva (16-18). Moreover, the use of
transcriptomic techniques, such as quantitative PCR (qPCR), microarray analysis and deep
sequencing analysis, demonstrated the feasibility to detect and define the salivary
transcriptome in whole saliva as well as cell-free saliva (19, 20).

Here we performed a pilot study to determine if some detectable gene expression changes
can occur in saliva during radiotherapy in head and neck cancer patients, using a radiation-
responsive gene signature developed in white blood cells.
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MATERIALS AND METHODS

Patient Recruitment

Eight primary head and neck squamous cell cancer patients receiving radiotherapy and/or
chemotherapy were recruited from January to July 2015. Patient characteristics are
summarized in Table 1. Three-dimensional treatment planning with 3D-CRT or IMRT was
performed in all patients. Treatment planning was based on a computed tomography (CT)
scan of the head and neck region, with a slice thickness of 2.5 mm (Lightspeed Big Bore;
General Electric, Fairfield, CT). Patients were immobilized with a custom-made
thermoplastic head-neck-shoulder mask. The Varian Eclipse™ 11.1 planning system was
used for the treatment planning (Varian Medical Systems Inc., Palo Alto, CA). Patients
receiving 3D-CRT were treated with 6-MV photons from a linear accelerator (Varian iX, 120
MLC). IMRT was based on the volumetric modulated arc therapy (VMAT) approach with
two arc 6-MV beams. The planning strategy was to cover 100% of the planning target
volume (PTV) with 95% of the prescribed dose. The mean dose given to at least one parotid
gland was limited to 26 Gy without compromising the PTV. The maximum dose to the
spinal cord was 45 Gy. Irradiation planning was performed in accordance with the
Commission on Radiation Units and Measurements (ICRU Report Nos. 50 and 62).
Planning, performance and quality assurance were undertaken according to ICRU Report
No. 83. Conventional fractionation schedules were used: 1.8-2.0 Gy/day, 5 days per week.
Each patient received a total dose of 64-70 Gy (median 67.5 Gy). Overall treatment time
was between 41 to 54 days (median 47.4 days). Patients who received concurrent
chemotherapy were prescribed weekly intravenous cisplatin 40 mg/m?2, except for patient 2
who received 100 mg/mZ2. Overall chemotherapy time was between 31 to 58 days (median
51 days). Some patients developed relevant grade 3 radiation toxicity, such as oral mucositis
and xerostomia, based on the Common Terminology Criteria for Adverse Events, version 4.0
(CTCAE v4.0) (Table 1). Patients with radiotoxicity received artificial saliva (OraPharma
NeutraSalt: Bridgewater, NJ), mouthwash (magic mouthwash) and/or cevimeline
hydrochloride (Evoxac).

Five healthy subjects were also recruited for blood specimen collection under an internal
IRB protocol (SHC-IRB-2010-027). All healthy subjects were females between 25 and 50
years old.

Biospecimen Collection and Processing

All blood and saliva biospecimen collections for this study were approved by the Honor
Heath IRB (Protocol SHC IRB no. 2014-002) and performed at the Honor Health Research
Institute (Shea Campus, Scottsdale, AZ).

Saliva sample collection and processing—Unstimulated saliva samples (up to 4 ml)
were collected by spitting into a plastic receptacle at three different times: before
radiotherapy, at mid-treatment and after the final radiation treatment. Mid-treatment saliva
samples were collected within less than 5 min postirradiation. Ice cubes were given to some
patients to stimulate salivation, especially for samples collected during or after radiotherapy.
Cell lysis and stabilization buffer (DxCollect®; Rancho Vista, CA) were directly added to
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the saliva samples with a 2:1 ratio. Samples were transferred to cryotubes and stored at
—80°C until analysis.

Blood sample collection and processing—Whole blood samples (up to 5-10 ml)
were collected at three different times from head and neck cancer patients concurrently with
saliva sample collections: before the start of treatment, at mid-treatment and immediately
after the final radiation treatment. Whole blood was collected in BD Vacutainer® citrate
tubes (San Jose, CA). Samples were stabilized by adding DxCollect stabilization buffer with
a 1:2 ratio and immediately stored at —80°C until analysis.

Whole blood samples were also collected from five healthy subjects. A total of 4 ml of
whole blood were collected in sodium heparin tubes and were then immediately irradiated
with 1.5, 3 and 6 Gy LINAC photons at a rate of 500 cGy/min. After irradiation, whole
blood samples were diluted 1:1 with RPMI 1640 media (Invitrogen™, Carlsbad, CA)
supplemented with 10% heat inactivated fetal bovine serum and 1% penicillin/streptomycin
(Invitrogen) and incubated for 24 h at 37°C in a humidified shaker incubator with 5% CO».
After incubation, blood culture mix was stabilized by adding DxCollect stabilization buffer
with a 1:2 ratio and immediately stored at —80°C until analysis.

Gene Expression Assay: Chemical Ligation-Dependent Probe Amplification (CLPA)

A commercially available assay chemistry test (CLPA; DxTerity Diagnostics Inc.) was used
for multiplex gene expression analysis that combines a robust chemical ligation process and
a sample stabilization method (http://dxterity.com/). For each reaction, a 50-z4 master mix
containing CLPA buffer and probes was added to the 100-4 sample and placed in a thermal
cycler for the ligation step (5 min at 55°C, 10 min at 80°C, then 55 min at 55°C). When
hybridization was complete, 5 /4 of Dynabeads™ M-270 Streptavidin were added to each
sample and incubated for 5 min at 55°C. Three washes were then performed using a
magnetic block for 30 s and 200 4 CLPA wash buffer. A complete PCR mix was prepared
(10 4 per reaction) by combining equal volumes of DirectTaq and REDI-Prime (DxTerity
Diagnostics Inc.). After the final wash, the beads were resuspended in 10 ¢ CLPA complete
PCR solution and the PCR was performed using the following cycling conditions: 95°C for
2 min followed by 30 cycles (95°C for 10 s, 57°C for 20 s and 72°C for 20 s). Each sample
was run in triplicate. PCR product (1 /) was used to perform the analysis on the capillary
electrophoresis (CE) system (ABI 3130xI instrument; Life Technologies, Grand Island, NY).
Each PCR product was assayed in duplicate.

Statistical Analysis

Gene expression levels were normalized by nonradiation-responsive MRPS5, MRPS18,
CDR2 genes. Signal intensity was determined by the ratio of candidate gene fluorescence
value to geometric mean fluorescence value of the three housekeeping genes. Gene
expression levels were compared among different radiation doses in samples of healthy
subjects using the paired ttest [the sample size (n = 5) was too small for the nonparametric
test] and among different collection times in head and neck cancer patients using the
nonparametric Wilcoxon signed-rank test. The Spearman’s rank correlation coefficient was
used to assess dose dependence of the gene expression levels. All tests were two-sided and
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performed at the 5% level of significance. Analyses were performed with GraphPad Prism
version 7.00 for Windows (GraphPad Software Inc., La Jolla, CA).

In multiple microarray studies investigating cellular response to ionizing radiation in whole
blood, several genes have been identified whose expression is correlated with total radiation
dose (4-7, 21). Despite differing experimen tal protocols (time points, dose, etc.), these
biodosimetry studies frequently highlighted a correlation between total radiation dose and
the expression level of ten promising candidate genes that were selected for this study: BAX,
BBC3, CEPBPB, CDKN1A, DDB2, DEDD, H2AFV, HIST1H3D, MDM2 and TRIB2
(Supplementary Table S1; http://dx.doi.org/10.1667/RR14707.1.S1). To confirm the
radiation responsiveness of these genes and validate our gene expression assay, whole blood
samples were collected from five healthy individuals, and received a dose of 1.5, 3 or 6 Gy
ex vivoirradiation. After 24 h cell culture, multiplex gene expression analysis was
performed. Seven genes (BAX, BBC3, CDKN1A, DDB2, DEDD, HIST1H3D and MDM2)
were upregulated by radiation exposure compared to the nonirradiated samples
(Supplementary Fig. S1; http://dx.doi.org/10.1667/RR14707.1.S1). Among these seven
genes, expression of BAX, BBC3, CDKN1A, DDB2 and MDM2 was significantly increased
for all received doses of radiation compared to the nonirradiated samples. Interestingly, these
five genes were dose-dependently induced. Indeed, the expression of BAX, BBC3,
CDKN1A, DDB2 and MDM2 genes showed a monotonic relationship with the radiation
dose as shown by the Spearman’s rank correlation, r = 0.7988 (< 0.0001), r =0.7911 (P<
0.0001), r =0.8066 (P < 0.0001), r = 0.9462 (P< 0.0001) and r = 0.8686 (~ < 0.0001),
respectively (Supplementary Fig. S2; http://dx.doi.org/10.1667/RR14707.1.S1). Therefore,
these five genes were then selected for the remainder of the study.

Expression analysis was performed for BAX, BBC3, CDKN1A, DDB2 and MDMZ2 genes in
blood samples of eight head and neck cancer patients. Patient characteristics are summarized
in Table 1. Samples were collected for each patient before the start of treatment, at mid-
treatment and immediately after the final radiation treatment. Results showed no significant
difference in expression of the five genes at the different time points (Fig. 1). We performed
the same analysis on unstimulated saliva samples collected from the same eight patients at
the same time points. In these results, BAX and BBC3 expression was not altered during
radiotherapy (Fig. 2A-B). However, CDKN1A and DDB2 were significantly upregulated
over the course of radiotherapy, and their expression from start to finish of radiotherapy was
increased by a fold change up to 2.68 (= 0.0156) and 1.78 (P= 0.0313), respectively (Fig.
2C-D). Analysis at individual levels revealed various patterns and, with the exception of
patient 7 and to a lesser extent patient 1, patients showed different expression profiles for
each gene (Supplementary Fig. S3; http://dx.doi.org/10.1667/RR14707.1.S1). Although the
difference is only significant between the start and the end of radiotherapy, CDKN1A and
DDB2 showed a linear increase in expression level with the dose received during
radiotherapy, similar to ex vivo irradiated whole blood from healthy individual, where their
expression was significantly increased according to the received dose. Indeed, the
Spearman’s rank correlation showed an increasing monotonic trend between the expression
level of both CDKN1A (r = 0.5515; £=0.0052) and DDB2 (r = 0.5129; £=0.0146) and the
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total dose received over the radiation treatment course (Fig. 3). Moreover, MDM2 was
significantly underexpressed (P = 0.0469) between mid-treatment and at the end of treatment
by a fold change up to 1.57 (Fig. 2E). Unfortunately, correlation analysis did not show any
monotonic relationship between MDM2 expression level and the total dose received over the
radiation treatment course (Supplementary Fig. S4; http://dx.doi.org/10.1667/
RR14707.1.S1).

DISCUSSION

In this pilot study, we used five genes (BAX, BBC3, CDKN1A, DDB2 and MDM2) known
to be radiation responsive in blood to assess gene expression changes in saliva of eight head
and neck cancer patients undergoing radiotherapy. We first assessed the expression level of
these five genes in whole blood collected from these patients. Unfortunately, no significant
changes in gene expression level during radiotherapy were observed. However, the dose
delivered to the head and neck cancer patients’ blood after localized irradiation is low, which
may explain why changes were not significant at this level. Although differences are not
significant, expression levels are modified during radiotherapy. Thus, further complementary
analysis is needed to correlate these genetic patterns with the absorbed dose and possibly
highlight significant modifications. Because both protocols widely differ (e.g., ex vivovs. in
vivo irradiation; single 5 Gy dose vs. fractionated 30/60 Gy doses; blood collection 24 h
postirradiation vs. collection during a two-month course of radiotherapy), these results do
not precisely fit with the whole blood ex vivoirradiation from healthy individuals. We
mainly used the ex vivo irradiation experiment to validate the suitability of the selected
genes for assessing the total absorbed radiation dose.

Because genetic material from white blood cells is easily accessible in saliva, we then
performed the same analysis on saliva samples. Results indicated that CDKN1A and DDB2
were upregulated over the course of radiotherapy. Moreover, even if MDM2 expression level
is not correlated with the total radiation dose during radiotherapy; it is underexpressed
between mid-treatment and at the end of treatment. To our knowledge, these results highlight
for the first time the ability to detect gene expression changes in saliva after localized
irradiation for head and neck cancer and the potential of such assays for assessing the
absorbed radiation dose. The cyclin-dependent kinase inhibitor 1A (CDKN1A) and DNA
damage-binding protein 2 (DDB2) play essential roles in the DNA damage response, by
inducing cell cycle arrest and by regulating the nucleotide excision repair (NER),
respectively, both induced by p53. Interestingly, CDKN1A expression is regulated by DDB2
to facilitate apoptosis induction in the late phase of the response to severe damage (22).
lonizing radiation activates their transcription and this observation fits with our results. The
murine double minute 2 (MDM2) gene encodes a negative regulator of the p53 tumor
suppressor (23). The level of MDM2 expression determines the extent to which radiation
induces an increase in the activity of the p53 tumor suppressor and so makes MDM?2 a
critical component of the cellular response to radiation (24). As such, expression of MDM2
is induced in response to DNA damage, and the resulting high levels of MDM2 protein are
thought to shorten the length of the cell cycle arrest established by p53 in the radiation
response. Our results do not support this observation; we observed a decrease in MDM?2
expression level between mid-treatment and at the end of treatment. However, there is
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evidence that the factors controlling the magnitude of induction of MDM2 differ from those
that control the magnitude of induction of other p53 target genes. For example, CDKN1A
shows clear dependency on the dose rate of ionizing radiation, whereas MDM2 does not
(25). Therefore, we cannot exclude a different /n vivo cellular response due to the complex
radiotherapy protocol despite the fact that all these genes are primarily overexpressed in
response to radiation.

It should be noted that a large number of oral microorganisms are present in saliva and so
can be collected by spitting (26). However, the CLPA assay has been designed only for
humans and therefore, microbiome genetic material did not distort the analysis. By
collecting saliva with this method, we should also have avoided collecting a large quantity of
buccal cells. However, most patients experienced oral mucositis and xerostomia involving an
important loss of squamous epithelial cells. Those cells were probably present in the
samples and so can explain the difference between saliva and blood samples. Moreover, gene
expression patterns can also be modified by radiation- or chemotherapy-induced mucositis
(27, 28). Therefore, at this stage, it is difficult to say if the gene expression modification that
we observed could have been influenced by the development of radiotoxicity. However,
neither CDKN1A, DDB2 nor MDM2 seem to be active in the development of oral
mucositis, but conversely, are particularly involved in the radiosensitivity status. Gene
expression can also be modified by specific drugs or drug combinations (29, 30). Since five
out of the eight patients studied here received concomitant chemotherapy with radiotherapy,
we could not exclude an effect of chemotherapy drugs on our preliminary data, but due to
the small sample size we were not able to analyze each group independently. Additional
studies should take into account this potentially confounding factor and clearly distinguish
chemoradiotherapy and radiotherapy groups. Furthermore, due to the fractionated nature of
the radiotherapy, we cannot conclude with certainty whether the observed changes in gene
expression resulted from the accumulating dose of radiation or from increasing time after
exposure or both.

A sound knowledge of the adequate dose to prevent toxicity to normal tissues is a
fundamental aspect in head and neck cancer radiotherapy and contributes to radio-protection
of patients. Thus, a gene expression assay in saliva may be a prompt and reliable test for
optimizing the administered of radiotherapy. Moreover, such assays may have potential for
estimating the radiation dose received by victims of a mass casualty radiation event. This
pilot study shows that salivary gene biomarkers can be detected and their expression
modified during head and neck radiotherapy. We show that expression of two genes in
particular, CCDKNZ1A and DDB2, increases during radiation treatment, and is correlated
with the cumulative received dose. However, with a number of potentially confounding
factors, such as concomitant chemotherapy or the development of oral radiation toxicity, we
cannot conclusively ascertain the precise radiation dosimetry role of these genes. Moreover,
our low sample size could also explain the moderate correlation that we found between gene
expression level and total radiation dose. Therefore, further studies with a greater patient
cohort are needed to validate the use of salivary gene biomarkers as an accurate
biodosimetric tool. Finally, we selected only five genes previously identified as radiation
responsive in blood, but since gene expression changes are measurable in saliva after
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irradiation, another study allowing greater transcriptomic screening to identify new saliva
biomarkers of radiation exposure may also be conceivable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.

CLPA gene expression profile of BAX (panel A), BBC3 (panel B), CDKN1A (panel C),
DDB2 (panel D) and MDM2 (panel E) from whole blood samples of eight head and neck
cancer patients. Whole blood samples were collected before the start of treatment (PreT), at
mid-treatment (MidT) and at the end of treatment (EndT), and were analyzed with the CLPA
assay. The transcript level of the five genes was normalized to the geometric mean of three
housekeeping genes (MRPS5, MRPS18, CDR2). Values represent mean £ SEM. *P < 0.05

by Wilcoxon signed-rank test.
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CLPA gene expression profile of BAX (panel A), BBC3 (panel B), CDKN1A (panel C),
DDB2 (panel D) and MDM2 (panel E) from saliva samples of eight head and neck cancer
patients. Saliva samples were collected before the start of treatment (PreT), at mid-treatment
(MidT) and at the end of treatment (EndT), and were analyzed with the CLPA assay. The

transcript level of the five genes was normalized to the geometric mean of three

housekeeping genes (MRPS5, MRPS18, CDR2). Values represent mean + SEM. *P< 0.05
by Wilcoxon signed-rank test.
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FIG. 3.
Spearman’s rank correlation between expression level of CDKN1A (panel A) and DDB2

(panel B) in saliva samples of head and neck cancer patients, as represented by normalized
intensity values and the total dose received during radiotherapy.
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