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Many patients fail to respond to EGFR-targeted therapeutics, and personalized diagnostics is needed to identify
putative responders. We investigated 1630 colorectal and lung squamous carcinomas and 1357 normal lung and
colon samples and observed huge variation in EGFR pathway activation in both cancerous and healthy tissues,
irrespectively on EGFR gene mutation status. We investigated whether human blood serum can affect squamous
carcinoma cell growth and EGFR drug response. We demonstrate that human serum antagonizes the effects of
EGFR-targeted drugs erlotinib and cetuximab on A431 squamous carcinoma cells by increasing IC50 by about 2-
and 20-fold, respectively. The effects on clonogenicity varied significantly across the individual serum samples in
every experiment, with up to 100% differences. EGF concentration could explain many effects of blood serum
samples, and EGFR ligands-depleted serum showed lesser effect on drug sensitivity.
1. Introduction

The HER receptor family consists of four receptor tyrosine kinases. In
humans, these include EGFR (HER1), HER2 (Neu), HER3, and HER4
proteins, encoded by the EGFR, ERBB2, ERBB3, and ERBB4 genes,
respectively [1, 2]. Several growth factors, called HER ligands, are known
to have the capability to bind these receptors and activate them [3, 4].
Inactive HER receptors exist as the monomers spanning the plasma
membrane. When HER ligands bind the extracellular domains (ectodo-
mains) of EGFR, HER3, or HER4, the monomeric receptors homo- or
heterodimerize and become functionally active through reciprocal
intramolecular tyrosine phosphorylation of their kinase domains [5].
EGFR molecules are essential for the mediation of both proliferative and
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survival signals to cells [6, 7]. Overexpression of the EGFR receptors, as
well as their hyperactivating mutations, play a major role in proliferative
signaling in a variety of cancers [5, 8, 9]. A therapeutic approach has
been developed to block EGFR receptor activities by targeted drugs
specifically: the use of monoclonal antibodies (mAbs) including cetux-
imab, or receptor tyrosine kinase inhibitors such as erlotinib in EGFR
targeting for the treatment of carcinoma cell subtypes of head and neck,
colorectal, pancreatic, and lung cancers has been clinically validated [10,
11, 12, 13].

Although the overall response rate to EGFR inhibitors can be as high
as 66% [14], the specific predictors of clinical response are of great
practical importance. These are: a history of smoking, results of protein
mass spectra analysis of blood serum samples [15], gene
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expression-based molecular pathway activation features [16, 17], EGFR
expression level, and, most importantly, activating mutations of EGFR
and downstream regulatory kinase genes such as KRAS, NRAS and BRAF
[18, 19]. Other possible predictors of clinical response to EGFR inhibitors
have not been validated yet.

Several groups previously reported the rescuing effects of EGFR
ligands (EGF, NRG) on the viabilities of cells treated with EGFR-
targeting drugs [20]. Thus, tumor response to the HER-targeted ther-
apy can be affected by a variety of extracellular factors present in the
patient body, particularly in human peripheral blood. These factors
modulate the anti-proliferative action of the drugs during the patients'
treatment.

Here, we investigated in silico activities of EGFR pathways in 604
colorectal and 1026 lung squamous carcinoma samples and compared
them with the activities in 578 normal lung and 779 normal colon
samples. We observed significant variation in EGFR signaling acti-
vation in both cancerous and normal tissues. Although EGFR-mutated
lung cancers showed greater activation profiles (p < 0.001), the wild-
type tumors also had a high variation that could not be explained by
the tumor's intrinsic properties. Therefore, we investigated whether
external factors like blood serum can affect squamous carcinoma cell
growth and response to EGFR-targeted drugs. On A431 squamous
carcinoma cells that overexpress EGFR [21], we show that peripheral
blood serum samples, which we took from seven healthy female
donors, could antagonize the effects of EGFR-targeted drugs erlotinib
and cetuximab by increasing their half-inhibitory concentrations by
about 2- and 20-fold, respectively. The effects on clonogenicity var-
ied statistically significantly across the individual serum samples in
every experiment, with differences of up to 100%. We show that
serum devoid of EGFR ligands exerted significantly lower effects on
sensitivity to erlotinib. We measured concentrations of EGFR ligands
EGF, TGF alpha, and NRG, and found that EGF in a physiological
concentration range can explain most of the effects observed here for
the blood serum samples. Our findings suggest that profiling EGFR
ligands in the patient's blood can be a further step towards the
personalization of treatment of squamous carcinomas with
EGFR-targeted drugs.

2. Results

2.1. EGF pathway activation level varies significantly in both cancerous
and normal tissues

First, we compared the activation level of the EGFR pathway across
normal and cancerous human lung and colon tissues because these are
the primary localizations in EGFR-targeted therapies (Table 1). RNA
sequencing gene expression profiles of 578 normal lung and 779 normal
colon samples were extracted from the Genotype-Tissue Expression
(GTEx) database [28]. In turn, 604 colorectal (CR) and 1026
non-small-cell lung cancer (NSCLC) RNA sequencing expression profiles
were extracted from The Cancer Genome Atlas (TCGA) database [29].
Pathway activation levels (PAL) were calculated for two versions of the
EGFR pathway: one extracted from Biocarta [30] and another from
Qiagen Pathway Central [31] databases.

To calculate PAL, we used the Oncobox method that quantifies
pathway activation using whole-transcriptome data and the knowledge
of an activator/inhibitor function of each pathway component [32].

This method of PAL calculation was shown to suppress the batch ef-
fects in various series of gene expression measurement experiments [33],
and to minimize the errors introduced by the high-throughput methods
of transcriptome analysis [34, 35]. PAL's absolute value reflects the
strength of a pathway perturbation, and a positive or negative value in-
dicates pathway activation or downregulation, respectively [32, 36].

We analyzed two versions of the EGFR pathway because they have
somewhat different gene compositions, which can influence the results.
However, we observed statistically significant correlations between the
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PAL values of both EGFR pathway versions (p < 0.00001), Figure 1. For
both versions, we found that the activation levels of the EGFR pathway
varied significantly in both the cancerous and normal tissues interrogated
(Figure 2). In addition, we subdivided the cancer samples into two
groups: (i) tumors that had known clinically relevant mutations in EGFR
signaling genes: EGFR, KRAS, NRAS, and BRAF, and (ii) “wild type” tu-
mors that did not have these mutations. In the “mutated” NSCLC cancers,
we observed statistically significantly greater EGFR pathway activation
levels compared with the “wild-type” cancers (p < 0.001, Figure 2A, C).
The same was not the case for the CR cancer samples, which showed
indistinguishable activation trends for both “mutated” and “wild-type”
tumors (Figure 2B, D). However, the intragroup standard deviations were
not statistically significantly different in the “mutated” and “wild-type”
tumors in both NSCLC and CR cancers (Figure 2).

In both cancerous and normal tissues, there were samples with either
strongly upregulated or downregulated EGFR pathways (Figure 2).
Interestingly, in the samples with maximal or minimal PAL values, there
were mostly similar patterns of up- or downregulated pathway nodes,
respectively, between the normal and cancerous samples, for both ver-
sions of the EGFR pathway under investigation (Figures S1-S4). Taken
together, these findings suggest that (i) there is a high level of EGFR
pathway activation heterogeneity in both cancerous and normal tissues;
(ii) in cancers, this heterogeneity cannot, for the most part, be explained
by their intrinsic properties like the presence of clinically relevant mu-
tations of EGFR pathway components.

Therefore, we hypothesized that the above EGFR pathway activation
heterogeneitymay be due to the “external” factors such as the presence of
EGFR ligands in blood. To test this hypothesis, we analyzed the effects of
peripheral human blood sera obtained from seven healthy donors, on the
growth and sensitivity to EGFR-targeted drugs of squamous carcinoma
cell line A431.
2.2. Human blood serum differentially affects colony formation by A431
cells

Tumor response to targeted therapy can be affected by various spe-
cific molecular factors present in the patient's body, like proteins and
metabolites. They can affect the anti-proliferative action of the EGFR-
targeted drugs both in vivo and in vitro. In this study, we measured the
impacts of individual human peripheral blood serum samples on the cell
colony formation in the presence of EGFR-targeted drugs.

First, we studied the influence of human blood serum, in the absence
of drugs, on the colony formation by cell line A431 that was obtained
from 85 years old patient with epidermoid squamous cell carcinoma
(Figure 3). This cell line was selected because it is a classical model for
studying effects of EGFR-targeted drugs, including erlotinib and cetux-
imab, on the EGFR-overexpressing cancer cells [37, 38, 39]. We used
human peripheral blood serum specimens obtained from seven healthy
female donors. Female donor samples were used because the cell culture
A431 originates from a female patient [40]. This could help avoiding
possible gender-specific bias in the interactions between the cell culture
model and human blood serum samples.

For all the samples tested, the growth media contained heat-
inactivated fetal bovine serum (FBS). FBS concentration of 10% was
enough to support maximum cell growth. We therefore tested cell colony
formation ability in the growth medium containing 10% heat-inactivated
FBS and supplemented with 2.5% human serum (or with 2.5% of addi-
tional heat-inactivated FBS for the controls).

It is important to note that among these seven serum samples tested we
detected statistically significant variation, by nearly 50%, in the colony
formation capabilities (Figure 3). We found that A431 colony formation
was not affected by the majority of serum samples, and one serum sample
(D1) could increase colony formationbyabout10%(p<0.05) (Figure3). In
turn, two individual serum samples (D6, D7) statistically significantly
inhibited colony formation by ~30% (p < 0.01) (Figure 3).



Table 1. Approved indications for the use of EGFR inhibitors in clinical oncology.

Drug generic name Approved cancer types Companion biomarkers Reference

Cetuximab Colorectal cancer, head and neck cancer Wild-type KRAS, NRAS, BRAF (for
colorectal cancer);

[22, 23]

Panitumumab Colorectal cancer Wild-type KRAS, NRAS, BRAF [22]

Necitumumab Untreated squamous non-small cell lung cancer (NSCLC) NA [24]

Afatinib NSCLC, breast cancer Activating mutations in EGFR (for
NSCLC): exon 19 deletions or exon
21 L858R mutation (for NSCLC)

[25]

Gefitinib NSCLC Activating mutations in EGFR:
exon 19 deletions or exon 21
L858R mutation

[26]

Erlotinib NSCLC, pancreatic cancer Activating mutations in EGFR:
exon 19 deletions or exon 21
L858R mutation (for NSCLC)

[25]

Dacomitinib NSCLC Activating mutations in EGFR:
exon 19 deletions or exon 21
L858R mutation

[25]

Osimertinib NSCLC Activating mutations in EGFR:
exon 19 deletions or exon 21
L858R mutation, plus T790M
mutation; but no exon 20 C797S
mutation

[27]
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2.3. Human blood serum samples differentially antagonize effects of
EGFR-specific drugs on A431 colony formation

Epidermoid squamous carcinoma cell line A431 is known to express,
on average, more EGFR than other cell lines of similar origin (~2 � 106
Figure 1. Correlation of pathway activation level (PAL) of the EGFR pathway from Q
pathway annotation. Panels represent correlations for the cancerous (TCGA database)
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EGFR molecules per cell versus ~4 � 104 of HER2), and is highly sen-
sitive to EGFR-targeted drugs [21, 41], but not sensitive to HER2-specific
drug trastuzumab [42], Figure S5.

We then measured effects on A431 cells colony formation of the
human donor blood sera and of two EGFR-specific targeted drugs: small
iagen Pathway Central annotation with PAL of the EGFR pathway from Biocarta
and normal (GTEx database) lung and colon tissues.



Figure 2. Distributions of pathway activation level (PAL) for the EGFR pathway in cancerous and normal tissues. A-B, distributions for the EGFR pathway (Qiagen
Pathway Central) for lung (A) and colon (B) tissues. C-D, distributions for the EGFR pathway (Biocarta) for lung (A) and colon (B) tissues. Cancerous samples were also
subdivided into wild type samples (WT) and samples harboring mutations in EGFR, KRAS, NRAS, or BRAF genes (mut).
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molecular inhibitor erlotinib and therapeutic antibody cetuximab. Col-
ony formation rate was normalized to the absence of drugs when only
fetal bovine serum was present in the culture medium.

When only FBS was present, erlotinib IC50 was ~450 nM. We found
that the human sera taken at a concentration as low as 2.5% could rescue
cells from growth inhibition by erlotinib (Figure 4). For example, at 500
nM erlotinib (corresponds to its physiological concentration under
standard therapeutic regimens [43, 44]), the colony formation ability
was close to the level without the addition of drug. At erlotinib con-
centration of as high as 1200 nM, human sera increased A431 cell clo-
nogenicity by approximately six times (~4% versus ~23%) on average.
Human blood serum from each of the seven donors tested was able to
abrogate the effect of erlotinib on A431 colony formation (Figure 4).

We then similarly measured the effects of cetuximab on the colony
formation, both separately and in combination with human peripheral
blood serum (Figure 5). In the absence of human serum, cetuximab IC50
was ~0.06 μg/ml. As before, 2.5% human sera strongly antagonized
cetuximab effects. For 0.3 μg/ml cetuximab, in five out of seven human
sera tested, the colony formation ability was similar to that without the
addition of the drug. With the other two serum samples, colony forma-
tion rate was about 60%, while in the absence of human serum the value
was only ~20%. At 1 μg/ml cetuximab, colony formation rate varied
between approximately 40% and 100% in the presence of human serum,
while only a few colonies could be detected when no human serum was
added. Finally, no colonies were detected at 3 μg/ml cetuximab without
4

human serum, while colony formation rate was still above 10% in the
presence of any of the human serum samples tested (Figure 5).

Comparison of cetuximab and erlotinib effects also showed that the
impact of human sera was stronger in the case of the cetuximab treatment
(compare Figures 4 and 5). In the presence of 2.5% human serum, IC50 of
cetuximab was ~1.2 μg/ml (averaged over all serum samples), which is
~20 times higher than if only FBS was present (~0.06 μg/ml). For
erlotinib, IC50 was ~450 nM if only FBS was present and ~900 nM, i.e.
approximately twice as high in the presence of 2.5% human serum
(averaged over all serum samples, Figure 4).

For both drugs tested, we observed variation of up to 100% in
colony formation between the serum samples of seven different in-
dividuals (Figures 4 and 5). We performed the Kruskal-Wallis test to
estimate how significant differences between serum samples are [45].
It is a non-parametric test to assess whether two or more groups of
samples originate from the same distribution. A significant result
(p-value less than 0.05) indicates here that at least one donor's sample
is significantly different from the others. In our experiments, the
Kruskal-Wallis test p-value was less than 0.01 at every drug concen-
tration for both erlotinib and cetuximab (Tables 2 and 3). It confirms
significant individual variations of human blood effects on EGFR
pathway activation and rescuing cells from the growth inhibition by
targeted drugs.

To further investigate whether the serum provides additive or
antagonistic effects to the drugs tested, we measured Bliss synergy score



Figure 3. Colony formation by A431 cells in the growth media containing 10%
FBS supplemented with human blood serum samples. (A) Colony formation is
normalized to the FBS-only growth media (column FBS). The average of seven
human donor serum samples is indicated as « mean » Asterisks indicate the
significance of the difference from FBS-only experimental results. (B) Repre-
sentative photographs of stained clonogenicity assay results were used for col-
ony number calculations.

Figure 4. (A) A431 relative clonogenicity after treatment with erlotinib in the
presence of human donor serum samples. Colored points represent average
clonogenicity for each donor sample calculated from three replicates, D1-7 de-
notes the donor ID. The solid line (FBS) defines clonogenicity in the presence of
FBS only; dotted line (mean) defines clonogenicity averaged for seven human
donor samples. Colony formation is normalized to the results of the experiments
with FBS-only growth media. (B) Representative photographs of stained clo-
nogenicity assay wells, which were used for colony number calculations for 900
nM erlotinib - treated cells.
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(BS) with the discriminating threshold of BS> 5 for the synergistic effect,
and BS < -5 for the antagonistic effect [36], of all the individual serum
samples tested (Table 4). We found that the effects observed were
essentially antagonistic to erlotinib and cetuximab activities in all the
samples tested.

We then assessed whether the colony formation capabilities were
associated with the serum concentrations of EGFR ligands epidermal
growth factor (EGF), transforming growth factor alpha (TGFa), and
neuregulin (NRG), see Table 5. We found no detectable NRG concen-
trations in all seven serum samples under investigation and also found no
correlation between colony formation capabilities and TGFa concentra-
tion in serum, both with and without drug added (Figure S6). However,
for the sera with moderate concentrations of EGF (less than 1 pg/μl), we
observed a trend of EGF concentration being congruent with the colony
formation (Figure 6) in the presence of both targeted drugs. The trend
was consistent in all the observations and was statistically significant at
the concentration of 0.3 μg/ml of cetuximab added to the medium
(correlation 0.93, p ¼ 0.023; Figure 6B). Thus, at least several cell
growth-promoting effects of human serum may be linked to the con-
centration of EGF, a major EGFR ligand.

2.4. Serum devoid of EGFR ligands has decreased capacity for rescuing
A431 cells from erlotinib

It was shown previously for A431 cells that EGF, the most abun-
dant EGFR ligand molecule in the blood, antagonizes cetuximab effects
on cell growth [11]. We, therefore, investigated if the observed effect
of human serum on colony formation inhibition persists when EGFR
5

ligands are removed from the serum. For this purpose, we assembled
an affinity column with agarose coated by EGFR extracellular domain
(ectodomain; amino acids 1–601). We then obtained serum devoid of
EGFR ligands by having the pooled serum from all seven donors pass
through the affinity column and performed colony formation assay
with both intact and EGFR ligands-depleted human serum. EGF con-
centration in depleted serum was 114 � 3.8 pg/ml, which was
approximately 8-fold lower than in the initial pooled serum. We used
the amount of serum devoid of EGFR ligands adjusted to the same
protein concentration as in the 5% pooled serum from all donors. We
found that human serum devoid of EGFR ligands could antagonize the
inhibitory effects of erlotinib to statistically significantly (p < 0.01)
lesser extent, approximately two times lower compared with the intact
serum þ erlotinib (Figure 7). Thus, we conclude that EGF accounts for
at least a significant part of drug-modulating capacities of human
serum.
2.5. EGF can inhibit A431 cell growth at physiological concentrations and
rescues A431 cells from growth inhibition by EGFR-targeted drugs

Conversely, we then explored the effects of recombinant human EGF
on colony formation capability of A431 cells in the presence of EGFR-
targeted drugs. While a patient is treated with anti-EGFR therapy, the
drugs also interfere with endogenous EGFR ligands of the human body.
We investigated the competitive effects of EGFR ligand EGF and EGFR
inhibitory drugs on A431 colony formation capability. EGF is known to



Figure 5. (A) A431 relative clonogenicity after treatment with cetuximab in the
presence of human donor serum samples. Colored points represent average
clonogenicity for each donor sample calculated from three replicates, D1-7 de-
notes the donor ID. The solid line (FBS) defines clonogenicity in the presence of
FBS only; dotted line (mean) defines clonogenicity averaged for seven human
donor samples. Colony formation is normalized to the results of the experiments
with FBS-only growth media. (B). Representative photographs of stained clo-
nogenicity assay wells, which were used for colony number calculations for 1
μg/ml cetuximab - treated cells.
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exert a dual action on cell culture growth by stimulating the cell prolif-
eration at low, ~0.1 ng/ml, concentrations, or by inhibiting proliferation
at concentrations of 70 ng/ml and higher in human MDA MB-468 and
A431 cell lines [46]. In turn, EGF concentration in human blood can vary
widely among individuals, with the reference range of ~0.3–1.7 ng/ml
[47].

We found that squamous carcinoma A431 cells could not form col-
onies at EGF concentrations exceeding 0.5 ng/ml (Figure 8). Thus,
Table 2. Colony formation of A431 cells in the presence of erlotinib and 2.5% human se
to the number of colonies formed in the absence of erlotinib and human serum. The d
was performed to estimate the significance of differences between the donors' sera.

Sample Erlotinib, nM

0 500

D1 108.1 � 3.4 94.2 � 2.9

D2 113.6 � 11.4 73.7 � 4.6

D3 97.4 � 7.3 95.5 � 5.7

D4 118.7 � 8.2 78.6 � 2.8

D5 115.9 � 6.8 71.5 � 1.3

D6 69.5 � 3.8 81.4 � 1.7

D7 70.5 � 4.9 88.5 � 1.4

Donors, mean 99.1 � 5.5 83.3 � 2.1

FBS 100 � 1.9 42.9 � 6

Kruskal-Wallis test p-value 0.0053 0.0036

6

physiological levels of EGF could be sufficient to inhibit the proliferation
of A431 cells. The observed EGF inhibitory effect on the cell colony
formation was reversible: when the EGF-containing medium was
replaced with the EGF-free medium after 8 or 24 h of incubation, the
colony formation capability was restored (data not shown).

In agreement with the previous reports [11, 44], we found that
combined treatment by the EGFR inhibitors and EGF restored colony
formation in A431 cells (Figure 8). It could be due to the fine interplay of
the anti- and pro- EGFR activating mechanisms [48]. Thus, we checked
the dose-response effect of EGF in combination with drugs targeting
EGFR. A431 cells could not form colonies in the presence of 0.5–500
ng/ml EGF (Figure 8A). In A431 cells, we detected ~450 nM IC50 for
erlotinib (Figure 4). However, in the presence of EGF and 800 nM erlo-
tinib, the colony formation capability could be restored completely, to a
no drug – no ligand level, and even become higher (Figure 8A).
Conversely, when EGFwas present in the growthmedia at concentrations
of 0.5 ng/ml and higher, the colony formation capability could be
restored completely by adding therapeutic doses of erlotinib.

We observed similar effects with cetuximab. The results of dose-
dependent colony formation assay for A431 cells at a wide range of
cetuximab (0–100 μg/ml) and EGF (0–500 ng/ml) concentrations are
shown in Figure 9. In our experiments, the cetuximab IC50 was ~0.06
μg/ml for A431 cells (Figure 5). However, at cetuximab concentrations of
6 and 20 μg/ml, the no drug level of colony formation was restored in the
presence of 1–10 ng/ml EGF (Figure 8B); moreover, 50 ng/ml EGF
restored colony formation even at cetuximab concentration of 100 μg/ml
(Figure 9). For example, we observed that for 1 ng/ml EGF, which is close
to its physiological concentration in peripheral blood, cetuximab IC50
was ~3 μg/ml, i.e. 60-fold higher than cetuximab IC50 in the absence of
EGF. Furthermore, at 1 ng/ml EGF and 2 μg/ml cetuximab, and at 2 ng/
ml EGF and 2–6 μg/ml cetuximab, the colony formation capability
exceeded the basic (no-drug, no-EGF) level by approximately two times.
Thus, our data confirmed that both EGFR inhibitors and EGFR ligands
can inhibit the growth of squamous carcinoma cell colonies, and together
they can counterbalance each other and enhance proliferation instead
(Figure 9).

3. Discussion

The prediction of individual patient response to drug therapy is a
challenging task in modern oncology. Most frequently, it involves ge-
netic, epigenetic, or transcriptomic markers of individual tumors [18, 19,
49, 50, 51, 52, 53]. However, not only “intrinsic” tumor molecular
properties can be relevant. Effects of blood serum/plasma components
were considered in several clinical studies [15, 54]. Elucidation of un-
derlying molecular mechanisms requires more detailed research
involving cell culture models [20, 55, 56] and molecular pathway anal-
ysis [32, 57, 58].
rum (samples D1 –D7). The number of colonies in each experiment is normalized
ata are given as the mean � standard deviation. The Kruskal-Wallis rank-sum test

700 900 1200

94.6 � 2 57.2 � 3.9 29.2 � 4.8

54.4 � 0.8 46.5 � 3.8 17.2 � 3.4

51.9 � 7.4 49.5 � 4.5 11.4 � 1.2

48 � 4.8 36.1 � 4.6 15.2 � 3.4

63.1 � 0.8 46.5 � 3.7 21.4 � 4.8

51.4 � 4.4 62.5 � 4.3 32.8 � 5.2

69.3 � 1.2 71.1 � 2.8 23.7 � 3.2

61.8 � 2 52.8 � 2.1 21.6 � 3.2

24.8 � 3 12.7 � 2.8 3.8 � 2

0.0045 0.0042 0.0082



Table 3. Colony formation of A431 cells in the presence of cetuximab and 2.5% human serum (samples D1 – D7). The number of colonies in each experiment is
normalized to the number of colonies formed in the absence of cetuximab and human serum. The data are given as the mean � standard deviation. The Kruskal-Wallis
rank-sum test was performed to estimate the significance of differences between the donors' sera.

Sample Cetuximab, μg/ml

0 0.1 0.3 1 3

D1 102.6 � 6.8 135.8 � 3.7 135 � 4.3 81.9 � 4.2 93.8 � 4

D2 108.4 � 6.7 124.6 � 1.2 83.6 � 3.4 46.3 � 3.8 60.3 � 2.2

D3 93.2 � 7.1 97.9 � 4.1 58.9 � 5.4 44.7 � 1.7 36.4 � 1

D4 113.1 � 0.5 103.6 � 3.4 63.8 � 7.8 48.5 � 4.7 63.8 � 2.9

D5 113 � 5.7 118.7 � 2.6 91.7 � 3.7 64.9 � 4.7 71.5 � 4.7

D6 70.7 � 7.8 142.7 � 4.7 117.3 � 7.1 89.8 � 2.7 35.2 � 3.2

D7 65 � 7.1 108.4 � 1.8 81.3 � 5.4 86.3 � 3.6 37.6 � 3.2

Donors, mean 95.1 � 0.8 118.8 � 1 90.2 � 2.3 66.1 � 1.4 56.9 � 1.8

FBS 100 � 2 60.8 � 5.4 20.6 � 5.7 2.1 � 3.3 2.6 � 2.6

Kruskal-Wallis test p-value 0.0052 0.0024 0.0025 0.0036 0.0032

Table 4. Bliss synergy scores for serum samples obtained from different donors.

Donor Erlotinib þ serum Bliss synergy score Cetuximab þ serum Bliss synergy score

D1 -46 -72.4

D2 -24.05 -45.03

D3 -31.55 -32.39

D4 -19.48 -36.85

D5 -26.24 -50.82

D6 -42.37 -67.97

D7 -48.31 -53.08
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Using human squamous carcinoma cell line A431, we show the
impressive modulation of activities of two EGFR-specific drugs by human
blood serum. Our results clearly demonstrate that conclusion about
antitumor drug inhibitory effects could be erroneous, unless a patient-
specific context, such as the concentration of EGFR ligands in individ-
ual blood serum, is taken into account. We show here that human serum
has a strong potential to alter effective concentrations of EGFR-targeted
drugs, and that these effects can vary statistically significantly by up to
two times across individuals. For the first time, we show that human sera
can rescue squamous carcinoma cells from growth suppression mediated
by EGFR-targeted drugs. Thus, considering the patient-specific serum
context could help personalize drug concentration adjustments to in-
crease the efficacy of treatment and reduce its side effects. We found that
human sera of seven healthy individuals had variable effects on the drug
activities (up to 100% differences for both drugs investigated) and that
this variation was statistically significant, as evidenced by the Kruskal-
Wallis rank-sum test results.

In our experiments, the rescue effect of donor serum on A431 colony
formation was lower in the case of cetuximab compared to erlotinib. This
is not due to the lower half-life of cetuximab in serum/culture medium.
Table 5. Serum concentration of EGFR ligands epidermal growth factor (EGF), transf
three independent ELISA measurements are given as the mean � standard deviation.

EGF

D1 983 � 61

D2 1265 � 78

D3 1425 � 87

D4 384 � 23

D5 815 � 55

D6 876 � 53

D7 675 � 43

D (-lig)* 114 � 3.8

* pooled serum devoid of EGFR ligands.
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Monoclonal antibodies including cetuximab are quite stable in cultiva-
tion media: light or incubation at 50 �C could decrease cetuximab ac-
tivity, while its activity decreases slowly at 40 �C without shaking [59].
Erlotinib can be more stable as it presented recovery higher than 80%
after incubation in water at 25 �C for more than one month [60].

However, when extrapolating these in vitro results on EGF ligand-
EGFR chemotherapeutic drugs interplay in patients, one has to
consider that the half-life of both cetuximab and erlotinib could be
different in cell culture medium compared to the patient serum when
injected. Cetuximab half-life in human body is 5–7 days [61, 62, 63],
whereas for erlotinib it is nearly 1.5 days [64, 65]. To compensate this
decay, cetuximab is injected weakly [66], while erlotinib is adminis-
trated daily [67].

Finally, we show that the proliferation of A431 squamous carcinoma
cells is inhibited by relatively low, physiological doses of EGF. As EGF is
essential for wound healing and tissue repair, our findings also suggest
that for several weeks following the tumor removal surgery the
remaining tumor could be under the control of endogenous EGF. Thus,
our model predicts that administering EGFR-targeted drugs soon after
tumor removal surgery can instead stimulate cancer cells to proliferate
orming growth factor alpha (TGFa), and neuregulin (NRG), in pg/ml. Results of

TGFa NRG

7,9 � 0,52 <50

11,7 � 0,71 <50

9,8 � 0,61 <50

0,6 � 0,03 <50

10,5 � 0,66 <50

10,1 � 0,65 <50

2,2 � 0,16 <50

4,2 � 0,29 <50



Figure 6. Colony formation efficacy by A431 cells treated with erlotinib (A) or cetuximab (B) are plotted against EGF concentration for each of seven human donor
serum samples. Correlation between two values as well as a resulted trend (solid line) for the sera with moderate EGF concentration is indicated. The data are shown as
the mean of three independent replicates �standard deviation. The vertical line represents the 1.1 pg/μl threshold.
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and to form new colonies in cooperation with internal molecules of EGF,
which level may be increased following surgery. Thus, the individual EGF
blood level can serve as an important biomarker to guide dosage aspects,
timing, and overall design of cancer treatment involving EGFR-targeted
Figure 7. The effect of human serum devoid of EGFR ligands on the relative
clonogenicity of A431 cells in the presence of erlotinib. Control means no serum
and no drug added. Erlotinib means 700 nM erlotinib added. Serum means 5% of
intact pooled human serum from seven donors added. Depleted serum means
protein level-adjusted equivalent amount of pooled serum passed through the
EGFR-immobilized affinity column. The data are shown as the mean of three
independent replicates �standard deviation.
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drugs. It also provides an experimental in vitro model for measuring
personalized context in predicting the efficiency of an anti-EGFR targeted
treatment.

4. Materials and methods

4.1. Cell culture

The squamous carcinoma cell line A431 (ATCC CRL-1555) was taken
from the collection of the Institute of Cytology, Russia. A431 cells were
cultured at 37 �C and 5% CO2 in Dulbecco's Modified Eagle's Medium
(DMEM; Gibco BRL) supplemented with 10–15% FBS (Gibco BRL) and 2
mML-glutamin, 4.5 g/L glucose, 1% penicillin-streptomycin (Gibco BRL).

4.2. Clonogenicity assay (colony formation assay)

Trypsinized cells were plated in 25 cm2
flasks, 300–900 cells per

flask, depending on the cell line. Alternatively, cells were plated on
six-well culture plates with cell amounts optimized for experimental
conditions (100–1000 cells). Plates with equal number of cells
seeded were incubated for 24h–48h before treatment by recombi-
nant hEGFR ligands or anti-EGFR drugs, or human sera. Down-
stream 4–18 days incubation of cells led to the formation of
colonies, defined as more than 50 cells. The medium was discarded,
and the cells were fixed using 4% formaldehyde for 10 min.
Formaldehyde was then removed, and the cells were stained using
0.5% of crystal violet in 60% methanol and 1xPBS for 15 min and
washed with water three times. Colonies were detected and counted
by openCFU software [68] (with regularity parameter set to 0).
Colony formation (CF) was calculated as a ratio of the number of
colonies formed by treated and untreated cells. All experiments
were conducted with at least three independent replicates.



Figure 8. The effect of EGF on A431 clonogenicity in the presence of erlotinib
(A) or cetuximab (B). Colony formation is given as a percentage of the number
of colonies in the absence of EGF and drugs. The data are shown as the mean of
three independent replicates �standard deviation (see Tables 2 and 3).
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4.3. EGFR ligands depletion from human blood serum

Expression vector sEGFR621 encoding for ectodomain of EGFR
(amino acids 1–621) fused with the FLAG peptide was kindly provided by
Dr. Tim Adams (CSIRO Manufacturing, VIC, Australia). HEK 293 cells at
Figure 9. 3D histogram for the dependence of A431 clonogenicity on the concent
normalized to the number of colonies in the absence of EGF and cetuximab. The ex
logical replicates.
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50% confluence were transfected with the vector using Lipofectamine
3000 transfection Kit (Invitrogen) according to the manufacturer's
manual. The cultivation medium was collected 6 h following trans-
fection, and then a fresh medium was added to the cells for additional 16
h. Then the medium was collected and replaced with a fresh medium for
24 more hours. Cultivation media were pooled and passed through the
anti-FLAG agarose column as a batch procedure, as per the manu-
facturer's instructions (Sigma-Aldrich). The pooled human serum sample
was obtained by mixing the same volumes of sera from all the donors
included in this investigation. The pooled sample was passed through the
column with immobilized EGFR ectodomain, and then this procedure
was repeated so that the serum contacted the column for 20 min.

4.4. EGFR-targeted drugs, EGF, and human serum samples

Cetuximab (Erbitux), solution 5 mg/ml, was purchased from Merck,
stored at 4 �C; erlotinib, dry powder, was purchased from Sigma-Aldrich,
stored at -20 �C as 10 mM solution in DMSO. EGF, dry powder, was
purchased from PanEco, stored at -20 �C.

Peripheral blood samples from seven unrelated healthy 23–64 years
old female donors were collected in two 8-ml vacuette tubes containing
pro-coagulant and gel (Greiner), and serum was prepared within 3–4 h
upon blood collection: tubes were centrifuged at 2500 rpm for 15 min,
sera were aliquoted and stored at -75 �C. For all the human biomaterials
investigated, informed written consents to participate in this study and to
communicate the results in the form of a scientific report were collected
from the corresponding donors. The procedure of taking human mate-
rials, the consent procedure, and the design of this study were approved
by the ethical committee of the Vitamed Clinical Center, Moscow.

4.5. Calculation of EGFR pathway activation

RNA sequencing gene expression profiles were extracted from GTEx
and TCGA databases. COAD (colon adenocarcinoma) and READ (rectal
adenocarcinoma) TCGA samples were pooled as the colorectal cancer
group (n ¼ 604). LUAD (lung adenocarcinoma) and LUSC (lung squa-
mous cell carcinoma) TCGA samples were pooled as the non-small cell
lung cancer group (NSCLC, n¼ 1026). These samplings included only the
specimens with matched mutation data deduced using whole-exome
sequencing profiles. The sample was considered mutated if at least one
of the following mutations was found in TCGA vcf file (Mutect2 variant
caller): BRAF codon 600; NRAS or KRAS codons 12, 13, 59, 61, 117, 146;
rations of cetuximab and EGF. The number of colonies in every experiment is
periments for each concentration point were performed with at least three bio-
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EGFR codon 858 or deletion in exon 19. Normal samples originating from
lung (n ¼ 578) and colon (n ¼ 779) were selected according to the GTEx
database label in the SMTS field. Raw gene counts from all datasets were
merged into a single matrix, and quantile normalized [69]. To minimize
the effect of the group size on data variation, we then randomly selected
578 individual samples from each group (corresponds to the size of the
minimal group under comparison) for further analyses and calculated
pathway activation levels for each sample using Oncobox software [32].

Pathway activation level (PAL) characterizes cumulative changes in
expression levels of genes belonging to a certain molecular pathway. PAL
is calculated as follows:

PALp ¼
X

n

ARRnp*
lgðCNRnÞP

n

��ARRnp

��

where PALp is PAL for pathway p, CNRn is case-to-normal ratio, the ratio
of gene n expression level in a tumor sample under study to an average
level in the control group; ARR (activator/repressor role) is a Boolean
flag that depends on the function of gene n product in pathway p. ARR
value is �1 if gene product n inhibits pathway p; 1 if n activates the
pathway; 0 if n has ambiguous or unclear role in the pathway; 0.5 or
�0.5, if n is more a pathway activator or its inhibitor, respectively.

4.6. Statistical analysis

T-test was used for pairwise comparisons. On the graphs, p-values are
represented as follows: **** - less than 0.0001, *** - less than 0.001, ** -
less than 0.01, * - less than 0.05.

To quantify drug synergy, we calculated Bliss model scores using R
Calculate Synergy function without baseline correction from Synergy
Finder package [70]. This package utilizes the following model equation:

YBLISS ¼ Y1 þ Y2 – Y1*Y2

where Y is the compound's effect (fractional inhibition of cell growth).
We considered effect synergistic when the corresponding YBLISS score was
greater than 5, antagonistic when it was lower than �5, and additive
when otherwise [36].

Declarations

Author contribution statement

Dmitry Kamashev: Conceived and designed the experiments; Per-
formed the experiments; Analyzed and interpreted the data; Contributed
reagents, materials, analysis tools or data; Wrote the paper.

Maksim Sorokin: Analyzed and interpreted the data.
Irina Kochergina, Uliana Vladimirova, Nina Shaban: Performed the

experiments.
Aleksey Drobyshev: Performed the experiments; Wrote the paper.
Marianna Zolotovskaia, Mikhail Raevskiy, Denis Kuzmin:

Analyzed and interpreted the data; Wrote the paper.
Igor Vorotnikov: Conceived and designed the experiments; Performed

the experiments.
Anton Buzdin: Conceived and designed the experiments;

Analyzed and interpreted the data; Contributed reagents, materials,
analysis tools or data; Wrote the paper.

Funding statement

This study was supported by the Russian Science Foundation grant
(18-15-00061).

Data availability statement

Data included in article/supplementary material/referenced in
article.
10
Declaration of interests statement

The authors declare no conflict of interest.
Additional information

Supplementary content related to this article has been published
online at https://doi.org/10.1016/j.heliyon.2021.e06394.

Acknowledgements

We thank Dr. Tim Adams (CSIRO Manufacturing, VIC, Australia) for
the expression vector sEGFR621 encoding for EGFR ectodomain.

References

[1] T. Holbro, N.E. Hynes, ErbB Receptors : directing key signaling networks
throughout life, Annu. Rev. Pharmacol. Toxicol. 44 (2004) 195–217.

[2] M.A. Olayioye, The ErbB signaling network: receptor heterodimerization in
development and cancer, EMBO J. 19 (2000) 3159–3167.

[3] A. Ullrich, J. Schlessinger, Signal transduction by receptors with tyrosine kinase
activity, Cell 61 (1990) 203–212.

[4] T. Komurasaki, H. Toyoda, D. Uchida, N. Nemoto, Mechanism of growth promoting
activity of epiregulin in primary cultures of rat hepatocytes, Growth Fact. 20 (2002)
61–69.

[5] Y. Yarden, The EGFR family and its ligands in human cancer. signalling mechanisms
and therapeutic opportunities, Eur. J. Canc. 37 (Suppl 4) (2001) S3–8.

[6] A. Citri, K.B. Skaria, Y. Yarden, The deaf and the dumb: the biology of ErbB-2 and
ErbB-3, Exp. Cell Res. 284 (2003) 54–65.

[7] J. Baselga, Why the epidermal growth factor receptor? The rationale for cancer
therapy, Oncol. 7 (Suppl 4) (2002) 2–8.

[8] Y. Yarden, G. Pines, The ERBB network: at last, cancer therapy meets systems
biology, Nat. Rev. Canc. 12 (2012) 553–563.

[9] N. Prenzel, E. Zwick, M. Leserer, A. Ullrich, Tyrosine kinase signalling in breast
cancer. Epidermal growth factor receptor: convergence point for signal integration
and diversification, Breast Cancer Res. 2 (2000) 184–190.

[10] C.L. Arteaga, ErbB-targeted therapeutic approaches in human cancer, Exp. Cell Res.
284 (2003) 122–130.

[11] J. Mendelsohn, J. Baselga, Epidermal growth factor receptor targeting in cancer,
Semin. Oncol. 33 (2006) 369–385.

[12] C. Yewale, D. Baradia, I. Vhora, S. Patil, A. Misra, Epidermal growth factor receptor
targeting in cancer: a review of trends and strategies, Biomaterials 34 (2013)
8690–8707.

[13] A.L. Miller, P.L. Garcia, K.J. Yoon, Developing effective combination therapy for
pancreatic cancer: an overview, Pharmacol. Res. 155 (2020).

[14] K. Park, C.J. Yu, S.W. Kim, M.C. Lin, V. Sriuranpong, C.M. Tsai, J.S. Lee, J.H. Kang,
K.C. Chan, P. Perez-Moreno, P. Button, M.J. Ahn, T. Mok, First-line erlotinib
therapy until and beyond response evaluation criteria in solid tumors progression in
asian patients with epidermal growth factor receptor mutation-positive non-small-
cell lung cancer: the ASPIRATION study, JAMA Oncol 2 (2016) 305–312.

[15] F. Taguchi, B. Solomon, V. Gregorc, H. Roder, R. Gray, K. Kasahara, M. Nishio,
J. Brahmer, A. Spreafico, V. Ludovini, P.P. Massion, R. Dziadziuszko, J. Schiller,
J. Grigorieva, M. Tsypin, S.W. Hunsucker, R. Caprioli, M.W. Duncan, F.R. Hirsch,
P.A. Bunn Jr., D.P. Carbone, Mass spectrometry to classify non-small-cell lung
cancer patients for clinical outcome after treatment with epidermal growth factor
receptor tyrosine kinase inhibitors: a multicohort cross-institutional study, J. Natl.
Cancer Inst. 99 (2007) 838–846.

[16] Q. Zhu, E. Izumchenko, A.M. Aliper, E. Makarev, K. Paz, A.A. Buzdin,
A.A. Zhavoronkov, D. Sidransky, Pathway activation strength is a novel
independent prognostic biomarker for cetuximab sensitivity in colorectal cancer
patients, Hum. Genome Var. 2 (2015) 15009.

[17] A. Artemov, A. Aliper, M. Korzinkin, K. Lezhnina, L. Jellen, N. Zhukov,
S. Roumiantsev, N. Gaifullin, A. Zhavoronkov, N. Borisov, A. Buzdin, A method for
predicting target drug efficiency in cancer based on the analysis of signaling
pathway activation, Oncotarget 6 (2015) 29347–29356.

[18] K.N. Ganjoo, H. Wakelee, Review of erlotinib in the treatment of advanced non-
small cell lung cancer, Biologics 1 (2007) 335–346. https://www.ncbi.nlm.nih.
gov/pubmed/19707304.

[19] H.C. Hsu, T.K. Thiam, Y.J. Lu, C.Y. Yeh, W.S. Tsai, J.F. You, H.Y. Hung, C.N. Tsai,
A. Hsu, H.C. Chen, S.J. Chen, T.S. Yang, Mutations of KRAS/NRAS/BRAF predict
cetuximab resistance in metastatic colorectal cancer patients, Oncotarget 7 (2016)
22257–22270.

[20] T.R. Wilson, J. Fridlyand, Y. Yan, E. Penuel, L. Burton, E. Chan, J. Peng, E. Lin,
Y. Wang, J. Sosman, A. Ribas, J. Li, J. Moffat, D.P. Sutherlin, H. Koeppen,
M. Merchant, R. Neve, J. Settleman, Widespread potential for growth-factor-driven
resistance to anticancer kinase inhibitors, Nature 487 (2012) 505–509.

[21] E. Friedlander, D.J. Arndt-Jovin, P. Nagy, T.M. Jovin, J. Szollosi, G. Vereb, Signal
transduction of erbB receptors in trastuzumab (Herceptin) sensitive and resistant
cell lines: local stimulation using magnetic microspheres as assessed by quantitative
digital microscopy, Cytometry A. 67 (2005) 161–171.

https://doi.org/10.1016/j.heliyon.2021.e06394
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref1
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref1
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref1
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref2
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref2
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref2
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref3
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref3
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref3
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref4
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref4
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref4
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref4
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref5
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref5
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref5
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref6
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref6
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref6
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref7
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref7
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref7
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref8
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref8
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref8
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref9
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref9
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref9
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref9
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref10
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref10
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref10
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref11
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref11
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref11
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref12
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref12
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref12
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref12
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref13
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref13
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref20
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref20
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref20
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref20
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref20
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref20
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref21
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref21
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref21
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref21
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref21
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref21
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref21
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref21
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref22
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref22
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref22
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref22
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref23
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref23
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref23
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref23
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref23
https://www.ncbi.nlm.nih.gov/pubmed/19707304
https://www.ncbi.nlm.nih.gov/pubmed/19707304
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref25
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref25
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref25
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref25
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref25
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref26
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref26
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref26
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref26
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref26
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref27
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref27
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref27
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref27
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref27


D. Kamashev et al. Heliyon 7 (2021) e06394
[22] J.E. Frampton, Cetuximab: a review of its use in squamous cell carcinoma of the
head and Neck, Drugs 70 (2010) 1987–2010.

[23] W.A. Messersmith, D.J. Ahnen, Targeting EGFR in colorectal cancer, N. Engl. J.
Med. 359 (2008) 1834–1836.

[24] A. Díaz-Serrano, A. S�anchez-Torre, L. Paz-Ares, Necitumumab for the treatment of
advanced non-small-cell lung cancer, Future Oncol. 15 (2019) 705–716.

[25] M. Alexander, E. Lin, H. Cheng, Leptomeningeal metastases in non-small cell lung
cancer: optimal systemic management in NSCLC with and without driver mutations,
Curr. Treat. Options Oncol. 21 (2020).

[26] A. Garg, U. Batra, P. Choudhary, D. Jain, S. Khurana, P.S. Malik, V. Muthu,
K.T. Prasad, N. Singh, T. Suri, A. Mohan, Clinical predictors of response to EGFR-
tyrosine kinase inhibitors in EGFR-mutated non-small cell lung cancer: a real-world
multicentric cohort analysis from India, Curr. Probl. Canc. 44 (2020).

[27] C. Lazzari, V. Gregorc, N. Karachaliou, R. Rosell, M. Santarpia, Mechanisms of
resistance to osimertinib, J. Thorac. Dis. 12 (2020) 2851–2858.

[28] J. Lonsdale, J. Thomas, M. Salvatore, R. Phillips, E. Lo, S. Shad, R. Hasz, G. Walters,
F. Garcia, N. Young, B. Foster, M. Moser, E. Karasik, B. Gillard, K. Ramsey,
S. Sullivan, J. Bridge, H. Magazine, J. Syron, J. Fleming, L. Siminoff, H. Traino,
M. Mosavel, L. Barker, S. Jewell, D. Rohrer, D. Maxim, D. Filkins, P. Harbach,
E. Cortadillo, B. Berghuis, L. Turner, E. Hudson, K. Feenstra, L. Sobin, J. Robb,
P. Branton, G. Korzeniewski, C. Shive, D. Tabor, L. Qi, K. Groch, S. Nampally,
S. Buia, A. Zimmerman, A. Smith, R. Burges, K. Robinson, K. Valentino,
D. Bradbury, M. Cosentino, N. Diaz-Mayoral, M. Kennedy, T. Engel, P. Williams,
K. Erickson, K. Ardlie, W. Winckler, G. Getz, D. DeLuca, D. MacArthur, M. Kellis,
A. Thomson, T. Young, E. Gelfand, M. Donovan, Y. Meng, G. Grant, D. Mash,
Y. Marcus, M. Basile, J. Liu, J. Zhu, Z. Tu, N.J. Cox, D.L. Nicolae, E.R. Gamazon,
H.K. Im, A. Konkashbaev, J. Pritchard, M. Stevens, T. Flutre, X. Wen,
E.T. Dermitzakis, T. Lappalainen, R. Guigo, J. Monlong, M. Sammeth, D. Koller,
A. Battle, S. Mostafavi, M. McCarthy, M. Rivas, J. Maller, I. Rusyn, A. Nobel,
F. Wright, A. Shabalin, M. Feolo, N. Sharopova, A. Sturcke, J. Paschal,
J.M. Anderson, E.L. Wilder, L.K. Derr, E.D. Green, J.P. Struewing, G. Temple,
S. Volpi, J.T. Boyer, E.J. Thomson, M.S. Guyer, C. Ng, A. Abdallah, D. Colantuoni,
T.R. Insel, S.E. Koester, A.R. Little, P.K. Bender, T. Lehner, Y. Yao, C.C. Compton,
J.B. Vaught, S. Sawyer, N.C. Lockhart, J. Demchok, H.F. Moore, The genotype-tissue
expression (GTEx) project, Nat. Genet. 45 (2013) 580–585.

[29] J.N. Weinstein, E.A. Collisson, G.B. Mills, K.R.M. Shaw, B.A. Ozenberger, K. Ellrott,
I. Shmulevich, C. Sander, J.M. Stuart, The cancer Genome Atlas pan-cancer analysis
project, Nat. Genet. 45 (2013) 1113–1120.

[30] D. Nishimura, BioCarta, Biotech Softw. Internet Rep. 2 (2001) 117–120.
[31] GeneGlobe (n.d.), https://geneglobe.qiagen.com/ru/. (Accessed 1 September

2020).
[32] N. Borisov, M. Sorokin, A. Garazha, A. Buzdin, Quantitation of molecular

pathway activation using RNA sequencing data, Methods Mol. Biol. 2063 (2020)
189–206.

[33] N. Borisov, M. Suntsova, M. Sorokin, A. Garazha, O. Kovalchuk, A. Aliper,
E. Ilnitskaya, K. Lezhnina, M. Korzinkin, V. Tkachev, V. Saenko, Y. Saenko,
D.G. Sokov, N.M. Gaifullin, K. Kashintsev, V. Shirokorad, I. Shabalina,
A. Zhavoronkov, B. Mishra, C.R. Cantor, A. Buzdin, Data aggregation at the level of
molecular pathways improves stability of experimental transcriptomic and
proteomic data, Cell Cycle 16 (2017) 1810–1823.

[34] A.A. Buzdin, A.A. Zhavoronkov, M.B. Korzinkin, S.A. Roumiantsev, A.M. Aliper,
L.S. Venkova, P.Y. Smirnov, N.M. Borisov, The OncoFinder algorithm for
minimizing the errors introduced by the high-throughput methods of transcriptome
analysis, Front. Mol. Biosci. 1 (2014) 8.

[35] I.V. Ozerov, K.V. Lezhnina, E. Izumchenko, A.V. Artemov, S. Medintsev,
Q. Vanhaelen, A. Aliper, J. Vijg, A.N. Osipov, I. Labat, M.D. West, A. Buzdin,
C.R. Cantor, Y. Nikolsky, N. Borisov, I. Irincheeva, E. Khokhlovich, D. Sidransky,
M.L. Camargo, A. Zhavoronkov, In silico Pathway Activation Network
Decomposition Analysis (iPANDA) as a method for biomarker development, Nat.
Commun. 7 (2016) 13427.

[36] M. Sorokin, R. Kholodenko, M. Suntsova, G. Malakhova, A. Garazha, I. Kholodenko,
E. Poddubskaya, D. Lantsov, I. Stilidi, P. Arhiri, A. Osipov, A. Buzdin, Oncobox
bioinformatical platform for selecting potentially effective combinations of
target cancer drugs using high-throughput gene expression data, Cancers 10 (2018)
365.

[37] A. Jimeno, B. Rubio-Viqueira, M.L. Amador, D. Oppenheimer, N. Bouraoud,
P. Kulesza, V. Sebastiani, A. Maitra, M. Hidalgo, Epidermal growth factor receptor
dynamics influences response to epidermal growth factor receptor targeted agents,
Can. Res. 65 (2005) 3003–3010.

[38] R. Perez-Soler, Y. Zou, T. Li, Y.H. Ling, The phosphatase inhibitor menadione
(Vitamin K3) protects cells from EGFR inhibition by erlotinib and cetuximab, Clin.
Canc. Res. 17 (2011) 6766–6777.

[39] J.A. Bryant, R.S. Finn, D.J. Slamon, T.F. Cloughesy, A.C. Charles, EGF activates
intracellular and intercellular calcium signaling by distinct pathways in tumor cells,
Canc. Biol. Ther. 3 (2004) 1243–1249.

[40] A-431 ATCC® CRL-1555TM Homo sapiens skin/epidermis epidermoi (n.d.),
https://www.lgcstandards-atcc.org/Products/All/CRL-1555.aspx?
geo_country¼me#. (Accessed 1 September 2020).

[41] G.N. Gill, C.S. Lazar, Increased phosphotyrosine content and inhibition of
proliferation in EGF-treated A431 cells, Nature 293 (1981) 305–307.

[42] A.M. Brandsma, T. Ten Broeke, M. Nederend, L.A. Meulenbroek, G. van Tetering,
S. Meyer, J.H. Jansen, M.A. Beltran Buitrago, S.Q. Nagelkerke, I. Nemeth, R. Ubink,
G. Rouwendal, S. Lohse, T. Valerius, J.H. Leusen, P. Boross, Simultaneous targeting
of FcgammaRs and FcalphaRI enhances tumor cell killing, Cancer Immunol. Res. 3
(2015) 1316–1324.
11
[43] M. Hidalgo, L.L. Siu, J. Nemunaitis, J. Rizzo, L.A. Hammond, C. Takimoto,
S.G. Eckhardt, A. Tolcher, C.D. Britten, L. Denis, K. Ferrante, D.D. Von Hoff,
S. Silberman, E.K. Rowinsky, Phase I and pharmacologic study of OSI-774, an
epidermal growth factor receptor tyrosine kinase inhibitor, in patients with
advanced solid malignancies, J. Clin. Oncol. 19 (2001) 3267–3279.

[44] D.B. Costa, S. Kobayashi, W.L. Yeo, A. Hamada, Serum concentrations of Erlotinib at
a dose of 25 mg daily, J. Thorac. Oncol. 5 (2010) 1311–1312.

[45] W.H. Kruskal, W.A. Wallis, Use of ranks in one-criterion variance analysis, J. Am.
Stat. Assoc. 47 (1952) 583–621.

[46] L.F. Gulli, K.C. Palmer, Y.Q. Chen, K.B. Reddy, Epidermal growth factor-induced
apoptosis in A431 cells can be reversed by reducing the tyrosine kinase activity, Cell
Growth Differ. 7 (1996) 173–178. https://www.ncbi.nlm.nih.gov/pubme
d/8822200.

[47] Y. Lemos-Gonzalez, F.J. Rodriguez-Berrocal, O.J. Cordero, C. Gomez, M. Paez de la
Cadena, Alteration of the serum levels of the epidermal growth factor receptor and
its ligands in patients with non-small cell lung cancer and head and neck carcinoma,
Br. J. Canc. 96 (2007) 1569–1578.

[48] Z. Fan, B.Y. Shang, Y. Lu, J.L. Chou, J. Mendelsohn, Reciprocal changes in
p27(Kip1) and p21(Cip1) in growth inhibition mediated by blockade or
overstimulation of epidermal growth factor receptors, Clin. Canc. Res. 3 (1997)
1943–1948. https://www.ncbi.nlm.nih.gov/pubmed/9815583.

[49] A. Buzdin, M. Sorokin, A. Garazha, A. Glusker, A. Aleshin, E. Poddubskaya,
M. Sekacheva, E. Kim, N. Gaifullin, A. Giese, A. Seryakov, P. Rumiantsev,
S. Moshkovskii, A. Moiseev, RNA sequencing for research and diagnostics in clinical
oncology, Semin. Canc. Biol. 60 (2019) 311–323.

[50] M. Sorokin, E. Poddubskaya, M. Baranova, A. Glusker, L. Kogoniya, E. Markarova,
D. Allina, M. Suntsova, V. Tkachev, A. Garazha, M. Sekacheva, A. Buzdin, RNA
sequencing profiles and diagnostic signatures linked with response to
ramucirumab in gastric cancer, Cold Spring Harb. Mol. Case Stud. 6 (2020),
a004945 mcs.

[51] E.L. Kim, M. Sorokin, S.R. Kantelhardt, D. Kalasauskas, B. Sprang, J. Fauss,
F. Ringel, A. Garazha, E. Albert, N. Gaifullin, C. Hartmann, N. Naumann, S.-
E.E. Bikar, A. Giese, A. Buzdin, Intratumoral heterogeneity and longitudinal
changes in gene expression predict differential drug sensitivity in newly diagnosed
and recurrent glioblastoma, Cancers (Basel) 12 (2020) 520.

[52] J. Rodon, J.C. Soria, R. Berger, W.H. Miller, E. Rubin, A. Kugel, A. Tsimberidou,
P. Saintigny, A. Ackerstein, I. Bra~na, Y. Loriot, M. Afshar, V. Miller, F. Wunder,
C. Bresson, J.F. Martini, J. Raynaud, J. Mendelsohn, G. Batist, A. Onn, J. Tabernero,
R.L. Schilsky, V. Lazar, J.J. Lee, R. Kurzrock, Genomic and transcriptomic profiling
expands precision cancer medicine: the WINTHER trial, Nat. Med. 25 (2019)
751–758.

[53] K. Peng, R. Liu, Y. Yu, L. Liang, S. Yu, X. Xu, T. Liu, Identification and validation of
cetuximab resistance associated long noncoding RNA biomarkers in metastatic
colorectal cancer, Biomed. Pharmacother. 97 (2018) 1138–1146.

[54] K. Yonesaka, N. Takegawa, T. Satoh, H. Ueda, T. Yoshida, M. Takeda, T. Shimizu,
Y. Chiba, I. Okamoto, K. Nishio, T. Tamura, K. Nakagawa, Combined analysis of
plasma amphiregulin and heregulin predicts response to cetuximab in metastatic
colorectal cancer, PloS One 10 (2015), e0143132.

[55] J. Claus, G. Patel, F. Autore, A. Colomba, G. Weitsman, T.N. Soliman, S. Roberts,
L.C. Zanetti-Domingues, M. Hirsch, F. Collu, R. George, E. Ortiz-Zapater,
P.R. Barber, B. Vojnovic, Y. Yarden, M.L. Martin-Fernandez, A. Cameron,
F. Fraternali, T. Ng, P.J. Parker, Inhibitor-induced HER2-HER3 heterodimerisation
promotes proliferation through a novel dimer interface, Elife 7 (2018).

[56] X. Wang, J. Wong, C.J. Sevinsky, L. Kokabee, F. Khan, Y. Sun, D.S. Conklin, Bruton’s
tyrosine kinase inhibitors prevent therapeutic escape in breast cancer cells, Mol.
Canc. Therapeut. 15 (2016) 2198–2208.

[57] M.A. Zolotovskaia, V.S. Tkachev, A.P. Seryakov, D.V. Kuzmin, D.E. Kamashev,
M.I. Sorokin, S.A. Roumiantsev, A.A. Buzdin, Mutation enrichment and
transcriptomic activation signatures of 419 molecular pathways in cancer, Cancers
12 (2020).

[58] A. Buzdin, M. Sorokin, A. Garazha, M. Sekacheva, E. Kim, N. Zhukov, Y. Wang,
X. Li, S. Kar, C. Hartmann, A. Samii, A. Giese, N. Borisov, Molecular pathway
activation - new type of biomarkers for tumor morphology and personalized
selection of target drugs, Semin. Canc. Biol. 53 (2018) 110–124.

[59] A. Farjami, M. Siahi-Shadbad, P. Akbarzadehlaleh, K. Roshanzamir, O. Molavi,
Evaluation of the physicochemical and biological stability of cetuximab under
various stress condition, J. Pharm. Pharmaceut. Sci. 22 (2019) 171–190.

[60] N. Negreira, M. L�opez de Alda, D. Barcel�o, Study of the stability of 26 cytostatic
drugs and metabolites in wastewater under different conditions, Sci. Total Environ.
482–483 (2014) 389–398.

[61] A.R. Tan, D.F. Moore, M. Hidalgo, J.H. Doroshow, E.A. Poplin, S. Goodin, D. Mauro,
E.H. Rubin, Pharmacokinetics of cetuximab after administration of escalating single
dosing and weekly fixed dosing in patients with solid tumors, Clin. Canc. Res. 12
(2006) 6517–6522.

[62] N.L. Dirks, A. Nolting, A. Kovar, B. Meibohm, Population pharmacokinetics of
cetuximab in patients with squamous cell carcinoma of the head and neck, J. Clin.
Pharmacol. 48 (2008) 267–278.

[63] G. Galizia, E. Lieto, F. De Vita, M. Orditura, P. Castellano, T. Troiani, V. Imperatore,
F. Ciardiello, Cetuximab, a chimeric human mouse anti-epidermal growth factor
receptor monoclonal antibody, in the treatment of human colorectal cancer,
Oncogene 26 (2007) 3654–3660.

[64] J.F. Lu, S.M. Eppler, J. Wolf, M. Hamilton, A. Rakhit, R. Bruno, B.L. Lum, Clinical
pharmacokinetics of erlotinib in patients with solid tumors and exposure-safety
relationship in patients with non-small cell lung cancer, Clin. Pharmacol. Ther. 80
(2006) 136–145.

http://refhub.elsevier.com/S2405-8440(21)00499-0/sref14
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref14
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref14
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref15
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref15
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref15
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref16
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref16
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref16
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref16
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref17
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref17
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref17
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref18
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref18
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref18
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref18
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref19
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref19
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref19
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref28
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref29
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref29
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref29
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref29
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref30
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref30
https://geneglobe.qiagen.com/ru/
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref32
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref32
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref32
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref32
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref33
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref33
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref33
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref33
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref33
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref33
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref33
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref34
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref34
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref34
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref34
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref35
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref35
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref35
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref35
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref35
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref35
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref36
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref36
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref36
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref36
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref36
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref37
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref37
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref37
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref37
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref37
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref38
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref38
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref38
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref38
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref39
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref39
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref39
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref39
https://www.lgcstandards-atcc.org/Products/All/CRL-1555.aspx?geo_country&equals;me#
https://www.lgcstandards-atcc.org/Products/All/CRL-1555.aspx?geo_country&equals;me#
https://www.lgcstandards-atcc.org/Products/All/CRL-1555.aspx?geo_country&equals;me#
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref41
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref41
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref41
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref42
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref42
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref42
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref42
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref42
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref42
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref43
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref43
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref43
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref43
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref43
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref43
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref44
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref44
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref44
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref45
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref45
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref45
https://www.ncbi.nlm.nih.gov/pubmed/8822200
https://www.ncbi.nlm.nih.gov/pubmed/8822200
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref47
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref47
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref47
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref47
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref47
https://www.ncbi.nlm.nih.gov/pubmed/9815583
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref49
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref49
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref49
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref49
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref49
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref50
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref50
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref50
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref50
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref50
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref51
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref51
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref51
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref51
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref51
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref52
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref52
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref52
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref52
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref52
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref52
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref52
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref52
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref53
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref53
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref53
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref53
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref54
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref54
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref54
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref54
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref55
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref55
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref55
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref55
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref55
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref56
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref56
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref56
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref56
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref57
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref57
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref57
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref57
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref58
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref58
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref58
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref58
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref58
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref59
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref59
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref59
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref59
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref60
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref60
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref60
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref60
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref60
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref60
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref60
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref61
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref61
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref61
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref61
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref61
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref62
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref62
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref62
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref62
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref63
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref63
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref63
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref63
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref63
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref64
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref64
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref64
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref64
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref64


D. Kamashev et al. Heliyon 7 (2021) e06394
[65] S.R. Christiansen, A. Broniscer, J.C. Panetta, C.F. Stewart, Pharmacokinetics of
erlotinib for the treatment of high-grade glioma in a pediatric patient with cystic
fibrosis: casereportandreviewofthe literature,Pharmacotherapy29(2009)858–866.

[66] Erbitux (cetuximab) dosing, indications, interactions, adverse effects, and more
(n.d.), https://reference.medscape.com/drug/erbitux-cetuximab-342237.
(Accessed 27 October 2020).

[67] Tarceva® (erlotinib) dosage in metastatic NSCLC treatment (n.d.), https://www.t
arceva.com/hcp/tarceva-dosage-in-nsclc-treatment. (Accessed 27 October 2020).
12
[68] Q. Geissmann, OpenCFU, a new free and open-source software to count cell colonies
and other circular objects, PloS One 8 (2013), e54072.

[69] B.M. Bolstad, R.A. Irizarry, M. Åstrand, T.P. Speed, A comparison of normalization
methods for high density oligonucleotide array data based on variance and bias,
Bioinformatics 19 (2003) 185–193.

[70] A. Ianevski, L. He, T. Aittokallio, J. Tang, Synergy Finder: a web application for
analyzing drug combination dose-response matrix data, Bioinformatics 33 (2017)
2413–2415.

http://refhub.elsevier.com/S2405-8440(21)00499-0/sref65
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref65
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref65
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref65
https://reference.medscape.com/drug/erbitux-cetuximab-342237
https://www.tarceva.com/hcp/tarceva-dosage-in-nsclc-treatment
https://www.tarceva.com/hcp/tarceva-dosage-in-nsclc-treatment
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref68
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref68
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref69
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref69
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref69
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref69
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref70
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref70
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref70
http://refhub.elsevier.com/S2405-8440(21)00499-0/sref70

	Human blood serum can donor-specifically antagonize effects of EGFR-targeted drugs on squamous carcinoma cell growth
	1. Introduction
	2. Results
	2.1. EGF pathway activation level varies significantly in both cancerous and normal tissues
	2.2. Human blood serum differentially affects colony formation by A431 cells
	2.3. Human blood serum samples differentially antagonize effects of EGFR-specific drugs on A431 colony formation
	2.4. Serum devoid of EGFR ligands has decreased capacity for rescuing A431 cells from erlotinib
	2.5. EGF can inhibit A431 cell growth at physiological concentrations and rescues A431 cells from growth inhibition by EGFR-targ ...

	3. Discussion
	4. Materials and methods
	4.1. Cell culture
	4.2. Clonogenicity assay (colony formation assay)
	4.3. EGFR ligands depletion from human blood serum
	4.4. EGFR-targeted drugs, EGF, and human serum samples
	4.5. Calculation of EGFR pathway activation
	4.6. Statistical analysis

	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


