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ABSTRACT 

 

Breast cancer is the most common cause of death among women. While there 

have been significant improvements in diagnosis and treatment, the spread of cancer 

to other areas of the body remains the primary reason for mortality. The triple-negative 

subtype of breast cancer is particularly aggressive and does not respond well to 

conventional therapies. Recent studies have shown that the influx of calcium through 

the Store-Operated Calcium Entry (SOCE) process plays a critical role in regulating 

cellular processes involved in the spread of breast cancer. This has made SOCE an 

interesting target for new therapies. 

The SOCE-Associated Regulatory Factor (SARAF) has been identified as the 

primary regulator of the calcium-selective channel Orai, which is activated by STIM 

proteins. SARAF participates in the activation of the Orai1-STIM1 channel and 

subsequently contributes to its inhibition and potentiating Ca2+-dependent inactivation 

mechanisms. Therefore, the interaction between SARAF and STIM1 is the primary 

molecular inhibitory checkpoint for SOCE regulation. However, the TNBC subtype 

exhibits a decrease in SARAF expression, and the C-terminal region of SARAF is 

sufficient to reduce the SOCE response. Based on this, we hypothesize that SARAF-

based peptides can inactivate STIM1, decreasing the SOCE response and the 

migration and invasion of triple-negative breast cancer cells.  

This proposal aims to generate SARAF-based peptides that modulate the 

SOCE response, cell migration, and invasion in in vitro and in vivo models of 

triple-negative breast cancer. This proposal comprises three specific aims: 

Aim 1. Determine the functional effects of the C-terminal SARAF-based 

peptides as modulators of the SOCE response. To determine the functional effect 

of the C-terminal region of SARAF on the SOCE response, recordings of calcium 

dynamics were performed. Moreover, STIM1 clustering recording and BiFC 

complementation assays were performed, evidencing the effect of the C-SARAF 

fragments on the formation of the STIM1 cluster and STIM1-Orai1 complex 

respectively. In addition, the effect on the NFAT translocation from the cytoplasm to the 

nucleus is one of the main downstream targets activated by calcium signaling 



associated with the SOCE response. Taken together, the data obtained suggest that 

the C-SARAF and C-SARAFK326R fragments reduce the SOCE response, affecting the 

formation of the STIM1-Orai1 complex. 

Aim 2. Determine the effect of the C-terminal SARAF-based peptides 

during cell migration and invasion in an in vitro model of triple-negative breast 

cancer. Migration and invasion assays were performed to evaluate the effect of these 

peptides on cellular processes involved in metastasis. In addition, focal adhesion 

dynamics were performed. The results obtained advise that the C-SARAF and C-

SARAFK326R fragments reduce cell migration and invasion affecting the dynamics of 

actin cytoskeleton rearrangement and assembly/disassembly of focal adhesions. 

Aim 3. Determine the effect of the C-terminal SARAF-based peptides in the 

murine in vivo model of triple-negative breast cancer. In vivo murine models of 

tumor growth and metastasis of TNBC were performed. The histological analyses 

suggest that the overexpression of the C-SARAF and C-SARAFK326R fragments 

reduces the invasion of tumor cells. Moreover, increases tumor lymphocytic infiltration, 

which constitutes a biomarker of good prognosis in the clinical context of TNBC. 

Therefore, this study will contribute to the understanding of novel molecular 

mechanisms involved in Orai1-STIM1 activity. Moreover, the data acquired in this 

project could be directly applied to the design of new complementary drugs for cancer 

treatments. 

Keywords: Triple-negative breast cancer, Store-Operated Calcium Entry, Cell 

migration, Cell invasion, C-terminal SARAF fragment. 



INTRODUCTION 

 

 Breast cancer is the most frequent disease and is the leading cause of death in 

women worldwide and in Chile1,2. It is characterized by being a heterogeneous disease 

at the clinical, histopathological, and molecular levels, and hence its prognosis and 

treatment depend on the characteristics of the tumor3. Specifically, Triple-negative 

breast cancer (TNBC) represents 10-20% of all breast cancer, which is characterized 

to be the most aggressive subtype since the tumor lacks the expression of estrogen 

receptor, progesterone receptor, and human epidermal growth factor receptor 2 

(HER2) proteins, so it does not respond to hormonal and HER2-targeted therapies4. 

Moreover, it is highly metastatic causing 90% of deaths 3,5. Therefore, understanding 

the cellular and molecular bases involved during the metastatic process becomes 

relevant for the development of new and specific therapies that treat TNBC. 

TRIPLE-NEGATIVE BREAST CANCER 

TNBC presents different histological characteristics such as poor tumor 

differentiation, presence of metaplastic elements, medullary features, and stromal 

lymphocytic response 6. Other histologic features are central necrosis, pushing tumor 

borders, and fibrosis7,8. In addition, TNBC is a heterogeneous subtype that includes 

intrinsic features of neoplastic cells (genomic9, transcriptomic, and proteomic) and the 

extrinsic characteristics corresponding to the tumor microenvironment4.  

The tumor microenvironment is composed of cellular components that can be 

classified as local (intratumoral), regional (breast), and metastatic compartments. The 

local compartment corresponds to the biological features of the tumor cells and the 

tumor-infiltrating inflammatory cells10. Particularly, the inflammatory infiltrate or tumor-

infiltrating lymphocytes (TILs), has reached a notorious relevance in the clinical and 

histopathological study of TNBC since it can provide prognostic information 11–13 and 

can be predictive of response to immunotherapy, chemotherapy, and other targeted 

therapies14,15. In this context, the microenvironment will influence the genetic and 

epigenetic alterations of neoplastic cells, allowing them to become invasive and 

disseminate from the primary site to distant locations, a process known as metastasis16.  



 Metastasis is a complex pathological multi-step process17 in which cancer cells 

lose their union with the extracellular matrix and with each other cells, to acquire 

migratory capacities and invade neighboring tissues 18. Since metastasis causes 90% 

of deaths, understanding cellular and molecular mechanisms associated with cell 

migration and invasion are key to controlling this process 19 and developing future 

therapies against TNBC. 

CELL MIGRATION 

 Cell migration is one of the key steps of metastasis and is regulated by a variety 

of concerted and dynamic mechanisms such as cytoskeletal rearrangement, focal 

adhesions (FA) turnover, and intracellular Ca2+ oscillations 20–23.  

 The cytoskeletal rearrangement is regulated by Rho GTPases proteins, such as 

Rac1 and Cdc42 that promote the formation of lamellipodia and filopodia respectively. 

While RhoA induces the polymerization of actin filaments and actin-myosin 

contractility24. These protrusions are stabilized by adhesion that links the actin 

cytoskeleton to the underlying extracellular matrix through integrin proteins25. Another 

relevant structure for cell migration is focal adhesion (FA). FAs are dynamic structures 

where their formation, maturation, and disassembly are a continuous process driven by 

the balance of actin polymerization and actomyosin contraction25. Therefore, the 

coordinated assembly and disassembly of FA and cytoskeleton rearrangement are 

essential for cell migration. In this context, Ca2+ is one of the most important secondary 

messengers. An increase in the levels of cytoplasmic Ca2+ is capable of triggering a 

wide variety of responses including the regulation of the assembly and disassembly of 

focal adhesions and rearrangement of the cytoskeleton26. 

 Cytoplasmic Ca2+ homeostasis is maintained from two sources, internal Ca2+ 

storage (primarily the endoplasmic reticulum), and external Ca2+ influx. Different 

studies highlight the importance of the influx of Ca2+ through Store-Operated Calcium 

Entry (SOCE) response on the regulation of FA turnover27, actin cytoskeleton 

dynamics, and cell migration28. Moreover, different groups have underlined the 

relevance of the SOCE response in various cancers such as melanoma29–31, 



glioblastoma32, clear cell renal carcinoma33, hepatocellular carcinoma 34, prostate 

cancer 31,35, cervical cancer36, including breast cancer 37–40. 

ACTIVATION AND REGULATION OF STORE-OPERATED CALCIUM ENTRY 

SOCE is a predominant Ca2+ entry pathway in non-excitable cells, activated in 

response to a reduction in the intraluminal Ca2+ reservoirs of the ER. The pathway of 

activation of SOCE starts with the stimulation of membrane receptors that activate the 

Phospholipase type C, promoting PIP2 hydrolysis to generate IP3, which allows the IP3-

mediated Ca2+ release from the ER through IP3R 41. The main feature of SOCE is the 

Ca2+ Release Activated Current (ICRAC) mediated by the dynamic interaction between 

the ER Ca2+ - sensing stromal interaction molecule proteins (STIM1 and STIM2)42,43 

and the Ca2+ selective, inward-rectifying Orai channels (Orai1, Orai2, and Orai3), 

located in the plasma membrane (PM)44–47.  

Under resting conditions, STIM1 and Orai1 proteins diffuse independently in the 

ER and PM, respectively 47. When ER Ca2+ decreases, Ca2+ ions dissociate from the 

EF-hand motif of STIM generating a conformational change that allows its 

oligomerization, clustering, and subsequent translocation to ER-PM junctions and final 

spatial extension of the protein48–51. These structural changes include the release of 

the domain SOAR47,53,54 from the autoinhibitory site52, allowing its interaction with both 

N- and C-terminal regions of Orai1, triggering ICRAC activation 53–57 and consequently 

Ca2+ entry into the cell47,48,58.  

ICRAC is non-voltage-activated inwardly rectifying current. In addition, unitary 

conductance is approximately 10 fS, which is three orders of magnitude smaller than 

voltage-gated Ca2+ channels45. Moreover, it presents intrinsic and extrinsic 

mechanisms that control the inhibition of Orai channel activity and that are Ca2+-

dependent. There are two types of Ca2+-dependent inactivation: Fast Ca2+-Dependent 

Inactivation (FCDI) and Slow Ca2+-Dependent Inactivation (SCDI). FCDI occurs within 

10 and 100 ms59–61, is triggered by Ca2+ that permeates through the channel and binds 

to specific regions within 10 nm of the pore and depending on a conserved negatively 

charged region in STIM161–64, STIM1-to-Orai1 expression ratio 65,66 and the calmodulin-

binding domain of Orai161. SCDI starts over 10 s and requires a rise in global cytosolic 

Ca2+ 67,68. Slow inactivation can be mediated by mitochondrial Ca2+ buffering, CaM-



binding site in STIM169, and SOCE-associated regulatory factor (SARAF) 70,71, although 

a recent study showed that SARAF also participates in the FCDI72 

STIM1 is an ER transmembrane protein with an ER luminal region 

encompassing an EF-hand motif that senses the luminal Ca2+ levels (Kd: 200–600 µM) 

42,43. and an α-sterile motifs (SAM) domain which is responsible for the oligomerization 

of the protein.42,73. On the other hand, the cytosolic region contains different key 

domains that contribute to both activation and inhibition of the SOCE response. The 

domains that participate in the activation of the response are two coiled-coil regions 

(called 49,55,76CC2 and CC3) forming the STIM1-Orai1 Activating Region (SOAR) 

domain 47,48,74. SOAR is the minimal sequence required for the activation of Orai1 and 

that binds to Orai1 through a polybasic lysine-rich region. Additionally, it contributes to 

STIM1 oligomerization76 and it has recently been described that it directly interacts with 

phosphatidylinositol in the PM via a conserved lysine-rich site in the SOAR and is co-

regulated by the STIM1 CC1 and ID domains. Apart from this, presents a polybasic 

lysine-rich region that mediates the interaction of STIM1 with PI(4,5)P2
73,75,76. On the 

contrary, CC1 contains an acidic region that is required for the action of the inhibitory 

helix that inhibits the SOAR domain and promotes the resting state of STIM 48,52,77. 

Moreover, there is a C-terminal Inhibitory Domain (CTID) that mediates fast Ca2+-

dependent inactivation of Orai allowing the interaction of SOAR with the STIM1 

inhibitory protein  SOCE-Associated Regulatory Factor (SARAF) 70,71  

SARAF: A MASTER REGULATOR OF THE SOCE RESPONSE  

Different effectors have been suggested as Orai1-STIM1 regulators78–83. 

However, SARAF constitutes the main regulator of Orai1-STIM1 channels71. SARAF 

was first described by Palty et al. (2012) and is a single transmembrane protein residing 

in the ER71. Currently, SARAF-STIM1 interaction is well documented and different 

studies showed that this interaction occurs at resting conditions70,76,84,85 while upon ER 

Ca2+ depletion induces a transient decrease in the SARAF-STIM1 interaction, which 

re-associate after 1-2 min76,85. At a molecular level, Palty et al. (2012) determined that 

the N-terminal region of SARAF regulates its activity, while its C-terminal region 

interacts directly with the CTID domain of STIM1, facilitating the return of this protein 

to the resting state70,71,86. This effect is associated with slow Ca2+-dependent 



inactivation (SCDI) preventing Ca2+ overload 70,71. Moreover, Zomot et al. (2021) show 

that SARAF also participates in SOCE activation upon ER Ca2+ depletion, facilitating 

the release of the SOAR domain of STIM1 and its subsequent activation, translocation 

to ER-PM junction, and Orai channel anchoring72. SARAF has a dual role in the 

STIM/Orai activity, initially participating in its activation and later in its inactivation. 

TRIPLE-NEGATIVE BREAST CANCER AND SOCE RESPONSE  

 Yang et al. (2009) reported that decreased STIM1-Orai1 activity in MDA-MB-231 

cells (human TNBC cell line) reduces cell invasion, while the overexpression of STIM1 

and Orai1 in non-tumoral MCF-10A cell line promotes it 87. Moreover, increased Orai1-

STIM1 activity enhances the formation of podosomes and invadopodia, contributing to 

the invasive phenotype of breast cancer cells 31,35,40. These reports suggest a robust 

and novel role for Orai1-STIM1, where increased expression and activity contribute to 

cancer progression and metastasis. Recently, Lee et al (2021) established the 

relevance of a positive modulator of the SOCE response in breast cancer progression. 

In addition, the use of an inhibitor of this regulator contributes to the reduction of the 

formation of focal adhesions and contraction of neoplastic cells 88. Therefore, since 

fewer targeted medicines treat TNBC, understanding molecular mechanisms that 

regulate Orai-STIM activity will provide relevant information for the future development 

of new therapeutic strategies. 

Although the SARAF interaction with STIM1 constitutes the main inhibitory 

molecular checkpoint for SOCE regulation, the mechanism of regulation of SARAF 

activity is still unknown. It has been proposed that the N-terminus of SARAF is 

responsible for the regulation of its inhibitory activity 71 acting as a switch that allows 

SARAF dimerization 89 while the C-terminal region recognizes a domain on STIM1 and 

is enough to reduce the SOCE response 71. Therefore, understanding the mechanism 

of regulation of SARAF over STIM1 and SOCE will improve the knowledge to identify 

novel targets for breast cancer therapy.  

To evaluate whether SARAF protein is correlated with breast cancer metastatic 

potential, we first consulted the TGCA NIH database using a widely used GEPIA 

platform90. We found that SARAF has no statistically significant changes in transcript 



expression in tumors from patients in relation to non-tumoral tissue (Figure 1A). 

However, tumors molecularly classified as TNBC have diminished expression of 

SARAF concerning Luminal A (Figure 1B). Since TNBC tumors have high metastatic 

potential about other tumors3, these data suggest that decreased SARAF expression 

could be contributing to increased SOCE response and highly migratory and invasive 

tumor phenotype.  

 

Figure 1. SARAF expression is 
decreased in triple-negative breast 
cancer. 
A-B GEPIA analyses from the TGCA 
database. A Comparative graph of SARAF 
expression between tumoral and normal 
tissue. Number of samples in non-tumoral 
n=294, tumoral n=1084. B Comparative 
graph of SARAF expression between the 
different subtypes of breast cancer. The 
number of samples in TNBC samples 
n=135, HER2 n=66, luminal A n=415, and 
luminal B n=194. (Available at 
http://gepia2.cancer-pku.cn. Accessed on 
26 June 2022). 

 

Interestingly, in our laboratory, we have found a mutant version of SARAF in 

which lysine 326 has been replaced by an arginine residue which potentiates the 

negative regulator effect of the SOCE response (Figure 2). Therefore, the use of this 

version could have a protective effect on breast cancer. 



 

Figure 2. SARAFK326R decreases the SOCE response in the HEK293 cell line. 
A Representative graph of SOCE response. SARAF and SARAFK326R were overexpressed in 

HEK293 cells which were loaded with Fura-2 AM and then Ca2+ imaging was performed. The 

protocol used consisted of 3 minutes with Ringer’s solution of 2 mM CaCl2, then Ca2+ depletion 
was induced with calcium-free Ringer’s solution with 1 mM EGTA and 2 µM of thapsigargin 
(TG) for 7 minutes. Finally, the solution is changed to Ringer’s 2 mM CaCl2 to induce calcium 
entry. B-C. Representative graph of maximum peak TG-induced and maximum Ca2+ influx 
respectively. Figure obtained from Cruz, Maureira et al. (2024) (manuscript in preparation). 

 

 Based on the findings that the triple-negative subtype shows lower expression 

of the SARAF protein (as seen in Figure 1), which is the primary negative regulator of 

SOCE, and that this mechanism plays a crucial role in the progression of breast cancer, 

Using the C-terminal region of SARAF to reduce calcium entry could be an 

effective treatment for TNBC by reducing STIM1-Orai1 activity, cell migration, 

and invasion of breast cancer cells. 



HYPOTHESIS 

 

Since the C-terminal SARAF region interacts with STIM1 and is sufficient to 

regulate SOCE negatively, we hypothesize that: "C-terminal SARAF-based peptides 

inactivate STIM1, decreasing the SOCE response and causing a reduction in cell 

migration and invasion of triple-negative breast cancer cells”.  

 

GENERAL AIM 

 

To generate C-terminal SARAF-based peptides that modulate the SOCE 

response, cell migration, and invasion in vitro and in vivo models of triple-negative 

breast cancer.  

 

SPECIFIC AIMS 

 

Aim 1. Determine the functional effects of the C-terminal SARAF-based peptides 

as modulators of the SOCE response. 

Aim 2. Determine the effect of the C-terminal SARAF-based peptides during cell 

migration and invasion in in vitro model of triple-negative breast cancer. 

Aim 3. Determine the effect of the C-terminal SARAF-based peptides in the 

murine in vivo model of triple-negative breast cancer.  

  

  



MATERIALS AND METHODS 

 
Cell culture and transfections 
 

MDA-MB-231 (ATCC, HTB-26) cells were cultured in DMEM High Glucose 

media supplemented with 10% v/v FBS and 100 μg/mL penicillin-streptomycin. The 

4T1 (ATCC, CRL-2539) cell line was cultured in RPMI media supplemented with 10% 

v/v FBS and 100 μg/mL penicillin-streptomycin. MDA-MB-231 cells were transfected 

using Lipofectamine LTX reagent (Thermo Fisher Scientific, Cat #15338100) and 4T1 

cells were transfected with the different plasmids using Lipofectamine 2000 reagent 

(Thermo Fisher Scientific, Cat #11668019). All cell lines were grown at 37°C and 5% 

CO2. 

Stable lines of 4T1 cells that overexpress the fluorescent protein mScarlet and 

the fused proteins mScarlet-C-SARAF and mScarlet-C-SARAFK326R were generated 

using the antibiotic G418 (Gibco, Cat #11811-031) at a concentration of 2 mg/mL. 

These cells were subsequently sorted at the REDECA facility (Faculty of Medicine, 

Universidad de Chile) using a FACSAria™ III Cell Sorter by selecting cells that exhibit 

red fluorescence for use in the in vivo metastasis experiments. 

 

Plasmids 
 
The plasmids used are summarized on Table 1.  

Table 1. Plasmids. 

Plasmid Source Catalog # 
Amino acid sequence 

information 

SARAF-Myc-DDK Origene RC201864 - 

2SARAFK326R-MYC-DDK OC Lab - 
with substitution of lysine 

326 by an arginine 

mScarlet-H Addgene 85043 - 

1mScarlet-C-SARAF OC Lab - 
cytosolic domain SARAF 

135-339 aa 



1mScarlet-C-

SARAFK326R 
OC Lab - 

cytosolic domain SARAF 

with substitution of lysine 

326 by an arginine 

EGFPC1-huNFATc1EE-

WT 
Addgene 24219 

- 

pcDNA3-Venus-173-N-

ORAI1 
Addgene 87618 

- 

pcDNA3.1-STIM1-

Venus-173-C 
Addgene 87619 

- 

hSTIM1-YFP Addgene 19754  

EGFP-Paxillin 

Dr. 

Christopher 

Turner 

 

 

Cloning information: 1 Restriction enzyme, 2 Site-directed mutagenesis. All generated 

plasmids were sequenced. 

 

mScarlet-C-SARAF cloning 
 

SARAF-myc-DDK (Origene #RC201864) and SARAFK326R-myc-DDK (obtained 

by site directed mutagenesis) were used as template for the amplification of the C-

SARAF sequence. The C-terminal region of SARAF was considered the nucleotide 

sequence that corresponds from amino acid 195 to 339, according to the Uniprot 

database. Primers with restriction sites 5´-GAG CTC AAG ACG GGC AGT ATT CTC 

CTC CAC-3’ and 5’-CTG CAG TTA TCG TCT CCT GGT AC-3’ were designed to C-

terminal SARAF sequence was incorporated in the plasmid pmScarlet-H_C1 

(Addgene, Cat #85043). 

 

Calcium Imaging 
 

Cells were loaded with 5 μM Fura-2-AM for 30 min at room temperature. Then, 

cells were washed once and record with Ringer-Modified medium pH 7,40 containing 

140 mM NaCl, 2.5 mM KCl, 10 mM Glucose, 2 mM CaCl2, 1 mM MgCl2, HEPES 10 

mM. Free-Ca2+ Ringer-Modified medium containing 1 mM EGTA in absence of CaCl2. 



2 μM thapsigargin (TG) (Merck-Millipore, Cat #67526-95-8) was used for store Ca2+ 

depletion. Samples were excited using Halogen light source with alternated 340 nm 

and 380 nm excitation filters (Chroma). Fluorescence emissions at 510 nm were 

captured by Chameleon Camera (Chameleon CM3, Sony, Japan) every 5 s for frame 

using Eclipse Ti2-U inverted microscope (Nikon, Japan). SOCE protocol was 

performed in 4T1 and MDA-MB-231 and consists of 3 min of basal recording with 

modified Ringer’s 2 mM CaCl2, 7 min of reticular Ca2+ depletion using calcium-free 

Ringer’s with TG to finally change the solution with modified Ringer’s 2 mM CaCl2 and 

recording for 5 min. Fluorescence intensity was quantified using the Image J/FIJI 

software (NIH, Bethesda, Maryland, US) and data were normalized by the initial ratio 

of fluorescence 340nm/380nm. 

 

Biomolecular fluorescence complementation (BiFC) 
 

BiFC assays were performed as described 91. 4T1 cells were co-transfected with 

mScarlet, mScarlet-C-SARAF or mScarlet-C-SARAFK326R and with pcDNA3.1-STIM1-

Venus-173-C (Addgene, Cat #87619) and pcDNA3-Venus-173-N-ORAI1 (Addgene, 

Cat #87618) plasmids. Fourth-eight hours post-transfection, STIM1-Orai1 

complementation was stimulated by the addition of 2 µM TG for 45 min at 37ºC in 

Ringer’s solution modified 2 mM CaCl2. Cells were fixed with fixative solution [4% w/v 

formaldehyde (freshly prepared from paraformaldehyde, Sigma-Aldrich, Cat #158127), 

4% w/v sucrose (Sigma-Aldrich, Cat #S0389) in Dulbecco’s phosphate buffered saline 

(DPBS), pH 7.4. After three washes for 10 minutes each, Hoechst 33342 nuclear stain 

at 200 ng/mL (Thermo Fisher Scientific, Cat #H3570) was performed. Samples were 

mounted with Fluoromount (Sigma-Aldrich, Cat #F4680). Images were acquired with 

63X objective (N.A=1.35) using optical sectioning using structured illumination Zeiss 

Apotome 2, Axiovert 7. Particle density (particle number per cell area) and area were 

quantified using the Image J/FIJI software. 

 

STIM1 clustering 
 

STIM1 puncta formation was studied by Live-Cell Time-Lapse recordings using 

total internal reflection fluorescence microscopy (TIRF) providing high-resolution 



images suitable for quantitative analysis 92,93. This approach was performed in MDA-

MB-231 cells cotransfected with hSTIM-YFP94 and mScarlet, mScarlet-C-SARAF, or 

mScarlet-C-SARAFK326R. The cells were seeded in fibronectin-coated coverslips (5 

μg/mL). Images were acquired every 5 s for 125 frames using TIRFM 60X objective 

(N.A.=1.45) in an Olympus IX71 microscope (Tokyo, Japan) equipped with FLIR 

camera (Backfly S, BFS-U3-51S5M). Baseline recording was performed using modified 

Ringer’s 2 mM CaCl2 for 125 s. STIM1 puncta formation was induced by adding Free-

Ca2+ Ringer-Modified medium containing 1 mM EGTA in absence of CaCl2 and 2 μM 

thapsigargin (TG) (Merck-Millipore, Cat #67526-95-8) which was recorded for 500 

seconds. Images were processed using ImageJ/FIJI software and FindFoci pluging95 

which allow the identification of peak intensity regions within 2D images. This process 

allows obtaining segmented images of recording with the individualization of STIM1 

puncta. Then “analyze particles” was applied to obtain the number and area of the 

cluster in each image using circularity as a parameter with a value of 0.70-1.  

 

NFAT translocation 
 

MDA-MB-231 and 4T1 cells were cotransfected with mScarlet or mScarlet-C-

SARAF and EGFPC1-huNFATc1EE-WT plasmids and then plated on polylysine-

coated coverslips. Fourth-eight hours post-transfection cells were stimulated with 2 mM 

CaCl2 modified Ringer’s solution with 2 M thapsigargine (TG) (Merck-Millipore, Cat 

#67526-95-8) for 45 minutes. Cells were fixed as described previously. Samples were 

mounted with Fluoromount (Sigma-Aldrich, Cat#F4680). Images were acquired with 

63X objective (N.A=1.35) using optical sectioning using structured illumination Zeiss 

Apotome 2, Axiovert 7. Nuclear localization was confirmed by co-staining with the 

nuclear dye Hoechst 33342. 96 

 

Spreading assay 
 

Spreading assays were performed as described 22. MDA-MB-231 and 4T1 cells 

were transfected with mScarlet or mScarlet-C-SARAF or mScarlet-C-SARAFK326R. 

Fourth-eight hours post-transfection were seeded on coverslips pre-coated with 5 



g/mL of Human plasma Fibronectin (Sigma-Aldrich, Cat #FC010). Briefly, cells were 

serum-starved for 16 h before assay. Then, 2 x 104 cells were seeded in 5 μg/mL 

fibronectin-coated 12 mm coverslips using a medium containing 10% v/v FBS. Ninety 

minutes post-seeding, cells were fixed as described previously. Then, cells were 

permeabilized and blocked with blocking solution (4% w/v non-fat dry milk/0.1% v/v 

Triton X-100 in DPBS) for 45 min at room temperature. Actin cytoskeleton was detected 

with Alexa-488-conjugated phalloidin (ThermoFisher, Cat #A12379). Nuclei were 

detected using Hoechst 33342 nuclear stain at 200 ng/mL (Thermo Fisher Scientific, 

Cat #H3570). Samples were mounted with Fluoromount (Sigma-Aldrich, Cat #F4680). 

Images were acquired with 63X objective (N.A.=1.35) using optical sectioning using 

structured illumination Zeiss Apotome 2, Axiovert 7. 

 

Immunofluorescence: Focal adhesions 
 

MDA-MB-231 cells were seeded on coverslips pre-coated with 5 g/mL of 

Human plasma Fibronectin (Sigma-Aldrich, #FC010). Then, cells were incubated with 

HA-TAT-C-SARAF or HA-TAT-C-SARAFK326R peptides. 24 hours post-incubation, cells 

were fixed as described previously. Then, cells were permeabilized and blocked with a 

blocking solution containing 0.1% v/v Triton X-100, and 4% w/v nonfat dry milk in DPBS, 

for 45 minutes at room temperature. Mouse anti-Vinculin IgG1 (Sigma-Aldrich, Cat 

#V4505) primary antibody in a 1:1000 dilution and rabbit anti-HA IgG1 in a 1:500 

dilutions were incubated for 1 hour at room temperature. After three washes for 10 

minutes each with blocking solution, Goat Alexa 488 – anti-mouse IgG1 secondary 

antibody and Goat Alexa 647- anti-rabbit IgG1 secondary antibody (ThermoFisher, Cat 

#A-21240) in a 1:1000 dilutions were used to mark focal adhesion spots and HA-TAT-

peptides respectively. In addition, F-actin-stain phalloidin 555 in a dilution of 1:500 was 

used to mark the actin cytoskeleton. Hoechst 33342 nuclear stain at 200 ng/mL 

(Thermo Fisher Scientific, #H3570) was used. Samples were washed 3 times for 10 

minutes each with DPBS solution and mounted with Fluoromount (Sigma Aldrich, Cat 

#F4680). 



Images were acquired with 63X objective (N.A=1.35) using optical sectioning 

using structured illumination Zeiss Apotome 2, Axiovert 7. Images were processed 

using the Image J/FIJI software. 

 

Focal adhesions dynamics 
 

Focal adhesion (FA) turnover was studied by Live-Cell Time-Lapse recordings 

using total internal reflection fluorescence microscopy (TIRF) providing high-resolution 

images suitable for quantitative analysis 92,93. This approach was performed in MDA-

MB-231 cells cotransfected with EGFP-Paxillin and mScarlet, mScarlet-C-SARAF, or 

mScarlet-C-SARAFK326R. The cells were seeded in fibronectin-coated coverslips (5 

μg/mL). The cells were depleted from serum 48 h post-transfection for at least 3 h. FAs 

assembly/disassembly was induced by adding 10% v/v FBS in Modified Ringer’s 

solution 2 mM CaCl2. Images were acquired every 1 min for 30 frames using TIRFM 

60X objective (N.A.=1.45) in an Olympus IX71 microscope (Tokyo, Japan) equipped 

with FLIR camera (Backfly S, BFS-U3-51S5M). Images were processed using 

ImageJ/FIJI software. FAs assembly and disassembly were visualized and quantified 

as the appearance or loss of fluorescence in a region of interest, according to Goetz et 

al. (2008) 97. The assembly and disassembly rates were calculated by plotting the 

values of ln I/I0 versus time, according to what has been done in previous publications 

of the laboratory 93,98,99 

 

Transwell chamber invasion assay 
 

MDA-MB-231 and 4T1 cells (5 × 104 cells) transfected with mScarlet, mScarlet-

C-SARAF, or mScarlet-C-SARAFK326R were plated into 8 µm pore-Transwell® 

chambers (Sigma-Aldrich, Cat #CLS3422). Transwell® chambers were preincubated 

with Matrigel (Sigma-Aldrich, Cat #E1270) overnight at 4°C and then they were placed 

for 30 min at 37°C before seeding the cells. Cell invasion was induced by adding 10% 

v/v FBS in the lower chamber for 16 hours at 37°C. The non-invasive cells were 

removed, and the invading cells were fixed and stained with 0.2% w/v crystal violet 

dissolved in 10% v/v methanol. The invading cells were counted and expressed as a 

percentage of control. 



Scratch assay 
 

MDA-MB-231 and 4T1 cells transfected with mScarlet, mScarlet-C-SARAF or 

mScarlet-C-SARAFK326R were seeded on coverslips pre-coated with 5 g/mL of Human 

plasma Fibronectin (Sigma-Aldrich, Cat #FC010) forming a monolayer. After 24 h, cells 

were depleted of serum for 4 h, and then wounds were made with a sterile micropipette 

tip (p200). Detached cells were removed by washing three times with DPBS, then the 

medium was replaced with DMEM 2% FBS (to promote cell migration) and three 

images were obtained from each wound (t0h) with an inverted microscope. After 16 h, 

cells were fixed for 15 minutes at 4°C in fixative solution [4% w/v formaldehyde (freshly 

prepared from paraformaldehyde, Sigma-Aldrich, Cat#158127), 4% w/v sucrose 

(Sigma-Aldrich, Cat#S0389) in Dulbecco’s phosphate buffered saline (DPBS), pH 7.4] 

and three images were obtained from each wound (t16h). The relative sizes of the 

wounds at t0h and t16h were obtained using a wound healing size plugin of the ImageJ 

software and results were expressed as a percentage of closing ([(Area t0h – Area t16h)/ 

Area t0h]x100).    

 

In vivo tumoral growth model 
 

Stable cell line of 4T1 that express mScarlet, mScarlet-C-SARAF, or mScarlet-

C-SARAFK326R were injected associated with the animal protocol 20382-MED-UCH, 

approved by the Bioethics Committee of the Faculty of Medicine, University of Chile. 

Female Balb/c mice will be orthotopically injected into the fatty tissue of the fourth 

mammary gland (inguinal area) with stable cell line 4T1. Cells will be resuspended in 

phosphate buffered saline with 0.04% trypan blue (2 x 105 cells, 50 µL)100.The general 

condition of the animals was evaluated daily according to the modified monitoring 

protocols of Morton and Griffiths (Veterinary Record, 116: 431-36, 1985). The mice 

were maintained for 21 days or when the score was equal to or greater than 15. Tumor 

growth was assessed postmortem. Once the tumor was extracted, three diameters 

(width, length, and height) of the ellipsoid were measured using a caliper, and the 

following formula was used to calculate the tumor volume 101: 
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w= width, l= length, h=height 

 

Additionally, organs were removed, fixed, and processed for histological 

analysis and evaluation of metastatic sites. 

 
Histology 
 

The main organs that are affected during cancer metastasis either by indirect 

effect of primary tumor growth or by direct effect of the metastatic model (injection of 

tumor cells in the tail) were removed, washed with DPBS, and fixed with 4% w/v 

formaldehyde/ 4% w/v sucrose during 24 h at 4°C. Subsequently, the tissue was 

processed with increasing concentrations of alcohol, cleared with xylol, and embedded 

in paraffin. 

Serial sections with a thickness of 3 m was obtained and adhered to slides for 

histological Hematoxylin and eosin staining, Masson’s trichrome and positively charged 

slides (Epic Scientific, +ASSURE+) for immunofluorescence. 

Brightfield sample images were acquired with a Leica DFC425C camera 

installed on a Leica DM2500 CCD microscope with 10X and 40X objectives (Leica, 

Wetzlar, Germany). 

 

Inflammatory infiltrate analysis.  
 

TILs can be measured in slides stained with hematoxylin and eosin, presenting 

variation in density and location in the tumor11,102. Primary tumor samples were stained 

with Masson Trichromic and scanned using a Nanozoomer-XR digital slide scanner 

C12000 (Hamamatsu Photonics KK, Japan). TILs are reported as area occupied by 

mononuclear inflammatory cells over total intratumoral stromal area, where all 

mononuclear cells (including lymphocytes and plasma cells) should be scored, but 

polymorphonuclear leukocytes are excluded102. The images were analyzed by 

NDP.view software version 5.0.4.1382. This software allows us to quantify the TIL area 

expressed as mm2. 

  



Statistical Analyses 
 

Data shown correspond to the mean ± SD or mean ± SEM of at least four 

independent experiments as indicated in the figure legends. Before the statistical 

analysis, the data groups were analyzed using a normality test, to evaluate the 

Gaussian distribution of the data. If the data present a normal distribution, analysis of 

variance (ANOVA) was applied following the same criterion of the normal distribution 

of the data. In addition, for data that do not have a Gaussian distribution, a non-

parametric test was applied to correspond to Dunn’s multiple comparisons test. To 

establish a significant difference between data sets, a value of p<0.05 was defined. 

The data was plotted following the structure of a SuperPlot103. This method allows 

observing the distribution of each independent experiment, with its respective average. 

Data were processed and graphed using Prism v.9.0 (Software GraphPad, CA, USA). 



RESULTS 

 
To find a peptide that reduces the SOCE response and the highly metastatic 

phenotype of TNBC, we propose the use of mScarlet-C-SARAF and mScarlet-C-

SARAFK326R) as potential modulators of SOCE. In our laboratory, we cloned the C-

terminal fragment of SARAF, considering the nucleotide sequence that corresponds 

from amino acids 195 to 33971. This fragment was inserted into the plasmid with 

mScarlet by using restriction enzymes. These plasmids were overexpressed in the 

MDA-MB-231 and 4T1 cells to carry out the experiments described below. 

 

AIM 1. DETERMINE THE FUNCTIONAL EFFECTS OF THE C-TERMINAL SARAF-BASED 
PEPTIDES AS MODULATORS OF THE SOCE RESPONSE. 

 

To evaluate the effect of C-terminal SARAF protein overexpression in SOCE 

response, we recorded calcium imaging using Fura-2 AM in MDA-MB-231 cells and 

4T1 cells. The SOCE protocol described in the materials and methods section was 

applied. We observed a decreased Ca2+ entry when mScarlet-C-SARAF and mScarlet-

C-SARAFK326R were overexpressed in both human MDA-MB-231 (Figure 3) and murine 

4T1 (Figure 4) TNBC cells line in comparison to the control. This result is consistent 

with the effects reported by Palty et al. (2012), observing the reduction of the SOCE 

response dependent on SARAF protein determined by the C-terminal regionv71. 

However, no significant differences were observed between C-SARAF fragments wild-

type and mutant in both cell lines (Figures 3 and 4).  



 
Figure 3. mScarlet-C-SARAF fragments decrease the SOCE response in the 
human TNBC cell line. 
A Representative graph of SOCE response. mScarlet-C-SARAF and mScarlet-C-SARAFK326R 
were overexpressed in MDA-MB-231 cells which were loaded with Fura-2 AM and then calcium 
imaging was performed. The protocol used consisted of 3 minutes with Ringer’s solution of 2 
mM CaCl2, then Ca2+ depletion was induced with Calcium free-Ringer’s solution with 1 mM 
EGTA and 2 µM of thapsigargin (TG) for 7 minutes. Finally, the solution is changed to Ringer’s 
2 mM CaCl2 to induce calcium entry. B-C. Representative graph of maximum peak TG-induced 
and maximum Ca2+ influx in MDA-MB-231 SOCE response respectively. Each independent 
experiment is represented with color and expressed as individual data per cell and as average 
per experiment (n=5). Statistical analysis used in graphs B and C was One-way ANOVA Dunn’s 
multiple comparisons test. 



 
Figure 4. mScarlet-C-SARAF fragments decrease the SOCE response in murine 
TNBC cell line. 
A Representative graph of SOCE response. mScarlet-C-SARAF and mScarlet-C-SARAFK326R 
were overexpressed in 4T1 cells which were loaded with Fura-2 AM and then calcium imaging 
was performed. The protocol used consisted of 3 minutes with Ringer’s solution of 2 mM CaCl2, 
then Ca2+ depletion was induced with Calcium free-Ringer’s solution with 1 mM EGTA and 2 
µM of thapsigargin (TG) for 7 minutes. Finally, the solution is changed to Ringer’s 2 mM CaCl2 

to induce calcium entry. B-C Representative graph of maximum peak TG-induced and 
maximum Ca2+ influx in 4T1 SOCE response respectively. Each independent experiment is 
represented with color and expressed as individual data per cell and as average per experiment 
(n=5). Statistical analysis used in graphs B and C was One-way ANOVA Dunn’s multiple 
comparisons test. 

 

The C-terminal of SARAF is required for the interaction with STIM171. 

Considering the effect of the C-terminal fragment of SARAF onto SOCE (Figure 3 and 

4), we evaluated the formation of the STIM1 cluster in MDA-MB-231 cells that 

overexpress the plasmids STIM1-YFP and mScarlet, mScarlet-C-SARAF or mScarlet-

C-SARAFK326R. STIM1 cluster formation was induced after reticular Ca2+ depletion 

using thapsigargin. We did not observe significant differences between the control 

condition and the overexpression of mScarlet-C-SARAF (Figure 5). However, the 

overexpression of the mScarlet-C-SARAFK326R fragment presents a slower rate of the 



kinetics of STIM1 cluster formation or slows down the translocation of these, which 

could affect the timing of signaling. 

 

Figure 5. mScarlet-C-SARAFK326R decreases the kinetic rate of STIM1 cluster 
formation in the human TNBC cell line. 
A Graph showing the kinetics of STIM cluster formation in MDA-MB-231 cells that overexpress 
mScarlet, mScarlet-C-SARAF, or mScarlet-C-SARAFK326R. B Graph of the quantification of 
cluster density. C Graph of the quantification of kinetic rate. Seven independent experiments 
were performed. Statistical analysis used in graphs B and C was One-way ANOVA Dunn’s 
multiple comparisons test. 

 

Given that the C-terminal fragment of SARAF reduces SOCE response, we 

evaluated whether affects the formation of the STIM1-Orai1 complex, which is a key 

event for the activation of the response 42–44,50,104 . We used a Bimolecular fluorescence 

complementation (BiFC) assay to directly visualize protein-protein interaction in vivo 

using fixed cells. The fluorescence signal is reconstituted by complementing two 

fragments of the fluorescent protein Venus (Venus-N, and Venus-C105). Therefore, 

MDA-MB-231 and 4T1 cells were co-transfected with mScarlet, mScarlet-C-SARAF, or 

mScarlet-C-SARAFK326R and with STIM1-VC and Orai1-VN and STIM1/Orai1 

complementation106 was stimulated by addition of 2 µM TG in Ringer’s solution modified 

2 mM CaCl2. We observed that the overexpression of the fragments reduces the 

formation of the STIM1-Orai1 complex in human and murine TNBC cells line (Figure 6 

y 7), which supports the effect observed with the calcium recordings (Figure 3 and 4). 

 



 
Figure 6. mScarlet-C-SARAF fragments decrease the formation of the STIM1-
ORAI complex in the human TNBC cell line. 
A Representative images of BiFC STIM1-Orai in MDA-MB-231 cells that overexpressed 
mScarlet, mScarlet-C-SARAF, or mScarlet-C-SARAFK326R. Blue corresponds to the nucleus of 
the cell, red corresponds to the expression of the proteins tagged with mScarlet and green dots 
correspond to the conformation of the STIM1-Orai1 complex. B Graphs of the quantification of 
cluster numbers per cell corresponding to BiFC of STIM1-Orai1. Three independent 
experiments were performed on each cell line. The statistical analysis used was One-way 

ANOVA Dunn’s multiple comparisons test. Scale bar= 20 m. 

 

 
Figure 7. mScarlet-C-SARAF fragments decrease the formation of the STIM1-
ORAI complex in the murine TNBC cell line. 
A Representative images of BiFC STIM1-Orai in 4T1 cells that overexpress mScarlet, 
mScarlet-C-SARAF, or mScarlet-C-SARAFK326R. Blue corresponds to the nucleus of the cell, 
red corresponds to the expression of the proteins tagged with mScarlet and green dots 
correspond to the conformation of the STIM1/Orai1 complex. B Graphs of the quantification of 
cluster numbers corresponding to BiFC of STIM1-Orai. Three independent experiments were 



performed on each cell line. The statistical analysis used was One-way ANOVA Dunn’s multiple 

comparisons test. Scale bar= 20 m. 

 
Figure 8. mScarlet-C-SARAF fragments reduce NFAT1 activity in human TNBC 
cells line. 
A Representatives images of the translocation of NFAT from the cytoplasm to the nucleus in 
MDA-MB-231 cells. B Graph of the quantification of translocation of NFAT from cytoplasm to 

the nucleus. Three independent experiments were performed. Scale bar= 20 m..  

 

 
Figure 9. mScarlet-C-SARAF fragments reduce NFAT1 activity in murine TNBC 
cell line. 
A Representatives images of the translocation of NFAT from the cytoplasm to the nucleus in 
4T1 cells. B Graph of the quantification of translocation of NFAT from cytoplasm to the nucleus. 

Three independent experiments were performed. Scale bar= 20 m. 
 

Finally, we evaluated the activation of signaling downstream of the activation of 

SOCE response such as NFAT107. The family of transcription factors known as the 

nuclear factor of activated T cells (NFAT) consists of four members (NFAT1-4) that are 



regulated by calcium and one member (NFAT5) that is regulated in response to osmotic 

stress. Normally, NFAT1-4 proteins are in the cytoplasm in a hyperphosphorylated form 

when cells are unstimulated. However, when cell surface receptors are activated and 

calcium is released from intracellular stores, calcium-dependent enzymes are 

activated, particularly the calcineurin (Cn) protein phosphatase. Cn catalyzes the 

dephosphorylation of NFAT, causing it to move into the nucleus where it regulates gene 

transcription108. In the context of triple-negative breast cancer, Quang et al. (2015) 

determined that NFAT1 and NFAT2 are key in the migration and invasion processes of 

4T1 cells109. Based on this, the translocation of EGFP-NFAT from the cytoplasm to the 

nucleus was observed in MDA-MB-231 and 4T1 cells stimulated by the addition of 2 

µM TG in Ringer’s solution-modified 2 mM CaCl2. The data obtained suggest a 

reduction of NFAT translocation when mScarlet-C-SARAF fragments were 

overexpressed in both cell lines (Figures 8 and 9) which suggests that both fragments, 

in addition to having a negative effect on the SOCE response, could affect the migratory 

and invasive phenotype of tumor cells.  

AIM 2. DETERMINE THE EFFECT OF THE C-TERMINAL SARAF-BASED PEPTIDES 
DURING CELL MIGRATION AND INVASION IN IN VITRO MODEL OF TRIPLE-NEGATIVE 
BREAST CANCER.  

 

Given that the SOCE response has been related as a key signaling mechanism 

in the regulation of migration and invasion of cancer tumor cells, among other 

mechanisms110, the overexpression of mScarlet-C-SARAF in tumor cells could also 

affect this process. It is in this context that we performed an MTT assay to evaluate cell 

proliferation. No effects on proliferation were observed in MDA-MB-231 and 4T1 cells 

after overexpression of mScarlet-C-SARAF fragments (Figure 10).  



 
Figure 10. mScarlet-C-SARAF fragments does not affect cell proliferation.  
A-B. Representative graph in the rate of proliferation in human and murine TNBC cell line 
respectively, after overexpression of mScarlet, C-SARAF, and C-SARAFK326R evaluated with 
MTT assay. Each dot represents an independent experiment. Each assay corresponds to N=5. 
The statistical analysis used was One-way ANOVA Dunn’s multiple comparisons test. 

 

Cell migration and invasion cell assay were performed. First, we observed a 

decrease in collective migration in both MDA-MB-231 and 4T1 cells (Figures 11 and 

12) when we overexpressed the mScarlet-C-SARAF and mScarlet-C-SARAFK326R 

fragments compared to the control. We did not observe significant differences between 

the mScarlet-C-SARAF and mScarlet-C-SARAFK326R conditions, but a greater effect on 

the reduction of migration in the mScarlet-C-SARAF mutant condition. Therefore, the 

data suggest that mScarlet-C-SARAF and mScarlet-C-SARAFK326R reduce the SOCE 

response in TNBC. However, only mScarlet-C-SARAFK326R could have an effective 

effect in decreasing cell migration in MDA-MB-231 and 4T1. 

 



 
Figure 11. mScarlet-C-SARAF fragments decrease cell migration in human TNBC 
cells line. 
A Representative image of Scratch assay after overexpression of mScarlet-C-SARAF and 
mScarlet-C-SARAFK326R in MDA-MB-231 cells line. B Representative graph of the 
quantification of wound closure area of four independent experiments performed in MDA-MB-
231. The statistical analysis used was One-way ANOVA Dunn’s multiple comparisons test. 

  



 
Figure 12. mScarlet-C-SARAF fragments decrease cell migration in the murine 
TNBC cell line. 
A Representative images of Scratch assay after overexpression of mScarlet-C-SARAF and 
mScarlet-C-SARAFK326R in 4T1 cells line. B Representative graph of the quantification of wound 
closure area of four independent experiments performed in 4T1. The statistical analysis used 
was One-way ANOVA Dunn’s multiple comparisons test. 
 

As previously mentioned, cell invasion is key in the highly metastatic phenotype 

of TNBC87. We performed invasion assays in a transwell chamber with MDA-MB-231 

cells and 4T1 cells. The data suggest a reduction in the migration of cells that 

overexpress mScarlet-C-SARAF and mutant in both human and murine TNBC cells 

(Figures 13 and 14). 



 
Figure 13. mScarlet-C-SARAF fragments decrease the invasion in the human 
TNBC cell line. 
A Representatives images of Transwell cell invasion assay in MDA-MB-231 cells 
overexpressing mScarlet, mScarlet-C-SARAF, and mScarlet-C-SARAFK326R. B. Representative 
graph of the quantification of invading cells in four independent experiments performed. The 
statistical analysis used was One-way ANOVA Dunn’s multiple comparisons test. 

 

 
Figure 14. mScarlet-C-SARAF fragments decrease the invasion in the murine 
TNBC cell line. 
A Representatives images of Transwell cell invasion assay in 4T1 cells overexpressing 
mScarlet, mScarlet-C-SARAF, and mScarlet-C-SARAFK326R. B Representative graph of the 



quantification of invading cells per field in four independent experiments performed. The 
statistical analysis used was One-way ANOVA Dunn’s multiple comparisons test. 

 

Another relevant cellular process in cell migration and invasion is the formation 

of focal adhesions and actin dynamics provide the main sites of cell adhesion to the 

extracellular matrix and associate with the actin cytoskeleton to control cell movement 

111. In this sense, we performed cell spreading assays in MDA-MB-231 (Figure 15) cells 

and 4T1 (Figure 16). We observed that the overexpression of mScarlet-C-SARAF 

fragments reduces the extension of the adhered cells compared to the control in MDA-

MB-231 cells, (Figure 15). The mScarlet-C-SARAF fragment expression did not show 

significant differences (Figure 16) in 4T1 cells.  

 
 

Figure 15. mScarlet-C-SARAF fragments reduce the cell spreading in the human 
TNBC cell line. 
A Representative immunofluorescence panels of the effect of mScarlet, mScarlet-C-SARAF, 
or mScarlet-C-SARAFK326R overexpression in MDA-MB-231 on cell spreading. B Graph of Total 
area cell from MDA-MB-231 cells. Five independent experiments were performed. The 
statistical analysis used was One-way ANOVA Dunn’s multiple comparisons test. Scale bar= 

20 m. 



 
Figure 16. mScarlet-C-SARAF fragments does not affect the cell spreading in the 
murine TNBC cell line.  
A Representative immunofluorescence panels of the effect of mScarlet, mScarlet-C-SARAF, 
or mScarlet-C-SARAFK326R overexpression in 4T1 cells on cell spreading. B Graph of Total area 
cell. Five independent experiments were performed. The statistical analysis used was One-

way ANOVA Dunn’s multiple comparisons test. Scale bar= 20 m. 

 
In addition, we performed focal adhesion dynamics assays using TIRF 

microscopy, by recording the fluorescence intensity of the EGFP-Paxillin protein93 

(Figure 17). We evaluated the assembly and disassembly rate of focal adhesions in 

MDA-MB-231 cells when overexpressing mScarlet-C-SARAF fragments. The data 

suggest that mScarlet-C-SARAF fragment increases the rate of assembly, while 

mScarlet-C-SARAFK326R reduces their disassembly (Figure 17 B-C). Moreover, we 

evaluated the area of the cell that protrudes and retracts (Figure 18). We observed that 

the overexpression of both fragments reduced this area in comparison with the control, 

which suggests that the fragments could affect the rearrangement dynamics of the actin 

cytoskeleton, which would support the effect observed in the spreading assay (Figure 

15). 



 
Figure 17. mScarlet-C-SARAF fragments reduce disassembly focal adhesion in 
human TNBC cell line. 
A Representative image panels of the effect of mScarlet, mScarlet-C-SARAF, or mScarlet-C-
SARAFK326R overexpression in MDA-MB-231 on focal adhesions dynamic. B Graph of 
Assembly rate of focal adhesion. C Graph of Disassembly rate of focal adhesion. D Graph of 

pattern of focal adhesion dynamics. 21 cells were analyzed. Scale bar= 5 m. The statistical 
analysis used was One-way ANOVA Dunn’s test. 

 



 
Figure 18. mScarlet-C-SARAF fragments reduce protrusion and retraction 
process in human TNBC cell line. 
A Representative image panel of the effect of mScarlet, mScarlet-C-SARAF, or mScarlet-C-
SARAFK326R overexpression in MDA-MB-231 on protrusion (red area) and retraction cell (green 
area). B Graph of % area of protrusion and retraction when cells were stimulated with 10%FBS 

during focal adhesion dynamics analyses (Figure 17). Scale bar= 20 m. The statistical 
analysis used was One-way ANOVA Dunn’s test. 

 

Together, these data suggest that the expression of mScarlet-C-SARAF 

fragments could contribute to the reduction of cell migration and invasion by altering 

the formation of focal adhesions and actin polymerization. 

 

AIM 3. DETERMINE THE EFFECT OF THE C-TERMINAL SARAF-BASED PEPTIDES IN 
THE MURINE IN VIVO MODEL OF TRIPLE-NEGATIVE BREAST CANCER. 

 

Based on the data suggesting a reduction in migration and invasion in TNBC 

cells when we overexpress mScarlet-C-SARAF fragments above all the mutant version 

and the relevance of the tumor microenvironment on neoplastic cells we performed a 

tumor growth assay in an in vivo murine model. For this, we injected 4T1 cells that 

overexpress mScarlet, mScarlet-C-SARAF, and mScarlet-C-SARAFK326R in the fourth 

inguinal gland. After approximately 21 days, the mice were euthanized (Figure 19). 

According to the volumes of the primary tumors obtained, no significant differences 

were observed between the conditions (Figure 20). This suggests that the mScarlet-C-

SARAF fragments do not affect the proliferation of neoplastic cells in vitro (Figure 10) 

and in vivo. 

 



 
Figure 19. Diagram of murine in vivo tumor growth model.  
A1 represents an orthologous injection of 4T1 cells stably overexpressing the mScarlet, 
mScarlet-C-SARAF, or mScarlet-C-SARAFK326R fragments into adipose tissue pad present in 
the fourth inguinal mammary gland. Then mice are monitored for 21 days (A2) to finally apply 
euthanasia and perform a necropsy (A3). 

 

 
Figure 20. mScarlet-C-SARAF fragments do not affect the primary tumor growth 
of TNBC in vivo model.  
A Images of primary tumors obtained after injection of stable lines of 4T1 overexpressing 
mScarlet, mScarlet-C-SARAF, or mScarlet-C-SARAFK326R in the fourth mammary gland of 
Balb/c mice. B Graph of primary tumor volume. The statistical analysis used was One-way 
ANOVA Dunn’s test. 

 
 



 
Figure 21. mScarlet-C-SARAF fragments reduce metastasis in the liver of primary 
tumor growth TNBC in vivo model.  
A Representative image of histological sections of liver samples with Hematoxylin and eosin, 

magnification 20X. Scale bar= 50 m. A Representative image of normal and infiltrated liver 

histology, highlighting the different structures observed in the mouse samples for the 
development of the tumor growth model. B Graph shows quantification of the percentage of 
vessels present in the liver infiltrated with tumor cells. The statistical analysis used was One-
way ANOVA Brown-Forsythe and Welch test. C Representative images of samples stained 

with hematoxylin and eosin at 20X magnification. Scale bar= 150 m. The yellow zone shows 
the luminal vein of liver tissue and areas delimited with light blue dashed lines show tumor cells 
that infiltrate the vein. The statistical analysis used was One-way ANOVA Brown-Forsythe and 
Welch test. 

 

Next, then we analyze the possible organs that could be affected by metastatic 

foci of the primary tumor. In TNBC, the liver, brain, and lung are the main organs 

affected. We analyzed areas of tumoral cells infiltrated in the histological section of the 

liver stained with hematoxylin and eosin. Interestingly, we observed the presence of 

neoplastic cells in the liver parenchyma, mainly infiltrating the vessels (Figure 21). We 

show that the overexpression of the mScarlet-C-SARAF fragments reduces the 

infiltration of neoplastic cells in the tumor, which suggests that the overexpression of 



mScarlet-C-SARAF fragments reduces the metastatic capacity of tumor cells that 

constitute the primary tumor which supports the effect observed in in vitro migration 

and invasion assays. In addition, using Masson's trichrome staining (Figure 22) we 

observed that tumor cells that constitute the primary tumor are accompanied by a large 

inflammatory infiltrate (TIL). TILs can be measured in slides stained with hematoxylin 

and eosin, presenting variation in density and location in the tumor11,102. TILs are 

reported as area occupied by mononuclear inflammatory cells over total intratumoral 

stromal area, where all mononuclear cells (including lymphocytes and plasma cells) 

should be scored, but polymorphonuclear leukocytes are excluded102. 

We observed a greater area of infiltrating lymphocyte cells in the primary tumor 

of the mScarlet-C-SARAFK326R condition compared to the control which suggests that 

the overexpression of mScarlet-C-SARAFK326R could have a lower tumor growth given 

that the tumor microenvironment allows the inflammatory system to act against cancer 

progression, being also an indication of being a sensitizer of the primary tumor to 

conventional therapies used allowing a better forecast. 



 
Figure 22. mScarlet-C-SARAF fragment increase lymphocyte infiltration in 
primary tumor growth of TNBC in vivo model.  
Representative images of histological sections of the primary tumor of the animal model stained 
with Masson’s trichrome. A 20X image shows tumor cells present in the stroma and 

surrounding normal mammary epithelium. Scale bar= 50 m. Insets 1-3 are 63X images of A 
numbered black boxes. Inset 1 shows mammary duct structure with normal epithelial cells. 
White arrow indicates purple nuclei with uniform nuclear chromatin and palisade distribution 
consistent with normal histology. Inset 2, red arrow shows chromatin alteration with the 
presence of 3 nucleoli. Inset 3, red arrows show chromatin-altered nuclei with different 
numbers of nucleoli and irregular sizes and shape. B 20X image shows tumor cells present in 



the breast tissue stroma, normal breast epithelial tissue surrounded by collagen (light green 

color), as well as a cluster of inflammatory infiltrates. Scale bar= 50 m. Insets 1-3 are 63X 

images of numbered black box image in B. Inset 1, shows mammary duct structure with normal 
epithelial cells. White arrows indicate purple nuclei with homogeneous staining and palisade 
distribution consistent with normal histology. Inset 2, fuchsia arrows indicate small lymphocytes 
with similar size, spherical heterochromatic nuclei, and scant cytoplasm. Inset 3, red arrows 
show neoplastic cell nuclei of fused morphology that present condensed nuclei of different 
shapes and sizes. C corresponds to a panel of histological samples scanned and visualized 
with the NDP program at 0.38X, 5X and 20X magnification. Lower magnification images show 
visualization of the complete histological section of the primary tumor of each condition, in black 
indicates the total area of the neoplastic tissue. Fuchsia region corresponds to the total area of 
inflammatory infiltrate present in the tumor. 5X and 20X images show representative areas in 
which an area of inflammatory infiltrate is observed (segmented by a fuchsia dashed line and 
indicated by the asterisk of the same color) and tumor tissue (indicated by the red asterisk). 
Red arrows indicate neoplastic cells that present nuclear atypia also evidenced in A and B. 
Fuchsia arrows indicate lymphocytes with cell morphology consistent with that evidenced in B. 

Scale bar= 100 m for 5X images and Scale bar= 10 m for 20X images. D Graph shows 

percentage of inflammatory infiltrate present in histological sections of primary tumor. Statistical 
analysis used was One-way ANOVA Dunn’s test. 
 

 

  

 

 

 

  



DISCUSSION 

 

Calcium signaling is a crucial component in several processes. A dysregulation 

of calcium signaling has been observed in breast cancer, affecting tumorigenesis and 

different cellular processes, such as cell growth and proliferation, migration, metastasis, 

and resistance to apoptosis. Interestingly, an increased expression of molecular 

components of the SOCE response has been reported, such as an increase in the 

expression of ORAI channels39,124, TRPC1125,126, TRPC6127–129, STIM 87,130–132 proteins, 

among others. However, only a few regulators of the SOCE response involved in this 

process are known. We proposed the C-terminal region of SARAF as a potential 

negative regulator of the SOCE response in the context of TNBC. Unpublished data 

from our laboratory suggest that a mutant version of the SARAF protein (i.e., 

SARAFK326R) presents an increased interaction with STIM1 compared to the wild-type 

version. In addition, we have observed that the overexpression of SARAFK326R presents 

a greater reduction of the SOCE response in HEK293 cell model in comparison to wild 

wild-type version. Therefore, we expected that there would be a greater reduction of 

the SOCE response using mScarlet-C-SARAFK326R compared to the mScarlet-C-

SARAF to the control condition.  

We observed that the C-terminal region of SARAF is sufficient to reduce the 

SOCE response (Figures 3-7), having the same effect observed by Palty et al. (2012)71. 

However, we did not observe differences between the wild and mutant versions. This 

difference between the effect of the mutant version of SARAF when the protein is 

completely overexpressed versus when only the C-terminal is overexpressed could be 

because the ubiquitination of lysine 326 has a greater effect when the luminal region of 

SARAF is present. This suggests that the ubiquitination of SARAF in lysine 326 could 

have an allosteric effect on the N-terminal domain, enhancing its effect as a negative 

regulator of calcium entry, which is not observed when only the C-terminal region is 

present. The ubiquitination/non-ubiquitination of lysine 326 could affect the oligomeric 

state of the ER-luminal domain of SARAF133,, acting as an allosteric modulation and 

affecting the normal stoichiometry of SARAF-STIM1 complex. Interestingly, it has been 

described that both the activation and biophysical properties of CRAC channels depend 



on the stoichiometry between the different molecular entities involved in the formation 

of the CRAC channel such as STIM1/2, Orai1/2/3, SARAF, among others66,133–136.  

On the other hand, different studies have observed that the reduction of the 

SOCE response using pharmacological inhibitors or modification in the expression of 

positive or negative regulators of the SOCE response induces cell cycle arrest, less 

migration and/or invasion of neoplastic cells 127,129,137,138. Particularly, with the use of 

the mScarlet-C-SARAF fragments, we did not observe changes in cell viability (Figure 

10A-B), but we did observe a decrease in cell migration (Figures 11 and 12) and cell 

invasion (Figures 13 and 14) in MDA-MB-231 and 4T1 cells line in vitro and in vivo 

(Figure 21). Therefore, the C-terminal fragment of SARAF could reduce the metastasis 

of TNBC. 

Interestingly, in contrast to the similar effects of the mScarlet-C-SARAF and 

mScarlet-C-SARAFK326R fragments on the calcium entry between fragments, we found 

that the mutated version of mScarlet-C-SARAFK326R had a greater effect on cell 

migration and invasion compared to the non-mutated mScarlet-C-SARAF. This 

indicates that the mutant version may be regulating other downstream signaling 

mechanisms that could be related to the strength of the SOCE response. There are 

different molecular mechanisms that could explain this effect: 

The data on the dynamics of STIM1 cluster formation after the overexpression 

of the C-SARAF fragments indicate that the mutant version, although it does not affect 

the number of basal clusters and after TG stimulation, does present a slower formation 

rate in comparison to the control and the wild type version (Figure 5). Previous reports 

have suggested that STIM1 is required for calcium oscillations139–141. However, a 

recent study shows that STIM1 and STIM2 coordinate Ca2+ oscillation frequencies in 

response to different concentrations of agonists through IP3R activity142. Therefore, 

changes in the dynamics of STIM1 formation induced by the mutant version of the C-

SARAF fragment could affect the timing of complex formation between the STIM-Orai-

IP3R proteins and may affect the frequency or amplitude of calcium oscillations, 

allowing activate different targets such as NFAT1 and NFAT4 that have downstream 

targets.  



In addition, STIM2 induces activated conformation of STIM1 to control Orai1 

function, modulating function tunes the physiological response of cells143. Therefore, C-

SARAFK326R could also be involved in the association dynamics between 

STIM1/STIM2. This could explain the fact that although there are no differences in the 

net calcium signaling between the mScarlet-C-SARAF fragments, there are differences 

in migration and invasion (Figures 11-14, 21). 

Another possible explanation is that the mScarlet-C-SARAFK326R could 

differentially regulate mechanisms associated with calcium entry independent of 

internal reservoirs, also called SICE. Recent studies have reported the role of SICE in 

regulating breast cancer processes 144,145. The store-independent, arachidonic acid-

activated ARC channels, like CRAC channels, are highly Ca2+-selective and low 

conductance channels. The molecular architecture is a pentameric assembly of Orai 

and Orai3 subunits and is regulated by STIM1146,147. Interestingly, Albarrán et al. (2016) 

described SARAF's participation in the regulation of this channel136. Furthermore, 

Chamlali et al. (2021) recently described that the Orai3 channel regulates FAK activity 

related to focal adhesion assembly and dynamic of the cytoskeleton in MDA-MB-231 

cells through calcium-dependent and independent mechanisms148. Therefore, the C-

SARAF mutant could affect the activity of the ARC or Orai3 channels, affecting the 

migration of these cells through focal adhesion and cytoskeleton dynamics (Figures 17 

and 18). In this same sense, other molecular entities that C-SARAFK326R could be 

differentially regulated compared to the wild-type version involved in SICE, are SPCA2-

Orai11-Kv10.1149–151 protein complex. 

In addition, there is another mechanism that in recent years has become relevant 

in breast cancer and the co-regulation described between the Orai1 channel and the 

Ca2+ activated K+ ion channel SK3152–154. Tiffner et al. (2021) recently identified that 

cytosolic strands and Orai1 channel pore residues are critical for functional 

communication with SK3. Furthermore, STIM1 has a bimodal role in the regulation of 

SK3-Orai1, where under physiological conditions, STIM1 interferes with the SK3-Orai1 

interaction by significantly decreasing the co-localization of channels during activity. 

STIM1-Orai1 and the associated Ca2+ entry promote the co-localization of the Orai1-

SK3 channel and the activation of K+ currents155. In this sense, since STIM is key for 



Orai1-SK3 dynamic regulation, SARAF could be involved, specifically the mutant 

version of the C-terminal region, altering the malignancy characteristics of neoplastic 

cells.152–154 

Moreover, others such as EFHB86, TMEM97156, AC8157, and PGRMC188 are 

upregulated, and that contributes to the increase in the SOCE response in the breast 

cancer context. Therefore, they become potential therapeutic targets. Considering that 

the formation of the STIM-Orai complex and all these possible interactions during the 

SOCE response, mScarlet-C-SARAFK326R could be differentially regulating this 

complex composition and/or dynamics of the SARAF-STIM1-ORAI1 proteins 

interaction along with the interaction of other proteins (EFHB86, TMEM97156, AC8157, 

and PGRMC188). mScarlet-C-SARAFK326R could also be regulating the interaction or 

participation of other channels such as TRPC6127,129 and TRPC1158,159, or Mitochondrial 

Ca2+ uniporter137 restricting cell migration, as reported by different groups in MDA-MB-

231 cells. Therefore, mScarlet-C-SARAFK326R by reworking the potential interactors 

present in the STIM-ORAI complex could be modifying the calcium microdomains, 

altering the size, number of the STIM-Orai cluster, and activation level of the channel, 

which the sum generates the same calcium influx for both mScarlet-C-SARAF versions 

but at the molecular level it generates the differential activation of transcription factors 

or calcium-dependent proteins that are located near the CRAC channel. This was 

evidenced by Lin et al. in (2019), who particularly observed that NFAT and c-fos have 

different requirements in terms of the number of clusters and the flow of calcium that 

pass through them due to their activation 160. 

According to the role of SARAF in the SOCE response, this could be dependent 

on the tissue, physiological, and pathophysiological context. Particularly in breast 

cancer, Jardin et al. (2021) observed that the expression of SARAF has different effects 

on the SOCE response and cell migration in non-tumor, Luminal A, and Triple negative 

human cell lines. In MDA-MB-231 cells, the silencing of SARAF induces an increase in 

the SOCE response138 as expected. However, contrary to the project they observed 

that the silencing of SARAF induces a decrease in collective cell migration 138. This 

difference could be due to regulatory mechanisms of SARAF activity that the N-terminal 

region could exert in different cellular contexts and that by using only the C-terminal 



region of the protein these mechanisms would be absent. Moreover, SARAF has 

recently been described as having a dual role in the SOCE response, where after 

reticular calcium depletion SARAF promotes the active conformation of STIM1 

promoting the initial activation of the SOCE response and after its subsequent 

dissociation72. Possibly the soluble mScarlet-C-SARAF fragment prevents its 

interaction with the endogenous SARAF protein and therefore restricts the dual 

regulation that this protein presents where the N-terminal region could be involved, 

which is absent in the mScarlet-C-SARAF fragment.  

Lastly, given that KCTD5 increases its expression in breast cancer and promotes 

cell migration through the activity of TRPM4 91 mScarlet-C-SARAFK326R could be acting 

as a competitive inhibitor preventing the interaction of KCTD5, an adapter of Ubiquitin 

E3 ligase with other substrates 161 involved in the cell migration and invasion process 

such as TRPM4 91, this could explain the fact that although there are no differences in 

the magnitude of the SOCE response evoked when mScarlet-C-SARAF and mScarlet-

C-SARAFK326R are overexpressed if differences are observed in the migration and 

invasion of tumor cells, with mScarlet-C-SARAFK326R having a more powerful effect 

compared to the wild-type version. Currently, Cullin-RING ligases (CRLs), the largest 

family of E3 ubiquitin ligases, have become an attractive target for drug discovery, 

primarily due the abnormal expressions of CRLs and their substrate proteins are 

associated with human diseases162, so the development of small molecules that target 

CRLs has been enhanced. The potential inhibition points for disrupting the interaction 

between the components of CRL complex can be classified into six groups: (1) group 

1, targeting the transfer of ubiquitin from the E2-Ub conjugate to the lysine residues on 

the substrate; (2) group 2, disrupting the interaction between Cullin and RING protein; 

(3) group 3, inhibiting the neddylation of Cullins; (4) group 4, disrupting the interaction 

between Cullin and adaptor; (5) group 5, targeting the interaction between adaptor and 

receptor; (6) group 6, targeting the interaction between receptor and substrate 163, being 

able to belong mScarlet-C-SARAFK326R to this last group.  

Moreover, under the observed effects on cell migration and invasion in TNBC 

cells after the overexpression of mScarlet-C-SARAF fragments, we observed a 

decrease in the density of focal adhesions and disassembly rate and changes in the 



organization of actin during the cell spreading adhesion process (Figures 15-18). These 

data are consistent with other publications that associate the reduction of the SOCE 

response with a reduction in migration and invasion of neoplastic cells 39,137,138,157,164–

166. In this context, Chakraborty et al. (2016) described the use of phemindole, a 

synthetic dietary indol that presents antitumor characteristics and is proposed as a 

potential compound for pharmacological use for chemotherapy that favors the reduction 

of STIM1 expression by inducing less interaction between STIM1-Orai, this generates 

a decrease in cell migration in vitro through the regulation of FAK, also observe a 

reduction in tumor growth in an in vivo model165. Therefore, the same pathways could 

be affecting the mScarlet-C-SARAF fragments. Considering that these would generate 

a reduction in the interaction between STIM-Orai. Another mechanism is that mScarlet-

C-SARAF could be interfering in the interaction between PAK1 and STIM. Jeon et al. 

(2018) described that PAK1, a p21-activated kinase, which is a downstream effector of 

GTPases, modulates SOCE-dependent calcium mobilization and localizes with STIM1. 

Both proteins basally colocalize in the cytosol however when using a nascent adhesion 

inducer, such as phorbol 12,13-dibutyrate (PDBu) both proteins colocalize to peripheral 

vinculin-positive adhesions167. In addition, it has recently been described that PAK1 

interacts with and phosphorylates calcium/calmodulin-dependent protein kinase II 

(CaMKII) in the context of breast cancer168. Interestingly, another protein has been 

described to regulate the conformational change of STIM1, promoting its activation in 

the context of TNBC. Lee et al. (2022) determined that PGRMC1, a protein that 

increases its expression in TNBC, promotes the SOCE response in addition to 

regulating the turnover of focal adhesions and the formation of actomyosin88. Thus, the 

mScarlet-C-SARAF fragments could interact directly with STIM1, regulating its 

conformational change, and having an impact on the reduction in cell migration and 

invasion. In the case of the mutant version, this modulation could be less dynamic 

compared to the wild-type version. 

In the context of cell invasion, STIM-Orai1 are essential in orchestrating the 

activation of metalloproteinases169 and the formation of podosomes40,170 that allow the 

degradation and migration of neoplastic cells through the extracellular matrix. Sun et 

al. (2014), described Orai oscillation as an impact on invadosome formation and 



activation of metalloproteinase MT1-MPP169. In addition, Rizaner et al. (2016), related 

the highly metastatic potential of MDA-MB-231 cells, which presented spontaneous 

Ca2+ oscillations, while such oscillations were not observed in MCF-7 cells, which 

present less metastatic potential 171. Given that it has been reported that in MDA-MB-

231 cells the expression of Orai1 predominates compared to Orai2 and that this 

increase in the Orai1/Orai2 ratio is associated with the activation of NFAT1 with low 

concentrations of agonists124. Taken together, these data would indicate that mScarlet-

C-SARAF could be mainly regulating Orai1, which would influence the activation of 

MPP. Furthermore, different studies have indicated the relevance of STIM1-Orai1 

activity in the formation of podosomes40,169, relevant structures in the invasion process. 

Although the molecular mechanism involved is not completely known, studies suggest 

that the activity of STIM1-Orai1 would regulate podosomes rosettes dynamics through 

the effect on the regulation of actomyosin reorganization172, so the C-terminal SARAF 

fragments by reducing SOCE could affect in the formation of these structures and 

therefore reduce the invasion of cells. 

The effect of mScarlet-C-SARAF overexpression in a murine model of breast 

cancer as a lower percentage of portal veins affected by infiltrating tumor cells are 

supported by the decrease in cell migration and invasion observed in vitro assays when 

we overexpress the mScarlet-C-SARAF fragments. On the other hand, in the last 

decade, tumor-infiltrating lymphocytes (TILs) have been established as a biological 

biomarker that improves discrimination over prognostic clinical and pathologic staging 

for early-stage TNBC.173. Where the presence of TILs in the tumor microenvironment 

can predict responses not only to neoadjuvant but also to adjuvant chemotherapy 

treatments. Thus, a high number of TILs correlates with increased pathologic complete 

responses in TNBC. We observed that mScarlet-C-SARAFK326R overexpressed in the 

primary tumor presented a high number of TILs in comparison with control. This effect 

may be associated with the fact that the mScarlet-C-SARAF fragments promote a 

senescent secretory phenotype, where tumor cells generate a proinflammatory 

microenvironment by attracting lymphocytes after the production of proinflammatory 

cytokines174. Indeed, in the prostate cancer context, STIM1 has been observed to 

promote cell senescence175. At the molecular level, C-SARAF fragments by reducing 



the activation of NFAT1, could promote the expression of IRF8109. Although its specific 

function in breast cancer tumor cells is unknown, its increase has been associated with 

promoting the recruitment of CD8 lymphocytes176 which are associated with a good 

prognostic.11,102 Moreover, high TILs could be associated with a better response to 

pharmacological treatments and therefore a better prognosis when mScarlet-C-SARAF 

and mScarlet-C-SARAFK326R are overexpressed in tumor cells.  

 Currently, the lack of drugs remains a problem despite attempts to use several 

compounds as selective pharmacological modulators of Orai1-STIM1 in different 

models112. Therefore, the design and development of drugs targeting the mechanisms 

that regulate Orai1-STIM1 activity could lead to complementary therapeutic strategies 

for diseases such as cancer. The most direct way of regulating the activity of a 

therapeutic target is protein-protein interaction modulation, since it allows affecting only 

the cellular pathway associated with the interaction, obtaining minimal off-target effects 

113–115. The mechanisms associated with the regulation of protein-protein interactions 

are that modulators can stabilize or inhibit the interaction through their direct binding to 

the protein-protein interface or through the binding of allosteric sites. There are 3 types 

of modulators: small molecules, antibodies, and peptides116. Using peptides, 

specifically Cell-Penetrating Peptides (CPPs), for disease-related Protein-Protein 

Interaction (PPI) has been successful in therapeutic approaches, including modulation 

of ion channel-related PPI.99,113–115,117. CPPs have shown potential for the delivery of a 

wide range of molecules, including large active proteins to enter cells via endocytosis. 

Normally is a basic peptide composed of 5-30 amino acids118. One type of carrier is a 

peptide sequence derived from the transcription transactivator of the human 

immunodeficiency virus (HIV) (called TAT) that penetrates the cells with low cytotoxic 

effects in a receptor-independent and concentration-dependent manner119. Moreover, 

TAT-CPP-based peptides have been used as an efficient noninvasive delivery system 

in several tissues and tumors 119,120 including breast cancer model121–123. As such, 

CPPs designed to modulate specific PPIs might constitute a powerful strategy for drug 

development against different diseases. 

Based on the observed effect of the C-terminal fragments of SARAF on the 

SOCE response, migration, and invasion in neoplastic cells, we tested the use of 



penetrating TAT peptides that contain a smaller portion of the C-terminal region of 

SARAF corresponding to amino acid 310 to 339 (Figure 23D). 

The TAT peptides were incubated for 24 hours in MDA-MB-231 cells, 

subsequently, we evaluated their effect on the SOCE response by applying the same 

protocol used in previous experiments. Interestingly, we observed that both wild-type 

and mutant TAT-C-SARAF peptides equally reduce the SOCE response compared to 

the control (Figure 23 A-C). This suggests that amino acids 310 to 339 (TAT-C-SARAF) 

are sufficient to obtain the same effect observed with fragments 195 to 339 (mScarlet-

C-SARAF). 

After the calcium recordings were made with the cells treated with the TAT-C-

SARAF peptides, cells were fixed as described in materials and methods to evaluate 

the penetrance of the peptide and its effect on focal adhesions by immunofluorescence 

(Figure 24). We showed that the peptides penetrated the registered cells and, 

interestingly, we observed that the TAT-C-SARAF peptides increased the size (Figure 

24 B) and reduced the number of focal adhesions (Figure 24 C), a phenotype 

associated with fewer migratory cells87.  

Therefore, the use of these TAT peptides could have potential pharmacological 

use, however, more studies on their role in the molecular mechanism in the regulation 

of SOCE and in the processes of cell migration and invasion are required. 



CONCLUSION 

mScarlet-C-SARAF fragments reduce calcium influx dependent on the SOCE 

response in human and murine TNBC cell lines, in addition to reducing their migratory 

and invasive phenotype. The data also suggest that it allows for enhancing the immune 

response itself, sensitizing the primary tumor to the effect of conventional therapies, 

possibly increasing its rate of treatment success. 

  



ANNEXES 

FUTURE PROJECTIONS 
 

 
Figure 23. TAT-C-SARAF peptides decrease the SOCE response in the human 
TNBC cell line. 
A Representative graph of SOCE response. TAT-C-SARAF and TAT-C-SARAFK326R were 
incubated in MDA-MB-231 cells which were loaded with Fura-2 AM and then calcium imaging 
was performed. The protocol used consisted of 3 minutes with Ringer’s solution of 2 mM CaCl2, 
then Ca2+ depletion was induced with calcium-free Ringer’s solution with 1 mM EGTA and 2 
µM of thapsigargin (TG) for 7 minutes. Finally, the solution is changed to Ringer’s 2 mM CaCl2 

to induce calcium entry. B-C Representative graph of maximum peak TG-induced and 
maximum Ca2+ influx in MDA-MB-231 SOCE response respectively. Each independent 
experiment is represented with color and expressed as individual data per cell and as average 
per experiment (n=5). Statistical analysis used in graphs B and C was One-way ANOVA Dunn’s 
multiple comparisons test. D Amino acid sequence corresponding to TAT peptide incubated in 
MDA-MB-231 cells. 
 



 
Figure 24. TAT-C-SARAF peptides decrease the number and size of focal 
adhesion in the human TNBC cell line. 
A Representative immunofluorescence panel of MDA-MB-231 cells treated with 10 M of TAT 
peptides during 24 h. Red corresponds to actin filaments (phalloidin), green corresponds to 
focal adhesion (vinculin), blue corresponds to the nucleus (Hoechst) and white corresponds to 
TAT-C-SARAF peptide tagged with HA (anti-HA). B Graph of the area of focal adhesion. C 
Graph of the density of focal adhesion. Five independent experiments were analyzed. Scale 

bar= 5 m. The statistical analysis used was the One-way ANOVA Dunn’s test.  
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