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IV X The epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI)
osimertinib has significantly prolonged progression-free survival (PFS) in patients
with EGFR-mutant lung cancer, including those with brain metastases. However, despite striking ini-
tial responses, osimertinib-treated patients eventually develop lethal metastatic relapse, often to
the brain. Although osimertinib-refractory brain relapse is a major clinical challenge, its underlying
mechanisms remain poorly understood. Using metastatic models of EGFR-mutant lung cancer, we show
that cancer cells expressing high intracellular SI00A9 escape osimertinib and initiate brain relapses.
Mechanistically, S100A9 upregulates ALDH1A1 expression and activates the retinoic acid (RA) sig-
naling pathway in osimertinib-refractory cancer cells. We demonstrate that the genetic repression of
S100A9, ALDH1A1, or RA receptors (RAR) in cancer cells, or treatment with a pan-RAR antagonist,
dramatically reduces brain metastasis. Importantly, SI00A9 expression in cancer cells correlates with
poor PFS in osimertinib-treated patients. Our study, therefore, identifies a novel, therapeutically targ-
etable ST00A9-ALDH1A1-RA axis that drives brain relapse.

SIGNIFICANCE: Treatment with the EGFR TKI osimertinib prolongs the survival of patients with EGFR-
mutant lung cancer; however, patients develop metastatic relapses, often to the brain. We identified a
novel intracellular SI00A9-ALDH1A1-RA signaling pathway that drives lethal brain relapse and can be

targeted by pan-RAR antagonists to prevent cancer progression and prolong patient survival.

INTRODUCTION

Lung cancer is the leading cause of cancer-related mortality
(1). Somatic activating mutations in the epidermal growth
factor receptor (EGFR) gene occur in up to 50% of patients
with lung cancer worldwide (2-4). Targeted therapies with
EGEFR tyrosine kinase inhibitors (TKI) have transformed the
treatment landscape for EGFR-mutant lung cancer (5-8).
EGFR exon 19 (in-frame) deletions (del E746-A750) and
exon 21 point mutations (L858R) comprise 90% of the EGFR
mutations observed in lung cancer and lead to ligand-inde-
pendent activation of the EGFR signaling pathway to pro-
mote proliferation, migration, and survival of cancer cells
(7). Although the first- and second-generation EGFR TKIs
(erlotinib and afatinib, respectively) showed promising initial
responses in patients with EGFR-mutant lung cancer, patients
eventually acquired therapy resistance (50% of cases with an
acquired EGFRT°™ mutation) within 9 to 14 months of
treatment, and ultimately developed lethal metastatic relapse
(9-11). The subsequent development of third-generation
EGFR TKIs led to the discovery of osimertinib (AZD9291),
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which specifically targets EGFR™?*™ and the original sensitiz-
ing mutations (exon 19 deletion and L858R) while sparing
wild-type EGFR and the toxicities associated with its inhibi-
tion (12). Remarkably, first-line treatment with osimertinib
significantly extended the median progression-free survival
(PES) of patients with EGFR-mutant metastatic lung cancer
from 10.2 months (involving treatment using earlier-gener-
ation EGFR TKIs) to 18.9 months (13, 14). Despite promis-
ing initial responses, osimertinib-treated patients eventually
develop metastatic relapses and succumb to death (8, 15-17).
Studies designed to explore osimertinib resistance mecha-
nisms have found that on-target mutations in the EGFR gene
that abrogate the binding of osimertinib to EGFR account for
only 6% to 10% of osimertinib-resistant tumors with first-line
treatment (17-19). Strikingly, 50% of osimertinib-refractory
relapses instead arise from EGFR pathway-independent
mechanisms, which remain poorly defined (17).

Metastasis to the central nervous system (CNS) is a fre-
quent complication in patients with EGFR-mutant lung
cancer (20-22). It is estimated that 25% of patients with
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EGFR-mutant lung cancer already present with CNS metas-
tases at diagnosis, and the incidence of CNS metastasis
increases to 45% at 3 years after diagnosis and TKI treat-
ment (21, 23). Metastasis to the brain portends a poor
prognosis, as it is associated with a significant decline in
cognitive and motor function, impaired daily functioning,
morbidity, and accelerated mortality (21-23). First- and
second-generation EGFR TKIs showed poor blood-brain
barrier permeability and consequently had minimal impact
on brain metastases. In contrast, the superior blood-brain
barrier permeability of osimertinib led to impressive clini-
cal responses in patients with brain metastasis (23, 24).
However, responses to osimertinib are not durable, and
patients eventually relapse and die with osimertinib-refractory
metastatic progression. In particular, CNS progression has
been reported in 20% of patients with lung cancer treated
with osimertinib (25), which adversely affects quality of life
and shortens survival. Therefore, an understanding of post-
osimertinib CNS relapse mechanisms is critical for improv-
ing the clinical management of patients with EGFR-mutant
lung cancer.

The persistence of residual disease following osimertinib
treatment likely contributes to metastatic relapse and pre-
sents a clinical challenge for patients with EGFR-mutant
lung cancer. Tissue microenvironments can provide protec-
tive niches for the survival and expansion of residual cancer
cells and enable the development of relapsed tumors (26, 27).
Surprisingly, however, metastatic models are rarely used for
studying osimertinib-refractory relapse mechanisms, which
limits the potential for developing more effective therapies.
Therefore, to identify mechanisms of osimertinib-refractory
relapse in the context of metastatic progression, we utilized
mouse models that closely resemble the metastatic progres-
sion and osimertinib response observed in human patients.
We, therefore, generated long-term in vivo treatment models
using osimertinib-sensitive EGFR-mutant human lung can-
cer cell lines (PC9 and H1650) that metastasize to distant
organs, including the brain. These mice show remarkable
initial responses to osimertinib that are analogous to human
patients, with a long window of PFS followed by metastatic
relapse. To identify the mechanisms underlying osimertinib-
refractory relapse using these mouse models, we performed
proteomic and transcriptomic profiling of relapsed brain
metastatic cells and found that they express high levels
of S100A9, a protein that is normally secreted by myeloid
cells (28). Of note, clinical studies have found that SI00A9
overexpression in lung cancer cells is correlated with poor
prognosis in patients with lung cancer (29); however, the
underlying molecular mechanisms remain unknown. Here,
using mouse models and patient samples, we show that
intracellular S100A9 expression in EGFR-mutant lung can-
cer cells drives brain relapse through a previously unknown
S100A9-ALDHI1A1l-retinoic acid (RA) axis. We demon-
strate that genetic inhibition of S100A9, ALDH1A1, or RA
receptors (RAR), or pharmacologic inhibition of the RA
pathway using pan-RAR antagonists, significantly reduces
brain relapse from osimertinib-refractory cancer cells. Our
study, therefore, reveals a novel SI00A9-ALDH1A1-RA axis
in EGFR-mutant lung cancer cells that drives osimertinib-
refractory metastatic brain relapse and identifies a potential

vulnerability in lung cancer cells that can be therapeutically
targeted to prolong PFS in patients with EGFR-mutant
lung cancer.

RESULTS

Cancer Progression and Lethal Brain Relapse in
Osimertinib-Treated EGFR-Mutant Metastatic
Lung Cancer Models

To model osimertinib response and relapse in mice, we used
the human EGFR-mutant PC9-BrM3 lung cancer metastasis
model (30, 31), which metastasizes to the brain, bone, and
lymph nodes (31). The PC9-BrM3 cell line (referred to as
“PC9-BrM” hereafter) was derived by in vivo selection for PC9
lung cancer cells (containing an EGFR exon 19 deletion) with
a high incidence of brain metastasis. We engineered PC9-BrM
cells to express luciferase for monitoring metastasis develop-
ment by bioluminescence imaging and injected them into the
arterial circulation of immunodeficient mice via intracardiac
injection (Fig. 1A). After confirmation of metastatic signal
at 25 days after injection by bioluminescence imaging, we
initiated a long-term treatment study involving the regu-
lar administration of either vehicle or osimertinib (5 mg/kg
body weight/day) 5 days per week. We monitored metastasis
weekly by bioluminescence imaging (Fig. 1B). As in human
patients (15, 16, 32, 33), osimertinib significantly prolonged
brain metastasis PFS, from 47 days to 144 days (P < 0.0001),
compared with vehicle-treated mice; however, all drug-treated
mice eventually developed brain relapse and died (Fig. 1B and
C). Interestingly, although cancer cells in the extracranial sites
(bone and lymph nodes) in the body did not progress during
continuous osimertinib treatment (Fig. 1B; Supplementary
Fig. S1A), brain metastases gradually progressed (Fig. 1B and
C; Supplementary Fig. S1A). To understand the underlying
mechanisms of brain relapse using this model, we isolated
brain metastatic cells from the relapsed brain of osimertinib-
treated mice and designated them PC9-Tt-BrM (treated brain
metastatic; Fig. 1D). We then injected either PC9-BrM or PC9-
Tr-BrM cells into the arterial circulation of naive immunodefi-
cient mice and treated them with either vehicle or osimertinib.
We found that the brain metastasis PFS of mice injected with
PCY-Tr-BrM cells was no longer increased by osimertinib treat-
ment (Fig. 1E). Instead, accelerated progression in the brain
was observed in the PC9-Tr-BrM-injected mice compared
with PC9-BrM-injected mice, as determined by histologic
analysis of the brain metastasis surface area with cytokeratin 7
(CK7) immunostaining, despite continued osimertinib treat-
ment (Fig. 1F and G). To validate these observations using
a second, independent EGFR-mutant lung cancer model, we
engineered H1650 lung cancer cells (harboring EGFR exon
19 and PTEN deletions; ref. 34) to express luciferase and
injected them into immunodeficient mice to derive a new
brain metastatic cell line (designated H1650-BrM) by the
in vivo selection method (ref. 35; Supplementary Fig. S1B and
S1C). We injected H1650-BrM cells into the arterial circula-
tion of immunodeficient mice via intracardiac injection (Sup-
plementary Fig. S1D), and after confirmation of metastasis
development at 25 days after injection, we initiated a long-
term treatment study involving the regular administration of
either vehicle or osimertinib (5 mg/kg body weight/day) 5 days
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Figure 1. Fatalbrain relapse in the osimertinib-treated, PC9-derived metastatic lung cancer mouse model. A, Schematic representation of the in vivo
treatment model derived from the PC9-BrM cell line for metastatic EGFR-mutant lung cancer. Luciferase-labeled human EGFR-mutant PC9-BrM cells
were injected into the arterial circulation of immunodeficient mice via intracardiac injection to generate metastases, which were detected by biolumi-
nescence imaging. At 25 days after tumor cell injection, after confirmation of metastatic (met) signal, mice were administered long-term treatment with
either vehicle or osimertinib (Osi) at 5 mg/kg body weight/day by oral gavage 5 days per week until the endpoint indicated in B and C, which averaged to
8 months after tumor cell injection. Periods of response to osimertinib and subsequent relapse were detected by bioluminescence imaging. B, Repre-
sentative images for longitudinal monitoring of metastatic progression with vehicle (Veh) or osimertinib treatment by weekly bioluminescence imaging,
with progressive development of osimertinib-refractory brain relapse in mice. Vehicle-treated mice developed bone, brain, and lymph node metastases
and were euthanized when weight loss was >20% or when the body-conditioning score (BCS) reached 2. Osimertinib-treated mice were monitored for
the emergence and progression of osimertinib-refractory metastasis in the brain and euthanized when either weight loss was >20%, the BCS reached 2,
or mice developed paralysis or seizure-like symptoms due to brain metastasis. Days represent days after initial tumor cell injection. Photon-flux scales
are indicated below the images. C, Kaplan-Meier plot for brain metastasis PFS of mice from the experiment described in A and B. Data were analyzed
using the log-rank test: x? = 19.33, degrees of freedom (d.f.) = 1, P<0.0001, n =10 for vehicle-treated mice and 10 for osimertinib-treated mice.

D, Schematic representation of the experimental design to derive osimertinib treatment-refractory Tr-BrM cells from relapsed brain metastases from
the mice described in A-C that were injected with PC9-BrM cells and treated long-term with osimertinib. E, Kaplan-Meier plot for brain metastasis PFS
of mice injected with PC9-Tr-BrM cells followed by treatment with either vehicle or osimertinib. Data were analyzed using the log-rank test: y? = 1.325,
d.f. =1, Pvalue not significant (ns), n =20 for vehicle-treated mice and 17 for osimertinib-treated mice. F, Representative images of human CK7 IHC on
brain sections from mice injected with either PC9-BrM cells (top) or PC9-Tr-BrM cells (bottom) and treated with either vehicle (left) or osimertinib (right).
Mice were euthanized at 7 weeks after tumor cell injection. Scale bars, 200 um. G, Quantitative analysis of the percentage of CK7-immunostained brain
sections covered by metastasis that are represented in F. Data are presented as mean values + SEM. P values were determined by a two-tailed, unpaired
Mann-Whitney test: n=10 for vehicle-treated mice bearing PC9-BrM or PC9-Tr-BrM metastases and n=11 for osimertinib-treated mice bearing

PC9-BrM or PC9-Tr-BrM metastases.

per week. Consistent with the PC9-derived model, osimertinib
prolonged brain metastasis PFS in the H1650-BrM model
(Supplementary Fig. S1E), albeit for a shorter duration than
the PC9-BrM model (Fig. 1C). After a striking response period
of 120 days, 100% of the osimertinib-treated mice developed
brain relapse (45% of which also developed lung lesions)
and died (Supplementary Fig. S1E). We then isolated brain
metastatic cells from the osimertinib-treated mice (designated
H1650-Tr-BrM), injected them into the arterial circulation
of naive immunodeficient mice, and treated the mice with
either vehicle or osimertinib. Analogous to the PC9-Tr-BrM
model (Fig. 1E), the brain metastasis PFS of mice injected with
H1650-Tr-BrM cells was no longer prolonged by osimertinib
treatment (Supplementary Fig. S1F), with rapid progression
to the brain in 100% of the mice (Supplementary Fig. SIF-
S1H). These results show that osimertinib initially delays
metastatic progression, but eventually drug-tolerant cancer
cells escape treatment and cause lethal brain relapse in two
independent EGFR-mutant, metastatic lung cancer models.

S100A9 Is a Key Mediator of Brain Relapse in
Osimertinib-Refractory Lung Cancer Cells

To investigate the mechanisms of brain relapse from osi-
mertinib treatment, we first explored whether Tr-BrM cells still
showed EGFR pathway inhibition in response to osimertinib.
We found that osimertinib treatment led to a similar dose-
dependent inhibition of EGFR and ERK phosphorylation and
similar cytotoxicity profiles in the BrM and Tr-BrM derivatives
from both PC9 and H1650 cell lines (Fig. 2A; Supplementary
Fig. S2A-S2C), thus confirming effective target inhibition of
the EGFR pathway and cytotoxicity in vitro by osimertinib.
To determine whether osimertinib effectively inhibits EGFR
pathway activation iz situ in the brain, we next performed
immunostaining analysis of phospho-EGFR tyrosine 1068
(p-EGFR) on brain sections from mice injected with PC9-
BrM and H1650-BrM cells and treated with either vehicle or
osimertinib. Consistent with our in vitro findings (Fig. 2A,;
Supplementary Fig. S2A), we found that p-EGFR was signifi-
cantly reduced in both micro- and relapsed metastatic lesions
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Figure 2. S100A9is a key mediator of brain relapse in osimertinib-refractory lung cancer cells. A, Immunoblot analysis for inhibition of EGFR pathway
activation in PC9-BrM and PC9-Tr-BrM cells treated with the indicated doses of osimertinib (Osi) and collected 6 hours after treatment. Antibodies
against phospho-EGFR (Tyr1068), phospho-ERK (Thr202/Tyr204), total EGFR, total ERK, and B-actin (loading control) were used. Data are representa-
tive of three independent experiments. B, Brain sections from mice injected with PC9-BrM cells described in Fig. 1A and B were immunostained using an
antibody against phospho-EGFR. PC9-BrM cells were injected into the arterial circulation of immunodeficient mice via intracardiac injection to generate
metastases. Treatment was administered starting 25 days after tumor cell injection with either vehicle or osimertinib at 5 mg/kg body weight/day by
oral gavage 5 days per week and continued until endpoint. The endpoint for vehicle-treated mice was 2 months after tumor cell injection (Vehicle). The
endpoint for osimertinib-treated mice was 4 months after tumor cell injection for micrometastases (Micromet) and 8 months after tumor cell injection
for relapsed metastatic lesion (Relapsed Met). For the osimertinib treatment group, mice were administered osimertinib by oral gavage. At 6 hours after
treatment, mice were euthanized, and brain tissues were subsequently processed for histologic analysis. Representative images of IHC staining for
phospho-EGFR in brain sections are shown. Arrows point to and dotted line surrounds the location of metastatic cells in the brain. Scale bars, 100 um.

C, The p-EGFR-immunostained brain sections described in B were quantitated using automated QuPath software to count p-EGFR-positive (pos.) cancer
cells that were identified by setting a threshold for signal intensity (1+). Data are presented as mean values + SEM. P values (indicated in the figures)
were determined by a two-tailed, unpaired Mann-Whitney test: n=10 for vehicle-treated mice, 14 for osimertinib-treated mice with micrometastases,
and 10 for osimertinib-treated mice with relapsed metastases. Veh, vehicle. D, Schematic representation of the strategies used to compare PC9-BrM
and PC9-Tr-BrM cells for differentially expressed proteins by quantitative label-free mass spectrometry and for differentially expressed genes by
transcriptomics. E, Volcano plot shows the differentially expressed proteins between PC9-Tr-BrM and PC9-BrM cells identified by quantitative label-free
mass spectrometry. Proteins with higher abundance in PC9-Tr-BrM cells compared with PC9-BrM cells have log, fold changes with positive values and
are labeled inred. N=3replicates per group. Data points referring to the top significantly differentially expressed proteins (S100A9 and S100A8) are
labeled. F, Volcano plot of RNA-seq-based transcriptomic analysis shows the differentially expressed genes between PC9-Tr-BrM cells and PC9-BrM
cells. Genes with significantly higher expression in PC9-Tr-BrM cells compared with PC9-BrM cells have log; fold changes with positive values and are
depicted in red. Genes with significantly lower expression in PC9-Tr-BrM cells compared with PC9-BrM cells have log, fold changes with negative values
and are depicted in gray. N=3replicates per group. Data points referring to the top significantly differentially expressed genes (S100A9 and S100A8)
are labeled. G, Immunoblot analyses of lysates from BrM and Tr-BrM cells from both PC9- and H1650-derived models using antibodies against SI00A9
and B-actin (loading control). The data are representative of three independent experiments. H, S100A9 expression was determined by qRT-PCR analysis
of PC9- and H1650-derived BrM and Tr-BrM cells. GAPDH was measured as an internal control. Data are presented as mean values £ SEM. P values were
determined by a two-tailed, unpaired Mann-Whitney test: n=6 for PC9-BrM, n=6 for PC9-Tr-BrM, n=4 for H1650-BrM, and n=5 for H1650-Tr-BrM.
Rel, relative. I, Immunoblot analyses of lysates from PC9- and H1650-derived Tr-BrM cells infected with viruses expressing either a control gRNA (Lenti-
Con) or an S100A9-specific gRNA (referred to as “S100A9i{" throughout the figures). The indicated antibodies were used to confirm the loss of S1T00A9
protein expression following CRISPR/dCas9-mediated gene repression. B-Actin served as a protein loading control. Data are representative of three

independent experiments. (continued on following page)

in osimertinib-treated mice compared with the vehicle-treated
control (Fig. 2B and C; Supplementary Fig. S2D and S2E).
However, in contrast to the in vitro findings, drug-tolerant cells
were able to thrive in the brain by EGFR pathway-independent
mechanisms. These results suggest that brain metastatic cells
are able to resist the antiproliferative and cytotoxic effects of
osimertinib-mediated EGFR inhibition and grow in the brain.

To identify pathways that promote the growth and sur-
vival of Tr-BrM cells in the brain, we performed quantitative
label-free mass spectrometry and transcriptomics comparing

PC9-BrM and PC9-Tr-BrM cells (Fig. 2D). S100A8 and
S100A9, two calcium-binding proteins that form a heter-
odimer and are normally secreted by myeloid cells (36, 37),
emerged as the top upregulated candidates in the PC9-
Tr-BrtM cells compared with PC9-BrM cells by proteomic
profiling (Fig. 2E). Functional annotation analysis using the
Database for Annotation, Visualization, and Integrated Dis-
covery (DAVID) showed S100A8 and S100A9 were enriched in
23 of 30 (77%) pathways (Supplementary Tables S1 and S2).
Transcriptomic profiling by RNA sequencing (RNA-seq) and
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Figure 2. (Continued) J, Ex vivo photon flux of brains from mice injected with PC9- or H1650-derived Tr-BrM cells expressing either Lenti-Con or
S100A9i was determined by bioluminescence imaging. Mice were collected at 7 weeks after tumor cell injection. The photon-flux scale is indicated on
the right side. K, Violin plots depicting normalized photon flux of brains imaged ex vivo from the mice described in J. The normalized photon flux for brain
tissue was calculated by dividing the photon flux from brain collected ex vivo by the total photon flux at day O (i.e., the day of injection) and multiplying
that value by 100. Data are presented as mean values £ SEM. P values were determined by a two-tailed, unpaired Mann-Whitney test. For PC9 Tr-BrM,
n=10 for Lenti-Con and n=9 for ST00A9i. For H1650-Tr-BrM, n=6 for Lenti-Con and n=7 for S100A9i. L, Representative images of CK7 IHC on brain
sections from mice injected with either PC9-derived Tr-BrM Lenti-Con-expressing (left) or SI00A9i-expressing (right) cells in the top row, or H1650-
derived Tr-BrM Lenti-Con-expressing (left) or ST00A9i-expressing (right) cells in the bottom row. Brains were harvested from mice 7 weeks after tumor
cell injection. Scale bars, 500 um. M, Quantitative analysis of the percentage of brain sections covered by metastasis from the experiment described in
L. Data are presented as mean values + SEM. P values were determined by a two-tailed, unpaired Mann-Whitney test. For PC9-Tr-BrM, n =4 for Lenti-Con
and n=4 for S100A9i. For H1650-Tr-BrM, n =6 for Lenti-Con and n =3 for S100ASi.

functional enrichment analysis by G:Profiler (38) identified
broad gene ontology (GO) categories that were significantly
enriched in the PC9- and H1650-derived BrM and Tr-BrM
cells (Supplementary Fig. S2F-S2I). Consistent with the
proteomics analysis (Fig. 2E), SI00A8 and S100A9 were also
among the significantly upregulated genes by RNA-seq in
the Tr-BrM cells compared with BrM cells from both PC9
and H1650 models (Fig. 2F; Supplementary Fig. S2F and
S2G; Supplementary Tables S3 and S4). Increased expression
of S100A8 and S100A9 was validated by immunoblot and
qRT-PCR analyses in both PC9- and H1650-derived Tr-BrM
cells compared with their respective BrM controls (Fig. 2G
and H; Supplementary Fig. S3A and S3B). Immunostaining
analysis of brain sections showed prominent intracellular
expression of SI00A9 in metastatic cells derived from both
PC9 and H1650 models (Supplementary Fig. S3C and S3D).
Consistent with these observations, secreted S100A9 was
not detected in the sera from mice bearing brain metasta-
ses in either the PC9- or H1650-derived models by ELISA
analysis, and the majority of SI00A9 was detected in the cell
lysate rather than the culture supernatant (Supplementary
Table S5).

To determine whether SI00A8/S100A9 expression is caus-
ally linked with brain metastasis development, we performed
loss-of-function studies. We suppressed the expression of
S100A8 and S100A9 using CRISPR repression (CRISPRi)
in both PC9- and H1650-derived Tr-BrM cells (Fig. 2I; Sup-
plementary Fig. S3E-S3I). We found that individual repres-
sion of S100A8 and S100A9 in Tr-BrM cells derived from
both PC9 and H1650 cell lines using independent guide
RNAs (gRNA) led to a significant reduction in brain metas-
tasis at endpoint (7 weeks after injection), as determined
by quantitative bioluminescence imaging and by histologic
analysis of the metastasis surface area with CK7 immu-
nostaining (Fig. 2J]-M; Supplementary Fig. S3]-S30). SI00A8
and S100A9 function together as a heterodimer, and SI00A8
expression is downregulated in S100A9-deficient neutrophils

(28, 36). We, therefore, examined whether S100A9 repres-
sion (S100A9i) leads to downregulation of S1I00A8 in EGFR-
mutant lung cancer cell lines. Indeed, SI00A8 expression
was significantly reduced in the PC9- and H1650-derived
Tr-BrM-S100A9i cells compared with their respective lenti-
control Tr-BrM cells (Supplementary Fig. S3P and S3Q). We,
therefore, used S100A9 repression as a surrogate for studying
the functional loss of S100A8/9 in Tr-BrM cells in subsequent
experiments. Our results demonstrate that elevated expres-
sion of S100A9 (and S100A8) promotes brain metastasis of
EGFR-mutant lung cancer cells and becomes an alternative
mechanism to thrive in the brain while under stress from
EGFR pathway inhibition.

S100A9-Proficient Cancer Cells Promote
Postcolonization Growth in the Brain

The ability of cancer cells to develop metastases in the
brain depends on their ability to extravasate from blood ves-
sels into the brain parenchyma (known as metastatic seeding)
and subsequently adapt, survive, and grow in the brain micro-
environment (known as postcolonization outgrowth; refs.
39-41). To determine how S100A9 drives brain metastasis,
we asked which of these steps during brain metastasis require
S100A9 expression. To test whether S100A9 is required for
metastatic seeding in the brain, we injected PC9-derived
Tr-BrM cells expressing lenti-control (Tr-BrM-Lenti-Con) or
S100A9i (Tr-BrM-S100A9i) into the arterial circulation of
immunodeficient mice via intracardiac injection (Fig. 3A).
Seven days following injection, a time point when lung cancer
cells extravasate and can be detected in the brain parenchyma
(41), we harvested, sectioned, and immunostained brain tis-
sues with an antibody against CK7 to quantitate the number
of cancer cells that seeded in the brain. We found no differ-
ence in the number of extravasated cells in the brain paren-
chyma between the S100A9-proficient and S100A9-deficient
groups (Fig. 3B), indicating that S100A9 is not required for
metastatic seeding in the brain in the PC9-derived model. To
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Figure 3. S100A9-proficient cells promote postcolonization growth in the brain. A, Schematic representation of the experimental design to quantify
seeding in the brain. PC9-Tr-BrM cells expressing either lenti-control (Lenti-Con) or SLIO0A9i were injected into the arterial circulation of immunodefi-
cient mice via intracardiac injection. Seven days later, brains were isolated, sectioned, and analyzed by IHC for human CK7. CK7-immunostained cancer
cells were then counted to compare seeding of cancer cells in the brain parenchyma between experimental groups. B, Quantitative analysis of the
experiment described in A. Tumor cells were counted in 10 sections of 20 um each per brain. Data are presented as mean values + SEM. The P value was
determined by a two-tailed, unpaired Mann-Whitney test. N=4 for Lenti-Con; n=5 for ST00A9i. ns, P value not significant. C, Schematic representation
of the experimental design to analyze postcolonization growth in the brain. PC9-Tr-BrM cells expressing either Lenti-Con or ST00A9i were injected into
the arterial circulation of immunodeficient mice via intracardiac injection. At 7 weeks after injection, brain tissues were collected, and sections were
analyzed by immunostaining for phospho-histone H3 (Ser10) to compare the number of mitotically active cancer cells between the experimental groups.
D, Representative images of phospho-histone H3 (p-Hist H3) IHC on brain sections from the experiment described in C. Arrows point to and dotted line
surrounds the location of metastatic cells in the brain. Scale bars, 100 pm. E, Quantitative analysis of the phospho-histone H3-positive cells within brain
sections from the experiment described in C and represented in D. Immunostained sections were counted using the QuPath software, where positively
stained cells are identified by setting a threshold for signal intensity (3+). Data are presented as mean values + SEM. P values were determined by a
two-tailed, unpaired Mann-Whitney test: n=12 for Lenti-Con and n=6 for SI00A9i. F, Representative images of brain sections stained with an antibody
against human S100A9. PC9-BrM cells were injected into the arterial circulation of immunodeficient mice via intracardiac injection. After metastatic
signal was detected by bioluminescence imaging, treatment was started 25 days after tumor cell injection with either vehicle or osimertinib at 5 mg/kg
body weight/day by oral gavage 5 days per week. Brain tissues were collected 2 months after tumor cell injection in the vehicle treatment group (Vehicle)
3 months after tumor cell injection in the osimertinib treatment group (minimal residual disease, or MRD) and 8 months after tumor cell injection in the
osimertinib-treated relapse group (Relapse). Scale bars, 100 um. Data are representative of 10 mice/group analyzed at each time point. G, Schematic
representation of single-cell cloning from PC9-BrM cells. ST00A9 high- and low-expressing single-cell progenies (SCP) are labeled as S100A9 and
S100A9', respectively. H, Immunoblot analysis of lysates from PC9-BrM-derived SCPs using antibodies against S100A8, S100A9, and B-actin (loading
control). The data are representative of three independent experiments. I, Schematic representation of the brain metastasis assay to compare the
ability of S100A9" and S100A9" SCPs to grow in the brain and generate metastases. J, Ex vivo photon flux of brains from mice injected with PC9-BrM-
derived S100A9" and S100A9' SCPs was determined by bioluminescence imaging. Brains were collected from mice 7 weeks after tumor cell injection.
Photon-flux scale is indicated below the images. K, Violin plots depicting normalized photon flux of brains imaged ex vivo from mice described in J. The
normalized photon flux for brain tissue was calculated by dividing the photon flux from brain collected ex vivo by the total photon flux at day O (i.e.,

the day of injection) and multiplying that value by 100. Data are presented as mean values + SEM. P values were determined by a two-tailed, unpaired
Mann-Whitney test. N="5 for STO0A9"; n=4 for SLIO0A9®. L, Representative images of CK7 IHC on brain sections from mice injected with PC9-BrM-
derived S100A9" and S100A9' SCPs. Brains were harvested from mice 7 weeks after tumor cell injection. Scale bars, 200 um. M, Quantitative analysis
of the percentage of CK7-immunostained brain sections covered by metastasis (Met area) in the experiment described in L. Data are presented as mean
values + SEM. P values were determined by a two-tailed, unpaired Mann-Whitney test: n="5 for SI00A9" and n=5 for S100A9%.
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test whether S100A9 is instead required for postcolonization
growth in the brain, we immunostained brain sections from
mice harvested seven weeks following tumor cell injection
(Fig. 3C), using an antibody against phospho-histone H3
(Ser10; Fig. 3D). Consistent with larger metastatic lesions
in the Tr-BrM-Lenti-Con group compared with the Tr-BrM-
S100A9i group (Fig. 2L-M), a significantly higher number of
mitotically active, phospho-histone H3-positive cells were
observed in the Tr-BrM-Lenti-Con group (Fig. 3D and E).
However, no differences in proliferation were observed in vitro
between the BrM and Tr-BrM cells or the Tr-BrM-Lenti-Con
and Tr-BrM-S100A9i cells that were derived from either PC9
or H1650 cell lines (Supplementary Fig. S3R-S3U). These
results indicate that S100A9 is required for the postcoloniza-
tion growth of metastatic lung cancer cells in situ in the brain.

Based on these results, we reasoned that although both
S100A9-proficient and S100A9-deficient cells can colonize
the brain, the SI00A9-proficient cells are likely to grow bet-
ter in the brain, a biological trait that can potentially sustain
their growth and survival after EGFR pathway inhibition by
osimertinib. In line with this hypothesis, we observed the
presence of both S100A9" and S100A9% cells in brain sec-
tions from PC9-BrM-injected mice treated with vehicle for
2 months (Fig. 3F, vehicle). However, this scenario changed
dramatically after prolonged osimertinib treatment, where
S100A9M cells became prominent in the surviving metastatic
cells following 3 months of osimertinib treatment (Fig. 3F,
MRD), and predominated in relapsed brain metastases fol-
lowing 8 months of osimertinib treatment (Fig. 3F, relapse).
Based on these findings, we reasoned that if osimertinib
treatment selects for S100A9" cells, then the PC9-BrM cell
line should exhibit heterogeneity with respect to preexisting
S100A9 expression levels that are present prior to drug treat-
ment and brain metastasis. Indeed, single-cell cloning of the
PC9-BrM line gave rise to distinct S100A9" and S100A9'%
single-cell progenies (SCP) in culture (Fig. 3G and H), which
were then compared for their ability to grow in the brain.
Bioluminescence imaging showed a striking increase in
brain metastasis by S100A9" SCPs compared with S100A9'
SCPs when an equal number of cells from each group were
injected into the arterial circulation of immunodeficient
mice (Fig. 3I-K). These results were further validated by
histologic analysis of the metastasis surface area with CK7
immunostaining (Fig. 3L and M). These findings indicate
that osimertinib treatment selects SI00A9™ cells for growth
and survival in the brain, from a preexisting pool of lung
cancer cells that exhibit heterogeneity for SI00A9 expres-
sion. ST00A9™ cells thereby serve as seeds of future relapse
from osimertinib treatment.

Association of S100A9 Expression with Brain
Metastasis and Shorter PFS in Patients with
Osimertinib-Treated Lung Cancer

Our preclinical studies revealed two distinct functions of
S100A9: to promote brain metastatic growth and to escape
the growth-inhibitory effects of osimertinib. To clinically
validate our experimental findings, we performed S100A9
immunostaining on tissue specimens that were obtained
prior to osimertinib treatment from 29 patients with EGFR-
mutant lung cancer (Fig. 4A; Supplementary Table S6). The

immunostained samples were scored as either S100A9-pos-
itive (any percentage of clear, positive intracellular S100A9
staining in cancer cells) or SI00A9-negative (no detectable
S100A9 staining in cancer cells; Fig. 4A). Consistent with
our preclinical observations (Fig. 2J]-M and Fig. 3]-M), an
independent blinded pathologic examination revealed a sta-
tistically significant association between S100A9 expression
and the development of brain metastasis (P = 0.0027; Fig. 4B).
We next asked whether SI00A9 expression in pre-osimertinib
treatment cancer cells correlated with osimertinib treatment
response in a combined cohort of patients on first-, second-,
and third-line osimertinib treatment (Fig. 4C and D). Indeed,
high expression of S100A9 in cancer cells from pre-osimertinib
treatment samples correlated significantly with worse PES on
osimertinib (n =29, P=0.0011), both in the combined cohort
(Fig. 4D) and when stratified by treatment lines (n = 17,
P=0.0106 for first-line osimertinib patients;n =12, P=0.0451
for second- and third-line patients; Fig. 4E). Therefore, based
on our preclinical studies and clinical validation, elevated
S100A9 expression in cancer cells is significantly associated
with brain metastasis and strongly correlates with progres-
sion in patients with osimertinib-treated lung cancer.

S100A9 Promotes Brain Relapse
through ALDH1A1l

To further explore how S100A9 mediates the growth of
brain metastatic lesions, we analyzed the transcriptome of
S100A9-proficient (Tr-BrM-Lenti-Con) and S100A9-deficient
(Tr-BrM-S100A9i) brain metastatic cells from the PC9- and
H1650-derived models by RNA-seq (Fig. SA and B; Supple-
mentary Fig. S4A—S4C; Supplementary Tables S7 and S8).
Consistent with our previous results (Supplementary Fig. S3P
and S3Q), S100A8 was among the top downregulated genes in
both PC9- and H1650-derived Tr-BrM-S100A9i cells (Fig. SA
and B; Supplementary Fig. S4A; Supplementary Tables S7 and
S8). Interestingly, aldehyde dehydrogenase 1 family member Al
(ALDH1AI), which encodes an enzyme that catalyzes the conver-
sion of retinaldehyde to RA, was among the top downregulated
genes in both PC9- and H1650-derived Tr-BrM-S100A9i cells
(Fig. 5B; Supplementary Fig. S4A). Gene set enrichment analysis
further revealed a significant decrease in the expression of reti-
nol metabolism genes in the Tr-BrM-S100A9i cells [GO Biologi-
cal Process (GOBP) RA metabolic process, P = 0.024, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) retinol metabo-
lism, P = 0.026; Supplementary Fig. S4D and S4E]. Moreover,
the analysis of genes present at the leading edges of both the
GOBP RA metabolic process and KEGG retinol metabolism
gene sets confirmed enrichment for genes associated with RA
metabolism in PC9-Tr-BrM compared with PC9-BrM cells (Sup-
plementary Fig. S4F). The leading-edge genes from both GOBP
RA metabolic process and KEGG retinol metabolism were also
significantly downregulated upon S100A9 repression in PC9-Tr-
BrM cells (Supplementary Fig. S4G). These results suggest that
S100A9 activates the RA pathway in Tr-BrM cells.

RA, an active metabolite of retinol (vitamin A), binds
to nuclear hormone receptors to regulate diverse cellular
processes, including proliferation, tissue remodeling, and
differentiation (42, 43). For RA biosynthesis, retinol is first
oxidized by alcohol dehydrogenase (ADH) enzymes to reti-
naldehyde. Retinaldehyde is further oxidized to RA by the
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Figure 4. High S100A9 expression is associated with brain metastasis and shorter PFS in patients with osimertinib-treated lung cancer. A, Schematic
representation of the analysis of patient samples for ST00A9 expression in cancer cells. ST00A9 immunostaining was performed on tissue specimens
(biopsies/resected material) from 29 patients with lung cancer with a validated EGFR mutation that were obtained prior to osimertinib treatment. The
immunostained samples were scored by independent pathologists as either SI00A9-positive (any percentage of clear, positive intracellular ST00A9
staining in cancer cells) or S100A9-negative (no detectable SI00A9 staining in cancer cells). neg, S100A9-negative; pos, SI00A9-positive. B, Graphical
representation of the association between S100A9 expression in the patient tissue specimens described in A and the development of brain metastasis

(met) for 26 patients with a clinical annotation for the presence or absence of brain metastasis at diagnosis (three of 29 patients had unknown brain
metastasis status at diagnosis). The P value was determined by a %2 test: n =10 samples from patients with brain metastasis and n=16 samples from
patients without brain metastasis. C, Distribution of patients on first-, second-, and third-line osimertinib (Osi) treatment from the 29-patient cohort
described in A. D, Kaplan-Meier plot for the PFS of osimertinib-treated patients from the combined cohort described in A. Data were analyzed using
the log-rank test:x, = 10.74, degrees of freedom (d.f.) = 1, P=0.0001, n= 29 patients. Patients who had not progressed at the time of analysis were
censored. E, Kaplan-Meier plot for PFS of the osimertinib-treated patients described in A and C. Data were analyzed using the log-rank test. For first-
line osimertinib-treated patients: 2 = 6.011, d.f. = 1, P=0.0106, n= 17; for second- and third-line osimertinib-treated patients: x? = 4.015,d.f. = 1,
P=0.0451, n=12. Patients who had not progressed at the time of analysis were censored.

aldehyde dehydrogenase (ALDH) family of enzymes, mainly
ALDH1A1, ALDH1A2, and ALDH1A3. Among the ALDHIA
family members, ALDH1A1 was only significantly downregu-
lated by S100A9 repression in both PC9- and H1650-derived
Tr-BrM cells (Supplementary Fig. S4H). We confirmed a
reduction in RNA and protein expression of ALDHIA1 in
PC9- and H1650-derived Tr-BrM-S100A9i cells compared
with their respective controls (Fig. 5C and D; Supplementary
Fig. S4I and S4J). Moreover, IHC analysis showed robust
expression of ALDHI1AL and a striking overlap between
S100A9 and ALDH1A1 in brain metastatic lesions from the
PCO-Tr-BrM model (Fig. SE). Importantly, ALDH1A1 was
significantly downregulated by SI00A9 repression in brain
metastatic lesions from the PC9- and H1650-Tr-BrM models
(Fig. SF and G; Supplementary Fig. S4K). We, therefore, asked
whether SI00A9 promotes brain metastasis through upregu-
lation of ALDH1AL. To test this possibility, we first analyzed
whether repression of ALDH1A1I can phenocopy S100A9i in
PC9- and H1650-derived Tr-BrM cells. We confirmed suc-
cessful repression of ALDH1A1 in PC9- and H1650-derived

Tr-BrM cells (Fig. SH; Supplementary Fig. S4L) and found
that ALDH1A1 repression in the Tr-BrM cells significantly
reduced brain metastasis, as quantified by bioluminescence
imaging and by histologic analysis of the metastasis sur-
face area with CK7 immunostaining (Fig. 5I-L; Supplemen-
tary Fig. S4M-S4P). We also found that forced expression
of ALDH1A1 (ALDH1Alo/e) was sufficient to rescue the
S100A9i phenotype in both PC9- and H1650-derived models
(Fig. SM-Q; Supplementary Fig. S4Q-S4W), indicating that
ALDHI1AT1 represents a key downstream effector of S100A9
that mediates brain metastasis. No differences in prolifera-
tion were observed in vitro among the PC9- and H1650-Tr-BrM
cells transduced with lentivirus encoding either Lenti-Con,
S100A9i, ALDH1A1i, or S100A9i-ALDH1Alo/e, suggesting
that the SI00A9-ALDH1A1-RA axis is not required for cell
growth in vitro (Supplementary Fig. S4X and S4Y). These
results therefore demonstrate that osimertinib-refractory
lung cancer cells co-opt the SI00A9-ALDH1A1 signaling axis
to survive and grow in the brain despite inhibition of EGFR
activity by osimertinib.
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Figure 5. S100A9 promotes brain relapse through ALDH1AL. A, Volcano plot shows the significantly differentially expressed genes between PC9-Tr-BrM
cells expressing either Lenti-Con or S100A9i gRNAs as identified by RNA-seq analysis. Genes with significantly higher expression in PC9-Tr-BrM-S5100A9i
cells compared with PC9-Tr-BrM-Lenti-Con cells have log, fold changes with positive values and are depicted in red. Genes with significantly lower expres-
sion in PC9-Tr-BrM-S100A09i cells compared with PC9-Tr-BrM-Lenti-Con cells have log; fold changes with negative values and are depicted in blue. N=3 per
group. Genes with an adjusted P value of less than 1.0 x 10-* and an absolute value of the log; fold change of greater than 2.4 were considered significant.

B, Heat map of the top significantly upregulated and downregulated genes in PC9-Tr-BrM-derived S100A9i-expressing cells versus Lenti-Con-expressing cells
(Con). Normalized gene expression above the row mean is indicated by progressively darker shades of red, and normalized gene expression below the row
mean is indicated by progressively darker shades of blue. Genes with an adjusted P value of less than 1.0 x 10-* and an absolute value of the log fold change
of greater than 2.4 were considered significant. C, ALDH1AI expression was determined by qRT-PCR analysis in PC9-derived Tr-BrM cells expressing either
Lenti-Con or S100A9i. GAPDH was measured as an internal control. Data are presented as mean values = SEM. The P value was determined by a two-tailed,
unpaired Mann-Whitney test: n=6 for Lenti-Con and n=6 for S100A9i. D, Immunoblot analysis of lysates from PC9-Tr-BrM cells expressing either Lenti-Con
or S100A9i using antibodies against ALDH1A1 and B-actin (loading control). The data are representative of three independent experiments. Rel,, relative.

E, Representative images of serial brain sections stained with an antibody against S100A9 (left) and ALDH1AL1 (right) taken from two different mice (des-
ignated “Tr-BrM 1” and “Tr-BrM 2") injected with PC9-Tr-BrM cells. Brains were collected at 7 weeks after tumor cell injection. Images are representative of
eight mice analyzed per group. Scale bars, 2,000 um. F, Representative images of brain sections stained with an antibody against ALDH1A1 taken from mice
injected with PC9-Tr-BrM cells expressing either Lenti-Con or S100A9i and collected 7 weeks after tumor cell injection. Scale bars, 200 um. G, Quantita-

tive analysis of the ALDH1A1-positive cells (pos.) shown in F. Inmunostained sections were counted using the QuPath software, where positively stained
cells were identified by setting a threshold for signal intensity (1+). Data are presented as mean values + SEM. The P value was determined by a two-tailed,
unpaired Mann-Whitney test: n=5 for Lenti-Con and n=5 for S100A9i. H, Immunoblot analysis of lysates from PC9-Tr-BrM cells expressing either Lenti-Con
or ALDH1Aliusing antibodies against ALDH1A1 and B-actin (loading control). The data are representative of three independent experiments. I, Ex vivo pho-
ton flux of brains from mice injected with PC9-Tr-BrM-derived cells expressing either Lenti-Con or ALDH1Aliwas determined by bioluminescence imaging.
Brains were collected from mice 7 weeks after tumor cell injection. Photon-flux scale is indicated on the right side. J, Violin plots depicting normalized photon
flux of brains imaged ex vivo from the mice described in I. The normalized photon flux for brain tissue was calculated by dividing the photon flux from brain
collected ex vivo by the total photon flux at day O (i.e., the day of injection) and multiplying that value by 100. Data are presented as mean values + SEM. The
P value was determined by a two-tailed, unpaired Mann-Whitney test: n="5 for Lenti-Con and n=5 for ALDH1A1i. K, Representative images from CK7 IHC on
brain sections from mice injected with PC9-Tr-BrM-Lenti-Con cells (top) or PC9-Tr-BrM-ALDH1A1i cells (bottom). Brains were harvested from mice 7 weeks
after tumor cell injection. Scale bars, 200 pm. L, Quantitative analysis of the percentage of CK7-immunostained brain sections covered by metastasis from
the experiment described in K. Data are presented as mean values + SEM. The P value was determined by a two-tailed, unpaired Mann-Whitney test: n=5 for
Lenti-Con and n=3 for ALDH1ALi. M, Immunoblot analysis of lysates from PC9-Tr-BrM-S100A9i cells expressing either lenti-vector control (Lenti-Vec Con)
or ALDH1AL (“ALDH1Alo/e" denotes ALDH1A1 overexpression) using antibodies against ALDH1A1 and B-actin (loading control). Data are representative

of three independent experiments. N, Ex vivo photon flux of brains from mice injected with PC9-Tr-BrM-S100A09i cells expressing either Lenti-Vec Con or
ALDHIA1T was determined by bioluminescence imaging. Brains were collected from mice 7 weeks after tumor cell injection. The photon-flux scale is indicated
on the right. 0, Violin plots depicting normalized photon flux of brains imaged ex vivo from the mice described in N. The normalized photon flux for brain
tissue was calculated by dividing the photon flux from brain collected ex vivo by the total photon flux at day O (i.e,, the day of injection) and multiplying that
value by 100. Data are presented as mean values = SEM. The P value was determined by a two-tailed, unpaired Mann-Whitney test: n=6 for Lenti-Vec Con;
n=5 for ALDH1Alo/e. P, Representative images of CK7 IHC on brain sections from mice injected with PC9-Tr-BrM S100A9i cells expressing either Lenti-Vec
Con (top) or ALDH1A1 (bottom). Brains were harvested from mice 7 weeks after tumor cell injection. Scale bars, 200 um. Q, Quantitative analysis of the per-
centage of CK7-immunostained brain sections covered by metastasis (Met) from the experiment described in P. Data are presented as mean values + SEM.
The P value was determined by a two-tailed, unpaired Mann-Whitney test: n=5 for Lenti-Vec Con and n=6 for ALDH1Alo/e.
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Site-Specific Effects of the
S100A9-ALDH1A Axis

We next asked whether the SI00A9-ALDHI1A1 axis pro-
motes the growth of cancer cells selectively in the brain or
if it also promotes growth in the lung and bone, two addi-
tional sites of growth for H1650 and PC9 derivatives, respec-
tively (Fig. 1; Supplementary Fig. S1). As H1650-derived BrM
cells can grow in both the brain and lung (Supplementary
Fig. S1C and S1E), we first asked whether the expression of
S100A9 and ALDHIAL is elevated in H1650-BrM-derived
lung lesions post-osimertinib treatment (referred to as
“Osi-relapse”) compared with lung lesions from vehicle-
treated mice, similar to what we observe for brain lesions
(Figs. 2 and 3; Supplementary Fig. S3). To address this
question, we first injected H1650-BrM cells into the arte-
rial circulation of immunodeficient mice, treated them with
either vehicle or osimertinib, and then harvested lung and
brain tissues for IHC analysis. Lung and brain tissues were
collected at endpoint (2 months in the vehicle-treated group
and 4 months after tumor cell injection in the Osi-relapse
group). In contrast to the brain lesions, lung lesions showed
no statistically significant increase in S100A9 and ALDH1A1
expression from the Osi-relapse group compared with the
vehicle-treated group (Supplementary Fig. S5A-SSF). To
evaluate the requirement of the SI00A9-ALDH1A1 axis for
cancer cell growth in the lung, we injected H1650-Tr-BrM
cells (expressing high S100A9 and ALDHI1A1 levels) that
were transduced with lentivirus encoding either Lenti-Con,
S100A9i (Fig. 2I), ALDH1A1li (Supplementary Fig. S4L), or
S100A9i-ALDH1Alo/e (Supplementary Fig. S4R) into the
arterial circulation of immunodeficient mice via intracar-
diac injection (Supplementary Fig. S5G). Compared with the
robust brain metastasis phenotype (Fig. 2J-M; Supplemen-
tary Figs. S4M-S4P and S4T-S4W), we observed a modest
but statistically significant reduction in the growth of lung
lesions upon suppression of SI00A9 or ALDH1AI, and a
rescue by ALDH1AL1 expression (in an S100A9i background),
as determined by quantitative bioluminescence imaging
(Supplementary Fig. SSH and SSI). To confirm these find-
ings, we isolated H1650 lung derivatives from osimertinib-
treated mice injected with H1650-BrM cells (abbreviated as
“H1650-lung derivatives”) and transduced them with either
Lenti-Con, S100A9i, ALDH1A1i, or S100A9i-ALDH1Alo/e
(Supplementary Fig. S5J). We then directly implanted these
cells in the lung of immunodeficient mice and evaluated the
growth of these cells in the lung at endpoint (3 weeks after
injection; Supplementary Fig. S5K). Consistent with our pre-
vious findings (Supplementary Fig. SSH and S5I), a modest
but statistically significant reduction was observed in lung
tumor growth upon S100A9 or ALDH1A1 repression, which
was rescued by forced ALDH1A1 expression (in an S100A9i
background; Supplementary Fig. SSL). Taken together, these
data show that the SI00A9-ALDH1A1 axis promotes the
growth of EGFR-mutant lung cancer cells in the lung, albeit
to a lesser extent than in the brain.

PC9-derived BrM cells can grow in the brain and bone
after injection into the arterial circulation (Fig. 1B; Sup-
plementary Fig. S1A). Therefore, we next tested whether
the expression of S100A9 and ALDH1A1 is elevated in the

PC9-BrM-derived bone lesions post-osimertinib treatment
compared with vehicle-treated mice following tumor cell
injection, analogous to what we observed for brain lesions.
We analyzed the bone lesions at 5 months following tumor
cell injection, which is an intermediate time point before
osimertinib effectively eliminates bone metastatic lesions in
this model. In contrast to the brain, IHC analysis showed no
significant increases in either S100A9 or ALDH1A1 expres-
sion in the bone metastatic lesions from the osimertinib-
treated group (referred to as “Osi-residual tumor”) compared
with bone metastatic lesions from the vehicle-treated group
(Supplementary Fig. SSM-SSR). To confirm these findings,
we isolated PC9 bone derivatives from osimertinib-treated
mice injected with PC9-BrM cells (referred to as “PC9-bone
derivatives”) 5 months following tumor cell injection. We
transduced the PC9-bone derivatives with lentivirus encod-
ing either Lenti-Con, S100A%9i, ALDHI1ALi, or S100A9i-
ALDH1Alo/e (Supplementary Fig. S5S). To evaluate the
requirement of the S100A9-ALDHI1A1 axis for growth in
the bone, we directly implanted these transduced PC9-bone
derivatives in the tibia bone of immunodeficient mice and
evaluated the growth of these cells in the bone at endpoint
(3 weeks after injection; Supplementary Fig. SST). No signifi-
cant differences were observed in tumor growth in the bone
between these groups, as determined by quantitative biolu-
minescence imaging (Supplementary Fig. S5U). These results
suggest site-specific functions of the SI00A9-ALDH1A1 axis,
which promotes metastatic growth in the brain, to a lesser
extent in the lung but not in the bone.

Osimertinib-Refractory Tumor Cells from Brain
Metastases Are Sensitive to Pan-RAR Inhibition

The physiologic functions of RA are mediated primarily
through binding to two families of retinoid nuclear recep-
tors, the RARs (RAR alpha, RAR beta, and RAR gamma) and
RXRs (RXR alpha, RXR beta, and RXR gamma), that function
as ligand-dependent transcription factors (43). RA-bound
RAR/RXR heterodimers bind to target genes at RA-response
elements (RARE) to regulate their transcriptional activation
(43). As high expression of ALDH1A1l mediates S100A9-
dependent brain metastasis, we hypothesized that activation
of the RA-response pathway enables Tr-BrM cells to grow in
the brain in the presence of osimertinib. To test the sensitivity
of Tr-BrM cells to RAR pathway inhibition, we pharmacologi-
cally challenged PC9- and H1650-derived Tr-BrM cells with
RAR pathway antagonists. Treatment of PC9- and H1650-
Tr-BrM cells with retinol in serum-free media significantly
induced expression of the RAR target gene STRAG in vitro
(Supplementary Fig. S6A and S6B), indicating functional RA
biosynthetic and response pathways. Interestingly, STRA6
expression was only modestly inhibited when treated with
either the RAR-alpha antagonist BMS195614 (abbreviated as
RARei) or the RAR-gamma antagonist MM11253 (abbrevi-
ated as RARyi), but was dramatically reduced with the pan-
RAR antagonist AGN194310 (abbreviated as “pan-RARi”;
Supplementary Fig. S6A and S6B). In line with these observa-
tions, retinol-treated PC9- and H1650-Tr-BrM cells showed a
striking dose-dependent cytotoxicity with pan-RAR antago-
nism compared with PC9- and H1650-BrM cells (Supple-
mentary Fig. S6C). Conversely, two other EGFR-mutant lung
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Figure 6. Osimertinib-refractory cancer cells are sensitive to pan-RAR inhibition. A, Schematic representation of the treatment of PC9- and H1650-
derived Tr-BrM cells with vehicle, osimertinib alone, a pan-RAR antagonist (AGN194310) alone, or AGN194310 in combination with osimertinib. At 25
days after tumor cell injection, after confirmation of metastatic signal, mice were administered long-term treatment with either (i) vehicle (Veh), (ii)
AGN194310 (Pan-RARj; 0.5 mg/kg body weight/day), (iii) osimertinib (Osi; 5 mg/kg body weight/day), or (iv) AGN194310 (0.5 mg/kg body weight/day)
plus osimertinib (5 mg/kg body weight/day) by oral gavage 5 days per week until the endpoint (7 weeks after tumor cell injection). B, Ex vivo photon flux
of posttreatment brains from the experiment described in A was determined at endpoint by bioluminescence imaging. The photon-flux scale is indicated
on the right. C, Violin plots depicting normalized photon flux of brains imaged ex vivo from the mice described in B. The normalized photon flux for brain
tissue was calculated by dividing the photon flux from brain collected ex vivo by the total photon flux at day O (i.e., the day of injection) and multiplying that
value by 100. Data are presented as mean values + SEM. P values were determined by a two-tailed, unpaired Mann-Whitney test. For PC9-Tr-BrM mice:
n=8 for vehicle; n =8 for osimertinib; n =7 for pan-RAR{; and n=7 for osimertinib plus pan-RARi. For H1650-Tr-BrM mice: n=12 for vehicle; n=8 for
osimertinib; n =10 for pan-RARi; and n =6 for osimertinib plus pan-RARIi. ns, P value not significant. D, Representative images of CK7 IHC on posttreat-
ment brain sections collected at endpoint from the experiment described in A. Scale bars, 200 um for top (PC9-Tr-BrM) and 100 um for bottom (H1650-
Tr-BrM). E, Quantitative analysis of the percentage of CK7-immunostained brain sections covered by metastasis (Met) shown in D. Data are presented as
mean values £ SEM. P values were determined by a two-tailed, unpaired Mann-Whitney test. For PC9-Tr-BrM mice: n=11 for vehicle; n=9 for osimertinib;
n=4 for pan-RARi; and n =5 for osimertinib plus pan-RARi. For H1650-Tr-BrM mice: n =6 for vehicle; n=6 for osimertinib; n=9 for pan-RARi{;and n=6
for osimertinib plus pan-RARI. F, Schematic representation of the experiment testing the effect of RAR gene knockdown on brain metastasis develop-
ment. Mice were injected with either PC9- or H1650-derived Tr-BrM cells with one of two sets of shRNA-mediated stable dual knockdown of RARo and
RARy (sh-RARa: + ), or control shRNA (sh-Con), via intracardiac injection. Experiments involving shRNA set #1 are shown in G-J, whereas experiments
involving shRNA set #2 are shown in Supplementary Fig. S6L-560. Mice were euthanized 7 weeks after tumor cell injection, and brains were collected

for analysis. G, Ex vivo photon flux of posttreatment brains from the experiment described in F was determined at endpoint by bioluminescence imaging.
The photon-flux scale is indicated on the right. H, Violin plots depicting normalized photon flux of brains imaged ex vivo from the mice represented in

G. The normalized photon flux for brain tissue was calculated by dividing the photon flux from brain collected ex vivo by the total photon flux at day O (i.e.,
the day of injection) and multiplying that value by 100. Data are presented as mean values = SEM. P values were determined by a two-tailed, unpaired
Mann-Whitney test. For PC9-Tr-BrM: n=7 for sh-Con; n=5 for sh-RAR. For H1650-Tr-BrM: n =8 for sh-Con; n =6 for sh-RAR. I, Representative images
of CK7 IHC on posttreatment brain sections collected at endpoint from the experiment described in F. Scale bars, 100 um for all images. J, Quantitative
analysis of the percentage of CK7-immunostained brain sections covered by metastasis shown in I. Data are presented as mean values £ SEM. P values
were determined by a two-tailed, unpaired Mann-Whitney test. For PC9-Tr-BrM: n=10 for sh-Con; n=10 for sh-RAR. For H1650-Tr-BrM: n=5 for sh-Con;
n="5 for sh-RAR.

cancer cell lines, H1975 and HCC4006, that lack expression week of either (i) vehicle, (if) AGN194310 (0.5 mg/kg body
of S100A9 and ALDH1A1 did not show dose-dependent loss weight/day), (iii) osimertinib (5 mg/kg body weight/day), or
of viability with AGN194310 (Supplementary Fig. S6C-S6E). (iv) AGN194310 (0.5 mg/kg body weight/day) plus osimerti-

To determine whether treatment with AGN194310 inhibits nib (5 mg/kg body weight/day). A striking reduction in brain

brain metastasis i vivo, we injected PC9- and H1650-Tr-BrM metastasis was observed in mice treated with AGN194310,
cells into the arterial circulation of immunodeficient mice compared with vehicle control and osimertinib-alone groups,
via intracardiac injection (Fig. 6A). We confirmed metastatic by bioluminescence imaging and histologic analysis of the
signal by bioluminescence imaging at 25 days and initiated metastasis surface area with CK7 immunostaining (Fig. 6B-E;
a treatment study involving the administration 5 days per Supplementary Fig. S6F and S6G). To complement our
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Figure 7. The combination of osimertinib and pan-RAR antagonism reduces residual cancer cells in the brain. A, Schematic representation of the
experimental treatment protocol for the prevention trial. Osimertinib-sensitive PC9- or H1650-BrM cells were injected into mice via intracardiac injec-
tions. At 5 days after tumor cell injection, mice were administered treatment with either (i) vehicle (Veh), (ij) AGN194310 (Pan-RARi; 0.5 mg/kg body
weight/day), (iii) osimertinib (Osi; 5 mg/kg body weight/day), or (iv) AGN194310 (0.5 mg/kg body weight/day) plus osimertinib (5 mg/kg body weight/
day) by oral gavage 5 days per week until the endpoint (7 weeks after tumor cell injection). B, Representative images of CK7 IHC on posttreatment brain
sections at endpoint from the experiment described in A. Scale bars, 500 um for PC9-BrM and 100 um for H1650-BrM. C, Quantitative analysis of the
CK7-immunostained brain metastatic cancer cell number per um? represented in B. Data are presented as the mean number of cancer cells per um? of
the brain tissue section £ SEM. P values were determined by a two-tailed, unpaired Mann-Whitney test. For PC9-BrM: n=12 for vehicle; n=16 for osi-
mertinib; n =10 for pan-RAR{; and n =10 for osimertinib plus pan-RARi. For H1650-BrM: n=17 for vehicle; n =12 for osimertinib; n=10 for pan-RARj;

and n=14 for osimertinib plus pan-RARI. ns, P value not significant.

pharmacologic inhibition studies, we generated PC9- and
H1650-Tr-BrM cells expressing two independent sets of short
hairpins (shRNA) targeting both RARo and RARy (Supple-
mentary Fig. S6H-S6K). Consistent with the pharmacologic
studies (Fig. 6B-E), a striking reduction in brain metastasis
was observed with both sets of shRNAs targeting RARo and
RARy in both PC9- and H1650-derived cells, as determined
by quantitative bioluminescence imaging and by histologic
analysis of the metastasis surface area with CK7 immu-
nostaining (Fig. 6F-J; Supplementary Fig. S6L-S60). We next
asked whether AGN194310 also affects tumor growth in the
bone or lung. Similar to our genetic suppression experiments
(Supplementary Fig. S5), AGN194310 treatment modestly
reduced lung (but not bone) lesions in the PC9- and H1650-
derived models when directly implanted in the lung and
bone, respectively (Supplementary Fig. S6P-S6S). Our study
therefore reveals a therapeutic vulnerability in osimertinib-
refractory, brain metastatic lung cancer cells that can be
targeted by pan-RAR antagonism.

The Combination of Osimertinib with Pan-RAR
Antagonism Reduces Residual Cancer Cells in
the Brain

Based on the existence of clonal heterogeneity in S100A9
expression in PC9-BrM cells prior to osimertinib treatment
in the brain (Fig. 3), we asked whether treatment with the
combination of osimertinib and AGN194310 could reduce
residual cancer cells in the brain. We injected unselected,
treatment-naive PC9- and H1650-BrM cells into the arte-
rial circulation of immunodeficient mice via intracardiac
injection (Fig. 7A). We initiated a prevention study S days
after tumor cell injection involving the administration 5
days per week of either (i) vehicle, (ii)) AGN194310 (0.5
mg/kg body weight/day), (iii) osimertinib (5 mg/kg body
weight/day), or (iv) AGN194310 (0.5 mg/kg body weight/day)
plus osimertinib (5 mg/kg body weight/day). At endpoint (7
weeks after tumor cell injection), we harvested, sectioned,
and immunostained brain tissues with a CK7 antibody to
identify cancer cells that were below the detection limit of
bioluminescence imaging (Fig. 7B and C). Compared with the

vehicle-treated mice, there was a significant reduction in the
number of residual cancer cells in the brain in all treatment
groups (Fig. 7B and C). Importantly, mice in the AGN194310
plus osimertinib group showed a significantly greater reduc-
tion in the residual disease burden in the brain compared
with either osimertinib or AGN194310 alone (Fig. 7B and
C). These preclinical studies suggest that the combination
of therapies (AGN194310 plus osimertinib) could prevent or
delay the emergence of osimertinib-refractory disease in the
brain of patients with EGFR-mutant lung cancer.

DISCUSSION

Metastatic relapse resulting from treatment failure has
been a formidable challenge to finding a cure for EGFR-
mutant lung cancer. Metastasis to the brain is a critical com-
plication for 45% of patients with EGFR-mutant lung cancer
that drastically reduces their quality of life and survival (20,
21). The brain is also a frequent site of relapse following the
administration of early-generation EGFR TKIs, as most of
these drugs have limited penetration of the blood-brain bar-
rier. This limitation was overcome with osimertinib, which
can permeate the blood-brain barrier (24, 44) and elicit strik-
ing responses in patients with brain metastases. However, the
challenge with osimertinib treatment is that the responses
are transient, and many patients eventually progress, often
in the brain (25). The gradual evolution of drug resistance
generally observed in human patients has not been previ-
ously modeled in the physiologic context of brain metasta-
sis, and as such, mechanisms that drive brain relapses have
remained poorly understood. Here, we generated osimertinib
treatment-response-and-relapse mouse models using human
lung cancer cells harboring osimertinib-sensitive EGFR-
activating mutations to study brain relapse mechanisms.
Our studies show that the SI00A9-ALDH1A1-RA signaling
axis endows cancer cells with the ability to thrive in the brain
despite on-target inhibition of EGFR activity by osimertinib.
Arising from clonal heterogeneity, S100A9-high expressors
acquire tolerance to osimertinib and are selected to grow in
the brain. Osimertinib-refractory cells therefore co-opt an
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EGFR mutation-independent bypass pathway that preexists
in brain metastatic cells in order to escape osimertinib treat-
ment and initiate brain relapse.

Our studies reveal site-specific requirements for the
S100A9-ALDH1AI1-RA axis to promote the growth and sur-
vival of metastatic lung cancer cells. Following osimertinib
treatment, the expression of S100A9 and ALDHIA1l was
highly enriched in metastatic cells located in the brain, but
not in the lung and bone, which could be due to clonal het-
erogeneity or suppressive signals by the local microenviron-
ment. Moreover, it remains to be investigated how S100A9
regulates the expression of ALDHIAL in cancer cells. In
this context, nuclear SI00A9 has been reported in inflamed
keratinocytes (45) and in models of cellular transformation
(46), suggesting a role for SI00A9 in transcriptional regula-
tion. It will be interesting to further explore how S100A9 reg-
ulates the transcription of ALDH1A1 and potentially other
genes in brain metastatic lesions.

Our genetic studies in both PC9- and H1650-derived mod-
els showed that although brain metastatic cells are highly
dependent on the SI00A9-ALDH1AI1-RA axis for growth,
bone metastatic cells are not. Such tissue-specific depend-
encies of metastatic cells on the RA signaling axis might be
determined by the expression and activity of the receptors
that transport retinol, enzymes that convert retinol to RA,
and catabolizing enzymes that degrade RA (47, 48). Interest-
ingly, in contrast to the brain, bone metastatic cells from the
PC9-derived model, which lack the SI00A9-ALDH1A1-RA
signaling axis, are still dependent on the EGFR pathway and
are effectively eliminated by osimertinib treatment.

We envision that lung cancer cells with distinct EGFR
mutations might have different pathway dependencies and
routes to EGFR treatment resistance and that the S100A9-
ALDH1A1-RA axis represents one such escape mechanism
for EGFR-mutant lung cancer cells. Future studies are there-
fore needed to develop metastatic lung cancer models with
distinct EGFR mutations to study osimertinib drug resistance
in vivo. Furthermore, the development of immunocompetent
mouse models of EGFR-mutant lung cancers that metastasize
to multiple organ sites will enable the study of drug resist-
ance and clonal heterogeneity in the context of the adaptive
immune system, which is a limitation of the models used in
our studies.

We highlight the following key implications from our
findings that could improve the clinical management of the
disease. First, using osimertinib-response-and-relapse mouse
models, we have elucidated an underlying mechanism for
progression of EGFR-mutant lung cancer cells on osimertinib
that does not involve on-target EGFR resistance mutations
and could not have been identified through mutational anal-
ysis of tumors from either mouse models or patients. Our
model system with long-term drug treatment enabled us to
elucidate a novel relapse mechanism that might be especially
relevant to patients with lung cancer because most relapses
occur late (1 to 2 years) into osimertinib treatment. Indeed,
we found that the presence of SI00A9-positive cancer cells in
pretreatment tumor tissue from patients with EGFR-mutant
lung cancer is associated with brain metastasis and corre-
lated with poor PFS following osimertinib treatment. These
findings suggest that the assessment of intracellular SI00A9

expression in pretreatment samples might be useful to deter-
mine which patients are at high risk for brain metastasis and
progression following osimertinib treatment. It is also impor-
tant to note that routinely performed plasma genotyping for
mutations will not detect intracellular S100A9 expression.
Therefore, it is necessary to perform IHC analysis of S100A9
in patient biopsies and/or resected tissues to predict the risk
of progression in patients. Second, S100A8/9 is normally
expressed and secreted by myeloid cells and can also be pack-
aged as cargo in their exosomes (28, 49-53). We and others
have demonstrated how S100A9 that has been secreted from
myeloid cells promotes breast (36) and colon cancer progres-
sion (54). In contrast, we show here that intracellular ST00A9
in cancer cells activates the ALDH1A1-RA pathway in EGFR-
mutant lung cancer cells to promote relapse. Because the
S100A9 detected in serum samples might be derived from the
secretome of myeloid cells, our studies underscore the impor-
tance of analyzing the intracellular levels of SI00A9 specifi-
cally in cancer cells from patients by IHC or after isolation of
cancer cells by intracellular flow cytometry. Third, the clinical
management of EGFR-mutant lung cancer will benefit from
new strategies that circumvent osimertinib-resistance mecha-
nisms and enhance the effectiveness of osimertinib in combi-
nation treatments. Our preclinical prevention studies showed
a significant reduction in the number of residual brain meta-
static cells when a pan-RAR antagonist was combined with
osimertinib in both PC9- and H1650-derived mouse models
of EGFR-mutant lung cancer. Our findings therefore offer a
new therapeutic strategy to target the SI00A9-ALDHI1A1-
RA signaling axis using pan-RAR antagonists that, in com-
bination with osimertinib, can be tested in clinical trials
to prolong PFS and to prevent brain relapses in patients
with EGFR-mutant lung cancer. Future studies are needed
to investigate whether treatment with the combination of
RAR antagonists and osimertinib promotes the regression
of advanced brain metastatic lesions in patients with EGFR-
mutant lung cancer. Of relevance, multiple high-affinity RAR
antagonists were developed in the late 1990s (55) and are
currently the subject of renewed interest for their ability to
inhibit prostate cancer cell growth (56, 57). With the increas-
ing prevalence of brain metastasis in patients with EGFR-
mutant lung cancer and its associated poor prognosis (39),
therapeutic strategies that can prevent or treat brain relapses
in these patients will be of high translational relevance and
direct clinical benefit.

METHODS

Animal Studies

All animal protocols and treatment of mice were approved by the
Columbia University Institutional Animal Care and Use Committee
(TACUC), and all animal experiments were conducted according to
the ethical regulations described in the institutional guidelines of
the Columbia University Medical Center (CUMC) Institute of Com-
parative Medicine, in compliance with the U.S. National Research
Council’s Guide for the Care and Use of Laboratory Animals, the U.S.
Public Health Service’s Policy on Humane Care and Use of Labora-
tory Animals, and the Guide for the Care and Use of Laboratory
Animals. Mice were maintained in the CUMC barrier facility under
conventional conditions with constant temperature and humid-
ity and fed a standard diet (Labdiet 5053). For animal experiments
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performed at the Memorial Sloan Kettering Cancer Center (MSKCC)
by the Antitumor Assessment Core Facility at Sloan Kettering Insti-
tute, all animal protocols and treatment of mice were approved by the
MSKCC IACUC, and all animal experiments were conducted accord-
ing to the ethical regulations described in the institutional guidelines
of MSKCC, in compliance with the U.S. National Research Council’s
Guide for the Care and Use of Laboratory Animals, the U.S. Public
Health Service’s Policy on Humane Care and Use of Laboratory
Animals, and the Guide for the Care and Use of Laboratory Animals.
Male athymic mice ages 8 to 9 weeks obtained from Envigo were
intracardially injected with 1 x 10° PC9-BrM cells, H1650-BrM cells,
or their derivative sublines. Metastasis was monitored by biolumines-
cence imaging using the In Vivo Imaging System (IVIS, PerkinElmer)
weekly. Briefly, mice were anesthetized with 3% to 4% isoflurane and
injected with 150ng of D-Luciferin (Fisher Scientific) via intraperi-
toneal injections. The mice were then placed inside the PerkinElmer
IVIS Spectrum Optical Imaging System for measuring biolumines-
cence. Total photon flux was calculated using Living Image 4.7.3.soft-
ware (PerkinElmer). Mice were weighed weekly and were monitored
twice a week. Following IACUC guidelines from Columbia University,
mice with weight loss of more than 20% or a body-conditioning
score (BCS) of 2 or less or mice exhibiting signs of hunched posture,
impaired locomotion, or respiratory distress were criteria followed
for prompt euthanasia. Additionally, mice that develop brain metas-
tases may develop paralysis or seizure-like activity, so mice with these
indicators were also euthanized promptly. Mice with a BCS of less
than 3 were monitored by the investigative staff at least daily and
provided with additional supportive care or as directed by an Insti-
tute of Comparative Medicine veterinarian. Euthanasia with carbon
dioxide inhalation with secondary method of decapitation/cervical
dislocation was followed. Timed collection was performed in match-
ing cohorts, which are indicated in figure legends. Bone and lungs
were collected from mice as indicated in the figures.

For intratibial injections, we followed the procedure outlined in
ref. 58. Briefly, mice were anesthetized with isoflurane. Mice were
injected with buprenorphine XR 3.25 mg/kg subcutaneously. The
hind limb was prepared with a 70% ethanol swab. The lateral malleo-
lus, medial malleolus, and lower half of the tibia were grasped and the
leg bent in a combination of flexion and lateral rotation to expose the
knee. Using a 28-G 2-inch needle and a drilling motion, the needle
was inserted through the patellar ligament percutaneously and into
the anterior intercondylar area of the tibia. The cell suspension was
slowly injected into the previously drilled tibia tract. Ten microliters
of luciferase-labeled 5 x 10* cells were injected. Mice were kept on a
heating pad until they recovered from anesthesia. Mice were moni-
tored daily for 48 hours and then twice a week. The mice were imaged
weekly by bioluminescence imaging, and bones were collected by
ex vivo imaging.

For intrathoracic injections or lung orthotopic injections, we fol-
lowed the procedure outlined in ref. 59. The mouse was anesthetized
with isoflurane administered with a precision vaporizer. Depth of
anesthesia was monitored at least every 15 minutes throughout the
procedure by observing that there was no change in the respiratory
rate associated with surgical manipulation and/or toe pinch. The
mouse was placed on a snuggle safe pad with a barrier between mouse
and pad. Following confirmation that a suitable anesthetic plane (no
response to stimulation) had been attained, sterile eye lubricant was
applied to both eyes to prevent corneal drying. The area around the
injection site was shaved and sterility prepared with betadine and
70% alcohol consisting of three alternate swabs. A S-mm incision
was made on the side of the left thoracic cavity. A 5-mm incision
was made through the fat and muscle surrounding the rib cage.
It was ensured that the incision was only through the skin and fat/
muscle layer and did not enter the thoracic cavity. If the thoracic cav-
ity was opened, the mouse was humanely euthanized. One-milliliter
tuberculin syringes were used to inject the cell inoculum into the left

lateral thorax, at the lateral dorsal axillary line, approximately 1.5 cm
above the lower rib line just below the inferior border of the scapula
once the lungs were visualized through the ribs. The needle was
quickly advanced approximately 6 mm into the thorax and injected
into the lungs while they were extended. Thirty microliters of 1 x 10°
luciferase-labeled cancer cells in HBSS were injected. The needle was
quickly removed after the injection cell suspension. The muscles
were sutured together using Vicryl sutures. Wound clips were used to
close the skin. The procedure took 10 to 15 minutes per mouse. The
mice were thereafter imaged weekly by bioluminescence imaging, and
lungs were collected by ex vivo imaging.

For ex vivo imaging at endpoint, mice were injected with luciferin
intraperitoneally, and after 3 minutes, mice were euthanized and tis-
sues (brain and any other extracranial site with luminescent signal)
were harvested for ex vivo imaging. The normalized photon flux for
brain tissue ex vivo was calculated by dividing the photon flux from
brain collected ex vivo by the total photon flux at day 0 (day of injec-
tion), and that value was multiplied by 100. Brain metastasis PFS
was analyzed using the log-rank (Mantel-Cox) test. Survival curves
and data analyses were performed with Prism 6 (GraphPad Software).

For drug treatments, mice were randomized into treatment
groups. Osimertinib was administered by oral gavage in mice with
a dose of 5 mg/kg/day 5 days per week. Osimertinib treatment was
started 25 days after tumor cell injection for metastasis trials for both
PC9- and H1650-Tr-BrM models, and 5 days after tumor cell injec-
tion for prevention trials for both PC9- and H1650-BrM models. For
intratibial and lung orthotopic injections, mice were treated starting
7 days after tumor cell injection for another 2 weeks (endpoint at 3
weeks after tumor cell injection). For experiments involving testing
of p-EGFR activation in brain metastatic cells in tissues, mice were
gavaged with osimertinib (dose of 5 mg/kg body weight), and 6 hours
later, mice were euthanized and brains were collected and fixed in 4%
paraformaldehyde in PBS for 24 hours at 4°C and subsequently pro-
cessed for histologic analysis. AGN194310 was prepared in DMSO
and reconstituted in 1% polysorbate/PBS and was administered to
the mice by oral gavage with a dose of 0.5 mg/kg/day S days per week.
After euthanasia, mouse brain was immediately dissected out and cut
in half along the middle line. The two hemispheres were fixed with
4% paraformaldehyde in PBS for 24 hours at 4°C. Paraffin-embedded
brain tissue was sectioned sagittally at S-um thickness and processed
for histologic analysis.

PC9 and H1650 Derivatives and Generation of Stable Cell
Lines Expressing Luciferase

PC9-BrM3 cells stably expressing GFP luciferase were obtained
from the Massague Laboratory. Cancer cells were isolated from the
lung after osimertinib treatment after injecting H1650-BrM cells in
arterial circulation at endpoint (4 months after tumor cell injection)
are labeled as H1650-lung derivatives. Cancer cells were isolated
from the bone after osimertinib treatment after injecting PC9-BrM
cells in arterial circulation at endpoint (5 months after tumor cell
injection) and are labeled as PC9-BrM bone derivatives. All cancer cell
lines (PC9-BrM and H1650 derivatives) used in this study were stably
infected with lentivirus expressing luciferase enzyme and a hygromy-
cin resistance marker as described previously (35). Briefly, cells were
plated at 30% confluency (adherent cells), and lentivirus was pro-
duced using the pLVX-Hygro vector expressing the luciferase gene.
Target cells were transduced with the viral supernatant for 3 hours.
At 48 hours following infection, stable cells integrated with the vec-
tor were selected using 100 pg/mL of hygromycin B (Invitrogen) for
1 week and were tested by gene expression and immunoblot analysis.

Immunoblot Analysis

Cells were washed with cold PBS, collected in lysis buffer consisting
of 25 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1% Triton X-100, 0.5%
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SDS, and supplemented with protease inhibitor cocktail (Roche) and
phosphatase inhibitor cocktail (Thermo Scientific). After sonication,
cell lysates were centrifuged at 18,000 x g for 5 minutes at 4°C. Pro-
tein concentration in the supernatant was determined by the BCA
protein assay (Pierce), and a known amount of protein samples was
mixed with an appropriate volume of 4x SDS-PAGE sample buffer
and incubated at 95°C for 5 minutes. After separation of proteins by
SDS-PAGE, protein bands were transferred to nitrocellulose mem-
branes and immunoblotted with rabbit antibodies to phospho-EGFR
(Y1068), phospho-ERK1/2 (T202/Y204), ALDH1A1, S100A9, S100A8,
and a mouse mADb to B-actin, followed by the corresponding horse-
radish peroxidase (HRP)-conjugated secondary antibodies (Sigma).
The membranes were developed using an ECL substrate (Bio-Rad),
and immunoblotted specific protein bands were visualized on a Bio-
Rad ChemiDoc Imaging System (Bio-Rad). RAR-alpha and -gamma
antibodies were from Cell Signaling Technology (#62294 and #8965).
For other antibodies, ALDH1A1 (D9Q8E) XP rabbit mAb #54135
from Cell Signaling Technology was used at 1:800, S100A9 (D5060)
rabbit mAb #72590 from Cell Signaling Technology was used at
1:500, anti-MRP8/S100A8 rabbit antibody #Ab92331 from Abcam
was used at 1:500, anti-B-actin mouse mAb (A1978) from Sigma was
used at 1:2,000, phospho-EGF receptor (Tyr1068; D7AS) XP rabbit
mADb #3777 was used at 1:1,000, EGF receptor (D38B1) XP rabbit
mADb #4267 was used at 1:1,000, and phospho-p44/42 MAPK (Erk1/2;
Thr202/Tyr204) rabbit antibody #9101 and p44/42 MAPK (Erk1/2;
137FS5) rabbit mAb #4695 (all Cell Signaling Technology) were used at
1:1,000. Anti-mouse IgG (whole molecule)-peroxidase antibody pro-
duced in rabbit (A9044) from Sigma was used at 1:2,000, anti-rabbit
IgG (whole molecule)-peroxidase antibody produced in goat (A0545)
from Sigma was used at 1:5,000, and peroxidase AffiniPure donkey
anti-goat IgG (H + L) #705035147 tertiary antibody from Jackson
ImmunoResearch was used for S100A8 at a dilution of 1:2,000.

RNA Isolation and qRT-PCR

Total RNA (500 ng) was isolated using TRIzol and an RNeasy Mini
Kit. RNA was then reverse-transcribed to cDNA using a cDNA Syn-
thesis Kit (Applied Biosystems; Thermo Fisher Scientific). qRT-PCR
was performed with 10 ng of cDNA per sample using gene-specific
primers and the SYBR Green PCR master mix (Applied Biosystems;
Thermo Fisher Scientific). GAPDH primers were used as an internal
control. An Applied Biosystems 7500 Real-Time PCR system (Applied
Biosystems; Thermo Fisher Scientific) was used to run all the sam-
ples, and data were exported to Excel (Microsoft) for gene expression
analysis using the 2724 method. The qRT-PCR primer sequences
used in this study are shown below:

hALDHI1A1

forward primer: 5-CTGCTGGCGACAATGGAGT-3

reverse primer: S-CGCAATGTTTTGATGCAGCCT-3
hS100A8

forward primer: 5-ATGCCGTCTACAGGGATGAC-3

reverse primer: S-ACGCCCATCTTTATCACCAG-3
hS100A9

forward primer: 5-TCATCAACACCTTCCACCAA-3

reverse primer: S-GTGTCCAGGTCCTCCATGAT-3
hSTRAG6

forward primer: 5-CCACAGAGGACTACTCCTATGG-3

reverse primer: S-CAGCACAAGGATTGACAGCG-3
hRAR alpha

forward primer: 5-GGGCAAATACACTACGAACAACA-3

reverse primer: S-CTCCACAGTCTTAATGATGCACT-3
hRAR gamma

forward primer: 5-ATGCTGCGTATCTGCACAAG-3

reverse primer: S-AGGCAAAGACAAGGTCTGTGA-3
hGAPDH

forward primer: S-AATCCCATCACCATCTTCCA-3
reverse primer: S-TGGACTCCACGACGTACTCA-3

Proteomic Profiling

PC9-BrM and PC9-Tr-BrM cells were cultured at 80% confluency.
Cells were washed three times with cold PBS and collected in TBS
buffer (25 mmol/L Tris-HCl, 150 mmol/L NaCl, pH 7.2) supple-
mented with protease inhibitor (Roche) and phosphatase inhibitor
(Thermo Scientific) on ice. After ultrasound sonication, cell lysates
were centrifuged at 18,000 x g for 10 minutes, and supernatants were
collected for proteomic analysis, which was performed at the White-
head Proteomics Core Facility (WPCF). At the WPCF, the fractionated
samples were further purified by TCA precipitation, resuspended in
a Tris/urea buffer, reduced, alkylated, and digested with trypsin at
37°C overnight. This solution was subjected to solid-phase extrac-
tion to concentrate the peptides and remove unwanted reagents,
followed by injection onto a Waters NanoAcquity HPLC equipped
with a self-packed Aeris 3-mm C18 analytical column, 0.075 mm by
20 cm (Phenomenex). Peptides were eluted using standard reverse-
phase gradients. The effluent from the column was analyzed using a
Thermo Orbitrap Elite mass spectrometer (nanospray configuration)
that was operated in a data-dependent manner for 120 minutes. The
resulting fragmentation spectra were correlated against custom data-
bases using PEAKS Studio X (Bioinformatics Solutions).

Sample Preparation for RNA-seq Analysis

PC9-BrM and H1650-BrM cells and their derivatives were cultured
at 80% confluency. Cells were washed with cold PBS and collected
in TRIzol reagent (Thermo Fisher) on ice. Total RNA was isolated
using the RNeasy Mini Kit following the manufacturer’s instruc-
tions (Qiagen). RNA was quantified using Nanodrop (Thermo Scien-
tific), and RNA quality was assessed by capillary gel electrophoresis
(Agilent 2100 Bioanalyzer; Agilent Technologies, Inc.).

RNA-seq

Ilumina-compatible, poly-A-enriched RNA-seq libraries were gener-
ated from total RNA and sequenced to a total depth of approximately
30M paired-end, 150-base-pair-long reads at Genewiz. Raw RNA-seq
reads were mapped to GRCh38 together with the Gencode compre-
hensive gene annotation version 38 (https://www.gencodegenes.org),
and read counts were summarized to the gene level using STAR ver-
sion 2.9.7 in quantitative mode. Gene counts were normalized to the
individual library size, and all statistical tests (including Wald test for
significance) were performed using DESeq2 version 1.28.1 in R version
4.0.1. RNA-seq data have been deposited in the NCBI Gene Expression
Omnibus (GEO) with the accession number GSE19074. G:Profiler and
DAVID were used to determine GO term enrichment and functional
annotation of RNA-seq and proteomics data.

Cell Culture

The human lung cancer cell lines (PC9 and H1650 derivatives) used
in this study were cultured in RPMI 1640 media supplemented with
10% FBS and grown at 37°C in a humidified CO, incubator (5% CO,).
The human lung cancer cell lines (H1975 and HCC4006) were pur-
chased from ATCC and authenticated by PCR analysis and checked
for Mycoplasma contamination (Lonza) periodically every 3 months
in the lab (last checked in October 2021). Both cells were cultured in
RPMI 1640 media supplemented with 10% FBS and grown at 37°C in
a humidified CO, incubator (5% CO,). All media were supplemented
with 100 IU/mL penicillin and 100 pg/mL streptomycin (Life Tech-
nologies). We generated single-cell clones by the limited dilution
method using a standard protocol. In brief, we dissociated PC9-BrM
cells (grown at 30%-50% confluency) with trypsin and prepared
a single-cell suspension by passage through a 40-um cell strainer.
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Subsequently, we counted the cells using the Bio-Rad TC20 Auto-
mated Cell Counter and diluted the cells with growth media (RPMI
1640 with 10% FBS and penicillin-streptomycin) following a serial
dilution method to obtain 5 cells/mL. After homogeneously mixing
the cell suspension, we plated 100 uL (one cell in every two wells) to
each well of a 96-well plate. We changed the media every 3 days. After a
week, when proliferating clones were visible, we trypsinized and trans-
ferred those clones individually from each well of a 96-well plate to
individual wells of 24-well plates. After 4 weeks, we tested the clones
for S100A9 expression by Western blotting, which detected clones
expressing varying levels of S1I00A9. We collected and preserved the
clones expressing the lowest and highest levels of S100A9 and desig-
nated those as S100A9" and S100A9" clones.

The viability of PC9- and H1650-Tr-BrM cells with drug treatment
was determined by the MTS assay using Promega CellTiter 96 AQue-
ous One Solution Cell Proliferation Assay kit containing tetrazolium
compound following manufacturer’s instructions. Briefly, 10,000
cells in 0.1 mL of growth medium were plated in a 96-well plate and
allowed to grow for 16 to 24 hours. Cells were treated in 0.2 mL of
serum-free and phenol red-free colorless medium for 3 days contain-
ing either DMSO (vehicle) or the pan-RAR antagonist AGN194310
(Sigma), all in the presence of 5 pmol/L retinol. For cytotoxicity assay
using osimertinib, cells were treated with either vehicle (DMSO) or
various concentrations of osimertinib, as mentioned in the figures.
Cell viability was measured by CellTiter 96 AQueous One Solution
Reagent (Promega) following the manufacturer’s protocol.

After 1 to 2 hours of incubation at 37°C in a CO, incubator, the
amount of soluble formazan was determined by absorbance at 450
nm. The viability was calculated as a percentage of viable cells in
vehicle-treated controls (designated as 100% viability).

Cell proliferation assay was performed by plating a fixed predeter-
mined number of cells in culture media and counting the cell num-
bers after every 24 hours for 3 days. Briefly, 2.5 x 10° cells were plated
in 60-mm tissue culture dishes, and cell numbers were determined by
counting the cells using Bio-Rad TC20 cell counter. For all cell lines,
each data point represents the mean values + SEM of triplicate plates
from three independent experiments. All data points were normal-
ized with the cell number (3 x 10°) at 24 hours after cell plating.

For determining STRAG6 expression in PC9- and H1650-derived
Tr-BrM cells, cells were cultured for 2 days in serum-free RPMI
1640 medium with DMSO alone, 5 umol/L retinol alone, or cell
medium with both 5 pmol/L retinol and 5 pmol/L antagonists (either
the RARa antagonist BMS-195614, the RARy inhibitor antagonist
MM-11253, or the pan-RAR antagonist AGN194310). After 2 days,
cells were washed and collected for RNA isolation as described above.

ELISA Assay

The S100A8 and S100A9 ELISA assay kits were used from R&D
Systems. The ELISA plate used for coating was purchased from Nunc
(Nunc MaxiSorp 96-well plate). For collecting culture supernatant,
cancer cells (PC9- and H1650-Tr-BrM) were plated in a 60-mm tissue
culture dishes with culture media containing 10% FBS with 50% to
60% confluence and allowed to grow for 24 hours in a CO, incubator.
Subsequently, the culture media were removed by aspiration from the
culture plates and washed twice with 5 mL of serum-free media. The
cells were then incubated in 5§ mL serum-free media for 48 hours in a
CO, incubator. After 48 hours, the culture supernatant was collected
and centrifuged at 10,000 x g for 5 minutes at 4°C to remove any
floating dead cells and debris. The supernatant was then directly used
for detecting S1I00A9 by ELISA assay other than for positive control,
which was diluted 1:50. For positive control, H1650-Tr-BrM-S100A9i
cells were engineered to ectopically express SI00A9 ¢cDNA carrying
Ig-kappa chain-leader secretory sequence. For preparing cell lysates,
cells were collected by gentle scraping in cold 1x TBS and centrifuged
to harvest cell pellets, which were lysed in 1x TBS buffer containing

protease inhibitors cocktail (Roche) by sonication. The cell lysates
were subsequently centrifuged at 12,000 x g for 10 minutes at 4°C to
remove cell debris, lysates were collected, and protein concentrations
were determined by the BCA method. Cell lysates containing 10 ug
protein were used for the ELISA. Each sample was determined in
triplicate, and sample details are provided in Supplementary Table S5.

Gene Repression by CRISPR

We used the CRISPR/dCas9-KRAB-mediated gene repression
strategy to knock down specific target genes following a previously
described method (60) with some modifications. To generate a sin-
gle viral vector plasmid that expresses both the gRNA and KRAB-
dCas9 fusion protein, we removed the EFla-Cas9-NLS fragment
from LentiCRISPRv2 (Addgene plasmid #52961; ref. 61) by EcoRI/
BamHI digestion and replaced it with SFFV-KRAB-dCas9 from the
pHR-SFFV-KRAB-dCas9-P2A-mCherry plasmid (Addgene plasmid
#60954; ref. 60) using the InFusion cloning method (Takara). The
resultant chimeric plasmid was named LentiCRISPRv2-SFFV-KRAB-
dCas9. We designed the oligos for the gRNAs using the CRISPR-ERA
online tool (http://crispr-era.stanford.edu) and cloned them into the
BsmBI-digested LentiCRISPRv2-SFFV-KRAB-dCas9 following the proce-
dure outlined by Feng Zhang’s group (61). We detected positive clones by
PCR using the human H6 forward primer and the reverse oligo for the
corresponding gRNA.

gRNA oligos for gene repression by the CRISPRi method are
listed below.

1. S100A9-gRNA1-Oligol: 5-CACCGAGTGAGCTGCCAGCTTC

CCC-3’

2. S100A9-gRNA1-Oligo2: 5'-AAACGGGGAAGCTGGCAGCTCA
CTC-3’

3. S100A9-gRNA2-Oligo1: 5-CACCGTCCCTTGTCAACCCAAAC
TG-3’

4. S100A9-gRNA2-Oligo2: 5’-AAACCAGTTTGGGTTGACAAGG
GAC-3’

5. S100A8-gRNA-Oligo1: 5-CACCGAGACTGTAGCAACTCTGG
CA-3’

6. S100A8-gRNA-Oligo2:5-AAACTGCCAGAGTTGCTACAGTCT
c-3

7. ALDH1A1-gRNA-Oligo1: 5"-CACCGTTTGCATACTCGGATAC
GAT-3’

8. ALDH1A1-gRNA-Oligo2: 5"-AAACATCGTATCCGAGTATGCA
AAC-3’

shRNA-Mediated Knockdown of RAR Alpha and
RAR Gamma

Following lentiviral clones with specific shRNAs against human
RAR alpha and RAR gamma were purchased from Sigma, and two
sets with highest level of knockdowns were selected for subsequent
downstream analysis. The two sets are: RARa (TRCN0000020370
and TRCNO0000020373) and RARy (TRCN0000236363 and
TRCN0000236364). We generated lentiviral particles for each of
these shRNAs and subsequently transduced the target cells fol-
lowing standard procedures. Dual knockdown of both RARa and
RARy was achieved by first transducing with one lentivirus, selected
with puromycin, and followed by transduction with second lenti-
virus. The efficiency of knockdown was determined by measuring
the mRNA expression by qRT-PCR and protein level by Western
blotting analysis.

Forced ALDH1A1 Expression

To express the ALHDI1A1 gene, we cloned the cDNA encoding
human ALDHI1AL1 into the pLV-EF1a-IRES-Blast plasmid (Addgene
#85133; ref. 62) within BamHI/EcoRI sites. We produced lentivi-
ral particles following standard procedure using a third-generation
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packaging system. To stably express ALDH1A1 in S100A9-repressed
cells, we infected S100A9-repressed cells with lentivirus carrying
ALDHIAI cDNA and selected with blasticidin following 48 hours of
infection. After 1 week of antibiotic selection, we tested ALDH1A1
expression by real-time PCR as well as by Western blotting.

Human Tissues

Human tissue samples (n = 29) were obtained from the Columbia
University Irving Medical Center (CUIMC) after deidentification with
institutional review board (IRB)-approved protocols. Lines of treat-
ment for the 29 patients are included in Supplementary Table S6. All
research was conducted in compliance with ethical regulations out-
lined by the IRB. Sections from paraffin-embedded tissues (biopsies
or resected samples) were immunostained and are described below.

IHC Staining

Paraffin-embedded brain tissues from mice were sectioned at 5- or
20-um thickness, as described in the figure legends. Slides were baked
at 60°C for 1 hour and deparaffinized, rehydrated, and treated with 1%
hydrogen peroxide for 10 minutes. Antigen retrieval was performed
using either pH 6.0 citrate buffer (Vector Laboratories) or pH 9.0 Tris-
based buffer (Vector Laboratories) in a steamer apparatus for 30 min-
utes, and endogenous avidin and biotin were blocked using avidin- and
biotin-blocking reagents (Vector Laboratories), respectively. The slides
were further blocked with BSA and goat serum, and tissue sections
were incubated with primary antibodies, including rabbit antibodies
against human CK7 (1:25, Roche), human S100A9 (1:500, Cell Signal-
ing Technology), human ALDH1A1 (1:500, Cell Signaling Technology),
human phospho-histone H3 (Ser10; 1:100, Cell Signaling Technology),
GFP (1:1,000, Aves Labs), and collagen IV (1:500, Millipore Sigma),
followed by incubation with the corresponding biotinylated second-
ary antibodies (1:250, Vector Laboratories). The ABC kit and DAB kit
(Vector Laboratories) were used for detection following the manufac-
turer’s instructions. Sections were subsequently counterstained with
hematoxylin, dehydrated, and mounted using Cytoseal XYL (Richard-
Allan Scientific) for subsequent histologic analysis. Automated immu-
nostaining for phospho-EGFR was performed at the Molecular Cytol-
ogy Core Facility at MSKCC. Paraffin-embedded tissue sections were
cut at 5 um and heated at 58°C for 1 hour. Samples were loaded into
Leica Bond RX and pretreated with EDTA-based epitope retrieval ER2
solution (Leica, AR9640) for 20 minutes at 95°C. The rabbit mAb
p-EGFR (Cell Signaling Technologies; #3777, 2 ug/mL) was applied
for 60 minutes and processed with the Polymer Refine Detection Kit
(Leica, DS9800). Antibody Leica Bond Polymer anti-rabbit HRP was
used, followed by the Refine Detection Kit Mixed DAB for 10 minutes,
and the Refine Detection Kit Hematoxylin counterstaining for 20 min-
utes. After staining, sample slides were washed in water, dehydrated
using an ethanol gradient (70%, 90%, 100%), washed three times in His-
toClear IT (National Diagnostics, HS-202), and mounted in Permount
(Fisher Scientific, SP15).

For counting cells in the brain parenchyma (metastatic seed-
ing), mice were euthanized 7 days after the intracardiac injection of
1 x 10° PC9 derivative (Tr-BrM lenti-control or S100A9i) cells (Fig. 3)
or 7 weeks after tumor cell injection of both PC9- and H1650-BrM
cell lines (Fig. 7) after vehicle, RAR antagonist, osimertinib, or
RAR antagonist with osimertinib treatment. Mouse brains were dis-
sected and cut in half along the mid-sagittal plane and put into 4%
paraformaldehyde solution in PBS for a 24-hour fixation at 4°C. After
washing with PBS, the brain was processed and embedded in paraf-
fin, and blocks were sectioned throughout the brain ata 20-um thick-
ness/section. We performed immunostaining analysis for counting
the number of cancer cells in the brain parenchyma. To quantitate
the number of cancer cells in the brain parenchyma, sections were
immunostained using an antibody against human CK7 (cancer cells),
and 10 sections of 20-um thickness/section were counted per brain

sections and were quantitated using a brightfield microscope (Leica;
Fig. 3) or using Image] described below (Fig. 7).

For the brain metastasis area, the immunostained slide images with
CK7 staining marking the metastatic cells in the brain were analyzed
with ImageJ (NIH). The scale bar was set using the Set Scale function
under the Analyze tool. Using the region-of-interest (ROI), measure,
and analyze tools, we calculated the area of the metastatic lesion and
the total brain area under the field of view for each section. We calcu-
lated the percentage of the area of brain sections covered by metastasis.

For calculating staining intensity or number of positively stained
cells, QuPath 0.2.3 (https://qupath.github.io/) was used. Image type
was set as Brightfield (H-DAB). For phospho-EGFR-stained IHC
slides, metastatic areas were selected with the polygon tool as ROIs
to be analyzed. To carry out positive cell detection, hematoxylin
optical density (OD) was set for image detection. Default parameters
were used for nucleus and intensity parameters. Single threshold was
selected, and the threshold 1+ (weak staining) parameter was set to
0.0634 to capture positive staining cells above threshold of 1+. For
phospho-histone H3 (Ser10) slide quantitation, strongly positive
cells were quantitated based on their optical intensity and cell:DAB
OD mean, with the signal-intensity setting threshold of 3+ (strong
staining) equating to 0.6. For ALDH1ALI slide quantitation, single
threshold+1 was set to 0.2 and used as the curoff for capturing total
positive cells above 1+ based on their OD and nucleus:DAB OD
mean. For all staining intensity quantitation, percentage of posi-
tive cells was determined by calculating the percentage of cells that
showed positive staining with a specific antibody within the marked
ROI of metastatic lesions.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8.
Power analysis was performed for sample size calculation for animal
experiments. All statistical tests are described in the figure legends.
All values were determined as the mean + SEM. P values<0.05 were
considered statistically significant.

Data Availability Statement

RNA-seq data have been deposited in the NCBI GEO with the
accession number GSE19074. Additional data, reagents, and materi-
als generated in this study can be obtained by written request to the
corresponding authors.
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