Name of Journal: World Journal of Clinical Oncology
Manuscript NO: 67430
Manuscript Type: ORIGINAL ARTICLE

Basic Study
Tumor irradiation may facilitate the detection of tumor-specific mutations in plasma
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Abstract
BACKGROUND
The mutation-based analysis of circulating tumor DNA (ctDNA) is a promising diagnostic tool for clinical oncology. However, it has low success rate because many cancer patients do not have detectable ctDNA in the bloodstream. 

AIM
To evaluate whether preoperative tumor irradiation results in a transient increase of plasma ctDNA concentration due to the induction of apoptosis in radiation-exposed cells.

METHODS
This study focused on patients with locally advanced rectal cancer, because preoperative tumor irradiation is a part of their standard treatment plan.  Nine subjects, whose tumors contained KRAS, NRAS or BRAF mutations, donated serial blood samples 1 h prior to the first fraction of irradiation (at baseline), immediately after the first fraction (time 0), and 1, 3, 6, 12, 24, 36, 48, 72 and 96 h after the first fraction. The amount of mutated gene copies was measured by droplet digital PCR.

RESULTS
Five out of nine patients were mutation-negative by ctDNA test at baseline; two of these subjects demonstrated an emergence of the mutated DNA copies in the bloodstream within the follow-up period. There were 4 patients, who had detectable ctDNA in the plasma at the start of the experiment; three of them showed an evident treatment-induced increase of the content of mutated RAS/RAF alleles. 

CONCLUSION
Local tumor irradiation may facilitate the detection of tumor-specific DNA in the bloodstream. These data justify further assessment of the clinical feasibility of irradiation-assisted liquid biopsy.
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Core Tip: The detection of circulating tumor DNA (ctDNA) in cancer patients is compromised by the low sensitivity of this assay. We hypothesized that tumor irradiation may lead to the transient increase of ctDNA content due to induction of cell death. Nine patients with locally advanced RAS/RAF-mutated rectal cancer provided serial blood samples at baseline and during the first 96 h after the first dose of tumor irradiation. Treatment-induced elevation of the concentration of mutated RAS/RAF alleles in the blood was revealed in five of these subjects. In conclusion, local tumor irradiation may facilitate the detection of plasma ctDNA and thus improve the efficacy of liquid biopsy.

INTRODUCTION
“Liquid biopsy” is a popular diagnostic tool, which is based on the identification of tumor-specific markers in plasma or other body fluids. The analysis of several proteins, e.g., prostate-specific antigen, carcinoembryonic antigen, CA-125 etc. has been utilized for years, however, these assays have significant limitations with regard to specificity and sensitivity[1,2]. The examination of tumor-derived mutations in circulating DNA (ctDNA) is considered to be more promising[3]. Indeed, some methods of genetic testing, for instance, droplet digital PCR (ddPCR) or next-generation sequencing allow the detection of a single mutated allele within a huge excess of wild-type nucleic acids[4,5]. In addition, while the protein-based liquid biopsy is not truly cancer-specific but rather tissue-specific, oncogenic mutations are strongly associated with the malignant phenotype. For the time being, clinical use of ctDNA tests is largely limited to the analysis of secondary mutations emerging during targeted therapy, as these assays may help to identify mechanisms of acquired drug resistance and therefore guide the subsequent treatment choice. It is anticipated that in the near future liquid biopsy will support other components of cancer care, such as screening, early diagnosis, analysis of treatment outcome and monitoring of relapse of tumor disease[6-11]. 
ctDNA-based liquid biopsy may have unacceptably low sensitivity. It appears that many categories of neoplasms (medulloblastomas; gliomas; cancers of kidney, thyroid, breast, etc.) are composed of relatively well-preserved cells, which do not shed DNA in the bloodstream, at least when the tumor is small[12,13]. Consequently, the analysis of ctDNA cannot substitute the detection of mutations in tumors tissue, i.e., tissue biopsy cannot be easily replaced by liquid biopsy. The development of tools, which allow non-invasive examination of tumor characteristics, is of great value. One of the options may involve utilization of various agents, which induce tumor cell death and thus facilitate DNA shedding. In particular, tumor irradiation may increase tumor-specific ctDNA level due to the involvement of the above mechanism[14-16].
While considering the appropriate model for the validation of this assumption, we found it reasonable to focus on rectal cancer. Approximately 40%-50% of rectal carcinomas contain missense mutations in KRAS, NRAS or BRAF oncogenes, which can be used for ctDNA assays[17-19]. Furthermore, many rectal cancer patients undergo preoperative radiotherapy (RT) as a part of the treatment plan. Here we present the results of the study, which involved consecutive patients with mutation-positive rectal cancer. We demonstrate, that tumor irradiation indeed results in a transient increase of concentration of tumor-derived DNA and thus can be considered as a liquid biopsy supporting tool. 

MATERIALS AND METHODS
Study workflow
The study considered treatment-naive patients with histologically verified locally advanced rectal cancer (T1-2/N1-2/M0, T3-4/N0-2/M0), who were referred to the St.-Petersburg City Cancer Center between February 2019 and April 2020 and who planned to undergo preoperative RT. The study was approved by the local Ethics Committee. Thirty patients provided informed consent and underwent RAS/RAF mutation testing (Figure 1). Thirteen analyzed tumors carried nucleotide substitutions in the mentioned genes. Four subjects failed to participate in the study due to various reasons (two tumors contained “rare” RAS mutations (KRAS A59G and NRAS G12C), which could not be detected by available ddPCR assays; 1 patient experienced rapid disease progression and was not subjected to RT; 1 patient developed acute paraproctitis and went to another hospital for treatment). Finally, nine patients were included in the ctDNA study and provided serial blood samples. Clinical characteristics of invited patients are summarized in the Supplementary Table 1.

RT and response evaluation
RT was performed according to routine procedures either with 45–50 Gy in 25–28 fractions or short-course radiation therapy (25 Gy in 5 fractions) with or without concurrent fluoropyrimidine-based chemotherapy. Chemotherapy was delivered according to standard regimens (capecitabine 825 mg/m2 twice daily given within 5 d per week for 6-8 weeks). After RT patients were restaged with magnetic resonance imaging and the response was evaluated according to the TRG (tumor regression grade) system[20]. When the patients were surgically treated, the pathologic response was evaluated according to Mandard criteria[21]. The treatment results summary is presented in Supplementary Table 2.

Sample Collection and processing
Patients provided blood at 11 different time points: 1 h before the first fraction of radiation (at baseline), immediately after the first fraction (time 0), and 1, 3, 6, 12, 24, 36, 48, 72 and 96 h after the first fraction (Figure 2). Ten milliliters of blood were collected into PAXgene Blood ccfDNA Tubes (Qiagen) or cf-DNA/cf-RNA Preservative Tubes (Norgen). Plasma samples were separated from the cellular fraction within 2-8 h after the blood-draw by two-step centrifugation (400 g for 10 min at room temperature followed by 14400 g for 10 min at 4 °C). The supernatants were aliquoted into 2 mL tubes and stored at −70 °C until further use. Cell-free DNA was extracted with the QIAmp Circulating Nucleic Acid Kit (Qiagen) as recommended by Diefenbach et al[22]. Isolated DNA was subsequently diluted in sterile distilled water and frozen at −24 °C until further analysis.

ctDNA analysis
The fractions of KRAS/NRAS mutations in codons 12, 13, 61 or BRAF V600E allele were measured by ddPCR using the QX100 Bio-Rad System[23]. ddPCR reactions were performed in triplicate. These reactions contained 2X ddPCR Supermix for Probes (no UTP, Bio-Rad), mutation-specific oligonucleotides (see Supplementary Tables 3 and 4) and 2-3 μL of the template DNA in a total reaction volume of 22-23 μL. Data analyses were performed with the QuantaSoft Software version 1.7.4 as recommended by the manufacturer. All ddPCR reactions, which yielded 10 or more droplets with the target DNA molecule, were considered informative. The absolute number of tumor-derived “mutated” DNA copies in 1 mL of plasma (Cmut) was calculated according to the formula:
 
[bookmark: _Hlk88120108]


Where: Concentration – number of «mutated» droplets per 1 μL of ddPCR reaction; Vtemplate – volume of ctDNA aliquot taken into ddPCR, μL; Vdilution – total volume of diluted ctDNA sample collected from the plasma, μL; V plasma – volume of processed plasma, mL.

Statistics
The change of ctDNA content after tumor irradiation was evaluated according to the following formula: 

[bookmark: _Hlk88120260]

Quantitative data were present as a median values/range or means ± 95% confidence interval (1.960σx). The non-parametric Wilcoxon Signed Rank Test and Mann–Whitney U test were utilized to compare the medians. P value of < 0.05 was considered statistically significant. All calculations were performed using IBM SPSS v.23 software package. 

RESULTS
Nine rectal patients were included in the study of ctDNA fluctuations occurring within the first hours after RT. Individual characteristics of the patients are given in Table 1. Four out of nine (44%) analyzed subjects had detectable RAS/RAF mutations in plasma DNA at baseline (at least 5 mutation-specific signals per reaction). The probability of detecting ctDNA in plasma did not correlate with any clinical characteristics, e.g. age, gender, mutation type, T/N stages, tumor grade, tumor location within the rectum, extramural venous invasion, circumferential resection margin, tumor response to treatment or PFS (statistical data not shown). 
Three of 5 patients, who were negative for plasma RAS/RAF-mutated DNA at baseline, did not show the presence of mutated copies in subsequent serial samples obtained after tumor irradiation. The remaining two patients (#ArAS and #GaZM) demonstrated an appearance of the mutated DNA copies within the follow-up period (Table 2 and Figure 3). 
Four patients were recognized as “plasma-positive” at baseline. The mean concentration of mutated copies in plasma samples was 82 copies per 1 mL (22, 23, 39, and 244, respectively). The variant allele frequency (VAF) of circulating mutations ranged from 0.5% to 27.2%. The analysis of changes in mutated ctDNA concentration occurring within the first 96 h of treatment revealed a pronounced increase in the number of circulating RAS/RAF mutant copies in patients #DaKS, #ArTP, #MaNK (with the maximum percent changes equal to 509%, 174% and 71%, respectively). Patient #MaLI showed less consistent variations in ctDNA content, with a maximal concentration at the start (23 mutant copies per 1 mL plasma, VAF 2.3%) and a number of subsequent spikes and drops (Figure 3). 
There was no correlation between the content of mutated ctDNA and the total irradiation dose accumulated during the blood collection time (r = -0.400; P (2-tailed) = 0.253, Spearman’s Rho). 

DISCUSSION
Patients with locally advanced rectal cancer provide a good opportunity for the analysis of RT-induced changes in the ctDNA level, as these malignancies frequently contain RAS/RAF mutations and the tumor irradiation is a part of routine clinical management of this disease[21]. The data obtained within this study are consistent with prior investigations, which were performed on lung cancer patients and demonstrated that radiotherapeutic or chemoradiotherapeutic intervention may result in a transient increase of the level of ctDNA in some cases[14-16]. As compared to published reports[14-16], our study considered multiple evenly distributed time points within the first day after tumor irradiation. We anticipated, that this additional effort may help us to identify a time interval characterized by maximal RT-induced ctDNA release. However, there was a significant interpatient variability with regard to the timing of ctDNA concentration peaks (Table 2 and Figure 3). 
There are several limitations of this investigation. Human studies involving multiple serial blood takes are logistically complicated and need to be well balanced with ethical issues, therefore it is understandable that our study and similar reports[14-16] are of limited size. Furthermore, the range of “natural” variations of ctDNA measurements occurring due to imperfect reproducibility of laboratory protocols or physiological fluctuations of ctDNA content is largely unknown. Therefore, although our study demonstrated a trend towards the RT-induced increase of ctDNA concentration in some rectal cancer patients, it is not clear how these observations need to be adjusted for the described above confounding factors. This limitation is also applicable to other published data sets[14-16]. 
The analysis of tumor-specific mutations at the initial diagnostic work-up is usually not complicated, given that the management of cancer patients always requires morphological visualization of transformed cells and thus implies the availability of malignant tissue. However, the detection of actionable mutations acquired during the course of therapy presents a challenge. For example, the management of lung cancer patients, whose tumors progressed during gefitinib, erlotinib or afatinib treatment, involves the analysis of EGFR T790M mutation. The presence of this mutation justifies the administration of osimertinib, while the absence of this substitution calls for other treatment options. Re-biopsy of multiple visceral tumor lumps is often not feasible; therefore, the analysis of EGFR T790M mutation usually relies on liquid biopsy[24,25]. Clinical studies demonstrate that the detection of EGFR T790M mutation in plasma is seriously compromised by the low sensitivity of the test, especially in patients with limited tumor burden[26,27]. 
This study utilized patients with localized rectal cancer, who had a moderate volume of tumor masses. It is therefore explainable that only 4 out of 9 patients had detectable ctDNA at baseline. These data are comparable with the results obtained in other studies[12,28]. We deliberately focused on rectal cancer disease, as these patients often receive irradiation during the standard preoperative treatment, so no additional interventions were involved within this investigation. We demonstrated that two out of five subjects, who were initially ctDNA-negative, showed the presence of mutated DNA copies in the plasma after the start of the therapy. In addition, 3 out of 4 initially ctDNA-positive subjects experienced a RT-related increase of ctDNA content. The obtained data look promising, so further studies, which involve tumor irradiation not as a part of regular treatment plan, but as an additional intervention aimed to support ctDNA analysis, appear to be justified.  
The clinical utility of this approach deserves to be evaluated in lung cancer patients, who demonstrate the disease progression during the therapy by first- or second-generation EGFR inhibitors and therefore require the diagnostic detection of EGFR T790M substitution. It is feasible to organize a prospective study, where the tumor lumps observed in these patients will be subjected to irradiation in order to provoke the release of tumor DNA in the bloodstream. It is essential to minimize the risks of this procedure by considering the anatomic location of targeted tumor foci (particularly, the vicinity of large blood vessels), ensuring a highly precise topical delivery of the irradiation dose and accounting for potentially significant comorbidities. If this intervention was to increase the rate of EGFR T790M allele detection in the plasma while being sufficiently safe, the proposed approach would have significant potential for clinical use.  

CONCLUSION
Local tumor irradiation may facilitate the detection of plasma ctDNA. This study calls for a comprehensive evaluation of the clinical feasibility of irradiation-assisted liquid biopsy. 

ARTICLE HIGHLIGHTS
Research background
The detection of circulating tumor DNA (ctDNA) is a valuable diagnostic tool, however many cancer patients do not have detectable amount of ctDNA in their plasma. 

Research motivation
We evaluated whether tumor irradiation may provoke the release of tumor DNA in the bloodstream and thus improve the efficiency of liquid biopsy. 

Research objectives
We have chosen for the study patients with locally advanced rectal cancer as they usually receive preoperative tumor irradiation as a part of standard treatment plan. 

Research methods
The study included 9 patients with RAF/RAF mutations. Multiple serial blood draws were taken within first 96 h after the first fraction of radiotherapy. The amount of mutated RAF/RAF copies in the plasma was quantified by the droplet digital PCR. 

Research results
Five out of nine patients demonstrated increased ctDNA content at least at some plasma samples obtained after the beginning of radiotherapy.

Research conclusions
Radiotherapy is a promising tool for the improvement of performance of liquid biopsy. 

Research perspectives
It is feasible to extend this study to lung cancer patients, who receive tyrosine kinase inhibitors and may experience acquired tumor resistance due to the gain of secondary mutation. 
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Figure Legends
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Figure 1 The flowchart of patients screening.
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Figure 2 Schedule for serial blood-takes and irradiation fractions.
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Figure 3 Changes in ctDNA content occurring within first 96 h after the start of radiotherapy. 

Table 1 Patients, tumors and treatment characteristics
	Patient ID
	Gender
	Age
	сТ
	сN
	Stage
	CRM
	EMV
	Tumor location
	RAS/RAF
status
	Total RT dose, Gy
	Chemosensibilization1
	RECIST
	Surg
ery
	MRI TRG
	Mandard TRG
	ypT
	уN
	Progression2
	Follow-up, mo
	ctDNA positive at baseline

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	Yes/No
	
	

	ArAS
	M
	44
	3
	1
	3
	No
	No
	L
	KRAS G12S
	50
	Yes
	SD
	Yes
	III
	NA
	3
	0
	No
	6.90
	No

	GaZM
	F
	66
	3
	2
	3
	Yes
	No
	U-M
	KRAS G13D
	46
	Yes
	PR
	Yes
	IV
	4
	4
	1
	No
	4.03
	No

	DaKS
	M
	73
	4
	1
	3
	Yes
	No
	L
	KRAS G12A
	25 (short course)
	No
	PD
	No
	IV
	NA
	NA
	NA
	Yes
	4.73
	Yes

	ArTP
	F
	81
	4
	1
	3
	Yes
	Yes
	L
	KRAS Q61L
	50
	No
	SD
	Yes
	III
	3
	3
	0
	Nd
	5.80
	Yes

	MaLI
	F
	78
	3
	1
	3
	No
	No
	L
	NRAS G12D
	25
(short course)
	No
	PD
	No
	IV
	NA
	NA
	NA
	Yes
	3.97
	Yes

	MaNK
	F
	48
	3
	2
	3
	No
	Yes
	M
	KRAS G12D
	50
	Yes
	SD
	Yes
	III
	2
	3
	2
	No
	6.57
	Yes

	ZuNM
	F
	63
	3
	2
	3
	No
	No
	L-M
	BRAF V600E
	44
	Yes
	PR
	Yes
	II
	2
	3
	0
	No
	5.13
	No

	MiMF
	F
	74
	3
	1
	3
	No
	Yes
	M
	NRAS G12D
	25
(short course)
	No
	PR
	No
	III
	NA
	NA
	NA
	No
	3.13
	No

	SaVV
	M
	65
	3
	1
	3
	Yes
	No
	L-M
	NRAS Q61R
	50
	Yes
	SD
	No
	III
	NA
	NA
	NA
	Nd
	1.13
	No


1Capecitabine 825 mg/m2 twice daily was delivered on the days of RT (D1-5, D8-12, D 15-19, D22-26, D29-33).
2Disease status at March 1,.2021; Nd – lost from follow-up.
Tumor localization: U: Upper rectum, M: Middle rectum, L: Lower rectum; EMV: Extramural venous invasion; CRM: Circumferential resection margin; TRG: Tumor regression grade; CR: Complete response; PR: Partial response; SD: Stable disease; PD: Progressive disease; NA: Not evaluated; ctDNA: Circulating tumor DNA.

Table 2 Changes in circulating tumor DNA content during radiotherapy for locally advanced rectal cancer
	Patient ID
	Mutation
	Baseline mutated ctDNA 
	ctDNA analysis
	-1 h 
	0 
	1 h
	3 h
	6 h
	12 h
	24 h 
	36 h
	48 h 
	7 2h  
	96 h 
	Radiation dose per day / number of fractions / total dose accumulated for the blood collection time

	ArAS
	KRAS G12S
	Neg
	C (mut)1
	0
	0
	0
	3
	0
	0
	0
	0
	14
	12
	nd
	2.0 Gy/4 fr/8 Gy + capecitabine3

	 
	 
	 
	C (mut + wt)2
	642
	1006
	1337
	1963
	633
	906
	829
	762
	4298
	3088
	nd
	

	 
	 
	 
	VAF, %
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.3
	0.4
	nd
	

	GaZM
	KRAS G13D
	neg
	C (mut)
	0
	0
	0
	26
	37
	59
	40
	50
	46
	5
	80
	2.0 Gy/5 fr/10 Gy + capecitabine3

	 
	 
	 
	C (mut + wt)
	6
	7
	8
	866
	808
	1450
	604
	441
	506
	112
	1219
	

	 
	 
	 
	VAF, %
	0.0
	0.0
	0.0
	3.0
	4.6
	4.1
	6.6
	11.3
	9.1
	4.5
	6.6
	

	DaKS
	KRAS G12A
	pos
	C(mut)
	22
	22
	52
	134
	42
	33
	32
	102
	27
	65
	36
	5.0 Gy/5fr/25 Gy

	 
	 
	 
	C (mut + wt)
	295
	118
	655
	1802
	588
	292
	170
	549
	359
	391
	331
	

	 
	 
	 
	VAF, %
	7.5
	18.6
	7.9
	7.4
	7.1
	11.3
	18.8
	18.6
	7.5
	16.6
	10.9
	

	ArTP
	KRAS Q61L
	pos
	C (mut)
	39
	0
	0
	26
	10
	0
	39
	nd
	42
	107
	nd
	2.0 Gy/4 fr/8 Gy

	 
	 
	 
	C (mut + wt)
	7606
	9430
	4036
	5028
	3187
	3033
	12574
	nd
	10622
	14443
	nd
	

	 
	 
	 
	VAF, %
	0.5
	0.0
	0.0
	0.5
	0.3
	0.0
	0.3
	nd
	0.4
	0.7
	nd
	

	MaLI
	NRAS G12D
	pos
	C (mut)
	23
	15
	0
	0
	0
	5
	13
	15
	10
	21
	15
	5.0 Gy/5 fr/25 Gy

	 
	 
	 
	C (mut + wt)
	981
	1011
	1073
	1303
	1309
	1160
	1010
	724
	815
	673
	1088
	

	 
	 
	 
	VAF, %
	2.3
	1.5
	0.0
	0.0
	0.0
	0.0
	1.3
	2.1
	1.2
	3.1
	1.4
	

	MaNK
	KRAS G12D
	pos
	C (mut)
	244
	257
	nd
	nd
	nd
	Nd
	254
	335
	415
	418
	387
	2.0 Gy/5 fr/10 Gy + capecitabine3

	 
	 
	 
	C (mut + wt)
	897
	1091
	nd
	nd
	nd
	Nd
	1424
	1832
	2241
	1719
	1955
	

	 
	 
	 
	VAF, %
	27.2
	23.6
	nd
	nd
	nd
	Nd
	17.8
	18.0
	18.5
	24.3
	19.8
	

	ZuNM
	BRAF V600E
	neg
	C (mut)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2.0 Gy/5 fr/10 Gy + capecitabine3

	 
	 
	 
	C (mut + wt)
	1652
	372
	522
	522
	522
	522
	671
	837
	1004
	791
	2805
	

	 
	 
	 
	VAF, %
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	

	MiMF
	NRAS G12D
	neg
	C (mut)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	5.0 Gy/5 fr/25 Gy

	 
	 
	 
	C (mut + wt)
	594
	500
	740
	2294
	804
	681
	681
	386
	644
	2891
	1536
	

	 
	 
	 
	VAF, %
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	

	SaVV
	NRAS Q61R
	neg
	C (mut)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2.0 Gy/5 fr/10 Gy + capecitabine3

	 
	 
	 
	C (mut + wt)
	196
	237
	541
	840
	621
	748
	353
	372
	272
	261
	249
	

	 
	 
	 
	VAF, %
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	


1C (mut): Number of mutated copies per 1 mL of plasma measured by droplet digital PCR.
2C (mut + wt): Total number of target fragment (both wt and mut) copies per 1 mL of plasma measured by droplet digital PCR.
3Capecitabine 825 mg/m2 twice daily was delivered on the 1-5 d of RT.
ctDNA: Circulating tumor DNA; VAF: Variant allele frequency.
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