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Personalized pharmacokinetic—-pharmacodynamic guided
therapy via an induced pluripotent stem cell-derived multi-
organoid platform in NFI-mutant breast cancer

Jung Hwa Lim"2, Seon Ju Mun?, Hyun Mi Kang'?, Won Dong Yu**, Soo Jin Oh>%, Ji-Yoon Lee®, Ye Seul Son*, Sugi Lee®”,
Dae Soo Kim?7, Jaeseo Lee®, Su Jeong Kim'2, Hyun-Soo Cho ®"?*, Myung Jin Son***, Mi-Young Son @*** and Cho-Rok Jung'2®

Effective precision oncology demands integration of pharmacokinetics/pharmacodynamics (PK/PD) profiling with tumor-specific
genomic features. Here, we present a personalized treatment model using a patient-derived Networking Organoid Culture System
(NOCS) composed of intestinal, liver, and kidney organoids differentiated from induced pluripotent stem cells (iPSCs) of an NF1-
mutant breast cancer patient. This multi-organoid system enabled individualized assessment of drug absorption, distribution,
metabolism, and excretion. Integrative genomic and pathway analyses uncovered therapeutic vulnerabilities, including
responsiveness to a novel exon skipping therapy targeting NF1. PK/PD-guided screening on the NOCS prioritized Paxalisib, which,
when combined with the exon skipping approach, demonstrated synergistic anticancer efficacy in patient-derived tumor models.
These findings establish a clinically relevant framework that integrates multi-organ PK/PD modeling with genotype-driven
therapeutic strategies, highlighting the potential of combining targeted gene correction with small-molecule therapy for
personalized treatment. This platform offers broad applicability in precision oncology and drug development across diverse genetic

contexts.
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INTRODUCTION

Neurofibromin (NF1) mutations define a clinically and biologically
distinct subset of breast cancers (BCs) associated with aggressive
behavior and limited response to targeted therapies.' NF1
encodes a Ras GTPase-activating protein (Ras-GAP) that nega-
tively regulates Ras signaling, and its inactivation leads to
sustained activation of Ras and downstream PI3K/AKT and MAPK
pathways.>™ Loss-of-function mutations in NF1 promote tumor
proliferation, survival, and therapeutic resistance, and have
emerged as poor-prognosis genomic alterations across multiple
solid tumors, including BC>'® Despite the availability of
pathway inhibitors, patients with NF1-mutant tumors rarely
achieve durable responses due to feedback reactivation and
pathway redundancy. To overcome this therapeutic resistance,
gene-corrective strategies such as antisense oligonucleotide
(ASO)-mediated exon skipping offer a promising alternative.
Exon skipping can restore the open reading frame in pre-mRNA
by removing deleterious exons, allowing the production of a
truncated but functional neurofibromin protein.'' Although this
approach is under active investigation in neuromuscular
disorders, its application to oncogenic Ras regulation remains
largely unexplored.'>"'*

; https://doi.org/10.1038/541392-026-02595-7

A major barrier to evaluating such genotype-corrective
therapies lies in the lack of preclinical platforms that faithfully
capture both patient-specific drug responses and systemic
pharmacokinetics/pharmacodynamics (PK/PD). Organoids derived
from patient-specific induced pluripotent stem cells (iPSCs) now
enable the in vitro modeling of various tissues, including the
intestine, liver, and kidney.15'18 However, individual organoids
lack the capacity to simulate integrated absorption, distribution,
metabolism, and excretion (ADME) processes observed in vivo'®.

To address this, multi-organ microphysiological systems (MPSs)
—including networking cell culture systems (NCCS) and organ-on-
a-chip technologies—have been developed to support dynamic
inter-organ crosstalk.>>>> When integrated with patient-specific
iPSC-derived organoids, these platforms can model systemic drug
behavior within a genetically relevant context, offering a new
avenue for functional precision oncology.?*2°

Here, we report the development of a patient-specific, iPSC-
derived multi-organ PK/PD evaluation platform for NF7-mutant
breast cancer. Using iPSCs derived from a patient tumor harboring
an NF1 mutation, we generated intestinal, hepatic, and renal
organoids and incorporated them into an NOCS-based MPS. We
applied this system to evaluate antisense oligonucleotide therapy
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in combination with small-molecule inhibitors, demonstrating the
identification of a patient-optimized treatment (Paxalisib) with
synergistic efficacy when paired with NF1 exon skipping. This
study establishes a mechanistically grounded, translational frame-
work for integrating drug metabolism, genomic repair, and
individualized therapy selection in genetically defined breast
cancer.

RESULTS

Establishment of BC patient-derived iPSCs harboring NFT mutation
To establish a platform for precision oncology in BC, we developed
an integrated workflow using patient-derived tissues. Genomic
profiling of primary tumor cells enabled the identification of
tumor-specific mutations, including a pathogenic NFI variant.
These tumor cells were used to model disease-specific pheno-
types. In parallel, matched normal cells were reprogrammed into
iPSCs, which were subsequently differentiated into intestine, liver,
and kidney organoids. This multi-organ system was employed for
in vitro PK/PD analyses, enabling personalized drug response
profiling and supporting the development of individualized
therapeutic strategies for NF1-mutant BC (Fig. 1a).

BC subtypes were identified in 14 patients and included luminal
A (N=1), luminal B (N=5), HER2-enriched (N =4), basal-like
(N = 3), and sarcoma (N = 1). Primary cells derived from five out of
14 patients (35.7%) were successfully maintained beyond passage
5, and long-term cultures were subjected to whole-exome
sequencing (WES) (Fig. 1b). Tumor tissues from patients whose
cells were successfully expanded showed enhanced Ki-67 expres-
sion and reduced apoptotic activity compared to matched normal
tissues, indicating a proliferative, apoptosis-resistant phenotype
(Supplementary Fig. 1a, b). In normal tissues, pan-cytokeratin
staining was localized to the ductal lumen, whereas it was
diffusely distributed throughout the tumor epithelium, reflecting
altered epithelial organization (Supplementary Fig. 1c). Flow
cytometric analysis (FACS) revealed that epithelial (EpCAM) and
basal (CD49f) cell populations, including the EpCAM*/CD49f*
double-positive subset, were stably maintained up to passage 5 in
both normal and tumor-derived primary cultures (Supplementary
Fig. 1d), suggesting that the preservation of this progenitor-like
population may contribute to the sustained proliferative capacity
during passaging.

Among them, Patient 1, who harbored a germline mutation in
NF1, was selected for further molecular and functional investiga-
tion. Patients with NF1 mutations exhibited significantly faster
metastatic recurrence in breast cancer. This effect was particularly
pronounced for truncating and splice-site mutations, suggesting
their role in relapse acceleration (Fig. 1c). Disease-specific survival
was markedly reduced in NF7-mutated patients, with narrow
survival distributions and shortened median durations compared
to those in wild-type cases (Fig. 1d). NF7-mutant cells were
resistant to various anticancer agents, including kinase inhibitors
and cytotoxic drugs, such as Larotrectinib, Dasatinib, Tipifarnib,
and Epothilone B, indicating a potential mechanism of intrinsic or
acquired drug resistance (Fig. 1e).

To establish a personalized drug validation platform (NOCS) for
patient 1 harboring an NF7 mutation, we generated iPSCs from
somatic cells isolated from the patient’s non-tumorous (normal)
tissue. Sanger sequencing revealed a germline insertion in NFT
exon 2 (c.165_166insCT), causing a frameshift and premature
truncation that likely disrupted NF1 function in patient iPSCs (Fig.
1f). The patient iPSCs showed elevated OCT4 and NANOG
expression when compared with the parental fibroblasts (Fig.
1g), displayed characteristic colony morphology, and stained
positive for alkaline phosphatase (Fig. 1h). Immunofluorescence
confirmed strong expression of the pluripotency markers OCT4,
NANOG, TRA-1-60, TRA-1-81, SSEA3, and SSEA4 (Fig. 1i). Upon in-
vitro differentiation, the iPSCs gave rise to derivatives of all three
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germ layers: ectoderm (MAP2 and Tuj-1), mesoderm (a-SMA and
vimentin), and endoderm (AFP and HNF-4a), confirming their
pluripotency (Fig. 1j). Karyotyping confirmed a normal chromoso-
mal complement (46, XX) (Fig. 1k), and short tandem repeat
profiling verified their genetic identity with the original fibroblasts
(Fig. 11). Patient iPSCs formed smaller, more compact colonies than
healthy iPSCs derived CRL-2907 fibroblast (called normal iPSCs)
(Supplementary Fig. 2a), although pluripotency gene (OCT4,
NANOG, and SOX2) expression levels were comparable (Supple-
mentary Fig. 2b). Immunostaining showed a similar distribution
and intensity of OCT4, SOX2, SSEA4, and TRA-1-60 in both groups
(Supplementary Fig. 2c). Embryoid-body formation or trilineage
differentiation capacity did not differ significantly (Supplementary
Fig. 2d, e). Transcriptome analysis revealed a strong similarity
between normal and patient iPSCs, with a high correlation
coefficient (R = 0.97). (Supplementary Fig. 2f). Importantly, patient
iPSCs exhibited activated RhoA/ROCK signaling, leading to
cytoskeletal disorganization with enhanced actin stress fibers
and localized microtubule accumulation compared to the well-
organized structure in normal iPSCs (Supplementary Fig. 2g, h).
These findings suggest that NF7-mutant iPSCs displayed few
morphological abnormalities and intact core pluripotency, sup-
porting their utility in disease modeling and therapeutic
development.

Generation and characterization of iPSC-derived intestinal
epithelium (hlECs) from BC patients 1 and healthy controls for
drug absorption

To model intestinal drug absorption compatible with NOCS, we
first generated intestinal epithelial cells using intestinal stem cells
(ISCs) derived from a healthy donor (hereafter referred to as
Normal) and patient iPSCs. iPSCs were differentiated into intestinal
organoids (I0s), from which proliferative 1SCs were isolated
following a previous report.?” The ISCs were seeded onto Trans-
wells and cultured using the air-liquid interface (ALl) method,
which mimics the polarized apical-basolateral environment to
enhance epithelial maturation (Fig. 2a). Both normal and patient
ISCs protruded apically, establishing a human intestinal villus-like
2.5-dimensional structure, yielding normal and patient-derived
hIECs models, respectively (Fig. 2b). To assess cellular composition,
we compared the mRNA expression of key intestinal lineage
markers in organoids derived from normal and patient hlECs. The
expression of the intestinal Crypt cell markers CD44 and LGR5 did
not differ, whereas SOX9 expression was significantly increased in
patient hlECs, suggesting enhanced crypt-like characteristics. The
Paneth cell marker LYZ was significantly upregulated in patient
hIECs, indicating increased Paneth cell differentiation. The
expression of the differentiated epithelial cell markers VIL1
(enterocytes), MUC2, MUC13 (goblet cells), and CHGA (enteroendo-
crine cells) did not differ, suggesting that differentiation into
mature lineages was largely preserved. Epithelial cell marker
E-cadherin (ECAD) expression was similar in both groups (Fig. 2c).
These findings suggested that while overall lineage differentiation
was maintained, patient-derived organoids exhibited elevated
crypt zone and Paneth cell signatures, potentially reflecting
altered progenitor cell dynamics.

To validate the transcriptional profiles of intestinal cell
populations, we performed immunofluorescence staining of
representative markers of differentiated epithelial lineages in
normal and patient hlECs. Co-immunostaining of ECAD with
lineage-specific markers (VIL1, MUC13, LYZ, and CHGA) was
used to determine epithelial cell composition and marker
localization after differentiation. The proportions of marker-
positive cells were comparable between normal and patient
organoids, except for goblet cells, which showed a significantly
higher proportion in patient-derived organoids (Fig. 2d). These
results confirmed that, despite transcriptional alterations in
certain lineage-associated genes, the overall differentiation into
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major intestinal epithelial cell types was preserved in patient
hIECs.

To evaluate the functional maturation of hlECs, we measured
the expression of key phase | and Il drug-metabolizing enzymes,
NADPH cytochrome P450 (CYP450) oxidoreductase activity, and
transepithelial electrical resistance (TEER) as an indicator of
epithelial barrier integrity. mRNA levels of CYP3A4, CYP2C9, and
GSTAT were comparable between normal and patient hIECs, while
CYP3A5 was significantly reduced in patient organoids, suggesting
partial impairment of specific xenobiotic metabolic pathways (Fig.
2e). CYP450 reductase activity, a general indicator of enzymatic
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drug metabolism capacity, did not significantly differ between the
groups (Fig. 2f). Patient hIECs exhibited significantly higher TEER
values than normal model, although both were below the level of
mature Caco-2 monolayers (Fig. 2g). Immunofluorescence staining
for CLDN1 and ZO-1, markers of adherent junctions and TlJs,
respectively, showed intact and continuous localization at cell-cell
borders in both groups (Fig. 2h).

To determine the suitability of hIECs for drug transport
modeling in the NOCS, we evaluated the expression, localization,
and activity of major intestinal influx and efflux transporters.
Paracellular permeability assays using FITC-dextran (4 and 40 kDa)
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revealed significantly lower uptake in patient hIECs compared to
normal hIECs, indicating enhanced TJ integrity and reduced
passive diffusion, consistent with the elevated TEER values
observed (Fig. 2i). Figure 2j illustrates the localization of uptake
(PEPT1 and OATP1A2) and efflux (P-gp, MRP3, and BCRP)
transporters across the apical and basolateral membranes and
their contribution to drug movement across the intestinal
epithelium. We next assessed the mRNA expression of key apical
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and basolateral transporters. Among influx transporters, PEPT1
expression was similar in both groups, whereas OATP1A2
expression was significantly increased in patient hlECs, suggesting
an alteration in specific solute uptake capacity. As for efflux
transporters, P-gp expression was unchanged, whereas MRP3
expression was significantly increased in patient hIECs, potentially
affecting xenobiotic efflux dynamics (Fig. 2j). Both normal and
patient-derived differentiated hIECs exhibited clear
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Graph. Data are mean + SEM (n > 4 per group). i Immunofluorescence images of influx transporter NTCP and efflux transporters (MRP2, BSEP,
MRP4) in DhLOs. Data are mean + SEM (n = 6 per group). Statistical comparisons were made using two-way ANOVA with Tukey's test. *p < 0.05,
**p < 0.01, ***p <0.001, ***p < 0.0001

apical-basolateral polarity, as evidenced by apical localization of Generation and characterization of iPSC-derived liver organoids

VIL1, P-gp, and PEPT1, basolateral localization of Na*/K*-ATPase, (LOs) from BC patient 1 and healthy controls for drug metabolism
and lateral localization of ECAD and ZO-1, a tight junction marker. To generate NOCS-compatible LOs from normal and patient iPSCs,
No significant differences were observed between the two models we applied our protocols established based on the liver
(Fig. 2k). These findings indicated that patient hlECs are suitable as developmental process®® (Fig. 3a). Normal and patient-derived
an intestinal model in NOCS, retaining general epithelial traits, organoids were successfully generated and showed no overt

intestinal metabolic activity, and proper transporter expression. morphological differences in each stage of differentiation,
However, certain patient-derived organoids exhibited altered including the definitive endoderm, hepatic endoderm (data not
expression of specific transporters, such as OATP1A2 and MRP3, shown), and expandable human liver organoids (EhLOs). However,
which could potentially affect drug absorption and disposition. in patient-derived differentiated human liver organoids (DhLOs),
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mesenchymal-like cells were observed around the epithelial layer
(Fig. 3b).

Albumin (ALB) and CYP3A4 mature hepatocyte marker expres-
sion differed minimally between normal and patient EhLOs,
whereas their expression was reduced in patient DhLOs. The
expression of AFP, a fetal hepatocyte and cancer marker, was
increased in patient DhLOs compared to normal DhLOs. Notably,
KRT7 cholangiocyte marker expression, was substantially increased
in patient EhLOs and DhLOs (Fig. 3c). Importantly, in normal
organoids, ALB-stained hepatocytes and KRT7-stained cholangio-
cytes were clearly distinguishable, whereas in patient DhLOs, cells
showed strong co-staining for ALB and KRT7, and numerous small
tubular structures resembling immature bile ducts were observed
(Fig. 3d). In addition, patient DhLOs showed decreased expression
of epithelial markers (ECAD, EPCAM, and KRT18) and increased
expression of mesenchymal markers (ACTA2, COL1AT, and VIM),
consistent with the presence of COL1A1-positive mesenchymal
cells (Supplementary Fig. 3).

To assess patient DhLOs functionality, serum protein synthesis
was measured. ALB secretion was reduced by 39% in patient
DhLOs compared to normal DhLOs. Serum alanine (ALT) and
aspartate aminotransferase (AST) levels were 2.45-fold and 2.64-
fold higher, respectively, in patient DhLOs than in normal DhLOs
(Fig. 3e). We next assessed the expression and activity of drug-
metabolizing enzymes essential for liver function. Patient DhLOs
exhibited lower mRNA levels of major phase | (CYP1A2, 2C8, 2C9,
2C19, and 2E7) and phase Il (UGT1A1, 1A3/4/5, 2B7, and 2B15)
enzymes compared to normal organoids (Supplementary Fig. 4),
consistent with reduced activities of key phase | enzymes,
including CYP1A2, 2C8, 2C9, 2C19, and 3A4, in patient organoids
(Fig. 3f). Notably, drug-induced activation of CYP enzymes,
observed in normal organoids, was largely absent in patient
DhLOs, except for CYP2C9 and CYP2C19.

Transporter activity of polarized hepatocytes was assessed
using cholyl-L-lysyl fluorescein (CLF) staining, revealing a sig-
nificant decrease in patient DhLOs compared to normal organoids
(Fig. 3g). Well-developed bile canaliculi-like structures were
observed in normal DhLOs, whereas these structures were absent
in patient DhLOs, which instead exhibited an abnormal dot-like
pattern. These findings were further validated by CLF z-stack
confocal imaging and 3D reconstruction (Supplementary Videos
1-4).

Expression levels of influx (OATP1B1, OATP1B3, OATP2B1, and
OCT1) and efflux (MRP2 and MRP4) transporters were decreased in
patient DhLOs compared to normal DhLOs., were decreased in
patient DhLOs compared to normal DhLOs. NTCP expression did
not differ between normal and patient DhLOs, whereas MDR3
expression was increased (Fig. 3h). Transporter localization was
disrupted in patient DhLOs, as indicated by immunostaining (Fig.
3i). In normal DhLOs, influx (NTCP) and efflux transporters (MRP2
and BSEP in bile canaliculi; MRP4 in bloodstream) were clearly
segregated, whereas they were co-localized in patient DhLOs.
Collectively, these findings indicate that patient DhLOs exhibit
reduced phase I/l drug-metabolizing enzyme and transporter
expression and activity, accompanied by abnormal phenotypic
features, compared to normal DhLOs.

Generation and comparative characterization of iPSC-derived
renal tubule epithelium from BC patient 1 and healthy controls for
drug reabsorption

To establish a physiologically relevant kidney reabsorption model
for NOCS, tubular epithelial cells (h(KORTECs) were differentiated
from normal and patient iPSCs via a stepwise nephron induction
protocol (Fig. 4a, b). Kidney organoids (KOs) were first generated
from normal and patient iPSCs, and developed nephron-like
structures, including proximal and distal tubules, collecting ducts,
and podocyte clusters, by day 18 of differentiation (Supplemen-
tary Fig. 5a, b). These structures exhibited increased expression of
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kidney lineage markers compared to undifferentiated iPSCs,
including podocyte markers (NPHS1, NPHS2), proximal tubule
markers (AQP1, SLC3AT), loop of Henle (SLC12A1), distal con-
voluted tubule (NCC), and collecting duct (AQP2). Patient-derived
hKOs showed increased NPHS2 and AQP2, but decreased SLC12A1
expression relative to normal hKOs. Immunostaining confirmed
multi-lineage tubular markers, with more prominent collecting
duct differentiation in patient-derived hKOs (Supplementary Fig.
5¢, d). To establish a reproducible reabsorption model, cryopre-
servable and expandable kidney tubule organoids (hKTOs) were
generated from normal and patient-derived hKOs. Both types
expressed nephron segment markers (AQP1, UMOD, and AQP2)
and renal transporters (OCT2, PEPT1/2, MRP2, and P-gp), with MRP2
expression notably elevated in patient-derived hKTOs (Fig. 4c, d).
hKTOs were cultured under ALl conditions to generate polarized
hKORTEC models. Within the NOCS platform, hKORTECs func-
tioned as a reabsorption model, exhibiting nephron segment
identity, renal transporter expression, and epithelial polarity.
Immunofluorescence analysis confirmed apical-basolateral polar-
ity and the expression of ZO-1, Na*/K*-ATPase, P-gp, OCT2, OAT3,
MRP2, and PEPT1 (Fig. 4e). TEER was significantly higher in patient
hKORTECs, indicating tighter barrier formation (Fig. 4f). Dextran-
FITC permeability assays supported this, showing less leakage in
patient hKORTECs than in normal hKORTECs (Fig. 4g). Albumin
uptake via LRP2/megalin showed functional endocytosis in both
groups, with slightly enhanced uptake in patient hKORTECs (Fig.
4h, i). hKORTECs were treated basolaterally with carboxy-
dichlorofluorescein diacetate (CDFDA), which is converted to
carboxy-dichlorofluorescein (CDF) by intracellular esterases. CDF
fluorescence was detected apically, indicating active efflux via
MRP2/4 transporters. Treatment with MK-571, an MRP2/4 inhibitor,
blocked this efflux and led to intracellular accumulation of CDF,
confirming transporter activity (Fig. 4j). To assess hKORTECs for
transport-mediated nephrotoxicity, cisplatin treatment induced
significant toxicity in both normal and patient-derived models. Co-
treatment with cimetidine, an OCT2 inhibitor, suppressed
cisplatin-induced cell death, indicating functional OCT2 activity
and supporting the model’s suitability for nephrotoxicity studies.
No significant differences were observed between normal and
patient-derived hKORTECs in their response to cisplatin or
cimetidine (Fig. 4k).

These findings indicate that both normal and patient-derived
hKORTECs recapitulated key in vivo kidney features, including
epithelial polarity, transporter expression, and reabsorption/
excretion functions. Patient-derived hKORTECs showed improved
TJ integrity and albumin uptake, highlighting their potential for
personalized drug screening and kidney disease modeling.

Identification of patient-specific molecular characteristics in
primary cells isolated from BC patient 1 tissue

A patient-derived cancer model for personalized drug evaluation
was successfully established using multicellular primary cells
isolated from the tumor and matched normal BC tissues. The
cells formed stable spheroids, which were embedded in a matrix
and cultured for 3-5 days. The spheroids demonstrated the
potential to model patient-specific drug responses, suitable for
further analysis (Fig. 5a). Patient-derived 3D spheroid models of
tumor and paired normal tissues were characterized using pan-
cytokeratin and vimentin immunohistochemistry, which revealed
preserved epithelial and stromal cell composition comparable to
that in the original patient tissues (Fig. 5b). FACS analysis using
EpCAM and CD49f showed that the epithelial and stromal
populations remained stable up to passage 7 (Fig. 5¢). To assess
the expansion potential of multicellular primary cells derived from
tumor tissue, we analyzed the BC stem cell population. We found
that 63% of cells within tumor-derived multicellular populations
expressed cancer stem cell markers at significantly higher levels
than cells derived from normal tissue (Fig. 5d). This population
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Fig. 4 Generation of the hKORTECs model for drug reabsorption. a Schematic of the hKORTECs model generation from hiPSCs.
b Representative morphology of normal and patient-derived hKORTECs. Scale bar, 100 pm. ¢ Schematic of hKORTECs generation from hKOs
(top), H&E staining, and immunofluorescence images of renal tubule markers (AQP1, UMOD, AQP2) in KTO models. Scale bar, 100 pm. A
schematic illustration was created using Mind the Graph. d Schematic of renal drug transporters (lower left), created using Mind the Graph.
MRNA expression of renal influx (OCT2, PEPT1, and PEPT2) and efflux (MRP2, P-gp) transporters in hKTO models. Data are mean + SEM (n = 6/
group). Statistical comparisons were made using a two-tailed unpaired Student’s t-test. **p <0.01, ns: not significant. e IF of bidirectional
markers (ZO-1, P-gp, MRP2, PEPT1, Na+/K+ ATPase, OCT2, OAT3) in hKORTECs. Scale bar, 100 pm. f, g TEER values and basolateral dextran-FITC
leakage in normal and patient-hKORTECs. Mean + SEM (n =4 per group); unpaired two-tailed t-test. **p <0.01. h IF of endocytic receptor
megalin in hKORTECs. Scale bar, 100 pm. Mean + SEM (n = 6/group); unpaired two-tailed t-test. *p < 0.05. i Functional analysis of megalin-
mediated albumin trafficking in hKORTECs. Mean + SEM (n = 5/group); unpaired two-tailed t-test. **p <0.01. j Summary of transepithelial
transport and MRP2/4-mediated apical efflux in normal and patient-hKORTECs (top), and apical CDF fluorescence with/without MK571. Data
are mean £ SEM (n = 5/group). Statistical analysis was made using two-way ANOVA with Tukey’s test. k Summary and cytotoxicity assessment
following cisplatin and cimetidine treatment via drug transporter modulation. Data are mean + SEM (n = 5/group); two-way ANOVA with
Tukey'’s test. *P < 0.05 is considered significant. ns: not significant. Schematic illustrations included in (i-k) were created using Mind the Graph

remained stable up to passage 5. All subsequent analyses were
performed using multicellular primary cells at or below passage 5.

To evaluate the genetic similarity between patient tissues and
isolated primary cells, tumor and normal tissues and their
corresponding primary cells were analyzed using WES. Normal
tissues and derived cells were 96.2% genetically similar, while
tumor tissues and derived cells were 97.7% genetically similar. In
the tumor tissue, we identified a loss-of-function mutation in NF1
(c.165_166insCT, p.I55fsX) and gain-of-function mutations in
PIK3CA (c.3139C>T, p.H1047Y) and ERBB2/HER2 (c.2711 A>T,
p.D904V) (Fig. 5e). We therefore investigated alterations in the
downstream NF1-RAS, PI3K-AKT, and MEK-ERK signaling pathways,
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and found that tumor-derived primary cells exhibited increased
activation of these pathways compared to their normal counter-
parts (Fig. 5f-g).

Exon skipping of the NFT mutant in BC patient 1-derived primary
cells as a potential therapy

To improve drug responsiveness in patients with BC harboring
NF1 mutations, we assessed exon-skipping therapy as an
advanced personalized therapeutic strategy. WES identified a
novel frameshift mutation in exon 2 of NF1, c.165_166insCT
(p.I55fsX), which was located in a highly conserved region
(Supplementary Fig. 6a). We identified exonic splicing enhancer
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Sanger sequencing confirming precise exon 2 skipping with AON12.
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(ESE) and silencer sites within NFT exon 2 using the Human
Splicing Finder and selected candidate antisense oligonucleotides
(AONs) targeting ESE sites (Supplementary Fig. 6b). Because AON-
binding sites within double-stranded RNA regions may be
inaccessible, reducing exon-skipping efficacy, we analyzed the
RNA secondary structure of exon 2 and designed AONs to bind to
loop or single-stranded regions (Supplementary Figs. 6¢c and 5h).
We designed 13 AONs targeting two 5’ splice sites, one 3’ splice
site, and 10 ESE sites. To limit intracellular degradation, all AONs
were modified with 2’-O-methyl and a phosphorothioate back-
bone (Supplementary Tables 8 and 9). To assess nuclear
localization, which is essential for AON-mediated pre-mRNA
splicing, AON12 was conjugated with a 3’-FAM dye and delivered

SPRINGERNATURE

to HEK293 cells. It localized to the nucleus and persisted for up to
72 hours (Supplementary Fig. 6d). Exon-skipping efficacy was
evaluated by transfecting AONs into BC-derived primary cells, with
exon 2 skipping confirmed by RT-PCR (Fig. 5i) and sequencing (Fig.
5j). As synthetic AONs are generally effective for only 2-3 days,
repeated administration is necessary for a sustained effect. To
overcome this limitation, we employed the U7 small nuclear RNA
(U7-snRNA) system, which enables long-term AON expression. We
constructed six lentiviral U7-smOPT vectors: five expressing dual
AONs targeting the 3'-splice site (3-SS; AON2) and ESE sites
(AON6, AON8, AON9, AON12, and AON13), and one targeting both
the 3'-SS and 5-SS (AON7) (Supplementary Table 11). Selected
AONs with high exon-skipping efficacy were evaluated as lenti-U7
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Fig. 6 NOCS platform for personalized PK/PD evaluation. a Schematic of NOCS for personalized therapeutic applications, integrating intestine,
liver, and kidney organoids to model drug absorption, metabolism, and reabsorption. Patient-derived normal and tumor cells enable
personalized medicine studies. b Experimental setup, showing the multi-insert dish within a controlled environment, connected to reservoirs
for fresh medium supply and waste collection. Piezoelectric pump and load cell sensors automate fluid flow control. ¢ Microfluidic chamber
layout and system configuration, illustrating the modular design of the multi-organ system for organoid culture. d Organoid cultures of
intestine, liver, and kidney derived from normal iPSCs. Representative images showing morphological changes of organoids at day 0 and day
4. e Comparative PK analysis of drug absorption, metabolism, and reabsorption in closed and semi-open systems. Drug concentration-time
profiles via LC-MS/MS show PK variations across conditions. All schematic illustrations in Fig. 6 were created using BioRender

constructs in BC patient-derived primary cells. The lenti-U7-AON2/
12 construct exhibited the highest exon-skipping efficiency (Fig.
5k). Moreover, the lentiviral construct sustained exon skipping for
up to 7 days post-transduction (Fig. 5l) and showed a dose-
dependent effect (Fig. 5m). Importantly, NF7 exon skipping led to
increased NF1 expression and reduced PI3K-AKT signaling (Fig.
5n).

These results demonstrated that exon skipping using a lentiviral
U7-snRNA  system effectively restores NF1 expression and
suppresses PI3K-AKT signaling in BC-derived primary cells harbor-
ing NF1 mutations and therefore represents a promising
personalized therapeutic approach to overcome drug resistance
in patients with BC with NFT mutations.

NOCS for PK/PD assessment of precision therapeutics

The NOCS was developed to closely replicate in-vivo organ
connectivity and physiological fluid dynamics, providing a

Signal Transduction and Targeted Therapy (2026)11:79

dynamic microenvironment that supports nutrient transport, drug
metabolism, and waste elimination. By integrating multi-organ
interactions in a controlled fluidic system, NOCS offers a robust
platform for evaluating drug absorption, metabolism, and efficacy
in a physiologically relevant context.

To identify optimal personalized therapeutics for a patient with
BC, we generated patient iPSCs from somatic cells and differ-
entiated them into intestinal, hepatic, and renal organoids,
representing critical sites of drug absorption, metabolism, and
reabsorption, respectively. A tumor model was established using
patient-derived cancer cells to reflect tumor-specific character-
istics. All organoids were cultured in a multi-insert dish engineered
to simulate the oral drug delivery route, forming the NOCS
platform (Fig. 6a). The NOCS comprised four interconnected
culture chambers containing the different organoids and was
continuously perfused with nutrient medium. A load cell and
piezoelectric pump in each chamber maintained the medium
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volume around 25 mL per unit. Sensor output and applied weight
were linearly correlated in all load cells, confirming measurement
accuracy. Temperature-dependent variations in sensor output
were observed, indicating the need for thermal calibration. The
piezoelectric pumps showed a consistent nonlinear relationship
between pulse count and flow rate, validating their reliability in
maintaining controlled fluid delivery across channels (Supplemen-
tary Fig. 7). Fresh medium was supplied at a rate of 2 mL/min for
2min every hour, and an equal volume of spent medium was
simultaneously removed. To ensure homogeneous drug
distribution, the system incorporated a motorized orbital
shaker (Fig. 6b). The multi-insert dish was optimized for drug
absorption and reabsorption assays, with a mesh at the
bottom. A modified version, designed for metabolic and
efficacy testing, included a side mesh to maximize interaction
with the circulating medium (Fig. 6c). Organoid models
differentiated from normal iPSCs cultured in the system
exhibited structural features of their in-vivo counterparts:
intestinal and kidney organoids formed epithelial and tubular
architectures, while liver organoids displayed luminal struc-
tures. Over 4 days of culture, the models retained their
characteristic features. (Fig. 6d).

In previous studies,®® NCCS were implemented as closed
systems (Supplementary Fig. 7a, left), limiting their ability to
accurately replicate in vivo PK profiles, particularly for drugs
cleared primarily by the kidneys. Compounds, such as Acyclovir
and Chlorothiazide, characterized by minimal hepatic metabolism
and predominant renal clearance, failed to exhibit physiologically
relevant clearance patterns in the closed configuration. This
limitation was likely due to metabolite accumulation and the
absence of continuous medium exchange, which are essential
for mimicking systemic drug elimination. The semi-open system,
named NOCS, introduced here yielded PK profiles for these
drugs that more closely mirrored in-vivo behavior, indicating
improved simulation of metabolic and excretory processes.
Model drugs, such as Caffeine and Acetaminophen, which follow
distinct metabolic pathways, also displayed in vivo-like PK
behaviors in this platform (Fig. 6e). These findings underscore
the enhanced capacity of the upgraded NOCS to serve as a
physiologically relevant platform for PK/PD studies.

Precise PK profiling of BC patient 1 harboring NF7-mutant using

the NOCS platform

To evaluate the genomic fidelity of patient iPSCs, we compared
their genome-wide variant profiles with those of normal iPSCs.
Strong correlations were observed for intestinal and kidney
models (r=0.99), with slightly lower correlation in liver models
(r=0.96), indicating minimal divergence and supporting their use
for downstream PK/PD studies (Supplementary Fig. 8). Next, we
assessed the transcriptomic similarity of intestinal, liver, and
kidney organoids derived from patient and normal iPSCs, to their
corresponding native human tissues using a set of 61 drug
transport-related genes critical for in vivo drug disposition, as well
as within the context of NOCS platform.

In the results, organoids derived from normal and patient iPSCs
showed relatively high similarity to their corresponding human
tissues. Small intestinal organoids showed correlation values of
0.78-0.90 in normal and 0.79-0.87 in patient, liver organoids
showed 0.78-0.82 in both groups, and kidney organoids showed
0.88-0.91 in both normal and patient (Fig. 7a). Heat map analysis
of 61 drug transporter genes revealed that organoids derived from
normal and patient iPSCs closely resembled their corresponding
human tissues, with highly consistent expression profiles observed
across two tissue samples and three organoid replicates, indicat-
ing minimal batch-to-batch variation. These results highlight the
reproducibility of hIEC, DhLO, and hKORTEC organoids and
support their suitability as predictive models for human drug
response (Fig. 7b).
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To identify targeted anti-cancer drugs for personalized medi-
cine, we selected candidates based on the patient’s WES results.
NF1 loss-of-function mutations activate Ras signaling, including
the downstream PI3K-mTOR pathways (Supplementary Fig. 9a).
Screening of targeted inhibitors in patient-derived breast tumor
cells revealed that PI3K-mTOR inhibitors LY294002 and rapamycin
exhibited the strongest selective cytotoxicity compared to
matched normal cells (Supplementary Fig. 9b), leading us to
focus on clinical-stage inhibitors Alpelisib and Everolimus. As
Everolimus showed negligible absorption in the NOCS platform,
we evaluated Alpelisib, which exhibited poor absorption and
hepatic metabolism, with lower intracellular uptake in patient
organoids than in normal organoids, likely due to differences in
transporter expression or uptake mechanisms (Supplementary Fig.
9¢, d). To identify effective PI3K-mTOR inhibitors with favorable PK
profiles for NF71-mutant patients, we screened eight dual inhibitors
using normal intestinal and liver organoids (Supplementary Fig.
9e, Supplementary Table 12). Apitolisib, Bimiralisib, Paxalisib,
Samotolisib, and Voxtalisib showed moderate intestinal absorp-
tion, while Apitolisib, Samotolisib, and Voxtalisib exhibited limited
hepatic metabolism, suggesting potential for enhanced systemic
exposure. Gedatolisib, an FDA-approved IV drug, displayed
minimal intestinal absorption and high hepatic metabolism,
consistent with its clinical administration (Supplementary Fig. of,
g). Bimiralisib, Paxalisib, and Gedatolisib were further evaluated in
normal and patient-derived organoids. Bimiralisib and Gedatolisib
showed increased first-pass metabolism in patient hlIECs, whereas
Paxalisib remained unchanged; in DhLOs, only Bimiralisib showed
elevated metabolism (Supplementary Fig. 9h, i). Based on these
results, we prioritized oral Bimiralisib and Paxalisib, and IV
Gedatolisib, for evaluation of concordance between in vivo and
in vitro PK profiles in patient-specific NOCS platforms to select the
most suitable oral compound (Supplementary Table 13 and Table
14).

Initial PK profiling was performed in mice, using both IV (2 mg/
kg) and oral (10 mg/kg) routes. The results, particularly for the oral
route, were compared with PK data from normal NOCS platforms.
Bimiralisib and Paxalisib showed strong in vivo-in vitro con-
cordance for T_max, AUC, and half-life. Bimiralisib exhibited rapid
absorption (T_max = 0.42h) and moderate oral exposure
(AUC_inf = 10,799.72 ng-h mL™"), with similar trends in the NOCS
(AUC_inf = 645.095 nmol/L-h). Paxalisib showed the highest oral
uptake (AUC_inf = 43,421.7ng-h mL™") and sustained systemic
presence, which was well represented in the NOCS (AUC_inf =
1140.9 nmol/L-h). Gedatolisib demonstrated high IV uptake but
poor oral absorption, with negligible AUCs in both models. PK
comparisons between normal and patient NOCS revealed disease-
specific alterations in drug disposition. Bimiralisib showed a higher
oral AUC (1417.02 nmol/L:h) and longer half-life (72.38 h) in the
patient NOCS, suggesting reduced clearance. Paxalisib exhibited
increased exposure (AUC_inf = 1553.97 nmol/L-h) and prolonged
T_1/2 (56.93 h), indicating altered absorption kinetics and systemic
persistence under NF1-mutant conditions. Gedatolisib maintained
consistent IV AUC across models but had poor oral PK, regardless
of patient status. Based on patient-specific oral exposure and
bioavailability, Paxalisib emerged as the most promising candi-
date, with the highest AUC and consistent PK across models (Fig.
70).

These findings highlight the predictive value of the NOCS
platform for human PK behavior and disease-specific drug
disposition. Given its favorable in-vivo and in-vitro PK profiles,
Paxalisib is a lead candidate for further preclinical and transla-
tional development for NF7-mutated BC.

Patient 1-specific PD evaluation of combination therapy in NFI1-
mutant BC using the NOCS platform

To identify the most effective anti-cancer drug for combination
therapy, we tested three dual PI3K-mTOR inhibitors in patient-
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Fig. 7 Precise PK profiling of BC patient 1 using human mimicking organoid-integrated NOCS platform. a Schematic of key drug transporters

in the intestine, liver, and kidney (left), created using Mind the G

raph, and a Pearson correlation matrix of expression levels of 61 drug

transporter genes between iPSC-derived organoids (N = 3 for each normal (N1-3) and patient-derived (P1-3) organoid) and the corresponding
human tissues (N=2) (right). b Heatmaps comparing transporter gene expression between human tissues (Sl, Liver, Kidney) and the

corresponding organoids. ¢ Schematic of PK evaluation for Bimira
created using Mind the Graph. Drug concentration-time profiles fro
NOCS-based organoid models (liver: 2.5-10 nmol IV; intestine: 25 n

derived breast tumor and matched normal cells. Gedatolisib
showed the strongest tumor-specific potency (ICso=6.1 uM),

whereas Paxalisib and Bimiralisib were less potent
(ICso=19.4uM and 15.7 uM, respectively) (Supplementary
Fig. 10a). When combined with NF1 exon-skipping therapy

(using lenti-U7-AON2/12), these inhibitors showed enhanced
cytotoxicity. Paxalisib showed the most significant sensitivity

Signal Transduction and Targeted Therapy (2026)11:79

lisib, Paxalisib, and Gedatolisib in vivo and in the NOCS platform (left),
m mouse plasma (IV 2 mg/kg; PO 10 mg/kg; N =3 ~5 mouse/group) and
mol PO; N =3 independent experiments)

shift; its 1Cso, decreased from 16 uM to 1.2uM after exon
skipping (Supplementary Fig. 10b). This combination effec-
tively inhibited tumor growth, reduced proliferation, increased
apoptosis, and suppressed PI3K-mTOR signaling and tumor
cell migration (Supplementary Fig. 10c-h). Thus, Paxalisib
emerged as the most promising candidate, showing high
selectivity and strong synergy with exon-skipping therapy.
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Fig. 8 BC patient 1 specific PD evaluation of combination therapy using NOCS platform. a Schematic representation of the PD assay using
patient-derived organoid models in a NOCS, created using Mind the Graph. b Representative morphology of patient-derived organoid models
after Paxalisib treatment for PD assay. Scale bar, 100 pm. ¢ mRNA expression of cell-specific injury markers after Paxalisib treatment.
Mean + SEM (n = 6/group); unpaired two-tailed t-test. *P < 0.05, **P < 0.01. d Cell viability and TEER values of patient-derived organoid models
after Paxalisib treatment. Mean + SEM (n = 8/group); unpaired two-tailed t-test. *P < 0.05, ns: not significant. e LC-MS analysis of intracellular
Paxalisib concentration in patient-derived tumor models after NOCS assay. Mean + SEM (n = 4/group); unpaired two-tailed t-test. ns: not
significant. f Cell viability of patient-derived tumor models after combination treatment with lentivirus-AON exon skipping and Paxalisib in a
NOCS. Data are mean = SEM (n = 6/group). Statistical comparisons were made using two-way ANOVA with Tukey’s test. *P < 0.05, **P < 0.01.
g, h Representative immunofluorescence images of Ki-67 and active-Caspase 3 staining in patient-derived tumor models after combination
treatment. Scale bar, 100 pm. Lentivirus-zsGreen was used as a control. i Western blot analysis of PI3K-AKT-mTOR signaling in patient-derived
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Therefore, we next evaluated its efficacy and toxicity using the
NOCS platform.

The workflow of the patient-specific NOCS platform for PD
analysis, incorporating patient-derived intestinal, liver, and kidney
organoids, along with a primary BC spheroid model, is shown in
Fig. 8a. Bright-field images of the hIECs, DhLOs, and hKORTECs
confirmed stable morphology and viability throughout the assay,
indicating structural integrity under NOCS conditions (Fig. 8b). To
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assess organ-specific responses to Paxalisib, we quantified
changes in functional markers and injury-associated transcripts.
In the intestinal model, Paxalisib decreased VIL1T and LYZ
expression while enhancing MUC13 expression, indicating injury
protection. FABP2, HO-1, and GCLC were upregulated, suggesting
epithelial stress and inflammation (Fig. 8c, left panel). In the
hepatic model, the liver injury marker KRT7 and CYP2ET levels
were elevated, whereas CYP3A4 expression was decreased, and
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oxidative stress markers (NRF2, HO-1, NQO1, and GSTAT) showed
increased expression, indicating hepatocellular injury (Fig. 8c,
middle panel). In the renal model, CDH1, KIM1, and LCN2 marker
and oxidative stress marker levels were elevated, suggesting renal
dysfunction (Fig. 8c, right panel). These results highlight that
Paxalisib induced organ-specific perturbations and stress
responses in the NOCS platform.

To evaluate the toxicity of Paxalisib on each organoid, we
assessed the cell viability in hlECs, DhLOs, and hKORTECs, and
TEER in hlECs and hKORTECs. In hIECs, paxalisib induced a modest
but significant reduction in TEER, suggesting compromised barrier
integrity, although cell viability remained unchanged (Fig. 8d, left
panel). Paxalisib treatment did not significantly affect cell viability
in DhLOs (Fig. 8d, middle panel). In the hKORTECs model, as in the
hIECs model, no significant change in cell viability was observed;
however, TEER values were significantly decreased, suggesting a
compromised epithelial barrier in response to treatment (Fig. 8d,
right panel). Following the pre-screening of the combination
therapy, we evaluated its effect in the NOCS platform. Intracellular
drug concentrations did not significantly between the control
(lenti-zsGreen) and NFT exon-skipping (lenti-U7-AON2/12) groups
(Fig. 8e). However, both groups showed reduced tumor cell
viability, with a stronger effect in the NF1 exon-skipping group,
indicating synergy (Fig. 8f). Tumor spheroids in the NF1 exon-
skipping group exhibited reduced Ki-67 and increased active
caspase-3 expression, confirming enhanced proliferation suppres-
sion and apoptosis (Fig. 8g, h). The combination of Paxalisib and
NF1 exon skipping decreased PI3K-mTOR activation and enhanced
apoptosis signaling compared to those in the controls (Fig. 8i-j).
NF1 exon skipping alone also suppressed PI3K-mTOR signaling,
suggesting functional recovery from NF1 exon skipping.

To validate the therapeutic synergy in vivo, primary breast
tumor cells from the NFT patient were subcutaneously implanted
into nude mice. Lenti-U7-AON2/12 for NF1 exon skipping was
intratumorally delivered when tumors reached ~50 mm?, followed
by oral Paxalisib treatment every three days (Supplementary Fig.
11a). Consistent with NOCS results, combined NF1-AON and
Paxalisib treatment markedly suppressed xenograft tumor growth
and weight, reduced proliferation, and increased apoptosis
compared to either monotherapy, as shown by active caspase-3
staining (Supplementary Fig. 11b-e), without significant changes
in body weight or histopathological abnormalities in major organs
(Supplementary Fig. 11f-h). These results demonstrate that NF1
exon skipping-induced restoration of NF1 function enhances the
anticancer efficacy of Paxalisib through dual PI3K/mTOR inhibition
and apoptosis induction, validating the synergistic efficacy and
safety of the combination in both the patient-specific in vivo
model and the NOCS platform.

DISCUSSION

We developed and validated a NOCS, a multi-organ MPS that
enables dynamic inter-organ interaction and recapitulates sys-
temic PK and PD in a patient-specific context. By incorporating
iPSC-derived organoids from an NF1-mutant patient with BC into a
dynamic microfluidic circuit, we successfully established NOCS
models mimicking patient-relevant drug absorption, metabolism,
distribution, and excretion with high physiological fidelity.
Compared to conventional organ-on-a-chip systems,?® the NOCS
platform supports the integration of fully matured, tissue-specific
organoids across multiple compartments. Furthermore, its capa-
city for scalable recovery of culture media and organoid samples
post-experimentation facilitates comprehensive PK/PD and mole-
cular analyses, reinforcing its translational applicability.

Each organoid type retained hallmark functions: intestinal
organoids maintained epithelial barrier integrity, kidney organoids
expressed functional drug transporters, and liver organoids
exhibited CYP450 activity. While no remarkable differences were
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observed between patient-derived and normal intestinal or kidney
organoids, liver organoids from the patient displayed mesench-
ymal features, including increased expression of COL1AT, VIM, and
ACTA2, and decreased EPCAM and ECAD expression. These
alterations are consistent with epithelial-mesenchymal transition
driven by Ras pathway hyper-activation due to NF1 loss-of-
function and were associated with altered hepatic drug handling,
including upregulation of MDR3 (ABCB4).>° To further confirm that
these hepatic abnormalities were directly attributable to NF1
deficiency rather than patient-specific background, we generated
an isogenic control by restoring NF1 expression in patient-derived
iPSCs using a lentiviral NF1-AON strategy (Supplementary Fig. 12).
When differentiated into organoids, the AON-corrected line
produced intestinal and kidney organoids that were indistinguish-
able from those derived from normal control iPSCs (data not
shown), whereas the liver organoids exhibited partial recovery of
ALB and CYP450 expression along with a marked attenuation of
mesenchymal features (Supplementary Fig. 13). These findings
confirm that NFT loss primarily affects hepatic differentiation and
function, reinforcing the causal link between NF1 dysfunction,
mesenchymal transition, and impaired drug metabolism in the
liver organoid model. In patient-derived tumor models, we
observed sustained Ras pathway hyper-activation, including
elevated expression of MEK/ERK and PI3K/AKT signaling compo-
nents. These alterations are consistent with previous findings
implicating NF1 loss-of-function in Ras-driven tumorigenesis and
drug resistance.” Loss-of-function mutations in NF7 increase the
risk of BC before the age of 50 years by more than five times.' In
women with BC with mutant NF1, 69.2% of tumors are HER2-
positive, which is associated with poor prognosis. Furthermore,
patients with BC harboring NF1 mutations show reduced overall
survival compared to those without because of mutation-induced
resistance to chemotherapy, endocrine therapy, and targeted
therapies due to sustainably activated Ras and related signal-
ing.327> To directly address the genetic basis of NF1 dysregula-
tion, we designed AONs targeting exon 2 regions identified in the
NF1 mutant to induce exon skipping of the NF1 mutation. While
synthetic AONs can transiently modulate splicing events, their
therapeutic window is typically limited to 2-3 days, necessitating
repeated dosing. To overcome this limitation, we employed a
lentiviral U7-snRNA delivery system that enables sustained nuclear
AON expression and prolonged exon-skipping activity. The U7-
snRNA platform, developed for inherited disorders, such as
Duchenne muscular dystrophy and spinal muscular atrophy,*®~3°
demonstrated comparable efficacy in our cancer model. In
patient-derived primary BC cells harboring an NF1 frameshift
mutation, exon 2 skipping using the U7 snRNA system restored
NF1 protein expression and suppressed PI3K-AKT signaling.
Notably, when combined with PI3K/mTOR inhibition, lenti-AON-
U7snRNA targeting NF1 further suppressed tumor growth, high-
lighting the therapeutic potential of combining transcript-level
correction with pathway-targeted therapies.”* While AON-
mediated exon skipping is traditionally used for rare genetic
diseases, recent studies have expanded its potential to oncology,
where it offers a gene-specific strategy to modulate aberrant
splicing events or silence oncogenic transcripts.*'*? Our findings
establish lentiviral U7-snRNA-mediated exon skipping as a
promising, mechanism-based therapeutic approach for NFI-
mutant BC and support its further development for genetically
defined, treatment-refractory tumors. While this study focused on
an NF7-mutant breast cancer patient, the tumor also harbored
other actionable alterations, such as HER2 aberrations. The NOCS
platform is flexible and could, in principle, be applied to evaluate
patient-specific responses to HER2-targeted therapies, alone or in
combination with NF1-AON-based strategies, highlighting its
potential for broader precision oncology applications.

PK analysis of three dual PI3K/mTOR inhibitors (Bimiralisib,
Paxalisib, and Gedatolisib) using the NOCS platform recapitulated
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in vivo mouse data, confirming its translational relevance. Among
these inhibitors, Paxalisib demonstrated favorable PK properties
and the most consistent systemic exposure across various organ
compartments. Considering patient convenience, Paxalisib was
selected based on its superior bioavailability (F% 40.55) compared
to Bimiralisib, which has a bioavailability of only (F% 18.46). Its
superior bioavailability, reflecting more efficient absorption and
systemic distribution, rendered Paxalisib a promising candidate for
personalized treatment in this study. In contrast, although
Gedatolisib received FDA approval in 2022, it was formulated as
a non-oral compound. This distinction was also recapitulated in
the NOCS platform, where Gedatolisib exhibited poor intestinal
absorption and limited systemic exposure compared to Paxalisib.
These findings underscore the translational utility of the NOCS in
predicting patient-relevant pharmacokinetic behaviors, including
oral bioavailability. In patient-derived NOCS, hepatic clearance
slightly reduced, compared to those in normal, suggesting that
the observed PK profile reflects the characteristics of patient-liver
organoid and intrinsic features of NF7-mutant tissue.** Although
originally developed for glioblastoma, our results suggest that
Paxalisib is also effective in NFI-mutant BC, supporting its
potential for broader use in Ras-driven, treatment-resistant
tumors.**™*® NOCS represents a modular platform for patient-
specific PK/PD analysis and therapeutic screening. Its ability to
model organ crosstalk and capture genotype-specific drug
responses underscores its potential to guide precision oncology.
Nevertheless, a key limitation is the lack of validation across a
larger cohort of patients harboring NFT mutations.

Despite the strengths of this study, several limitations should be
acknowledged. First, the work focused on iPSCs derived from a
single breast cancer patient harboring an NFT mutation. This
patient-specific design inevitably limits broad generalizability
across diverse genetic backgrounds. However, the primary aim
of the study was to establish the technical feasibility and
translational relevance of the NOCS platform for integrating
patient-derived intestine, liver, kidney, and tumor compartments
into a unified PK/PD evaluation system. Importantly, even within
this single-patient setting, the platform consistently captured
functionally meaningful differences in drug metabolism and
therapeutic response, demonstrating its capacity to resolve
patient-specific pharmacological heterogeneity. To further support
the robustness and applicability of the NOCS system beyond this
initial case, additional validation studies using other targeted
agents are underway, and preliminary results already confirm
reproducible multi-organ PK/PD dynamics. Larger-scale studies
that incorporate broader patient cohorts and diverse tumor
genotypes are in progress and will be essential for fully establish-
ing the clinical generalizability of this approach. Second, the
current NOCS configuration, composed of intestine, liver, and
kidney organoids, lacks vascular and immune components, and
thus cannot fully reproduce inter-organ or immune-tissue
interactions. This limitation likely contributes to the moderate
transcriptomic similarity observed between organoids and their
adult tissue counterparts (intestine, 0.76-0.77; liver, 0.78-0.8;
kidney, 0.70-0.72, data not shown), reflecting the absence of
minor cell populations such as endothelial and immune cells and
the relatively immature state typical of iPSC-derived organoids.
Nonetheless, when analysis was limited to drug-response-related
genes, similarity increased to 0.78-0.91, indicating that these
organoids are suitable for evaluating patient-specific PK/PD and
therapeutic responses (Fig. 7a, b). Nonetheless, the NOCS platform
provides a versatile framework for evaluating patient-specific drug
efficacy and PK/PD responses in a human-relevant context.

In conclusion, we established a NOCS, a patient-specific, multi-
organ in-vitro PK/PD platform integrating tailored organoids for
precision medicine. We proposed a personalized therapeutic
strategy combining exon skipping with targeted inhibition and
aligned with the patient’s genetic and physiological profiles. As a
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scalable and translationally relevant system, NOCS provides a
powerful tool to guide individualized drug selection and dosing
based on genotype-specific responses.

MATERIALS AND METHODS

Ethical approval and consent to participate

The collection of human biospecimens and the acquisition of data
derived from them were conducted with ethical approval from the
Institutional Review Board (IRB, P01-202004-31-005) of the Korea
Research Institute of Bioscience and Biotechnology.

All animal housing and experiments conducted were in
accordance with the Korea Research Institute of Bioscience and
Biotechnology (KRIBB) Institutional Animal Care and Use Commit-
tee Guidelines (KRIBB-AEC-24058).

Development of the NOCS

NOCS, the multi-organ integrated MPS, was designed to mimic
in vivo environments by integrating multiple organ components,
circulating fluidics, nutrient uptake, and waste elimination. To
construct each organ module, a multi-insert dish with a meshed
bottom (SPL Life Sciences, #911606, Pocheon-si, Gyeonggi-do,
Republic of Korea) and meshed sides (SPL Life Sciences, #911605)
was used. To maintain a controlled microenvironment, a piezo-
electric diaphragm pump (Takasago International Corporation,
#SDMP306D, Yokohama, Kanagawa, Japan) and a weight load cell
sensor (Cozy Electronics, #ZEL6J1-3kg, Ansan-si, Gyeonggi-do,
Republic of Korea) precisely regulated the circulation of a common
culture medium consisting of Advanced DMEM/F12 (Gibco,
Thermo Fisher Scientific, #12634010, Waltham, MA, USA), N-2
supplement (Gibco, Thermo Fisher Scientific), B-27 supplement
(Gibco, Thermo Fisher Scientific), 50 pug/ml Gentamycin (Gibco,
Thermo Fisher Scientific, #15750060), GlutaMAX supplement
(Gibco, Thermo Fisher Scientific, #35050061), and 1% penicillin/
streptomycin (Gibco, Thermo Fisher Scientific, #15140122) across
the system. The fluid velocity was maintained at 5 mL/min,
ensuring efficient nutrient exchange and physiological shear
stress, which are essential for preserving organoid function.
Additionally, to prevent media stagnation and facilitate nutrient
replenishment, two auxiliary pumps were programmed to activate
for 2min every hour at 2mL/min, mimicking periodic fluid
exchange observed in vivo. To further enhance physiological
relevance, a brushless DC gear motor (BLDC, Xiangli, #BL3640A-
24V-06P + RB35, Shanghai, China) was integrated into the main
body of the system to induce orbital shaking. Detailed specifica-
tions for the equipment are provided in Supplementary Table 1.

Collection of BC biospecimens

Biospecimens were obtained from 14 women (mean age 60.2
years) who underwent breast cancer surgery and were provided
by the Biobank of Chungnam University Hospital. Tissues from two
patients were excluded due to yeast contamination. Of the
remaining 12 patients, 10 were diagnosed with invasive ductal
carcinoma, one with a malignant spindle cell tumor of the
sarcoma type, and one with pleomorphic lobular carcinoma
in situ. The collection of human biospecimens and the acquisition
of data derived from them were conducted with ethical approval
from the Institutional Review Board of the Korea Research Institute
of Bioscience and Biotechnology. Informed consent was obtained
from all biospecimen donors. The donor’s information of biospeci-
men is reported in Supplementary Tables 2.

Isolation and culture of primary cells from BC biospecimens

Tumor and adjacent normal tissue samples from breast mastect-
omy patients were washed with DPBS (Corning Inc., #21-031-CM)
and minced into smaller pieces. For enzymatic digestion,
20-50 mg of tissue was incubated with 3 mL of 0.05% trypsin-
EDTA (Gibco, #15400054) at 37 °C for 30 minutes. After digestion,
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20 mL of DMEM with 5% FBS (Gibco, #16000044) was added, and
the suspension was filtered through a 100 pm strainer (Corning
Inc. #CLS431752). The flow-through was centrifuged, and the
pellet was resuspended in MEGM (Lonza, #CC-3150) with 1 uM
forskolin (Sigma-Aldrich), 1uM Repsox (Sigma-Aldrich), 1uM
Y-27632 (Tocris Bioscience), 10 ng/mL R-SPO1 (PeproTech), and
1% P/S. The cells were seeded into T25 flasks, and after 24 h, the
medium was changed every two days. Primary normal and tumor
cells were maintained for up to five passages and verified by flow
cytometry using EpCAM and CD49f antibodies (BD FACSVerse™).

Materials for Cell Culture

The 293 T cells were maintained in Dulbecco’s Modified Eagle’s
Medium, low glucose (DMEM-low glucose, Gibco, Thermo Fisher
Scientific, #11885084) supplemented with 10% FBS and 1% P/S in
a humidified incubator at 37 °C with 5% CO,. For the generation of
the organoid model, DMEM/Ham'’s F-12 (DMEM/F-12, #11320033),
Advanced DMEM/F-12, Advanced Roswell Park Memorial Institute
(RPMI) 1640 (#12633012), L-glutamine (#A2916801), 1 M HEPES
(#15630080), B-27 supplement, and N-2 supplement were
purchased from Thermo Fisher Scientific. RPMI 1640 medium
(#10-040-LB) was purchased from Corning Inc.

Chemicals

All small molecules and selective inhibitors used in this study were
purchased from Sigma-Aldrich or Selleckchem (Houston, TX, USA).
Acyclovir and chlorothiazide were dissolved in dimethyl sulfoxide
(DMSO, Sigma-Aldrich, #472301), while caffeine and acetamino-
phen were dissolved in water to the indicated stock concentra-
tions. All selective inhibitors were dissolved in DMSO to the
indicated stock concentrations. Detailed information on the
chemicals, including stock and final working concentrations, is
provided in Supplementary Table 3.

Establishment and maintenance of normal and BC Patient
1-derived hiPSCs

Patient 1 and healthy (normal, CRL 2097, ATCC) fibroblast-derived
iPSCs were reprogrammed using the CytoTune-iPS 2.0 Sendai
Reprogramming Kit (Invitrogen, Thermo Fisher Scientific). Fibro-
blasts (1 x 10°) were seeded in 6-well plates for 24 h, then
transduced with Sendai virus carrying reprogramming genes
(OCT4, SOX2, KLF4, L-MYC) according to the manufacturer’s
recommendations. After 5 days, detached fibroblasts were re-
seeded onto mitomycin C (AG scientific, San Diego, CA, USA, #M-
1108)-treated mouse embryonic fibroblasts and cultured for
14 days in reprogramming medium [DMEM/F12, 1 mM MEM
Non-Essential Amino Acids Solution (NEAAs, Gibco, Thermo Fisher
Scientific, #11140035), 1% P/S, 0.1 mM 2-Mercaptoethanol (Gibco,
Thermo Fisher Scientific, #21985023), 20% KnockOut™ Serum
Replacement (KSR, Gibco, Thermo Fisher Scientific, #10828028),
and 20 ng/ml basic fibroblast growth factor (bFGF, R&D Systems,
#233-FB, Minneapolis, MN, USA)]. Single colonies were picked,
expanded, and dissociated into clumps using 1 mg/mL collage-
nase type IV (Gibco, Thermo Fisher Scientific, #17104019).

Identification of the NF1 mutant allele in BC Patient

1-derived hiPSCs

To validate the genetic background of the NFT mutation in BC
patient-derived hiPSCs compared to BC tissues, genomic DNA was
extracted from normal and patient-derived hiPSCs using the
DNeasy Blood & Tissue Kit (QIAGEN, #69504, Hilden, Germany)
according to the manufacturer’s instructions. The exon 2 region of
NF1 was amplified by PCR, and the PCR products were cloned into
a TA cloning vector. After TA cloning, the NFT mutation in patient-
derived hiPSCs was verified by sequencing, and the results were
compared to the WES analysis of the patient tissue. WES analysis
was conducted by Theragen Bio (Suwon, Republic of Korea) using
standard next-generation sequencing technology.
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Generation of small intestine organoid (I0) from hiPSCs and
isolation of 1SCs

The differentiation of human normal and BC patient 1-derived
iPSCs into hlOs, and the isolation of proliferative 1SCs, were
performed as previously described.?” Briefly, hiPSCs were differ-
entiated into DE by treatment with 100 ng/mL Activin A (Novus
Biologicals) for 3 days in RPMI 1640 medium with increasing
concentrations of fetal bovine serum (FBS). The DE cells were then
cultured in RPMI 1640 medium with 2% FBS, 500 ng/mL FGF4
(PeproTech), and 500 ng/mL WNT3A (R&D Systems) to form mid-
hindgut cells. These cells formed 3D spheres, which were
embedded in Matrigel (Corning Inc.) and cultured in hlIO medium
[Advanced DMEM/F-12, 2% B-27, 100 ng/mL EGF, and 100 ng/mL
Noggin].

For ISC isolation, hlOs were removed from Matrigel and gently
pipetted to eliminate residual fragments. Organoids were digested
in TmL of 0.25% trypsin-EDTA for 5minutes at 37°C and
dissociated into small clumps. Digestion was stopped with
10 mL of ISC basal medium [Advanced DMEM/F-12 with 2mM L-
glutamine, 15 mM HEPES, and 1% P/S], followed by centrifugation
at 800 x g for 3 minutes. The pellet was resuspended in ISC growth
medium containing 1 uM Jagged-1 (Anaspec) and 10 uM Y27632
(Tocris Bioscience), along with 2% B-27, 10 nM [Leu15]-Gastrin |,
100 ng/mL WNT3A, EGF, and Noggin, 500ng/mL R-Spondin 1,
500 nM A83-01 (Tocris Bioscience), 10 uM SB202190, 2.5 uM PGE2,
TmM N-acetyl L-cysteine, and 10mM nicotinamide (Sigma-
Aldrich), prepared in ISC basal medium. Medium was refreshed
every other day, and cells were passaged at a 1:3 ratio upon
reaching 80-90% confluency. Detailed information on the
reagents used for hlOs generation is provided in Supplementary
Table 4.

Generation of hlIECs model using ALI culture

To generate the hIECs model, ISCs were seeded onto 12-well
transwell plates to establish polarized cultures. Transwell mem-
branes were pre-coated with 1% Matrigel in cold ISC basal
medium and incubated for 1 hour at 37 °C. ISCs were washed with
PBS, dissociated using 0.25% trypsin-EDTA for 8 minutes at 37 °C,
and centrifuged. A total of 3.5 x 10° cells were seeded into each
insert with ISC growth medium. After reaching confluency, the
apical medium was removed to initiate ALl conditions, and the
basal medium was replaced every 2 days. ALl cultures were
maintained for 6-10 days to promote epithelial differentiation.
Detailed information on the reagents used for liver organoid
generation is provided in Supplementary Table 4.

Generation of hLOs from hiPSCs

Differentiation of human normal and BC patient 1-derived iPSCs
into hepatic-like organoids (hLOs) was performed as previously
described.?® Briefly, iPSCs were treated with 100 ng/mL Activin A
(Thermo Fisher Scientific) in RPMI 1640 with 2% B-27 for 6 days to
induce DE. For HE induction, DE cells were cultured for 4 days
under hypoxic conditions in RPMI 1640 with 2% B-27 minus insulin
(Gibco, Thermo Fisher Scientific), 25 ng/mL BMP4, and 10 ng/mL
bFGF (PeproTech). Detached HE cells were embedded in Matrigel
and cultured in hepatic medium (HM) composed of advanced
DMEM/F12 with 1% P/S, 1 mM GlutaMax, 1 mM HEPES, 1% N-2, 2%
B-27 without vitamin A, 1% ITS, 50 ng/mL EGF, 25 ng/mL HGF,
10 ng/mL bFGF, 10 ng/mL Oncostatin M (R&D Systems), 5 uM A83-
01, 10uM forskolin (Sigma-Aldrich), TmM N-acetyl L-cysteine,
10nM Leul5-gastrin |, 10 mM nicotinamide, and 100 nM dex-
amethasone (Sigma-Aldrich). Organoids were expanded in Matri-
gel domes with HM refreshed every 2-3 days and passaged
weekly at a 1:4-1:10 ratio.

For differentiation, one day post-passaging, HM was replaced
with expansion medium (EM), composed of advanced DMEM/F12
with 1% P/S, 1 mM GlutaMax, 1 mM HEPES, 1% N-2, 2% B-27
without vitamin A, 50ng/mL EGF, 25ng/mL HGF, 100 ng/mL
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FGF10, Tmg/mL R-spondin 1, 25 ng/mL BMP7 (PeproTech), 5 uM
A83-01, 10 uM forskolin, TmM N-acetyl L-cysteine, 10 mM nicoti-
namide, and 10nM Leu15-gastrin |. After 3 days in EM, the
medium was replaced with differentiation medium (DM) contain-
ing advanced DMEM/F12, 1% P/S, 1 mM GlutaMax, 1 mM HEPES,
1% N-2, 2% B-27 with vitamin A, 25 ng/mL HGF, 0.5 uM A83-01,
100 ng/mL FGF19 (PeproTech), 100 ng/mL BMP7, TmM N-acetyl L-
cysteine, 10nM Leul5-gastrin |, and 3 puM dexamethasone.
Organoids were maintained in DM for 6 days with medium
changes every 2 days. Reagent details are provided in Supple-
mentary Table 4.

Generation of KOs from iPSCs

To generate KOs, human normal and BC patient 1-derived iPSCs
were seeded on Matrigel-coated flasks and cultured in mTeSR1
medium (STEMCELL Technologies, #85850). When cells reached
~30-40% confluency (day 1-2), primitive streak (PS) induction was
initiated using Advanced RPMI 1640 (Gibco, Thermo Fisher
Scientific) supplemented with antibiotic—antimycotic (Gibco,
#15240062), NEAAs, GlutaMax, B-27, and 8 uM CHIR99021 (Tocris
Bioscience) for 4 days. For BC iPSCs, 1uM Y-27632 was also
included.

From days 5-7, cells were treated with 100ng/mL FGF9
(PeproTech), 1ug/mL heparin (Sigma-Aldrich), and 0.1 uyM RA
(Sigma-Aldrich, days 5-6 only) to induce intermediate mesoderm
(IM). IM cells were dissociated using Accutase (STEMCELL
Technologies, #07920), and 1 x 10° cells/well were seeded into
ultra-low attachment 96-well plates (Corning, #CLS7007), centri-
fuged (800 x g, 2 min), and cultured with FGF9, heparin, and 5 uM
Y-27632 for 1 day. Aggregates (5-6/well) were transferred to
collagen-coated transwell inserts (Corning, #3491), treated with
5 UM CHIR99021 for 1 h, then cultured in differentiation medium
containing 100 ng/mL FGF9 and 100 ng/mL BMP7 (PeproTech) for
10-14 days with daily medium changes, avoiding overflow onto
the apical surface.*’

Generation of hKORTECs Model from hKTOs

KO-derived iPSCs were dissociated using Gentle Cell Dissociation
Reagent (STEMCELL Technologies, #100-0485) for 10 min at 37 °C.
Tubular segments and single cells were embedded in Matrigel and
cultured in DMEM/F12 supplemented with 1.5% B-27, 1uM
N-acetyl L-cysteine, 5 M A83-01, 100ng/mL R-spondin 1, 50 ng/
mL FGF10 (PeproTech), 50 ng/mL EGF, 50 ng/mL BMP7, and 10 uM
Y-27632. Medium was changed every 2 days, and tubule-like
organoids appeared within 7-14 days. Organoids were passaged
weekly.

For hKORTECs, ~250,000 cells from tubule organoids were
seeded onto SPLInsert™ Hanging 24-well plates (SPL Life Science,
#36124) and cultured in kidney tubule organoid medium. Upon
confluency, the apical medium was removed to initiate ALI
conditions while preventing overflow onto the membrane.
Reagent details are provided in Supplementary Table 4.

Generation of BC patient 1-derived tumor spheroid model

Primary multicellular cells were isolated from the tumor and
matched normal breast tissues obtained from patients with breast
cancer. Cells were cultured in Mammary Epithelial Growth Medium
(MEGM; Lonza, Basel, Switzerland, # CC-3150) supplemented with
1 uM forskolin, 1 uM RepSox, 1 uM Y-27632, 10 ng/mL recombi-
nant human R-Spondin1, and 2% Matrigel (Corning Inc., #354234).
Cell suspensions were placed in 15-mL SFU tubes (SPL Life
Science, #911604) and subjected to rotation culture at 37 °Cin 5%
CO, incubator for 48 hours to induce multicellular aggregate
formation. Following aggregation, cell clusters were embedded in
a 3D extracellular matrix composed of type | collagen (Gibco,
Thermo Fisher Scientific, #A10644-01) and Matrigel mixed at a 7:3
volume ratio. The embedded aggregates were transferred into
ultra-low attachment 6-well plates (Corning Inc., # CLS3471) and
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maintained in suspension culture with MEGM for an additional
3-5 days at 37 °C under 5% CO,. The resulting spheroids were
used for subsequent functional and histological analyses.

In vitro three germ layer differentiation

To assess the differentiation potential, BC patient-derived iPSCs
were detached using 1 mg/mL Collagenase Type IV and 1 mg/mL
Dispase Il (Gibco, Thermo Fisher Scientific, #17105041). The cell
colonies were transferred to Petri dishes (SPL Life Science) and
cultured in embryoid body (EB) differentiation medium containing
DMEM/F-12 and 10% KSR for 5 days. Formed EBs were then re-
plated onto 5% Matrigel-coated 4-well plates (Thermo Fisher
Scientific, #167063) and cultured for an additional 10 days.

Cells were subsequently analyzed for germ layer-specific
differentiation by immunostaining, the proportion of positive
cells was quantified using ImageJ (version 1.53e), and RT-qPCR
using ectoderm, mesoderm, and endoderm markers. Antibody
and primer details are provided in Supplementary Tables 5 and 7.

Immunocytochemical analysis

hiPSCs and organoids were fixed with 4% paraformaldehyde at
4 °C overnight, then washed with PBS (Welgene). Samples were
incubated with primary antibodies at 4 °C overnight, followed by
Alexa Fluor®-conjugated secondary antibodies for 1 h at 25 °C in
the dark. Organoids were washed with PBS containing 0.05%
Tween-20 between steps. Nuclei were stained with Hoechst 33342
(Invitrogen) and slides mounted using Fluoromount™ Aqueous
Mounting Medium (Sigma-Aldrich, #F4680). Images were captured
using a confocal microscope (LSM 800, ZEISS) or EVOS FL Auto
microscope (Thermo Fisher Scientific) and analyzed with Image)
(version 1.53e).

Alkaline phosphatase (AP) staining and Immunostaining

hiPSCs were stained using the AP Detection Kit (Sigma-Aldrich)
following the manufacturer’s instructions. For immunostaining,
cells were washed with PBS and fixed with 4% paraformaldehyde
for 15min at 25°C, followed by permeabilization with PBS
containing 0.1% Triton X-100 for 15 min. After blocking with 4%
BSA (Bovogen Biologicals, Keilor East, VIC, Australia, #BSAS-AU) for
1h at 25°C, cells were incubated with primary antibodies
overnight at 4 °C. The next day, samples were washed with PBS
containing 0.05% Tween-20 and incubated with fluorescence-
conjugated secondary antibodies for 1h at 25°C. Nuclei were
stained with DAPI (BD Biosciences, San Jose, CA, USA, #564907)
and visualized using a fluorescence microscope (IX71, Olympus
Corporation, Tokyo, Japan). Reagents and kits are listed in
Supplementary Table 6.

RNA preparation, cDNA synthesis, and quantitative real-time PCR
Total RNA from hiPSCs and differentiated cells was extracted using
the RNeasy Mini Kit (QIAGEN, #74106). cDNA was synthesized using
the SuperScript™ IV First-Strand Synthesis System (Invitrogen, Thermo
Fisher Scientific, #18091200). qPCR was performed using SYBR™
Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific,
#43-091-55) on a 7500 Fast Real-Time PCR System (Applied
Biosystems). Gene expression levels were analyzed using the AACt
method. Primer sequences are listed in Supplementary Table 7.

Short tandem repeat (STR) analysis and Karyotype analysis
Genomic DNA was extracted from breast cancer fibroblasts and
hiPSCs using the DNeasy Blood & Tissue Kit. STR analysis was
performed by HumanPass Inc. (Seoul, Republic of Korea), and
G-banding karyotype analysis of cultured hiPSCs was conducted
by GenDix Inc. (Seoul, Republic of Korea).

TEER Measurement

To assess barrier integrity and functionality of the hIEC and
KORTEC models, TEER was measured using an epithelial volt/ohm
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meter (EVOM2, World Precision Instruments, Sarasota, FL, USA)
according to the manufacturer’s instructions. TEER was assessed
both to evaluate the functional properties of the models and to
determine the impact of drug treatment on epithelial barrier
toxicity.

Dextran uptake assay

To evaluate the paracellular permeability of the hIECs model, FITC-
conjugated dextrans (4 kDa, Chondrex Inc, #4013; 40kDa,
Chondrex Inc., #4009) were used. The hlIEC models were washed
with PBS and treated with HBSS (Thermo Fisher Scientific,
#14025092) containing 6.25 uM of each FITC-dextran in the apical
compartment. After a 30-minute incubation at 37 °C in a 5% CO2
incubator, the basal solution was collected for fluorescence
analysis using a multi-mode microplate reader (SpectraMax i3x,
Molecular Devices).

For the hKORTECs model, FITC-labeled dextran (3 kDa, Invitro-
gen, Thermo Fisher Scientific, #D3306) was added to the apical
compartment at a final concentration of 0.1 mg/ml. At 30, 60, 120,
240, and 360 minutes, 100 pl of medium was collected from both
apical and basolateral compartments. Fluorescence intensity was
measured using a multi-mode microplate reader.

Measurement of ALB, AST, and ALT

To quantify ALB, ALT, and AST, organoid culture supernatants
were collected after 24 hours, and the concentrations of secreted
ALB, ALT, and AST were measured using Human Albumin (Bethyl
Laboratories, Montgomery, TX, USA), ALT (Abcam, Cambridge, UK),
and AST (Abcam) ELISA kits according to the manufacturer’s
instructions. Absorbance was measured using a microplate reader.
A list of the ELISA kits used in this study is provided in
Supplementary Table 6.

Uptake of CLF

To measure CLF polarity, organoids were removed from the
Matrigel by washing with PBS and incubated with culture medium
supplemented with 10 ug/ml CLF (Corning Inc) and 1 ug/ml
Hoechst 33342 for 30 minutes at 37 °C in a 5% CO, incubator. After
incubation, the dye was removed, and the DhLOs were gently
washed twice with cold PBS containing calcium and magnesium
(Gibco, Thermo Fisher Scientific, #10010023). Culture medium was
then added, and the DhLOs were photographed under a confocal
microscope (LSM 800, ZEISS).

Measurement of cytochrome P450 (CYP) enzyme and CYP450
reductase (CPR) activity assay

CPR activity in the hIECs was evaluated using the Cytochrome
P450 Reductase Assay Kit (Abcam, #ab204704) according to the
manufacturer’s instructions. Standard and reaction wells were
prepared with appropriate volumes of samples, inhibitors, or
controls, followed by the addition of reaction mix and 20 mM G6P
solution. After 30 minutes of incubation at 25 °C, CPR activity was
measured using a colorimetric microplate reader.

To assess CYP enzyme activity in the DhLOs model, specific CYP
enzymes were induced with inducers: 20 uM rifampicin for
CYP2(C8, CYP2C9, CYP2C19, and CYP3A4, and 100 uM omeprazole
for CYP1A2. CYP family activity was analyzed using a P450-Glo
assay kit (Promega Corporation) and measured with a GloMax
Navigator Microplate Luminometer (Promega Corporation). The
results were normalized to total cell count using a TC20
Automated Cell Counter (Bio-Rad Laboratories) and expressed as
enzyme activity per 1 x 10° cells.

Assessment of Albumin Uptake and MRP2/4 Transport Function in
the hKORTECs

For albumin uptake assessment, FITC-labeled albumin (Invitrogen,
Thermo Fisher Scientific, #A23015) was added to the apical
compartment at a final concentration of 0.2 mg/ml. After 6 hours,
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samples were collected from both the apical and basolateral
compartments, and the fluorescence was measured using a multi-
mode microplate reader.

For the MRP2/4 transport assay, 10 uM CDFDA (Sigma-Aldrich,
#21879) £ 20 uM MK-571 (Sigma-Aldrich, #M7571) in serum-free
medium was added to the basolateral compartment, and serum-
free medium £ 20 uM MK-571 was added to the apical compart-
ment. Cells were incubated at 37 °C for 2 hours, and samples were
collected from the basolateral compartment and the fluorescence
was measured using a multi-mode microplate reader.

Functional analysis of drug transporters in hKORTECs

For nephrotoxicity and drug transporter activity assays, hKORTECs
were exposed to 20 uM cisplatin (Sigma-Aldrich) with/without
1 mM cimetidine (Sigma-Aldrich) for 24 hours and the apoptosis
profile was examined in the hKORTECs. For the apoptosis assay,
cells were harvested and incubated with 100 pl of Muse Annexin V
& Dead Cell Reagent (Millipore, Bedford, MA, USA) for 20 minutes
at room temperature. Apoptosis was determined using the Muse
Cell Analyzer (Millipore), and the statistics were presented as
percentages of the cells that were alive, apoptotic, or dead.

Tissue Processing

Human breast tumor and normal tissues, mouse xenografts, and
major organs were fixed in 10% formalin (Sigma-Aldrich,
#HT501128) for 4-6 hours at 25 °C. The tissues were then placed
in cassettes, thoroughly washed with water, and stored in 70%
ethanol at 4 °C overnight until further processing. Tissue proces-
sing was performed according to a standard protocol, which
included sequential dehydration steps: 80% ethanol for 1 hour at
25 °C, followed by 90% ethanol for 1 hour, 95% ethanol for 1 hour,
and two rounds of 100% ethanol for 1hour each. This was
followed by three xylene treatments, each for 1 hour at 25°C.
Finally, tissues were infiltrated with paraffin wax overnight at
65 °C. Paraffin-embedded tissue samples were sectioned into
5-7 um thick slices using a rotary microtome (Epredia, Thermo
Fisher Scientific, Epredia™ HM 325) and mounted onto silane-
coated histological slides (MUTO CHEMICALS CO. #5116-20F,
Tokyo, Japan) to enhance tissue adhesion.

Immunohistochemical (IHC) Analysis

Paraffin-embedded tissue slides were deparaffinized in xylene and
rehydrated through graded ethanol. Endogenous peroxidase
activity was blocked with 0.3% H,0,, followed by permeabilization
with PBST (1x PBS containing 0.1% Triton X-100). Antigen retrieval
was performed in 10 mM sodium citrate buffer with 0.05% Tween
20 using a microwave. After blocking with 2% normal horse
serum, slides were incubated with primary antibodies overnight at
4°C. Following PBST washes, biotinylated secondary antibodies
were applied, followed by ABC reagent (Vector Laboratories, Inc.,
Newark, CA, USA, #PK-400) and DAB substrate (Vector Labora-
tories, Inc., #SK-4105). Nuclei were counterstained with DAPI.
Images were captured using an inverted microscope (IX71,
Olympus) and analyzed with cellSense software. Antibody details
are listed in Supplementary Table 5.

Flow Cytometry (FACS) analysis

Primary cells isolated from the tumor and adjacent normal tissues
were washed with ice-cold PBS containing 2% FBS and counted. A
total of 2 x 10° cells were stained with fluorochrome-conjugated
antibodies (listed in Supplementary Table 5) in PBS with 2% FBS
for 30min at 4°C in the dark, following the manufacturer's
protocol. Secondary antibody-only samples were used as negative
controls. After staining, cells were washed and analyzed using a
BD FACSVerse™ Cell Analyzer (BD Biosciences). EpCAM and CD49f
were used to identify epithelial and stromal populations,
respectively, while CD44 and CD24 were used to detect breast
cancer stem cells.
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Western Blot Analysis

Tissue samples were homogenized in RIPA buffer [50 mM Tris-HCl (pH
7.5), 150 mM NaCl, 0.5 mM EDTA, 1% NP-40, 0.1% SDS, 1 mM PMSF,
and protease inhibitor cocktail (Roche, Basel, Switzerland)], and cells
were directly lysed in RIPA buffer on ice for 15 min. The lysates were
then clarified by centrifugation at 15,000 x g for 10 minutes at 4°C.
Lysates were separated on 10-15% SDS-PAGE gels and transferred
onto PVDF membranes (Merck Millipore, Burlington, MA, USA).
Membranes were blocked in PBST containing 5% skim milk for 1 hour
at 25 °C, incubated overnight at 4 °C with primary antibodies, and then
with secondary antibodies in PBST with 0.1% skim milk for 1 hour at
25 °C. Protein bands were visualized using a chemiluminescence kit
(Merck Millipore, #WBKLS0500) and quantified using Image J software.
Antibodies used are listed in Supplementary Table 5.

Ras Activation Assay

Ras activity in tissues and isolated primary cells was assessed using
the Active Ras Detection Kit (Cell Signaling Technology, Danvers,
MA, USA) according to the manufacturer’s instructions. Briefly,
homogenized tissues and cells were incubated in lysis buffer on
ice, and centrifuged at 15,000 x g for 10 minutes at 4 °C to collect
the supernatant. Cell lysates (500 ug of total protein) were pre-
incubated with GTPyS or GDP for 15 minutes at 30 °C. The reaction
was terminated by adding MgCl, to a final concentration of
60 mM. Lysates were incubated with 80 ug of GST-Raf-RBD pre-
bound to glutathione-Sepharose in a spin column for 1 hour at
4 °C. After washing, the resin was incubated in 2 X reducing
sample buffer containing 200 mM DTT for 2 minutes at 25 °C,
followed by western blot analysis.

AON design for NFT exon skipping and evaluation of exon
skipping efficacy

For AON design, exon 2 of NF1 was selected as the target, and 13
different AON sequences were designed using Human Splicing
Finder and Examine the Secondary Structure of mRNA software.
To prevent the degradation of the newly generated transcript by
nonsense-mediated decay, all AONs were chemically modified
with 2/-O-methyl (2’OMe)-PS and synthesized by Bioneer (Dae-
jeon, Republic of Korea).

For the exon skipping efficacy test, BC-derived primary cells (3 x
10° cells per well) were seeded in a 6-well plate, and the most
promising AON was selected by transfecting 300 nM AON using
Lipofectamine™ RNAIMAX reagent (Invitrogen, Thermo Fisher
Scientific, #13778075) according to the manufacturer’s instruc-
tions. At 48 hours post-transfection, cDNA was synthesized from
total RNA extracted from AON-treated BC-derived primary cells.
Exon skipping was assessed by conventional RT-PCR and
visualized on a 3% agarose gel. Exon skipping was confirmed by
Sanger sequencing, and the splicing band was quantified using
ImageJ software. The sequences of AON and NFT primers used in
this study are provided in Supplementary Tables 8-10.

Lentiviral vector-mediated double-target U7 snRNA-AON
constructs

The modified U7 snRNA-specific plasmids were generated using
the Sf-U7snRNA-ESE-AS-Nsil vector purchased from Addgene
(#190694, Watertown, MA, USA). The U7 snRNA plasmid contained
a dual AON targeting exon 2, specifically the acceptor splice site
and the internal ESE. The complementary sequence to the pre-
mRNA was selected to promote NF1 exon skipping. AON-
U7smOPT sequences were cloned into the Sf-U7snRNA vector
using Nsil and Sall restriction sites by Cosmogenetech (Seoul,
Republic of Korea). The AON sequences are provided in
Supplementary Table 11.

Lentiviral vector production, titration, and transduction

For lentiviral vector production, 293 T cells were transfected with
the packaging plasmid psPAX2, the viral envelope plasmid
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pMD2.G, and U7snRNA constructs using the Transporter™ 5
transfection reagent (Polysciences, Inc, Warrington, PA, USA,
#26008) according to the manufacturer’s instructions. At 72 hours
post-transfection, the medium containing lentiviral particles was
harvested, filtered through a 0.45um syringe filter (Merck-
Millipore), and concentrated by ultracentrifugation at 100,000 x
g for 2 hours at 10 °C (Himac CP100WX, HITACHI, Tokyo, Japan).
Lentivirus titers were measured using a qPCR lentivirus titer kit
(Abm, BC, Canada) following the manufacturer’s protocol, and
determined by transducing 293 T cells with serial dilutions in a 24-
well plate. BC-derived primary cells (2 x 10° cells per 10 cm dish)
were transduced with infectious lentiviral particles at a multiplicity
of infection (MOI) of 10 in the presence of 8 ug/ml polybrene
(Santa Cruz, CA, USA, #sc-134220) for 48 hours.

Generation of Isogenic iPSCs with lentivirus-U7-AON2/12
Patient-derived iPSCs were transduced with lentiviral vectors
expressing U7-AON2/12 or control (LV-zsG) at an MOI of 20 in the
presence of 8ug/mL polybrene. Single-cell clones were estab-
lished and screened for successful NF1 exon 2 skipping to select
stable isogenic iPSC lines. Integration of the lentiviral construct
was confirmed by PCR amplification of the U7 promoter and WPRE
region after 2 and 6 months of culture. Pluripotency of the
established iPSC lines was confirmed by standard assays for iPSC
markers and differentiation potential. The primers used in this
study are provided in Supplementary Table 10.

Cell viability assay

Cell viability was assessed 72 hour after chemical treatment in the
multi-organ integrated MPS. Cells were incubated with the EZ-
CYTOX reagent (DoGenBio, Seoul, Republic of Korea, #EZ-1000) at
37 °C for 1 hour in a CO, incubator following the manufacturer’s
protocol. The absorbance at 450 nm was then measured using a
microplate reader.

RNA sequencing analysis

For total RNA sequencing analysis, the TrueSeq RNA Sample
Preparation Kit V2 was used for RNA purification and library
preparation with total RNA as input material. Sequencing was
performed on the lllumina NextSeq 1000 platform (lllumina, San
Diego, CA, USA) with a paired-end read length of 2 x 100 base
pairs. Raw sequencing reads were trimmed using Cutadapt
version 1.18 (https://cutadapt.readthedocs.io/en/stable/), with
the parameters -a AGATCGGAAGAGCACACGTCTGAACTCCAGT-
CAC -AAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTA -m 50 -O
5'. Low-quality reads (Phred score below 20) were filtered out
using Sickle v1.33 (https://github.com/najoshi/sickle), retaining
sequences of at least 50 bp in length. The quality of the resulting
paired-end reads was evaluated using FastQC version 0.11.4.
Duplicate reads were assessed using the FastQC tool. Further
quality filtering, including removal of poly-N and low-quality
reads, was conducted using NGSQCToolkit version 2.3.3 (https://
github.com/mjain-lab/NGSQCToolkit). Cleaned reads were aligned
to the human reference genome GRCh38.97 (Accession number:
GCA_000001405.27) using HISAT2 version 2.1.0 (https://
daehwankimlab.github.io/hisat2/). Transcript abundance was cal-
culated as fragments per kilobase of transcript per million mapped
reads (FPKM) using StringTie version 2.2.1 (https://github.com/
gpertea/stringtie), which also provided normalized expression
values.

In vitro PK profiling in a NOCS

The common culture medium, consisting of Advanced DMEM/F12,
1 x N-2/B-27 supplement, 50 pg/ml Gentamycin (Gibco, Thermo
Fisher Scientific, #15710064), 1x GlutaMAX, and 1% P/S, was added
to the outer dish connected to the multi-insert dish containing the
prepared models in the multi-organ integrated MPS. The MPS
device was set with a flow rate of 5 ml per minute and a shaking
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speed of 0.8 revolutions per second. The input rate of fresh
medium and the output rate for elimination mimicking were
activated for 2 minutes every hour at 2 mL/min, respectively.

For the PK studies of chemicals in the multi-organ integrated
MPS system, both oral and intravenous drug administration routes
were employed. All compounds were tested at a final concentra-
tion of 10 uM or with DMSO as a control. For oral drugs, the
compound was applied to the apical side of the absorption model,
and samples were collected at 30 minute intervals up to 6 hours,
followed by additional samples at 12, 24, 48, and 72 hours. For
intravenous drugs, the compound was applied to the metabolism
model, and samples were collected at the same time points as
those for the oral drug. The concentration of the compounds in all
samples was analyzed using LC-MS/MS, and PK parameters were
obtained using PK solver version 2.0 software.

In vitro PD profiling in a NOCS

For the PD studies in the multi-organ integrated MPS system,
Paxalisib was applied to the apical side of the intestinal model at a
final concentration of 10 uM under the same conditions as the PK
studies for 72 hours.

After the analysis, the cytotoxic effects on the intestine, liver,
and kidney models were evaluated by measuring cell viability
using the EZ-CYTOX reagent, and TEER measurements were
performed in the intestine and kidney models to assess barrier
integrity and cytotoxicity. Additionally, the intestine, liver, and
kidney models were analyzed for model-specific cell types and
injury markers by RT-qPCR analysis.

For the cancer model, AON-induced exon skipping was
performed prior to model establishment. To evaluate the anti-
cancer efficacy of the combination treatment with Paxalisib and
AON-mediated exon skipping, cancer models were treated with
Paxalisib and AON. PI3K-mTOR and apoptosis signaling pathways
were analyzed by western blotting, and cell viability was assessed
using the EZ-CYTOX reagent. Antibody and primer information is
listed in Supplementary Table 5 and 7.

In vivo PK profiling using a rodent model

Animal studies. Specific pathogen-free (SPF) male ICR mice (8 weeks
old) were purchased from JA BIO Co. (Suwon, Kyonggi, Republic of
Korea) and maintained in an SPF environment at 23 + 2 °C with a 12-
hour light/dark cycle and 50 + 10% relative humidity. Food and water
were provided ad libitum. Mice were allowed to acclimatize for one
week before the study. Mice in the oral administration group were
fasted overnight and fed 4hours after dosing. A single dose of
Bimaralisib, Gedatolisib, or Paxalisib was administered i.v. (5 mg/kg) or
p.o. (20 mg/kg) in a solution of dimethylacetamide/Tween 80/20% v/v
2-hydroxypropyl -cyclodextrin in deionized water (1/1/8 v/v). Blood
samples (~50 pL) were collected at predetermined time points via the
saphenous vein into Sarstedt's Microvette® capillary tubes (Sarstedt,
Numbrecht, Germany), centrifuged at 12,000 x g for 3 minutes, and
stored frozen at -20°C until analysis.

Plasma sample preparation. Plasma samples (15 uL each) were
transferred to PCR tubes (Axygen, Union City, USA). Four volumes
of acetonitrile containing carbamazepine as the internal standard
(IS) were added, vortexed for 10 minutes (Multi-Tube Vortexer, VWR
International, West Chester, PA, USA), and sonicated for 30 minutes
at room temperature. After centrifugation at 12,000 x g for
10 minutes, the supernatant was analyzed using a 4000 QQQ LC-
MS/MS system (Applied Biosystems, Concord, Canada) in positive
MRM mode. Pharmacokinetic parameters were calculated by
noncompartmental analysis of plasma concentration-time profiles
using Kinetica™ 4.4.1 (Thermo Fisher Scientific, Inc,, Woburn, MA).

LC-MS/MS analysis

The LC-MS/MS system consisted of an Agilent 1200 series HPLC
system (Agilent Technologies, Wilmington, DE) and a 4000 QQQ
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LC-MS/MS system (Applied Biosystems, Foster City, CA) equipped
with a Turbo VTM ion spray source operated in the positive ion
mode. Sample separation was performed on an Atlantis dC18
column (50 x 2.1 mm i.d., 3 um; Waters, Milford, MA, USA) with a
SecurityGuard™ C18 guard column (2.0 X 4.0 mm i.d.; Phenom-
enex, Torrance, CA, USA) maintained at 30 °C. The sample injection
volume was 5 pL, and the flow rate was set of 0.4 mL/min. Mobile
phase consisted of HPLC water (A) and acetonitrile (B), each
containing 0.1% formic acid. The TurbolonSpray interface was
operated in the positive ion mode at 5500 V. The detection was
conducted using multiple reaction monitoring of the transitions of
m/z 252 > 190 for Bimiralisib, m/z 616 > 488 for Gedatolisib, m/z
383 > 353 for Paxalisib, and m/z 237 > 194 for carbamazepine (IS).
The retention times of Bimaralisib, Gedatolisib, and Paxalisib, and
the IS were 3.27, 3.09, 3.28, and 3.23 min, respectively. The scan
dwell time was set at 0.1 sec for every channel. Acquisition and
analysis of data were performed with AnalystTM software (version
1.6.3, Applied Biosystems, Foster City, CA).

In vivo Xenograft assay

Female BALB/c nude mice (5 weeks old, n=5 per group) were
purchased from the Central Laboratory Animal Inc. (Seoul,
Republic of Korea). Mice were subcutaneously injected with
patient-derived tumor primary cells (passage <4, 5 x 10° cells/
100 uL). When tumors reached ~50 mm? (20 days post-injection),
mice received intra-tumoral injection of lentivirus (LV-zsG or LV-
U7-AON2/12, 10° TU/mouse), followed by oral administration of
Paxalisib (10 mg/kg) every 3 days for 10 doses in a vehicle
containing 10% DMSO and 10% Cremophor-EL, starting one day
after viral injection. Body weight and general health were
monitored throughout the 47-day study. At the endpoint, mice
were sacrificed, and tumors and major organs were excised for
weight measurement and further histological analyses.

Statistical analysis

Statistical analyses were performed using GraphPad Prism soft-
ware (version 7.05, La Jolla, CA, USA). Data are presented as
mean + SEM. For comparisons between two groups, statistical
significance was assessed using a two-tailed unpaired Student's t-
test. For experiments involving multiple factors, statistical analysis
was performed using one-way or two-way ANOVA, followed by
Tukey's post hoc test for multiple comparisons. A p-value of < 0.05
was considered statistically significant.
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