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Abstract

The deadly complication of brain metastasis (BM) is largely confined to a relatively narrow cross
section of systemic malignancies, suggesting a fundamental role for biological mechanisms shared
across commonly brain metastatic tumor types. To identify and characterize such mechanisms, we
performed genomic, transcriptional, and proteomic profiling using whole-exome sequencing,
mRNA-seq and reverse phase protein array analysis in a cohort of lung, breast, and renal cell
carcinomas consisting of BM and patient-matched primary or extracranial metastatic tissues.
While no specific genomic alterations were associated with BM, correlations with impaired
cellular immunity, upregulated oxidative phosphorylation (OXPHOS), and canonical oncogenic
signaling pathways including phosphoinositide 3-kinase (P13K) signaling, were apparent across
multiple tumor histologies. Multiplexed immunofluorescence analysis confirmed significant T cell
depletion in BM, indicative of a fundamentally altered immune microenvironment. Moreover,
functional studies using in vitro and in vivo modeling demonstrated heightened oxidative
metabolism in BM along with sensitivity to OXPHQS inhibition in murine BM models and brain
metastatic derivatives relative to isogenic parentals. These findings demonstrate that
pathophysiological rewiring of oncogenic signaling, cellular metabolism, and immune
microenvironment broadly characterizes BM. Further clarification of this biology will likely reveal
promising targets for therapeutic development against BM arising from a broad variety of systemic
cancers.

Keywords

Brain metastasis; Multiple histologies; Molecular profiling; Immunosuppression; Oxidative
phosphorylation; Phosphoinositide 3-kinase (P13K) signaling

Introduction

Brain metastasis (BM) is a frequent and deadly complication of systemic malignancy,
occurring in 10-30% of adults with cancer [46]. Inherent limitations to surgical access and
drug penetration within the central nervous system (CNS) further complicate the
management of BM [20], and are rendered all the more clinically relevant by continued
improvements in the treatment of disseminated malignancies at primary or other extracranial
sites. BM most commonly occurs in a relatively narrow cross section of tumors, consisting
primarily of lung, breast, and renal cell carcinomas along with malignant melanoma [4]; and
while BM does feature in other neoplasms, its notable frequency in these specific contexts
points to the possibility of shared underlying biological mechanisms driving migration to,
colonization of, and/or growth within the unique CNS microenvironment.
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Extensive genomic analyses performed on large sets of BMs and patient-matched primary
tumors have revealed striking and clinically relevant heterogeneity with regard to mutation
and copy number events [7, 21, 39]. However, these studies have yet to demonstrate specific
genetic abnormalities driving BM in multiple tumor histologies, and shared BM-promoting
pathways across different cancers remain unclear. A broad spectrum of biological pathways
has been shown to influence BM in the context of single tumor types and/or experimental
models, involving cell adhesion molecules, chemokines, extracellular matrix components
and metalloproteinases, and microenvironmental constituents [36]. Of note, upregulated
phosphoinositide 3-kinase (P13K) signaling is a recurrent feature of melanoma BM [12, 16,
31]. Nevertheless, the extent to which this and other molecular abnormalities characterize
brain metastatic neoplasms more generally is unknown.

Cellular and molecular drivers of BM are likely influenced by the unique
microenvironmental characteristics of the CNS [26]. Intrinsic factors, including the blood-
brain barrier, serve to maintain an “immune privileged” state within the brain and spinal
cord, featuring minimal surveillance from peripherally derived immune cells [37]. Moreover,
the specific physiological, microvascular, and cellular properties of the CNS apply
nutritional and metabolic constraints to any cellular constituent, whether normal or
pathological. These include high levels of lipids, particularly polyunsaturated fatty acids,
dynamic glucose and oxygen consumption, and segregated anaerobic and aerobic
metabolism in astrocytes and neurons, respectively [24, 44]. Recent work from our group
demonstrated that significant immunosuppression and upregulated oxidative
phosphorylation (OXPHOS) featured prominently in melanoma BM [21]. The extent to
which these abnormalities characterized BM more broadly has not been extensively
explored.

To identify shared cellular and molecular factors driving BM across distinct primary tumor
histologies, we performed genomic, transcriptional, and proteomic profiling in a cohort of
lung, breast, and renal cell carcinomas consisting of both BMs and patient-matched primary
or extracranial metastatic tissues (P/EMs). As in prior studies, BMs were characterized by
notable genomic heterogeneity, pointing towards idiosyncratic pathways of molecular
evolution. Consistent with earlier work in melanoma, we demonstrated elevated PI13K
pathway signaling as a generalizable feature across different BM histologies, along with
relative immunosuppression and enhanced OXPHOS. Detailed morphological analysis
revealed significant T cell depletion in BMs, indicative of impaired cellular immunity in the
tumor microenvironment. Finally, a central role for OXPHOS in BM was confirmed using in
vitro and in vivo disease models. Taken together, our findings reveal that oncogenic
signaling, metabolism, and immune microenvironment abnormalities are shared across
multiple histologies of BM, and may be amenable to therapeutic targeting.

Materials and Methods

Clinical specimens

This study was approved by Institutional Review Board of the University of Texas MD
Anderson Cancer Center (MDACC), and all surgically resected normal or tumor tissues and
patient-matched white blood cells were collected at MDACC with written informed consent
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from their respective patients. Specimen quality control was conducted by a board-certified
Neuropathologist (J.T.H.) and the following profiling analyses were performed using tissues
with at least 70% viable tumor content. A total of 35 patients with matched P/EM and BM
tissues from breast (V= 14), lung (V= 14) and renal cell (V= 7) carcinomas were available
for this study. Two lung cancer patients provided two distinct BM samples, respectively
(Supplementary Table 1, online resource). 33 FFPE samples were also collected, consisting
of primary tumors or BMs from breast (primary tumor, N=2; BM, N'=4), lung (primary
tumor, N=7; BM, N=10) and renal cell carcinomas (primary tumor, N=4; BM, N = 6).
Overlap with our frozen tissue sample set consisted of 9 primary tumors and 16 BMs,
reflecting 8 patient-matched cases along with additional unmatched tissues.

DNA and RNA extraction

DNA and RNA from frozen tissues were extracted with AllPrep DNA/RNA/MIiRNA
Universal kits (Qiagen), and DNA from white blood cells was isolated with QlAamp DNA
Mini kits (Qiagen). Biomaterial concentration was measured with a Qubit 3.0 fluorometer
(Thermo Fisher Scientific), and RNA quality was evaluated using the 2200 TapeStation
System (Agilent).

Whole-exome sequencing

MRNA-seq

Genomic DNA was enriched for exonic fragments using the SureSelect Human All Exon V6
+ COSMIC approach (Agilent), followed by massively parallel sequencing on the
HiSeq4000 platform (Illumina) using a 75-bp paired-end option. BCL files were processed
using lllumina’s Consensus Assessment of sequence And Variation (CASAVA) tool for
demultiplexing/conversion to FASTQ format. FASTQ files were then aligned to the human
reference genome (hg19) using BWA-MEM [28] with 31 bp seed length. Aligned BAM files
were then subjected to mark duplication, re-alignment, and re-calibration using Picard and
GATK [18]. For downstream analysis, BAM files were subjected to germline mutation calls
using Platypus [38], somatic mutation calls using MuTect [15], and indel calls using Pindel
[48]. Genotyping quality checks were conducted assessing germline single-nucleotide
polymorphisms (SNPs), and overlapping percentages of SNPs were calculated between
patient-matched specimens. All samples were authenticated to pass the quality check with
no swapping or contamination. DNA copy number analysis was conducted using the in-
house application ExomeLyzer [50], followed by Circular Binary Segmentation [32].
Segmentation files were then loaded onto the Integrative Genomics Viewer [40] for
visualization of copy number gains and losses. Frequently altered genes (> 10% of cohort)
for breast, lung and renal cell carcinomas in the cBIOportal, ICGC and COSMIC databases
were analyzed with our cohort and visualized using Oncoprint (https://www.cbioportal.org/).

mMRNA-seq was performed at MDACC Advanced Technology Genomics Core Facility.
Libraries were prepared with the KAPA Stranded mRNA-seq kit (Kapa Biosystems) and
sequenced on the Illumina HiSeq4000 platform using the 75-bp paired-end option. The
sequencing data were converted to FASTQ format using Illumina bcl2fastq software.
FASTQ reads were aligned to the human reference genome (hg19) using STAR [19] and
further processed by Picard (v1.112) for marking duplicated reads. Raw read counts for each
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gene were generated by HTSeq (v0.6.1) [3], and RPKM (Reads Per Kilobase Million) values
were then calculated using in R (v3.2). Counts were normalized using the TMM method,
and MDS plots were constructed with functions from the edgeR Bioconductor packages in
R. Genes expressing low CPM counts were filtered using a log2-(CPM >1 per sample)
cutoff. Differentially expressed genes were defined using a Benjamini-Hochberg corrected P
value less than 0.05. An analogous analysis pipeline was performed for the publicly
available GEO data (GSE43837). GSEA was performed using the standard analysis pipeline
with the Preranked module, and single sample GSEA (ssGSEA) was conducted on TMM-
normalized, voom-transformed log2-(CPM >1 per sample) expression matrices using the
GenePattern module ssGSEA (v10.0.3) with default settings.

Reverse phase protein array (RPPA) assay

RPPA analysis was performed on proteins extracted from fresh frozen tissues at the MDACC
RPPA Core Facility. In brief, proteins were isolated using lysis buffer (1% Triton X-100,
50mM HEPES, pH 7.4, 150mM NacCl, 1.5mM MgCl,, 1ImM EGTA, 100mM NaF, 10mM
Na pyrophosphate, 1mM Na3VVO,, 10% glycerol) containing freshly added protease and
phosphatase inhibitors (Roche Applied Science), and arrayed on nitrocellulose-coated slides.
Sample spots were then probed with 443 antibodies (https://www.mdanderson.org/research/
research-resources/core-facilities/functional-proteomics-rppa-core/antibody-information-
and-protocols.html) using a tyramide-based signal amplification approach and visualized by
a 3,3’-diaminobenzidine (DAB) colorimetric reaction to produce stained slides. Stained
slides were then scanned on a TissueScope scanner (Huron Digital Pathology) and densities
quantified by Array-Pro Analyzer (v6.3). Differentially expressed proteins were obtained
using WebMeV (Multiple Experiment Viewer; http://mev.tm4.org/), and pathway analyses
were performed using Enrichr (http://amp.pharm.mssm.edu/Enrichr/).

Immune signature analysis

ESTIMATE and MCP-counter analyses were performed to determine the immune
composition as previously described [5, 49]. mMRNA-seq data were applied to TMM-
normalized, voom-transformed log2-(CPM >1 per sample) expression matrices. ESTIMATE
produced the scores for stromal and immune compartments and the combined scores as
“ESTIMATE score”, while MCP-counter determined the abundance scores for T cells, CD8
T cells, cytotoxic lymphocytes, NK cells, B lineage, monocytic lineage, myeloid dendritic
cells, neutrophils, endothelial cells and fibroblasts.

Immunofluorescence

Multiplex immunofluorescence staining was performed as previously described [34].
Briefly, FFPE sections were subjected to primary antibodies for CD3 (Dako), CD8 (Thermo
Fisher Scientific), granzyme B (Leica Biosystems), CD45R0O (Leica Biosystems), FOXP3
(Cell Signaling Technology) and pancytokeratin AE1/AE3 (Dako), followed by imaging and
scanning using the Vectra 3.0 multispectral imaging system (Akoya Biosciences) according
to previously published instructions [33]. Scanning data were then assessed and quantified
using the cell segmentation and phenotype tool by InForm 2.2.8 image analysis software
(Akoya Biosciences) under pathologist supervision. Specific T cell subsets were determined
as follows; total T cells, CD3+; cytotoxic T cells, CD3+ CD8+; cytotoxic T cells activated,
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CD3+ CD8+ granzyme B+; memory T cells, CD3+ CD45R0O+; effector/memory cytotoxic T
cells, CD3+ CD8+ CD45R0O+; regulatory T cells, CD3+ FOXP3+ CD8-; memory/
regulatory T cells, CD3+ CD45RO+ FOXP3+.

Survival analysis

OP-index

Cell culture

Patients with BMs were dichotomized into the high and low groups based on the quartiles of
abundance scores for T cells, CD8 T cells or cytotoxic lymphocytes derived from MCP-
counter analysis. Overall survival was determined using the time interval from date of
craniotomy to the date of death or censoring. Survival outcome was analyzed by the Kaplan—
Meier method and the survival curves drawn in GraphPad Prism 8.0.

OXPHOS and the related pathway from MSigDB hallmark, curated and Gene Ontology
(GO) gene sets in sSGSEA data (HALLMARK_OXIDATIVE_PHOSPHORYLATION,
KEGG_OXIDATIVE_PHOSPHORYLATION, GO_OXIDATIVE_PHOSPHORYLATION,
GO_REGULATION_OF_OXIDATIVE_PHOSPHORYLATION) were used to determine
OP-index based on previously published methodology [21].

MDA-MB-231 parental cells were purchased from American Type Culture Collection
(ATCC). MDA-MB-231-BR3, BT474 parental and -BR3 lines, and MDA-IBC3 cell lines
were kindly provided by X.Z., D.Y. and B.D., respectively. MDA-MB-231 and BT474 cell
lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) high glucose (Gibco)
and DMEM/F12 (Gibco), respectively, with 10% Fetal Bovine Serum (FBS, ATCC). MDA-
IBC3 was cultured in Ham’s F-12 Nutrient Mix (Gibco) with 10% FBS (Gibco), 5 pg/ml
Insulin (Gibco) and 1 ug/ml Hydrocortisone (Sigma-Aldrich). Paired cell lines were
authenticated using short tandem repeat DNA profiling at the MDACC Cytogenetics and
Cell Authentication Core. All cell lines were routinely tested for mycoplasma using
Universal Mycoplasma Detection Kit (ATCC).

Cell viability assays

Cells were plated at the density of 10,000 or 25,000 cells per well in 96-well plates. 24 hours
later, the cells were treated with 0.5% methyl cellulose (Sigma-Aldrich) as vehicle control or
IACS-10759 (Institute for Applied Cancer Sciences, MDACC) by substituting culture
medium with medium containing the respective compound. Cell viability was determined 24
or 48 hours post treatment with four wells per condition by CellTiter-Glo (Promega), and
normalized with values from vehicle control. Luminescence was measured using a
FLUOstar Omega plate reader (BMG LABTECH).

Apoptosis assays

Apoptosis assays were performed using the Dead Cell Apoptosis Kit with Annexin V FITC
and PI (Invitrogen). Cells were seeded in triplicate at the same density used for cell viability
assays in 6-well plates and treated with vehicle or IACS-10759. Cells were harvested after
incubation for 48 or 72 hours, and prepared for detection of apoptotic cells according to
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manufacturer’s instructions. Flow cytometric analysis was conducted using a BD Accuri C6
Flow Cytometer (BD Biosciences). Apoptatic cells were defined as propidium iodide (PI)-
negative and Annexin V-positive, and the percentage of apoptotic cells induced by
IACS-10759 was normalized to that of vehicle control.

Mitochondrial respiration analysis

Oxygen consumption rate (OCR) was determined using Seahorse XFe96 Analyzer (Agilent).
Cells were plated at 20,000-30,000 cells per well in quintuplicate per condition. 12 hours
later, medium was replaced with vehicle or 40nM IACS-10759-containing medium, and then
exchanged with reconstituted Seahorse XF DMEM medium with 2.5mM Glucose and
1.0mM Glutamine (all from Agilent) 12 hours post treatment. The cells were incubated for 1
hour at 37 °C in a CO»-free incubator before OCR measurement. With the Seahorse XF Cell
Mito Stress Test Kit (Agilent), oligomycin, carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP), and a mixture of rotenone and antimycin A were injected to final
concentrations of 1-2 uM, 2 uM and 0.5 pM, respectively. OCR values were used to
compute basal respiration, ATP production, proton leak, maximal respiration, spare
respiratory capacity, and nonmitochondrial respiration. Calculations were performed using
the XF Cell Mito Stress Test Report Generator from Seahorse Desktop Wave 2.6 software
(Agilent).

Mitochondrial superoxide measurements

The level of mitochondrial superoxide was measured with MitoSOX™ Red mitochondrial
superoxide indicator (Invitrogen). Cells were seeded in triplicate at the same density with the
cell viability assay in 6-well plates, and stained with 5 UM MitoSOX reagent 24 hours after
seeding according to the manufacturer’s instructions. Fluorescence intensity for
mitochondrial superoxide was determined with the BD Accuri C6 Flow Cytometer
instrument.

In vivo BM studies

All animal work was performed in accordance with animal use protocol 00001597-RN01
under the auspices of the MDACC Institutional Animal Care and Use Committee (IACUC).
4-5 weeks old female SCID/beige mice were purchased from Envigo, and injected with
5x10° MDA-IBC3 cells into the tail veins as described previously [17]. IACS-10759 (5
mg/kg) was administrated by oral gavage once a day starting 24 hours before cellular
inoculation. Tumor development was monitored by weekly bioluminescence imaging (BLI)
using the 1V1S-200 imaging system from Xenogen. 96 days after injection, all mice were
sacrificed and their brains were removed under sterile conditions. Brain metastatic lesions
were then localized by ex vivo BLI. Brains were subsequently fixed in formalin for 24
hours, paraffin embedded, sectioned and stained with hematoxylin and eosin for histological
analysis. Size and number of brain metastatic lesions were determined by a board-certified
Neuropathologist (J.T.H.).
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Isolation of BM derivative cell lines

To generate BM derivatives, two SCID/beige mice were subjected to tail vein injection with
MDA-IBC3 as described above. Brain metastatic lesions were resected based on ex vivo BLI
100 days after inoculation. BM tissues were minced and placed in culture medium for
MDA-IBC3 cells supplemented with 0.125% collagenase 111 and 0.1% hyaluronidase (both
from STEMCELL Technologies). Cells were then incubated at room temperature for 5
hours, briefly centrifuged, resuspended in 0.25% trypsin, incubated for 15 min at 37 °C, and
passed through a 40-um filter. Cells were resuspended in culture medium and grown to
confluence on a 10-cm dish. GFP+ cells were sorted using a BD FACSAria Fusion (BD
Biosciences) and further cultured for in vitro experiments.

Statistical analyses

Statistical analyses were performed with either GraphPad Prism 8.0, R (v3.5.0) or Microsoft
Excel for Mac (v16.16.24). Mann-Whitney U'tests were carried out to identify significance
among cohorts for patient specimens, and treatment groups for in vivo studies. Two-sided
Student’s #tests were performed to determine significance between parental and BM cell
lines for in vitro studies. Pvalues and hazard ratios in overall survival analysis with the
Kaplan—Meier method were calculated by the log-rank test. Correlation coefficients (R) and
two-tailed Pvalues in linear regression analyses were calculated based on Pearson’s
correlation. The Benjamini-Hochberg method was applied to correct for multiple hypothesis
testing. All statistically significant values are denoted as follows: *P < 0.05, **P < 0.01,
***P < (0.001 and ****P < 0.0001.

Data availability

Results

Data from whole-exome sequencing and mRNA-seq performed for this study have been
deposited in the National Center for Biotechnology Information (NCBI) sequence read
archive (SRA) under the BioProject ID PRINA681304. Additional data from all platforms
will be made available upon request.

Genomic analyses reveal heterogeneous patterns of alterations in BMs

To identify recurrent molecular abnormalities driving BM, we assembled an experimental
cohort (Table 1 and Supplementary Table 1, online resource) consisting of patient-matched
BM and P/EM tissues derived from breast (V= 14), lung (V= 14), and renal cell (N=7)
carcinomas (RCC). All breast cancers were ductal adenocarcinomas and were composed of
ER+ (V= 10), PR+ (N = 8), HER2-amplified (A= 5), and triple negative (V= 3) subtypes.
Lung cancers were predominantly non-small cell variants, either adenocarcinoma (N = 9) or
squamous carcinoma (/N = 4), with one small cell carcinoma included. Finally, RCC samples
were exclusively conventional clear-cell variant. Patient-matched normal samples were
obtained in all cases, except for one RCC patient. We focused our study on patients for
which frozen samples were available, facilitating the extraction of high-quality genomic
DNA, mRNA and protein for downstream genomic, transcriptional and proteomic studies.
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Biomaterial derived from our sample set enabled whole-exome sequencing, mRNA-seq, and
RPPA profiling on largely overlapping tumor sets (Fig. 1a).

Whole-exome sequencing was employed to delineate the genomic landscape of P/EM-BM
pairs. We found that the mutational profiles of our samples were largely reflective of cancer
type. Overall mutational burdens fell within established rates for lung, breast and renal cell
cancers [27], and did not differ significantly by P/EM versus BM status (Fig. 1b). Specific
samples exhibited very high mutation rates, almost invariably in association with mutations
in POLE, POLDI, and/or genes with established roles in DNA mismatch repair, arising in
either the P/EM tumor or BM (Supplementary Fig. 1, online resource). These findings are
consistent with hypermutation phenotypes arising stochastically, often in association with
radiation and/or cytotoxic chemotherapy (Supplementary Fig. 1, online resource). We also
investigated mutational signature profiles, which recent work confirmed can be effectively
derived from exome sequencing across a range of cancers [35]. We found that mutational
signatures, in general, did not vary markedly between P/EM and BM samples from the same
cancer type, with the notable exception lung cancer. C to A transversions, known to be
associated with smoking history [2], were prominent features in P/EM lung cancer samples
but much less characteristic of patient-matched BM samples (Fig. 1c), likely reflecting
alternative mechanisms of mutational acquisition operative in lung cancer BM.

Copy number abnormalities and mutations demonstrated characteristic patterns previously
associated with the tumor types represented within our cohort [8-11], along with
idiosyncratic evolution within P/EM-BM pairs (Fig. 1d, €). Well-established cancer-
associated genes were involved in many cases, consistent with prior literature [7, 21].
Nevertheless, genomic alterations strongly and exclusively associated with BM were not
evident, either within individual or across multiple histologies.

Proteomic profiling implicates canonical oncogenic pathway signaling as a BM driver
across multiple cancer types

The lack of discrete genomic alterations associated with BM in our sample set prompted us
to consider whether broad-based dysregulation of established oncogenic networks might
characterize BM more generally. To address this possibility, we performed RPPA profiling
on the majority of our sample set (Fig. 1a), obtaining quantitative information on a total of
443 protein and phospho-protein epitopes. Multidimensional scaling (MDS) analysis of
RPPA data revealed that P/EM and BM samples largely clustered by tumor type, with
significant overlap between the three represented histologies in terms of their global
proteomic signatures (Fig. 2a). Nevertheless, pathway analyses using RPPA data revealed
significant enrichment in BMs for canonical oncogenic signaling, including the PI3K-AKT,
mTOR (mammalian target of rapamycin), and RAS-MAPK (mitogen-activated protein
kinase) networks, extending across cancer type (Fig. 2b, c¢). Significant associations with
PI3K-AKT, VEGF (vascular endothelial growth factor), chemokine, and ErbB signaling
remained when lung, breast, and renal cell carcinomas were analyzed separately
(Supplementary Fig. 2a—c, online resource). Several upregulated proteins were constituents
in multiple pathways (Fig. 2d and Supplementary Table 2, online resource), indicative of
well-established cross talk between oncogenic networks. These findings concur with prior
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data from individual cancer types implicating canonical oncogenic signaling pathways,
including the PI3K-AKT network, in BM [1, 12, 16].

BMs demonstrate evidence of decreased cellular immunity

We used mRNA-seq to interrogate the biological distinctions of BM relative to patient-
matched P/EM samples. Echoing our RPPA findings, transcriptional profiling revealed that
BMs largely cluster by MDS plotting with P/EM counterparts on the basis of histology (Fig.
3a), indicative of gene expression signatures that largely overlap with respective primary
tumors. Nevertheless, analysis across cancer types demonstrated an array of significant
correlations by GSEA. Consistent with earlier findings in melanoma [21], we observed
significantly weaker associations for BM with a number of immune-regulatory and
inflammatory signaling pathways compared to those exhibited by P/EM counterparts (Fig.
3b). These findings were recapitulated in a publicly available gene expression microarray
dataset featuring primary breast cancer and non-patient-matched BMs (Supplementary Fig.
3, online resource) [29]. Our parallel proteomic analysis also revealed significant
downregulation of several immune regulatory pathway protein constituents, despite the
relatively poor representation of these networks on the RPPA platform (Fig. 3c).

To further define the microenvironmental distinctions underlying the transcriptional
evidence of immune suppression in BM, we analyzed our mRNA-seq data using two
computational algorithms: Estimation of Stromal and Immune Cells in Malignant Tumor
Tissues Using Expression Data (ESTIMATE) and Microenvironmental Cell Populations
(MCP)-counter [5, 49]. ESTIMATE delineates scores for stromal and immune
compartments, while MCP-counter uses specific signatures to ascertain the relative
abundance of the different immune cell populations. We documented significant decreases in
stromal and immune scores (P< 0.0001 and A= 0.0016, respectively) by ESTIMATE, and in
scores associated with multiple lymphoid and myeloid lineages by MCP-counter in BMs
relative to P/EM tissues (Fig. 3d, €). These trends persisted, albeit with lower rates of
statistical significance, when lung, breast, and renal cell cancers were examined
independently (Supplementary Fig. 4a—f, online resource). To further evaluate immune cell
compartments, we obtained formalin-fixed paraffin-embedded (FFPE) tissue sections of
primary tumor (N = 13) and BM (N = 20) from lung, breast, and renal cell cancers—a
sample set that extensively, though not completely, overlapped with our patient cohort used
for multi-omic molecular profiling—and performed multiplexed immunofluorescence on the
Vectra platform. This approach allowed us to spatially profile T lymphoid lineages in situ.
We found significantly reduced CD3+ T cells in BM vs P/EM sections (P = 0.0327; Fig. 3f),
consistent with transcriptional findings. Analogous trends for specific CD3+ T cell subsets
were also seen but did not reach slightly statistical significance, likely reflecting an
underpowering of our analysis for \ectra-based methodology (Supplementary Fig. 5, online
resource).

Within our study cohort, high MCP-counter scores for specific T cells (T cells, CD8+ T
cells, and cytotoxic lymphocytes) in BM were associated with increased overall survival
from the time of craniotomy (Fig. 3g and Supplementary Fig. 6a, b, online resource).
Interestingly, high T cell scores also correlated with increased programed cell death protein
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1 (PD-1, encoded by PDCDI) and programed death-ligand 1 (PD-L1, encoded by CDZ274)
transcriptional expression in BMs (P = 0.0030 and A= 0.0285, respectively), consistent with
engagement of this key immunotherapy-related molecular network across tumor-
microenvironmental interactions (Fig. 3h). T cell scores in BMs demonstrated no
relationship to patient age, sex, and cancer type (Supplementary Fig. 7a—c, online resource).
Taken together, these data point to immune suppression, particularly involving the cellular
immunity, as a generalizable feature of BM across cancer type.

Gene expression signatures of OXPHOS characterize BM in multiple cancer types

Transcriptional data from BM samples exhibited enhanced associations by GSEA with
multiple metabolic pathways relative to P/EM counterparts across breast, lung and renal cell
cancers. This relationship was evident for both MSigDB hallmark and GO signatures, and
prominently featured OXPHQOS and related processes involving the mitochondrial
respiratory chain complex (Fig. 4a, b). We also recapitulated these findings in the publicly
available gene expression microarray dataset (Supplementary Fig. 8a, b, online resource)
[29]. GSEA associations with the Hallmark_Oxidative_Phosphorylation were highly
significant, even when breast, lung, and renal cell cancers were evaluated independently (all
P<0.0001; Fig. 4c).

We next scored all transcriptionally profiled samples by OXPHOS-index (OP-index) [21], to
assess the distribution of OXPHOS activity across BM and P/EM tumors. We found that the
average OP-index of BM samples was significantly higher than that of P/EM counterparts
overall (P< 0.0001), despite considerable variability in absolute OP-index for both BM and
P/EM tumor groups. Within patient-matched sets, 83.87% of BM samples exhibited
increased OP-index relative to P/EM samples (Fig. 4d). The extent of OXPHOS activation
with BM, as inferred by OP-index, demonstrated no associations with patient age, sex and
cancer type (Supplementary Fig. 9a—c, online resource).

Transcriptional evidence of OXPHOS engagement in lung, breast, and renal cell cancer BM
recapitulated earlier findings for melanoma [21]. In this prior work, increased OXPHOS was
directly linked to the transcriptional coactivator peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a, encoded by PRARGC1A), a master regulator of a
variety of genes involved in cellular metabolism, and regulated by the melanoma lineage-
specific transcription factor MITF [23, 43]. However, we did not observe significant
upregulation of PGC-1a transcript in our BM cohort (P = 0.3934; Supplementary Fig. 10a,
b, online resource), suggesting alternative mechanisms for OXPHOS activation in these
cancer types. Interestingly, AKT-mediated phosphorylation of mitochondrial protein targets
has been shown to stimulate OXPHQOS in multiple cellular contexts [6, 14]. To evaluate this
potential functionality in our sample set, we integrated transcriptional and RPPA data. This
analysis detected a significant positive correlation between the Aktl phospho-serine 473
epitope and OP-index within BM samples (R = 0.5452; £=0.0027). mTORC1 signaling (R
= 0.5325; £P=0.0020) and glycolysis (R = 0.6595; £< 0.0001) ssGSEA signatures were also
significantly associated with OXPHQOS (Fig. 4e-h), and GSEA for BM samples
dichotomized by Aktl phospho-serine 473 levels revealed strong transcriptional links to
several metabolic networks, including OXPHOS, suggestive of a generalized hypermetabolic
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phenotype (Supplementary Fig. 11a, b, online resource). Taken together, these findings
support enhanced OXPHOS as a general feature of BM, regardless of underlying histology,
and provide mechanistic links to PI3K-AKT pathway activation.

BMs exhibit heightened oxidative metabolism and sensitivity to OXPHOS inhibition in vitro

and in vivo

We next sought to functionally assess the importance of OXPHOS in BM using multiple
independent experimental models. IACS-10759 is a small molecule OXPHOS inhibitor that
targets mitochondrial complex | [21, 42, 51], and has been successfully employed in a
variety of preclinical contexts. We applied IACS-10759 at increasing concentrations in vitro
to breast cancer cell line derivatives with enhanced brain metastatic potential (MDA-
MB-231-BR3 and BT474-BR3) along with their respective parental lines. The BR3 lines
had previously been derived by three cycles of intracardiac injection in mice, each followed
by BM harvest [45, 52]. In both cases, we found that the BR3 derivatives were more
sensitive to OXPHOS inhibition (Fig. 5a, b). This reduced viability reflected, at least in part,
increased apoptosis (Fig. 5c, d).

We then investigated whether BR3 derivatives have characteristics of enhanced oxidative
metabolism relative to their respective parental lines as observed in clinical BM specimens.
Seahorse analysis revealed that in both the MDA-MD-231 and BT474 contexts, BR3
derivatives exhibited significantly higher levels of oxidative metabolism relative to parental
counterparts, most evident in increased maximal respiratory capacity (P=0.0047 and P=
0.0029, respectively) and reserve capacity (P=0.0077 and = 0.0070, respectively).
IACS-10759 appeared to almost completely abrogate oxidative metabolism in both parental
and BR3 derivate cell lines (Fig. 5e-h and Supplementary Fig. 12a, b, online resource).
Independent assessment of mitochondrial superoxide, an OXPHQOS byproduct, also
demonstrated enhanced oxidative metabolism in respective BR3 derivatives (< 0.0001 and
P=0.0002, respectively; Fig. 5i, j). These results advance the notion that cancer cells
selected for BM potential harbor higher levels of OXPHQOS at baseline and are more
sensitive to its inactivation.

To examine the impact of IACS-10759 for BM in vivo, we utilized the MDA-IBC3 cell line,
originally derived from an inflammatory breast cancer, which robustly forms BMs in mice
within a three-month time window following tail vein injection [17]. Two cohorts of SCID/
beige mice (V= 9 each group) were inoculated with 5x10°> MDA-IBC3 cells 24 hours after
initiation of treatment with either vehicle or IACS-10759 (5 mg/kg by oral gavage; Fig. 6a).
Daily administration of the compounds then continued until all mice were sacrificed at 96
days. We found that IACS-10759 treatment severely reduced BM formation, as assessed by
ex vivo luminometry of luciferase-expressing MDA-IBC3 tumor nodules (P = 0.0003; Fig.
6b and Supplementary Fig. 13, online resource). Rigorous histopathological analysis
confirmed these data, documenting much reduced BM number and cross-sectional area in
IACS-10759-treated mice (P=0.0070 and P= 0.0057, respectively; Fig. 6¢c—e). To further
explore the impact of BM on cellular physiology, we isolated derivative cell lines, MDA-
IBC3-BR1a and MDA-IBC3-BR1b, from BMs in two non-treated SCID/beige mice
inoculated with parental MDA-IBC3 cells as well as our initial study (Supplementary Fig.
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14, online resource). These lines were minimally passaged in culture and then assessed for
sensitivity to IACS-10759. Similar to results for MDA-MB-231 and BT474 isogenic lines,
we found that the MDA-IBC3 derivatives were more sensitive to OXPHOS inhibition than
their parental counterpart (Fig. 6f). Moreover, both lines exhibited increased mitochondrial
function relative to parental MDA-IBC3 cells when assessed by Seahorse analysis (Fig. 69,
h). These data underscore the functional relevance of OXPHOS to BM in vivo, and are
reminiscent of similar findings recently reported in melanoma BM mouse models.

Discussion

BM represents a deadly, end-stage development for many of the most common systemic
cancers, emphasizing its clinical relevance, particularly in the setting of continued
improvements in the management of primary malignancies. That a restricted set of
neoplasms exhibit a high frequency of BM underscores the likelihood of shared biological
mechanisms driving the process at a fundamental level. Extensive genomic profiling has
confirmed that distinct patterns of mutations and copy number alterations (CNAs) may drive
clonal evolution in BM [7, 21, 39]. Of note, one recent study identified CNAs affecting
MYC, YAP1, MMP13, and CDKNZA as enriched in lung adenocarcinoma BM relative to
case-control primary tissue and promoting BM in lung adenocarcinoma models [39]. Taken
together, however, these alterations only characterized a minority of lung adenocarcinoma
BMs profiled and their involvement was not documented in other cancer types. Accordingly,
alternative mechanisms with non-genomic foundations remain attractive candidates for
molecular characterization and therapeutic targeting.

We first performed whole-exome sequencing on a cohort of lung, breast, and renal cell
carcinomas—all cancers featuring high rates of BM—consisting of both BM and P/EM
tissues. We found that BMs in our sample set exhibited heterogeneous patterns of genomic
alterations falling within the spectrum of those associated with their respective tumor
histologies. Moreover, while we observed mutations and CNAs distinguishing individual
BMs from their patient-matched P/EM samples in many cases, we were unable to identify
specific genomic alterations correlated with BM across tumor type. These findings echoed
those of prior, large-scale studies whose analyses focused on narrower cross sections of
tumor types [7, 21, 39].

To further probe shared biological mechanisms underlying BM, we integrated RNA-seq and
RPPA profiling in our sample cohort, revealing a defined set of dysregulated physiological
processes. First, we detected enhanced activity across an array of interconnected oncogenic
signaling networks centered around the PI3K-AKT pathway. Prior work has implicated
upregulated PI3K signaling in both melanoma and breast cancer BMs [1, 12, 16], and our
results further support a central role in BM pathogenesis across tumor type. The precise BM-
relevant functionalities engaged by enhanced PI13K signaling remain unclear. Beyond its
established involvement in a wide range of oncogenic phenotypes, the pathway has also been
extensively linked to cell survival, integrated stress responses, and metabolic regulation [22],
all of which could be seen as advantageous to the complex process of BM. Associations with
metabolic programing are particularly intriguing in light of our findings related to OXPHQOS
engagement.
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Our analyses also documented evidence of decreased cellular immunity in BMs relative to
patient-matched P/EM counterparts. Transcriptional profiling revealed significantly weaker
associations with immune-regulatory and inflammatory signatures in BM, and subsequent
processing through ESTIMATE and MCP-counter algorithms demonstrated reduced scores
for multiple immune cell compartments. Multiplexed immunofluorescence confirmed
significant reductions in T cell infiltration for BMs compared to P/EM tumors. These
findings extend recent observations in melanoma and non-small cell lung cancer to multiple
epithelial cancers characterized by frequent BM [21, 25], and their clinical relevance is
underscored by significant associations between T cell signature strength in BM and patient
survival. Moreover, our observed correlations between high T cell scores and increased
PD-1/PD-L1 transcriptional expression in BMs have implications on the efficacy of immune
checkpoint inhibition in this clinical context, as previous studies have linked CD8+ T cell
and other immune cell infiltrates with responsiveness to anti—-PD-1 immunotherapy [13, 41].

Gene expression profiling also revealed fundamental metabolic distinctions between BMs
and P/EM tumors. Specifically, BMs exhibited enhanced associations with transcriptional
signatures of OXPHOS and related biological processes involving the mitochondrial
respiratory chain complex. Moreover, a refined metric of OXPHOS engagement, the OP-
index, was increased in ~84% of BM samples relative to patient-matched P/EM
counterparts. These findings suggest that the process of BM in neoplastic cells induces
OXPHOS as an adaptive measure. Further supporting this conjecture, we found increased
oxidative metabolism in brain metastatic derivatives of three distinct breast cancer cell lines.
Taken together, these findings recapitulate those of prior work in melanoma [21], and raise
the intriguing possibility that enhanced OXPHOS engagement represents a general feature of
BM regardless of tumors type. That significant metabolic rewiring is required for effective
BM is not entirely surprising, given the well-established nutritional constraints of the CNS
microenvironment [24, 44]. Indeed, recent work has highlighted the central role played by
serine biosynthesis in BMs derived from aggressive breast cancers [30]. The precise
mechanisms driving upregulated OXPHQOS in BM are unclear, and may vary by cancer type.
As mentioned above, melanoma BMs appear to activate OXPHOS through upregulation of
the transcriptional regulator PGC-1a [21]. Our data indicate that alterative molecular
networks are mobilized in breast, lung, and renal cell BMs, and may work in part through
enhanced PI3K-AKT signaling. Prior work has delineated links between the PI3K-AKT
pathway and cellular metabolism, including a specific role in mitochondrial function and
OXPHOS [6, 14].

Pathogenic mechanisms operative in BM across multiple tumor histologies invite strategies
for therapeutic targeting. We explored the possibility of OXPHOS inhibition as one such
approach using both in vitro and in vivo experimental systems. Our findings demonstrated
that the OXPHOS inhibitor IACS-10759 impaired oxidative metabolism and selectively
targeted brain metastatic derivatives in three distinct cell lines. Moreover, IACS-10759
significantly hampered BM formation in a murine model of metastatic inflammatory breast
cancer. Coupled with earlier work in melanoma [21], these data extend the efficacy profile of
OXPHOS targeting to multiple tumor histologies of BM. Directly inhibiting a molecular
pathway as foundational to human biology as OXPHOS may ultimately prove impractical on
a clinical level [47]. Even in this setting, however, targeting the mechanism(s) by which
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OXPHOS is engaged in BM remains a viable approach. Our findings, for instance, broadly
implicate the PI3BK-AKT pathway in OXPHOS activation for BM. Characterizing the
specific molecular elements required for OXPHOS regulation within the extended PI13K-
AKT signaling cascade and in other yet to be implicated molecular networks may prove
fruitful as efforts to therapeutically combat BM continue to expand.

The limitations of this study derive from the absolute size of our sample cohort, despite its
inclusion of the three most common brain metastatic cancer variants, and in vitro/vivo BM
models from a limited cancer type. Definitive analysis of genomic alterations associated
with BM was likely underpowered, and insufficient specimen number precluded more
detailed study of molecular subtypes within each histological variant. Further confirmation
and extension of our findings in larger tissue sets that include a broader spectrum of cancer
types would be helpful. Similarly, our experimental validation of the central role of
OXPHOS in BM biology was confined to in vitro and in vivo models of breast cancer. Given
that enhanced oxidative metabolism appears to be a general feature of BM, regardless of
histology, rigorously interrogating the impact of its functional inhibition over a wider range
of BM models derived from multiple cancer types would be an essential pre-requisite to
broad clinical translation.

In summary, we employ multi-omic molecular profiling, including transcriptional and
proteomic analyses, to identify molecular features characterizing BM across tumor type. Our
findings support the notion that a defined set of physiological parameters is required for
effective BM, and that targeting these shared pathogenic mechanisms represents a promising
strategy for therapeutic development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Genomic characterization of BMs from breast, lung and renal cell carcinoma patients. a
Schematic of multi-omic molecular analyses for BMs from multiple histologies. Number of
patients with matched P/EM and BM tissues are shown. b Mutational burden for P/EMs and
BMs from breast (V= 14), lung (V= 14) and renal cell (/= 6) carcinomas, respectively. P
values were determined by Mann-Whitney U'testing. Horizontal bars represent mean + SD.
¢ Mutational signatures of P/EM and BM tissues. Signatures were displayed using 96
substitution classification divided into six categories according to single nucleotide
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substitutions. Trinucleotide context in each category is arranged as indicated (bottom). X =
C or T. 5 patients with hypermutation phenotypes were excluded in this analysis. d
Landscape of somatic alterations in BM patients. Alteration type, frequency, BM vs P/EM
status and cancer type are represented as indicated (right). e Landscape of CNAs in BM
patients. CNA profiles are shown for P/EM (top) and BM (bottom) cohorts using Integrative
Genomics Viewer
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Proteomic analysis reveals enhanced PI3K-AKT pathway signaling in BMs. a MDS plots of
RPPA profiles from breast (M= 11), lung (V= 12) and renal cell (M= 7) carcinomas (RCC).

P/EM vs BM status and cancer types are shown with the colors and symbols. b Oncogenic
signaling pathways activated in BMs. Significantly upregulated oncogenic pathways by
RPPA in BMs (N = 32) relative to P/EM (N = 30) tumors. Pvalues calculated by Fisher’s
exact test with Benjamini—-Hochberg adjustment. ¢ Representative constituents of PI3K-
AKT-mTOR and RTK-RAS-MAPK pathways. Phosphorylated/total protein expression
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values from RPPA for P/EM (N = 30) and BM (N = 32) cohorts. Horizontal bars represent
mean + SD. *P< 0.05, **P< 0.01, ****P< 0.0001, Mann-Whitney Utesting. d Heatmap
showing significantly (P < 0.05, Student’s #test) upregulated proteins in BMs (V= 32)
relative to P/EMs (N = 30)
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Fig. 3.

Immunosuppression in BMs shared across multiple histologies. a MDS plots of
transcriptional profiles from breast (V= 14), lung (N =9) and renal cell (N =7) carcinomas
(RCC). P/EM vs BM status and cancer types are shown with the colors and symbols. b
Significantly (P< 0.05 and FDR g < 0.25) downregulated pathways by GSEA in BMs (N =
31) relative to P/EMs (N = 30). NES, normalized enrichment score. ¢ RPPA expression of
representative immune-related proteins in P/EMs (M= 30) and BMs (N=32).d, e
Transcriptional signatures of immune cells. ESTIMATE (d) and MCP-counter (e) analyses

Acta Neuropathol. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Fukumura et al.

Page 24

were performed for P/EMs (N = 30) and BMs (N = 31). Box and whisker plots indicate
median and interquartile range (boxes), extending from minimum to maximum values
(whiskers). f Representative immunofluorescence (IF) staining images (top) and
quantification of CD3+ T lymphocytes (bottom) in primary tumors (V= 13) and BMs (N =
20) from breast, lung and renal cell carcinomas on the Vectra platform. Markers for CD3,
CD8, pancytokeratin (Pan CK) and DAPI are shown by color as indicated. Scale bar, 100
pum. g Kaplan-Meier plots of overall survival from craniotomy for patients dichotomized by
T cells status in BMs based on MCP-counter scores. P values and hazard ratios calculated by
the log-rank test. h PDCD1 and CD274 expression in T cell low (A= 20) and high (V= 11)
groups. ¢, d, f, h Horizontal bars represent mean + SD. *P< 0.05, **£< 0.01, ***P< 0.001,
**x* P < 0.0001, Mann-Whitney Utesting. N.S., not significant
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Gene expression signatures of OXPHOS characterize BMs in multiple cancer types. a, b
Significantly (P< 0.05 and FDR ¢ < 0.25) upregulated MSigDB hallmark (a) and GO (b)
gene sets in BMs (V= 31) relative to P/EMs (N = 30). ¢ GSEA enrichment plots of
Hallmark_Oxidative_Phosphorylation in breast (A= 14), lung (M= 9) and renal cell (M=7)
carcinoma (RCC) cohorts, respectively. NES, normalized enrichment score. d OP-index in
P/EMs (N = 30) and BMs (/N = 31). Horizontal bars represent mean £ SD. ****£< 0.0001,
Mann-Whitney U'testing. e-h Association of OP-index with AKT-mTORC1 signaling.
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Scatter plots show the correlation between OP-index and RPPA profiles of Aktl pS473/
Aktl (e) and Akt2_pS474/Akt2 (f) (V= 30), and ssGSEA signatures of mMTORC1 signaling
(9), glycolysis (h) (M= 31) in BMs. Linear regression analyses are plotted. Correlation
coefficients (R) and two-tailed Pvalues calculated using Pearson’s correlation
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Fig. 5.

Brain metastatic cell lines exhibit enhanced sensitivity to OXPHOS inhibition. a, b Cell
viability of parental and BR3 derivatives of MDA-MB-231 (a) and BT474 (b) cell lines
treated with IACS-10759 for 24 and 48 hours, respectively. Plots represent mean + SD from
N =4 cultures. ¢, d Apoptosis assays for MDA-MB-231 (c) and BT474 (d) cell lines treated
with IACS-10759 for 48 and 72 hours, respectively. Graphs represent mean + SD from AV/=3
cultures. e, f OCR in MDA-MB-231 cell lines treated with 40 nM IACS-10759 (). Maximal
respiration and spare respiratory capacity were computed based on the OCR trace (f).
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Graphs represent mean + SD from A/=5 cultures. g, h OCR in BT474 cell lines treated with
40 nM IACS-10759 (g). Maximal respiration and spare respiratory capacity were computed
based on the OCR trace (h). Graphs represent mean + SD from A/=5 cultures. i, j
Mitochondrial superoxide in MDA-MB-231 (i) and BT474 (j) cell lines. Graphs represent
mean + SD from N/ = 3 cultures. All Pvalues were computed using Student’s #test. **P <
0.01, ***P < 0.001, ****P < 0.0001. N.S., not significant
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Fig. 6.

OXPHOS inhibition impairs BM in vivo. a Schematic of in vivo murine modeling. SCID/
beige mice (V=9 each group) were inoculated with MDA-IBC3 cells via tail vein injection.
IACS-10759 (5mg/kg) was administered by oral gavage daily. Brains from all mice were
removed 96 days post-inoculation. Representative in vivo and ex vivo bioluminescence
images (BL1I) are shown. b Quantification of BM BLI photon flux in vehicle and
IACS-10759 treatment groups. Horizontal bars represent mean + SD. c-e Histopathological
analysis of brain metastatic lesions. Representative hematoxylin and eosin (H&E) staining
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images from vehicle (top) and IACS-10759 (bottom) treated groups (c). Black arrows
indicate brain metastatic lesions. Scale bar, 5 mm. BM number (d) and cross-sectional area
(e) per mouse were assessed in H&E staining slides by a Neuropathologist (J.T.H.).
Horizontal bars represent mean + SD. f Cell viability of parental and BR derivatives (BR1a
and BR1b) of MDA-IBC3 treated with IACS-10759 for 24 hours. Plots represent mean + SD
from =4 cultures. g, h OCR in MDA-IBC3 cell lines (g). Basal respiration, ATP
production, maximal respiration and spare respiratory capacity were computed based on the
OCR trace (h). Graphs represent mean + SD from A= 5 cultures. Significance was assessed
by Mann-Whitney U'testing (b, d, ) or Student’s #test (f, h). *£< 0.05, **£< 0.01, ***P<
0.001, ****pP< 0.0001
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Table 1

Clinical characteristics of BM patients

Primary cancer Variable Category Number
Male 1
Sex
Female 13
INVASIVE DUCTAL CARCINOMA 13
Histology
DUCTAL CARCINOMA IN SITU (DCIS) 1
ER+, PR+, HER2+ 4
Breast cancer (N = 14) ER+, PR+, HER2- 4
Hormone status ER+, PR-, HER2- 2
ER-, PR-, HER2+ 1
ER-, PR-, HER2- 3
I 3
Pathological grade of primary tumor
i 11
Male 7
Sex
Female 7
Adenocarcinoma 9
Histology Squamous cell carcinoma 4
Small cell carcinoma 1
Lung cancer (V= 14)
| 1
I 3
Pathological grade of primary tumor 11 5
v 1
N/A 4
Male 3
Sex
Female 4
Clear cell 4
Histology
Renal cell carcinoma (NV=7) Mixed clear cell 3
11 4
Pathological grade of primary tumor v 2
Mixed Il and IV 1

ER estrogen receptor, PR progesterone receptor, N/A not available.
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