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Abstract

Objective: To select optimal therapies based on the detection of actionable genomic alterations in
tumor samples is a major challenge in precision medicine.
Methods: We describe an effective process (opened December 1, 2017) that combines comprehensive
genomic and transcriptomic tumor profiling, custom algorithms and visualization software for data
integration, and preclinical 3-dimensiona ex vivo models for drug screening to assess response to
therapeutic agents targeting specific genomic alterations. The process was applied to a patient with
widely metastatic, weakly hormone receptor positive, HER2 nonamplified, infiltrating lobular breast
cancer refractory to standard therapy.
Results: Clinical testing of liver metastasis identified BRIP1, NF1, CDH1, RB1, and TP53 mutations
pointing to potential therapies including PARP, MEK/RAF, and CDK inhibitors. The comprehensive
genomic analysis identified 395 mutations and several structural rearrangements that resulted in loss
of function of 36 genes. Meta-analysis revealed biallelic inactivation of TP53, CDH1, FOXA1, and NIN,
whereas only one allele of NF1 and BRIP1 was mutated. A novel ERBB2 somatic mutation of unde-
termined significance (P702L), high expression of both mutated and wild-type ERBB2 transcripts,
high expression of ERBB3, and a LITAF-BCAR4 fusion resulting in BCAR4 overexpression pointed
toward ERBB-related therapies. Ex vivo analysis validated the ERBB-related therapies and invalidated
therapies targeting mutations in BRIP1 and NF1. Systemic patient therapy with afatinib, a HER1/
HER2/HER4 small molecule inhibitor, resulted in a near complete radiographic response by 3 months.
Conclusion: Unlike clinical testing, the combination of tumor profiling, data integration, and func-
tional validation accurately assessed driver alterations and predicted effective treatment.
ª 2019 Mayo Foundation for Medical Education and Research. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
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C omprehensive genomic studies
reveal that each tumorharborsunique
alterations. The observed tumor indi-

viduality argues for a personalized care model
with therapeutic interventions tailored to the
patient’s specific tumor profile. However, the
success of targeted therapies depends on the ac-
curate identification of actionable oncogenic
driver mutations.
Mayo Clin Proc. n February 202
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under the CC BY-NC-N
Several DNA alterations, including large
genomic rearrangements, point mutations,
and InDels, have emerged as potential sources
of oncogenic driver mutations. Classical ex-
amples include EML4-ALK fusion,1,2 and
oncogenic EGFR mutations in lung adenocar-
cinoma,3,4 and amplification of the ERBB2
gene in HER2-positive breast cancer.5,6 Impor-
tantly, targeting driver mutations, including
0;95(2):306-318 n https://doi.org/10.1016/j.mayocp.2019.07.019
search. Published by Elsevier Inc. This is an open access article
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FUNCTIONAL GENOMICS SCREENING GUIDE CANCER THERAPY
ALK and EGFR in lung cancer, has resulted in
significant increases in survival.7 Conversely,
DNA alterations can render tumors resistant
to targeted therapies (eg, EGFR T790M,8

ESR19). The diversity of acquired molecular
alterations from patient to patient requires
robust and precise comprehensive molecular
diagnostic analysis to profile the molecular
landscape of individual tumors.

Extensive molecular profiling increases
the number of actionable alterations and
the need for prioritization and validation
of potential targeted therapies. A recent
advance in precision medicine is the use
of 3-dimensional (3D) culture models for
drug testing. Multiple studies argue that
freshly extracted human cancer cells will
grow in 3D culture in a superior manner
to growth in mice or in 2-dimensional cul-
ture for drug sensitivity studies.10,11 The
major advantage of 3D model systems is
time-to-reporting results (approximately 2
weeks), unlike animal models, which can
require many months before drug testing
can be performed. Other considerations
are the low take-rate of patient-derived
xenografts (PDXs), the need to use
immune-compromised mice for PDX studies,
overall cost, problems of scalability to the
clinical laboratory, and the incompatibility
of several key signaling pathways between
murine and human cells.

Herein, we describe a genomically
driven personalized therapeutic strategy
that includes preclinical validation. This
strategy uses comprehensive tools to
analyze the genomic landscape of a pa-
tient’s cancer, integrates this information
with pathway analysis, and employs a 3D
microcancer model to assess drug sensi-
tivity before patient treatment. Genomic
profiling and drug sensitivity data are
communicated to the treating physician.
This multifaceted approach is described in
the context of a patient with widely meta-
static, chemotherapy refractory breast can-
cer who achieved a sustained therapeutic
response to treatment selected through
participation on this study.
Mayo Clin Proc. n February 2020;95(2):306-318 n https://doi.org/1
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PATIENTS AND METHODS
Eligible patients provide written informed
consent to participate on protocols approved
by theMayoClinic Institutional Review Board
(IRB#13-000942 and IRB#14-004094). Tu-
mor tissue is collected in conjunction with a
clinically directed biopsy procedure to mini-
mize patient morbidity. Integrated analysis
is performed after compilation of the genomic
data in collaboration with a multidisciplinary
molecular tumor board to select targetable
pathways of interest for the microcancer
drug sensitivity assays (Figure 1A).
Research-related genomic profiling and drug
sensitivity data are communicated to the tu-
mor board and clinical investigator for
consideration and discussion with the treat-
ing physician. Findings of potential clinical
relevance are verified in aCollege of American
Pathologists (CAP)/Clinical Laboratory
Improvement Amendments (CLIA) certified
clinical laboratory as appropriate and used
to direct therapy at the discretion of the health
care provider.

Integrated Genomic Analysis
A schematic describing the integrated geno-
mics pipeline is shown in Figure 1B. Tumor al-
terations at the DNA level such as
rearrangements, amplifications, copy number
variants, copy neutral loss of heterozygosity,
and mutations are investigated using mate-
pair whole-genome DNA sequencing (MPseq)
and whole-exome sequencing (WES). Gene
fusions are investigated both by MPseq and
RNA sequencing (RNAseq), whereas
abnormal gene expression is investigated by
RNAseq alone. Selected genes are investigated
at the protein level by immunoblotting to
confirm functional status by phosphorylation.

Tissue Handling at the Time of Collection
One portion of the tumor tissue is flash
frozen in liquid nitrogen and maintained
at e80�C for subsequent pathology review
and isolation of genomic material. A second
portion is immediately suspended in tissue
culture media for subsequent 3D micro-
cancer analysis.
0.1016/j.mayocp.2019.07.019 307
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FIGURE 1. (A) Protocol schema. Tumor tissue of sufficient cellularity is split in two, and is either (1) flash frozen for subsequent
pathology review, isolation of genomic material, and DNA/RNA sequencing, or (2) suspended in tissue culture media, minced, and
cryopreserved for subsequent 3-dimensional microcancer analysis. Integrated genomic data are reviewed by a molecular tumor board
to inform agent selection for screening in the 3-dimensional models. The molecular tumor board reconvenes to review drug sensitivity
data in combination with the clinical and genomic data to generate an informed list of treatment regimens. Findings of potential clinical
relevance are verified in a CAP/CLIA certified clinical laboratory as appropriate and used to direct therapy at the discretion of the
health care provider. (B) Overall schematic illustrating the flow of the integrated Genomics pipeline. CAP ¼ College of American
Pathologists; CLIA ¼ Clinical Laboratory Improvement Amendments; cnLOH ¼ copy neutral loss of heterozygosity; MPseq ¼ mate-
pair sequencing; RNAseq ¼ RNA sequencing; WES ¼ whole-exome sequencing.
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Comprehensive Genomics, Next Generation
Sequencing, and Bioinformatics
Pathologists review hematoxylin and
eosinestained sections from the flash frozen
Mayo Clin Proc. n February 202
specimen to guide tumor tissue macrodissec-
tion before DNA and RNA isolation. To
reduce expense and increase robustness
and sensitivity, we combine state-of-the-art
0;95(2):306-318 n https://doi.org/10.1016/j.mayocp.2019.07.019
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techniques, including MPseq to detect global
rearrangements, WES of both germline
DNA, and tumor DNA to detect somatic mu-
tations, and RNAseq to detect fusions and
transcriptomic expression. MPseq was devel-
oped at Mayo Clinic following our previ-
ously published protocols12-15 as a novel
cytogenetics tool to detect the chromosomal
breakpoints involved in chromosome rear-
rangements, and to pinpoint the genes
involved. The combination of MPseq anal-
ysis with WES and RNAseq data provides
unprecedented accuracy in profiling
genomic rearrangements, deletions, amplifi-
cations, aneuploidy, loss of heterozygosity,
point mutations, gene phasing, and overall
gene expression. MPseq, RNAseq, and WES
are performed and analyzed as described in
the Supplemental Methods (available online
at http://www.mayoclinicproceedings.org).
Functional Analysis
Genomic findings are validated by phos-
phorylation assays using immunoblotting
techniques (see Supplemental Methods),
and potential drug sensitivities are tested
with 3D microcancer models (see
Supplemental Methods).
RESULTS

Patient and Tumor Characteristics
A 48-year-old woman presented at month
0 with stage IV, estrogen receptorepositive
(25%), progesterone receptorenegative
(0%), HER2-negative (IHC 2þ, fluorescence
in situ hybridization [FISH] nonamplified),
infiltrating lobular breast cancer. Initial sites
of metastasis included the brain, bone, liver,
adrenal gland, and regional lymph nodes.
She had an excellent radiographic response
to paclitaxel, completed palliative radio-
therapy to the brain lesions, and progressed
through letrozole. Biopsy results of the liver
metastasis (month 7) were consistent with
hormone receptorenegative (0%), HER2-
negative (IHC 2þ, FISH nonamplified),
metastatic adenocarcinoma. She started
vinorelbine shortly thereafter with stable dis-
ease followed by extracranial progression by
month 10; radiographic imaging of the central
Mayo Clin Proc. n February 2020;95(2):306-318 n https://doi.org/1
www.mayoclinicproceedings.org
nervous system was stable at that time. Tissue
from the liver metastasis biopsy at month 7
was retrieved for (1) FoundationOne genomic
testing, which identified mutations in NF1
(Q1399*), BRIP1 (Y1131fs*18), CDH1
(P30fs*3), RB1 (Q62*, splice site 2490-
1G>A), and TP53 (I195fs*52); and (2)
comprehensive genomics and preclinical
functional validation as described below.

Structural Variant Analysis
Structural variant analysis of the tumor at
the DNA level, assessed with MPseq,
revealed an aneuploid genome (Figure 2A,
2B) with deletions of chromosomes 1p, 4p,
12p, 15, 16q, 17p, 22, and Xq; a double
gain of 1q; large deletions on 4q, 12q, 14q,
and 18p; and a large single gain on 12. The
tumor also exhibited a few subclonal events
(20% to 30% of the tumor cells) comprising
a large deletion on 8q, a complex rearrange-
ment on 8p (resulting in a possible ANK1-
FGFR1 fusion), a rearrangement on 16p
(resulting in a LITAF-BCAR4 fusion), a large
deletion on 18, a gain on 20, and a small
deletion on 3. No amplification was observed
on chromosome 17q, where ERBB2 resides,
consistent with the clinical FISH result.
Considering the level of the large clonal de-
letions, the tumor percentage was calculated
to be 80%, which is consistent with the pa-
thology review (estimated tumor cellularity
>70%). The ANK1-FGFR1 potential fusion
detected by MPseq was not detected with
RNAseq; however, the LITAF-BCAR4 fusion
was detected and resulted in BCAR4 overex-
pression. BCAR4 is not normally expressed
in adult tissues and is associated with anties-
trogen resistance in breast cancer,16 report-
edly through an ERBB2/3 signaling
pathway.17-19 Detailed description of the
junctions (magenta lines in Figure 2B) is
provided in Supplemental Table 1 (available
online at http://www.mayoclinicproceedings.
org).

Mutational Analysis
Differential analysis of tumor WES versus
germline WES revealed 395 point mutations
and InDels in 343 genes (Supplemental
Table 2, available online at http://www.
0.1016/j.mayocp.2019.07.019 309
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mayoclinicproceedings.org). Figure 2B de-
picts an integrated whole-genome map of
the liver metastasis, including rearrange-
ments and point mutations (lines and cir-
cles; numbers in the Y-axis denote human
chromosomes). Figure 2C depicts a sum-
mary table of genomic alterations. Of these
altered genes, 24 overlap with the Catalogue
of Somatic Mutations in Cancer’s Cancer
Gene Census list20 (Figure 2D). Integrated
KEGG-pathway analysis of all affected genes
indicated “bladder cancer” as the top cancer-
related pathway, with alterations in ERBB2,
TP53, RB1, CDH1, and RPS6KB1. Numerous
alterations were identified in key pathways
involved in breast cancer,21 including DNA
repair (ATM, TP53, BRIP1, XPA), RAS/
MAPK signaling (NF1, RASA2, CACNB4,
IL1R2, PPP5C, SRF), cell cycle (RB1, ATM,
TP53, WEE1), and GFR signaling (ERBB2,
SHC3, RPS6KB1; Figure 2E).

MPseq and WES information were over-
laid to identify genes with potential biallelic
loss of function. Thirty-sex such genes were
identified, including TP53, CDH1, FOXA1,
andNIN (Supplemental Table 3, available on-
line at http://www.mayoclinicproceedings.
org). For example, biallelic involvement of
CDH1 was due to a frame-shift mutation
that rendered one allele dysfunctional,
whereas the other allele was missing because
of 16q deletion. This finding was supported
in RNAseqwith almost 100% alternative allele
expression of the mutated CDH1 transcript
(59 of 63 reads). Biallelic loss of CDH1 is a
diagnostic marker associated with lobular
breast cancer, consistent with the patient’s
histologic diagnosis. Though not directly
targetable, the loss of E-cadherin (the protein
product of CDH1) expression results in the
FIGURE 2. Summary of integrated genomics data (MP
breast cancer liver metastasis. (A) Whole-genome line
(B) Whole-genome U-plot depicting mutations (circles
diploid areas. Red segments depict deleted areas. Blue
junctions. Cyan lines depict predicted gene fusions con
alterations. (D) Altered genes (24) overlapping with
genes involved in breast cancer related pathways and p
loss of heterozygosity; MPseq ¼ mate-pair sequencin
exome sequencing.
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activation of numerous receptor tyrosine ki-
nases, including EGFR and HER2.22

Potential treatments are available for tu-
mors with inactivated ATM, RB1, NF1,
SMARC4, and TP53 according to the
TARGET list of 135 genes with known tar-
geted therapies from the Broad Institute
(http://www.tumorportal.org). These genes
require biallelic inactivation to promote can-
cer. Only TP53 had a potential biallelic inac-
tivation owing to complete deletion of one
allele of 17p and a deleterious frame shift
single nucleotide deletion on the second
allele. The TP53 single nucleotide deletion
was seen in 15 of 42 reads in RNAseq, pre-
sumably because of wild type TP53 expres-
sion in contaminating normal cells.
Potential therapies for tumors lacking p53
expression include Chk123 and Wee1 inhib-
itors.24,25 The potential deregulation of both
p53 and Wee1 also suggest the use of CDK
inhibitors.26 A BRIP1 frame-shift InDel was
also noted that would potentially lead to a
functionally inactive transcript. BRIP1 asso-
ciates with BRCA1 to repair damaged DNA,
and mutations of BRIP1 have been linked
to increased PARP inhibitor sensitivity.27

An ERBB2 (C2105T) somatic mutation
was noted. The resulting proline-to-leucine
substitution on position 702 of the
NM_004448 transcript corresponds to a po-
sition just after the transmembrane domain
in the intracellular region of the HER2 pro-
tein. This variant of unknown significance
was observed (https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC5461196/) in another
lobular carcinoma. The ERBB2 mutation is
expressed as expected in the RNAseq at a
fairly high level (249/516 reads showed the
mutation) and in all tumor cells in the
seq, RNAseq, WES) generated by sequencing the
ar plot depicting structural variants and aneuploidy.
) and structural variants. Gray segments depict the
segments depict gained areas. Magenta lines depict
firmed by RNAseq. (C) Summary table of genomic
COSMIC’s Cancer Gene Census list. (E) Altered
otential targeted therapies. cnLOH ¼ copy neutral
g; RNAseq ¼ RNA sequencing; WES ¼ whole
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FIGURE 3. Relative gene expression and HER2/ErbB activation data. (A) Histograms contrasting the gene expression of selected
genes (ERBB2, EGFR, ERBB3, ERBB4, NRG1, NRG2, EGF, CD274 [PDL1], and B2M) in the breast cancer liver metastasis to genes in a
database of various other cancers. Black bars correspond to Her2-positive patients. The blue triangle denotes the study patient
described herein. (B) Immunoblotting results for total EGFR, HER2, HER3, and HER4 protein expression and their tyrosine phos-
phorylation levels (activated state). KMCH1 cholangiocarcinoma cells serve as positive control for EGFR, HER2, and HER3 expression
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sample, suggesting that the ERBB2 mutation
was an early event in tumor progression.

RNAseq indicated that the overall
expression of ERBB2 was relatively high
compared with a large cohort of human tu-
mors, and toward the low end of tumor sam-
ples obtained from HER2-positive patients
(Figure 3A). RNAseq also revealed a high
overall expression of ERBB3 but not EGFR,
suggesting that HER3 can act as a partner
to HER2 in this tumor. Consistent with
this finding, RNAseq suggested an increased
overall expression of NRG2, but not NRG1 or
EGF, a known HER3/4 ligand. Finally,
immunoblotting analysis showed expression
of EGFR, HER2, and HER3, but low levels of
HER4 in the tumor sample, whereas tyrosine
phosphorylation analysis confirmed that
HER2, HER3, and HER4 were phosphory-
lated and therefore active, whereas EGFR
was not (Figure 3B).

Mutational burden was estimated at 8
mutations per megabase, which is consid-
ered high for breast cancer28 and may be
an indication for immunotherapy benefit
in some cancers.29,30 Therefore, we also
investigated PD-L1 involvement by first
comparing the expression of CD274 (the
gene that codes PD-L1) in our sample
with other tumor samples (Figure 3A).
The expression was at the lower end. This
result was consistent with PD-L1 IHC, per-
formed as a clinical test, which showed no
PD-L1 staining in the liver metastasis.
B2M also appeared to be lower (one of the
alleles would be deleted because of the dele-
tion on chromosome 15).

Preclinical Validation Using Ex Vivo Tumor
Models
An integral part of our genomically driven
personalized cancer therapeutic strategy is
the preclinical validation of potential nodes
of vulnerability. To this end, we use a modi-
fied hanging-drop 3D culture model estab-
lished from live tumor cells (Figure 4A).
The 3D microcancer model was extensively
validated in PDXs and patient tumor tissue
for accuracy, reproducibility, cellular hetero-
geneity, morphology, and drug sensitivity
(data not shown). To confirm that our
Mayo Clin Proc. n February 2020;95(2):306-318 n https://doi.org/1
www.mayoclinicproceedings.org
microcancer model faithfully recapitulates
the original liver metastasis, we performed
MPseq. As seen in Figure 4B, the 3D model
faithfully recapitulates the genomic profile
of the liver metastasis (see Figure 2B).

An initial drug screen was based on the
potential deregulation of genes involved in
the cell cycle, DNA repair, and ERBB
signaling. Three-dimensional microcancers
derived from the liver metastasis were grown
in 96-well plates and treated for 6 days with
select targeted compounds, chemotherapeu-
tics, and combination treatments. Dose-
response curves and the associated IC50
values were calculated after measuring
cellular adenosine triphosphate. The assay
indicated no sensitivity to: letrozole, a therapy
that the patient progressed on; the PARP in-
hibitor olaparib; the RAF inhibitors sorafenib
and dabrafenib; or the CDK4/6 inhibitor pal-
bociclib (Figure 4C). A strong but partial
response was observed with the MEK inhibi-
tor trametinib. Strong antitumor responses
were observed with the nonspecific CDK in-
hibitor, flavopiridol, the relatively nonselec-
tive ERBB2 inhibitor lapatinib and especially
the EGFR/HER2/HER4 inhibitor afatinib,
which inhibits all active ErbB homodimers
and heterodimers. The strong sensitivity to
HER2 targeted therapy was consistent with
the increased expression and mutation of
HER2 in this tumor, the increased expression
of BCAR4,19 and the loss of E-cadherin, which
was previously reported to confer increased
sensitivity to HER2 targeted therapy in
lobular breast carcinoma.31

To confirm this conclusion, we repeated
the microcancer drug screen focusing on
ERBB pathway inhibitors. The data confirmed
sensitivity to lapatinib and afatinib with nearly
identical IC50 values as in the first screen
(Figure 4C, 4D); they also indicated sensitivity
to other HER2 targeted therapies, including
canertinib, neratinib, and trastuzumab/pertu-
zumab. No sensitivity was indicated for the se-
lective EGFR inhibitor erlotinib.

Clinical Outcomes
Genomic profiling and drug sensitivity data
were conveyed to the treating provider at
month 10. In retrospect, clinical sequencing
0.1016/j.mayocp.2019.07.019 313
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FIGURE 4. Summary of 3-dimensional (3D) microcancer data. (A) Schematic of the overall microcancer experimental process. (B)
Whole-genome linear plot representation depicting structural variants and aneuploidy in the 3D microcancer of the breast cancer
liver metastasis. (C) Dose response curves of the breast cancer liver metastasis 3D microcancer to indicated therapies. Y axis is
adenosine triphosphate in nM, a measure of cell viability, whereas x axis is drug concentration (M). (D) Table of tested compounds
and the related inhibitory concentrations at 50% obtained after testing the breast cancer liver metastasis 3D microcancers.
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had identified ERBB2 P702L as a variant of
unknown significance, providing further
rationale for the use of HER2 targeted ther-
apy. Given these findings and the
Mayo Clin Proc. n February 202
documentation of disease progression on
standard therapies, the patient’s treatment
was changed to afatinib (40 mg oral daily).
A follow-up PET scan after 3 months
0;95(2):306-318 n https://doi.org/10.1016/j.mayocp.2019.07.019
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revealed near complete resolution of the
extracranial metastatic lesions (Figure 5A,
5B). Subsequent positron emission tomogra-
phy imaging 2 months later (ie, at month 5
of afatinib) was consistent with a durable
response. The radiographic findings were
supported by corresponding changes in
CA27.29 (Figure 5C).

Despite the robust extracranial response,
the patient ultimately experienced disease
progression in the brain and leptomeninges.
Intrathecal trastuzumab was added to her
treatment regimen. She received an 80-mg
Mayo Clin Proc. n February 2020;95(2):306-318 n https://doi.org/1
www.mayoclinicproceedings.org
dose twice weekly for 4 weeks, with a partial
magnetic resonance imaging response in
both the parenchymal brain lesions and the
leptomeningeal disease. Intrathecal trastuzu-
mab was administered weekly thereafter. In-
fections and medical complications led to
multiple treatment interruptions and ulti-
mately the discontinuation of all therapy in
favor of best supportive care.

DISCUSSION
Despite the promise of precision medicine,
the degree of benefit remains to be fully
0.1016/j.mayocp.2019.07.019 315
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realized in clinical practice.32-36 This might
be explained by the fact that the success of
targeted therapies depends on both the accu-
rate identification of actionable oncogenic
molecular alterations and a reliable means
by which to determine which of these alter-
ations are most relevant biologically. The
data presented here support the combination
of integrated genomics with an informed
ex vivo functional drug screen to aid oncol-
ogists in the selection of individualized tar-
geted therapies when standard of care
options are limited.

A comprehensive approach is feasible
and essential to uncover the genomic land-
scape of each tumor and identify actionable
somatic alterations. Our approach integrates
MPseq, RNAseq, and WES followed by tar-
geted protein analysis. However, our
approach does not incorporate comprehen-
sive proteomics, epigenomics, and metabolo-
mics that could also provide additional
information. On the other hand, it is more
cost effective and more sensitive than
paired-end whole-genome sequencing and
more comprehensive, but less sensitive
than current targeted NGS panels. Using
this approach, we can identify almost all
altered genes because of mutations or struc-
tural alterations, including chromosomal
rearrangements, deletions, and gains.
Pathway analysis of altered genes points to
critical roles in the cell cycle, DNA repair,
and cell signaling leading to various poten-
tial therapies. Integrated genomics analysis
allows for interrogation of the biallelic inac-
tivation of numerous tumor suppressor
genes and identification of oncogenic alter-
ations. In most cases, however, this is not
sufficient to inform cancer therapy.

This is evident in the current case where
potential therapies were suggested by molec-
ular changes in tumor suppressor genes that
were often not biallelic. In addition, HER2
was not amplified, and the ERBB2 mutation
was a variant of unknown significance.
Therefore, a crucial component of our
genomically driven personalized therapy
strategy is the ability to assess drug sensi-
tivity in our 3D microcancer model, before
patient treatment. Three-dimensional
Mayo Clin Proc. n February 202
culture models are gaining traction as pre-
clinical testbeds. A key attribute of our 3D
microcancer model is that it does not rely
on the expansion of single cancer stem cells
or of populations of tumor cells, and there-
fore is not subject to selective pressure and
tumor evolution, which often limit the util-
ity of preclinical models for drug testing
studies.37,38 Our model also largely main-
tains the cellular tumor microenvironment
and faithfully represents the genomic diver-
sity of the patient’s original tumor. Com-
bined with accuracy, reproducibility, and
clinically relevant turnover of less than 2
weeks, the microcancer model is an excellent
assay for the functional validation of driver
mutations in individual patient tumors, as
suggested by extensive genomic profiling.
In the absence of obviously clinically action-
able mutations, this approach can identify
the most effective systemic treatment
approach.

Using the microcancer model in our clin-
ical example, we prescreened potential drug
mono and combination therapies. Clearly,
obtaining biopsy specimens from multiple
affected sites could provide a more complete
picture of genomic tumor heterogeneity and
response to treatment. However, clinical
considerations and cost often constrain the
number of sites tested clinically. The results
validated one of the potential targets as an
oncogenic driver (ERBB2) and invalidated
others (BRIP1 and NF1). Importantly, the
strategy suggested a change in patient man-
agement that resulted in a significant and
sustained therapeutic response.

Several studies show that ERBB2 muta-
tions are enriched in E-cadherin mutated
high-grade infiltrating lobular carcinoma,
and are associated with a worse prog-
nosis.31,39-41 The data argue for a more care-
ful interrogation of the ERBB2 status in these
patients (eg, amplification, mutation,
fusion). Combining integrated genomics
with functional drug testing provides both
in depth genomic information on both
genes, and drug sensitivity data to justify
the use of anti-HER2 targeted therapy.

The integrated approach to precision
medicine presented here has a turnaround
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time of four weeks and can be accomplished
both in surgical tissue and in tumor biopsy
specimens. This is clinically feasible. An addi-
tional advantage is the generation of crucial
data that link diverse genomic alterations to
drug sensitivity. As an example, a number of
patients with HER2-positive early-stage
breast cancer have a recurrence despite
optimal HER2-directed (neo)adjuvant ther-
apy.42-45 Functional validation in a 3Dmicro-
cancer setting could identify genomic
alterations that can be associated with
reduced efficacy of HER2-targeted therapy.
CONCLUSION
Unlike available clinical tests, an integrated
genomic approach can provide a compre-
hensive picture of the genomic landscape
of each tumor and identify actionable so-
matic alterations. Although actionable
means that there is a drug available to
target that alteration, the relative effective-
ness of the drug in each patient’s tumor
cannot be assessed by genomics. We pro-
vide evidence that functional validation of
targeted therapies is feasible, is timely,
and can be performed ex vivo in 3D cul-
tures of the patient’s own tumor. The com-
bination of tumor profiling, data
integration, and functional validation,
accurately assessed driver alterations and
predicted effective treatment.
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