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BRCA1/2 genes are considered tumor suppressor genes and help repair
damaged DNA. Pathogenic germline mutations of BRCA1/2 genes are the most
common hereditary cause of breast cancer and ovarian cancer. It has been
established that BRCA1mutations increase the risk of brainmetastasis compared
to the BRCA1 wildtype, and once metastasis occurs to the brain the disease is
considered uncurable. The blood-brain barrier (BBB) is essential for maintaining
and regulating homeostasis of the central nervous system and is composed of
highly specialized brain endothelial cells. Using a human induced pluripotent
stem cell (hiPSC) based model, we characterized an hiPSC line from an invasive
cancer patient harboring a BRCA1 mutation. This patient-derived hiPSC line
can be utilized to study BBB properties as after differentiation into brain-like
endothelial cells (BECs), BECs derived from this line express BBBmarkers such as
tight junction proteins, and functional efflux transporters. Future application of
patient-derived stem cell models could provide a platform to discover genetic
predispositions to BBB disruption in individuals with BRCA1mutations, as well as
the potential molecular mechanisms contributing to brain metastasis.

KEYWORDS

blood-brain barrier, patient derived stem cells, BRCA1mutation, brain endothelial cells,
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Introduction

In the United States, cancer continues to be the second-leading cause of death after
cardiovascular disease (Siegel et al., 2024; Wang et al., 2016; Nagai and Kim, 2017).
BReast CAncer (BRCA) genes, including BRCA1 and BRCA2, are tumor suppressor genes,
whose role is established to repair damaged DNA (Boulton, 2006; Mai et al., 2009).
Consequently, mutations in BRCA1/2 genes hinder proper DNA repair and have been
shown to increase the malignancy risk for hereditary cancers, especially breast and ovarian
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cancers (Gudmundsdottir and Ashworth, 2006; Ratner et al., 2019).
BRCA1 mutations have also been associated with earlier diagnosis
and progression of brain metastases (Ratner et al., 2019). In
ovarian cancer patients, the BRCA1 mutation has shown a 4-fold
greater risk for brain metastases compared to the BRCA1 wildtype
and has led to an 8-month earlier diagnosis of brain metastasis
(Ratner et al., 2019). Similarly, for central nervous systemmetastatic
breast cancer,BRCA1/2mutations have shown a youngermedian age
for diagnosis, a greater incidence of high-grade tumors, and a lower
survival time post-diagnosis than wild-type BRCA1 individuals
(Ben-Zion Berliner et al., 2024). To metastasize to the brain, cancer
cells in circulation must interact with and penetrate the blood-brain
barrier (BBB) (Arshad et al., 2011).

The BBB is comprised of highly specialized brain endothelial
cells (BECs) that encompass the cerebral vasculature (Abbott et al.,
2010; Knopp et al., 2022). The BBB is essential for the maintenance
and regulation of the neural microenvironment and prevents
the entry of pathogens and toxins into the CNS (Helms et al.,
2016; Patabendige and Janigro, 2023). BECs serve as the interface
between the circulation and the CNS and express complex tight
junctions (Rubin and Staddon, 1999). Due to the presence of
efflux transporters and low endocytosis rates, the BBB restricts
100% of large molecule drugs and 98% of small molecule drugs
which poses an obstacle for drug delivery of chemotherapeutics
(Pardridge, 2007; Hersh et al., 2016).

BBB models present unique challenges as robust in vivo
modeling may have interspecies variation, and in vitro modeling
of primary cells are limited by passage number and often
lose BBB-defining phenotypes when removed from the neural
microenvironment (Helms et al., 2016; Obermeier et al., 2013;
Andjelkovic et al., 2020; He et al., 2014). Human stem cell
(hSC) technology has allowed for the advancement of in vitro
modeling and overcomes challenges such as the loss of BBB-defining
phenotypes, scalability, and interspecies variations (Obermeier et al.,
2013; Verscheijden et al., 2021; Wilhelm and Krizbai, 2014).

Previous studies have successfully used patient derived stem
cells to model specific disease contexts in the BBB (Vatine et al.,
2017; Yucer et al., 2021; Ozgür et al., 2023). Patient derived hiPSCs
harboring MCT8 mutations have been used to model the BBB and
study drug transport in a diseased BBB (Vatine et al., 2017).

It has also been demonstrated that hiPSC-BECs derived from
Huntington’s disease patients had key transcriptional and functional
differences compared to healthy control hiPSC-BECs, indicating a
crucial deficit in BBB function in this neurodegenerative disease
context (Lim et al., 2017). BRCA1 mutated cells lines have been
used to model fallopian tube epithelium and recapitulated ovarian
carcinogenesis (Yucer et al., 2021). Patient derived models provide
the ability to model human diseases with a specific genetic
predisposition (Vatine et al., 2017). However, to our knowledge,
hiPSC-BECmodels derived from BRCA1mutated patients have not
been reported.

In this study, we use an induced pluripotent stem cell
model, where over the period of 13 days, patient-derived hiPSCs
are differentiated, expanded, and purified with the result of
patient-derived brain-like endothelial cells (Lippmann et al., 2012;
Espinal et al., 2022; Lippmann et al., 2014). Recent work has
demonstrated that while BEC differentiation is robust, some human
iPSC lines may differ in the BBB properties exhibited after

differentiation (Vatine et al., 2017; Ozgür et al., 2023; Lim et al.,
2017; Patel et al., 2017). For example, the SBAD0201 stem cell
line showed non-functional efflux transporter P-glycoprotein (P-
gp) (Ozgür et al., 2023). Throughout the study we use the well-
characterized hiPSC line IMR90-4 for comparison of key BBB
marker expression after differentiation. The goal of this study
was to characterize the BEC differentiation and resulting BBB-like
properties of the BRCA1 mutated patient-derived stem cell line
CS79iBRCA-n2 in vitro.

Methods

Cell lines

The CS79iBRCA-n2 cell line was purchased from Cedars-
Sinai Biomanufacturing Center. Lymphoblastic cells were first
harvested from a female early-onset, stage IIIC ovarian cancer
patient with a BRCA1 mutation (IVS5+1G>A, located at the
junction between exon five and intron 6). The CS79iBRCA-n2 cell
line was reprogrammed from the Cedars-Sinai Biomanufacturing
Center parent cell line 2012-0872 4079. Lymphoblastic cells were
reprogrammed to iPSCs via an engineered episomal plasmid
containing reprogramming factors Oct3/4, Sox2, KLF4, L-Myc,
shp53, and Lin28.The IMR90-4 cell line was purchased fromWiCell
(WISCi004-B) where it was reprogrammed using viral transfection
methods from a female parent cell line, IMR90.

Culturing of hiPSCs

hiPSCs were cultured on Matrigel (Corning; 354234)
coated 6-well plates and maintained in StemFlex Medium
with supplement (Gibco; A3349401), changed daily
(Lippmann et al., 2012; Espinal et al., 2022; Lippmann et al., 2014;
Stebbins et al., 2016; Gomes et al., 2019). When iPSCs reach 70%
confluence, cells were dissociated from the well using Versene
(Gibco; 15040066) and passed at 1:3, 1:6, and 1:12 split ratios onto
Matrigel coated 6-well plates. Cells were continuously maintained
in StemFlex medium, changed daily. Passages 15–25 were used for
differentiations.

Differentiation of hiPSCs into brain-like
endothelial cells

When iPSCs reach 80% confluence, cells were differentiated
according to the protocol we and others have used previously
(Lippmann et al., 2012; Espinal et al., 2022; Stebbins et al., 2016).
Cells were seeded onto Matrigel-coated T75 flasks (VWR; 10861-
646) at 10,000 cell/cm2 and maintained in StemFlex Medium with
supplement for 3 days, with media changed daily. Differentiation
into induced brain endothelial cells (BECs) was initiated after 3 days
with the addition of unconditioned medium (UM) for 6 days,
changed daily (Stebbins et al., 2016). UM media is composed
of 89% DMEM/F12 (ThermoFisher; 11330-032), 10% Knockout
serum replacement (KOSR) (Gibco; 10828028), 1% Non-essential
amino acids (NEAA) (ThermoFisher; 11140-050), 0.5% Glutamax
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(ThermoFisher; 35050061), and 0.005% β-mercaptoethanol (β-
ME). Differentiation was continued with the use of endothelial
cell (EC) medium, containing hESFM (ThermoFisher; 11111-044)
supplemented with 1% B27 (Gibco; 17504044), 10 µM retinoic
acid (RA) (Sigma; R2625), and 20 ng/mL basic fibroblast growth
factor (bFGF) (PeproTech; 100-18B-250UG), for 2 days, with media
changed daily.

On Day 8, cells are dissociated and singularized using Accutase
(StemCell Technologies; MSPP-07920). BECs were then purified
by seeding onto ECM coated plates which selectively isolates cells
expressing BEC phenotypes and not neural cells (Sigma; C5533-
5MG, F1141-5MG). Cells were replated at a seeding density of
500,000 cells/well for 24-well plates and 1 million cells/well for
12-transwell plates in EC + RA medium. Media was changed
to EC medium without bFGF and RA supplements (EC - -
) 1 day later. BECs were validated through measuring trans-
endothelial electrical resistance (TEER) on Day 9 and Day 10,
through immunostaining for BEC markers on Day 10, and through
functional assays on Day 10.

P-gp functional assay

Using previously published protocols, P-glycoprotein (P-
gp) function in hiPSCs and BECs was determined through the
measurement of the accumulation of the P-gp substrate, Rhodamine
123 (R123) (Lippmann et al., 2012; Stebbins et al., 2016; Kim et al.,
2019). The potent P-gp inhibitor, Valspodar (Sigma; SML0572-
5MG), was utilized to assess P-gp activity for comparison. The
cells were washed once with warmed Hank’s Buffer Saline Solution
(HBSS) (ThermoFisher; 14065056) and pretreated with or without
10 µM of the inhibitor, Valspodar, with HBSS for 1 h at 37°C and
5% CO2. After pretreatment, the cells were then incubated with
10 µM of R123 with or without 10 µM of Valspodar in HBSS for
2 h in 37°C and 5% CO2. After incubation, the cells were washed
with cold PBS twice and 200 µL of Radioimmunoprecipitation
assay (RIPA) buffer was applied. After RIPA buffer application, the
plate was then placed on a rotator to shake for 10 min at room
temperature while protected from light. The plate fluorescence
was then quantified on a plate reader (Molecular Devices
SpectramaxiD3). BCA assays (ThermoFisher; 23227) were used
to normalize the fluorescent values to account for the number of
cells present.

BCRP functional assay

Breast Cancer Resistance Protein (BCRP) activity in hiPSCs
and BECs was measured through the accumulation of the
fluorescent BCRP substrate, Hoechst 33342 (ThermoFisher; 62249)
(Lippmann et al., 2012; Stebbins et al., 2016). BCRP inhibitor,
Ko143 (Enzo: 89158-270), was used as comparison (Kim et al., 2019;
Allen et al., 2002; Paturi et al., 2010). The cells were washed once
with warm Hank’s Buffer Saline Solution (HBSS) and pretreated
with or without Ko143 at 1 µM concentration in HBSS for 1 h at
37°C and 5% CO2. After pretreatment, the cells were then incubated
with 10 µM of Hoechst 33342 in HBSS with or without inhibitor
for 2 h at 37°C and 5% CO2. The cells are then washed twice with

500 µL of cold PBS, and then 200 µL of RIPA buffer was applied.The
cells were then placed on a rotator for 10 min protected from light.
Fluorescence was measured on a plate reader (Molecular Devices
SpectramaxiD3). To normalize the fluorescent values, BCA assays
(ThermoFisher; 23227) were performed, and OD values were used
to normalize.

RNA isolation and quantitative PCR

RNA was isolated using the NuceloSpin RNA kit
(Macherey-Nagel; 740955.50) and cDNA was prepared using
LunaScript RT (New England BioLabs; E3010). SYBR green
qPCR was run for human POU5F1 (Oct4) forward primer
5′–CCCCAGGGCCCCATTTTGGTACC – 3′ and reverse primer
5’ – ACCTCAGTTTGAATGCATGGGAGAGC – 3’. 18S rRNA
was used as a reference gene for normalization, forward primer
5′–GTAACCCGTTGAACCCCATT – 3′ and reverse primer
5′–CCATCCAATCGGTAGTAGCG – 3′. qPCR was run on a
QuantStudio 3 Real-Time PCR system (ThermoFisher). Relative
gene expression was calculated using the ΔΔCt method.

Immunostaining

Both CS79-derived and IMR90-4 derived BECs were
immunostained following day 10 of differentiation (Stebbins et al.,
2016). CS79-derived hiPSCs were immunostained at 3 days post
passaging. Cells were fixed depending on the antibody with
either ice cold methanol or 4% paraformaldehyde (diluted in
PBS) for 15 min and blocked in 10% Fetal Bovine Serum (FBS)
(Table 1) (Stebbins et al., 2016). Markers for immunostaining
include Claudin-5, Occludin, ZO-1, P-gp, GLUT1, VE-Cadherin,
PECAM-1, and BCRP. Expression was visualized using a Nikon
Ti2 inverted epifluorescence microscope equipped with a Qi2
camera (Nikon, Tokyo, Japan) using NiS Elements software version
AR.5.30.05 for acquisition. Images were analyzed using ImageJ
Software (FIJI).

Western blot

The protein amounts were derived from BCA assays
(ThermoFisher; 23227). The protein samples were heated for
5 min at 95°C before being loaded onto Bolt 4%–12% Bis-Tris
Plus protein gels (ThermoFisher; NW04120BOX, NW04125BOX)
along with Peacock Plus Prestained Protein Marker (Biotium;
21531) and transferred to nitrocellulose membranes. In the case
of BCRP and GLUT1 targeting, 10% β-Mercaptoethanol (β-ME)
instead of heat was added to the protein samples. Following 1 h
blocking at room temperature with tri-buffered saline +0.1%
Tween 20 (1x TBST) and 5% nonfat dry milk, the respective
primary antibodies were used for targeting and remained on the
membrane overnight at 4°C (Table 1). The next day the blots were
washed in TBST (3x) and given goat anti-mouse IgG (H + L)
Alexa Fluor 488 conjugate secondary antibody (ThermoFisher;
A-11001) for 1 h at room temperature while shaking. For P-gp,
goat anti-rabbit IgG (H + L) Alexa Fluor 488 conjugate second
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TABLE 1 Antibody table.

Antibody Species Company Catalog # Dilution Fixative agent Secondary Application

PECAM-1 Mouse Invitrogen MA5-13188 1:25 MeOH Goat anti-mouse IgG (H +
L) Alexa Fluor 488
conjugate (A-11001)

Immunostaining

VE-Cadherin Mouse Santa Cruz biotechnology sc-52751 1:25 MeOH Goat anti-mouse IgG (H +
L) Alexa Fluor 488
conjugate (A-11001)

Immunostaining

Claudin-5 Mouse Invitrogen 35–2500 1:50 MeOH Goat anti-mouse IgG (H +
L) Alexa Fluor 488
conjugate (A-11001)

Immunostaining

ZO-1 Mouse Invitrogen 33–9100 1:100 MeOH Goat anti-mouse IgG (H +
L) Alexa Fluor 488
conjugate (A-11001)

Immunostaining

GLUT1 Mouse Invitrogen MA5-11315 1:200 MeOH Goat anti-mouse IgG (H +
L) Alexa Fluor 488
conjugate (A-11001)

Immunostaining

Occludin Mouse Invitrogen 33–1500 1:200 MeOH Goat anti-mouse IgG (H +
L) Alexa Fluor 488
conjugate (A-11001)

Immunostaining

BCRP Mouse Millipore sigma MAB4155 1:50 4% PFA Goat anti-mouse IgG (H +
L) Alexa Fluor 488
conjugate (A-11001)

Immunostaining

P-gp Rabbit Invitrogen MA5-13854 1:25 MeOH Goat anti-rabbit IgG (H +
L) Alexa Fluor 488
conjugate (A-11034)

Immunostaining

VE-Cadherin Mouse Santa Cruz biotechnology sc-52751 1:1000 Western blotting

Claudin-5 Mouse Invitrogen 352,588 1:1000 Western blotting

ZO-1 Mouse Thermo fisher 339,100 1:1000 Western blotting

GLUT1 Mouse Invitrogen MA5-11315 1:1000 Western blotting

Occludin Mouse Invitrogen 33–1500 1:1000 Western blotting

BCRP Mouse Millipore sigma MAB4155 1:500 Western blotting

P-gp Rabbit Thermo fisher PA5-28801 1:000 Western blotting

antibody (ThermoFisher; A-11034) was used instead. After washing
in TBST (3x), the blots were imaged on an iBright FL1500 Imaging
System instrument (ThermoFisher) with SuperSignal West Pico
PLUS Chemiluminescent Substrate (ThermoFisher; 34577) for
visualization.

TEER measurement

On day 8, purified BECs were seeded onto ECM coated 12 well
transwell (Corning; 3460). TEER was measured using a EVOM II
instrument (World Precisions). For an 8-day duration, the basal and
apical layers were probed for TEER and received changes in EC- -
media. Amedia-only transwell was used for temperature adjustment
before the probe handled anymeasurements. TEERwas additionally

measured on three independent passages of CS79-hiPSCs for a
period of 5 days post expansion.

Dextran uptake assay

On day 8, purified CS79-derived BECs were seeded onto ECM
coated 24 well plates at 500,000 cells/cm2. CS79-hiPSCs were seeded
onto the same plate at the same density. On day 10, cells were treated
with 10 kD fluorescein dextran at 1 mg/mL (ThermoFisher; D1821).
Plates were either incubated at 37°C + 5% CO2 or at 4°C for 30 min.
Cells were then removed from incubation and lysed using 500 μL
RIPA buffer per well. Fluorescence values were measured using a
plate reader (Molecular Devices SpectramaxiD3). A BCA assay was
then performed, and OD values were used for normalization.
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Sodium fluorescein transport

We performed sodium fluorescein permeability assays as
previously described (Stebbins et al., 2016). Briefly, we resuspend
sodium fluorescein (Sigma; F6377-100G) to a stock concentration
of 10 mM in PBS and stored it at 4°C protected from light. To
make a working concentration, we diluted the stock solution in
EC medium for a final concentration of 10 μM. On day 8, cells
were seeded at a density of 1 million cells/cm2 onto ECM coated
transwells. A blank ECM coated transwell was included to use in
later calculations. On day 10, TEER was measured. Once TEER was
measured, themediumwas removed and replaced with pre-warmed
EC medium by adding 500 μL to the top chamber and 1,500 μL
to the bottom chamber. The plate was then incubated at 37°C for
60 min. After incubation, TEER was measured again to determine
initial barrier integrity. After, medium was aspirated in the top
of the transwell and replaced with 500 μL of the 10 μM working
concentration of sodium fluorescein in blank and seeded transwells.
After 15 min, 150 μL was collected from the bottom chamber of
each transwell and placed into a 96-well plate.The removedmedium
was replaced with 150 μL of pre-warmed EC medium. This process
was repeated every 15 min at 30, 45, and 60 min. At 60 min, an
additional 150 μL from the top of the transwells was collected and
transferred to a 96-well plate in addition to 150 μL of EC medium
without sodium fluorescein. The solution from the top chambers
were diluted to combat oversaturated signal.The fluorescence values
were read using a plate reader (Molecular Devices SpectramaxiD3)
at 485 nm excitation and 530 nm emission. We then calculated
corrected signal, clearance volumes, the linear slope of clearance
volume versus time, and the sodium fluorescein permeability using
previously described formulas (Stebbins et al., 2016).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 9.1.2 unless otherwise stated. Student’s t-test was used
to determine significance for pair-wise comparison. Statistical
significance was determined for a p-value of 0.05 or less. Error bars
represent standard deviation (SD).

Data availability

All data generated or analyzed during this study are included
in this published article. hiPSC line CS79iBRCA-n2 available from
Cedars-Sinai Biomanufacturing Center iPSC Core Repository.

Results

CS79iBRCA-n2 derived BECs possess
endothelial properties

The CS79-hiPSCs were harvested from a BRCA1 mutated
invasive cancer patient (Figure 1A) andwere then differentiated over
the course of 13 days into BECs (Figure 1B). Using a previously
published differentiation protocol, we were able to differentiate the

CS79-hiPSCs into CS79-derived BECs by seeding the CS79-hiPSCs
first onto Matrigel-coated flasks (Espinal et al., 2022; Stebbins et al.,
2016). The CS79-iPSCs were then grown in unconditioned medium
(UM) and differentiated to an endothelial cell and neural progenitor
cell culture mixture (Lippmann et al., 2012; Lippmann et al., 2014).
The switch to endothelial cell (EC) medium allows endothelial
cells to be selectively expanded (Lippmann et al., 2014). On day
8, the BECs were purified onto extracellular matrix (ECM) coated
plates (collagen IV, fibronectin, molecular water) which resulted in
a purified monolayer of BECs (Figure 1B). We performed qPCR
on CS79iBRCA-n2 hiPSCs and CS79-derived BECs to look at
pluripotency marker Oct4 (POU5F1) where we saw a decrease of
expression after differentiation (Figure 1C). Todetermine the barrier
properties of the differentiated BECs, trans-endothelial electrical
resistance (TEER) readings were obtained beginning on day 8
of the differentiation, when the BECs were seeded onto ECM
coated plates (Stebbins et al., 2016; Sun et al., 2022). TEER was
measured daily for 8 days after purification. This was repeated for
four independent differentiations of CS79-derived BECs and results
were similar throughout where TEER remained high until 5 days
post purification when TEER began to decrease (Figure 1D). TEER
was also recorded for three independent passages of CS79iBRCA-
n2 hiPSCs to establish a baseline value (Figure 1D). Additionally,
for a control cell line we used a well characterized hiPSC cell
line, IMR90-4, and repeated the differentiation protocol. We then
recorded TEER of three independent differentiations for 8 days post
purification (Figure 1E).

Immunofluorescence images of CS79iBRCA-n2 hiPSCs were
obtained for endothelial markers, vascular endothelial-cadherin
(VE-Cadherin) and platelet endothelial cell adhesion molecule
(PECAM-1) and showed no presence of endothelial markers
in the hiPSCs (Figure 1F). However, the differentiated CS79-
derived BECs displayed the localization of VE-Cadherin, whereas
PECAM-1 showed limited expression and was not localized in
the CS79-derived BECs (Figure 1F). Immunofluorescence images
of the IMR90-4 BECs showed expression and localization of
both VE-Cadherin and PECAM-1 (Figure 1G). To further confirm
endothelial properties, Western blot analyses were performed for
VE-Cadherin. Signal was observed in the CS79-derived BECs
at 72 kDa corresponding to VE-Cadherin and no signal was
observed for CS79-hiPSCs (Figure 1H), which was similar to the
immunofluorescent staining images. We also performed Western
blot analyses for VE-Cadherin on IMR90-4 hiPSCs and BECs,
and observed signal in the IMR90-4 BECs and not in the
IMR90-4 hiPSCs (Figure 1I). Together these data demonstrate that
CS79iBRCA-n2 derived brain-like endothelial cells possess barrier
function and some endothelial characteristics.

Tight junction expression of CS79iBRCA-n2
derived BECs

While hiPSCs produce tight junctions, they remain an important
aspect of BBB function (Sun et al., 2022; Gastfriend et al., 2018).
To characterize how the CS79-hiPSCs and the differentiated CS79-
derived BECs expressed tight junction proteins, we measured the
expression and localization of Zona Occludens-1 (ZO-1), Occludin,
and Claudin-5 (Sun et al., 2021). Immunofluorescence images of
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FIGURE 1
CS79iBRCA-n2-derived BECs have endothelial properties. (A) Graphic outlining the process of harvesting the hiPSCs and their differentiation into BECs.
(B) Timeline outlining the differentiation process. (C) qPCR showing expression of pluripotency marker, POUF51, in CS79-hiPSCs compared to
CS79-derived BECs (N = 6). (D) TEER measurements from CS79-derived BECs over a period of 8 days post purification from four independent
differentiations conducted in triplicate per differentiation (n = 12). TEER measurements of three CS79-hiPSCs passages over a period of 5 days post
passaging. (E) TEER measurements from IMR90-4 derived BECs over a period of 8 days post purification for three independent differentiations (n = 9).
(F) Representative immunofluorescence images of CS79-hiPSCs and BECs for endothelial markers VE-Cadherin and PECAM-1 (green) with nuclei
stained with DAPI (blue). (G) Representative immunofluorescence images of IMR90-4 derived BECs for endothelial markers VE-Cadherin and PECAM-1
(green) with nuclei stained with DAPI (blue). (H) Western blot analysis of CS79-hiPSCs and CS79-derived BECs probing for endothelial marker
VE-Cadherin with densitometry quantification. PonS stain shown to show relative protein concentrations loaded for each lane (n = 3). (I) Western blot
analyses of IMR90-4 hiPSCs and IMR90-4 derived BECs probing for endothelial marker VE-Cadherin with densitometry quantification. PonS stain
shown to show relative protein concentrations loaded for each lane (n = 3). Scale bar = 50 μm. Statistical significance calculated by Student’s t-test,
∗∗p < 0.01, ∗∗∗∗p < 0.0001. Error bars represent SD.

the hiPSCs were obtained for ZO-1, Occludin, and Claudin-5. The
hiPSCs expressed a high signal intensity forClaudin-5, which should
be taken into consideration when utilizing this cell line (Figure 2A).
The staining images revealed low signal intensity in the Occludin
and ZO-1 tight junction proteins, indicating a low presence in
CS79-hiPSCs (Figure 2A). However, when the same markers were
measured in the differentiated CS79-derived BECs, we observed
an increase in signal intensity in Occludin and ZO-1, suggesting
the strong expression and localization of the tight junction
proteins (Figure 2A). Additionally, we performed immunostaining
on IMR90-4 BECs to show expression and localization of Claudin-
5, Occludin, and ZO-1 (Figure 2B). Western blot analyses were
conducted on CS79-hiPSCs and BECs using specific antibodies to

confirm the presence of the tight junction proteins, ZO-1, Occludin,
and Claudin-5. We obtained signal in the BEC samples at 225 kDa
(corresponding to ZO-1), 55 kDa (corresponding to Occludin), and
23 kDa (corresponding to Claudin-5) respectively (Figure 2C).

Results demonstrate that there was a significantly higher
abundance as seen byWestern blotting of the tight junction proteins,
ZO-1, Occludin, and Claudin-5, in the CS79-derived BECs than the
hiPSCs (Figure 2C). We additionally performed Western blotting
on IMR90-4 hiPSCs and BECs to observe expression of ZO-1 and
Occludin which can be looked at as a reference of expression after
BEC differentiation (Figure 2D). Together, these data suggest that
the BEC differentiation increases the expression of tight junction
proteins that contribute to barrier function.
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FIGURE 2
Tight junction expression of CS79iBRCA-n2-derived BECs. (A) Representative immunofluorescence images of CS79-hiPSCs and CS79-derived BECs for
the tight junction proteins, ZO-1, Occludin, and Claudin-5 (green) and nuclei stained with DAPI (blue). Scale bar = 50 μm. (B) Representative
immunofluorescence images of IMR90-4 derived BECs for tight junction proteins Claudin-5, Occludin, and ZO-1. Scale bar = 50 μm. (C) Western blot
analyses of CS79-hiPSCs and CS79-derived BECs probing for tight junction proteins, ZO-1, Occludin, and Claudin-5. PonS stain shown to show relative
protein concentrations loaded for each lane (n = 3). Quantification of western blots for ZO-1, Occludin, and Claudin-5 (n = 3). (D) Western blot
analyses of IMR90-4 hiPSCs and IMR90-4 derived BECs probing for ZO-1 and Occludin. PonS stain shown to show relative protein concentrations
loaded for each lane (n = 3). Quantification of western blots for ZO-1, Occludin, and Claudin-5 (n = 3). Statistical significance calculated by Student’s
t-test, ∗p < 0.05, ∗∗p < 0.01. Error bars represent SD.

CS79iBRCA-n2 derived BECs express and
localize transporter proteins

Next, we sought to observe other BBB properties such as
the expression of nutrient transporters and multi-drug efflux
transporters (Lippmann et al., 2012). Immunofluorescence images
revealed that the nutrient transporter GLUT1 and efflux transporter
P-gp was expressed and localized in the CS79-hiPSCs (Figure 3A).
Expression of efflux transporter Breast Cancer Resistance Protein
(BCRP) was not observed in the CS79-hiPSCs (Figure 3A).
Immunofluorescence images of the CS79-derived BECs confirmed
the expression and localization of nutrient transporter GLUT1, and
the efflux transporters, P-gp and BCRP (Figure 3A). Additionally,
expression and localization of GLUT1, BCRP, and P-gp was
observed in IMR90-4-derived BECs was observed (Figure 3B).
These data suggest that the BEC differentiation process
increases some BBB-like transporter expression following hiPSC
differentiation.

CS79iBRCA-n2 derived BECs have a
functional BCRP and P-gp efflux transport

To determine whether efflux transporters are functional in the
CS79-derived BECs, we utilized and adjusted previously published
substrate accumulation assay techniques to quantify P-gp and BCRP
function (Stebbins et al., 2016; Kim et al., 2019; Engdahl et al.,
2021).When the CS79-derived BECswere treatedwith the inhibitor,
Ko143, we observed a significant increase in the accumulation of the
BCRP substrate, Hoechst 33342, within the BECs. Hoechst 33342
accumulation within the cell increased by +50%, demonstrating
that BCRP is functional in the BECs (Figure 3C) (Kim et al., 2019;
Allen et al., 2002; Paturi et al., 2010). There was no significant
increase in Hoechst 33342 accumulation within the CS79-hiPSCs
when they were treated with Ko143 (Figure 3C). When the CS79-
derived BECs were treated with the P-gp inhibitor, Valspodar,
there was a significant increase in the accumulation of the P-gp
substrate, Rhodamine 123 (R123). Valspodar treatment resulted in
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FIGURE 3
Characterization of the expression and localization of transporter proteins in CS79iBRCA-n2-derived BECs. (A) Representative immunofluorescence
images for CS79-hiPSCs and CS79-derived BECs for nutrient transporter GLUT1, efflux transporter BCRP, and efflux transporter P-gp (green) and nuclei
stained with DAPI (blue). Scale bar = 50 μm. (B) Representative immunofluorescence images for IMR90-4 derived BECs expression of GLUT1, BCRP,
and P-gp (green) and nuclei staining with DAPI (blue). Scale bar = 50 μm. Substrate accumulation assays determining the function of the efflux
transporters (C) BCRP and (D) P-gp for three independent differentiations conducted in triplicate (n = 9). (E) Uptake assay determining large molecule
transport of 10 kD Dextran in CS79-hiPSCs and CS79-derived BECs (n = 9). (F) Sodium fluorescein transport assay in CS79-hiPSCs and CS79-derived
BECs (n = 9). Student’s t-test was used to determine statistical significance within the same cell conditions, ∗∗∗∗p < 0.0001. Error bars represent SD.

a +50% increase in R123 accumulation in the CS79-derived BECs,
demonstrating functional P-gp is present in the CS79-derived BECs
(Figure 3D). When CS79-hiPSCs were treated with Valspodar, there
was no significant increase in substrate accumulation (Figure 3D)
(Mayer et al., 1997). To further examine functional barrier integrity,
we performed a large molecule transport assay using 10 kD FITC-
Dextran (Figure 3E). We did not see a significant difference in
accumulation between CS79-hiPSCs and CS79-derived BECs.

Additionally, we tested small molecule transport using sodium
fluorescein where we saw a decrease of small molecule transport in
CS79-derived BECs compared to CS79-hiPSCs (Figure 3F). Taken
together we find that our differentiation process drives BBB-like
phenotypes with the expression of functional efflux transporters

BCRP and P-gp when compared to hiPSCs, but may not have robust
transport ability of large molecules.

Discussion

Brain metastasis is more prevalent in patients with BRCA1
mutations (Ratner et al., 2019; Ben-Zion Berliner et al., 2024).
Unfortunately, once brain metastasis occurs it is no longer
considered curable (Narkhede et al., 2017). In vitro iPSC models
used to study genetic mutations are limited due to the loss of
patient specific genetic characteristics, as well as limited to number
of passages before losing key phenotypic properties (Curry et al.,
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2015). To represent BRCA1 mutations in vitro, a patient derived
hiPSC line, CS79iBRCA-n2, was used that maintained the BRCA1
disease mutation and patient’s genetic background. In this study we
utilized a previously described differentiation protocol described to
characterize the CS79iBRCA-n2 cell line after differentiation into
BECs (Lippmann et al., 2012; Lippmann et al., 2014; Gomes et al.,
2019). As a control, we utilized a well-characterized hiPSC line,
IMR90-4, which has been extensively used tomodel the BBB, as well
has been used with the differentiation protocol utilized in this study
(Lippmann et al., 2012; Espinal et al., 2022; Hollmann et al., 2017;
Stebbins et al., 2019).

After differentiation, TEER data across four independent
differentiations showed tight monolayers with strong barrier
integrity. The CS79iBRCA-n2 cell line has elevated TEER
values consistent with other hiPSC lines used to generate BECs
(Vatine et al., 2017; Lim et al., 2017; Aragón-González et al.,
2024). CS79iBRCA-n2 hiPSCs were immunostained for endothelial
specific markers VE-Cadherin and PECAM-1. No expression
was visualized as expected. CS79iBRCA-n2-derived BECs were
also stained for VE-Cadherin and PECAM-1. VE-Cadherin
was well localized and distributed in the CS79-derived BECs.
Additionally, VE-Cadherin protein abundance was visualized in
CS79-derived BECs and not in CS79-hiPSCs which is consistent
with the development of endothelial specific markers after
differentiation.

To examine tight junction expression, we performed western
blots and immunostaining on CS79iBRCA-n2 hiPSCs and
CS79iBRCA-n2-derived BECs. We observed ZO-1, Occludin,
and Claudin-5 expression and organization in the BECs which
contributes to the selective permeability and barrier integrity of the
BBB (Figure 2A). We also saw an increase of ZO-1, Occludin, and
Claudin-5 protein abundance after differentiation in CS79-derived
BECs (Figure 2C) (Urich et al., 2012). In a human immortalized
endothelial cell line, CMEC/D3, low expression of Claudin-5 has
been observed (Helms et al., 2016). In a different patient derived
BBB model using the cell line CTR54F, low immunofluorescence
intensity was observed for Claudin-5 and Occludin (Patel et al.,
2017). For tight junction expression, the CS79iBRCA-n2 cell line
demonstrates strong localization after BEC differentiation and can
be used for relevant studies.

Additionally, we show through immunostaining that the
CS79iBRCA-n2 derived BECs expressed drug efflux transporters P-
gp and BCRP (Figure 3). To determine functionality of BCRP and P-
gpwe performed substrate accumulation assays, where functionality
was observed in the CS79iBRCA-n2-derived BECs for both P-
gp and BCRP. Other patient derived BBB models have seen a
non-functional P-gp phenotype (Ozgür et al., 2023). Additionally,
primary rodent BEC models have shown a downregulation of key
BBB proteins such as GLUT-1 and P-gp (Helms et al., 2016).
Interestingly, BCRP and P-gp expression was seen localized in
the CS79iBRCA-n2-derived BECs. In addition, to investigate large
molecule transport in the CS79-derived BECs and CS79-hiPSCs, we
utilized dextran uptake assays.Though no significant difference was
observed in large molecule accumulation, this could be contributed
to the hiPSCs being grown to a full monolayer. Once grown to
100% confluence, the hiPSCs display some barrier properties, as
shown by TEER values of the CS79-hiPSCs (Figure 1D). This could
contribute to the lack of difference seen between accumulation.

For future applications, it could be useful to be tested against
a different barrier forming cell. To investigate small molecule
transport, the sodium fluorescein assay displayed a decrease in small
molecule transport in the CS79-derived BECs compared to the
CS79-hiPSCs. Previous studies characterizing other hiPSC cell lines
have demonstrated variation in BBB properties among differing cell
lines (Vatine et al., 2017; Ozgür et al., 2023; Lim et al., 2017; Aragón-
González et al., 2024). Similarly, the CS79-derived BECs express
robust BBB phenotypes such as functional BCRP and P-gp and
a trending decrease in small molecule transport. Based on these
phenotypes, CS79iBRCA-n2 cell line can prove to be useful when
studying P-gp or BCRP efflux transporter function. Further studies
are needed to explore the functionality of GLUT1 and to what
extent paracellular and transcellular transport is functional in the
CS79-derived BECs.

Others have suggested that hiPSC-BECs in this protocol
may not express VE-Cadherin expression and may represent
an intermediate phenotype between neuroepithelium and
brain endothelium (Lu et al., 2021). Here we demonstrate
robust VE-Cadherin expression following this differentiation
protocol suggesting an endothelial identity, however PECAM-
1 expression was less convincing. Future work could expand
on the differentiation by the inclusion of ETS transcription
factors or small molecule cocktails that have been demonstrated
to increase endothelial identity in this differentiation model
(Porkoláb et al., 2023).

Overall, the CS79iBRCA-n2 derived BECs recapitulate some
BBB-like properties such as high TEER, expression of tight junctions
Claudin-5, ZO-1, and Occludin, and functional efflux transporters
BCRP and P-gp.
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