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Abstract

With rising cases of lung cancer worldwide, liquid biopsies are becoming increasingly popular as
clinically relevant potential non-invasive alternatives to tissue-based biopsies. The principle of
partitioning utilized by the droplet digital polymerase chain reaction (ddPCR) makes it a highly
sensitive technique for detecting rare tumor-derived mutations in blood. The presence of KRAS
mutations is a negative prognostic marker for tyrosine kinase inhibitor (TKI) therapy in lung cancer;
hence, profiling of major KRAS mutations before treatment is very crucial for the success of TKI
therapy. This study was aimed at profiling three major KRAS mutations, namely G12D
(GGT—GAT), G12V (GGT—GTT), and G13D (GGC—GAC) in lung cancer patients using ddPCR.
ddPCR assays that rely on probe-based chemistry were standardized for KRAS G12D, KRAS G12V,
and KRAS G13D mutations using cfDNA extracted from the patient’s blood. To determine the
concordance, blood-derived cfDNA and tumor DNA were compared using ddPCR. A positivity
rate of 81.67% for KRAS mutations was observed in the cohort analyzed. KRAS mutations in the
cfDNA from blood were effectively detected by ddPCR even at low fractional abundance.
Moreover, a comparison of blood-derived cfDNA and tumor-derived genomic DNA-based
analysis revealed a concordance of 66.67%, suggesting tumor heterogeneity as the probable
reason for the lack of total concordance between the data. This study highlights the usefulness of
ddPCR as a prospective clinical tool in oncology and liquid biopsy using blood cfDNA. It can be
considered a better alternative to tissue biopsies and mutation profiling of candidate genes,
particularly those that are linked to therapeutic response to TKiIs.
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Introduction

Lung cancer has been the major cause of a huge number of cancer-associated deaths worldwide
[1]. Histologically, lung cancer is classified into non-small cell lung cancer (NSCLC) and small
cell lung cancer (SCLC). NSCLC represents a substantial percentage (85%) of the cases and is
further categorized into squamous-cell carcinoma, adenocarcinoma, and large-cell carcinoma
[2]. The common underlying cause for tumorigenesis in lung cancer is the disruption of the
Epidermal Growth Factor signaling pathway with Epidermal Growth Factor Receptor (EGFR) and
Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS) being the most frequent oncogenic drivers
[3].

The KRAS protein is a membrane-bound, signal-transducing guanosine triphosphatase (GTPase)
functioning as a GDP/ GTP binary control [4]. Cancer-linked variations in KRAS are somatic in
nature [5]. The hotspot variations in KRAS occur at exons 2 and 3 with 98% in glycine residues
at codon 12 or 13 (exon 2) [6]. Transversions in KRAS are more frequent than transitions with
transversions commonly occurring in smokers and transitions in never-smokers [7,8]. Transition
mutations at the second position in codon 12 or 13 (GGT — GAT or GGC — GAC) result in an
amino acid change from glycine to aspartate, and a transversion mutation in codon 12 at the
second position (GGT — GTT) results in an amino acid substitution of glycine by valine. KRAS
G12C is the most common variation and is seen in 41% of lung cancer cases. KRAS G12V, KRAS
G12D, and KRAS G13D account for 19.35%, 11.12%, and 2.88% of lung cancer cases,
respectively [9].

The primary mode for targeted therapy in lung cancer is the administration of Tyrosine Kinase
Inhibitors (TKIs) against cell surface EGF receptors [10]. KRAS mutations are considered negative
prognostic factors for TKI therapy as KRAS is a downstream effector in the EGFR signaling
pathway.

The common approach to profile tumor mutations involves Next-generation Sequencing (NGS) of
tumor DNA. Though extremely useful, this approach is invasive, cost-intensive, time-consuming,
and unfeasible to monitor tumor evolution. This has led to a shift in attention to liquid biopsy,
which refers to the detection of variations in cellular components such as DNA, RNA, proteins,
and exosomes, released from tumor entities, in body fluids such as blood, urine, saliva, CSF, etc.
[T1].

Cell-free DNA (cfDNA) refers to DNA free from cellular boundaries. As cells undergo cell death,

fragments of DNA are released into the bloodstream. Cancer patients are known to have higher



amounts of cfDNA in the bloodstream [12,13]. Substantial data indicates that the detection of
alterations in cfDNA from plasma is both feasible and repeatable, particularly the KRAS variations
[14]. In lung cancers, blood represents an ideal repository of tumor-derived information and hence
is the most widely used source of cfDNA in liquid biopsy. Blood can be collected from the patient
with minimum invasion, thereby serving as a painless alternative to tissue biopsies.

To detect low concentrations of cfDNA, ultra-sensitive tools are a necessity. The Droplet Digital
PCR (ddPCR) which works on the principle of partitioning is a highly sensitive and accurate
technology, capable of detecting even a single copy of an altered DNA. This tool provides
quantitative, real-time, non-invasive monitoring of mutant alleles at negligible concentrations in
plasma [15]. This study focused on non-invasive profiling of KRAS mutations in a cohort of lung

cancer patients in southern India.

Materials and Methods

Selection of study participants

Twenty patients clinically and histologically diagnosed with lung cancer, at K S Hegde Charitable
Hospital, Mangalore, India, and above the age of 18, were included in this study. Patients who
were already under treatment for lung cancer, those who had prior history of malignancy and
those with lung cancer but not willing to participate in the study were excluded. The details of
the patients (including gender, smoking status, cancer type and EGFR mutation status) are given
in Supplementary Table 1. The ethical clearance was obtained from the Institutional Ethics
Committee, NUCSER (INST.EC/2022-23/004).

Collection and processing of samples

Peripheral blood (10 ml) was collected from each patient in EDTA-coated vacutainers after
obtaining informed consent, and plasma was separated within two hours of collection. In brief,
blood samples were centrifuged at 1800g for 10 minutes at 4°C and the plasma was collected and
stored at -80 °C until further use. Matched-tumor samples were collected during routine diagnostic

biopsy or surgical removal and were stored at -80°C.

Extraction of cell free DNA and genomic DNA
To extract cfDNA, 1 ml of plasma was centrifuged at 16000g for 10 minutes at 4°C to remove any
debris. cfDNA was extracted using QlAamp® MinElute® ccfDNA Mini Kit (Qiagen, Germany) as

per the manufacturer’s instructions. The quantity of the extracted cfDNA was measured using



Qubit™ dsDNA BR Assay Kit (Thermo Fischer Scientific, USA) in a Qubit 4 fluorometer (Thermo
Fischer Scientific, USA). The extracted cfDNA was stored at -80°C till further use. Genomic DNA
from the tumor tissue was extracted using a commercially available kit (Nucleospin® Tissue XS
kit, Macherey-Nagel, Germany), quantified using a Nanophotometer (Implen, Germany) and
stored at -80°C till further use.

Preparation of wild-type and mutant plasmids for the ddPCR assays

A 222bp region of the KRAS gene, encompassing exon 2 was amplified and cloned into a pDrive
vector to obtain wild-type plasmids. Plasmids harboring the target mutations (KRAS G12D, KRAS
G12V, KRAS G13D) were generated using site-directed mutagenesis (New England Biolabs, USA).

Primer details are given in Tables 1 and 2. These plasmids were used as positive controls.

Development of the ddPCR assay

The validated primer-probe combinations of three variations namely G12D (Assay ID-
dHsaCP2500596 and Assay ID- dHsaCP2000002), G12V (Assay ID-dHsaCP2500592 and Assay
ID- dHsaCP2000006) and G13D (Assay ID- dHsaCP2500598 and Assay ID- dHsaCP2000014)
were procured from Bio-Rad Laboratories, USA. These were used for standardization of copy
number and annealing temperature of the assays along with ddPCR supermix for probes (no dUTP,
Bio-Rad, USA).

For copy number validation, 20,000, 10,000, and 5,000 copies of control plasmids (KRAS wild-
type and KRAS mutant plasmids separately) were used. A gradient ddPCR was employed to
standardize the annealing temperature that showed the most efficient separation between the
positive and the negative droplets.

The assays for KRAS mutations were carried out in QX200 Droplet Digital System (Bio-Rad, USA)
as per the protocol outlined for rare-event detection. Briefly, 20pl reaction mix comprised 10 pl
of 2X ddPCR Supermix for probes (no dUTP), 1 pl each of wild and mutant type 20X primer/ probe
mix, and 5ng of cfDNA or 25ng of tumor DNA. For every run, positive control (5,000 copies each
of wild-type DNA and mutant DNA in separate wells) and No Template Control (NTC) were used.
Cycling conditions employed were 95°C for 10 minutes (1 cycle), 94°C for 30 seconds and 52°C
(G12D) / 50°C (G12V, G13D) for 60 seconds (40 cycles), 98°C for 10 minutes and 30°C for 5
minutes (1 cycle) and 4°C hold indefinitely. The blue and green droplets were considered positive
for the mutant and wild-type sequences, respectively. Samples with six or more blue droplets in

the FAM channel or a fractional abundance of 1% were considered positive for the mutation.



The results of the cfDNA-based ddPCR analysis for five random samples were compared with the

corresponding tumor tissue DNA-based ddPCR analysis data.

Statistical analysis
The quantification of FAM and HEX positive droplets were done using the QuantaSoft™ software
(Bio-Rad Laboratories, USA) based on Poisson statistics. The fractional abundance was calculated

as the ratio of mutant droplets and total positive droplets and the concentrations were expressed

in absolute values as copies/pl.

Results

Standardization of the ddPCR assays

Standardization of copy number for the positive control for all three mutation detection assays
was conducted. As shown in Figure 1A, a reduction in the number of positive droplets was
observed with a corresponding decrease in the amount of input DNA for both the mutant plasmid
(Figure 1A upper panel) and for the WT plasmid (Figure 1A, lower panel). There was no saturation
of the droplets as evident from the presence of negative droplets (represented as black droplets,
below the magenta threshold line) in all the concentrations tested. Based on the results obtained
an input of 5,000 copies for each plasmid was considered as sufficient for input positive controls
and the same copy number was used for the successive runs (Figure 1A, upper and lower panel).
The annealing temperature was optimized for all the three variations (KRAS G12D, KRAS G12V
and KRAS G13D) by gradient ddPCR with WT and mutant plasmids. A representative image of a
gradient ddPCR run with four different annealing temperatures is shown in Figure 1B with mutant
plasmid in the upper panel and the WT plasmid in the lower panel with a constant copy number
of 5000 copies per reaction. As shown in Figure 1B, the assays showed increasingly better
separation between the negative and the positive droplets with decreasing annealing
temperatures, both for mutant (blue droplets, upper panel) and wild type alleles (green droplets,
lower panel). Based on these assays, the annealing temperature for KRAS G12D assay was
optimized at 52°C whereas for KRAS G12V and KRAS G13D, the optimized temperature was 50
°C.

Screening of cfDNA samples for KRAS mutations using ddPCR
A total of twenty plasma samples were screened for three KRAS variations namely KRAS G12D,
KRAS G12V, and KRAS G13D. The ddPCR assays revealed that 14 patients harbored all three



variations, 2 patients had two variations namely G12V and G13D, 3 patients harbored only the
G12D variation and 1 patient did not harbor any of the three mutations. Interestingly, 5 out of 20
patients were negative for at least two activating EGFR variations [15]. Representative images of
cfDNA-ddPCR KRAS variation analysis are shown in Figure 2. The median mutant copies/pl for
KRAS G12D, KRAS G12V, and KRAS G13D mutations were 11.5 copies/pl, 12.4 copies/pl, and
8.3 copies/pl respectively in the cfDNA samples (Supplementary Table 2).

Screening of tumor samples for KRAS variations by ddPCR

Genomic DNA extracted from tumor (tDNA) of five patients was analyzed for all three mutations
under study using ddPCR and the results were compared with the data from matched- cfDNA
analysis. All the five tDNA samples were positive for KRAS G12D variation. Two tumor samples
harbored the KRAS G12V mutation and three harbored the KRAS G13D mutation. Representative
images of tDNA-ddPCR analysis are shown in Figure 3 (A-F).

Discussion and Conclusions

KRAS has been on the radar of lung cancers for decades as pathogenic variations in this oncogene
are associated with poor survival rates and therapy response [16]. It has been a tough candidate
to target due to its small size, smooth surface, and high affinity to GTP [17]. However, scientists
have developed therapeutic strategies to target KRAS-driven cancers, hence effective variation
profiling is crucial.

The gold standard to detect pathogenic variations in the clinical setting involves tissue biopsy,
followed by NGS [18]. Tissue biopsies are painful, and physically and emotionally hard on
patients. In certain cases, the inaccessibility of the tumor sites makes sample collection difficult.
Over the years, liquid biopsy has developed into a reliable alternative to tissue biopsy based on
the evidence that genetic perturbations can be detected in cfDNA, exosomal DNA, and DNA
from circulating tumor cells (CTCs) isolated from body fluids [19]. Isolation of cfDNA is less
demanding and it can be completely automated. Conversely, the gold standard for exosomal DNA
extraction involving ultracentrifugation does not qualify as a high-throughput procedure [20].
Considering the sensitivity for variation detection in cfDNA and CTCs, cfDNA fares better [21].
The potential of obtaining cfDNA with minimal invasiveness, application of high-throughput
techniques, and ease of repeated sampling makes liquid biopsy with cfDNA an appealing choice

for routine testing in cancer management. The sample partitioning concept employed in the third-



generation ddPCR increases the sensitivity of rare variation detection in cfDNA many folds,
particularly in a background of a large pool of WT DNA.

In this study, profiling of three KRAS variations that occur in 36% of lung cancer cases worldwide
was carried out in plasma-derived cfDNA obtained from 20 lung cancer patients [9]. The
concentration of cfDNA in the blood of cancer patients ranges from 0-5 ng to greater than 1000
ng per ml of plasma [13]. In our samples, the concentration of the majority of cfDNA samples
ranged from 2-10.8 ng/pl which amounts to 60-324ng of cfDNA per ml of plasma. Three samples
had a higher concentration of 291ng, 324ng, and 936ng of cfDNA /ml of plasma.

The cfDNA-ddPCR analysis employed in this study revealed that 85% of the patients were positive
for KRAS G12D, whereas 80% were positive for KRAS G12V and KRAS G13D variations. One
sample did not harbor any of the three variations. Interestingly, a staggering 70% of the study
cohort harbored all three variations. An earlier study by Aggarwal et al., [22], proclaimed that
south India had a high incidence of EGFR variations and not KRAS mutations, which is not in
compliance with the result of the present study. However, the earlier study employed ARMS
technique, which is less sensitive than ddPCR. The high positivity observed in our study could be
due to the small sample size that was screened. The five samples negative for at least two
activating EGFR variations harbored KRAS variations indicating the mutual exclusivity of these
variations in these samples. It has long been believed that KRAS variations cannot co-occur with
EGFR variations and vice versa. A study by Arun et al., revealed that synthetic lethality is the
underlying basis for mutual exclusivity of these two genes in lung adenocarcinomas [23].
However, cases of co-occurrence of EGFR and KRAS variations in lung tumors have been reported
in many studies [24-26].

To determine if cfDNA truly represents the variational landscape of tumor DNA, the cfDNA-
ddPCR data was compared with tDNA-ddPCR data for five samples. Concordance was observed
in 66.67% of the cases. In 33.3% of the cases, the variations detected in cfDNA were not seen in
the matched tDNA. The absence of the same variations in tDNA might be due to tumor
heterogeneity. Tumor heterogeneity refers to the epigenetic, genetic, and chromosomal
differences in the cells of a tumor or between primary and secondary tumors. It is one of the major
contributing factors to drug resistance in lung cancers [27]. Relatively recent research by Visser
et al., [28], indicated that ddPCR could pick additional mutations through cfDNA-ddPCR, which
is consistent with the results of this study.

Another important observation in this study was the ability of the method to detect mutations in

extremely low percentage of fractional abundance. As shown in supplementary data, three



samples had a fractional abundance of less than 5% for KRAS G12D variation and one sample
had a fractional abundance of 1.3% for KRAS G13D variation. On the other hand, the tDNA of
four samples had a fractional abundance of less than 3% for KRAS G12D variation, and three had
a fractional abundance of less than 5% for KRAS G13D variation. It is most likely that these
variations would evade detection through NGS, as NGS correctly determines variations with at
least 5% Variant Allele Frequency [29]. However, the ddPCR method employed here could pick
up these variations further highlighting the sensitivity of the technique.

Lung tumor samples are usually obtained via needle biopsies and hence the amount of tissue that
is available for downstream analysis is extremely small and becomes insufficient to extract enough
DNA for sequencing [30]. Although lung biopsies are associated with a high success rate of 88-
97%, this drops significantly for lesions smaller than 1.5 cm. In addition, biopsies are usually
associated with complications such as pneumothorax, pulmonary bleeding, and hemoptysis [31].
Thus, these inherent disadvantages further justify the need for alternative techniques, ideally those
that employ non-invasive methods.

The prevalence of KRAS mutations varies across regions. For instance, western countries have
reported highmutation rates of 23-33% [32], whereas studies conducted in Chinese cohort
reported a KRAS positivity rate in the range of 10-12.1% [33-35]. Johan et al. reported a KRAS
prevalence of 38% in adenocarcinomas and 28% in NSCLC groups in the Swedish cohort [36].
A study by HCG Cancer Centre, Bangalore reported a positivity rate of 34.09% of KRAS variations.
Generally, KRAS variations vary between 3% and 19% in Asian cohorts [37]. In our study, the
KRAS positivity rate was 81.67%, which seems to be quite high compared to the other studies.
Although the small sample size in our study could be a major factor for such a high percentage
positivity, it should also be noted that none of the earlier studies employed ddPCR and this
technique has high sensitivity and accuracy compared to other methods of variant detection. The
advent of ddPCR has revolutionized molecular diagnosis making it possible to detect rare
variations, particularly those that interfere with therapeutic outcome, with extremely high
sensitivity and accuracy. This study represents one of the first studies conducted in a South Indian
cohort that used ddPCR to detect KRAS mutations in cfDNA from plasma of the patients. Although
the positivity percentage was very high, the results of this study can not be generalized for the
entire population and such assays must be carried out using a bigger size of the cohort to truly
indicate the prevalence of KRAS mutations in lung cancer. Nevertheless, despite the small sample
size, the results of this study clearly indicate that non-invasive profiling of KRAS variations using

cfDNA from the blood could be an effective alternative to tissue biopsies in lung cancer patients.



References

1.

10.

11.

12.

13.

14.

15.

WHO. Cancer. Available from: https://www.who.int/health-topics/cancer#tab=tab_1.
Accessed on: 10/05/2024.

Zappa C, Mousa SA. Non-small cell lung cancer: current treatment and future advances,
Transl. Lung Cancer Res 2016;5:288-300.

Pinheiro G, Pereira T, Dias C, et al. Identifying relationships between imaging phenotypes
and lung cancer-related mutation status: EGFR and KRAS. Sci Rep 2020;10:3625.

Moore AR, Rosenberg SC, McCormick F, Malek S. RAS-targeted therapies: is the
undruggable drugged?, Nat Rev Drug Discov 2020;19:533-52.

YaoR, YuT, Xu Y, et al. Concurrent somatic KRAS mutation and germline 10g22. 3-g23. 2
deletion in a patient with juvenile myelomonocytic leukemia, developmental delay, and
multiple malformations: a case report. BMC Med Genomics 2018;11:60.

Romdn M, Baraibar I, Lépez |, et al. Gil-Bazo, KRAS oncogene in non-small cell lung
cancer: clinical perspectives on the treatment of an old target. Mol Cancer 2018;17:33.

de Castro Carpeno J, Belda-Iniesta C. KRAS mutant NSCLC, a new opportunity for the
synthetic lethality therapeutic approach, Transl. Lung Cancer Res 2013;2:142-51.

Zhu C, Guan X, Zhang X, et al. Qin, Targeting KRAS mutant cancers: from druggable
therapy to drug resistance. Mol Cancer 2022;21:159.

Marchetti A, Milella M, Felicioni L, et al. Clinical implications of KRAS mutations in lung
cancer patients treated with tyrosine kinase inhibitors: an important role for mutations in
minor clones. Neoplasia 2009;11:1084-92.

Chen YY, Lin KH, Kuo YS, et al. Therapeutic impact of epidermal growth factor receptor
tyrosine kinase inhibitor with various treatment combinations for advanced lung
adenocarcinoma. World ] Surg Oncol 2023;21:326.

Poulet G, Massias J, Taly V. Liquid biopsy: general concepts. Acta Cytol 2019;63:449-55.
Wang R, Li Q, Li Z, et al. Apoptosis drives cancer cells proliferate and metastasize. ] Cell
Mol Med 2013;17:205-11.

Kustanovich A, Schwartz R, Peretz T, Grinshpun A. Life and death of circulating cell-free
DNA. Cancer Biol Ther 2019;20:1057-67.

Crucitta S, Ruglioni M, Novi C, et al. Comparison of digital PCR systems for the analysis of
liquid biopsy samples of patients affected by lung and colorectal cancer. Clin Chim Acta
2023;541:117239.

Venkataram R, Arjuna S, Hosmane GB, Chakraborty A. Quantitative analysis of cell-free



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

DNA by droplet digital PCR reveals the presence of EGFR mutations in non-malignant lung
pathologies. Monaldi Arch Chest Dis 2021;91:1748.

Nagasaka M, Li Y, Sukari A, et al. KRAS G12C game of thrones, which direct KRAS inhibitor
will claim the iron throne? Cancer Treat Rev 2020;84:101974.

Goulding RE, Chenoweth M, Carter GC, et al. KRAS mutation as a prognostic factor and
predictive factor in advanced/metastatic non-small cell lung cancer: a systematic literature
review and meta-analysis. Cancer Treat Res. Commun 2020;24:100200.

De Maglio G, Pasello G, Dono M, et al. The storm of NGS in NSCLC diagnostic-therapeutic
pathway: How to sun the real clinical practice. Crit Rev Oncol Hematol 2022;169:103561.
Yu W, Hurley J, Roberts D, et al. Exosome-based liquid biopsies in cancer: opportunities
and challenges. Ann Oncol 2021;32:466-77.

Kahlert C. Liquid biopsy: is there an advantage to analyzing circulating exosomal DNA
compared to cfDNA or are they the same? Cancer Res 2019;79:2462-5.

Bettegowda C, Sausen M, Leary RJ, et al. Detection of circulating tumor DNA in early-and
late-stage human malignancies. Sci Transl Med 2014;6:224ra24.

Aggarwal S, Patil S, Minhans S, Pungliya M. A study of EGFR mutation in nonsmoker
NSCLC: Striking disparity between north and south India patients. J Cloin Oncol
2012;30:e18041.

Unni AM, Lockwood WW, Zejnullahu K, et al. Evidence that synthetic lethality underlies
the mutual exclusivity of oncogenic KRAS and EGFR mutations in lung adenocarcinoma.
Elife 2015;4:€06907.

Schwartz C, Khan M, Nguyen R, et al. P76.33 concurrent EGFR and KRAS mutations in lung
adenocarcinoma: a single institution case series. ] Thorac Oncol 2021;16:5600-1.
Benesova L, Minarik M, Jancarikova D, et al. Multiplicity of EGFR and KRAS mutations in
non-small cell lung cancer (NSCLC) patients treated with tyrosine kinase inhibitors.
Anticancer Res 2010;30:1667-71.

Sousa V, Rodrigues C, Silva M, et al. Lung adenocarcinoma: sustained subtyping with
immunohistochemistry and EGFR, HER2 and KRAS mutational status. Rev Port Pneumol
2015;21:113-25.

Marino FZ, Bianco R, Accardo M, et al. Molecular heterogeneity in lung cancer: from
mechanisms of origin to clinical implications. Int ] Med Sci 2019;16:981-9.

Visser E, de Kock R, Genet S, et al. Up-front mutation detection in circulating tumor DNA

by droplet digital PCR has added diagnostic value in lung cancer. Transl Oncol



2023;27:101589.

29. Strom SP. Current practices and guidelines for clinical next-generation sequencing
oncology testing. Cancer Biol Med 2016;13:3-11.

30. Nacchio M, Sgariglia R, Gristina V, et al. KRAS mutations testing in non-small cell lung
cancer: The role of Liquid biopsy in the basal setting. ] Thorac Dis 2020;12:3836-43.

31. Otto S, Mensel B, Friedrich N, et al. Predictors of technical success and rate of
complications of image-guided percutaneous transthoracic lung needle biopsy of
pulmonary tumors. PLoS One 2015;10:e0124947.

32. Fois SS, Paliogiannis P, Zinellu A, et al. Molecular epidemiology of the main druggable
genetic alterations in non-small cell lung cancer. Int) Mol Sci 2021;22:612.

33. Chen H, Huang D, Lin G, et al. The prevalence and real-world therapeutic analysis of
Chinese patients with KRAS-mutant non-small cell lung cancer. Cancer Med 2022;11:3581-
92.

34. JiaY, Jiang T, Li X, et al. Characterization of distinct types of KRAS mutation and its impact
on first-line platinum-based chemotherapy in Chinese patients with advanced non-small
cell lung cancer. Oncol Lett 2017;14:6525-32.

35.  Liu SY, Sun H, Zhou JY, et al. Clinical characteristics and prognostic value of the KRAS
G12C mutation in Chinese non-small cell lung cancer patients. Biomark Res 2020;8:22.

36. IsakssonJ, Berglund A, Louie K, et al. KRAS G12C mutant non-small cell lung cancer linked
to female sex and high risk of CNS metastasis: population-based demographics and survival
data from the National Swedish Lung Cancer Registry. Clin Lung Cancer 2023;24:507-18.

37. Balaram G, Thomas R, Ghorpade SN, et al. Kirsten rat sarcoma mutation in South Indians

with non-small lung cancer: a cause for concern? J Precis Oncol 2022;2:3-8.

Online supplementary material:

Supplementary Table 1. Details of the patient samples analyzed in this study.

Supplementary Table 2. Droplet digital polymerase chain reaction results for KRAS G12D, G12V and
G13D mutation analysis of cfDNA. MC/ul- Mutant copies/ microliter, FA- Fractional Abundance
(%)



Table 1. Details of the primers used for amplification of the 222bp KRAS gene fragment.
Primer Sequence (5’-3’) Annealing Temperature
Forward Primer GTATTAACCTTATGTGTGTGACA 52°C

Reverse Primer GTCCTGCACCAGTAATATGC

Table 2. Details of the primers used in site-directed mutagenesis to generate KRAS-Mutant
lasmids.

Primer Sequence (5’-3’) Annealing temperature
KRAS G12D Forward | GTTGGAGCTGATGGCGTAGG 66°C

KRAS G12D Reverse | TACCACAAGTTTATATTCAGTCATGGTG

KRAS G12V Forward | GTTGGAGCTGTTGGCGTAGGC 64°C

KRAS G12V Reverse | TACCACAAGTTTATATTCAGTCATGGTG

KRAS G13D Forward | GGAGCTGGCGACGTAGGCAAG 66°C

KRAS G13D Reverse | AACTACCACAAGTTTATATTCAGTCATGG
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Figure 1. Standardization of the KRAS ddPCR assays. A) Representative image of 1D plot for
standardization of copy number for positive control for KRAS wild-type and KRAS mutant
plasmids. Lane A04 is the NTC, Lanes B04, C04 and D04 indicate 20,000, 10,000, 5,000 copies
of KRAS wild-type plasmid respectively. Lanes E04, FO4, G04 and H04 indicate 20,000, 10,000
and 5,000 copies of KRAS mutant plasmid and NTC respectively. The blue droplets indicate
mutant copies and the green droplets indicate the wild-type copies. The pink line indicates the
threshold and the black droplets are considered to be negative; B) representative image of 1D
plot for standardization of annealing temperature for KRAS variation detection ddPCR assay.
Lanes D08, E08, FO8 and GO8 are the corresponding positive controls at 4 different
temperatures: 53°C, 51.9°C, 51°C and 50.3°C, respectively.
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Figure 2. Screening for KRAS mutations in cfDNA by ddPCR. A-C) Representative images of 2D
plots of plasma samples from patients positive for KRAS G12D, KRAS G12V and KRAS G13D
variations by cfDNA-ddPCR; D-F) 2D plot of a KRAS G12D, KRAS G12V and KRAS G13D
mutation negative cfDNA sample through ddPCR analysis. The blue droplets indicate droplets
that contained mutant allele whereas green droplets indicate the droplets with the WT allele.
The orange droplets represent the droplets that contain both mutant and WT alleles. The pink
line is the threshold and the black droplets indicate the droplets without DNA (negative); G)
Plot depicting the variation status of the screened lung cancer cfDNA samples through ddPCR.
A sample positive for a variation is indicated by symbols namely blue rhombus (G12D), orange
square (G12V) and grey triangle (G13D). Absence of these symbols indicates sample the sample
is negative for that target variation.
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Figure 3. Screening for KRAS mutations in tumor DNA by ddPCR. A-C) Representative images
of 2D plots of ddPCR assays using tumor DNA samples positive for KRAS G12D (A), KRAS G12V
(B) and KRAS G13D (C) variation respectively; D,E) Representative images of 2D plots of ddPCR
assays using tumor DNA samples negative for KRAS mutations. The blue droplets indicate
droplets that contained mutant allele whereas green droplets indicate the droplets with the WT
allele. The orange droplets indicate the droplets that contained both mutant and WT alleles. The
pink line is the threshold and the black droplets indicate the droplets without DNA (negative).
F: Plot depicting the variation status of the screened lung cancer tDNA samples through ddPCR.
A sample positive for a variation is indicated by symbols namely blue rhombus (G12D), orange
square (G12V) and grey triangle (G13D). Absence of these symbols indicates sample negative
for that target variation.



	EPUB Monaldi
	MONALDI 3190

