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Carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) is

widely expressed in human cells and undergoes marked alterations during

tumorigenesis. However, its functional significance in invasive breast cancer

(BC) remains insufficiently understood. In this study, CEACAM1 expres-

sion patterns in invasive BC tissues were analyzed and correlated with the

proliferative index (PI) of the tumor cells. To assess isoform-specific func-

tional effects and identify CEACAM1-responsive genes involved in key

proliferation-associated pathways, MCF-7 cells were transfected with either

CEACAM1 short cytoplasmic domain isoform (CEACAM1-4S) or CEA-

CAM1 long cytoplasmic domain isoform (CEACAM1-4L). BC tissues

exhibited substantial heterogeneity in CEACAM1 expression, which corre-

lated with the PI of the tumor cells. Functional in vitro studies demon-

strated that the CEACAM1-4L isoform exclusively suppresses cell

proliferation. Transcriptome and protein-level analyses revealed that

CEACAM1-4L regulates the expression of key mediators involved in cell

cycle control, apoptosis, extracellular matrix organization, and growth

factor-dependent signaling pathways. These findings highlight the biologi-

cal significance of CEACAM1-4L isoform in BC, its potential diagnostic

relevance for patient stratification, as well as its possible consideration in

future therapeutic approaches.

1. Introduction

Breast cancer (BC) is the most frequently diagnosed

cancer type and the leading cause of cancer-related

mortality among women worldwide, with annual inci-

dence rates increasing by approximately 1–5% [1].

Recent projections indicate that by 2040, the global

burden of BC is expected to rise to over three million

new cases and one million deaths annually [2]. Timely

diagnosis and personalized treatment are crucial for

the effective management of BC [3]. The main diagnos-

tic methods used for BC include imaging, tissue

sampling, and molecular/pathological analyses. Cur-

rently, the immunohistochemical evaluation of BC

mainly relies on the assessment of estrogen receptor

(ER), progesterone receptor (PR), human epidermal

growth factor receptor 2 (HER2), and the marker of

proliferation Ki-67 protein (Ki-67). Although these

markers provide important diagnostic and prognostic

information, their predictive accuracy and ability to

capture tumor heterogeneity remain limited, which

affects the accuracy of patient management [4].
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A highly promising marker for BC progression may

be carcinoembryonic antigen-related cell adhesion mol-

ecule 1 (CEACAM1), a member of the CEACAM

family, which is expressed in a wide range of epithelial

cells and leukocyte subtypes [5,6]. This highly glycosy-

lated protein is expressed in both membrane-bound

and soluble isoforms and is involved in diverse biologi-

cal processes, including intercellular communication,

intracellular signaling, regulation of cell survival and

apoptosis, cell migration, modulation of immune

responses, and pathogen binding [5–9]. CEACAM1 is

expressed on the apical pole of breast luminal and

glandular epithelium [10–12]. During mammary mor-

phogenesis, two isoforms of CEACAM1 (CEACAM1

short cytoplasmic domain isoform (CEACAM1-4S)

and CEACAM1 long cytoplasmic domain isoform

(CEACAM1-4L)) are involved in cell polarization and

lumen formation [12–14]. Additionally, by being

located on the surface of extracellular vesicles secreted

from the breast epithelium into milk, CEACAM1 may

play a crucial role in lipid absorption in the infant gas-

trointestinal tract [12].

During neoplastic transformation and BC progres-

sion, CEACAM1 expression can become significantly

dysregulated [11,12,15–18]. Although CEACAM1 is

consistently expressed in the surrounding intact tissues,

the proportion of CEACAM1-positive BC cases varies

between 56% and 100% [11,12,15–17]. Furthermore,

carcinoma dedifferentiation is associated with altered

intracellular distribution of CEACAM1, characterized

by the appearance of both uniform membranous and

cytoplasmic patterns [10–12]. Compared with adjacent

tissues, CEACAM1 expression in BC can exhibit both

down-regulation [10–17] and up-regulation [10]. Con-

versely, other studies report no difference in CEA-

CAM1 expression between normal and tumor breast

tissues, suggesting that the primary distinction lies in

the redistribution of CEACAM1 from the apical mem-

branous to a uniform membranous and cytoplasmic

pattern [11,18]. Despite the established correlation

between CEACAM1 expression and the histological

subtype of BC [12,16], reported associations with

metastasis [16] and ER/PR expression [10], its relation-

ship with variables such as patient age, differentiation

status, and HER2 or Ki-67 expression remains unclear

[10,15,16]. Nonetheless, CEACAM1 is involved in cell

cycle regulation through its interactions with Rb, Rb2,

and Id-1 proteins in breast tissue [11,15].

Throughout the appearance and progression of BC,

variations in the CEACAM1-L/S ratio are observed,

suggesting that altered splicing of CEACAM1 plays an

important role in tumorigenesis [19,20]. The altered

CEACAM1-S/L ratio may underlie the variability in

CEACAM1 effects on the functioning of both

non-malignant and cancer cells, regardless of whether

its expression in tumor tissues is normal or dysregu-

lated [5]. Kirshner J. et al. reported that restoration of

CEACAM1-4S in the CEACAM1-negative MCF-7

mammary carcinoma cell line is sufficient to reestablish

normal cellular morphology [20].

This study investigates the functional roles of CEA-

CAM1 isoforms and their potential diagnostic signifi-

cance in invasive BC tissues, as well as their

association with the proliferative index (PI) of carci-

noma cells. We showed that cells within malignant

breast tissue exhibit variability in both the expression

levels and intracellular distribution of CEACAM1,

which exerts a suppressive effect on cell proliferation.

By transfecting MCF-7 breast cancer cells with

CEACAM1-4S and CEACAM1-4L, we demonstrated

that only the CEACAM1-4L isoform has an inhibitory

effect on cell proliferation by dysregulating the expres-

sion of multiple genes involved in cell cycle–related
and proliferation-associated pathways.

2. Materials and methods

2.1. Tissue collection

Human postoperative non-malignant (n = 10) and

tumor (n = 30) breast tissue samples were obtained

from patients treated at the Sumy Regional Oncology

Center between 2019 and 2021 (Sumy, Ukraine). All

patients were provided with written information about

the study by their treating physicians and gave written

informed consent for tissue investigation. These con-

sent forms are stored in the patients’ inpatient health

records. The study was conducted in accordance with

the Declaration of Helsinki. The experimental study

protocol and the study itself were approved by the

Bioethics Commission of the Academic and Research

Medical Institute of Sumy State University (approval

no. 20, dated September 21, 2018). The studies were

conducted in accordance with the local legislation and

institutional requirements. In this study, we focused

exclusively on invasive carcinoma of no special type

(previously referred to as invasive ductal carcinoma),

the most prevalent BC subtype, which more frequently

expresses CEACAM1 [11,12,16]. This selection

allowed us to minimize the confounding effects of dif-

ferent histological tumor subtypes on the results.

Tumor tissues were classified according to WHO

guidelines and stratified according to histological

grades of malignancy (G1, G2, and G3), as well as

molecular subtypes defined by immunohistochemical

assessment of ER, PR, HER2, and Ki-67 expression.
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All diagnoses were independently confirmed by at least

two pathologists.

2.2. Immunohistochemistry

2.2.1. 3,30-diaminobenzidine staining

Serial 4 lm sections were prepared from

paraffin-embedded tissue and mounted on 3-

aminopropyltriethoxysilane-coated slides. After drying

at 50 °C overnight, the sections were deparaffinized

and rehydrated through graded alcohols and xylene.

Heat-induced antigen retrieval was performed in

0.01 M sodium citrate buffer at 97 °C for 30 min.

Endogenous peroxidase activity was blocked with 3%

H2O2 for 5 min, followed by phosphate-buffered saline

(PBS) washing. Nonspecific antibody (Ab) binding was

blocked with 1% bovine serum albumin (BSA) in PBS

for 1 h. Sections were incubated overnight at 4 °C
with mouse anti-CEACAM1 (clone C5-1X/8; Leuko-

Com, Germany; 10 lg/mL), mouse anti-Ki-67 (clone

MIB-1; Dako, USA; 1:100 dilution), rabbit anti-ER

alpha (clone SP1; Abcam, UK; 1:200 dilution), rabbit

anti-PR (clone SP2; Abcam, UK; 1:400 dilution)

monoclonal antibodies (mAb), and rabbit anti-HER2

(Dako, USA; 1:150 dilution) polyclonal Ab, with

isotype-matched Ig as negative control. After PBS

washing, sections were incubated with biotinylated

rabbit anti-mouse or swine anti-rabbit secondary Ab

(Dako, USA) for 1 h at room temperature, followed

by VECTASTAIN ABC reagent (Vector Laboratories,

USA) for 30 min. Signals were visualized using 3,30-
diaminobenzidine, and sections were counterstained

with hematoxylin. The sections were subsequently

dehydrated through graded alcohols and xylene and

mounted using Xylene Substitute Mountant (Thermo

Fisher Scientific, USA).

2.2.2. Immunofluorescence staining

The initial steps of immunofluorescence staining,

including secondary Ab incubation, followed the previ-

ously described protocol in section 2.1. Cy3-

streptavidin (Jackson ImmunoResearch, UK) was used

to visualize biotinylated secondary Ab, while cell

nuclei were stained with 40,6-diamidino-2-phenylindole

(DAPI) (Serva, Germany). Both reagents were diluted

1:200 in 0.5% BSA/PBS and applied simultaneously as

a single staining cocktail. Sections were washed twice

in PBS after each staining step and mounted with

Fluoromount-G� (SouthernBiotech, USA).

For double immunofluorescence staining, 4 lm
sections of paraffin-embedded tissues were treated

after deparaffinization and rehydration with the

MaxBlock� Autofluorescence Reducing Reagent Kit

(Dianova, Switzerland) to minimize autofluorescence,

followed by washes in 60% ethanol and distilled water.

Heat-induced antigen retrieval, blocking of nonspecific

Ab binding, and incubation with anti-CEACAM1

mAb and biotinylated secondary Ab were performed

as previously described. Cy3-conjugated streptavidin

was then applied, followed by overnight incubation at

4 °C with rabbit anti-Ki-67 polyclonal Ab (Dako,

USA). Mouse and rabbit IgG served as isotype con-

trols. Donkey anti-rabbit Alexa 488 and DAPI were

both diluted 1:200 in 0.5% BSA/PBS and used to

detect receptor-positive signals and cell nuclei. Prior to

mounting with Fluoromount-G� (SouthernBiotech,

USA), the MaxBlock� Post-Detection Conditioner

Kit was applied.

Signal detection was conducted using a Nikon

Eclipse Ni-E microscope equipped with a Ri2 camera

and NIS-Elements software version 5.30.02 (Nikon,

Germany).

2.3. Cell culture

The human BC cell line MCF-7 (RRID: CVCL_0031)

was purchased from the American Type Culture Col-

lection (ATCC/LGC Standards GmbH, Germany) and

authenticated by short tandem repeat (STR) profiling

within the last 3 years. The cells were maintained in

Dulbecco’s modified Eagle medium (Gibco, USA) sup-

plemented with 10% heat-inactivated fetal calf serum

(Gibco, USA), 2 mM L-glutamine (Gibco, USA),

100 U/mL penicillin (Gibco, USA), and 100 lg/mL

streptomycin (Gibco, USA) at 37 °C in a humidified

5% CO2 atmosphere. The cells were mycoplasma-free

as verified by regular testing.

2.4. Transfection

MCF-7 cells (2 9 105 cells/well in a six-well plate) were

seeded and incubated at 37 °C in a humidified 5% CO2

atmosphere. When the cells reached 70% confluence,

the culture medium was replaced, and the cells were sta-

bly transfected with the pcDNA3.1 neo(�) plasmid

encoding either the human CEACAM1-4L or

CEACAM1-4S isoform, using the jetPRIME� transfec-

tion reagent (Polyplus-transfection, France; Cat. No.

101000046) according to the manufacturer’s instruc-

tions. Cells transfected with the empty pcDNA3.1

neo(�) vector served as a vector control (VeCo). Two

days post-transfection, the cells were transferred into a

100 9 20 mm cell culture dish (Greiner Bio-One, Aus-

tria) followed by the addition of Dulbecco’s modified
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Eagle medium (Gibco, USA) supplemented with 10%

heat-inactivated fetal calf serum (Gibco, USA), 2 mM

L-glutamine (Gibco, USA), and 1 mg/mL of G418 sul-

fate solution (Capricorn, Switzerland). The culture

medium was replaced every two days to eliminate

non-transfected cells lacking the resistance gene. Surviv-

ing transfected cells formed colonies, which were selec-

tively picked and subcloned by serial dilution (Corning,

Cell Cloning by Serial Dilution in 96 Well Plates Proto-

col). The clones were analyzed by flow cytometry, and

CEACAM1-positive clones were expanded for subse-

quent experiments.

2.5. Flow cytometry

Indicated MCF-7 cells (5 9 105) were labeled with

anti-CEACAM1 mAb (clone B3-17; LeukoCom, Ger-

many), diluted in 3% FCS/PBS, for 1 h, followed by

washing with 3% FCS/PBS. Subsequently, the cells

were incubated with FITC-conjugated anti-mouse

F(ab’)2 secondary Ab (Dianova, Germany) for 30 min

at 4 °C. Isotype-matched Ig mAb was used to deter-

mine background fluorescence. Stained cell samples

were analyzed using a MACSQuant10 flow cytometer

(Miltenyi Biotec, Germany), with data processed via

MACS Quantify Software 2.11 (Miltenyi Biotec, Ger-

many). The dead cells, identified by propidium iodide

staining (5 lg/mL), were excluded from the analysis.

2.6. Polymerase chain reaction (PCR)

2.6.1. mRNA extraction

Total mRNA was extracted using the RNeasy Mini

Kit (Qiagen, Germany, Cat. No. 74106) according to

the manufacturer’s instructions. The concentration and

purity of isolated mRNA were determined with a

NanoPhotometer� NP80 spectrophotometer (Implen,

Germany), and mRNA integrity was verified by aga-

rose gel electrophoresis through visual assessment of

the 28S and 18S rRNA bands. Complementary DNA

was synthesized using the High-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Ger-

many, Cat. No. 4368814).

2.6.2. Reverse transcription polymerase chain reaction

(RT-PCR)

RT-PCR was performed using a C1000 Touch� Ther-

mal Cycler (Bio-Rad, Germany) with 2.5 ng of comple-

mentary DNA, 0.5 lM of each forward and reverse

primer (Table S1), 0.2 U of GoTaq� DNA Polymerase,

and 5 9 GoTaq� reaction buffer (Promega, USA).

The thermal cycling conditions were as follows: initial

denaturation at 95 °C for 5 min, 44 cycles of denatur-

ation at 95 °C for 30 s, annealing at 60 °C for 45 s, and

extension at 72 °C for 45 s, followed by a final extension

at 72 °C for 5 min. PCR products were visualized by

agarose gel electrophoresis following GelRed staining

(1:20000) and imaged using a ChemiDoc� Touch Imag-

ing System (Bio-Rad, Germany).

2.6.3. Quantitative reverse transcription polymerase

chain reaction (qRT-PCR)

qRT-PCR was performed using the qTOWER3 ther-

mal cycler (Analytik Jena, Germany) with specific

primers (Table S1) and 5 9 EvaGreen� QPCR-Mix II

(ROX) (Bio-Budget, Germany). The thermal cycling

conditions were as follows: initial denaturation at

95 °C for 15 min, followed by 45 cycles of denatur-

ation at 95 °C for 15 s, annealing at 58 °C for 30 s,

and extension at 72 °C for 30 s. A melting curve anal-

ysis was performed to verify amplification specificity.

Relative mRNA expression levels were calculated using

the 2-DDCt method, with 18S and GAPDH serving as

housekeeping genes.

2.7. RNAseq analysis

The concentration and quality of total RNA were

assessed using a Qubit fluorometer (Invitrogen, USA)

and an Agilent Bioanalyzer with RNA Nano or Pico

chips (Agilent Technologies, USA). RNA libraries

were prepared using the Lexogen QuantSeq 3’

mRNA-Seq V2 Library Prep Kit with UDI and the

UMI Second Strand Synthesis Module for QuantSeq

FWD (Lexogen, Austria). Sequencing was performed

on a NextSeq 2000 system (Illumina, USA). Raw

sequencing reads were trimmed using TrimGalore

(Babraham Bioinformatics, UK) and aligned to the

human reference genome (hg38) with HISAT2 (Johns

Hopkins University, Baltimore, MD, USA). Genes

expressed in only one sample or with a mean expres-

sion below five were excluded from further analysis.

All experiments were performed using biological tripli-

cates (n = 3 per group). Statistical analysis and data

visualization were performed in R (v. 4.5.1; R Founda-

tion for Statistical Computing, Austria) using the

packages DESeq2, ComplexHeatmap (v. 2.18.0), umap

(v. 0.2.8.0), fgsea, and EnhancedVolcano (v. 1.14.0).

Differentially expressed genes were selected based on

statistical significance and expression fold-change

thresholds (adjusted P-value [padj] < 0.05 and |
log2FC| > 1.0). Heatmaps and volcano plots were
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generated to visualize gene expression patterns and dif-

ferentially expressed genes across experimental groups.

2.8. Cell block immunocytochemistry

3 9 107 cells were transferred into 15 mL Falcon

tubes, centrifuged at 1200 rpm for 3 min at room tem-

perature, and the resulting pellets were fixed in 3.7%

formaldehyde for 4 h at room temperature. Following

fixation, the cell pellets were washed three times with

tap water and then mixed with 2% pre-warmed aga-

rose. After cooling at room temperature, the samples

were fixed, dehydrated, and embedded in paraffin

using the HistoCore PEARL tissue processor

(Leica, Germany). Subsequently, serial 4 lm sections

were prepared from the paraffin-embedded cells

and mounted on 3-aminopropyltriethoxysilane-coated

slides. All subsequent steps of the immunocytochemis-

try analysis were analogous to the immunofluorescence

staining of tissues described above.

2.9. Western blotting

Cells were lysed in RIPA buffer (1% Triton X-100, 1%

sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM

EDTA, 50 mM sodium fluoride) supplemented with a

protease inhibitor cocktail set III (Merck Millipore,

Germany) and PhosSTOP phosphatase inhibitor cock-

tail (Roche, Germany), using a Bioruptor� Pico sonica-

tor (Diagenode, USA). Protein concentrations were

determined with the Pierce� BCA Protein Assay Kit

(Thermo Fisher Scientific, Germany, Cat. No. 23227)

according to the manufacturer’s instructions. The pro-

tein samples were mixed with Laemmli sample buffer

(62.5 mM Tris–HCl, 2% SDS, 25% glycerol, 0.01% bro-

mophenol blue, and 5% b-mercaptoethanol) and dena-

tured at 95 °C for 5 min. Denaturated proteins were

separated by electrophoresis on 12% gels using the

TGX Stain-free FastCast Acrylamide Kit (Bio-Rad,

USA). Separated proteins were transferred by semi-dry

blotting on the Trans-Blot Turbo PVDF membrane

using the Trans-Blot Turbo Transfer System (Bio-Rad,

USA). After blocking with 5% non-fat dry milk under

gentle shaking, membranes were incubated with mouse

anti-CEACAM1 mAb (clone B3-17; LeukoCom, Ger-

many), mouse anti-Rb mAb (clone 4H1; Cell Signaling

Technology, USA), and rabbit anti-ERBB4 recombi-

nant Ab (bsm-61882R; Bioss Antibodies, USA), fol-

lowed by HRP-conjugated goat anti-mouse (Thermo

Fisher Scientific, USA) or goat anti-rabbit (Jackson

ImmunoResearch, USA) secondary Ab. Protein lysates

from human CEACAM1-transfected CHO cells (hCC1-

CHO) were used as a positive control. To confirm equal

protein loading, membranes were probed with rabbit

anti-GAPDH mAb (clone 14C10; Cell Signaling Tech-

nology, USA), followed by HRP-conjugated goat anti-

rabbit secondary Ab. Protein bands were visualized

using the Clarity� Western ECL Substrate and detected

with the ChemiDoc� Touch Imaging System (Bio-Rad,

Germany).

2.10. Gap closing assay

MCF-7 cells (7 9 104 cells per well) were seeded into

Ibidi chambers (Culture-Inserts 2 Well for self-

insertion, Ibidi GmbH, Germany) placed in a 24-well

plate (Greiner Bio-One, Germany) and incubated over-

night. The following day, inserts were removed to cre-

ate a cell-free gap, and the remaining cell patches were

washed with PBS before adding 2 mL of medium per

well. Time-lapse imaging was performed with image

acquisition every 30 min over a total period of 48 h.

The gaps (n = 8/group) were monitored and the binary

fraction area was calculated using NIS-Elements BR

Analysis 5.42.06 software (Nikon, Germany).

2.11. Colony forming assay

MCF-7 cells were seeded in 6-well plates (1 9 103 cells

per well) and cultured in complete growth medium

under standard conditions (37 °C, 5% CO2) for

10 days. The medium was replaced every 3–4 days. At

the end of the incubation period, colonies were gently

washed twice with PBS, fixed with methanol/acetic

acid (7:1, v/v) for 5 min, and stained with 0.5% crystal

violet solution (prepared in 25% methanol) for

25 min. Excess dye was removed by washing with dis-

tilled water, and plates were air-dried. Wells were

photographed using the Fujifilm LAS-3000 gel docu-

mentation system (Kleve, Germany), and the density

of colonies was calculated as color units using ImageJ

1.53 t software.

2.12. 5-Bromo-20-deoxyuridine (BrdU) assay

The cell proliferation was assessed using the BrdU

(colorimetric) assay kit (Roche, Germany, Cat. No.

11647229001) according to the manufacturer’s proto-

col. The signal intensity was measured in triplicates

using a microtiter plate reader CLARIOstar Plus

(BMG LABTECH, Germany).

2.13. Statistics

All quantitative data were analyzed and graphed using

GraphPad Prism version 9 (GraphPad Software, San

Molecular Oncology 20 (2026) 2805–2819 ª 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

2809

M. Lyndin et al. CEACAM1 and breast cancer progression



Diego, CA, USA). Data are presented as mean � SD,

unless indicated otherwise. Comparisons among three

groups were performed using one-way ANOVA fol-

lowed by Bonferroni post hoc test, while pairwise com-

parisons were analyzed using Student’s t-test.

Pearson’s correlation analysis was applied to evaluate

correlations between variables. qRT-PCR expression

data were analyzed using anti-logarithmic data. Statis-

tical significance was defined as *P < 0.05.

3. Results

3.1. CEACAM1 expression in breast tissues

CEACAM1 immunoreaction was observed on the api-

cal surface of luminal epithelial cells throughout all

regions of non-malignant breast glandular-ductal

structures (Fig. 1A). Although the CEACAM1 stain-

ing intensity varied, its distribution on the cell surfaces

remained almost uninterrupted. Some intra- and extra-

vascular leukocytes, as well as the endothelium of iso-

lated vessels, exhibited CEACAM1 positivity, serving

as positive internal controls (Fig. 1B). Simultaneously,

secreted and detached CEACAM1-positive vesicles

were observed in the lumens of the mammary gland

ducts (Fig. 1B). In contrast, apocrine epithelial cells

showed no CEACAM1 immunoreaction.

A highly heterogeneous distribution of CEACAM1

was observed within tumor tissues, displaying varied

patterns among neoplastic cells (Table 1, Fig. 1C).

Among all cases of invasive carcinoma of no special

type, CEACAM1 immunoreaction was absent in only

four samples, which were graded as G3. Well-

differentiated (G1) tumors exhibited CEACAM1 on

the apical surface of tumor cells, which formed tubular

structures.

Tumor dedifferentiation was accompanied by changes

in both histological architecture and the presence and dis-

tribution patterns of CEACAM1. On the one hand, the

lumen’s loss and the formation of trabecular-solid struc-

tures were accompanied by a decrease and partial absence

of CEACAM1 immunoreactivity in tumor cells. On the

other hand, the progression of cellular atypia accompany-

ing tumor dedifferentiation was characterized by the

redistribution of CEACAM1 from the apical cell surface

to the entire membrane and cytoplasm (Fig. 1C).

Fig. 1. CEACAM1 expression in non-malignant and tumor breast tissues. (A) Apical distribution of CEACAM1 in the ducts (left panel) and

glands (right panel) of the non-malignant mammary gland was detected by both immunohistochemical (upper panel) and

immunofluorescence (lower panel) investigations. Representative microscopic images from 10 cases. Scale bar = 100 lm. (B) In addition to

apical distribution in the epithelium, CEACAM1-positive vesicles are present in the lumens of the mammary gland ducts (indicated by black

arrows). CEACAM1-positive vessels are observed in the surrounding tissues (indicated by a red arrow). Scale bar = 100 lm.

(С) Immunohistochemical (upper panel) and immunofluorescence (lower panel) investigations reveal apical (left panel) and entire

membranous-cytoplasmic (middle panel) distribution of CEACAM, as well as its absence (right panel) in breast cancer tissues.

Representative microscopic images from 30 cases. Scale bar = 100 lm. (D) Representative images show heterogeneous CEACAM1

expression in breast cancer tissues, with CEACAM1-positive (red arrow) and CEACAM1-negative (black arrow) tumor areas (left). CEACAM1

in normal breast structures (middle, indicated with an arrow) and foci of carcinoma in situ (right, indicated with an arrow) among CEACAM1-

negative tumor cells. Scale bar = 100 lm.
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The tumor tissues often exhibited heterogeneous pat-

terns of CEACAM1, with areas showing either posi-

tive or negative immunoreactivity, or combined

patterns in CEACAM1-positive cases. This phenotypic

heterogeneity was evident both within individual cases

and across different regions of the same tumor, com-

plicating a definitive determination of the CEACAM1-

positive or CEACAM1-negative status (Fig. 1D). In

addition, normal intra- and peritumoral breast struc-

tures, as well as some other proliferative lesions,

including foci of carcinoma in situ, which exhibited

CEACAM1 in epithelial cells, were observed among

malignant tumor cells (Fig. 1D). Similar to non-

malignant breast tissue, intravascular and interstitial

leukocytes, as well as isolated vessels showing CEA-

CAM1 signal, were identified among tumor cells and

in peritumoral tissues (Fig. S1A).

It is noteworthy that during metastasis, the CEA-

CAM1 phenotype of cancer cells also changed, affect-

ing both the level and subcellular distribution of

CEACAM1 (Table 1, Fig. S1В). Among 11 cases of

BC with lymph node metastasis, six demonstrated con-

sistent CEACAM1 expression in both primary and

metastatic tumors. In five cases, changes in CEA-

CAM1 expression were observed: in three cases, alter-

ations in expression patterns were detected, while in

the remaining two cases, one showed the emergence of

CEACAM1 expression in metastatic tissue despite its

absence in the primary tumor, and the other exhibited

a loss of CEACAM1 expression in metastatic tissue

that was present in the primary tumor.

3.2. The correlation between cellular CEACAM1

distribution and the PI in BC tissues

Analysis of ER, PR, and HER2 expression revealed

no significant association with CEACAM1 expression

patterns (P > 0.05), which was further confirmed by

serial-section analysis demonstrating that variability in

CEACAM1 distribution within tumor tissues was not

accompanied by corresponding changes in ER, PR, or

HER2 expression (Fig. S2).

Furthermore, we found no significant difference in

the PI, measured as the percentage of Ki-67-positive

cells, between CEACAM1-positive and CEACAM1-

negative BC cases (P > 0.05) (Fig. 2A, left panel).

However, when CEACAM1-positive cases were

divided into two groups based on apical versus uni-

form membranous/cytoplasmic expression, tumors

with exclusively apical CEACAM1 expression exhib-

ited a lower PI compared to CEACAM1-negative tis-

sues (P = 0.047) and CEACAM1-positive tumors with

uniform membranous/cytoplasmic expression

(P = 0.027) (Fig. 2A, middle panel). Analysis of serial

sections and double immunohistochemical staining

confirmed significant differences among the three tissue

groups (Fig. 2A,B). Distinct fields of view lacking

CEACAM1 expression exhibited a higher PI compared

to tumors with apical (P < 0.0001) or uniform

membranous/cytoplasmic CEACAM1 expression

(P = 0.041), while the PI in tumors with uniform

membranous/cytoplasmic expression was higher than

in tumors with apical CEACAM1 expression

(P = 0.013) (Fig. 2A, right panel). These findings were

further confirmed by examining tumor regions with

heterogeneous CEACAM1 expression, which demon-

strated significant differences in the number of Ki-67-

positive cells depending on the presence and intensity

of CEACAM1 signal (Fig. 2C).

3.3. Effect of CEACAM1 on the proliferative

activity of MCF-7 cells

To assess the impact of CEACAM1 on the prolifera-

tive activity of BC cells, we transfected the MCF-7

cells with plasmids encoding either human

CEACAM1-4L or CEACAM1-4S. This generated

three distinct cell lines: a vector control lacking

Table 1. CEACAM1 in breast cancer lesions and their metastases.

Histological grade

CEACAM1 expression in primary tumors

Mts in l/n

CEACAM1 expression in metastasis

CEACAM1 Pattern CEACAM1 Pattern

G1 20% (6/30) 100% (6/6) A: 100% (6/6) – – –

G2 40% (12/30) 100% (12/12) A: 83% (10/12)

A + M: 8.5% (1/12)

A + C: 8.5% (1/12)

25% (3/12) 100% (3/3) A + M: 33.3% (1/3)

A + C: 33.3% (1/3)

С: 33.3% (1/3)

G3 40% (12/30) 67% (8/12) M: 50% (4/8)

C: 25% (2/8)

M + C: 12.5% (1/8)

A + M + C: 12.5% (1/8)

67% (8/12) 62.5% (5/8) M: 40% (2/5)

M + C: 40% (2/5)

C: 20% (1/5)

Note: Apical (A), cytoplasmic (C), and uniform membranous (M) pattern of CEACAM1. Mts in l/n—metastases in lymph nodes.
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CEACAM1 expression (VeCo), and two expressing

either hCEACAM1-4L (+CEACAM1-4L) or

hCEACAM1-4S (+CEACAM1-4S).

Successful transfection of the cells was confirmed by

different methods. The absence of specific antibodies

for the CEACAM1 L- and S-isoforms limited our abil-

ity to confirm the +CEACAM1-4L or + CEACAM1-

4S phenotype in MCF-7 cells. Therefore, transcript-

level analysis was used to distinguish between the

transfected CEACAM1 isoforms. mRNA expression

was analyzed using reverse transcription polymerase

chain reaction, followed by visualization of the ampli-

cons by agarose gel electrophoresis (Fig. 3A). CEA-

CAM1 protein expression was confirmed by flow

cytometry (Fig. 3B). Western blot analysis verified the

presence of CEACAM1 in whole-cell lysates based on

its molecular weight (Fig. 3C), whereas immunocyto-

chemistry revealed CEACAM1 predominantly mem-

branous, with partial cytoplasmic localization

(Fig. 3D).

In CEACAM1-4L-transfected MCF-7 cells, the pro-

liferative activity was significantly lower compared

with both VeCo and + CEACAM1-4S. After seeding

an equal number of cells, a significantly lower cell

count was observed in the +CEACAM1-4L group fol-

lowing three days of cultivation (Fig. 4A). The anti-

proliferative role of CEACAM1-4L was further con-

firmed by a range of functional assays. Specifically, a

markedly lower incorporation of BrdU into newly syn-

thesized DNA, reflecting slower cell division, was

observed in +CEACAM1-4L cells compared with both

VeCo and + CEACAM1-4S transfectants in the BrdU

assay (Fig. 4B). In the gap closing assay, +
CEACAM1-4L cells exhibited slower gap closure com-

pared with the other two groups (Fig. 4C), reflecting

both reduced migratory capacity and decreased prolif-

erative potential associated with CEACAM1-4L

expression. Finally, colony formation assays demon-

strated a pronounced decrease in the clonogenic poten-

tial of +CEACAM1-4L cells. Colonies formed by these

cells were smaller and fewer in number compared with

those formed by VeCo and + CEACAM1-4S cells

(Fig. 4D). In addition, quantification of Ki-67–positive
cells in cell block immunocytochemistry images further

Fig. 2. The correlation between CEACAM1 and the proliferative index in breast cancer tissues. (A) Comparative analysis of proliferative

index (PI) among CEACAM1-negative and CEACAM1-positive tumor groups (left); among CEACAM1-negative tumors and tumors with

apical, as well as uniform membranous/cytoplasmic CEACAM1 distribution (middle); and within distinct visual fields with varying CEACAM1

distribution (right). Data are represented as mean � SD; one-way ANOVA followed by Bonferroni post hoc analysis, ns = not significant,

*P < 0.05, n = 30. (B) Representative figures from 30 cases showing variations in PI in visual fields of CEACAM1-negative tumors (upper

panel), as well as in CEACAM1-positive tumor regions with apical (middle panel) and uniform membranous/cytoplasmic distribution of

CEACAM1 (lower panel). Scale bar = 100 lm. (С) Serial tissue sections demonstrating different PI in tumor foci with (indicated by a red

arrow) and without (indicated by a black arrow) CEACAM1 (upper panel). The lower panel demonstrates the variations of PI in tumor regions

with strong (indicated by a black arrow) and weak (indicated by a red arrow) CEACAM1 signal. Scale bar = 200 lm. Representative figures

from 30 cases.
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supported these findings. The PI of +CEACAM1-4L

cells was significantly lower than that of VeCo and +
CEACAM1-4S cells (Fig. 3C, Fig. S3). Although some

variability was noted, differences between VeCo

and + CEACAM1-4S cells in functional assays and PI

were not statistically significant.

3.4. Isoform-specific effects of CEACAM1-4 on

proliferation-associated gene and protein

expression in MCF-7 cells

The above experiments demonstrated that introduc-

ing CEACAM1-4L into MCF-7 cells is associated

with reduced proliferative activity, implying a poten-

tial function of this isoform in restraining cell cycle

progression. To identify CEACAM1-4-responsive

genes associated with BC cell biology, transcriptome

sequencing (RNA-Seq) was performed on the MCF-

7 transfectants: VeCo, +CEACAM1-4L, and +
CEACAM1-4S. As shown in the heatmap (Fig. 5A),

a substantial number of genes were up- or downre-

gulated in +CEACAM1-4L- and + CEACAM1-4S

cells compared with VeCo. Subsequently, we selected

and analyzed a proliferation-related gene set (human

GOBP_EPITHELIAL_CELL_PROLIFERATION;

M15437), which revealed that transfection of MCF-7

cells resulted in significant dysregulation of 26 tran-

scripts, exhibiting greater than twofold changes com-

pared with VeCo cells (Fig. 5B, Table S2). These

transcripts are implicated in multiple pathways that

collectively influence cellular proliferation, including

cell cycle regulation (RB1, CCND2, NUPR1,

STAT1), hormone signaling (PGR), apoptosis and

stress responses (HTRA1, HMOX1, THBS1,

NR4A1), extracellular matrix organization and cell

adhesion (GJA1, CLDN1, PTPRK, APOA1,

AGAP2), growth factor signaling and transcriptional

regulation (IGFBP5, FGF18, TGFB2, AREG, ERBB4,

JAK2, STAT6, FST, ERRFI1, EGR3, ETV4, OSR2)

[21–24].

Fig. 3. Successful CEACAM1 transfection in MCF-7 cells. (A) Representative agarose gel electrophoresis of RT-PCR products using GAPDH

as a reference gene and H2O as a non-template control. Representative blot from n = 3. Exclusive detection of CEACAM1-4L expression in

+CEACAM1-4L cells, and CEACAM1-4S expression solely in +CEACAM1-4S cells is shown. (B) Flow cytometry analysis shows positive

fluorescence signals for CEACAM1 (B3-17 mAb) on the surface of MCF-7 cells, transfected with hCEACAM1-4L and hCEACAM1-4S. mAb

stainings are indicated with a blue histogram, negative control staining (mouse IgG) is indicated with a gray histogram. (C) Western blot

analysis of CEACAM1 expression in MCF-7 cells. CEACAM1 (~ 120 kDa, B3-17 mAb) was detected in +CEACAM1-4L and + CEACAM1-4S

cells. Positive control: protein lysate from CHO cells transfected with human CEACAM1 (CHO-hCC1). GAPDH (~ 37 kDa) served as loading

control. Representative blot from n = 3. (D) Cell block immunocytochemistry. CEACAM1 was detected in CEACAM1-4L- and CEACAM1-4S-

transfected MCF-7 cells. Ki-67 staining showed a reduced proportion of positive cells in +CEACAM1-4L compared with VeCo

and + CEACAM1-4S. The fluorochrome DAPI visualizes DNA in the cell nuclei (blue). Negative control: mouse IgG. Scale bar = 100 lm.
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To validate the expression variability observed in

the RNA-Seq analysis, we performed qRT-PCR on a

subset of proliferation-related genes (STAT1, AREG,

ETV4, ERBB4, RB1, and THBS1), which were

selected based on two criteria: (i) the most significant

differential expression in RNA-Seq (lowest P-values

and highest log2FC), and (ii) the biological relevance

of the encoded proteins in the context of BC. Specifi-

cally, MKI67 (Ki-67) was included as a widely

accepted marker of proliferative activity, which also

exhibited different expression in BC tissues. The vari-

ability observed in the qRT-PCR (Fig. 5C) closely

reflected the RNA-Seq results, and reduced MKI67

expression in CEACAM1-4L-transfected MCF-7 cells

corresponded to their decreased proliferative activity.

As shown by western blot analysis (Fig. 5D), the

observed changes in mRNA expression were mirrored

by corresponding alterations at the protein level. Spe-

cifically, the protein expression of ERBB4 and RB1

was reduced in +CEACAM1-4L cells, while ERBB4

expression was increased in +CEACAM1-4S cells.

Together, these results validate the RNA-Seq findings

and demonstrate that CEACAM1-4 influences the

expression of key proliferation-associated genes.

4. Discussion

The identification and validation of reliable tumor-

specific markers with diagnostic and prognostic value

remain central challenges in both biomedical research

and clinical practice, particularly given the limited suc-

cess in achieving curative outcomes across most malig-

nancies [25]. Investigating CEACAM1 expression, the

most broadly expressed member of the CEACAM

family in humans, holds significant potential for

advancing our understanding of cancer biology,

including BC. CEACAM1 plays a pivotal role in sig-

naling pathways that regulate tumor growth and

metastasis, making it a promising candidate for diag-

nostic and therapeutic strategies [24,26,27].

In line with previous studies [10–12], we confirmed

that CEACAM1 is consistently expressed on the apical

surface of luminal epithelial cells throughout normal

mammary ductal and glandular structures. Given the

Fig. 4. The effect of CEACAM1-4S/L isoforms on the proliferative activity of MCF-7 cells. (A) The graph displays the normalized cell amount

on day 1, 2 and 3 of cultivation. A noticeable decline in the growth rate of CEACAM1-4L-transfected cells compared to VeCo and

CEACAM1-4S-transfected cells is observed. Data are represented as mean � SD, n = 3. (B) BrdU incorporation assay. Decreased

proliferation rate in +CEACAM1-4L cells compared to VeCo and + CEACAM1-4S cells. Data are represented as mean � SD, one-way

ANOVA followed by Bonferroni post hoc analysis, *P < 0.05, n = 3–9. (C) Gap closure assay. Representative images showing gap closure of

VeCo, +CEACAM1-4L, and + CEACAM1-4S cells. Quantification reveals differences in relative gap area, indicating slower gap closure in

+CEACAM1-4L cells. Scale bar = 200 lm, n = 3. (D) Colony forming assay. Representative images of colony formation using VeCo,

+CEACAM1-4S, and + CEACAM1-4L cells after seeding and growth for 10 days, followed by fixation and crystal violet staining.

Quantification was performed by measuring the color units (right). Data are presented as mean � SD; one-way ANOVA followed by

Bonferroni post hoc analysis, *P < 0.05, n = 6.
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apocrine secretory activity of luminal epithelium,

CEACAM1 within aposomes can detach from parent

cells and mediate long-range intercellular signaling

[12,28]. This variability is reflected in differences in

CEACAM1 accumulation at the apical cell surface,

and consequently in signal intensity upon detection.

Tumor transformation alters CEACAM1 expression

in neoplastic cells. According to our findings and ear-

lier reports [11,12,15–17], in well-differentiated tumors,

where neoplastic cells retain the ability to form

tubular-glandular patterns, CEACAM1 remains local-

ized at the apical pole of tumor cells. The disappear-

ance of lumens and the transition of tumor cells to

trabecular-solid growth patterns, accompanying the

dedifferentiation of malignancies, result in the loss of

CEACAM1 expression. Another aspect of CEACAM1

dysregulation involves its uniform distribution

throughout the cell membrane and cytoplasm in

poorly differentiated tumors [10–12], which we

observed in over 30% of BC cases. These findings fur-

ther indicate that not only the absence of CEACAM1

expression, but also its cytoplasmic or complete mem-

branous localization, can serve as indicators of malig-

nancy in breast tissue, thereby representing a

potentially valuable tool for the differential diagnosis.

In contrast, apical CEACAM1 signal can be observed

in both breast carcinomas and normal glandular struc-

tures. Potential CEACAM1 expression in intra-

tumoral leukocytes, vascular endothelium, normal

breast epithelium, and non-malignant lesions should

always be taken into account during evaluation, as this

cellular and structural heterogeneity may pose a

Fig. 5. Effect of CEACAM1-4L/S on proliferation-associated genes and proteins in MCF-7 cells. (A) Overview of RNA-Seq results. The

heatmap shows the gene expression in VeCo, +CEACAM1-4S, and + CEACAM1-4L transfectants (n = 3). The x-axis represents individual

samples, and the y-axis represents genes. The color intensity corresponds to expression levels, with red indicating upregulated and blue

indicating downregulated genes. (B) Volcano plots of RNA-Seq analysis. Volcano plots showing differentially expressed genes within the

proliferation-related gene set in +CEACAM1-4L (left) and + CEACAM1-4S (right) cells compared to VeCo. Significantly dysregulated

proliferation-associated genes (above thresholds P < 0.05, log2FC > 1.0) are highlighted. (C) qRT-PCR analysis of selected proliferation-

related genes. Transfection with CEACAM1-4L and CEACAM1-4S leads to significant dysregulation of STAT1, MKI67, AREG, ETV4, ERBB4,

RB1, and THBS1. Relative mRNA expression levels were calculated using the 2�DDCt method (fold-change), with 18S and GAPDH serving

as housekeeping genes. The data are normalized to VeCo (dotted line, fold-change = 1). Data are presented as mean � SEM. One-way

ANOVA followed by Bonferroni post hoc test: *P < 0.05; nd = not detected, n = 3. (D) Western blot analysis. Representative immunoblots

showing decreased expression of RB1 (~ 100 and ~ 75 kDa) and ERBB4 (~ 80 and ~ 150 kDa) in CEACAM1-4L transfectants, and elevated

ERBB4 expression in CEACAM1-4S transfectants. GAPDH (~ 37 kDa) used as a loading control. Representative blot from n = 3.
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challenge for the implementation of automated or arti-

ficial intelligence-based image analysis systems.

Tumor cells rarely exhibited uniform CEACAM1

expression within the same case, instead displaying

pronounced intra-tumoral heterogeneity. This under-

scores the potential for dynamic changes in CEA-

CAM1 status during tumor progression and

throughout both local and distant dissemination. The

concept of antigenic atypia may underlie these phe-

nomena. It can manifest either through antigenic sim-

plification with a reduction in antigens synthesized by

normal cells, as observed in cases where CEACAM1

disappears or through antigenic reversion with the

emergence of a uniform membranous and cytoplasmic

distribution of CEACAM1, resembling the expression

pattern of some CEACAMs in cells during fetal devel-

opment [29].

Comparing CEACAM1 status in BC tissues with

the PI, we initially, in line with previous studies

[15,16], did not detect any correlation. However, upon

analyzing individual tumor fields with and without

CEACAM1 expression and considering the specific

expression patterns (apical versus uniform membra-

nous/cytoplasmic), we found that CEACAM1-positive

tumor cells had a lower PI, which also varied depend-

ing on the subcellular distribution and intensity of the

CEACAM1 signal. The variability of the PI in tumor

cells depending on the CEACAM1 expression pattern

may be related to post-translational modifications of

CEACAM1, leading to alterations in its functional

activity [30].

This led us to conclude that CEACAM1 may exert

an inhibitory effect on cell proliferation, which, in the

context of BC, may be mediated through its interac-

tion with other membrane receptors or with intracellu-

lar cell cycle regulators [11,15,31,32]. To further

support this observation, we generated MCF-7 BC cell

lines expressing either CEACAM1-4L or CEACAM1-

4S. Cells expressing CEACAM1-4L demonstrated

reduced growth in multiple functional assays, including

measurements of cell accumulation over defined culti-

vation intervals, gap closure, clonogenic capacity, and

other proliferation-related readouts, whereas no signifi-

cant differences were observed between VeCo and

CEACAM1-4S expressing cells, confirming that only

the CEACAM1-4L isoform, and not CEACAM1-4S,

specifically reduces cellular proliferative activ-

ity [31,33,34]. To further substantiate the involvement

of CEACAM1-4L in regulating cell proliferation, we

performed transcriptome profiling of the MCF-7 trans-

fectants and assessed the variability of proliferation-

associated gene expression. CEACAM1-4L expressing

cells exhibit a pronounced dysregulation of transcripts

associated with proliferative capacity, including key

regulators of cell-cycle progression, apoptosis and cel-

lular stress responses, extracellular matrix organization

and adhesion, growth factor-mediated signaling and

transcriptional control [21–23] (Fig. 5B, Table S2).

The biological meaningfulness of the mRNA-level

changes was further selectively examined and con-

firmed at the protein level. These results indicate that

CEACAM1-4L modulates both gene expression and

the resulting protein-level outputs within key regula-

tory pathways controlling BC cell proliferation.

Despite these findings, several aspects of the study

should be considered when interpreting the results and

their translational implications. Our data establish

CEACAM1 localization patterns across breast tumor

grades and their association with proliferation in a dis-

covery cohort. We did not predefine a scoring rubric

or perform blinded reproducibility and external valida-

tion analysis. Diagnostic performance metrics, interob-

server agreement, and external validation cohorts were

not included and will be necessary to support clinical

implementation of CEACAM1 staining patterns.

Our functional analyses demonstrate an anti-

proliferative effect of CEACAM1-4L in MCF-7 cells.

However, we did not resolve CEACAM1 isoform com-

position within human tumor regions exhibiting dis-

tinct CEACAM1 localization patterns. Due to the lack

of isoform-selective antibodies and the complexity of

FFPE tissues, we could not directly attribute apical

versus uniform/cytoplasmic CEACAM1 patterns to

CEACAM1-4L or CEACAM1-4S in situ. Additionally,

loss-of-function experiments (e.g., siRNA-mediated

knockdown or CRISPR/Cas9-based gene editing) were

not performed in this study, and the functional find-

ings are therefore based on gain-of-function models.

This should be addressed in future studies.

5. Conclusion

Our study identifies CEACAM1 as a potential bio-

marker associated with BC pathogenesis, reflecting its

variability during tumor progression and dissemination.

Immunohistochemical analysis of BC tissues and func-

tional in vitro experiments demonstrate that CEA-

CAM1, specifically the CEACAM1-4L isoform, reduces

BC cell proliferation through the modulation of key

genes involved in cell cycle regulation, apoptosis, and

growth factor-related signaling pathways, which is sup-

ported by transcriptomic profiling and validation at

both RNA and protein levels. Thus, the loss of

CEACAM1-4L and/or the shift of CEACAM1-4S/L

ratio in BC tissue may give a diagnostic and prognostic

value for patient management. Furthermore, the cellular
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distribution of CEACAM1 isoforms and its functional

relevance should be addressed in further studies. In

addition, these findings suggest that CEACAM1 may be

considered in future therapeutic strategies aimed at

restraining BC proliferation.

Acknowledgements

This work is dedicated to Bernhard B. Singer. With

his passing, we have lost a remarkable friend, a dedi-

cated mentor, and a passionate scientist. Bernhard B.

Singer made an outstanding contribution to the CEA-

CAM field. It was a great honor to know him and

learn from him. We are committed to continuing his

legacy by advancing his life’s work to the best of our

abilities. We thank the Genomics and Transcriptomics

Facility (University of Duisburg-Essen), especially Bet-

tina Budeus, for performing the Library Prep and

sequencing. We also thank Birgit Maranca-H€uwel and

Christian von Massow for their excellent technical

assistance. ML was funded by Philipp Schwartz-Initia-

tive Research Grant “CEACAM1 to CEACAM21

expression pattern in normal and pathological tissue.”

Open Access funding enabled and organized by Pro-

jekt DEAL.

Conflict of interest

The authors declare no conflicts of interest. This

research was conducted without any commercial or

financial relationships that could be construed as a

potential conflict of interest. Additionally, the funders

played no role in the study’s design, data collection,

analysis, interpretation, manuscript writing, or the

decision to publish the findings.

Author contributions

Conception, ML, IK. Methodology, ML, IK. Formal

analysis, ML, IK, AR, GW. Investigation, ML, IK.

Resources, ML, IK, AR, GW. Data curation, ML,

IK. Writing – original draft preparation, ML. Writing

– review and editing, ML, IK, AR, and GW. Project

administration, GW. Acquisition, GW. All authors

contributed to the article and approved the submitted

version.

Data accessibility

The datasets generated and analyzed during the pre-

sent study are included within the article and its Sup-

plementary Information. Researchers interested in

accessing the raw data may contact the corresponding

authors via e-mail. The datasets will be made available

from the corresponding author upon reasonable

request.

References

1 Kim J, Harper A, McCormack V, Sung H, Houssami

N, Morgan E, et al. Global patterns and trends in

breast cancer incidence and mortality across 185

countries. Nat Med. 2025;31(4):1154–62. https://doi.
org/10.1038/s41591-025-03502-3

2 Arnold M, Morgan E, Rumgay H, Mafra A, Singh D,

Laversanne M, et al. Current and future burden of

breast cancer: global statistics for 2020 and 2040.

Breast. 2022;66:15–23. https://doi.org/10.1016/j.breast.
2022.08.010

3 Xu H, Xu B. Breast cancer: epidemiology, risk factors

and screening. Chin J Cancer Res. 2023;35(6):565–83.
https://doi.org/10.21147/j.issn.1000-9604.2023.06.02

4 Hu X, Chen W, Li F, Ren P, Wu H, Zhang C, et al.

Expression changes of ER, PR, HER2, and Ki-67 in

primary and metastatic breast cancer and its clinical

significance. Front Oncol. 2023;13:1053125. https://doi.

org/10.3389/fonc.2023.1053125

5 Helfrich I, Singer BB. Size matters: the functional role

of the CEACAM1 isoform signature and its impact for

NK cell-mediated killing in melanoma. Cancers (Basel).

2019;11(3):356. https://doi.org/10.3390/cancers11030356

6 Kuespert K, Pils S, Hauck CR. CEACAMs: their role

in physiology and pathophysiology. Curr Opin Cell Biol.

2006;18(5):565–71. https://doi.org/10.1016/j.ceb.2006.08.
008

7 Beauchemin N, Arabzadeh A. Carcinoembryonic

antigen-related cell adhesion molecules (CEACAMs) in

cancer progression and metastasis. Cancer Metastasis

Rev. 2013;32(3–4):643–71. https://doi.org/10.
1007/s10555-013-9444-6

8 van Sorge NM, Bonsor DA, Deng L, Lindahl E,

Schmitt V, Lyndin M, et al. Bacterial protein domains

with a novel Ig-like fold target human CEACAM

receptors. EMBO J. 2021;40(7):e106103. https://doi.

org/10.15252/embj.2020106103

9 Catton EA, Bonsor DA, Herrera C, St�alhammar-

Carlemalm M, Lyndin M, Turner CE, et al. Human

CEACAM1 is targeted by a streptococcus pyogenes

adhesin implicated in puerperal sepsis pathogenesis. Nat

Commun. 2023;14(1):2275. https://doi.org/10.

1038/s41467-023-37732-1

10 Wang JL, Sun SZ, Qu X, Liu WJ, Wang YY, Lv CX,

et al. Clinicopathological significance of CEACAM1

gene expression in breast cancer. Chin J Physiol.

2011;54(5):332–8.
11 Liu Q, Yang YM, Zhang QH, Zhang TG, Zhou Q,

Zhou CJ. Inhibitor of differentiation is overexpressed

with progression of benign to malignant lesions and

Molecular Oncology 20 (2026) 2805–2819 ª 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

2817

M. Lyndin et al. CEACAM1 and breast cancer progression

https://doi.org/10.1038/s41591-025-03502-3
https://doi.org/10.1038/s41591-025-03502-3
https://doi.org/10.1038/s41591-025-03502-3
https://doi.org/10.1038/s41591-025-03502-3
https://doi.org/10.1038/s41591-025-03502-3
https://doi.org/10.1038/s41591-025-03502-3
https://doi.org/10.1038/s41591-025-03502-3
https://doi.org/10.1038/s41591-025-03502-3
https://doi.org/10.1016/j.breast.2022.08.010
https://doi.org/10.1016/j.breast.2022.08.010
https://doi.org/10.21147/j.issn.1000-9604.2023.06.02
https://doi.org/10.21147/j.issn.1000-9604.2023.06.02
https://doi.org/10.21147/j.issn.1000-9604.2023.06.02
https://doi.org/10.3389/fonc.2023.1053125
https://doi.org/10.3389/fonc.2023.1053125
https://doi.org/10.3390/cancers11030356
https://doi.org/10.1016/j.ceb.2006.08.008
https://doi.org/10.1016/j.ceb.2006.08.008
https://doi.org/10.1007/s10555-013-9444-6
https://doi.org/10.1007/s10555-013-9444-6
https://doi.org/10.1007/s10555-013-9444-6
https://doi.org/10.1007/s10555-013-9444-6
https://doi.org/10.1007/s10555-013-9444-6
https://doi.org/10.1007/s10555-013-9444-6
https://doi.org/10.1007/s10555-013-9444-6
https://doi.org/10.1007/s10555-013-9444-6
https://doi.org/10.15252/embj.2020106103
https://doi.org/10.15252/embj.2020106103
https://doi.org/10.1038/s41467-023-37732-1
https://doi.org/10.1038/s41467-023-37732-1
https://doi.org/10.1038/s41467-023-37732-1
https://doi.org/10.1038/s41467-023-37732-1
https://doi.org/10.1038/s41467-023-37732-1
https://doi.org/10.1038/s41467-023-37732-1
https://doi.org/10.1038/s41467-023-37732-1
https://doi.org/10.1038/s41467-023-37732-1


related with carcinoembryonic antigen-related cell

adhesion molecule 1 distribution in mammary glands.

Ann Diagn Pathol. 2011;15(1):30–6. https://doi.org/10.
1016/j.anndiagpath.2010.07.010

12 Kirshner J, Hardy J, Wilczynski S, Shively JE. Cell-cell

adhesion molecule CEACAM1 is expressed in normal

breast and milk and associates with beta1 integrin in a

3D model of morphogenesis. J Mol Histol. 2004;35

(3):287–99. https://doi.org/10.1023/b:hijo.0000032360.
01976.81

13 Li C, Chen CJ, Shively JE. Mutational analysis of the

cytoplasmic domain of CEACAM1-4L in humanized

mammary glands reveals key residues involved in lumen

formation: stimulation by Thr-457 and inhibition by

Ser-461. Exp Cell Res. 2009;315(7):1225–33. https://doi.
org/10.1016/j.yexcr.2008.12.015

14 Kirshner J, Schumann D, Shively JE. CEACAM1, a

cell-cell adhesion molecule, directly associates with

annexin II in a three-dimensional model of mammary

morphogenesis. J Biol Chem. 2003;278(50):50338–45.
https://doi.org/10.1074/jbc.M309115200

15 Bamberger AM, Kappes H, Methner C, Rieck G,

Br€ummer J, Wagener C, et al. Expression of the

adhesion molecule CEACAM1 (CD66a, BGP, C-CAM)

in breast cancer is associated with the expression of the

tumor-suppressor genes Rb, Rb2, and p27. Virchows

Arch. 2002;440(2):139–44. https://doi.org/10.
1007/s00428-001-0554-0

16 Yang C, Cao M, Liu Y, He Y, Yang C, Du Y, et al.

Inhibition of cell invasion and migration by

CEACAM1-4S in breast cancer. Oncol Lett. 2017;14

(4):4758–66. https://doi.org/10.3892/ol.2017.6791
17 Yang C, He P, Liu Y, He Y, Yang C, Du Y, et al.

Down-regulation of CEACAM1 in breast cancer. Acta

Biochim Biophys Sin Shanghai. 2015;47(10):788–94.
https://doi.org/10.1093/abbs/gmv075

18 Huang J, Simpson JF, Glackin C, Riethorf L, Wagener

C, Shively JE. Expression of biliary glycoprotein

(CD66a) in normal and malignant breast epithelial cells.

Anticancer Res. 1998;18(5A):3203–12.
19 Gaur S, Shively JE, Yen Y, Gaur RK. Altered splicing

of CEACAM1 in breast cancer: identification of

regulatory sequences that control splicing of

CEACAM1 into long or short cytoplasmic domain

isoforms. Mol Cancer. 2008;7:46. https://doi.org/10.

1186/1476-4598-7-46

20 Kirshner J, Chen CJ, Liu P, Huang J, Shively JE.

CEACAM1-4S, a cell-cell adhesion molecule, mediates

apoptosis and reverts mammary carcinoma cells to a

normal morphogenic phenotype in a 3D culture. Proc

Natl Acad Sci USA. 2003;100(2):521–6. https://doi.
org/10.1073/pnas.232711199

21 Hanahan D. Hallmarks of cancer: new dimensions.

Cancer Discov. 2022;12(1):31–46. https://doi.org/10.
1158/2159-8290.CD-21-1059

22 Polyak K, Kalluri R. The role of the microenvironment

in mammary gland development and cancer. Cold

Spring Harb Perspect Biol. 2010;2(11):a003244.

https://doi.org/10.1101/cshperspect.a003244

23 Osborne CK, Schiff R. Mechanisms of endocrine

resistance in breast cancer. Annu Rev Med.

2011;62:233–47. https://doi.org/10.1146/annurev-med-

070909-182917

24 Kube-Golovin I, Lyndin M, Wieseh€ofer M,

Wennemuth G. CEACAM expression in an in-vitro

prostatitis model. Front Immunol. 2023;14:1236343.

https://doi.org/10.3389/fimmu.2023.1236343

25 Passaro A, Al Bakir M, Hamilton EG, Diehn M,

Andr�e F, Roy-Chowdhuri S, et al. Cancer biomarkers:

emerging trends and clinical implications for

personalized treatment. Cell. 2024;187(7):1617–35.
https://doi.org/10.1016/j.cell.2024.02.041

26 G€otz L, Rueckschloss U, Balk G, Pfeiffer V, Erg€un S,

Kleefeldt F. The role of carcinoembryonic antigen-

related cell adhesion molecule 1 in cancer. Front

Immunol. 2023;14:1295232. https://doi.org/10.

3389/fimmu.2023.1295232

27 Thomas J, Klebanov A, John S, Miller LS, Vegesna A,

Amdur RL, et al. CEACAMS 1, 5, and 6 in disease

and cancer: interactions with pathogens. Genes Cancer.

2023;14:12–29. https://doi.org/10.18632/genesandcancer.
230

28 Huang J, Hardy JD, Sun Y, Shively JE. Essential role

of biliary glycoprotein (CD66a) in morphogenesis of the

human mammary epithelial cell line MCF10F. J Cell

Sci. 1999;112(Pt 23):4193–205. https://doi.org/10.
1242/jcs.112.23.4193

29 Sch€olzel S, Zimmermann W, Schwarzkopf G, Grunert

F, Rogaczewski B, Thompson J. Carcinoembryonic

antigen family members CEACAM6 and CEACAM7

are differentially expressed in normal tissues and

oppositely deregulated in hyperplastic colorectal

polyps and early adenomas. Am J Pathol. 2000;156

(2):595–605. https://doi.org/10.1016/S0002-9440(10)
64764-5

30 Sappino AP, Buser R, Seguin Q, Fernet M, Lesne L,

Gumy-Pause F, et al. The CEACAM1 tumor

suppressor is an ATM and p53-regulated gene required

for the induction of cellular senescence by DNA

damage. Oncogene. 2012;1(4):e7. https://doi.org/10.

1038/oncsis.2012.7

31 Abou-Rjaily GA, Lee SJ, May D, Al-Share QY,

Deangelis AM, Ruch RJ, et al. CEACAM1 modulates

epidermal growth factor receptor-mediated cell

proliferation. J Clin Invest. 2004;114(7):944–52.
https://doi.org/10.1172/JCI21786

32 Poy MN, Ruch RJ, Fernstrom MA, Okabayashi Y,

Najjar SM. Shc and CEACAM1 interact to regulate the

mitogenic action of insulin. J Biol Chem. 2002;277

(2):1076–84. https://doi.org/10.1074/jbc.M108415200

2818 Molecular Oncology 20 (2026) 2805–2819 ª 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

CEACAM1 and breast cancer progression M. Lyndin et al.

https://doi.org/10.1016/j.anndiagpath.2010.07.010
https://doi.org/10.1016/j.anndiagpath.2010.07.010
https://doi.org/10.1023/b:hijo.0000032360.01976.81
https://doi.org/10.1023/b:hijo.0000032360.01976.81
https://doi.org/10.1016/j.yexcr.2008.12.015
https://doi.org/10.1016/j.yexcr.2008.12.015
https://doi.org/10.1074/jbc.M309115200
https://doi.org/10.1007/s00428-001-0554-0
https://doi.org/10.1007/s00428-001-0554-0
https://doi.org/10.1007/s00428-001-0554-0
https://doi.org/10.1007/s00428-001-0554-0
https://doi.org/10.1007/s00428-001-0554-0
https://doi.org/10.1007/s00428-001-0554-0
https://doi.org/10.1007/s00428-001-0554-0
https://doi.org/10.1007/s00428-001-0554-0
https://doi.org/10.3892/ol.2017.6791
https://doi.org/10.1093/abbs/gmv075
https://doi.org/10.1186/1476-4598-7-46
https://doi.org/10.1186/1476-4598-7-46
https://doi.org/10.1186/1476-4598-7-46
https://doi.org/10.1186/1476-4598-7-46
https://doi.org/10.1186/1476-4598-7-46
https://doi.org/10.1186/1476-4598-7-46
https://doi.org/10.1186/1476-4598-7-46
https://doi.org/10.1186/1476-4598-7-46
https://doi.org/10.1073/pnas.232711199
https://doi.org/10.1073/pnas.232711199
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1101/cshperspect.a003244
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.3389/fimmu.2023.1236343
https://doi.org/10.1016/j.cell.2024.02.041
https://doi.org/10.3389/fimmu.2023.1295232
https://doi.org/10.3389/fimmu.2023.1295232
https://doi.org/10.18632/genesandcancer.230
https://doi.org/10.18632/genesandcancer.230
https://doi.org/10.1242/jcs.112.23.4193
https://doi.org/10.1242/jcs.112.23.4193
https://doi.org/10.1016/S0002-9440(10)64764-5
https://doi.org/10.1016/S0002-9440(10)64764-5
https://doi.org/10.1016/S0002-9440(10)64764-5
https://doi.org/10.1016/S0002-9440(10)64764-5
https://doi.org/10.1016/S0002-9440(10)64764-5
https://doi.org/10.1016/S0002-9440(10)64764-5
https://doi.org/10.1038/oncsis.2012.7
https://doi.org/10.1038/oncsis.2012.7
https://doi.org/10.1172/JCI21786
https://doi.org/10.1074/jbc.M108415200


33 Singer BB, Scheffrahn I, Obrink B. The tumor growth-

inhibiting cell adhesion molecule CEACAM1 (C-CAM)

is differently expressed in proliferating and quiescent

epithelial cells and regulates cell proliferation. Cancer

Res. 2000;60(5):1236–44.
34 Gray-Owen SD, Blumberg RS. CEACAM1: contact-

dependent control of immunity. Nat Rev Immunol.

2006;6(6):433–46. https://doi.org/10.1038/nri1864

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Table S1. Oligonucleotides utilized for gene amplifica-

tion via RT-PCR and qRT-PCR were designed using

PrimerBlast (NCBI) and synthesized by Eurofins

(Eurofins MWG Synthesis, Germany).

Table S2. Differentially expressed transcripts

(P < 0.05, log2FC >1.0) within the proliferation-related

gene set in +CEACAM1-4L and + CEACAM1-4S

MCF-7 cells compared with VeCo, identified by RNA-

Seq.

Fig. S1. CEACAM1 in breast cancer tissues and

lymph node metastasis.

Fig. S2. Lack of association between CEACAM1

expression patterns and ER, PR, or HER2 expression

in breast cancer tissues.

Fig S3. Quantification of Ki-67–positive cells in cell

block immunocytochemistry images.

Molecular Oncology 20 (2026) 2805–2819 ª 2026 The Author(s). Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

2819

M. Lyndin et al. CEACAM1 and breast cancer progression

https://doi.org/10.1038/nri1864

	CEACAM1 participation in breast cancer progression
	1. Introduction
	2. Materials and methods
	2.1. Tissue collection
	2.2. Immunohistochemistry
	2.2.1. 3,3-diaminobenzidine staining
	2.2.2. Immunofluorescence staining

	2.3. Cell culture
	2.4. Transfection
	2.5. Flow cytometry
	2.6. Polymerase chain reaction (PCR)
	2.6.1. mRNA extraction
	2.6.2. Reverse transcription polymerase chain reaction (RT-PCR)
	2.6.3. Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

	2.7. RNAseq analysis
	2.8. Cell block immunocytochemistry
	2.9. Western blotting
	2.10. Gap closing assay
	2.11. Colony forming assay
	2.12. 5-Bromo-2-deoxyuridine (BrdU) assay
	2.13. Statistics

	3. Results
	3.1. CEACAM1 expression in breast tissues
	3.2. The correlation between cellular CEACAM1 distribution and the PI in BC tissues
	3.3. Effect of CEACAM1 on the proliferative activity of MCF-7 cells
	3.4. Isoform-specific effects of CEACAM1-4 on proliferation-associated gene and protein expression in MCF-7 cells

	4. Discussion
	5. Conclusion
	 Acknowledgements
	 Conflict of interest
	 Author contributions
	 Data accessibility
	 References
	Supporting Information


