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 Abstract 

Introduction: EGFR-activating overexpression or somatic mutations are common in different human 
cancers. In this regard, the search for promising ways to control the carcinogenic transformation of tumor 
cells and the progression of malignant tumors expressing EGFR seems to be one of the most promising and 
developing areas of modern molecular pathology and pharmacology.  
Material and Methods: An antitumor activity of a novel compound, a pyridine carboxylic acid derivative 
LHT-17-19, was studied. The molecule was developed and synthesized at the Department of Chemistry, 
Drug Design and Technology of All-Russian Research Center for Biological Active Compounds Safety 
(Russia). The study was carried out in cell cultures of stomach cancer (Hs746T, AGS and MKN1) and 
patient-derived organoid (PDO) model of breast cancer (BC) expressing wild-type EGFR.  
Results: It was shown that LHT-17-19 induced concentration-dependent cytotoxicity of EGFR-expressing 
gastric cancer cells of all the aforementioned cultures. Pathomorphological, immunohistochemical and 
molecular validation of BC organoids derived from ductal breast carcinoma cells of a 68-year-old patient 
was done. PDOs were established as ER-negative, PR-negative, Her2/neu-negative, EGFR-positive with 
35% of the Ki-67 expression index. In addition, the tumor cells translocation was resulted in a loss of ER 
expression and PDOs molecular pattern conversion towards a more aggressive triple negative type. PDOs 
incubation with 0.5-60.0 µM LHT-17-19 was accompanied not only by inhibition of their growth and 
proliferation, but also by significant cytoreduction. 
Conclusion: Thus, in two-dimensional and three-dimensional tumor cell cultures, the possibility of 
controlling the oncogenic expression of EGFR with the acridone compound 9-ammonium-3,3-dimethyl-3,4-
dihydroacridine-1(2H)-OH L-2-hydroxybutanedivacate (LHT-17-19) was shown. 

Copyright: © Viktoria A. Pakina et al. This is an open access article distributed under terms of the Creative Commons Attribution License (Attribution 4.0 International –CC BY 
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Introduction 
Malignant neoplasms continue to occupy a leading 
position in the structure of mortality throughout the 
world, second only to cardiovascular diseases. In terms of 
incidence, stomach cancer ranks 7th in the world (Ferlay 
et al. 2020), while breast cancer (BC) is the most 
common cancer in women. The most aggressive form of 
BC is suggested to be triple negative molecular subtype 
(TN) with hypo-expression of estrogen (ER), 
progesterone (PR) receptors and human epidermal 
receptor type 2 (Her2) (Goldhirsch et al. 2013). Due to its 
distinct molecular phenotype, TN BC demonstrates a high 
rate of resistance to endocrine or targeted therapy. Hence, 
the efficacy of traditional postoperative adjuvant 
chemoradiotherapy against TN BC is low, so it is of the 
great importance to identify molecular targets and 
develop effective treatment strategies with the prospect of 
further clinical implementation.  

Epidermal growth factor receptor (EGFR/ErbB1) is a 
receptor tyrosine kinase of the ErbB family of proteins 
(ErbB1-4). EGFR undergoes homo- or hetero-asymmetric 
dimerization in response to ligand stimulation, which 

subsequently leads to autophosphorylation of EGFR at 
key tyrosine residues in its intracellular domain, which in 
turn activates downstream signaling cascades regulating 
cell growth (Roskoski 2014; Sigismund et al. 2018). 

EGFR-activating overexpression or somatic mutations 
are common in different human cancers (Lin et al. 2014). 
Clinicopathological and in vitro studies have shown that 
EGFR expression has prognostic significance in several 
types of tumors such as BC (Farooqui et al. 2015; Abba et 
al. 2020) and gastric cancer (Yun et al. 2012; Xia et al. 
2019). Overexpression of EGFR is associated with 
increased tumor cell survival, metastasis, invasion, 
chemotherapy resistance, and poor prognosis (Mendelsohn 
et al. 2001; Weihua et al. 2008). To overcome 
chemoresistance and block/inhibit EGFR activity, both 
monoclonal antibodies and small molecule tyrosine 
kinase inhibitors have been developed as therapeutic 
options for EGFR-dependent cancers (Mendelsohn et al. 
2001; Roskoski 2014; Sigismund et al. 2018). In this 
regard, the search for promising ways to control the 
carcinogenic transformation of tumor cells and the 
progression of malignant tumors expressing EGFR seems 
to be one of the most promising and developing areas of 
modern molecular pathology and pharmacology. 

 Graphical abstract 

Explanation: Cytoreductive effect of 9-ammonium-3,3-dimethyl-3,4-dihydroacridine-1(2H)-OH L-2-hydroxybutane 
against triple negative EGFR-expressing breast cancer cells. 
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Acridine derivatives are a well-known source of many 
antitumor drugs (Dudina et al. 2018). The scientific team 
of the All-Russian Research Center for Biological Active 
Compounds Safety (Russia), during an extensive search 
for new chemical structures with low molecular weight 
and antitumor properties, has selected promising 
dihydroacridone derivatives with various amino- and 
carbonic acid moiety. Quantitative structure-activity 
analysis of the chemical structures, carried out using 
opensource PASS® software, has shown that the most 
active molecule with laboratory code LHT-17-19 
possesses a wide range of antitumor activity with a 
predicted score above 0.87 and a prognostic EGFR 
inhibitory property (Pa>0.9). Equally advantageous is the 
fact that the derivative, 9-ammonium-3,3-dimethyl-3,4-
dihydroacridine-1(2H)-OH L-2-hydroxybutanediovate, 
can be easily synthesized in the laboratory equipment. 

The aim of this study was to evaluate the antitumor 
properties of the novel acridone derivative LHT-17-19 in 
wild-type EGFR-expressing in vitro settings.  

Materials and Methods
Ethics 
The protocol of this study included the use of living 
tissues and cells of patients for scientific purposes, and 
therefore the research protocol was submitted for 
consideration to the Local Ethics Committee of the First 
Moscow State Medical University named after I.M. 
Sechenov Ministry of Health of Russia (Sechenov 
University), and approval was received at the committee 
meeting dated June 15, 2023 (meeting minutes No. 
11-23). 

EGFR-expressing cancer cell cultures 
The following human gastric cancer cell lines were used 
in this study, as listed in Table 1. The MTT assay was 
used to measure cellular metabolic activity as an indicator 
of tumor cell viability, proliferation, and cytotoxicity. 
This colorimetric assay is based on the reduction of 
yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide or MTT from Merck Sigma-
Aldrich, Germany) to purple formazan crystals by 
metabolically active mitochondrial reductase cells.   

To evaluate the ability of compound LHT-17-19 to 
effectively inhibit EGFR kinase activity on various 

EGFR-positive tumor cells from human gastric cancer   
cultures expressing wild-type EGFR kinase (amount of 
cells – 105/mL), the cells were treated with increasing   
doses of compounds (from 0.5 to 10 µM) for 24 hours, 
and the phosphorylation status of EGFR was assessed as 
a marker of its kinase activity using Western blotting. To 
knock down EGFR in the original cells and in the 
corresponding cells treated pharmacologically with the 
compound LHT-17-19, 500 ng of EGFR siRNA was used 
(catalog number EHU076761, manufacturer Merck 
Sigma-Aldrich, Germany) in 12-hole format.  

EGFR-expressing organoid model 
To form the organoids, fresh tumor tissue from a 68-
year-old patient with bilateral breast cancer who had not 
previously been exposed to chemotherapy, confirmed 
morphologically and immunohistochemically (IHC), 
was used. A tissue sample with a volume of ~120 mm3 
was obtained during a surgical operation performed at the 
oncology clinic of The First Moscow State Medical 
University named after I.M. Sechenov Ministry of Health 
of Russia (Sechenov University) and was divided into 
three equal parts of ~40 mm3 each one. One part of the 
sample was fixed and then used for pathomorphological 
examination. For morphological validation, sections of 
the original tumor sample and cultured breast cancer 
organoids were stained with hematoxylin and eosin, and 
immunohistochemical staining was also performed with 
the following antibodies: rabbit monoclonal antibodies to 
the estrogen receptor (ER), human progesterone receptor 
(PR), anti-Her2/neu and anti-Ki67 antibodies (DAKO, 
Agilent Technology, USA). To determine IHC expression 
of EGFR, the following protocol was used: in the first 
stage, endogenous peroxidase was blocked with a 
peroxidase blocking solution (DAKO, USA) for 5 
minutes. Sections were then incubated with primary rat 
anti-EGFR antibodies (clone EGFR.113, 1/200 dilution, 
Novocastra Laboratories Ltd., Newcastle, Tyne and Wear, 
UK) for one hour at room temperature. The reaction was 
visualized using an EnVision staining kit (DAKO, USA). 
Sections were counterstained with hematoxylin. The 
second fragment was frozen (to a temperature of -90°C) 
and subjected to molecular analysis. The third piece of 
tumor tissue was mechanically separated into small 
pieces (about 1 mm3) using microsurgical scissors from 
World Precision Instruments (USA) and immediately 
placed in MACS tissue storage solution from Miltenyi  

Table 1. Summary of EGFR-expressing human gastric cancer cell lines used in the present study  

Cell culture Source Cultivation medium Additionally

AGS (ECACC, catalogue 
number 89090402)

European Cell Culture 
Collection RPMI 1640 (Life Technologies, 

Darmstadt, Germany) with the 
addition of 2 mM L-glutamine (Life 
Technologies, Darmstadt, Germany)

10% fetal bovine serum (FBS) Sera 
Plus (PAN-Biotech, Germany) 

containing penicillin and 
streptomycin (Merck Sigma-Aldrich, 
Germany) at concentrations of 100 
IU/mL, 100 µg/mL, respectively. 

Incubation in CO2 incubator at 370С.

MKN1 (catalogue number 
RCB1003 and catalogue 
number RCB1062)

Cell bank RIKEN 
BioResource Center 

(Tsukuba, Japan)

Hs746T (LGC Standards 
GmbH, Wesel, Germany, 
catalogue number ATCC 
HTB-135)

Cell Biology 
Collection ATCC

Modified Dulbecco’s Medium 
(DMEM) with the addition of 
GlutaMAX™-I, 4500 mg|L D-

glucose and sodium pyruvate (Life 
Technologies, Darmstadt, Germany)
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Biotec (Germany). Samples were stored at 40°C for no 
more than 8 hours until pathological confirmation of the 
histological type of the tumor and immunohistochemical 
(IHC) phenotyping of its molecular identity. The scheme 
of the formation of an organoid tumor-like model of 
EGFR-positive breast cancer is shown in Figure 1. The 
model did not require precise cell counting in each piece 
of cancer tissue assigned to an organoid cultivation. 

Experimental intervention 
In this work, we studied compound 9-aminium-3,3-
dimethyl-3,4-dihydroacridine-1(2H)-OH L-2-hydroxy-
butanediovate (laboratory number LHT-17-19), obtained 
in the Department of Chemistry, Technology and 
Analytical Control of LLC ”All-Russian Research Center 
for Biological Active Compounds Safety ” (LLC “AURC 
BACS”, Staraya Kupavna, Moscow region) and kindly 
provided by the head of the team of authors – Professor 
S.Ya. Skachilova (Kudryavtsev et al. 2022). 
Statistical analysis 
Data were presented as continuous variables characterized 
by Mean ± SD. Normality of the variables distribution was 
checked by graphical method. Difference between two 
groups was assessed using one-sided t-test with 
significance level of 0.95. STATA software version 17 
(StataCorp. LLC, USA) was used for statistical analysis. 

Results 
The results of the study demonstrated that incubation of 
EGFR-expressing gastric cancer cells Hs746T, AGS and 
MKN1 with various concentrations of 9-ammonium-3,3-
dimethyl-3,4-dihydroacridine-1(2H)-OH L-2-hydroxy-
butanediovate was accompanied by development of 
concentration-dependent cytotoxicity (Fig. 2). Even the 
lowest concentration studied inhibited the viability of 
Hs746T and AGS gastric cancer cell cultures. However, 
in the case of MKN1 culture cells, the lowest 
concentration studied did not cause inhibition of cell 
viability; on the contrary, only when the concentration of 
LHT-17-19 was increased to 1 µM, was the formation of 
a cytotoxic effect of the compound observed. In this case, 
even the next order of concentration caused complete 
death of tumor culture cells. 

A study of the effect of experimental exposure on the 
activity of the intracellular driver of oncogenesis using 
Western blotting demonstrated a decrease in the level of the 
phosphorylated form of receptor tyrosine kinase in all three 
cell cultures of EGFR-expressing gastric cancer with 
different levels of suppression of enzyme activity in 
different cultures. The measurement was carried out in 
cells exposed to 9-ammonium-3,3-dimethyl-3,4-
dihydroacridine-1(2H)-OH L-2-butanediovate at 
concentrations ranging from 0.0001 to 1000 µM (Fig. 3). 

Figure 1.  Scheme of the formation of an organoid tumor-like model of EGFR-positive breast cancer. 
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Figure 2. Cytotoxic effect of 9-ammonium-3,3-dimethyl-3,4-dihydroacridine-1(2H)-OH against gastric cancer cells Hs746T (A), AGS (B) and 
MKN1(C).  

Figure 3. LHT-17-19 inhibits EGFR activity depending on its concentration in gastric cancer cell cultures: 1, 2, 3, 4, 5, 6, 7, 8 – compound 
concentrations in the range from 0.0001 to 1000 µM. 

The antitumor properties of the molecularly targeted 
drug LHT-17-19 were assessed in a patient-derived 
organoid (PDO) model of breast cancer expressing wild-
type EGFR. Histological examination using standard 
hematoxylin and eosin staining revealed that the original 
tissue sample corresponded to the morphological 
structure of ductal adenocarcinoma of the mammary  

gland (Fig. 4A). At the same time, the pathological 
microstructure of the organoids completely reproduces 
the morphological version of the original tumor sample 
(Fig. 4С). Light, round or irregularly shaped foci in the 
center of organoid structures represent foci of necrosis of 
tumor tissue due to the lack of vascularization of 
organoids (avascular structures).  
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Figure 5. Expression of breast cancer cell markers in the original tumor tissue and organoids, IHC, ×200.  

Pathological immunohistochemical analysis of 
intraoperative material (Fig. 5) showed that the presented 
breast cancer cells were characterized as ER-positive, PR-
negative, Her2/neu-negative, EGFR-positive with a Ki-67 
expression index of 40%. Expression of progesterone 
receptors, Her2/neu, and EGFR from original breast 
cancer tissue was maintained in the organoids. The Ki-67 
expression index of organoid cells was also close to that 
of primary tissue (35%).  However, it was found that the 

expression status of the estrogen receptor was not 
preserved in the organoids.  

At the next stage, an analysis of the expression of the 
EGFR gene in the cells of the original tumor tissue and 
grown organoid cultures was carried out (Fig. 6). It was 
found that in the cells of the original tumor tissue, the 
expression of the receptor tyrosine kinase gene is 27±4%. 
In the cells of frozen organoid samples, the expression of 
the target gene was 31±5% (p=0.35 when compared with 

Figure 4. Microphotographs of the initial tumor sample of a 68-year-old patient (A), organoid cultures after 7 days of incubation in a nutrient medium 
(B, C): A and C – staining with hematoxylin and eosin; B – native drugs in transmitted light; ×200. 
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expression in the original tumor tissue), which also 
indicates that the organoid cells retained the EGFR 
molecular pattern of expression of “maternal” breast 
cancer cells. 

Discussion

Epidermal growth factor receptor (EGFR) is a known 
driver of tumor development and progression. EGFR 
tyrosine kinase modulates the growth and differentiation 
of epithelial cells through phosphorylation of intracellular 
substrates (Sigismund et al. 2018). Kinase inhibitors are 
considered an effective basis for treatment strategies for 
lung cancer, pancreatic cancer, breast cancer and others 
(Arteaga and Engelman 2014).  Chemically, they 
originate from various organic structures such as 4-
quinazolinomine (erlotinib hydrochloride, gefitinib), 2-
butenamide (afatinib), 2-propenamide (osimertinib), etc. 
(Carbone 2011, Sachs et al. 2018). In this regard, the class 
of acridine derivatives attracted the attention of our 
research group. In laboratory conditions, a fairly simple 
synthesis of the LHT-17-19 molecule was carried out, 
which was a salt of 9-amino-3,3-dimethyl-3,4-
dihydroacridine-1-(2H)-OH and L-2-hydroxybutanedioic 
acid. The addition of a carboxylic acid residue increases 
the solubility of the molecule in water and allows it to be 
used as an aqueous solution. 

When performing docking studies, 9-ammonium-3,3-
dimethyl-3,4-dihydroacridine-1(2H)-OH showed high 
affinity for the EGFR kinase domain (PDB ID: 1M17) 
with a dG value of -7.9 kcal/mol, EDoc -5.45 kcal/mol 
and Ki 101.24 µM due to the formation of π-σ bonds 
between the aromatic nuclei of the 1,2,3,4-
tetrahydroacridine-1-OH fragment with the amino acid 
residues Leu820, Leu694 and Val702. In addition, the 
alkyl and π-alkyl complex is stabilized by the interactions 
of the methyl groups at position 3 and the 1,2,3,4-
tetrahydroacridine-1-OH fragment with the amino acid 
residues Lys721, Met742, Ala719, Leu820, and Val702 
(Deryabina et al. 2022). 

The most important element of modern personalized 
cancer therapy is the search and validation of relevant 
biological models that reproduce, under conditions as 
close as possible to real ones, the pathological process in 
all its complexity and multi-level diversity.  

To effectively solve the scientific problems, it was 
decided to focus on two cell models of EGFR-associated 
oncogenesis – two-dimensional cell cultures of human 
gastric cancer and a three-dimensional organoid tumor-
like culture of breast cancer. 

We have demonstrated that incubation of EGFR-
expressing gastric cancer cells Hs746T with various 
concentrations of 9-ammonium-3,3-dimethyl-3,4-
dihydroacridine-1(2H)-OH L-2-hydroxy-butanedionate 
was accompanied by the development of concentration-
dependent cytotoxicity. It is worth noting that even the 
lowest concentration studied caused inhibition of cell 
viability. Incubation of EGFR-expressing AGS gastric 
cancer cells with increasing concentrations of 9-
ammonium-3,3-dimethyl-3,4-dihydroacridine-1(2H)-OH 
L-2-hydroxy-butanediovate (LHT-17-19) also resulted in 
development of concentration-dependent cytotoxicity 
against tumor cells. In the case of MKN1 cell culture, it 
was possible to achieve the cytotoxic effect of the 
compound only when the concentration of LHT-17-19 
was increased to 1 µM.  

Pathomorphological and immunohistochemical 
analysis of intraoperative material showed that the 
presented breast cancer cells were characterized as ER-
positive, PR-negative, Her2/neu-negative, EGFR-positive 

Figure 6. Expression of the EGFR gene in cells of the original tumor 
tissue and grown organoid cultures (the significance of the differences 
was assessed after checking the normality of the distribution using a 
two-sided Student’s t-test). 

T h e r e s u l t s o f p a t h o m o r p h o l o g i c a l , 
immunohistochemical and molecular genetic studies 
allowed us to consider the organoid model of breast 
cancer validated as ER-negative, PR-negative, Her2/neu-
negative, EGFR-positive with a Ki-67 expression index 
of 35%, which corresponds to the molecular profile of the 
triple negative EGFR-expressing breast cancer.   

After a seven-day incubation of the organoid culture 
with 0.5-60.0 µM LHT-17-19, depression in the growth of 
organoid bodies was observed. Increasing the 
concentration of 9-ammonium-3,3-dimethyl-3,4-
dihydroacridine-1(2H)-OH L-2-hydroxybutane divate to 
250 and 1000 µM led to a significant decrease in the size 
of the organoids (Fig. 7). Cytoreduction indicated not 
only inhibition of proliferation, but also the formation of 
a cytotoxic effect of the compound. The calculated 
organoid growth inhibition index (GI50) was 0.32 µM 
(95% CI 0.11–0.54 µM). 

Figure 7. Cytotoreductive effect of 9-ammonium-3,3-dimethyl-3,4-
dihydroacridine-1(2H)-OH L-2-hydroxybutanediovate against triple 
negative EGFR-expressing breast cancer cells. 

https://pubchem.ncbi.nlm.nih.gov/compound/Erlotinib
https://pubchem.ncbi.nlm.nih.gov/compound/Gefitinib
https://pubchem.ncbi.nlm.nih.gov/compound/Afatinib
https://pubchem.ncbi.nlm.nih.gov/compound/Osimertinib
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their growth and proliferation, but also by significant 
cytoreduction.  

Conclusion 
Thus, in two-dimensional and three-dimensional tumor 
cell cultures, the possibility of controlling the oncogenic 
expression of EGFR with the acridone compound 9-
ammonium-3,3-dimethyl-3,4-dihydroacridine-1(2H)-OH 
L-2-hydroxybutanedivacate (LHT-17) was shown. 
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with a Ki-67 expression index of 40%. Expression of 
progesterone receptors, Her2/neu, and EGFR from 
parental breast cancer tissue was maintained in the 
organoids. The Ki-67 expression index of organoid 
cells was also close to that of primary tissue (35%). 
However, it was found that the expression status of the 
estrogen receptor was not preserved in the formed 
organoids. However, this phenomenon was previously 
observed by a group of researchers led by Hans 
Clevers, one of the pioneers in the study of patient-
derived organoids (Kopper et al. 2019). They also 
showed that even ER-negative tumors can generate 
ER-positive organoids (Lindström et al. 2012). It is 
especially worth noting that the membrane expression 
status of estrogen receptors is not a constitutive 
phenotypic feature of tumor cells. Numerous studies 
have shown the flexibility of estrogen receptors 
throughout the evolution of tumor progression (Lo 
2010). Moreover, estrogen receptor-b can be activated 
by several small molecular weight molecules, 
including 3,30-diindolylmethane (Nikulin et al. 2020).  

T h e r e s u l t s o f p a t h o m o r p h o l o g i c a l , 
immunohistochemical and molecular genetic studies 
allowed us to consider the organoid model of breast 
cancer validated as ER-negative, PR-negative, Her2/neu-
negative, EGFR-positive with a Ki-67 expression index 
of 35%, which corresponds to the molecular profile of the 
triple negative EGFR-expressing breast cancer. 
Incubation of organoids in the presence of 0.5-60.0 µM 
LHT-17-19 was accompanied not only by inhibition of 

References 
Abba MC, Canzoneri R, Gurruchaga A, Lee J, Tatineni P, Kil H, 
Lacunza E, Aldaz CM (2020) LINC00885 a novel oncogenic long 
non-coding RNAassociated with early stage breast cancer 
progression. International Journal of Molecular Sciences 21(19): 
7407. https://doi.org/10.3390/ijms21197407 [PubMed] [PMC] 
Arteaga CL, Engelman JA (2014) ERBB receptors, from oncogene 
discovery to basic science to mechanism-based cancer therapeutics. 
Cancer Cel l 25(3) : 282–303. ht tps : / /doi .org/10.1016/
j.ccr.2014.02.025 [PubMed] [PMC] 
Blinova EV, Dudina MO, Suslova IR, Samishina EA, Blinov DS, 
Roshchin DA (2018) Novel aminochromone derivative inhibits 
tumor growth on xenograft model of lung cancer in mice. Journal of 
Advanced Pharmaceutical Technology & Research 9(4): 130–134. 
https://doi.org/10.4103/japtr.JAPTR_313_18 [PubMed] [PMC]  
Carbone L (2011) Pain in laboratory animals: the ethical and 
regulatory imperatives. PLoS One 6(9): e21578. https://doi.org/
10.1371/journal.pone.0021578 [PubMed] [PMC]   
Deryabina ON, Kudryavtsev MYu, Tumutolova ON, Blinova EV, 
Epishkina AA, Skachilova SYa, Makhrova AA, Blinov DS (2022) 
Non-experimental search for molecules with antitumor activity and 
molecular docking in the series of pyridinecarboxy acid derivatives. 
Bulletin Biomedicine & Sociology 7(3): 37–42. https://doi.org/
10.26787/nydha-2618-8783-2022-7-3-37-42  
Farooqui M, Bohrer LR, Brady NJ, Chuntova P, Kemp SE, Wardwell 
CT, Nelson AC, Schwertfeger KL (2015) Epiregulin contributes to 
breast tumorigenesis through regulating matrix metalloproteinase 1 
and promoting cell survival. Molecular Cancer 14: 138. https://
doi.org/10.1186/s12943-015-0408-z [PubMed] [PMC] 
Ferlay J, Ervik M, Colombet M (2021) Global Cancer Observatory: 
Cancer Today. Lyon, France: International Agency for Research on 
Cancer. Available at https://gco.iarc.fr/today (Published 2020. 
Accessed September 30, 2021)  
Goldhirsch A, Winer EP, Coates AS, Gelber RD, Piccart-Gebhart M, 
Thürlimann B, Senn HJ; Panel members (2013) Personalizing the 
treatment of women with early breast cancer: Highlights of the St 
Gallen International Expert Consensus on the Primary Therapy of 
Early Breast Cancer 2013. Annals of Oncology 24(9): 2206–2223. 

Goldhirsch A, Winer EP, Coates AS, Gelber RD, Piccart-Gebhart M, 
Thürlimann B, Senn HJ; Panel members (2013) Personalizing the 
treatment of women with early breast cancer: Highlights of the St 
Gallen International Expert Consensus on the Primary Therapy of 
Early Breast Cancer 2013. Annals of Oncology 24(9): 2206–2223. 
https://doi.org/10.1093/annonc/mdt303 [PubMed] [PMC]  
Kopper O, de Witte CJ, Lõhmussaar K, Valle-Inclan JE, Hami N, 
Kester L, Balgobind AV, Korving J, Proost N, Begthel H, van Wijk 
LM, Revilla SA, Theeuwsen R, van de Ven M, van Roosmalen MJ, 
Ponsioen B, Ho VWH, Neel BG, Bosse T, Gaarenstroom KN, 
Vrieling H, Vreeswijk MPG, van Diest PJ, Witteveen PO, Jonges T, 
Bos JL, van Oudenaarden A, Zweemer RP, Snippert HJG, 
Kloosterman WP, Clevers H (2019) An organoid platform for 
ovarian cancer captures intra- and interpatient heterogeneity. Nature 
Meicine 25(5): 838–849. https://doi.org/10.1038/s41591-019-0422-6 
[PubMed]   
Kudryavtsev MYu, Tumutolova ON, Deryabina ON, Epishkina AA, 
Vavilova OS, Gilevskaya YuS, Blinova EV (2022) Pharmacological 
activity of LHT-17-19 in cultures of EGFR-expressing epithelial 
tumors. Bulletin Biomedicine & Sociology [Vestnik Biomeditsina i 
Sotsiologiya] 7(3): 70–74. https://doi.org/10.26787/nydha-2618- 
8783-2022-7-3-70-74 [in Russian] 
Lin Y, Wang X, Jin H (2014). EGFR-TKI resistance in NSCLC 
patients, mechanisms and strategies. American Journal of Cancer 
Research 4: 411–435. [PubMed]  
Lindström LS, Karlsson E, Wilking UM, Johansson U, Hartman J, 
Lidbrink EK, Hatschek T, Skoog L, Bergh J (2012) Clinically used 
breast cancer markers such as estrogen receptor, progesterone 
receptor, and human epidermal growth factor receptor 2 are unstable 
throughout tumor progression. Journal of Clinical Oncology 30(21): 
2601–2608. https://doi.org/10.1200/JCO.2011.37.2482 [PubMed]  
Lo R, Matthews J (2010) A new class of estrogen receptor beta-
selective activators. Molecular Interventions 10(3): 133–136. https://
doi.org/10.1124/mi.10.3.3 [PubMed] 
Mendelsohn J (2001) The epidermal growth factor receptor as a 
target for cancer therapy. Endocrine-Related Cancer 8(1): 3–9. 
https://doi.org/10.1677/erc.0.0080003 [PubMed] 

https://rscf.ru/en/projects/23-25-00097/
https://rscf.ru/en/projects/23-25-00097/
https://doi.org/10.1093/annonc/mdt303
https://pubmed.ncbi.nlm.nih.gov/23917950/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3755334/
https://doi.org/10.1038/s41591-019-0422-6
https://pubmed.ncbi.nlm.nih.gov/31011202/
https://doi.org/10.26787/nydha-2618-%208783-2022-7-3-70-74
https://doi.org/10.26787/nydha-2618-%208783-2022-7-3-70-74
https://pubmed.ncbi.nlm.nih.gov/25232485/
https://doi.org/10.1200/JCO.2011.37.2482
https://pubmed.ncbi.nlm.nih.gov/22711854/
https://doi.org/10.1124/mi.10.3.3
https://doi.org/10.1124/mi.10.3.3
https://pubmed.ncbi.nlm.nih.gov/20539031/
https://doi.org/10.1677/erc.0.0080003
https://pubmed.ncbi.nlm.nih.gov/11350723/
https://doi.org/10.3390/ijms21197407
https://pubmed.ncbi.nlm.nih.gov/33049922/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582527/
https://doi.org/10.1016/j.ccr.2014.02.025
https://doi.org/10.1016/j.ccr.2014.02.025
https://pubmed.ncbi.nlm.nih.gov/24651011/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4018830/
https://doi.org/10.4103/japtr.JAPTR_313_18
https://pubmed.ncbi.nlm.nih.gov/30637230/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6302682/
https://doi.org/10.1371/journal.pone.0021578
https://doi.org/10.1371/journal.pone.0021578
https://pubmed.ncbi.nlm.nih.gov/21915253/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3168441/
https://doi.org/10.26787/nydha-2618-8783-2022-7-3-37-42
https://doi.org/10.26787/nydha-2618-8783-2022-7-3-37-42
https://doi.org/10.1186/s12943-015-0408-z
https://doi.org/10.1186/s12943-015-0408-z
https://pubmed.ncbi.nlm.nih.gov/26215578/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4517352/
https://gco.iarc.fr/today


                                                             25 Pakina VA et al.: An effective way for targeting EGFR-mediated carcinogenesis: an in vitro study

Nikulin SV, Alekseev BY, Sergeeva NS, Karalkin PA, Nezhurina 
EK, Kirsanova VA, Sviridova IK, Akhmedova SA, Volchenko NN, 
Bolotina LV, Osipyants AI, Hushpulian DM, Topchiy MA, 
Asachenko AF, Koval AP, Shcherbo DS, Kiselev VI, Mikhaylenko 
DS, Schumacher U, Poloznikov AA (2020) Breast cancer organoid 
model allowed to reveal potentially beneficial combinations of 3,3'-
diindolylmethane and chemotherapy drugs. Biochimie 179: 217–
227. https://doi.org/10.1016/j.biochi.2020.10.007 [PubMed]  
Roskoski RJ (2014) The ErbB/HER family of protein-tyrosine 
kinases and cancer. Pharmacological Research 79: 34–74. https://
doi.org/10.1016/j.phrs.2013.11.002 [PubMed] 
Sachs N, de Ligt J, Kopper O, Gogola E, Bounova G, Weeber F, 
Balgobind AV, Wind K, Gracanin A, Begthel H, Korving J, van 
Boxtel R, Duarte AA, Lelieveld D, van Hoeck A, Ernst RF, Blokzijl 
F, Nijman IJ, Hoogstraat M, van de Ven M, Egan DA, Zinzalla V, 
Moll J, Boj SF, Voest EE, Wessels L, van Diest PJ, Rottenberg S, 
Vries RGJ, Cuppen E, Clevers H (2018) A living biobank of breast 
cancer organoids captures disease heterogeneity. Cell 172(1-2): 373–
386.e10. https://doi.org/10.1016/j.cell.2017.11.010 [PubMed]  

cancer organoids captures disease heterogeneity. Cell 172(1-2): 373–
386.e10. https://doi.org/10.1016/j.cell.2017.11.010 [PubMed]  
Sigismund S, Avanzato D, Lanzetti L (2018) Emerging functions of 
the EGFR in cancer. Molecular Oncology 12(1): 3–20. https://
doi.org/10.1002/1878-0261.12155 [PubMed] [PMC]  
Weihua Z, Tsan R, Huang WC, Wu Q, Chiu CH, Fidler IJ, Hung MC 
(2008) Survival of cancer cells is maintained by EGFR independent 
of its kinase activity. Cancer Cell 13(5): 385–393. https://doi.org/
10.1016/j.ccr.2008.03.015 [PubMed] [PMC]  
Xia Q, Zhou Y, Yong H, Wang X, Zhao W, Ding G, Zhu J, Li X, 
Feng Z, Wang B (2019) Elevated epiregulin expression predicts poor 
prognosis in gastric cancer. Pathology, Research and Practice 215(5): 
873–879. https://doi.org/10.1016/j.prp.2019.01.030 [PubMed]  
Yun J, Song SH, Park J, Kim HP, Yoon YK, Lee KH, Han SW, Oh 
DY, Im SA, Bang YJ, Kim TY (2012) Gene silencing of EREG 
mediated by DNA methylation and histone modification in human 
gastric cancers. Laboratory Investigation 92(7): 1033–1044. https://
doi.org/10.1038/labinvest.2012.61 [PubMed]

Author contributions 
Viktoria A. Pakina, Cand. Sc. (Med), Docent, PhD, Department of Life Safety and Disaster Medicine, Sechenov 
University, Moscow, Russia; e-mail: shapo-viktoriya@mail.ru, ORCID ID https://orcid.org/0000-0002-0509-5737. 
Individual contributions: carrying out experiments, data validation, and writing the manuscript.

Evgeniya Z. Iksanova, M.D., postgraduate student, Department of oncology, Sechenov University, Moscow, Russia; 
e-mail: ixanovaez@yandex.ru, ORCID ID https://orcid.org/0000-0002-9098-1214. Individual contributions: 
methodology, data processing, and writing the manuscript.

Evgeniya V. Shikh, D. Med. Sc, Professor, Head of Department of Clinical Pharmacology and Propaedeutics of 
Internal Diseases, Sechenov University, Moscow, Russia; e-mail: chih@mail.ru, ORCID ID https://orcid.org/
0000-0001-6589-7654. Individual contributions: conceptualization of the study and data validation.

Oksana M. Tumutolova, Cand. Sc. (Med), Docent, PhD, Department of Obstetrics and Gynecology, N.P. Ogarev 
National Research Mordovia State University, Saransk, Russia; e-mail: tumutolov@mail.ru, ORCID ID https://
orcid.org/0000-0002-8809-6507. Individual contributions: visualisation and writing the manuscript.

Karen K. Arutiunian, M.D., postgraduate student, Department of oncology, N.P. Ogarev National Research 
Mordovia State University, Saransk, Russia; e-mail: Dr.karen@mail.ru, ORCID ID https://orcid.org/
0000-0002-4797-596X. Individual contributions: carrying out experiments and writing the manuscript.

Irina V. Kargina, M.D., postgraduate student, Department of oncology,  N.P. Ogarev National Research Mordovia 
State University, Saransk, Russia; e-mail: ir.cargina2014@yandex.ru, ORCID ID https://orcid.org/
0009-0007-2643-8368. Individual contributions: visualisation and experimental study.

Kirill D. Blinov, graduate student, Sechenov University, Moscow, Russia; e-mail: pyrk2@yandex.ru, ORCID ID 
https://orcid.org/0009-0002-7195-2191. Individual contributions: carrying out experiments and writing the 
manuscript.  

Fedor P. Pilgaev, V.D., Cand. Sc. (Vet), Docent, Department of Morphology, Physiology and Veterinary Pathology, 
N.P. Ogarev National Research Mordovia State University, Saransk, Russia; e-mail: pilgaev.fiodor@yandex.ru, 
ORCID ID https://orcid.org/0000-0002-2036-7657. Individual contributions: experimental study. 

Anna A. Epishkina, Cand. Sc. (Med), Docent, PhD, Department of fundamental medicine of National Research 
Nuclear University MEPHI Pathologist of LLC «UNIM», LLC ”UNIM”, National Research Nuclear University 
MEPHI, Moscow, Russia; e-mail: afina-nn@mail.ru, ORCID ID https://orcid.org/0000-0002-7824-7949. Individual 
contributions: morphological part of experiments and writing the manuscript.  

Dmitrii S. Blinov, D. Med. Sc, Professor, Doctor of medical science, head of molecular and clinical pharmacology 
department, Dmitry Rogachev National Medical Research Center of Pediatric Hematology, Oncology and 
Immunology, Moscow, Russia; e-mail: dmitriy.blinov@fccho-moscow.ru, ORCID ID https://orcid.org/
0000-0002-8385-4356. Individual contributions: conceptualization of the study, data validation, statistical analysis, 
and manuscript draft review.  

Evgeny V. Grebenkin, Cand. Sc. (Med), Senior Lecturer of the Department of fundamental medicine of National 
Research  Nuclear  University   MEPHI   of   National  Research  Nuclear  University  MEPHI;  pathologist  of    

https://doi.org/10.1016/j.biochi.2020.10.007
https://pubmed.ncbi.nlm.nih.gov/33098909/
https://doi.org/10.1016/j.phrs.2013.11.002
https://doi.org/10.1016/j.phrs.2013.11.002
https://pubmed.ncbi.nlm.nih.gov/24269963/
https://doi.org/10.1016/j.cell.2017.11.010
https://pubmed.ncbi.nlm.nih.gov/29224780/
https://doi.org/10.1016/j.cell.2017.11.010
https://pubmed.ncbi.nlm.nih.gov/29224780/
https://doi.org/10.1002/1878-0261.12155
https://doi.org/10.1002/1878-0261.12155
https://pubmed.ncbi.nlm.nih.gov/29124875/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5748484/
https://doi.org/10.1016/j.ccr.2008.03.015
https://doi.org/10.1016/j.ccr.2008.03.015
https://pubmed.ncbi.nlm.nih.gov/18455122/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2413063/
https://doi.org/10.1016/j.prp.2019.01.030
https://pubmed.ncbi.nlm.nih.gov/30738695/
https://doi.org/10.1038/labinvest.2012.61
https://doi.org/10.1038/labinvest.2012.61
https://pubmed.ncbi.nlm.nih.gov/22508389/
mailto:shapo-viktoriya@mail.ru
https://orcid.org/0000-0002-0509-5737
mailto:ixanovaez@yandex.ru
https://orcid.org/0000-0002-9098-1214
mailto:chih@mail.ru
https://orcid.org/0000-0001-6589-7654
https://orcid.org/0000-0001-6589-7654
mailto:tumutolov@mail.ru
https://orcid.org/0000-0002-8809-6507
https://orcid.org/0000-0002-8809-6507
mailto:Dr.karen@mail.ru
https://orcid.org/0000-0002-4797-596X
https://orcid.org/0000-0002-4797-596X
mailto:ir.cargina2014@yandex.ru
https://orcid.org/0009-0007-2643-8368
https://orcid.org/0009-0007-2643-8368
mailto:pyrk2@yandex.ru
https://orcid.org/0009-0002-7195-2191
mailto:pilgaev.fiodor@yandex.ru
https://orcid.org/0000-0002-2036-7657
mailto:afina-nn@mail.ru
https://orcid.org/0000-0002-7824-7949
mailto:dmitriy.blinov@fccho-moscow.ru
https://orcid.org/0000-0002-8385-4356
https://orcid.org/0000-0002-8385-4356


Research Results in Pharmacology 10(2): 17–26                                                                                                                                   26

LLC  ”UNIM”, Moscow, Russia; e-mail: grebenkin_urolog@mail.ru, ORCID ID https://orcid.org/
0000-0002-4990-6722. Individual contributions: writing the text of the manuscript.

Ekaterina V. Blinova, D. Med. Sc, Professor, Head of  Department of fundamental medicine, Sechenov University, 
National Research Nuclear University MEPHI, Moscow, Russia; e-mail: bev-sechenov@mail.ru, ORCID ID https://
orcid.org/0000-0003-0050-0251. Individual contributions: conceptualization of the study and data validation. 

  
   

mailto:grebenkin_urolog@mail.ru
https://orcid.org/0000-0002-4990-6722
https://orcid.org/0000-0002-4990-6722
mailto:bev-sechenov@mail.ru
https://orcid.org/0000-0003-0050-0251
https://orcid.org/0000-0003-0050-0251

