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Abstract.
BACKGROUND: The molecular system of receptor activator of nuclear factor kappa-β (RANK) and its ligand (RANKL) plays
a role in a variety of physiological and pathological processes. These encompass the regulation of bone metabolism, mammary
gland development, immune function, as well as their involvement and tumorigenesis. Nevertheless, limited knowledge exists
regarding their function within the tumor microenvironment.
METHODS AND RESULTS: We explored the significance of RANK expression in cancer-associated fibroblasts (CAFs) as a
prognostic biomarker in early breast cancer patients (BCPs) by immunohistochemistry. Results reveal a significant correlation
between high RANK expression in CAFs and an increased risk of metastasis (p = 0.006), shorter metastasis-free survival (MFS)
[p = 0.007, OR (95%CI) = 2.290 (1.259–4.156)], and lower overall survival (OS) [p = 0.004, OR (95%CI) = 2.469 (1.343–
4.541)]. Upon analyzing the phenotype of CD34(-) CAFs isolated from primary tumors in BCPs, we observed co-expression
of RANK with CD105 marker by immunofluorescence and flow cytometry, characteristic of mesenchymal stem/stromal cells
(MSCs), suggesting the possible cellular origin. Also RANKL-RANK system increase the OCT-4, SOX-2 and DKK-1 (dickkopf
1) gene expression in CD34(-) CAFs by RT-PCR. Moreover, this system plays a crucial role in the migration of these CD34(-)
CAFs.
CONCLUSIONS: These results support the clinical relevance of RANK in CAFs and propose its potential as a future therapeutic
target in the treatment of early BCPs.
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1. Introduction1

Breast cancer is a complex system composed of tu-2

mor cells and their stromal microenvironment, where3

CAFs play a significant role [1,2]. These activated fi-4

broblasts are a heterogeneous population of spindle-5

shaped stromal cells that do not express CD34 and6

CD31 but could exhibit positivity for smooth muscle7

actin α, fibroblast-specific protein 1 (FSP) and fibrob-8

las activation proteinα (FAP), among other markers [3,9

4]. Regards to their origin, CAFs derive from multiple10

sources, including MSCs [4,5,6]. It has been observed11

that MSCs from the bone marrow can migrate to the12

primary breast tumor in the early stages of the disease13

and contribute to tumor development, either as CAFs14

or in undifferentiated form [7,8,9]. These MSCs/CAFs15

interact with tumor cells, providing signals that pro-16

mote tumor aggressiveness. In breast cancer progres-17

sion and metastasis, cytokines and chemokines as well18

as their receptors appear to have a significant impact on19

numerous cellular pathways that affect the outcome [4,20

10]. One key molecular system is RANKL and its re-21

ceptor, RANK [11,12,13]. Studies have highlighted the22

proliferative effect induced by the interaction between23

RANKL and RANK in breast epithelial cells, suggest-24

ing involvement in the initiation and progression of25

breast cancer [14,15,16,17,18,19]. Also, RANKL has26

the capacity to induce the migration of breast can-27

cer cells [20]. Consequently, this system could play a28

prominent and crucial role in facilitating the specific29

breast metastasis Therefore, targeting the interactions30

between RANKL-RANK presents a promising ther-31

apeutic opportunity for disrupting the progression of32

tumors [15]. In our previous investigation, we observed33

that the expression of RANKL and RANK was sig-34

nificantly higher in spindle shaped stromal cells, not35

associated with vasculature, in invasive ductal primary36

tumors of early BCPs compared to these types of stro-37

mal cells in non-neoplastic breast tissues [10]. Further-38

more, we found a significant positive association be-39

tween RANKL expression in spindle shaped stromal40

cells, not associated with vasculature, and the expres-41

sion of RANK in both breast tumor cells and these stro-42

mal cells [10]. These results suggest a reciprocal com-43

munication between both cell types and an autocrine44

and paracrine regulation of RANK, particularly in these45

stromal cells. These findings, along with discoveries46

made by other researchers, could suggest that these type47

of fibroblast, through the action of RANKL, have the48

potential to influence the proliferation, survival, mi-49

gration, and intravasation of breast tumor cells during50

the early stages [21,22,23,24,25]. The system RAN- 51

KLRANK is also express in bone marrow MSCs [26]. 52

Previous studies conducted by other researchers have 53

demonstrated that bone marrow MSCs lacking RANKL 54

exhibited deficient osteogenic differentiation and re- 55

duced self-renewal capability [27,28]. 56

RANK functional activities have been clearly estab- 57

lished by studying the phenotype of RANK knockout 58

mice, which exhibit severe osteopetrosis characterized 59

by a lack of mature osteoclasts and an absence of lymph 60

node development, leading to impairment in B- and 61

T-cell maturation [29,30]. RANK is thus recognized 62

as the second key player in “osteoimmunology” [31]. 63

Furthermore, studies have demonstrated that RANK is 64

upregulated in osteosarcoma, a mesenchymal tumor of 65

osteoblastic origin. Additionally, this receptor is present 66

in normal osteoblasts and plays a crucial role in control- 67

ling their migration inside the bone, which is essential 68

for bone modeling and remodeling [32,33,34]. Despite 69

advancements in understanding the RANKL-RANK 70

system, there is still a lack of knowledge and contradic- 71

tions regarding its functions in CAFs and MSCs within 72

the primary breast tumor microenvironment. Given the 73

background of this research field and acknowledging 74

the limitations of classic prognostic parameters in ac- 75

curately predicting outcomes in early-stage breast can- 76

cer, it becomes imperative to evaluate the potential of 77

RANK as a prognostic biomarker. Additionally, investi- 78

gate the role of RANK in the self-renewal, proliferation, 79

and migration processes of CAFs is of vital importance. 80

2. Materials and methods 81

2.1. Retrospective analysis 82

2.1.1. Selection and characterization of breast cancer 83

patients 84

A retrospective study was conducted, including 155 85

consecutive patients who underwent surgical treat- 86

ment for breast cancer at the Hospital Italiano in 87

Buenos Aires, Argentina. These patients had a con- 88

firmed histological diagnosis of early-stage invasive 89

ductal carcinoma (stage I/II) based on the TNM clas- 90

sification system of the International Union Against 91

Cancer [35]. A minimum follow-up period of 10 years 92

after surgery was ensured. Patients who received neoad- 93

juvant therapies, those with insufficient tissue sam- 94

ples, and those with previous primary tumors were ex- 95

cluded. After surgery, all patients received appropri- 96

ate treatment, including hormonal therapy, radiother- 97
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apy, and/or chemotherapy. The treatment plan was de-98

termined based on the clinical and histopathological99

characteristics of each patient and the guidelines rec-100

ommended by the European Society for Medical On-101

cology [36,37]. This study was approved by the Ethics102

Committees of the Institute of Biology and Experimen-103

tal Medicine (IBYME) and the Hospital Italiano. In-104

formed consent was obtained from the patients or their105

family members (IBYME approval: CE 050 and Hos-106

pital Italiano approval: No. 5009). The research was107

conducted in accordance with the principles set out in108

the Declaration of Helsinki. To protect the privacy of109

the patients, medical records were anonymized using a110

numerical code.111

The clinical characteristics of the patients, consid-112

ered classical prognostic markers, were categorized113

according to the cutoff values specified in the Hos-114

pital Italiano protocols [38]. These characteristics in-115

cluded: a) Age (< 50 or > 50 years), b) Tumor size116

(6 2 or > 2 cm), c) Histological grade according to117

the Scarff-Bloom-Richardson grading system [39], cat-118

egorized as well-differentiated (G1), moderately dif-119

ferentiated (G2), or poorly differentiated (G3), d) Ex-120

pression of estrogen receptors (ER), progesterone re-121

ceptors (PR), and HER2/neu status, classified as neg-122

ative or positive according to Wernicke M et al. [27],123

and e) Presence of regional lymph node metastasis,124

recorded as negative (no involvement in axillary dis-125

section or sentinel lymph node) or positive (including126

micro-metastasis). Outcome data included local relapse,127

the occurrence of metastasis, the occurrence of bone128

metastasis, the occurrence of visceral metastasis, the129

occurrence of mixed metastasis (bone and visceral), lo-130

cal relapse-free survival (RFS), MFS, bone metastasis-131

free survival (BMFS), visceral metastasis-free survival132

(VMFS), mix metastasis-free survival (MMFS), and133

OS. MFS, BMFS, VMFS, and mix-MFS were defined134

as the time interval from the date of surgery to the135

first observation of tumor appearance (metastatic event136

and/or local relapse) or the last follow-up. Patients in-137

cluded in the mixed metastasis group were those who,138

at the time of follow-up, had both bone and visceral139

metastases, without differentiation of which event oc-140

curred first. OS was defined as the interval from the141

date of surgery to death or the last follow-up [40]. Sup-142

plementary Table 1 provides detailed information on143

the specific clinical characteristics of the patients and144

their corresponding outcome data. The site of breast145

cancer metastasis is described in Supplementary Ta-146

ble 2. Additionally, data on the presence of single or147

multiple foci of metastasis within the same organ were148

documented.149

2.1.2. Analysis of RANK expression 150

Breast tissue samples were processed following the 151

methodology outlined by Labovsky et al. [10]. In order 152

to assess the levels of RANK expression in spindle- 153

shaped stromal cells not associated with vasculature, 154

we employed an immunohistochemical protocol as de- 155

scribed in previous studies [10]. The immunohisto- 156

chemical signal was evaluated using the Allred scoring 157

system [41]. Cells with membranous staining, nuclear 158

counterstaining, and displaying characteristic fibrob- 159

lastic morphology (spindle shape), not associated with 160

the vasculature, were counted within the intratumoral 161

stroma. Positive cell percentages were assigned scores 162

according to the following categories: 0 (< 10%), 1 163

(10–30%), 2 (31–60%), 3 (61–90%), and 4 (> 90%). 164

Staining intensity was scored on a scale of 0 (no stain- 165

ing), 1 (weak), 2 (moderate), and 3 (strong), based on 166

the relative intensity of low molecular weight cytoker- 167

atin AE1-AE3 expression [10]. The final staining score, 168

ranging from 0 to 7, was calculated by combining the 169

percentage of positive cells and the staining intensity 170

score. Enumeration was performed in five representa- 171

tive optical fields per tissue section at a magnification 172

of 400x. The evaluation was independently conducted 173

by two pathologists, with an 88.4% agreement in the 174

immunohistochemical assessment between observers 175

(Kappa value = 0.867) (Fig. 1). 176

2.1.3. Intra-tumoral stromal characteristics 177

The histological characteristics of the tumor stroma, 178

such as the percentage (%) of intratumoral stroma, the 179

quantity of fibroblasts, collagen deposition, lympho- 180

cytic infiltration, myxoid changes, and blood and lym- 181

phatic vascularization, were assessed through hema- 182

toxylin and eosin staining. Intratumoral stroma was as- 183

sessed as a percentage and categorized as low (< 50%) 184

or high (> 50%) in quantity. Pathologists scored the 185

presence of fibroblasts, collagen deposition, lympho- 186

cytic infiltration, myxoid changes, blood and lymphatic 187

vascularization using a scale of absent (0%, score 0), 188

scanty (< 30%, score 1), moderate (30–50%, score 2), 189

or abundant (> 50%, score 3). The degree of desmo- 190

plasia was also documented based on information ob- 191

tained from the patients’ medical records, categorized 192

as low/moderate or severe. 193

2.1.4. Statistical analysis 194

The statistical analysis of RANK expression and 195

its correlation with clinical-pathological characteristics 196

was conducted following the methodology described by 197

Labovsky et al. [10]. To determine the optimal cutoff 198
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Fig. 1. Expression of RANK in CAFs from the primary tumor of BCPs. Left panel: representative example of RANK immunostaining (brown
chromogen) in stromal cells assessed in the primary tumor tissue of a BCP. Right panel: isotype control. Nuclei were stained with hematoxylin
(purple color). Original magnification: × 400. Scale bars represent 25 µm. B. Association of RANK expression with local relapse-free survival
(RFS), metastasis-free survival (MFS), bone metastasis-free survival (BMFS), visceral metastasis-free survival (VMFS), mix metastasis-free
survival (MMFS), and overall survival (OS) in early invasive ductal BCPs. Kaplan-Meier curves (univariate analysis) marked in green represent
data from samples with high RANK expression, while blue curves represent samples with negative/low RANK expression. The Log Rank
(Mantel-Cox) test was used to assess the Kaplan-Meier curves. ∗p-value < 0.050. C. Details of RFS, MFS, BMFS, VMFS, MMFS and OS for the
negative/low and high RANK expression groups.

value for receptor expression, we used the values of199

the first quartile (Q1), median, and third quartile (Q3)200

for sample classification. Associations between cate-201

gorized RANK expression and patient OS were eval-202

uated through univariable analysis. The cutoff value 203

that provided the lowest p-value was selected. The op- 204

timal cutoff values for receptor expression were as fol- 205

lows: RANK = 1 (Median), quantity of fibroblasts = 206
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2 (Q1), collagen deposition = 1 (Q1), lymphocytic in-207

filtration = 1 (Q3), myxoid changes = 0 (Q1), blood208

and lymphatic vascularization = 0 (Q1). The Fisher209

exact test was used to assess the association between210

RANK expression and classical prognostic markers, as211

well as the occurrence of metastasis, bone metastasis,212

visceral metastasis, mixed metastasis, and local occur-213

rence. Survival analyses, including RFS, MFS, BMFS,214

VMFS, mix-MFS, and OS, were performed using the215

Kaplan-Meier method, and differences were assessed216

with the log-rank (Mantel-Cox) test [37]. Multivariate217

survival analysis was conducted using the Cox propor-218

tional hazards model with backward stepwise selection219

(likelihood ratio). Only significant variables identified220

in the univariable analysis were considered. A signifi-221

cance level of less than 0.0500 was established for all222

analyses. The statistical analysis was carried out by an223

experienced statistician using SPSS software (version224

18.00, Chicago, Illinois).225

2.2. Prospective analysis226

2.2.1. Patient selection227

A prospective study was conducted using tumor-228

associated fibroblasts obtained from tumor tissue dur-229

ing surgery from 9 patients with early invasive ductal230

breast carcinoma (stages I/II, luminal type). Patients231

who had received neoadjuvant therapy, had a history232

of previous tumors, or had insufficient sample size (<233

1 cm) were excluded. The samples were provided by234

the Breast Pathology Service of the Hospital Italiano,235

CABA. This study was approved by the Ethics Com-236

mittees of the Institute of Biology and Experimental237

Medicine (IBYME) and the Hospital Italiano. Informed238

consent was obtained from the patients or their family239

members (IBYME approval: CE 050 and Hospital Ital-240

iano approval: No. 5009). The research was conducted241

in accordance with the principles outlined in the Decla-242

ration of Helsinki. To protect the privacy of the patients,243

medical records were anonymized using a numerical244

code.245

2.2.2. Isolation and expansion of CAFs from primary246

beast cancer tissue247

Immediately after mastectomy, the tissues were248

placed in DMEM-F12 (#12500-062, Gibco). They249

were subsequently washed with the same medium250

supplemented with an antibiotic-antimycotic solution251

(ATB/ATM) (Gibco, Cat.15240), which contained a fi-252

nal concentration of 100 IU/ml of penicillin, 100 µg/ml253

of streptomycin, 25 µg/ml of amphotericin B, and 2 mM254

of L-glutamine (hereinafter referred to as supplemented 255

medium). The tissue was dissected with a scalpel onto a 256

tissue culture dish and treated with 0.1% type III colla- 257

genase/hyaluronidase (Sigma-Aldrich, St. Louis, MO) 258

overnight at 37◦C with gentle agitation. After this pe- 259

riod, the sample was centrifuged at 40g for 2 minutes. 260

The resulting pellet, rich in organelles, as well as the 261

undispersed tissue, was discarded. The supernatant ob- 262

tained was transferred and centrifuged again at 100g for 263

2 minutes. The pellet obtained at this step is enriched 264

in epithelial cells, while the supernatant is enriched in 265

fibroblasts, the cell fraction of interest. A final centrifu- 266

gation of the supernatant was performed at 200g for 5 267

minutes. The resulting pellet, rich in fibroblasts, was 268

resuspended in supplemented α medium. Cell counting 269

was performed using a 3% acetic acid solution in water, 270

and fibroblast viability was determined using the trypan 271

blue exclusion test with 0.04% trypan blue in PBS. For 272

primary cultures, 375,000 cells were incubated per 25 273

cm2 culture flask in 10 ml of supplemented α medium 274

with 20% fetal bovine serum (FBS) (Natocor). After 275

24 hours, the medium was changed to remove non- 276

adherent cells. Incubations were carried out at 37◦C, 5% 277

CO2, and humidity. The medium was renewed every 278

7 days, and when the culture reached 70–80% conflu- 279

ence, adherent cells were treated with a trypsin-EDTA 280

solution (0.05%–0.02% in PBS; Gibco, Cat. 15400) to 281

detach them at 37◦C, 5% CO2 humidified environment 282

for 10 minutes. The cells obtained in this first subculture 283

are mesenchymal cells mostly composed of differen- 284

tiated stromal cells, particularly CAFs. For simplicity, 285

they will be referred to as CAFs from now on. To reduce 286

cell density, CAFs from the first subculture were split 287

into two 25 cm2 culture flasks and incubated in supple- 288

mented α medium with 20% FBS. The culture medium 289

was renewed every 7 days until they reached 70–80% 290

confluence again. At that point, CAFs from the second 291

subculture were trypsinized, and the CD34(-) fibrob- 292

last population was separated using a magnetic sepa- 293

ration column (Anti-PE Multisort Kit: #130-091-271, 294

MACS Miltenyibiotec, Ab anti CD34-PE: #130-098- 295

140, MACS Miltenyibiotec). These step is important 296

to remove the endothelial progenitors and endothelial 297

cells. Subsequently, the CD34(-) CAFs fraction was in- 298

cubated at a concentration of 240 viable cells/cm2. Low 299

cell density promotes the self-renewal of MSCs and, 300

therefore, fibroblasts derived from them. The third sub- 301

cultures were incubated with supplemented α medium 302

with 20% FBS and the culture medium was renewed 303

every 7 days until they reached 70–80% confluence 304

again. Then the cells were trypsinized and to increase 305
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cell yield, CD34(-) fibroblasts were seeded at 3,000 vi-306

able cells/cm2 and maintained by changing the medium307

every 7 days until they reached 70–80% confluence308

(fourth subculture). This cell fraction was used for the309

remaining assays.310

2.2.3. Phenotypic characterization of CD34(-)311

fibroblast populations312

A total of 3 × 105 cells from 4th subculture was cen-313

trifuged at 1,100 rpm for 5 minutes and re-suspended314

in 50 µl of PBS with 1% bovine serum albumin (BSA;315

Santa Cruz, Cat. sc-2323). Subsequently, the cells were316

incubated with specific monoclonal antibodies (Abs)317

conjugated with different fluorochromes targeting the318

following human antigens for 30 minutes at room tem-319

perature: RANK, CD105, CD34, CD90, CD73, FAP,320

CD19, and CD14. To analyze the co-expression of321

CD105, RANK, and CD34, a triple labeling was per-322

formed. The details of each Ab, along with their respec-323

tive isotype controls, are summarized in Supplementary324

Table 3. The concentrations recommended by the man-325

ufacturers for each Ab were used in the flow cytometry326

analysis. Controls were simultaneously evaluated using327

the same protein concentration as the corresponding pri-328

mary Abs. After incubation, the cells in each tube were329

washed twice with 1% PBS-BSA and centrifuged at330

1,100 rpm for 4 minutes in each wash. Finally, the cells331

were re-suspended in 100 µl of PBS, and 10,000 events332

were analyzed in each case using flow cytometry (FAC-333

Scalibur, BD Biosciences). FlowJo software was used334

to analyze the data, with isotype controls used to prop-335

erly position the analysis quadrants and obtain relative336

fluorescence indices (RFI: specific surface molecule337

fluorescence index/specific isotype control fluorescence338

index). Each sample was performed in duplicate.339

2.2.4. Evaluation of RANK and CD105 co-expression340

in CAFs isolated from fresh breast tissue and341

paraffin samples by immunofluorescence342

CAFs isolated from breast tumor tissue were seeded343

onto slides at a density of 350,000 cells/ml (from 4th
344

subculture). They were then fixed with methanol for345

15 minutes and subsequently hydrated with 0.1% TBS-346

TW20 for 10 minutes. To perform double-label im-347

munofluorescence, firstly, they were incubated over-348

night with the primary anti-RANK Ab (#MAB683,349

RyD Systems). On the second day, extensive washes350

were carried out with 1X PBS, followed by incuba-351

tion with a secondary anti-mouse Ab labeled with352

Alexa 488 (715545150, Jackson-immunoresearch).353

Then, overnight incubation was performed with the pri-354

mary anti-CD105 Ab (#AF1097, RyD Systems). On the 355

third day, two washes with 1X PBS with 0.1% Tween 356

20 were done, followed by incubation with a secondary 357

anti-goat Ab labeled with Alexa-647 (705605147, Jack- 358

son Immunoresearch). Subsequently, counterstaining 359

was done using DAPI, followed by a wash with distilled 360

water, and finally, the samples were mounted using Vec- 361

tashield. CAFs expressing RANK (+) and CD105 (+) 362

were visualized using a confocal microscope (40X). 363

To perform immunofluorescence on breast tumor tissue 364

embedded in paraffin, the same procedure was followed, 365

with the difference that the initial processing of the 366

sample was carried out as previously mentioned in the 367

retrospective study [10]. Each sample was performed 368

in duplicate. 369

2.2.5. Quantitative RT-PCR 370

CD34(-) stromal cells (CAF-like) for the 4th sub- 371

culture was again seeded at 3,000 cells/cm2 to ob- 372

tain enough cells density for the RNA isolation. The 373

culture conditions were as follow: i) 10 ml of sup- 374

plemented α-medium with 5% FBS, and ii) 10 ml of 375

supplemented α-medium with 5% FBS and 25 ng/ml 376

hrRANKL. The culture was maintained until 70–80% 377

of confluence at 37◦C and 5% CO2 humidified envi- 378

ronment. Subsequently, total RNA was extracted from 379

3 × 105 cells using EasyPure RNA kit (#ER101-01, 380

Transgen biotech, Beijing, Chinese). A total of 1 µg 381

of RNA was reverse-transcribed into cDNA using ran- 382

dom primers (#4368814, High-Capacity cDNA Reverse 383

Transcription Kit, Applied Biosystems, Foster City, 384

CA, USA). Samples were analyzed using FS UNIVER- 385

SAL SYBR GREEN MASTER ROX master mix (cat. 386

04913850001, ROCHE, Mannheim, Germany) on a 387

CFX96TM TOUCH REAL-TIME PCR system (Bio- 388

Rad, Hercules, CA, USA) following standard cycling 389

conditions and a subsequent melting curve analysis. 390

The threshold cycle (Ct) values were normalized to the 391

reference gene glyceraldehyde-3-phosphate dehydroge- 392

nase (GAPDH), and the data are presented as the fold 393

change in gene expression of OCT4, SOX-2 and DKK- 394

1. Primer sequences are provided in Supplementary 395

Table 4. Each sample was assayed in duplicate. 396

2.2.6. Fibroblastic colony-forming unit (CFU-F) assay 397

Isolated CD34(-) stromal cells (CAFs-like) were 398

plated at a density of 100 cells of 4th subculture/cm2
399

in 25 cm2 culture flasks containing: i) 10 ml of sup- 400

plemented α-medium with 5% FBS and ii) 10 ml of 401

supplemented α-medium with 5% FBS and 25 ng/ml 402

hrRANKL and iii) 10 ml of supplemented α-medium 403
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with 20% FBS (standard positive control). Cells were404

incubated in a humidified environment at 37◦C with 5%405

CO2 for 7 days. After this period, the culture medium406

was refreshed with/without hrRANKL. After another 7407

days, stromal cells were washed twice with PBS, fixed408

with 100% methanol (Merck, Darmstadt, Germany)409

for 15 minutes, and finally stained with pure Giemsa410

(cat. 48900 Sigma, Biopure, St. Louis, MA, USA) for411

5 minutes at room temperature. Colonies containing412

more than 50 spindle-shaped cells were identified under413

a microscope and recorded as CFU-F. The frequency414

of CFU-F was represented as the colony-forming ef-415

ficiency, calculated as the number of CFU-F obtained416

for every 2,500 seeded CAFs. Each sample was per-417

formed in duplicate. The number of CAFs per CFU-F418

field (referred to as stromal cell density) was calculated419

by capturing ten images of different CFUF culture fields420

and processing them with FIJI software [42]. Morpho-421

logical changes in CFU-F cultures were also evaluated.422

Analysis of area, ellipse longitudinal, and horizontal423

axis values were carried out using three pictures ob-424

tained from three typical regions (three optical fields,425

200X) of each CFU-F culture, evaluating 10 cells per426

photo and analyzed by FIJI Software [43].427

2.2.7. Proliferation assay428

Viable CD34(-) fibroblasts were seeded at a den-429

sity of 5 × 103 cells per well and cultured in 96-well430

plates (cat. 4430100, Orange Scientific, Belgium) with431

200 µl of supplemented α-MEM with 20% FBS for432

24 hours. Subsequently, the cultures were washed with433

PBS and incubated for 48 hours in α-MEM supple-434

mented without phenol red and FBS (α-MEM without435

RF, cat. 41061029, Gibco, Grand Island, NY, USA).436

Finally, the cells were washed with PBS and incubated437

for an additional 48 hours at 37◦C, 5% CO2, and hu-438

midity in: i) α-MEM without RF supplemented with439

5% FBS, ii) α-MEM without RF supplemented with440

10% FBS (i and ii positive control), iii) α-MEM with-441

out RF supplemented with 25 ng/ml hrRANKL and iv)442

α-MEM without RF and FBS (negative control). Cell443

proliferation was assessed using the Non-Radioactive444

CellTiter 96 AQueous Cell Proliferation Assay (cat.445

G5421, Promega, Madison, WI, USA) following the446

manufacturer’s instructions. Optical density (OD) was447

measured at 490 nm using a microplate reader. The448

value for each sample was calculated by subtracting the449

OD of the negative control from its respective value.450

The data was analyzed and plotted as percentage in-451

crease relative to baseline (negative control) All experi-452

ments were performed in triplicate for each sample.453

2.2.8. Migration assay 454

Experiments were conducted using transwell mem- 455

branes with an 8 µm pore size (PI8P01250, Millipore) 456

in 24-well plates. Each well was filled with i) sup- 457

plemented α-medium with 10% FBS (positive con- 458

trol), ii) supplemented α-medium without FBS (basal 459

control), iii) supplemented α-medium with 50 ng/ml 460

hrRANKL (# GF091, RyD Systems), iv) supplemented 461

α-medium with 50 ng/ml hrRANKL and 3.3 µg/ml 462

anti-RANKL antibody (#MAB626, RyD Systems) or 463

v) supplemented α-medium with 50 ng/ml hrRANKL 464

and 5 µg/ml anti-RANK antibody (#MAB683, RyD 465

Systems). In this particular assay, we use 50 ng/ml in- 466

stead 25 ng/ml because we did not observe effect with 467

this last dose. Subsequently, transwells were seeded 468

with 4 × 104 CD34(-) fibroblastic cells. The assay was 469

stopped at 14 hours by fixing the porous membranes 470

in pure methanol for 10 minutes at room temperature. 471

Then, the membranes were washed with water, and the 472

remaining non-migrated cells on the membrane surface 473

were removed with a wet cotton swab. The membranes 474

were allowed to dry, stained with 0.05% crystal violet 475

for 10 minutes, and subsequently observed under an in- 476

verted fluorescence microscope, where photos of 5 de- 477

fined fields were taken at a magnification of 200X. The 478

migrated cells were counted using Image J software. 479

Each sample was performed in duplicate. 480

2.2.9. Statistical analysis 481

Results were presented as the mean ± standard error 482

(SE). Data normality was assessed using the Shapiro- 483

Wilk test. Parametric data were analyzed using an un- 484

paired t-test with Welch correction to determine differ- 485

ences between groups. All statistical tests were two- 486

tailed. Statistical analysis was performed using Graph- 487

Pad 8 Prism software (GraphPad Prism version 8.01, 488

GraphPad Software, La Jolla, CA, USA). Statistical 489

significance was defined as p < 0.0500. 490

3. Results 491

3.1. Retrospective study 492

3.1.1. Expression of RANK in spindle-shaped stromal 493

cells, not associated with vasculature, and its 494

association with the clinical-pathological 495

characteristics of breast cancer patients 496

Out of a total of 155 BCPs diagnosed with invasive 497

ductal breast cancer (stage I/II), 43 (27.75%) samples 498

were found to have high RANK expression while 112 499
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Table 1
Association of RANK expression in spindle shape stromal cells, not associated to the
vasculature, with clinical-pathological characteristics (classic prognostic markers),
local relapse, metastasis occurrence, bone metastasis occurrence, visceral metastasis
occurrence, and mix metastasis occurrence in 155 patients with early invasive ductal
breast cancer. Fisher’s exact test was used for the association between variables

Clinicopathological characteristics RANK
n High expression p

n %
Age (years) < 50 42 12 28.57% 1

> 50 113 31 27.43%
Tumor size (cm) 6 2 111 27 24.32% 0.1640

> 2 44 16 36.36%
ER Negative 19 4 21.05% 0.5930

Positive 136 39 28.68%
PR Negative 31 7 22.58% 0.6540

Positive 124 36 29.03%
Her2/neu Negative 137 40 29.20% 0.1570

Positive 18 2 11.11%
Histological grade G1 12 4 33.33% 0.6700

G2 89 26 29.21%
G3 54 13 24.07%

Regional lymph nodes Negative 106 30 28.30% 0.8500
Positive 49 13 26.53%

Local relapse Negative 129 36 27.91% 1
Positive 26 7 26.92%

Metastatic occurrence Negative 109 23 21.10% 0.0060
Positive 46 20 43.48%

Bone metastatic occurrence Negative 133 33 24.81% 0.0690
Positive 22 10 45.45%

Visceral metastatic occurrence Negative 137 37 27.01% 0.5820
Positive 18 6 33.33%

Mix-metastatic occurrence Negative 149 39 26.17% 0.0500
Positive 6 4 66.67%

∗p-value < 0.050. ER: estrogen receptor; PR: progesterone receptor.

(72.25%) samples were found to have low RANK ex-500

pression. Within the high expression group of RANK,501

the average percentage of fibroblasts expressing RANK502

was 46.90 ± 5.12% with an intensity of 1.89 ± 0.12.503

Whereas in the low expression group, the average per-504

centage of RANK expression was 1.95 ± 0.28% with505

an average intensity of 0.38 ± 0.05.506

There were no significant differences found regarding507

the association between RANK expression in spindle-508

shaped stromal cells, not associated with vasculature,509

“fibroblasts-like”, and clinical parameters such as ER,510

PR, Her2/neu status, tumor size, age, histological grade,511

and regional lymph node status (Table 1). However, it512

was found that RANK expression in these stromal cells513

was related to the occurrence of metastasis in BCPs514

at early stages (I/II). High RANK expression was sig-515

nificantly associated with a higher risk of developing516

metastasis (p = 0.006, Table 1). Although no significant517

association was found between RANK expression and518

the occurrence of metastasis at specific sites, there was519

a tendency of association with bone metastasis events.520

RANK expression was also associated with the num-521

ber of metastatic foci per organ (p = 0.005) (Table 2). 522

Patients with high RANK expression had multiple foci 523

within the same organ (Table 2). RANK expression was 524

significantly related to MFS, BMFS, MMFS, and OS 525

(p = 0.033, p = 0.003, p = 0.042, and p = 0.025, 526

respectively) (Fig. 1). Patients with high RANK expres- 527

sion had shorter times for MFS (169.59 ± 9.55 months), 528

BMFS (186.65 ± 10.53 months), MMFS (176.95 ± 529

2.13 months), and OS (178.03 ± 8.99 months) com- 530

pared to the group of patients with low RANK expres- 531

sion (205.05 ± 5.39, 261.28 ± 1.5, 219.07 ± 9.88, and 532

226.67 ± 6.58 months, respectively) (Fig. 1). 533

3.1.2. Expression of RANK in spindle-shaped stromal 534

cells, not associated with vasculature, and its 535

association with intratumoral stromal 536

characteristics 537

The expression of RANK was associated with the 538

percentage of intratumoral stroma, as well as with blood 539

and lymphatic vascularization (p = 0.029, p = 0.013, 540

and p = 0.006, respectively, Table 3). Among patients 541

with high RANK expression, 58.14% had a high per- 542
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Table 2
Association of RANK expression in spindle shape stromal cells, not associ-
ated to the vasculature, with the number (#) of metastatic foci per organ in
general. Fisher’s exact test was used for the association between variables

Characteristics of the metastatic focus n # metastatic foci
> 1 focus (n) p

RANK
Low expression 112 14 0.0050
High expression 43 15

∗p-value < 0.0500.

centage of intratumoral stroma (Table 3). Regarding543

vascularization, high RANK expression was associated544

with a greater amount of blood and lymphatic vascular-545

ization (Table 3).546

3.1.3. Association between classical prognostic547

markers and tumor progression548

The ER status, PR status, tumor size, and histological549

grade were significantly associated with a worse prog-550

nosis in BCPs. Patients with ER (-) had lower MFS,551

BMFS, VMFS, and OS (p = 0.0001, p = 0.001, p =552

0.001, p = 0.0001, respectively). Additionally, patients553

with PR (-) had lower MFS, BMFS, and OS (p = 0.003,554

p = 0.013, and p = 0.001, respectively). Those pa-555

tients with a tumor size> 2 cm had lower MFS, BMFS,556

VMFS, and OS (p = 0.0001, p = 0.003, p = 0.001,557

and p = 0.0001, respectively). Furthermore, BCPs with558

a high histological differentiation grade (G3) had lower559

MFS and OS (p = 0.002 and p = 0.006, respectively)560

(Data not shown).561

3.1.4. Multivariate analysis562

RANK expression was an independent prognostic563

factor for MFS and OS in our BCPs (p = 0.007 and564

0.004, respectively) (Fig. 2).565

3.2. Prospective study566

3.2.1. Phenotypic characterization of CD34(-)567

spindle-shaped stromal cells isolated from BCPs568

Phenotypic analysis conducted through flow cytom-569

etry revealed that the studied CD34(-) spindle-shaped570

stromal cells exhibited the expression of markers as-571

sociated with both CAFs and MSCs. We observed that572

our cell population had an expression of 97.19 ± 1.13%573

for CD90, 95.85 ± 0.95% for CD73, 20.42 ± 3.18%574

for CD105, and 66.91 ± 6.89% for FAP (Fig. 3). Re-575

garding the RANK marker, we found that it was ex-576

pressed in 37.14 ± 8.36% (Fig. 3). As for the markers577

CD34, CD14, and CD19, we found a low percentage of578

expression, considered as negative (1.51 ± 0.26%, 2.25579

± 0.62%, and 2.68 ± 0.44%, respectively) (Fig. 3). 580

Furthermore, it was identified that 1516 ± 3.29% of 581

the stromal cells isolated from the primary breast tumor 582

co-expressed both RANK and CD105 markers (Fig. 3, 583

panels B and C). This same co-expression was evident 584

in breast cancer tissue embedded in paraffin (Fig. 3, 585

panel D). 586

3.2.2. Gene expression of self-renewal and 587

multipotency 588

We observed that CD34 (-) fibroblasts treated with 589

25 ng/ml hrRANKL had increased expression of genes 590

related to cell multipotentiality as well as self-renewal, 591

such as OCT4, SOX-2 and DKK-1, compared to 592

CD34(-) fibroblasts that did not receive treatment 593

(Fig. 4, panel A). 594

3.2.3. Capacity to generate fibroblastic 595

colony-forming units 596

We did not find differences in the capacity to form 597

CFU-F between CD34(-) spindle-shaped stromal cells 598

treated with αMEM + 5% FBS + 25 ng/ml hrRANKL 599

and those without RANKL treatment (αMEM + 5% 600

FBS). (Fig. 4, panel B and G). Additionally, no differ- 601

ences were observed in the number of stromal cells per 602

optical field of CFU-F (stromal cell density), cell area, 603

or ellipse longitudinal, and horizontal axis (Fig. 4, panel 604

C, D, E and F). Thus, in our experimental conditions 605

in the presence of 5% of FBS, hrRANKL does not pro- 606

mote CD34(-) spindle-shaped stromal cells self-renewal 607

and proliferation inside the CFU-F. 608

3.2.4. Proliferation capacity 609

Regarding the proliferation analysis performed using 610

the MTS assay, we observed an increase in CD34(-) 611

spindle-shaped stromal cells proliferation when we 612

cultured these stromal cells with 25ng/ml hrRANKL 613

alone. However, the stimulating effect of hrRANKL 614

was lower than the values obtained with FBS (5% and 615

10%) (Fig. 4, panel H). 616
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Table 3
Association between stromal histological characteristics and RANK in spindle shape stromal
cells, not associated to the vasculature, expression in a cohort of 155 early breast cancer
patients. Fisher’s exact test was used for the association between variables

Characteristics of the breast tumor stroma RANK
Total High expression p

% Intratumoral Stroma 6 50 88 18 0.0290
> 50 67 25

% Fibroblast non-large amount 140 38 0.5620
Large amount 15 5

Collagen deposition non-large amount 70 16 0.2800
Large amount 85 27

Lymphatic infiltration non-large amount 135 35 0.1920
Large amount 20 8

Desmoplasia non-large amount 60 10 0.0850
Large amount 95 27

Mixoid changes non-large amount 59 13 0.3520
Large amount 96 30

Blood vascularization non-large amount 109 1 0.0130
Large amount 46 18

Lymphatic vascularization non-large amount 111 1 0.0006
Large amount 44 18

Total 155 43
∗p-value < 0.0500.

Fig. 2. Forest plot showed odds ratios for the multivariate association between classical prognosis factors and RANK, and metastasis-free survival
(A), bone metastasis-free survival (B), visceral metastasis-free survival (C), and overall survival (D) in early invasive ductal BCPs.
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Fig. 3. Phenotypic characterization of CD34(-) CAFs. A. Representative flow cytometry surface antigen histograms of CAFs from a representative
BCP. Isotype control (). B. Co-expression of RANK and CD105 in CAFs of breast tumors. A representative dot plot of RANK-CD105 co-expression,
CD34-CD105, and CD34-RANK in fibroblasts isolated from the primary tumors of BCPs (I/II). C. Dual staining of RANK (green) and CD105
(red) by immunofluorescence in CD34(-) fibroblasts isolated from the primary tumors of BCPs. Counterstained with DAPI. Magnification 400X.
The scale corresponds to 50 µm. D. Dual staining of RANK (green) and CD105 (red) by immunofluorescence in paraffin-embedded breast tissue
from BCPs. Magnification 200X. The scale corresponds to 200 µm.
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Fig. 4. Effect of RANKL-RANK system on the self-renewal, proliferation abilities, expression of pluripotency factors and migration of CD34(-)
CAFs in BCPs. A. Gene expression of self–renewal and pluripotency factors in CAFs from BCPs treatment with and without RANKL. Expression
of OCT-4, SOX-2 and DKK-1 by quantitative real-time polymerase chain reaction (RT-PCR). All the results were normalized against a set of
reference genes. B. CFU-F Assay: The self-renewal capacity of CD34(-) CAFs from BCPs was assessed in αMEM basal medium supplemented
with 5% fetal bovine serum (FBS) and in the presence of hrRANKL (25 ng/ml). The CFU-F assay was also conducted in the presence of 20% FBS
as a standard positive control (#CFU-F/2500 CAFs = 29.22 ± 5.11). C. Stromal cell density per optical microscope field in each CFU-F. D. Area
of stromal cells in typical regions of each CFU-F culture. E. Length of stromal cells in typical regions of CFU-F cultures. F. Width of stromal
cells in typical regions of CFU-F cultures. G. CFU-F size observed for a representative BCP in supplemented αMEM added with 5% FBS and
in supplemented α MEM added with 5% SBF + 25 ng/ml hrRANKL. Giemsa staining (40X). H. Proliferation of CD34(-) CAFs in BCPs was
evaluated in supplemented αMEM added with 5% and 10% SBF without hrRANKL, and in the presence of 25 ng/ml hrRANKL. Percentage
increase relative to baseline (negative control) is plotted. All values are expressed as mean ± SE. Unpaired t-test with Welch’s correction was used
for statistical analysis. Asterisks indicate a significant difference (∗p < 0.0500). I and K. Migration of CD34(-) CAFs in BCPs was assessed
in supplemented basal medium (α MEM) with I) 10% FBS (positive control), II) 50 ng/ml of hrRANKL and III) 50 ng/ml of hrRANKL and
3.3 µg/ml of anti-RANKL Ab. Values are expressed as mean ± standard error (SE). Unpaired t-test with Welch’s correction was used for statistical
analysis, (∗∗p = 0.0089). J and L. Migration of CD34(-) CAFs in BCP was assessed in supplemented basal medium (αMEM) with I) 10% FBS
(positive control), II) 50 ng/ml of hrRANKL and III) 50 ng/ml of hrRANKL and 5 µg/ml of anti-RANK Ab. Values are expressed as mean ±
standard error (SE). Unpaired t-test with Welch’s correction was used for statistical analysis, (∗∗p = 0.0049).
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3.2.5. Migration capacity617

The CD34(-) spindle-shape stromal cells had mi-618

gratory capacity when stimulated with 50 ng/ml of619

hrRANKL. Furthermore, this migratory capacity was620

inhibited when adding an anti-RANKL Ab to the assay621

(Fig. 4, panel I and K). Similarly, when the study was622

conducted with the blocking of the RANKL receptor,623

RANK, using an anti-RANK Ab, a similar reduction in624

migration was observed (Fig. 4, panel J and L). Thus,625

in our experimental conditions, hrRANKL promoted626

CD34(-) spindle-shaped stromal cells migration.627

4. Discussion628

There is substantial evidence supporting the presence629

of RANK in various functional organs and cell types,630

including osteoclasts, MSCs, osteoblasts, endothelial631

cells, mammary and immune system cells, and certain632

cancer cells, such as breast and prostate cancer [28,29,633

30,44]. Although limited studies have assessed RANK634

expression in primary tumors as a prognostic factor, it is635

worth mentioning that functional RANK expression has636

been reported in human breast cancer cell lines [15].637

Additionally, Santini et al. found that the expression638

of RANK in the primary tumor of BCPs, particularly639

those with invasive ductal breast carcinoma, is asso-640

ciated with the occurrence of bone metastases and the641

time to this type of metastasis [45]. These findings sug-642

gest that the RANK status in breast cancer cells plays643

a crucial role in their tendency to metastasize to bone,644

particularly when RANKL is abundantly expressed [15,645

45]. Our study focused on evaluated RANK expres-646

sion in spindle-shape stromal cells, not associated to647

the vasculature, (fibroblast-like). We investigated its648

correlation with clinical-pathological characteristics,649

to gain valuable insights into the role of these cells in650

breast cancer progression and prognosis. Our findings651

revealed a clear association between RANK expression652

in these stromal cells and the occurrence of metastasis.653

Specifically, high RANK expression was significantly654

associated with an increased risk of developing metas-655

tases. While no significant association was established656

between RANK expression and the occurrence of site-657

specific metastasis, the trend toward an association with658

bone metastasis suggests a potential role in this particu-659

lar type of metastatic event. Furthermore, the observed660

correlation between RANK expression and the number661

of metastatic foci per organ added implies that RANK662

could serve as a valuable marker for assessing bone re-663

sponse in metastatic patients. This could aid in the early664

detection of imbalances in bone homeostasis [46]. Our 665

results showed that the significant association between 666

RANK expression in spindle- shape stromal cells, not 667

associated to the vasculature, and MFS, BMFS, MMFS, 668

and OS highlights the potential role of RANK as a 669

prognostic indicator for early BCPs (stage I/II). Patients 670

with high RANK expression in these type of stromal 671

cells had a shorter MFS, BMFS, and MMFS, as well as 672

lower OS compared to those with low RANK expres- 673

sion. This proposes that RANK expression could serve 674

as a valuable prognostic biomarker for predicting dis- 675

ease progression and survival in early BCPs. From the 676

study of RANK expression in relation to stromal char- 677

acteristics, significant associations emerged with intra- 678

tumoral stromal percentage and blood and lymphatic 679

vascularization. Patients with high RANK expression 680

had a higher abundance of intratumoral stroma, as well 681

as increased blood and lymphatic vascularization. These 682

results suggest a possible role of RANK(+) CAFs in 683

influencing the composition of the microenvironment 684

and vascularization patterns, factors that may play a 685

critical role in breast cancer progression and metastasis. 686

It is known that abundance of intratumoral stroma, as 687

well as increased blood and lymphatic vascularization 688

are powerful prognostic factors of poorer survival in 689

BCPs [47,48,49]. RANK expression emerged as an in- 690

dependent prognostic factor for MFS and OS in BCPs, 691

reinforcing its potential as a prognostic indicator, which 692

can provide additional information beyond classical 693

prognostic markers. 694

When performing the phenotypic characterization of 695

CD34(-) CAFs isolated from the primary tumor of lu- 696

minal BCPs, we discovered that these stromal cells ex- 697

press RANK in 37.14 ± 8.36% of cases. Furthermore, 698

they exhibit the expression of typical markers of both 699

CAFs (FAP) and MSCs (CD90, CD73, CD105). This 700

initially suggests that they have an activated fibroblast 701

phenotype and that these cells may have originated from 702

MSCs that could have migrated from the bone marrow 703

during the early stages of breast tumor development [8, 704

50]. 705

Previous studies demonstrate the involvement of the 706

RANKL-RANK system in cell self-renewal and prolif- 707

eration processes [27,51]. However, in our experimen- 708

tal model, our results showed no significant differences 709

in CFU-F and proliferation capacity when comparing 710

CD34(-) fibroblasts with and without hrRANKL treat- 711

ment. Nevertheless, hrRANKL treatment resulted in an 712

upregulation of genes associated with self-renewal and 713

multipotency. The basal expression level of OCT-4 is 714

critical for preserving the stemness and differentiation 715
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potential of stem cells, like MSCs, by modulating the716

expression of SOX-2 and NANOG [52]. In this study,717

we observed that treatment with hrRANKL increased718

the expression of OCT-4 and SOX-2. These findings719

suggest that the RANKL-RANK system may promote720

MSCs-like properties in these CAFs. Furthermore, a721

major concern in the field of cell therapy is the po-722

tential conversion of stem cells into malignant forms,723

like cancer stem cells. As tumor stem cells dedifferen-724

tiate, they often reactivate specific stem cell markers,725

with OCT-4 levels frequently increasing in cancer stem726

cells [53,54]. So the examination of RANK-RANKL727

expression as well as OCT-4 gene expression in stem728

cells such as MSCs or the CAFs that originated from729

them could serve as a valuable tool for predicting their730

potential for malignant transformation in tumor stromal731

microenvironment of early BCPs Also, Hiroaki K. et732

al. described that elevated expression of SOX2 in the733

stromal tissue of colorectal cancer patients is linked to734

increased invasiveness and a less favorable prognosis735

in terms of recurrence-free survival [55]. These pre-736

vious observations suggest that the RANKL-RANK737

system, by promoting the expression of SOX-2, may738

induce the pro-tumoral activity of these stromal cells in739

early BCPs. Our results also showed that treatment with740

hrRANKL increased the gene expression of DKK-1. In741

this regard, Gregory CA. et al. discovered that human742

bone marrow MSCs at clonal densities, initiate the pro-743

duction of the Wnt inhibitor, DKK-1. This mechanism744

enables cells to re-enter the cell cycle by suppressing745

the canonical Wnt/β-catenin signaling pathway [56].746

Therefore, this leads us to think that the expression of747

DKK-1 in fibroblasts could favor their entry into the748

cell cycle. Furthermore, DKK-1, which is secreted by749

perichondrium MSCs, plays a crucial role in regulating750

the Wnt/β-catenin signaling pathway in breast cancer,751

thereby enhancing neovascularization during tumor de-752

velopment [57]. So, the upregulation of these critical753

genes emphasizes the need for further exploration of754

the specific mechanisms through which hrRANKL in-755

fluences these stromal cellular traits and its potential756

implications for breast cancer therapies.757

Metastasis are a common and significant complica-758

tion in many cancer patients, contributing significantly759

to morbidity and mortality [58]. Although breast cancer760

have a marked tendency to metastasize to bones [59],761

the underlying reasons for this osteotropic behavior762

remain poorly understood. Given the high expression763

of RANKL in the bone marrow/bone environment,764

the hypothesis arises that RANKL could function as a765

chemoattractant for breast tumor cells [9]. In particular,766

our study on the migratory capacity of CD34(-) CAFs 767

observed in response to stimulation with hrRANKL, as 768

well as the inhibition of this migration after the addition 769

of an anti-RANKL or anti-RANK Ab, suggests that 770

this response to RANKL is primarily mediated by the 771

RANK receptor. Previous results of our group, suggest 772

a reciprocal communication between RANKL expres- 773

sion in breast tumor cells and spindle-shaped stromal 774

cells, not associated to the vasculature, and an autocrine 775

and paracrine regulation of RANK, in particular in this 776

type of CAFs [10]. Taking into account this background 777

information and our results from the present study, it 778

is conceivable that the RANKL-RANK system could 779

play a significant role in the migration of CAFs within 780

the breast tumor microenvironment, as well as in their 781

extravasation to future pre-metastatic niches, such as 782

the bone. Studies of other authors, showed that CAFs 783

can enhance the survival and establishment of cancer 784

cells in distant parts of the body by spreading through 785

the bloodstream as either circulating CAFs or CAF 786

clusters, sometimes in the presence of cancer cells and 787

sometimes independently [60,61]. Circulating CAFs 788

and clusters of CAFs have been detected in the pe- 789

ripheral blood of breast cancer patients with metastatic 790

diseases [61]. 791

All of these results together contribute in part to a 792

better understanding of the role of RANK(+) CAFs in 793

the tumor microenvironment and open avenues for fur- 794

ther research on therapies targeting RANKL-RANK 795

signaling in the context of breast cancer. Hence, block- 796

ing RANKL and RANK with Denosumab (RANKL 797

Ab) or RANK Ab, respectively, could serve as preven- 798

tive strategies to decrease the incidence of breast cancer 799

initiation and metastasis, targeting not only the breast 800

tumor cell but also the RANK (+) CAFs. 801

5. Conclusion 802

The results of both retrospective and prospective 803

studies provide a comprehensive understanding of the 804

influence of RANK expression in the tumor microenvi- 805

ronment and its impact on the progression and progno- 806

sis of early BCPs. RANK expression in CAFs emerges 807

as a clinically relevant marker, associated with the 808

occurrence of metastasis, the formation of multiple 809

metastatic foci, and a poorer prognosis in terms of MFS 810

and OS. Additionally, its involvement in the compo- 811

sition of the intratumoral stroma and its influence on 812

vascularization are evident, highlighting its role in reg- 813

ulating these stromal cells as a potential prognostic 814
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marker and therapeutic target in the management of815

breast cancer. This provides a solid base for future re-816

search and clinical developments aimed at manipulating817

the RANKLRANK signaling pathway in this context.818

On the other hand, migratory and proliferative response819

to hrRANKL as well as the upregulation of the expres-820

sion of OCT-4, SOX-2 and DKK-1 genes in CAFs indi-821

cate a complex and regulated interaction with the mi-822

croenvironment. These findings expand our understand-823

ing of the versatility and function of these stromal cells824

in breast cancer, contributing to potential therapeutic825

approaches in the future.826
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