












Figure 3.

Drug sensitivity to gefitinib is associated with culture condition in YUO-004. A, Procedure for generating 2D PDOs. 3D PDOs were plated on collagen-coated plates
and cultured in AOmedium for more than aweek up to 4 weeks. B, Comparison of IC50 values to each TKI (top) between 3D and 2D PDOs (two-tailed Student t test:
n.s., not significant; �� , P <0.01; ��� , P <0.005). Red line denotes sensitive (IC50 value < 100 nmol/L) or resistant (IC50 value > 100 nmol/L) response to a drug.C,DNA
chromatograms showing EGFR L747P mutation in 3D culture and 2D culture of YUO-050 and YUO-004. D, Scheme for model switching. 2D PDOs that were
maintained as monolayer less than 4 weeks were switched to 3D culture condition and cultured for up to 4 weeks. All models were maintained in AOmedium. E, 3D,
2D, and 2D–3D cultures of YUO-050 and YUO-004 were treated with the indicated concentrations of gefitinib for 3 days. IC50 value of gefitinib is indicated for each
culture condition (top). F, Representative immunoblots of indicated molecules in YUO-050 and YUO-004 at baseline. G, Representative immunoblots of indicated
molecules in YUO-050 andYUO-004at baseline.H, 3DYUO-050 andYUO-004were treatedwith dasatinib alone, gefitinib alone, or gefitinib in combinationwith the
indicated concentrations of dasatinib for 3 days. I, Representative immunoblots of indicated molecules in YUO-004 treated with the indicated concentration of
gefitinib with or without dasatinib. In B, E, and H, data are presented as the mean � SEM (n ¼ 3).
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Figure 4.

PDOs recapitulate a clinical response to dabrafenib/trametinib combination therapy against EGFR exon 19 deletion plus BRAFG464Amutation.A, Summary of NGS
analyses in liquid and tissue biopsies and YUO-071. B, CT scans showing tumor (red arrows) at disease progression to osimertinib (left) and after dabrafenib plus
trametinib combination therapy (right) in a patient fromwhich YUO-071was generated.C,YUO-071 was treatedwith the indicated concentrations of osimertinib (far
left), cetuximab (left), brigatinib with or without cetuximab at the indicated concentrations (right), and dabrafenib alone, trametinib alone, or trametinib plus
dabrafenib at the indicated concentrations (far right) for 5 days. D, YUO-071 was exposed to osimertinib, dabrafenib, trametinib, dabrafenib plus trametinib,
cetuximab, brigatinib, cetuximab plus brigatinib at the indicated concentrations for 15 days (left). Relative cell viability of YUO-071 before (day 0) and after the long-
term exposure (day 15) to dabrafenib plus trametinib is shown on the right panel. E, Representative immunofluorescence images of indicated molecules in YUO-071
treated with control or 100 nmol/L dabrafenib in combination with 100 nmol/L trametinib for 5 days. Scale bar, 100 mmol/L. F, Bar graphs showing quantification of
Ki-67–positive cells (left) and cleaved caspase 3–positive cells (right) in each group from E. In C, D, and F, data are presented as the mean� SEM (n¼ 3; two-tailed
Student t test). N/D, none detected.
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resistant to osimertinib, cetuximab, brigatinib, and cetuximab/briga-
tinib combination, which had demonstrated preclinical efficacy
against EGFR exon 19 deletion/T790M/C797S mutations (Fig. 4C;
ref. 36). Long-term exposure to trametinib and dabrafenib achieved
74% organoid growth inhibition, whereas osimertinib, cetuximab,
brigatinib, and cetuximab plus brigatinib resulted in organoid growth
(Fig. 4D). In addition, the trametinib/dabrafenib combination dras-
tically decreasedKi-67 and increased cleaved caspase 3 (Fig. 4E and F).
Considering the presence of multiple BRAF clones in the patient
tumors, it remains to be determined which BRAF mutation (V600E
and/or G464A) is responding to the combination therapy in this
patient (Fig. 4A). Together, these findings demonstrate that PDOs
capture the clinical response to the dabrafenib/trametinib combina-
tion therapy in a patient with NSCLC harboring EGFR plus BRAF
mutations.

EGFR activatingmutations respond to first-generation EGFR-TKIs,
whereas rare EGFR mutations exhibit differential sensitivity to ther-
apies (4, 6, 7). Clinical and preclinical data regarding an EGFR L747P
mutation are sparse (37). To identify effective therapies against the
EGFR L747P mutation, we screened clinically available EGFR-TKIs in
YUO-004 and YUO-050 established from EGFR L747P-mutant
NSCLCs resistant to gefitinib (Supplementary Tables S1 and S2).
YUO-004 and YUO-050 were sensitive to second-generation
EGFR-TKIs (dacomitinib and afatinib) but resistant to first-
generation (gefitinib and erlotinib) and third-generation EGFR-
TKIs (osimertinib and lazertinib; Fig. 5A). Compared with gefitinib
and osimertinib, afatinib potently inhibited EGFR downstream sig-
naling components (Fig. 5B). Afatinib induced modest growth delay
with 51.8% TGI in YUO-004 xenografts accompanied by marked

inhibition of EGFR phosphorylation, whereas gefitinib and osimerti-
nib had no anticancer effects (TGI ¼ 20.6% and 27.4%,
respectively; Fig. 5C and D). In alignment with these findings, the
matching patient forYUO-050 responded to afatinib and achieved PFS
of 9.5 months (Supplementary Table S2). Together, these results
demonstrate that afatinib is more potent than first-generation and
third-generation EGFR-TKIs against the EGFR L747P mutation.

PDOs can identify effective anti-cancer therapies for novel
molecular targets

ERBB2mutations andRET fusions are emerging targets for targeted
therapies, which are found in approximately 2% of patients with
NSCLC (1). We utilized organoids to investigate effective targeted
therapies for ERBB2-mutant and RET-rearranged NSCLC. Poziotinib,
an experimental drug for treatment of ERBB2-mutant NSCLC, was the
most potent TKI against ERBB2G778_779insCPG andA775_G779in-
sYVMA insertions (Fig. 6A; ref. 38). Compared with other ERBB2
inhibitors, poziotinib potently suppressed the ERBB2-ERK-AKT sig-
naling pathway (Fig. 6B). Cells expressing wild-type target proteins
can be used to determine selectivity of a targeted therapy for mutant
target proteins (14, 38). Using the normal-like organoid (YUO-053),
which is devoid of tumorigenic mutations (Fig. 1B), we found that
poziotinib was more mutant-selective than other drugs (Fig. 6C and
D). In addition, pralsetinib, a highly potent inhibitor for RET-mutant
and RET-rearranged tumors, was more effective than vandetanib,
lenvatinib, and cabozantinib against CCDC6-RET fusion and
KIF5B–RET fusion in cell viability assays and immunoblot analysis
(Fig. 6E and F; ref. 39). Pralsetinib was more mutant-selective than
other RET-targeted therapies (Fig. 6G and H). These findings

Figure 5.

PDOs predict clinical activity of afatinib against EGFR L747P mutation. A, YUO-004 and YUO-050 were treated with the indicated concentrations of gefitinib,
erlotinib, dacomitinib, afatinib, osimertinib, and lazertinib for 3 days. First-generation EGFR-TKIs are colored in dark, second-generation EGFR-TKIs are in red,
and third-generation EGFR-TKIs are in blue. Data are presented as the mean� SEM (n¼ 3). B, Representative immunoblots of indicated molecules in YUO-004 and
YUO-050 treated with the indicated concentrations of gefitinib, afatinib, and osimertinib for 6 hours. C, Tumor growth curve of YUO-004 xenografts treated with
indicated drugs at 25 mg/kg once daily (n ¼ 6 per group; one-way ANOVA with Dunnett’s posttest: n.s., not significant; ��, P < 0.005 vs. vehicle; ##, P < 0.01 vs.
afatinib). D, Immunoblots of indicated molecules in tumor samples obtained from YUO-004 xenografts treated with vehicle and 25 mg/kg gefitinib, afatinib, and
osimertinib for 30 days.
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Figure 6.

PDOs can identify effective therapies for advanced lung adenocarcinoma harboring ERBB2 exon 20 insertions or RET rearrangements. A, YUO-046 and YUO-058
harboring ERBB2 exon 20 insertions were treated with the indicated concentrations of gefitinib, lapatinib, neratinib, afatinib, and poziotinib for 5 days.
B, Representative immunoblots of indicated molecules in YUO-046 and YUO-058 treated with the indicated concentrations of gefitinib, lapatinib, neratinib,
afatinib, and poziotinib for 6 hours. C, IC50 values of gefitinib, lapatinib, neratinib, afatinib, and poziotinib in YUO-053, a normal-like organoid, and tumor organoids
harboring ERBB2 exon 20 insertions. D, Bar graphs showing mean relative IC50 values of the ERBB2 inhibitors in ERBB2-mutant organoids to the normal organoid.
E, YUO-017 and YUO-049 harboring RET fusions were treated with the indicated concentrations of vandetanib, lenvatinib, cabozantinib, and pralsetinib for 5 days.
F, Representative immunoblots of indicated molecules in YUO-017 and YUO-049 treated with the indicated concentrations of cabozantinib, pralsetinib, vandetanib,
and lenvatinib for 2 hours. G, IC50 values of vandetanib, lenvatinib, cabozantinib, and pralsetinib in a normal-like organoid and tumor organoids harboring
RET rearrangements. H, Bar graphs showing mean relative IC50 values of the RET inhibitors in RET fusion positive organoids to the normal organoid. In A and E,
data are presented as the mean � SEM (n ¼ 3). In C and G, mean IC50 values were calculated from three biological replicates (three technical replicates per
independent experiment) using GraphPad Prism. In D and H, data are presented as the mean � SD (n ¼ 2).

Kim et al.

Clin Cancer Res; 2021 CLINICAL CANCER RESEARCHOF10

Cancer Research. 
on September 27, 2021. © 2021 American Association forclincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst June 3, 2021; DOI: 10.1158/1078-0432.CCR-20-5026 

http://clincancerres.aacrjournals.org/


underline preclinical efficacy of poziotinib and pralsetinib against
NSCLCs harboring ERBB2 exon 20 insertions and RET fusions,
respectively.

Discussion
Tumor organoids reflect the genetic alterations of tumors they were

derived from and can be used to investigate drug–gene inter-
actions (14–16, 28, 40). Importantly, PDOs of colorectal cancer, head
and neck cancer, gastrointestinal cancer, and rectal cancer have been
shown to predict clinical responses to not only chemoradiotherapies
but also targeted therapies, bringing new insight into the clinical utility
of organoids (28, 29, 40, 41). Compared with previous studies on lung
cancer PDOs (14–16), we correlated in vitro drug responses in PDOs to
clinical responses inmatching patients and assessed preclinical efficacy
of targeted therapies under clinical development, demonstrating clin-
ical relevance of NSCLC PDOs.

It is generally perceived that 3D cultures better reflect in vivo
physiology than 2D cultures. In the context of EGFR- or ERBB2-
driven cancer, previous studies used conventional cell lines to inves-
tigate the physiological differences between 2D and 3D cultures
(31, 32). For example, Breslin and colleagues showed that 3D cultures
of ERBB2-overexpressing cancer cells, when compared with their 2D
counterparts, display increased expression and activation of HER
family kinases and resistance to HER targeted drugs (31). However,
in vivo or clinical relevance of these observations were not demon-
strated. In our study, we compared predictive values between 2D and
3D cultures of clinically annotated patient-derivedmodels and showed
potential advantages of 3D organoids in translational research. Par-
ticularly, we show that 3D organoids may capture unique information
such as Src activation, which is not represented by either genetic tests
or 2D cultures. We noted that some 3D PDOs (4/9; 44.4%) cannot be
cultured in the monolayer condition, indicating that some NSCLCs
may grow only as suspension cells or require extracellular matrix for
optimal growth (42, 43).

In this study, we utilized organoids to assess the clinical activity
of novel therapeutic strategies. We demonstrate that dabrafenib/
trametinib combination therapy elicits in vitro and clinical
responses in a NSCLC harboring an EGFR exon 19 deletion and
a BRAF G464A mutation. Accordingly, Ho and colleagues have
shown that cancer cell lines harboring both EGFR activating
mutation and BRAF V600E mutation is dependent on BRAF–
MEK pathway and responds to a BRAF inhibitor monotherapy (44).
BRAF G464A mutation belongs to a non-V600E BRAF mutation
which may exhibit different clinical and molecular characteristics to
the BRAF V600E mutation (8, 9). Our findings are in keeping with
several preclinical studies and case reports, which have demon-
strated the efficacy of trametinib with or without dabrafenib against
non-V600E BRAF mutation (7, 9, 45). Moreover, we report pre-
clinical and clinical efficacy of afatinib against the rare EGFR L747P
mutation (37). Our findings and few case reports suggest that the
EGFR L747P mutation is resistant to gefitinib and osimertinib but
sensitive to afatinib (37, 46). These results demonstrate that orga-
noids in addition to the molecular profiling can be a powerful
diagnostic tool for precision medicine in diverse clinical settings.

Finally, we identify poziotinib as the most potent agent, among
ERBB2 targeted therapies tested, against ERBB2 exon 20 insertions
which lack clinically approved inhibitors. Poziotinib has demonstrated
significant preclinical and clinical efficacy compared to erlotinib,
lapatinib, neratinib, and afatinib against the ERBB2 exon 20 inser-
tions (38, 47, 48). In addition, we show that pralsetinib ismore effective

thanmulti-kinase inhibitors vandetanib, cabozantinib, and lenvatinib.
The multi-kinase inhibitors had limited clinical efficacy in RET-rear-
ranged tumors, whereas pralsetinib has demonstrated promising
results in an ongoing phase I clinical trial (NCT03037385; refs. 39, 49).
These data and our recent work on amivantamab, an EGFR-MET
bispecific antibody for treatment of EGFR exon 20 insertions, under-
line the feasibility of PDO-based preclinical studies (50).

This study had several limitations. It was a retrospective study based
on extensive organoid biobanking and NGS. To expand the clinical
utility of organoids, future studies need to be prospective and deter-
mine the time frame for organoids to be informative for clinical
decision making. We also acknowledge that the predictive value of
organoids needs to be validated in a large cohort.

In summary, we demonstrate that advanced lung adenocarcinoma
organoids can recapitulate clinical responses to targeted therapies and
facilitate development of novel therapeutic strategies. The clinical
relevance of organoids will contribute to implementation of precision
medicine.
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