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Disparities in estrogen receptor (ER), progesterone receptor, human epidermal

growth factor receptor 2 (HER2), and Ki67 proliferation indices facilitate the

categorization of breast cancer into four principal subtypes: luminal A, luminal B,

HER2-positive, and triple-negative breast cancer (TNBC). Preclinical studies

investigating the therapeutic potential of histaminergic system targeting in

breast cancer have shown promising results. This study aimed to assess the

expression profiles of messenger ribonucleic acid (mRNA) and micro RNA

(miRNA) related to the histaminergic system in five subtypes of breast cancer

among Polish women. Patients with five breast cancer subtypes were included in

the study: luminal A (n = 130), luminal B (n = 196, including HER2-, n =100;

HER2+, n= 96), HER2+ (n = 36), and TNBC (n = 43). They underwent surgery

during which the tumor tissue was removed along with a margin of healthy tissue

(control material). Molecular analysis included the determination of a microarray

profile of mRNAs and miRNAs associated with the histaminergic system, real-

time polymerase chain reaction preceded by reverse transcription of selected

genes, and determination of histamine receptors (human histamine H1 receptor

[HRH1], human histamine H2 receptor [HRH2], and human histamine H4

receptor [HRH4]) using an enzyme-linked immunosorbent assay. Statistical

analysis was performed with statistical significance at p < 0.05. Nine mRNAs

were significantly differentiated in breast cancer sections, regardless of subtype,

compared to control samples: HRH1, HRH2 , HRH4 , histamine N-

methyltransferase (HNMT), 5-hydroxytryptamine receptor 6 (HTR6), endothelin

1 (EDN1), endothelin receptor type A (EDNRA), adenosine deaminase (ADA),

solute carrier family 22 member 3 (SLC3A2). Predictive analysis showed that
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hsa-miR-34a potentially regulates HRH1 expression, whereas hsa-miR-3140-5p

and hsa-miR-4251 potentially affect HRH2 expression. In contrast, HRH4 and

EDN1 expression were regulated by hsa-miR-1-3p. The expression of HNMT is

potentially regulated by one miRNA, hsa-miR-382, whereas EDNRA expression is

regulated by two miRNA molecules: hsa-miR-34a and hsa-miR-16. In contrast,

hsa-miR-650 is involved in the regulation ofHTR6 expression, whereas hsa-miR-

1275 potentially interacts with three mRNAs: ADA, SLC23A2, and HRH1.

Molecular analysis confirmed that the selected mRNA and miRNA transcripts

could be promising molecular markers and therapeutic targets.
KEYWORDS

breast cancer, histaminergic system, therapeutic targets, mRNA, miRNA,
microarray, ELISA
1 Introduction

Breast cancer is the most frequently diagnosed malignancy

among women, as indicated by the World Health Organization

(WHO) in 2020 (1). In Poland, cancer is the second leading cause of

death, with malignant tumors being the primary cause of mortality

among women aged <65 years (2).

Breast cancer is a heterogeneous disease with diverse molecular

and clinicopathological characteristics. Categorization into four

principal subtypes (luminal A, luminal B, human epidermal

growth factor receptor 2-positive [HER2+], and triple-negative

breast cancer [TNBC]) is facilitated by disparities in estrogen

receptor (ER), progesterone receptor (PgR), HER2, and the Ki67

proliferation index. Each subtype exhibits distinct prognostic

implications, necessitating tailored therapeutic approaches (3–5).

The luminal A subtype, characterized by ER and PgR positivity

and a low Ki67 index, typically shows a favorable prognosis and

responds well to hormone therapy. The luminal B subtype is further

divided into HER2-negative (HER2−) and HER2+ cohorts, both

expressing ER, but differing in HER2 expression and proliferation

rates. Human epidermal growth factor receptor 2-positive breast

cancer is characterized by the overexpression of HER2 protein,

leading to aggressive tumor growth and necessitating anti-HER2

therapy. Triple-negative breast cancer, which lacks ER, PgR, and

HER2 expression, is known for its aggressive nature and poor

prognosis, and requires chemotherapy and targeted treatment

(6–10).

Despite advancements in breast cancer treatments, several

limitations persist. Hormone therapies that are effective against

luminal subtypes may lead to resistance over time. Anti-HER2

therapies, although improving outcomes in HER2+ patients, they

can cause significant side effects and may not be effective in all

patients (11–14). Additionally, TNBC lacks targeted therapies, often

resulting in poor outcomes owing to the reliance on chemotherapy

alone (15, 16). These challenges highlight the need for novel

therapeutic strategies to improve efficacy and reduce adverse effects.
02
Histaminergic systems, traditionally associated with allergic

responses and neurotransmission, have recently gained attention

for their potential roles in breast cancer. Histamine, a biogenic

amine, interacts with four G-protein-coupled receptors (human

histamine H1 receptor [HRH1], human histamine H2 receptor

[HRH2], human histamine H3 receptor [HRH3], and human

histamine H4 receptor [HRH4]) and influences various

physiological processes. Emerging evidence suggests a complex

interplay between histamine levels and breast cancer progression.

Histamine receptors, particularly HRH1 and HRH2, have been

implicated in tumor growth, angiogenesis, invasion, and metastasis.

Changes in histamine levels and receptor expression in breast

cancer tissues compared with normal tissues suggest a role for the

histaminergic system in cancer development (17–24).

The histaminergic system, initially recognized for its

involvement in allergic responses and neurotransmission, has

recently attracted attention for its potential role in breast cancer

(25–29). Pharmacological agents targeting histamine receptors or

synthesis have shown anti-tumor effects, underscoring the

therapeutic significance of this pathway. Despite promising

outcomes, the precise mechanisms underlying the involvement of

the histaminergic system in breast cancer remain to be fully

understood (26, 27, 30–33).

The novelty of this study lies in the comprehensive molecular

analysis of the histaminergic system in various breast cancer

subtypes, an area that has not yet been extensively explored. By

using advanced techniques, such as microarray profiling,

quantitative reverse transcription polymerase chain reaction (RT-

qPCR), and enzyme-linked immunosorbent assay (ELISA), this

study provides a detailed expression profile of histamine-related

mRNAs and miRNAs. These findings could pave the way for new

therapeutic strategies targeting the histaminergic system, thereby

offering potential improvements in the treatment and management

of breast cancer. Additionally, the focus of this study on a Polish

cohort adds valuable regional data to our global understanding of

breast cancer biology.
frontiersin.org
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This study aimed to assess the expression profiles of messenger

mRNAs and microRNAs (miRNAs) related to the histaminergic

system in five breast cancer subtypes in Polish women. By

identifying the differentially expressed genes and miRNAs, this

study aimed to identify potential molecular markers and

therapeutic targets within the histaminergic pathway.
2 Materials and methods

2.1 Ethics

This study adhered to the 2013 Declaration of Helsinki

guidelines for human experimentation. This study was approved

by the Bioethical Committee of the Regional Medical Chamber in

Krakow (No. 81/KBL/OIL/2023, dated 10 March 2023). Data

confidentiality and anonymity were maintained at all times.

Patient identification information was deleted before analyzing

the database. Identifying patients individually was impossible,

either from this study or from the database.
2.2 Participants

Patients with five breast cancer subtypes were included in the

study: luminal A (n = 130), luminal B (n = 196, including HER2−

n =100; HER2+ n= 96), HER2+ (n = 36), and TNBC (n = 43). They

underwent surgery, during which the tumor tissue was removed

along with a margin of healthy tissue (control material).

Characteristics of the patients with each of the five subtypes are

shown in Table 1. According to the tumor, nodule, and metastasis

(TNM) classification, all the patients were classified as T1N0M0

(34). Inclusion and exclusion criteria are shown in Table 2.
2.3 Total RNA extraction

Ribonucleic acid was extracted from tissues using the TRIzol

reagent (Invitrogen Life Technologies, Carlsbad, CA, USA; catalog

number: 15596026), according to the manufacturer’s protocol.

Subsequently, the isolated RNA was purified using the RNeasy

Mini Kit (QIAGEN, Hilden, Germany; catalog number: 74104) and

treated with DNase I (Fermentas International Inc., Burlington,

ON, Canada; catalog number: 18047019). Qualitative evaluation of

RNA was performed using 1% agarose gel electrophoresis with 0.5

mg/mL ethidium bromide, while quantitative assessment was

conducted by measuring absorbance at 260 nm.
2.4 Microarray profiling of histaminergic
system-related genes

The differential expression of histaminergic system-related

genes in tumor tissues compared to control tissues was analyzed

using the HG-U 133_A2 microarray (Affymetrix, Santa Clara, CA,
Frontiers in Oncology 03
USA) and GeneChip™ 3′ IVT PLUS reagent kit (Affymetrix, Santa

Clara, CA, USA; catalog Number 902416), according to the

manufacturer’s instructions and methods outlined in previous

studies. Of 22,277 mRNA probes identified on the microarray

plate, 65 were associated with the histaminergic system. These 65

mRNAs were selected by entering the term “histaminergic system”

into the Affymetrix NetAffx Analysis Center database, which

provided a list of mRNAs known to be related to the

histaminergic system.

Microarray analysis involved the synthesis of double-stranded

complementary DNA (cDNA) using a GeneChip 30IVT Express

kit, followed by RNA amplification and fragmentation.

Subsequently, the artificial RNAs were hybridized, and

fluorescence intensity was measured using an Affymetrix Gene

Array Scanner 3000 7G and Gene Chip® Command Console®

Software (Affymetrix, Santa Clara, CA, USA).
2.5 Microarray profiling of histaminergic
system-related miRNAs and its potential
influence on the expression of
analyzed genes

Microarray profiles of miRNAs were analyzed using the

commercially available GeneChip miRNA 2.0 Array (Affymetrix),

following the manufacturer’s instructions.
2.6 Analysis of the expression profile of
selected genes via RTq-PCR

Validation of the microarray data was performed using RT-

qPCR with the SensiFast SYBR No-ROX One-Step kit (Bioline,

London, UK), according to the manufacturer’s instructions.

Expression patterns of selected genes were presented using the

2−DDCt method. Beta actin (ACTB) served as an endogenous control.

The thermal cycling conditions were as follows: reverse

transcription at 45°C for 10 min, polymerase activation at 95°C

for 2 min, followed by 40 cycles of denaturation at 95°C for 5 s,

annealing at 60°C for 10 s, and extension at 72°C for 5 s. The primer

sequences are presented in Table 1 in the Supplementary Material.

Each reaction was performed in triplicate.
2.7 Evaluation of the expression profile of
miRNAs via RTq-PCR

In this step, we validated the expression patterns of 17

differentially expressed miRNAs using RT-qPCR. Reverse

transcription was performed using 10 ng of total RNA in a 15-mL
reaction volume with the TaqMan MicroRNA Reverse Transcription

Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the

manufacturer’s instructions. Next, miRNA quantification was

performed using TaqMan MicroRNA Assays (Thermo Fisher

Scientific, Waltham, MA, USA) for hsa-miR-34a (Assay ID
frontiersin.org
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000426), hsa-miR-3140-5p (Assay ID 462283_mat), hsa-miR-4251

(Assay ID 243741_mat), hsa-miR-1-3p (Assay ID 002222), hsa-miR-

382 (Assay ID 000572), hsa-miR-16 (Assay ID 000391), hsa-miR-650

(Assay ID 001603), and hsa-miR-1275 (Assay ID hsa-miR-1275). The

thermal profile of the reaction was as follow: initial denaturation at

95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1

min. Each reaction was performed in triplicate, and RNU48 served as

an endogenous control.
2.8 ELISA analysis

The final part of this study involved assessing alterations in

HRH1-4 expression in cancer and control samples using ELISA. To

determine the protein concentrations, we used the following ELISA

kits, according to the manufacturer’s instructions: HRH1 ELISA Kit

(MyBioSource, Inc., San Diego, CA 92195-3308, USA; catalog

number MBS454215), HRH2 ELISA Kit (MyBioSource, Inc., San

Diego, CA 92195-3308, USA; catalog number MBS9355797), and

HRH4 ELISA Kit (MyBioSource, Inc., San Diego, CA 92195-3308,

USA; catalog number MBS2023167).
2.9 Statistical analysis

Statistical analysis of the microarray results was conducted

using Transcriptome Analysis Console programs (Affymetrix,

Santa Clara, CA, USA). Statistical analyses of the RT-qPCR and

ELISA results were performed using Statistica 13.0 PL (StatSoft,

Cracow, Poland).
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2.9.1 Statistical analysis of mRNA
microarray results

Statistical analysis of the oligonucleotide microarray results was

performed using MicroArray Suite 5.0 (Affymetrix, Santa Clara,

CA, USA) and a data mining tool (Affymetrix, Santa Clara, CA,

USA). Normalization of the results using the robust multi-array

average (RMA) method, which involves logarithmic transformation

of the fluorescence signal values for each transcript (log2), was

performed using RMA Express (Affymetrix, Santa Clara, CA, USA).

Statistical analyses were performed using the Transcriptome

Analysis Console program (Affymetrix, Santa Clara, CA, USA).

Samples were clustered using hierarchical clustering with Euclidean

distance measurements. Based on the data in the Affymetrix

NetAffxTM database, 65 mRNA IDs were selected using the

query “histaminergic system” (accessed February 19, 2024), which

can be analyzed using oligonucleotide microarrays with

HGU133A_2.0 plates. The analysis included fluorescence values

for all types of probes, such as “_at” (complementary to the

sequence of a specific transcript), “_s_at” (matching different

transcripts, various polyadenylation products, or alternative

splicing forms), and “_x_at” (complementary to similar but not

identical sequences, hybridizing with sequences similar to the

target). The fold-change (FC) parameter was used to assess the

magnitude of the difference in mRNA expression levels between

compared transcriptome groups, and the p value assessed the

significance of the observed difference. A gene was considered

differentially expressed if the absolute fold change in the

fluorescence signal between the compared samples was >1.1 (at

least a 1.1-fold increase or decrease in signal intensity) and the p

value <0.05. Gene differentiation between the studied transcriptome
TABLE 1 Characteristics of patients.

Molecular type Degree of histological malignancy Age

G1 G2 G3 <50 years >50 years

Luminal A 23 (18%) 48 (37%) 59 (45%) 43 (33%) 87 (67%)

Luminal B HER2- 31 (31%) 57 (57%) 12 (12%) 32 (32%) 68 (68%)

Luminal B HER+ 23 (24%) 57 (59%) 16 (17%) 19 (20%) 77 (80%)

Non-luminal HER2+ 9 (25%) 12 (33%) 15 (42%) 9 (25%) 27 (75%)

TNBC 14 (32%) 21 (49%) 8 (19%) 10 (23%) 33 (77%)
Data are presented as number of cases and (percentage); human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer.
TABLE 2 Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

Expressing informed, voluntary consent to participate in the study Failure to express informed, voluntary consent to participate in the study

Patients diagnosed with one of the five breast cancer subtypes (luminal A, luminal
B HER2-, luminal B HER2+, non-luminal HER2+, and TNBC)

Patients with a history of other malignancies

Patients who underwent surgical removal of the tumor along with a margin of
healthy tissue

Patients who received neoadjuvant chemotherapy or radiotherapy prior to surgery.

Patients aged between 18 and 75 years Patients aged below 18 and over 75 years

Patients classified as T1N0M0 according to TNM classification Patients with metastatic disease (stages II-IV)
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groups was determined using one-way analysis of variance

(ANOVA) with Benjamini–Hochberg correction and Tukey’s

post-hoc test.

2.9.2 Statistical analysis of miRNA
microarray results

The miRNA microarray results were statistically analyzed using

miRNAQC Tool version 1.1.10 (Affymetrix, Santa Clara, CA, USA)

and Transcriptome Analysis Console 2.0 (Affymetrix, Santa Clara,

CA, USA; February 19, 2024). Initial raw data from the GeneChip

miRNA 2.0 Array were background-corrected using the miRNAQC

Tool to remove noise and enhance signal accuracy, ensuring that the

measured intensities reflected true biological variation rather than

technical artifacts. Corrected data were normalized using the RMA

method implemented in the miRNA QC tool. This process included

quantile normalization to ensure that the distributions of probe

intensities were identical across all arrays, thereby minimizing

inter-array variability. After normalization, the fluorescence signal

intensity of each miRNA was logarithmically transformed (log2). The

FC parameter was used to assess the magnitude of the difference in

miRNA expression levels between the compared transcriptome

groups, while the p-value was used to assess the significance of the

observed difference. An miRNA was considered differentiated if the

absolute fold change in the fluorescence signal between the compared

samples was >1.1 (at least a 1.1-fold increase or decrease in signal

intensity) and the p value was <0.05. Micro RNA differentiation

between the studied transcriptome groups was determined using one-

way ANOVA with Benjamini–Hochberg correction and Tukey’s

post-hoc test. Differentially expressed miRNAs between tumor and

control tissues involved in regulating differentially expressed mRNAs

were determined using the TargetScan database (http://

www.targetscan.org/) (35) and miRanda (http://mirdb.org) (36). A

predicted target with a score exceeding 80 was deemed highly likely

to be authentic. However, caution was advised if the score falls

below 60, and additional supporting evidence was recommended

(36, 37).

2.9.3 Statistical analysis of RTqPCR and
ELISA results

The results were entered into a Microsoft Excel spreadsheet to

create a database, which was then implemented using the licensed

version of Statistica 13.0 PL (StatSoft, Cracow, Poland) for statistical

calculations. Commonly accepted significance level in medical

research (p < 0.05) was used for the statistical analysis. The

hypothesis regarding the normal distribution of a parameter was

verified using the Shapiro–Wilk test. The hypothesis regarding The

homogeneity of variance was verified using the Levene’s test. Given

that the assumption of normality was satisfied, further analyses

were conducted using parametric methods. Differences between

groups concerning individual variables were initially verified using

one-way ANOVA, and the nature of specific relationships was

determined using the Tukey’s post-hoc test.
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2.9.4 Statistical analysis of search tools for the
retrieval of interacting genes/proteins results

Relationships between genes were thoroughly examined using

the STRING Database 11.0 (accessed July 3, 2024). Within the

STRING database, the parameter “strength” (Log10 [observed/

expected]) quantifies the extent of the enrichment effect. This

parameter reflects the ratio between the following: (1) the number

of proteins annotated with a specific term within the network; and

(2) the expected number of proteins annotated with that term in a

randomly generated network of equivalent size. Conversely, the

false discovery rate parameter assesses the significance of the

enrichment, with p values adjusted for multiple testing within

each category using the Benjamini–Hochberg procedure (38).

2.9.5 Overall survival analysis
The Kaplan–Meier plotter (http://kmplot.com/; accessed July 3,

2024) was used to plot the overall survival status in every group for

the nine mRNAs that significantly differentiated breast cancer,

regardless of subtype, compared to the control. The follow-up

threshold was 60 months (39, 40).
3 Results

3.1 Microarray profile of histaminergic
system-related gene breast cancer samples
compared with control tissue

A one-way ANOVA was conducted in the first step to

determine the differential expression of mRNAs associated with

the histaminergic system. We used the Affymetrix NetAffx Analysis

Center database to identify mRNAs specific to the histaminergic

system. This database allowed the filtering and selection of 65

mRNAs associated with the histaminergic system. Our analysis

indicated that 17 of these mRNAs significantly differentiated cancer

samples from the controls (p < 0.05).

Next, we applied the Tukey’s post-hoc test to further analyze

these 17 mRNAs, identifying which mRNAs specifically

differentiated between breast cancer subtypes and control

samples. This test also highlighted the mRNAs common to more

than one breast cancer subtype.

Nine mRNAs were significantly differentiated in breast cancer

sections, regardless of subtype, compared to the control samples:

HRH1, HRH2, HRH4, histamine N-methyltransferase (HNMT), 5-

hydroxytryptamine receptor 6 (HTR6), endothelin 1 (EDN1),

endothelin receptor type A (EDNRA), adenosine deaminase

(ADA), solute carrier family 22 member 3 (SLC3A2).

In contrast, the three mRNAs that showed statistically significant

changes in expression were specific for luminal subtype A and

corresponded to gamma-aminobutyric acid type A receptor subunit

beta 1 (GABRB1), adenylate cyclase-activating polypeptide 1

(ADCYAP1) and Sorting Nexin 1 (SNX). For the luminal B
frontiersin.org
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HER2−, HER2+, and non-luminal HER2+ subtypes, no mRNA was

shown to be specific. Thus, gonadotropin-releasing hormone 2

(GNRH2) and 5-hydroxytryptamine receptor 2 B (HTR2B) were

common subtype B tumors, depending on the presence of HER2

on the cell surface. In contrast, the regulators of G-protein signaling

(RGS4), period circadian clock 2 (PER2), LYN proto-oncogene, and

Src family tyrosine kinase (LYN) genes were characteristic of the

TNBC subtype. A Venn diagram was created to identify the genes

shared among all the transcriptome groups and those exclusive to

specific groups (Figure 1). The expression profile of the selected 17

genes in different subtypes of breast cancer compared to the control

samples are presented in Figure 2.
3.2 Results of selected expression of
mRNAs via RTqPCR

Next, we evaluated the changes in the expression patterns of the

17 genes selected in the microarray experiment that differentiated

individual breast cancer subtypes from controls by performing RT-

qPCR (validation). Quantitative RT-qPCR analysis confirmed the
Frontiers in Oncology 06
expression changes indicated by the semi-quantitative microarray

analysis for all mRNAs. Regardless of breast cancer subtype,

overexpression of the following mRNAs was observed: HRH1,

HRH2, HRH4 , HNMT, EDN1, EDNRA, HTR6 , GABRB1,

ADCYAP1, ADA, and SLC23A2. In turn, the expression profiles

of mRNA, GNRH2, and PER2 were reduced in the tumor tissues

compared to the controls. In contrast, the expression patterns of

SNX, HTR2B, RGS4, and LYN were not homogeneous and differed

among the breast cancer subtypes (Figure 3).
3.3 Expression patterns of miRNAs
obtained via the microarray analysis

Next, we evaluated which of the miRNAs whose expression was

significantly different in each breast cancer subtype compared to the

control (p < 0.05) was involved in the post-transcriptional regulation

of the previously selected differentiating mRNAs in the microarray

experiment. For mRNAs that differentiated tumor tissues independent

of breast cancer subtype, we looked for miRNAs whose expression

occurred in all subtypes, and the condition that the predicted target
FIGURE 1

Venn diagram of microarray results (p<0.05).
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with a prediction score exceeding 80 was met. For mRNAs that

specifically differentiated between two or only one breast cancer

subtype, miRNA expression was reported only in breast cancer

subtype A, where predictive analysis showed that hsa-miR-34a

potentially regulated HRH1 expression, and hsa-miR-3140-5p and

hsa-miR-4251 potentially affected HRH2 expression. In contrast,

HRH4 and EDN1 expression were regulated by hsa-miR-1-3p. The

expression ofHNMT is potentially regulated by hsa-miR-382, whereas

EDNRA expression is regulated by two miRNAs: hsa-miR-34a and

hsa-miR-16. In contrast, hsa-miR-650 is involved in the regulation of

HTR6 expression, whereas hsa-miR-1275 potentially interacts with

three mRNAs: ADA, SLC23A2, and HRH1. Additionally, for the

GABRB1, HTR2B, RGS4, and PER genes, the regulatory effect of

miRNAs was demonstrated. In contrast, predictive analysis did not

confirm whether ADYAP1, SNX, or GNRH2 expression was regulated

by the selected differentially expressed miRNAs (Figure 4). The

expression profiles of miRNAs in all subtypes of breast cancer

compared to control samples are presented in Figure 5.
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3.3.1 Expression patterns of miRNA expression
obtained via RTqPCR

We validated the results obtained using qRT-PCR for the miRNAs

selected in the microarray experiments. For all the miRNAs analyzed

by qRT-PCR, the same direction of expression changes, as indicated by

semi-quantitative microarray analysis, was obtained (Figure 6).
3.4 Expression profile of HRH1, HRH2, and
HRH4 in breast cancer tissues and controls
at the protein level

At the protein level, we observed significantly higher

concentrations of HRH1, HRH2, and HRH4 in tumor tissues

than those in control tissues (Figure 7; p < 0.05). The highest

concentrations of HRH1 and HRH2 receptors at the protein level

were found in the TNBC samples. In contrast, the luminal B HER2−

subtype showed the highest HRH4 levels (Figure 7).
FIGURE 2

Changes in the expression profile of genes differentiating tumor samples compared to control tissues obtained by microarray analysis.
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3.5 Relationship network for the selected
histaminergic system differentiation genes

This study explored the intricate interactions between gene

products related to the histaminergic system using the STRING

Database (String Database 11.0). Proteins were represented as

nodes, with edges indicating predicted functional associations based

on experimental data, co-expression, gene neighborhood, text

mining, and other evidence. Within this database, the proteins

encoded by the analyzed genes formed a tightly interwoven

network characterized by eight edges and 17 nodes (p < 0.001;

average local clustering coefficient was 0.49, and average node

degree was 0.941). The interactions are visually represented in a

diagram (Figure 8), showing that HRH1, HRH2, and HRH4 are

central to the network, indicating their significant roles in breast

cancer pathology. These histamine receptors interact with proteins,

such as HNMT and LYN, suggesting a complex regulatory

mechanism involving histamine signaling in cancer progression.

Endothelin 1 and its receptor (EDNRA) are connected to various

proteins, including ADCYAP1 and HTR6, indicating their

involvement in the signaling pathways that regulate vascular tone

and cell proliferation. Additionally, ADA is linked to RGS4 and LYN,

highlighting its role in purine metabolism and immune response

modulation in the tumor microenvironment. The association of

SLC23A2 with GABRB1 indicates potential interactions related to
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amino acid transport and neurotransmission in cancer cells. The

prominent interactions of histamine receptors suggest their crucial

role in breast cancer cell proliferation, survival, and angiogenesis,

implying that therapeutic targeting of these receptors could disrupt

these pathways and inhibit tumor growth. The involvement of

endothelin signaling components underscores their contribution to

cancer progression by promoting angiogenesis and cell proliferation,

suggesting that targeting the endothelin pathway could be a viable

cancer therapeutic strategy. The network connections of ADA

suggest its role in modulating the tumor microenvironment,

potentially affecting immune response and cell survival; modulating

ADA activity could influence tumor progression and response to

therapy. The association with GABRB1 indicates the significance of

amino acid transport and neurotransmission in cancer cell

metabolism and survival, highlighting potential new therapeutic

avenues. Additionally, the genes were classified into 96 biological

processes, five molecular functions, and five KEGG pathways.
3.6 Overall survival analysis of the selected
histaminergic system differentiation genes

Overall survival analysis using the Kaplan–Meier plotter was

performed for the studied mRNAs and presented for each breast

cancer subtype (Figures 9–13).
FIGURE 3

Changes in expression profile of mRNAs in different subtypes of breast cancer samples compared to control samples obtained via RTqPCR.
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Fron
In the case of the luminal A subtype, EDNRA, HNMT, and

SLC23A3 were important, and their low expression

negatively affected overall survival (OS) (Figure 9).

In turn, high END1 and HRH1 expression, together with low

SLC23A3 activity, promoted worse OS in patients with

luminal B HER2− (Figure 10).

In luminal B HER2+ samples, the expression of the analyzed

genes was not important for OS (Figure 11).

High expression of EDN1, HRH2, and HRH4 promoted worse

OS in non-luminal HER2+ cancers (Figure 12).

In turn, low EDN1 expression and high HRH4 activity were

important for OS in patients with TNBC (Figure 13).
4 Discussion

Considering the intricate nature of cancer, it is essential to

develop effective therapies to address the various molecular

components present within a tumor and their specific interactions
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within the tumor microenvironment (41, 42). Despite advances in

cancer research in recent decades resulting in the development of

new and enhanced anti-neoplastic drugs, anticancer therapy still

yields adverse outcomes, such as inadequate response and

significant toxicity (43).

The significance of assessing biogenic amine levels has been

highlighted in various contexts. These include diagnosing

Parkinson’s disease (44) and central nervous system infections,

such as bacterial and viral meningitis [24]. Additionally, it aids in

the early detection of neuroendocrine tumors (45), advancement of

novel methods for examining neoplastic cells (46), and the

development of therapies targeting biogenic amines, including

antihistamines (47).

Histamine, a compound with pleiotropic effects, has potential as

a therapeutic agent for cancer treatment. The administration of

histamine dihydrochloride has received approval in Europe for the

treatment of acute myeloid leukemia when combined with the

immunotherapeutic agent IL-2, highlighting the potential of

histamine in cancer therapy (48). Notably, endogenous histamine

promotes murine LM2 breast tumor growth by suppressing anti-
FIGURE 4

All miRNAs affecting the transcriptional activity of genes in all different subtypes of breast cancer compared to control samples.
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tumor immunity (49). Conversely, histamine treatment promoted

dendritic cell maturation frommonocytes, thereby reducing murine

lymphoma growth developed with EL-4 cells (50). The presence of

H1 and H2 receptors in normal and malignant human breast cancer

tissues and cell lines has been extensively documented (51).

Therefore, the analysis of the histaminergic system is crucial

because it is involved in regulating cell proliferation, which is a

critical factor in the initiation and progression of tumors.

Histamine, a primary mediator of this biological process in

various cancer types, influences cell growth and division.

Understanding the role of the histaminergic system in cancer

development may lead to the identification of new therapeutic

targets and development of more effective cancer treatments

(31–33).

Our molecular analysis showed that of the nine genes that

differentiated breast cancer biopsy specimens, regardless of the

subtype from controls, only ADA and SLC23A2 expression was

silenced in the tumor samples. The expression of the remaining

seven mRNAs was significantly higher in tumor tissues than in

control tissues (p < 0.05).

Histamine, which is synthesized by L-histidine decarboxylase,

exerts its effects through paracrine or autocrine mechanisms,

contributing to various processes that foster tumor growth. These

include modulation of the immune response and regulation of the

proliferation, angiogenesis, differentiation, apoptosis, and migration

of cancer cells. Its multifaceted impact is facilitated by its interaction

with H1–H4 receptors, whose expression varies across different

tissue types (52). Activation of the H1 receptor triggers the
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activation of phospholipase C and a subsequent increase in

intracellular Ca2+ levels, which are potentially regulated by

calmodulin (53, 54).

Our findings are consistent with those of Fernández-Nogueira

et al. (52), who identified the upregulation of H1 receptors in basal

and HER2-enriched breast cancers, correlating with poorer

prognosis. They proposed a therapeutic strategy involving

terfenadine, a H1 receptor antagonist that inhibited the migration

of basal breast cancer cells and induced apoptosis (52). Similarly,

Zhao et al. observed increased H1 receptor expression in

hepatocellular carcinoma, which led to enhanced cell cycle

progression and suppressed apoptosis, thereby promoting

metastasis. Terfenadine treatment in a hepatocellular carcinoma

xenograft model inhibited tumor growth (55). Matsumoto et al.

reported H1 receptor overexpression in cisplatin-resistant HeLa

cells, where antagonists, such as cloperastine, selectively killed

tumor cells (56). Although desloratadine and loratadine hold

promise for cancer therapy, further investigations are warranted

(25). Another H1 receptor antagonist, astemizole, when combined

with histamine, induces autophagy and apoptosis by targeting p53-

dependent crosstalk in human MCF-7 breast cancer cells (57).

These findings support the therapeutic potential of targeting H1

receptors in breast cancer.

In turn, activation of the histamine H2 receptor leads to an

elevation in intracellular cyclic adenosine monophosphate levels,

with effects often exerting actions opposing those mediated by the

H1 receptor across various biological processes, such as the immune

response (49, 58). Interestingly, Gao et al. observed improved
FIGURE 5

Expression profile of miRNAs potentially regulated selected mRNA in different subtypes of breast cancer tissues in comparison to control tissues
obtained by microarray analysis.
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overall survival in colon cancer patients with H2 receptor

overexpression (59). Despite promising preclinical data, clinical

trials investigating H2 receptor antagonists for breast cancer have

yielded inconclusive results (27, 30, 60). Recent studies have shown

that H2 receptor blockers, such as cimetidine and famotidine, are

not associated with an increased risk of breast cancer, whereas

ranitidine users have a higher risk of developing ductal carcinoma

(61). Based on available evidence, treatment with H2 antagonists

does not seem to be beneficial from a therapeutic perspective.

Similarly, the H4 receptor has emerged as a potential

therapeutic target because of its role in anti-tumor immunity, as

demonstrated in TNBC (28). Reduced levels of this receptor have

been noted in colorectal cancer (62) and oral tongue squamous cell

carcinoma (63), whereas overexpression of the H4 receptor inhibits

the proliferation of cholangiocarcinoma (64) and esophageal

squamous cell carcinoma (65). Using a TNBC model, Sterle et al.

found that H4 receptor deficiency reduced tumor growth and

metastasis, highlighting its potential as a therapeutic target (28).

Thus, variations in histamine metabolism, distinct tumor

microenvironments, and availability of histamine receptors may
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influence outcomes induced by histamine receptor ligands (31,

66, 67).

Another gene found to be overexpressed in tumor tissues is

HNMT; however, a study on a Chinese Han population

underscored the significance of histidine decarboxylase gene

(HDC) polymorphisms, rather than those of the HNMT gene in

breast cancer, further highlighting HDC’s importance in this

disease (68).

Our study revealed significant connections between the

histaminergic system and genes involved in angiogenesis, such as

EDN1 and EDNRA. The role of endothelin signaling in cancer

progression warrants further exploration, particularly regarding the

potential use of EDNR antagonists in cancer therapy (52, 53).

Additionally, the overexpression of ADA and SLC23A2 in

tumor tissues suggests that these genes could be interesting

therapeutic targets (69).

Our microarray analysis also showed overexpression of ADA

mRNA in tumor tissues compared to normal tissues, which is

consistent with the observations of other researchers (70, 71).

Moreover, a correlation between ADA expression, breast cancer
FIGURE 6

Expression profile of miRNAs potentially regulated selected mRNA in different subtypes of breast cancer tissues in comparison to control tissues
obtained by RTqPCR analysis.
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FIGURE 7

Concentration of HRH1, HRH2, and HRH4 in different subtypes of breast cancer and control tissue.
FIGURE 8

Relationship network for the proteins associated with the histaminergic system differentiation genes generated in the STRING database.
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stage, and metastatic potential has been reported (72), making

restoration of the normal ADA expression pattern an interesting

therapeutic target.

One of the last mRNAs that differentiated cancer samples

independent of subtype from control samples, for which a

decrease in transcriptional activity was demonstrated in cancer

tissues, was HTR6.

The HTR6 receptor, a 5-hydroxytryptamine 6 receptor,

interacts with the Gsa protein, leading to the activation of cAMP
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production (73). This receptor is predominantly present in the

central nervous system and is involved in regulating various

functions, such as cognition, appetite, mood, and epileptic activity

(74). Its dysregulation has been linked to conditions, such as

schizophrenia and Alzheimer’s disease (75). Additionally,

according to our current findings, a study by Jinhua et al.

revealed decreased HTR6 expression in colon cancer, suggesting a

potential role in tumor suppression and recurrence (76),

particularly in TNBC samples. Our observations regarding
FIGURE 9

Overall survival analysis for luminal A subtype.
FIGURE 10

Overall survival analysis for luminal B HER2− subtype.
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reduced HTR6 expression in tumor tissues are consistent with the

observations made by Zhang et al. (77), who after performing

immunohistochemical staining, suggested that HTR6 may have

an inhibitory effect on breast cancer progression (77). Moreover,

Zhang et al. found that sertindole, an antipsychotic drug

(sertindole), has a pro-apoptotic effect on breast cancer cells (78).

Moreover, in breast cancer patients, compared to normal breast

tissue and para-tumor tissues, HTR6 expression was increased in in

situ breast cancer, but decreased in invasive breast cancer, and

almost no expression was found in distal and lymphatic metastases,

showing a trend wave during the development of breast cancer.

Therefore, it appears that HTR6 has a dual action, depending on the

biological context (77, 78). These observations are also consistent

with the study by Zhan et al., which showed no statistically

significant differences in the expression of HTR1, HTR3, HTR5,

and HTR6 between breast adenocarcinoma and normal samples.

These authors also noted that HTR6 expression in high-grade breast

cancer was lower than that in less invasive cancers, which requires

further studies considering our results (79).

The role of miRNAs in regulating the histaminergic system is a

fascinating area of study (80). Our predictive analysis revealed
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several potential interactions between the miRNAs and

components of the histaminergic system. First, certain miRNAs,

such as hsa-miR-34a, hsa-miR-3140-5p, and hsa-miR-4251 may be

involved in modulating the expression of histamine receptors, such

as HRH1 and HRH2. Conversely, other miRNAs, such as hsa-miR-

1-3p, may play a role in regulating the expression of HRH4

and EDN1.

Moreover, expression of key enzymes and receptors within the

histaminergic system, such as HNMT and EDNRA, may be

influenced by specific miRNAs. For example, hsa-miR-382 may

potentially regulate HNMT expression, whereas both hsa-miR-34a

and hsa-miR-16 may be involved in the modulation of EDNRA

expression. Additionally, miRNAs, such as hsa-miR-650 and hsa-

miR-1275, interact with components of the histaminergic system,

possibly affecting the expression of genes, such as HTR6, ADA,

SLC23A2, and HRH1.

The present study has several limitations. First, the sample size,

especially for subtypes, such as HER2+ and TNBC, may constrain

the generalizability of our findings, indicating the need for a larger

cohort to enhance statistical robustness. Second, the focus on the

Polish female population limits the diversity of the patient cohort,
FIGURE 11

Overall survival analysis for luminal B HER2+ subtype.
FIGURE 12

Overall survival analysis for non-luminal HER2+ cancers subtype.
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potentially affecting the wider applicability of the results. Third,

although microarray analysis and qRT-PCR are pivotal for assessing

gene expression patterns, their inherent limitations in capturing the

detailed intricacies of gene regulation suggest the need for

alternative omics methodologies, such as RNA sequencing, for a

more comprehensive understanding. Additionally, the

concentration of proteins was evaluated solely using ELISA.

Incorporating immunohistochemistry and western blotting would

be crucial for a more thorough protein expression analysis.

Despite these limitations, this study has several strengths. This

multifaceted approach, encompassing gene expression profiling,

miRNA analysis, and protein quantification via ELISA, allowed

for an in-depth examination of the histaminergic pathways in breast

cancer. The inclusion of various breast cancer subtypes increases

the relevance and applicability of our findings across diverse patient

populations. Additionally, rigorous adherence to standardized

protocols for gene expression and miRNA analyses ensured the

reliability and reproducibility of our results. Utilizing reputable

databases for miRNA target prediction helped elucidate the
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potential regulatory mechanisms underlying histamine-mediated

gene expression alterations.

Overall, these findings suggest a complex network of

interactions between miRNAs and the histaminergic system,

highlighting the intricate regulatory mechanisms governing

histamine signaling in the body. Further studies in this area

could provide valuable insights into the role of miRNAs in

health and disease, especially in conditions involving histamine

dysregulation. Moreover, the analysis showed that the selected

miRNAs did not exhibit complete complementarity with their

target mRNAs. The crosstalk among miRNAs, the histaminergic

system, and breast cancer represents a complex regulatory

network with significant implications for cancer biology and

therapeutic development.

Our analysis confirms the intricate nature of the histaminergic

system and its crucial role in the development and progression of

breast cancer. Molecular analyses indicated that the selected mRNA

and miRNAs could serve as promising molecular markers and

potential therapeutic targets.
FIGURE 13

Overall survival analysis for TNBC subtype.
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39. Győrffy B. Integrated analysis of public datasets for the discovery and validation
of survival-associated genes in solid tumors. Innovation (Camb). (2024) 5:100625.
doi: 10.1016/j.xinn.2024.100625
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Moragas N, López-Plana A, et al. Histamine receptor 1 inhibition enhances
antitumor therapeutic responses through extracellular signal-regulated kinase (ERK)
activation in breast cancer. Cancer Lett. (2018) 424:70–83. doi: 10.1016/
j.canlet.2018.03.014

53. Wang M,Wei X, Shi L, Chen B, Zhao G, Yang H. Integrative genomic analyses of
the histamine H1 receptor and its role in cancer prediction. Int J Mol Med. (2014)
33:1019–26. doi: 10.3892/ijmm.2014.1649

54. Shi Z, Fultz RS, Engevik MA, Gao C, Hall A, Major A, et al. Distinct roles of
histamine H1- and H2-receptor signaling pathways in inflammation-associated colonic
tumorigenesis. Am J Physiol Gastrointest Liver Physiol. (2019) 316:G205–16.
doi: 10.1152/ajpgi.00212.2018

55. Zhao J, Hou Y, Yin C, Hu J, Gao T, Huang X, et al. Upregulation of histamine
receptor H1 promotes tumor progression and contributes to poor prognosis in
hepatocellular carcinoma. Oncogene. (2020) 39:1724–38. doi: 10.1038/s41388-019-
1093-yH1

56. Matsumoto N, Ebihara M, Oishi S, Fujimoto Y, Okada T, Imamura T. Histamine
H1 receptor antagonists selectively kill cisplatin-resistant human cancer cells. Sci Rep.
(2021) 11:1492. doi: 10.1038/s41598-021-81077-y

57. Jakhar R, Paul S, Bhardwaj M, Kang SC. Astemizole–histamine induces Beclin-1-
independent autophagy by targeting p53-dependent crosstalk between autophagy and
apoptosis. Cancer Lett. (2016) 372:89–100. doi: 10.1016/j.canlet.2015.12.024

58. Sun J, Shi R, Zhang X, Fang D, Rauch J, Lu S, et al. Characterization of immune
landscape in papillary thyroid cancer reveals distinct tumor immunogenicity and
implications for immunotherapy. OncoImmunology. (2021) 10:e1964189. doi: 10.1080/
2162402X.2021.1964189

59. Gao C, Ganesh BP, Shi Z, Shah RR, Fultz R, Major A, et al. Gut microbe-
mediated suppression of inflammation-associated colon carcinogenesis by luminal
histamine production. Am J Pathol . (2017) 187:2323–36. doi: 10.1016/
j.ajpath.2017.06.011

60. Lichterman JN, Reddy SM. Mast cells: A new frontier for cancer
immunotherapy. Cells. (2021) 10:1270. doi: 10.3390/cells10061270

61. Mathes RW, Malone KE, Daling JR, Porter PL, Li CI. Relationship between
histamine2-receptor antagonist medications and risk of invasive breast cancer. Cancer
Epidemiol Biomarkers Prev. (2008) 17:67–72. doi: 10.1158/1055-9965.EPI-07-0765

62. Fang Z, Yao W, Xiong Y, Li J, Liu L, Shi L, et al. Attenuated expression of HRH4
in colorectal carcinomas: a potential influence on tumor growth and progression. BMC
Cancer. (2011) 195:1–11. doi: 10.1186/1471-2407-11-195

63. Salem A, Almahmoudi R, Listyarifah D, Siponen M, Maaninka K, Al-Samadi A,
et al. Histamine H4 receptor signalling in tongue cancer and its potential role in oral
carcinogenesis – a short report. Cell Oncol (Dordr). (2017) 40:621–30. doi: 10.1007/
s13402-017-0336-6

64. Meng F, Han Y, Staloch D, Francis T, Stokes A, Francis H. The H4 Histamine
receptor agonist, clobenpropit, suppresses human cholangiocarcinoma progression by
disruption of epithelial mesenchymal transition and tumor metastasis. Hepatology.
(2011) 54:1718–28. doi: 10.1002/hep.24573

65. He G-H, Ding J-Q, Zhang X, Xu W-M, Lin X-Q, Huang M-J, et al. Activation of
histamine H4 receptor suppresses the proliferation and invasion of esophageal
squamous cell carcinoma via both metabolism and non-metabolism signaling
pathways. J Mol Med (Berl). (2018) 96:951–64. doi: 10.1007/s00109-018-1676-z

66. Fiorani M, Del Vecchio LE, Dargenio P, Kaitsas F, Rozera T, Porcari S, et al.
Histamine-producing bacteria and their role in gastrointestinal disorders. Expert Rev
Gastroenterol Hepatol. (2023) 17:709–18. doi: 10.1080/17474124.2023.2230865

67. Soares CLR, Wilairatana P, Silva LR, Moreira PS, Vilar Barbosa NMMV, da Silva
PR, et al. Biochemical aspects of the inflammatory process: A narrative review. BioMed
Pharmacother. (2023) 168:115764. doi: 10.1016/j.biopha.2023.115764

68. He GongHao HG, Lin JLJ, Cai WenKe CW, Xu WenMang XW, Yu ZYZ, Yin
SunJun YS, et al. Associations of polymorphisms in histidine decarboxylase, histamine
frontiersin.org

https://doi.org/10.1007/s40272-023-00580-z
https://doi.org/10.1021/acschemneuro.2c00425
https://doi.org/10.1016/j.jbc.2023.104583
https://doi.org/10.3389/fphar.2015.00065
https://doi.org/10.1111/bph.14535
https://doi.org/10.1007/16833_2022_104
https://doi.org/10.4161/cbt.7.1.5123
https://doi.org/10.1038/s41416-018-0173-z
https://doi.org/10.1369/00221554221083670
https://doi.org/10.3390/biom11081232
https://doi.org/10.1016/j.bbcan.2023.189007
https://doi.org/10.1016/s1471-4906(01)02050-6
https://doi.org/10.1007/s12016-019-08753-w
https://doi.org/10.1007/s12016-019-08753-w
https://doi.org/10.1016/S1470-2045(17)30438-2
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1186/s13059-019-1629-z
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1016/j.xinn.2024.100625
https://doi.org/10.1111/bph.16257
https://doi.org/10.1016/j.jcmg.2019.07.018
https://doi.org/10.1016/j.cmpb.2018.07.012
https://doi.org/10.1038/s41569-020-0348-1
https://doi.org/10.1016/j.jpba.2018.02.025
https://doi.org/10.3390/pathogens7020039
https://doi.org/10.1016/j.chroma.2019.07.015
https://doi.org/10.1016/j.chroma.2019.07.015
https://doi.org/10.1016/j.tranon.2021.101029
https://doi.org/10.1189/jlb.5VMA1116-455R
https://doi.org/10.1189/jlb.5VMA1116-455R
https://doi.org/10.1002/prp2.778
https://doi.org/10.4161/15384047.2014.987091
https://doi.org/10.4161/15384047.2014.987091
https://doi.org/10.2478/9788376560564
https://doi.org/10.1016/j.canlet.2018.03.014
https://doi.org/10.1016/j.canlet.2018.03.014
https://doi.org/10.3892/ijmm.2014.1649
https://doi.org/10.1152/ajpgi.00212.2018
https://doi.org/10.1038/s41388-019-1093-yH1
https://doi.org/10.1038/s41388-019-1093-yH1
https://doi.org/10.1038/s41598-021-81077-y
https://doi.org/10.1016/j.canlet.2015.12.024
https://doi.org/10.1080/2162402X.2021.1964189
https://doi.org/10.1080/2162402X.2021.1964189
https://doi.org/10.1016/j.ajpath.2017.06.011
https://doi.org/10.1016/j.ajpath.2017.06.011
https://doi.org/10.3390/cells10061270
https://doi.org/10.1158/1055-9965.EPI-07-0765
https://doi.org/10.1186/1471-2407-11-195
https://doi.org/10.1007/s13402-017-0336-6
https://doi.org/10.1007/s13402-017-0336-6
https://doi.org/10.1002/hep.24573
https://doi.org/10.1007/s00109-018-1676-z
https://doi.org/10.1080/17474124.2023.2230865
https://doi.org/10.1016/j.biopha.2023.115764
https://doi.org/10.3389/fonc.2024.1407538
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sirek et al. 10.3389/fonc.2024.1407538
N-methyltransferase and histamine receptor. PloS One. (2014) 2014) 9:e97728.
doi: 10.1371/journal.pone.0097728

69. Li W, Liu W, Rong J, Chen Y, Gu W, Zhang W. Association of leukemia target
genes Tet2, Bcl2, and Slc23a2 in vitamin C pathways. Cancer Genomics Proteomics.
(2019) 16:333–44. doi: 10.21873/cgp.20138

70. Zhulai G, Oleinik E, Shibaev M, Ignatev K. Adenosine-metabolizing enzymes,
adenosine kinase and adenosine deaminase, in cancer. Biomolecules. (2022) 12:418.
doi: 10.3390/biom12030418

71. Kutryb-Zajac B, Koszalka P, Mierzejewska P, Bulinska A, Zabielska MA, Brodzik
K, et al. Adenosine deaminase inhibition suppresses progression of 4T1 murine breast
cancer by adenosine receptor-dependent mechanisms. J Cell Mol Med. (2018) 22:5939–
54. doi: 10.1111/jcmm.13864

72. Aghaei M, Karami-Tehrani F, Salami S, Atri M. Adenosine deaminase activity in
the serum and Malignant tumors of breast cancer: the assessment of isoenzyme ADA1
and ADA2 activit ies. Clin Biochem . (2005) 38:887–91. doi: 10.1016/
j.clinbiochem.2005.05.015

73. Teng L-L, Lu G-L, Chiou L-C, Lin W-S, Cheng Y-Y, Hsueh T-E, et al. Serotonin
receptor HTR6-mediated mTORC1 signaling regulates dietary restriction–induced
memory enhancement. PloS Biol . (2019) 17:e2007097. doi : 10.1371/
journal.pbio.2007097

74. Chaumont-Dubel S, Galant S, Prieur M, Bouschet T, Bockaert J, Marin P. Impact
of 5-HT6 receptor subcellular localization on its signaling and its pathophysiological
roles. Cells. (2023) 12:426. doi: 10.3390/cells12030426
Frontiers in Oncology 18
75. Guo P, Meng C, Zhang S, Cai Y, Huang J, Shu J, et al. Network-based analysis on
the genes and their interactions reveals link between schizophrenia and Alzheimer’s
d i s e a s e . Neu r opha rma c o l o g y . ( 2 0 2 4 ) 2 4 4 : 1 0 9 80 2 . d o i : 1 0 . 1 0 1 6 /
j.neuropharm.2023.109802

76. Xu G, Zhang M, Zhu H, Xu J. A 15-gene signature for prediction of colon cancer
recurrence and prognosis based on SVM. Gene. (2017) 604:33–40. doi: 10.1016/
j.gene.2016.12.016

77. Zhang W, Li L, Li J, Yu H, Zheng F, Yan B, et al. Systematic analysis of
neurotransmitter receptors in human breast cancer reveals a strong association with
outcome and uncovers HTR6 as a survival-associated gene potentially regulating the
immune microenvironment. Front Immunol. (2022) 13:756928. doi: 10.3389/
fimmu.2022.756928

78. Zhang W, Zhang C, Liu F, Mao Y, Xu W, Fan T, et al. Antiproliferative activities
of the second-generation antipsychotic drug sertindole against breast cancers with a
potential application for treatment of breast-to-brain metastases. Sci Rep. (2018)
8:15753. doi: 10.1038/s41598-018-33740-0

79. Zhan D, Wang X, Zheng Y, Wang S, Yang B, Pan B, et al. Integrative dissection
of 5-hydroxytryptamine receptors-related signature in the prognosis and immune
microenvironment of breast cancer. Front Oncol. (2023) 13:1147189. doi: 10.3389/
fonc.2023.1147189

80. Hussen BM, Hidayat HJ, Salihi A, Sabir DK, Taheri M, Ghafouri-Fard S.
MicroRNA: A signature for cancer progression. BioMed Pharmacother. (2021)
138:111528. doi: 10.1016/j.biopha.2021.111528
frontiersin.org

https://doi.org/10.1371/journal.pone.0097728
https://doi.org/10.21873/cgp.20138
https://doi.org/10.3390/biom12030418
https://doi.org/10.1111/jcmm.13864
https://doi.org/10.1016/j.clinbiochem.2005.05.015
https://doi.org/10.1016/j.clinbiochem.2005.05.015
https://doi.org/10.1371/journal.pbio.2007097
https://doi.org/10.1371/journal.pbio.2007097
https://doi.org/10.3390/cells12030426
https://doi.org/10.1016/j.neuropharm.2023.109802
https://doi.org/10.1016/j.neuropharm.2023.109802
https://doi.org/10.1016/j.gene.2016.12.016
https://doi.org/10.1016/j.gene.2016.12.016
https://doi.org/10.3389/fimmu.2022.756928
https://doi.org/10.3389/fimmu.2022.756928
https://doi.org/10.1038/s41598-018-33740-0
https://doi.org/10.3389/fonc.2023.1147189
https://doi.org/10.3389/fonc.2023.1147189
https://doi.org/10.1016/j.biopha.2021.111528
https://doi.org/10.3389/fonc.2024.1407538
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Expression profile of messenger and micro RNAs related to the histaminergic system in patients with five subtypes of breast cancer
	1 Introduction
	2 Materials and methods
	2.1 Ethics
	2.2 Participants
	2.3 Total RNA extraction
	2.4 Microarray profiling of histaminergic system-related genes
	2.5 Microarray profiling of histaminergic system-related miRNAs and its potential influence on the expression of analyzed genes
	2.6 Analysis of the expression profile of selected genes via RTq-PCR
	2.7 Evaluation of the expression profile of miRNAs via RTq-PCR
	2.8 ELISA analysis
	2.9 Statistical analysis
	2.9.1 Statistical analysis of mRNA microarray results
	2.9.2 Statistical analysis of miRNA microarray results
	2.9.3 Statistical analysis of RTqPCR and ELISA results
	2.9.4 Statistical analysis of search tools for the retrieval of interacting genes/proteins results
	2.9.5 Overall survival analysis


	3 Results
	3.1 Microarray profile of histaminergic system-related gene breast cancer samples compared with control tissue
	3.2 Results of selected expression of mRNAs via RTqPCR
	3.3 Expression patterns of miRNAs obtained via the microarray analysis
	3.3.1 Expression patterns of miRNA expression obtained via RTqPCR

	3.4 Expression profile of HRH1, HRH2, and HRH4 in breast cancer tissues and controls at the protein level
	3.5 Relationship network for the selected histaminergic system differentiation genes
	3.6 Overall survival analysis of the selected histaminergic system differentiation genes

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


