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ABSTRACT 

The formation of non-small lung cancer, particularly adenocarcinoma, can be attributed to 
several key mutations within the Tyrosine Kinase domain of the Epidermal Growth Factor 
Receptor (EGFR) gene. Said mutations result in a receptor that remains activated despite the 
absence of its ligand, continuously activating downstream oncogenic pathways, such as MAPK 
and PI3K/AKT, which in turn lead to uncontrolled division and autophagy. Two mutations in 
particular–exon 19 deletion (ΔE746-A750) (44%), and L858R (41%)–account for nearly all 
cases of EGFR-caused Adenocarcinoma. At the same time, secondary mutations such as 
T790M confer resistance to first-generation tyrosine kinase inhibitors (TKIs).  The use of the 
CRISPR process, along with the Cas9 enzyme, shows significant promise in cancer therapy. By 
employing bioinformatic platforms such as Benchling and CHOPCHOP, our team hypothesized 
that it is possible to design a single-guided RNA (sgRNA) that guides the Cas9 endonuclease 
towards specific oncogenes, allowing it to cleave these genes, thereby enabling targeted gene 
‘knock-outs’. However, we found that this approach faces numerous limitations, including low 
on-target specificity, which compromises safety and precision. 
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INTRODUCTION 

Lung cancer remains the leading global cause of cancer-related mortality (1, 2), often due to 
late-stage diagnosis and sedentary lifestyles. In 2022, the global incidence of lung cancer was 
approximately 2.5 million new cases, with 717,211 cases (45.6% of male patients) and 541,971 
cases (59.7% of female patients) identified as Lung Adenocarcinoma. Therefore, 
Adenocarcinoma is most prevalent in the lungs. (2). 

Adenocarcinoma manifests as a malignant tumor of glandular epithelial cells. It develops when 
these specialized cells undergo unregulated cell division due to the expression of certain 
oncogenes– genes which promote cancer when mutated or overexpressed. (3, 4, ). 
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Adenocarcinoma can affect many organs, including the lungs, the prostate, the pancreas, the 
breasts, the colon, or the stomach. However, adenocarcinoma is most predominant in the lungs, 
forming a strain of non-small cell lung cancer (NSCLC) (5). 

Adenocarcinoma is a multifaceted disease influenced by environmental, lifestyle, and genetic 
factors. A study conducted at Dr.Soetomo District General Hospital, Surabaya, in 2018 (6), Lung 
Adenocarcinoma in Indonesia is mostly prevalent in male smokers aged over 50, with a history 
of heavy smoking, particularly those who smoked filter cigarettes. In contrast, another study 
conducted in the United States concluded that factors related to digestive and metabolic health, 
such as gastroesophageal reflux disease (GERD), diabetes mellitus (DM), high body mass 
index (BMI), and obesity, are common conditions observed in patients with Lung and 
Esophageal Adenocarcinoma (7). 

Over time, Adenocarcinoma typically spreads in two pathways (4). Invasive adenocarcinoma 
involves local spread to surrounding tissues, while metastatic adenocarcinoma occurs when the 
cancer cells enter the lymphovascular system and form secondary tumors in other parts of the 
body, far from the original organ, marking a more advanced stage of the cancer. In the case of 
lung adenocarcinoma, these patterns of spread do not appear to be directly influenced by EGFR 
mutation type (8). However, in 5 instances involving non-smokers, a diffuse, nodular pattern of 
cancer spread was observed, described as "miliary pulmonary metastases" (9). Despite these 
findings, a significant correlation between the type of EGFR mutation and metastatic behaviour 
has not been consistently shown. 

The epidermal growth factor receptor (EGFR), a member of the membrane-bound tyrosine 
kinase family, is the principal gene associated with link mutations in adenocarcinoma (10). It is 
activated upon the binding of its mitogen ligand EGF. This activation results in the activation of 
two relevant pathways: mitogen-activated protein kinase (MAPK) and the downstream 
PI3K/AKT/mTOR pathway. MAPK is involved in the activation of transcription factors for several 
genes involved in mitosis (11), whereas PI3K/AKT/mTOR leads to the inhibition of autophagy 
(12,13,14) and the increase of cell mass (15). 

Mutations within the EGFR-TK gene, specifically its tyrosine kinase domain, are strongly 
correlated with the formation of adenocarcinoma. Two mutations, exon 19 deletion 
(ΔE746-A750) (44%) and L858R (41%), account for the vast majority of activating mutations, 
whereas G719X (Glycine 719 → any other amino acid) (~4%) and S7681 (2%)  more rarely 
behave as activating mutations. (16) 

L858R is a missense mutation where the Leucine in position 858 (acg) mutates into arginine 
(atg). Located in the activation loop of the EGFR-TK domain, the substitution results in a 
permanently activated (expressed) state without the presence of a bonded ligand (17). This 
ligand-independent activation of the EGFR receptor results in the continuous activation of the 
MAPK and PI3K/AKT pathways. Such activation results in uncontrolled, continuous cell division 
and autophagy, which are correlated with the development and behaviour of the 
adenocarcinoma and cancer as a whole. 

​
A common secondary point mutation, T790M compounds the therapeutic resistance of 
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Adenocarcinoma, by inhibiting the effectiveness of first-generation EGFR tyrosine kinase 
inhibitors (TKIs). Roughly 50%–60% of secondary resistance to first-generation EGFR TKIs is 
due to EGFR T790M, which results from a c.2369C>T substitution in exon 20, substituting 
threonine with methionine at position 790. Importantly, this mutation doesn't interfere with 
CRISPR binding, and so allele-specific editing is still possible (18).​
​
The clustered regularly interspaced palindromic repeats (CRISPR) system is a gene-editing 
technology that allows the modification of sections of DNA sequences (19, 20), positioning itself 
as a promising alternative approach to cancer therapy. This process involves the Cas9 
endonuclease enzyme, which cuts the DNA at a particular section, and a guide specific to the 
CRISPR Cas9 process called single-guide RNA (sgRNA). sgRNA is a synthetic fusion of 
CRISPR RNA (crRNA), which matches the target DNA sequence, and trans-activating CRISPR 
RNA (tracrRNA), which attaches to Cas9 and activates it. SgRNA guides the Cas9 enzyme to 
the intended section, ensuring onsite cleavage of  DNA, creating a double-stranded break (DSB) 
and activating the cell’s DNA repair mechanism, which primarily occurs through 
non-homologous end joining (NHEJ) or homology-directed repair (HDR) pathways. To perform a 
gene 'knock-out', the less-precise NHEJ is used to repair the break inaccurately, leading to the 
deactivation of the oncogene, and thus the suppression of malignant features. 

Just as with exon 19 deletion, L858R and T790M have high prevalence; however, unlike it, they 
are point mutations. In this case, CRISPR can be used to deactivate these point mutations 
through targeted 'knockouts'. Consequently, we hypothesize that the design and optimization of 
sgRNA (in terms of specificity and efficiency (21, 22) ), leading the Cas9 endonuclease, can be 
done and evaluated using bioinformatic models. 
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Methodology 

This study employed a bioinformatic pipeline to design sgRNAs, aiming to identify the most 
efficient and specific variants for the L858R and T790M mutations. 

2.1 FASTA retrieval 

The canonical FASTA sequence of the EGFR-TK gene was first extracted from NCBI’s genomic 
database. Due to alternative splicing resulting in variants of the primary transcript, the canonical 
transcript (NM_005228.5) was chosen because it is the predominant isoform and exhibits 
conservation across species (23). 

2.2 Gene structure retrieval 

Before proceeding to sgRNA design, the mutations were first located within the CDS. L858R 
and T790M mutations are located within exons 21 and 20, respectively. To verify exon-intron 
architecture, gene prediction was initially conducted by uploading the primary transcript 
(NM_005228.5) into Fgenesh v.26. 

Fgenesh is part of the Softberry suite of analysis tools. It primarily serves as a gene prediction 
model; our team chose it due to its de novo and ab initio mechanisms. De novo implies the 
construction of gene models without any prior reference annotation. In contrast, ab initio, 
correlatively, means gene prediction is based solely on DNA sequence, using statistical models 
such as the Hidden Markov Models (HMM) (24). 

These predictions, reported by Fgenesh v.26, were benchmarked against NCBI’s curated 
annotated reference to further confirm the genetic architecture.  

Subsequently, the precise loci of the target mutations were located. The primary transcript  
(NM_005228.5)  was modified in silico using bioinformatic software Benchling to introduce the 
target mutations, allowing the formation of complementary sgRNAs. 

​
 ​ 2.3 Guide Design 

The modified transcript was imported into Benchling, a cloud-based genomic editing platform. A 
region of interest, with a length of 60 bases, was selected to screen potential sgRNA candidates 
upstream of PAMs. Similarly, we evaluated results from Benchling by simultaneously uploading 
the modified transcript into CHOPCHOP v.3 (25), a CRISPR/TALEN guide RNA design tool. 

sgRNAs in both computational models were subsequently designed with the default parameters 
set by Benchling. 

2.4 Sequence Alignment 

To evaluate off-target sites, the most optimal sgRNAs were imported into the Nucleotide BLAST. 
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Results and Discussion 

Gene prediction is done to validate exon-intron architecture and the location of point mutations 
T790M and L858R. In parallel, sgRNA design is critical for accurate guidance of the Cas9 
endonuclease, which underpins the effectiveness of the  CRISPR process as a whole. 

3.1 Gene prediction verification 

The results of genomic prediction from Fgenesh are as follows (further details in Table 1): 

FGENESH 2.6 Prediction of potential genes in Homo_sapiens genomic DNA 

Seq name: test sequence 

Length of sequence: 192612 

Number of predicted genes 2: in +chain 2, in -chain 0. 

Number of predicted exons 40: in +chain 40, in -chain 0. 

Positions of predicted genes and exons: Variant 1 from 1, Score:267.378564 

 

Table 1. FGenesh exon prediction. The table reports the two exons predicted by FGenesh. 
Predicted exons are from the primary transcript (NM_005228.5). 

Gene Strand Start End # Exons TSS (bp) PolyA (bp) 

1 + 262 15,786 6 – 15,786 

2 + 31,102 186,883 34 31,102 186,883 

 

The National Center for Biotechnology Information (NCBI) contains a curated annotated 
reference for the EGFR-TK gene. Multiple discrepancies, such as the individual length and 
number of exons (40 reported by Fgenesh’s prediction against 28 in the NCBI reference) 

Although reliable, FGenesh is not perfect. It is most likely that a portion of the “40” exons 
predicted are false positives (26), which can be potentially due to the misinterpretation of 
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sequence patterns from ab initio predictions. NCBI, on the other hand, cross-references with 
other databases. 

Consequently, our team chose to proceed with NCBI’s expert-curated sequences due to the 
already extensive review and support from experimental data. 

3.2 Computational models involved. 

Our team utilized Benchling primarily for its cloud sharing ability, allowing multiple individuals to 
work simultaneously on one project. Conversely, CHOPCHOP was employed for its quick and 
clean interface, suitable for validating sgRNA candidates from Benchling. 

Both computational models identified an identical sgRNA. Six and nine potential sgRNA 
candidates were designed for T790M and L858R, respectively (Table 2,3 & Fig. 1). A 
distinction, however, would be CHOPCHOP’s evaluation of specificity, which is done through a 
mismatch (MM) sequence.  For instance, MM1 denotes a potential off-target site that possesses 
a single nucleotide mismatch with the sgRNA sequence, thereby increasing the risk of off-target 
cleavage. This distinctive feature allows for a comparative evaluation with sequence alignment 
results in BLAST. 

Table 2. T790M sgRNA candidates (benchling). The table reports six sgRNA designed using 
Benchling from the 60-nucleotide interest region. 

Position Strand Sequence PAM Specificity 
score 

Efficiency 
score 

2610 -1 tgagctgcacggtggaggtg agg 31.88425 64.16179 

2615 -1 catgatgagctgcacggtgg agg 40.15848 55.79479 

2618 -1 ctgcatgatgagctgcacgg tgg 42.33117 79.76679 

2621 -1 gagctgcatgatgagctgca cgg 35.61432 71.37097 

2643 1 atcatgcagctcatgccctt cgg 39.54848 51.38578 

2654 1 catgcccttcggctgcctcc tgg 33.69811 35.54578 
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Table 3. L858R sgRNA candidates (benchling). The table reports nine sgRNA designed using 
Benchling from the 60-nucleotide interest region. 

Position Strand Sequence PAM Specificity 
score 

Efficiency 
score 

2809 -1 tctgtgatcttgacatgctg cgg 38.86458 61.77917 

2826 1 catgtcaagatcacagattt tgg 32.40663 34.0963 

2827 1 atgtcaagatcacagatttt ggg 29.24152 35.76113 

2830 1 tcaagatcacagattttggg cgg 54.55215 64.04463 

2831 1 caagatcacagattttgggc ggg 38.81625 57.7261 

2843 1 ttttgggcgggccaaactgc tgg 55.55276 35.20674 

2843 -1 ctcttccgcacccagcagtt tgg 39.9886 32.90189 

2844 1 tttgggcgggccaaactgct ggg 44.85912 51.41534 

2849 1 gcgggccaaactgctgggtg cgg 38.2449 51.86638 
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Fig.1. T790M (Top) and L858R (Bottom) sgRNA candidates (CHOPCHOP). The images report 
CHOPCHOP’s identical designs for the sgRNAs from the 60-nucleotide interest region. 

 

3.3 Suboptimal sgRNA for L858R and T790M 

During an in silico trial, the most optimal sgRNAs are selected primarily by specificity and 
efficiency evaluation (21, 22, 27). Specificity is derived from off-target scores and quantifies how 
uniquely the sgRNA targets the intended DNA sequence, hence how unlikely it is that an 
off-target site will be edited. Conversely, the efficiency score presents how well the sgRNA can 
lead the Cas9 endonuclease to induce targeted DNA cleavage and cause a double-strand break 
(DSB). It is important to note that a higher magnitude of these scores indicates better results. 

Both values are correlated with GC content; GC content underlines what percentage do guanine 
and cytosine nucleotides make of the guide’s composition. G-C pairs form strong triple hydrogen 
bonds, which allow for increased stability when the sgRNA binds to the DNA strand. Too little 
will result in weaker base pairing, causing premature dissociation; conversely, too much hinders 
strand separation. Hence, there needs to be an ideal amount (40% to 60%) for an optimal result. 
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Taking these parameters into account, out of the fifteen designed sgRNAs (Table 2,3 & Fig. 1), 
the most ‘optimal’ sgRNAs are “ctgcatgatgagctgcacgg” and “tcaagatcacagattttggg” for T790M 
and L858R, respectively. 

Although the Efficiency scores (~80) are considered sufficient (28), the specificity scores of both 
the ‘optimal’ sgRNAs are suboptimal at best. 

Low specificity can be attributed to a wide range of factors, including but not limited to: similarity 
with other sequences within the human genome assembly (GRCh38) and unsuitable GC 
percentage (29). 

3.4 Possible Clinical Consequences of Targeting Mutations with Designed sgRNAs 

Results of sequence alignment using Nucleotide BLAST (Table 4,5) reveal various other genes 
within the human genome, which, due to being precise matches to designed sgRNAs, could be 
potential off-target sites. 

​
Although the majority of these predicted “off-target’ sites are variants of the EGFR-TK genes 
and their associated exons, non-EGFR-TK binding regions were also detected. 

Among these, are lengths of the SHROOM 3 (NM_020859.4) for T790M  and PDPK1 gene 
(NM_001261816.2) for L858R’s sgRNA 

SHROOM3 is associated with podocyte formation within the kidney (30), whilst PDPK1 is 
involved in the activity of the following enzymes: 3-phosphoinositide-dependent protein kinase, 
phospholipase activator & binding. Hence, PDPK1 is a critical gene for intra- and extracellular 
cell signalling (31). 

Despite no known direct interaction between EGFR and SHROOM3 or PDPK1 (Fig.2), the 
designed sgRNA exhibited sequences complementary to regions within SHROOM3 and 
PDPK1. This is possible due to molecular cross-talk through intermediary genes such as LRIG1 
or CDH1 (SHROOM3) and PIK3CA or CRK (PDPK1) involved within different signal 
transduction pathways between the genes. 

Due to such perfect alignments, it is probable that the chosen sgRNA leads the Cas9 
endonuclease to cleave these genes. This results in the deactivation (knock-out) of genes 
essential to metabolic processes, hence serious medical consequences. 
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Table 4 T790M sgRNA sequence alignment (Nucleotide BLAST). The table reports the first five 

potential off-target risks associated with the designed sgRNA, sorted by E-value.  
 

query 

acc.ver 

subject 

acc.ver 

Identity (%) alignment 

length 

mismatches  E value Bit score 

Query_42528

05 

MT010322.1 100 20 0 0.021 40.1 

Query_42528

05 

AC092463.5 100 16 0 5.2 32.2 

Query_42528

05 

AC007064.27 100 16 0 5.2 32.2 

Query_42528

05 

AL135786.17 100 16 0 5.2 32.2 

Query_42528

05 

AC005301.22 100 16 0 5.2 32.2 
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Table 5 L858R sgRNA sequence alignment (Nucleotide BLAST). The table reports the first five 

potential off-target risks associated with the designed sgRNA, sorted by E-value.  

query 

acc.ver 

subject 

acc.ver 

Identity (%) alignment 

length 

mismatches  E value Bit score 

Query_2930

229 

HM437235.1 100 20 0 0 1 

Query_2930

229 

XM_0543574

17.1 

100 20 0 0 1 

Query_2930

229 

XM_0474199

53.1 

100 20 0 0 1 

Query_2930

229 

BC094761.1 100 20 0 0 1 

Query_2930

229 

NM_0013468

99.2 

100 20 0 0 1 
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Fig.2. Gene Interaction network between SHROOM3, PDPK1, and EGFR (Genemania). The 
image reports the physical interactions, co-expression, and co-localization of the genes. 

  

3.5 Limitations and recommendations 

As previously discussed, a major limitation of this research is the specificity of the designed 
sgRNAs. Significant modification of the sgRNA must be conducted before they are considered 
clinically viable (32). We suggest research into several methods to increase specificity, 
including: truncation and extension (33), high fidelity Cas9 variants (such as SpCas9-HF1) (34), 
dCas9-FokI fusion nucleases (21), and Cas9 Nickase mutants (35) 

Truncation or expansion of the sgRNA to 17 - 18 BP is known to increase the specificity of the 
sgRNA (31) significantly. 

Dimeric RNA-guided FokI-dCas9 nuclease (RFN) contains a Fokl cleavage domain, which is 
attached to the Cas9 (21), since the Fokl functions only as a dimer, two adjacent half-sites are 
required, doubling the target length and increasing fidelity.  Comparatively, A Cas9 mutant, Cas9 
nickase (Cas9n) D10A mutant requires two sgRNAs to nick both strands within the dsDNA, 
thereby increasing specificity. 
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However, in the case that the sgRNA does lead the Cas9 endonuclease towards the intended 
mutations (T790M & L858R), several issues could arise after cleaving. Primarily, the knockout of 
these genes results in currently unknown consequences (36) 

Conclusion 

Our team performed sgRNA design, evaluation, and optimization with the assistance of 
bioinformatic models such as Benchling and CHOPCHOP. Results displayed a total of 15 
sgRNAs for L858R and T790M mutations with suboptimal specificity scores. This indicated the 
presence of numerous off-target sites and the necessity for further optimization of designed 
sgRNAs. 
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