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Next-Generation Rapid Autopsies
Enable Tumor Evolution Tracking
andGeneration of PreclinicalModels

abstract

Purpose Patients with cancer who graciously consent for autopsy represent an invaluable re-
source for the study of cancer biology.To advance the study of tumor evolution,metastases, and
resistance to treatment, we developed a next-generation rapid autopsy program integrated
within a broader precision medicine clinical trial that interrogates pre- and postmortem tissue
samples for patients of all ages and cancer types.

Materials andMethods One hundred twenty-three (22%) of 554 patients who consented to the
clinical trial also consented for rapid autopsy. This report comprises the first 15 autopsies,
including patients with metastatic carcinoma (n = 10), melanoma (n = 1), and glioma (n = 4).
Whole-exome sequencing (WES) was performed on frozen autopsy tumor samples from
multiple anatomic sites and on non-neoplastic tissue. RNA sequencing (RNA-Seq) was per-
formed on a subset of frozen samples. Tissue was also used for the development of preclinical
models, including tumor organoids and patient-derived xenografts.

Results Three hundred forty-six frozen samples were procured in total.WESwas performed on
113 samples andRNA-Seqon72 samples. Successful cell strain, tumororganoid, and/or patient-
derived xenograft development was achieved in four samples, including an inoperable pediatric
glioma.WESdatawere used to assess clonal evolution andmolecular heterogeneity of tumors in
individual patients. Mutational profiles of primary tumors and metastases yielded candidate
mediators of metastatic spread and organotropism including CUL9 and PIGM in metastatic
ependymomaandANKRD52 inmetastaticmelanomato the lung.RNA-Seqdata identifiednovel
gene fusion candidates.

Conclusion A next-generation sequencing–based autopsy program in conjunction with a pre-
mortem precision medicine pipeline for diverse tumors affords a valuable window into clonal
evolution,metastasis, andalterationsunderlying treatment.Moreover, suchanautopsyprogram
yields robust preclinical models of disease.

Precis Oncol 00. © 2017 by American Society of Clinical Oncology

INTRODUCTION

The ability to comprehensively interrogate an indi-
vidual patient’s cancer at molecular resolution is
enabled by rapidly advancing sequencing technol-
ogies. The goal of the Caryl and Israel Englander
Institute for Precision Medicine (IPM; New York,
NY) is to harness as much information as possible
from an individual patient’s tumor tissue not only in
aneffort tobenefit thepatientduring life,1butalso to
develop preclinical platforms2 and coclinical trials
with the potential to benefit larger populations. An
important arm of our precision medicine program
permitspostmortemtissuedonationlinkedtorobust
downstream applications through a dedicated au-
topsy program.

Institutional rapid autopsyprogramshavebeenwell
described1,3-12 and have previously led to signif-
icant advances in cancer research in the areas of
prostate,1,3,4,6,7,11 pancreas,10 breast,8 and pediatric
brain tumors.5,9,12 This program builds on prior
autopsy programs by enrolling patients of all ages
and cancer types, capturing samples throughout a
patient’s disease course, and leveraging multiple
parallel platforms to generate high-throughput
sequencing data and robust preclinical tumor
models.We highlight our initial experience with
15 patients who underwent rapid autopsy and
emphasize the following three themes: capturing
themolecular status of a diverse set of neoplasms
at the end point in disease progression relative to
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samples acquired earlier in the course of disease;
the comparison of primary tumors to a multi-
plicity of metastatic sites at the molecular level
to study processes underlying metastatic spread
and organ-specific tumor tropism; and the devel-
opment of tumor organoid models2 and patient-
derived xenografts (PDXs), with the potential for
high-throughput drug screening and functional
validation studies.

MATERIALS AND METHODS

Basic Autopsy Protocol

Consent. At the time that patients consent to
enroll in the Precision Medicine Program (Weill
Cornell Medicine [WCM] Institution Review
Board No. 1305013903), they may also consent
for the Rapid Autopsy Program (Data Supple-
ment). The discussion of consent for autopsy may
also be held at a later time. At our institution, the
generic hospital autopsy consent form must also
be signed by the next of kin. This institutional
review board–approved autopsy tissue donor pro-
gram is based in part on protocols developed at the
University ofMichigan byDrsMarkA.Rubin and
Kenneth Pienta.3,4

Patient notification. Once the treating physician
notifies a contact member of a patient’s death by
pager, a robotic calling system is activated to alert
the autopsy team. Attending and resident autopsy
pathologists, an autopsy technical assistant, and
two to four members of the IPM laboratory are
available at all times. The patients’ treating on-
cologists and surgeons may also be present. The
postmortem interval goal for in-house patients is
less than 1 hour.

Tissue collection. Autopsy is performed using the
en bloc Letulle dissection method. Tissues are
snap frozen usingTissue-TekO.C.T. embedding
mediumandTissue-Tek cryomolds (SakuraFine-
tek, Torrance, CA). These are placed in a dry ice
and methylbutane bath and stored at –80°C.1,6 In
addition, fresh tissue is immediately transported to
the laboratory for xenograft and tumor organoid
development.2 See Data Supplement for sample
autopsy findings.

Nucleic Acid Extraction

DNA extraction and whole-exome and whole-

genome sequencing. As previously described,1

tumor and germline DNA is extracted using the
Promega Maxwell 16 MDx DNA Purification
Kits (Promega,Madison,WI). Sequencing is per-
formed using Illumina HiSEquation 2500 Rapid
Run Mode (23101bp; Illumina, San Diego, CA).

Short reads are aligned toGRC37/hg19 reference
using Burrows-Wheeler aligner and processed
accordingly to IPM-Exome-pipeline v0.9 as pre-
viously published.1,13 Three DNA samples from
patient WCM0 corresponding to two liver me-
tastases (LMs;LM1andLM2)andgermlineDNA
from blood underwent whole-genome sequenc-
ing (WGS) at the New York Genome Center
following the sequencing protocols and analyses
described in this section.14,15

RNA extraction and RNA sequencing. Total
RNA was prepared for RNA sequencing (RNA-
Seq) in accordance with the standard Illumina
mRNA sample preparation protocol (Illumina).
Paired-end RNA-Seq at read lengths of 50 or 51
base pairs was performed with the HiSEquation
2000(Illumina).Approximately268millionpaired-
end reads were generated, corresponding to ap-
proximately 27 billion bases.16

DNA Sequencing and Data Analysis

Sequence data processing pipeline.All exome data
of the study samples were processed through the
computational analysis pipeline of IPM, as pre-
viously described (IPM-Exome-pipeline v0.9).1,13

We implemented an approach to improve on
single nucleotide variant calls in the presence of
multisample patient data.17,18WGS samples were
analyzed at theNewYorkGenomeCenter.15,19,20

Phylogenetic analysis. Tumor samples are repre-
sented in a phylogenetic tree as nodes with no
children, whereas the internal nodesmodel inferred
tumor cell populations on the basis of observed
single nucleotide variants using the parsimony
ratchet method.21,22 See Data Supplement for
gene clonality assessment.

RNA-Seq Data Analysis

All reads were independently aligned with
STAR_2.4.0f123 for sequence alignment against
the human genome build hg19, downloaded via
the University of California Santa Cruz Genome
Browser.For fusionanalysis,weusedSTAR-fusion
(STAR-Fusion_v0.5.1),24,25 FusionCatcher
(v0.99.3e),26 and FusionSeq.27-31

Patient-Derived, Tumor Organoid, and
Xenograft Development Platform

As previously described,2 fresh tumor tissue is dis-
sociated before seeding cells into growth factor–
reduced Matrigel (Corning, Corning, NY). For
the establishment of PDX (Institutional Animal
Care and Use Committee No. 2013-0116), we
inject 1 million tumor organoid cells in a 1:1 mix
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withMatrigel in the flanks of NU/NU nude mice
(Charles Rivers Laboratories, Wilmington, MA).

RESULTS

Consent

One hundred twenty-three (22%) of 554 patients
who consented to the clinical trial have also con-
sented for rapid autopsy. Of those patients for
whom we have documented death in addition to
premortem consent, we have performed autopsy
on approximately 54% (see Materials andMethods
for details on consent).

Diversity of Tumor Types and Metastatic
Sites

The first 15 autopsies performed comprise a di-
verse set of neoplasms andmetastatic sites (Fig 1).
Primary tumors were available in 12 (80%) of
15 patients from prior surgical resections and/or
from recurrent or residual primary tumors ob-
tained at autopsy. In patients with known meta-
static disease before death, matched primary and
metastatic tumorfromindividualpatientswasavail-
able in 10 (77%) of 13 patients, and metastatic
disease was collected at autopsy in 100% (n = 13)
of these patients. Patient ages ranged from less than
10 to greater than 89 years at death, and patients

were variably treated with prior surgery, radia-
tion, and/or chemotherapeutic agents (Data
Supplement).

TissueCollection andDNA/RNAExtraction
Results

Overall postmortem time interval (PMI) ranged
from 0.5 to 18 hours. PMI for in-house patients
averaged 3.1 hours (range, 0.5 to 6.5 hours), and
PMI for outside patients averaged 8.42 hours
(range, 2 to 18 hours). Delays were primarily
attributable to transportation, administrative wait
times, and/or accommodations of requests by the
patient’s family. Transport was successfully man-
aged from up to 50 miles from our Manhattan-
based institution.

This initial cohort yielded a total of 346 frozen
aliquots over 131 distinctly annotated anatomic
sites,ofwhich310containedtumoruponhistologic
review of frozen sections (Fig 1B). One hundred
thirteen distinct samples underwent whole-exome
sequencing (WES), including 82 frozen tumor and
10 frozen non-neoplastic control tissue samples
obtained at autopsy, six samples derived from pe-
ripheral blood, and 15 formalin-fixed paraffin-
embedded or frozen samples from prior surgical
procedures. DNA yield and quality are provided in

Case Primary Diagnosis Brain
Brain (n = 5), lung (n = 3)

Lung
Prostate (n = 6), kidney (n = 5), melanoma (n = 3),

colon (n = 2)

Spinal cord
Prostate (n = 2), brain (n = 4)

Lymph nodes
Prostate (n = 7), bladder (n = 13), kidney (n = 3),

melanoma (n = 2), colon (n = 2), lung (n = 1)

Liver
Prostate (n = 7), bladder (n = 1), kidney (n = 3),

melanoma (n = 2), colon (n = 2)

Gallbladder
Melanoma (n = 1)

Adrenal
Prostate (n = 2), melanoma (n = 1),

colon (n = 2), lung (n = 1)
Kidney

Prostate (n = 1)

Bladder
Melanoma (n = 1)

Bone
Prostate (n = 6)

Heart
Lung (n = 1)

Pleura
Melanoma (n = 1)

Diaphragm
Ovary (n = 1)

Spleen
Colon (n = 1), lung (n = 2)

Pancreas
melanoma (n = 1),
lung (n = 1)

Omentum
Melanoma (n = 1),
bladder (n = 1),
colon (n = 1)

Peritoneum
Prostate (n = 1), ovary (n = 1)

Small intestine
Bladder (n = 1), ovary (n = 1),
Melanoma (n = 1), colon (n = 2)

Colon
Melanoma (n = 1), lung (n = 2)

Prostate

Bladder

Brain

Kidney

Ovary

Melanoma

Colon

Lung

WCM55 Diffuse astrocytoma (GC)

WCM90 Prostate carcinoma

WCM117 Urothelial carcinoma

WCM151 Anaplastic ependymoma

WCM159 Prostate carcinoma

WCM259 Urothelial carcinoma

WCM316 Renal clear cell carcinoma

WCM331 Serous ovarian carcinoma

WCM419 Anaplastic ependymoma

WCM627 Diffuse midline glioma

WCM642 Malignant melanoma

WCM677 Prostate carcinoma

WCM715 Colon adenocarcinoma

WCM772 Lung carcinoma, pleomorphic

WCM0 Prostate carcinoma

A

35
30
25
20
15
10
5
0

Tumor samples collected Tumor sites collected

B

C

Fig 1. Rapid autopsies
of Weill Cornell Medicine
(WCM) study cohort. (A)
The list of 15 autopsies
shows the research
identifier (WCM number)
and primary diagnosis. (B)
Bar chart showing the total
number of frozen tumor
samples collected and the
number of distinctly
annotated anatomic sites
from which tumor was
obtained for each autopsy.
(C) Schematic illustration
of anatomic sites of
metastatic samples that
were collected at autopsy.
The pie charts represent
the breakdownwith respect
to primary tumor origin,
which correspond to the
color key on the left side.
GC, gliomatosis cerebri
pattern of glioma
infiltration.
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the Data Supplement. In addition toWES, RNA-
Seq was performed on a subset of samples (n = 72).
Data regarding RNA concentration, RNA integ-
rity number values, 260/280 values, and 260/230
values over all RNA samples are provided in the
Data Supplement. Finally, three samples from pa-
tient WCM0 (two LMs and one blood normal)
underwent WGS through the Illumina Genome
Network.

Average Coverage and Capture Efficiency

Overall 99.5% (. 170 million) and 95.8% (. 70
million) of paired-end reads generated could be
mapped. The average coverage and capture ef-
ficiency for each patient are provided in the Data
Supplement.WGSwas done at greater than 903
coverage for both tumor samples (LM1 approx-
imately 1053, LM2 approximately 903) and
greater than 403 for the blood normal (approx-
imately 453),withmapping rates between94.5%
and 95.6%.

Collection of Rare Disease Entities

A unique aspect of tumor acquisition at autopsy is
the ability to procure material in inoperable pa-
tients. A salient example is WCM627, a pediatric
patientwith an inoperable infiltrative astrocytoma
centeredwithin the pons. In this patient, 14 frozen
tissue aliquots were procured from the primary
tumor mass within the brainstem at autopsy. De-
spite transporting the patient from an outside in-
stitution, our PMI for this patientwas only 2 hours,
and the effort led to viable cell cultures.

Tumor Clonal Architecture and Evolution

Autopsy material in combination with premortem
surgical material is crucial to the study of the spa-
tiotemporal evolutionof cancer. Inour cohort, prior
surgical material was available in 13 (87%) of 15
patients. In one illustrative patient (WCM419), a
young girl with recurrent anaplastic ependymoma,
material was available from eight distinct surgical
resection procedures spanning more than 5 years
in addition tomaterial obtained at autopsy (Fig 2).
Multiple sites of disease were available for study
including the posterior fossa (the primary site),
metastatic lesions within the spinal cord, and a
metastatic deposit involving the lateral ventricle
obtained at autopsy (Figs 2A to 2C). Histologic
examination of all tumor material showed promi-
nentperivascular pseudorosette formation (Fig2D).
WES was performed on formalin-fixed paraffin-
embedded material derived from prior surgical
specimens aswell as frozen autopsy tissue from two
distinct sites (Figs 2E and 2F). Reconstruction of

the evolutionary tree of this tumor revealed a
complex branching pattern where several muta-
tions (ERBB3,DNMT3A, BRCA1,NOTCH1, and
RUNX1T1) in the primary tumor samples were
not sharedatdifferent timepoints (0 to64months)
or with descendent clones (Fig 2G). Moreover,
we identified two genes, CUL9 and PIGM, as
harboring alterations specific to three or greater
metastatic sites of disease and absent from all
tissues resected from the primary site of disease.

Molecular Features Among Multiple
Metastatic Sites

Even in the absenceof adefinitiveprimary site, it is
possible to gain insights into the evolutionary
dynamics of tumor growth in distinct anatomic
compartments. A case in point is WCM642, a
50-year-old male patient who presented with dis-
seminated disease from a primary tumor of un-
knownorigin (Fig3).Priorbiopsydemonstratedan
epithelioidneoplasmwithoutadefinitivediagnosis.
At autopsy, tumor was frozen from 15 distinctly
annotated anatomic locations including adrenal
gland and three distinct lobes of the lungs (Figs
3Aand3B),parietalpleura,omentum, lymphnodes
(three distinct sites), small intestine, large intestine,
liver (two distinct lobes), gallbladder, andpancreas.
Diagnosis of this tumor was only ascertained at
autopsy. At autopsy, cells demonstrated both epi-
thelioid and sarcomatoidmorphology (Figs 3Cand
3D) and focal positive staining for S100 (not
shown), which had been negative in the biopsy.
Sequencing revealedmutations inNRASand IDH1
(Fig 3E) and contributed to the final diagnosis of
malignant melanoma.

Reconstruction of the clonal architecture of eight
metastases from this patient demonstrated several
mutations that were shared in all samples (MLLT4,
IDH1, AFF3, ARID2, ECT2L, and NRAS), as well
asmutations restricted to particularmetastatic sites
(eg, APC in an LM and SMAD4 in lung; Fig 3F).
Remarkably, the branch points of the phyloge-
netic tree reflect the anatomic distribution of
metastases, with those encompassing the diges-
tive system grouped separately from those to the
adrenal gland and lungs.Moreover,metastases to
the small and large intestines are more closely
related with each other than with those to the
liver and pancreas. These findings also correlate
with site-specific alterations such as ANKRD52,
which was mutated in three of three distinct lung
metastases but in zero of five other metastatic
sites tested.

In other patients, such as WCM0 (small-cell car-
cinoma of prostate) and WCM772 (pleomorphic
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carcinoma of lung), RNA-Seq data were used to
further enhance comparisons across metastatic
sites. Inparticular, forbothof thesepatients, genes
were identified that showed consistent overex-
pression across metastatic tumors for each patient
at the transcriptional level relative to the expres-
sion of these genes over a large set of RNA-Seq
samples. The latter analysis derived from diverse
tumors over the accrued transcriptome profiling
from the precision medicine clinical trial cohort
(n=300 samples). In the caseofWCM0,CDKN2C
was identified as an outlier across multiple sites,
and in WCM772, MET was consistently overex-
pressed (Fig 4A). For WCM772, these data cor-
related with evidence of amplification of theMET
gene derived fromWES, whereas forWCM0, no
suchcorrelationwasobserved (DataSupplement).

Additional RNA-Seq analysis of WCM0 samples
identified novel gene fusion candidates such as
ZNF526-MEGF8 (Figs 4B to 4D). In addition,
WGS on two LMs from this patient yielded addi-
tional candidates, including the discovery of a gene
fusion involvingSTYK1, a putative serine/threonine
and tyrosine receptor protein kinase of potential
clinical significance in castrate-resistant prostate
cancer32 (Fig 5).

Tumor Organoid, PDX, and Cell Line
Development

PDXs and cell lines are themost frequently used
models in cancer research and anticancer drug
screening. The tumor organoidmodel is amajor
invitrobreakthrough thathas thepotential to study

spec ID#

location PF SC PF, LVPF

2,81
7

6
10

9
4

35

Months 0 24 42 52 57 64

A

B

E

D

C

Wild type

Mutated

WCM419

Anaplastic ependymoma
1-5: Posterior fossa primary
6: Spinal thoracic met
7: Spinal thoracic met
8: Lateral ventricle met
9: Spinal met
10: Spinal met

1 2 3 4 5 6 7 8 9 10

ALK

CUL9
PIGM

RUNX1T1
NOTCH1

BRCA1

DNMT3A
ERBB3

5
6

4
3

7
8

10

9

2 1

ALK
MSH2

RUNX1T1

NOTCH1

BRCA1

DNMT3A ERBB3

Private metastatic

Private primary

Shared in more than one sample
but not all samples

F

G

Fig 2. Clonal archeology of a patientwith anaplastic ependymoma (rapid autopsyWCM419).Multiple sites of diseasewere available for study, including
(A and B) the posterior fossa (primary site; [A] ventral surface of the whole brain with exophytic tumor component indicated by the arrow; [B] metastatic
deposits within the supratentorial compartment involving the lateral ventricle and subventricular brain parenchyma, and lesions within the spinal cord (not
shown), (C) axial cross-section through the pons and cerebellum). (D)Characteristic tumor histomorphology demonstrates spindled glial cells with fibrillar
processes and perivascular pseudorosette formation (hematoxylin and eosin stain). (E) Timeline from diagnosis (month 0) to autopsy (month 64). Vertical
lines indicate the relative timing of procedures fromwhich sampleswere obtainedduring the course of disease. (F)Whole-exome sequencingwas performed
on prior surgical resection formalin-fixed paraffin-embedded specimens includingprimary tumor in posterior fossa (samples 1, 3, 4, and 5) andmetastases to
spinal cord (samples 6, 7, 9, and 10), as well as on frozen autopsy tissue from two distinct sites, including recurrent primary tumor in the posterior fossa
(sample 2) and metastasis to the lateral ventricle (sample 8). Both the color-coded bar on the right and the phylogenetic tree below indicate whether
mutations are private to primary or private to metastases or shared in more than one sample. There is no significant mutational overlap between the
10 samples. (G)Reconstructionof evolutionary tree.The length of the branches represents the distance between two tumors on the basis of the number of
sharedmutations. A complex branching pattern is present in this anaplastic ependymoma. Severalmutations (ERBB3,DNMT3A,BRCA1,NOTCH1, and
RUNX1T1) in the primary tumor samples are not shared either between them at different timepoints (0 to 64months) orwith descendent clones.Noneof
themutations detectedwas sharedby all tumor samples. Scalebars = (A-C), 1 cm; (D), 40mm.LV, lateral ventricle;met,metastasis; PF, posterior fossa; SC,
spinal cord.

5 ascopubs.org/journal/po JCO™ Precision Oncology

Downloaded from ascopubs.org by 107.77.76.79 on October 14, 2017 from 107.077.076.079
Copyright © 2017 American Society of Clinical Oncology. All rights reserved.

http://ascopubs.org/journal/po


in vivo biologic processes and may provide a new
avenue for personalized cancer care.33,34

As demonstrated in patient WCM331, despite
a delayed PMI of 6.5 hours as a result of trans-
portation fromanoutsidehospital, tumororganoid
development of ovarian serous adenocarcinoma
was achieved. Upon opening the peritoneal
cavity, disseminated carcinomatosis was readily
observed (Fig 6A), and tumor tissue was imme-
diately placed into culture media. Viable orga-
noids histologically comparable to metastatic
autopsy tissuewere produced and consistent with
ovarian serous adenocarcinoma (Figs 6B to 6D).
WES was performed on a metastatic omental
lesion biopsied 2 years before autopsy, on several
metastatic lesions obtained at autopsy, and on the
tumor organoid material derived from a perito-
neal nodule obtained at autopsy. The analysis
demonstrates genetic alterations that are shared
across these specimens (Figs 6E and 6F). Re-
construction of the clonal architecture of meta-
static samples and tumor organoid demonstrates

thatPTPRBmutation is shared across all samples,
whereas FOXO1 mutation is present in one me-
tastasis (to small bowel serosa) and the tumor
organoid only. At the same time, differences in
certain alterations may reflect heterogeneity in
disease across time and anatomic location. Alter-
ations restricted to the tumor organoid material
only (eg, PRDM16 and KMT2A) may reflect
either additional tumor heterogeneity or alter-
ations arising in vitro.

Another example of patient-derived preclinical
model development from rapid autopsy tissue is
illustrated in a patient with colon adenocarcinoma
(WCM715; Fig 6G) for whom both tumor orga-
noid (Figs 6H and 6I) and downstream PDX
models (Fig 6J) were established. In addition to
successful PDX development using cells directly
harvested from rapid autopsy material (eg, pros-
tate cancer in patient WCM677), cell line devel-
opment was also pursued (eg, diffuse midline
glioma in patient WCM627, with viable passages
to date; data not shown).

Melanoma
1: Liver right met
2: Lung left upper lobe met
3: Lung left upper lobe met
4: Lung right upper lobe
5: Small intestine met
6: Large intestine met
7: Adrenal left met
8: Pancreas met

Wild type

Mutated

WCM642

SMAD4
APC

MLLT4

IDH1

AFF3

ARID2

ECT2L

NRAS

1 2 3 4 5 6 7 8

Private metastatic

Shared in more than one sample
but not all samples

Shared in all samples

MLLT4
IDH1
AFF3

ARID2
ECT2L
NRAS

APC
ANKRD52

SMAD4

1

8
6 5 7 2 3

4

A C

B

D

E

F

Fig 3. Molecular heterogeneity in a case of metastatic malignant melanoma (rapid autopsy WCM642). A 50-year-old male patient presented with
disseminated disease from primary tumor of unknown origin. A previous biopsy (not shown) showed an unclassified malignant and epithelioid neoplasm.
At autopsy, tissue samples from 17 distinct anatomic locations were snap frozen, including (A) adrenal gland and (B) lung. The tumor demonstrated
heterogeneous histology with both (C) epithelioid and (D) spindled areas (hematoxylin and eosin stain). Tumor cells demonstrated focal staining for S100
(not shown), which had been negative in the biopsy. (E)Whole-exome sequencing results from eight distinct anatomic sites were obtained. Both the color-
coded bar on the right and the phylogenetic tree below indicatewhethermutations are private to anymetastatic site or are shared inmore than one sample or
in all samples. Significant mutational overlap is present between all metastatic samples. (F) Reconstruction of the clonal architecture demonstrates that
mutations in MLLT4, IDH1, AFF3, ARID2, ECT2L, and NRAS are shared in all samples. Few mutations are shared in more than one sample but not all
samples (eg, APC in right liver metastasis (met); SMAD4 in left upper lobe of lung). The primary tumor was not identified and unavailable for sequencing
analysis. Scale bars = (A and B), 1 cm; (C and D), 50 mm.
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Fig 4. Examples of recurrent outliers and identification of novel gene fusion through RNA sequencing analysis. (A) Gene expression outlier analysis
across 300 RNA sequencing samples derived from a diversity of tumors within the Institute for Precision Medicine cohort highlights WCM0 (small-cell
carcinomaof prostate) andWCM772 (pleomorphic carcinomaof lung), twopatientswho showCDKN2C andMET as recurrent outliers in distinct anatomic
samples, respectively.z scoreswerecalculated for70druggablecancergenes, andoutlierswere selectedat a cutoffofz scoregreater than2.5and fragmentsper
kilobasemillion greater than50. (B)RNAsequencing analysis byFusionCatcher andFusionSeq allows for the identification of novel gene fusion candidates.
Schematic of the fusion betweenZNF526 andMEGF8 inWCM0 showing the connected exons. (C) IntegrativeGenomicsViewer snapshots illustrating the
data from six tumor specimens and one benign tissue specimen from the same patient. The coverage track summarizes the number of reads per nucleotide,
whereas the junction tracks showhow reads are connected by splicing.Note that the tumor samples all have connections between the twogenes, whereas the
benign specimen has none. (D) The sequence of the junction with some representative sequenced reads. met, metastasis.
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DISCUSSION

Tissue procurement from patients with cancer at
autopsy and within the context of a pan-cancer
precision medicine clinical trial captures biologic
data at a state in disease progression that is rarely
studied. In contrast to previously reported au-
topsy programs, we have incorporated data anal-
ysis and development of preclinical models using
multiple platforms,2 clinical-grade assays,13 and
computational algorithms,13,35,36 leveraging the
infrastructure of IPM.Here, we illustrate a proof
of principle in developing a powerful model for
interrogating a diverse set of primary tumor
types and metastatic sites, including newly gen-
erated tumor organoids, PDX models, and cell
culture. Indeed, with just the first 15 autopsies,

we have revealed novel genetic candidates as
potential mediators of metastatic spread in both
ependymoma and melanoma, as well as pro-
vided the foundation for additional work inves-
tigating treatment effect inmetastatic urothelial
carcinoma.

As a testament to our ability to track patients
through their disease course, we analyzed primary
tumor samples in 77% of patients for whom met-
astatic disease was procured at autopsy and in 80%
of patients overall. Moreover, prior surgically ob-
tained premortem tumor material (either primary
or metastatic) was available for study in 87% of
patients, enabling in the vast majority of patients
the potential to study tumor evolution over time
and through diverse therapeutic modalities.
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Fig 5. Whole-genome sequencing of small-cell carcinoma of prostate nominates a novel gene fusion with clinical relevance (rapid autopsyWCM0). A
55-year-oldmale patient status post prostatectomy presented with local recurrence, metastases in the pelvis and liver, and Cushing syndrome in the month
beforedeath. (AandB)Uponopening theabdominal cavity,numerousmetastaseswerepresent in the liver. (A)Liver in situwithmultiple lesions is shown. (B)
Section of liver after fixation is shown. (C) On histologic examination, the tumor demonstrated small-cell neuroendocrine morphology (hematoxylin and
eosin stainof frozen tissue,3200originalmagnification). (D)Circos plot of chained rearrangements in sampleLM2 (livermetastasis). (E) Structural variants
called with Clipping Reveals Structure algorithm led to identification of a novel intrachromosomal gene fusion. Schematic of the fusion between YBX3 and
STYK1 showing the connected exons. (F) Integrative Genomics Viewer snapshots illustrating the data from six tumor specimens and one benign tissue
specimen from the same patient. The coverage track summarizes the number of reads per nucleotide, whereas the junction tracks show how reads are
connectedby splicing.Note that the tumor samples all have connections between the twogenes,whereas thebenign specimenhas none. (G)The sequence of
the junction with some representative sequenced reads. Overexpression of STYK1may serve as a potential molecular target in castrate-resistant prostate
cancer.32
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We have demonstrated that analysis ofWES data
of rapid autopsy material in the context of a pre-
cision medicine clinical trial permits the identifi-
cation of genes that become altered at biologically
significant branch points in tumor evolution, in-
cluding those that may contribute to metastatic
potential or treatment resistance. For example,

analysis of WCM419 revealed alterations in
CUL9 and PIGM that were present in most or
all spatiotemporally distinct metastatic sites of
ependymoma but absent from multiple resec-
tions at the primary site. CUL9, which encodes
a putative E3 ubiquitin ligase that binds to p53,
has been described as a tumor suppressor,37
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Fig 6. Tumor organoid and patient-derived xenograft development (rapid autopsiesWCM331 andWCM715). (A) In patientWCM331, upon opening
the peritoneal cavity, disseminated carcinomatosis was present. (B) Histologic examination confirmed high-grade serous adenocarcinoma of the ovary
(hematoxylin and eosin [HE] stain,3200 original magnification). (C) Viable tumor organoids were successfully produced. Image of patient-derived tumor
organoid in aMatrigel scaffold (Corning, Corning, NY). (D) Cytologic comparison of these tumor organoids with representative sections frommetastatic
autopsy tissue revealed morphologically similar cells (Diff-Quik stain, 3400 original magnification). (E) Whole-exome sequencing was performed on
formalin-fixed paraffin-embedded material derived from an omental metastasis biopsied 2 years before autopsy (sample 1), on frozen material from two
metastases obtained at autopsy (samples 2 and 3), and on tumor organoidmaterial derived from a peritoneal nodule obtained at autopsy (sample 4). Both the
color-coded bar on the right and the phylogenetic tree below indicate whether mutations are private to the metastatic sites or are shared in more than one
sample or in all samples. Multiple genetic alterations are shared across these specimens ranging from one (eg, FOXO1) to all samples (eg, PTPRB). This
molecular evidence supports that the tumor organoid recapitulates the patient’s metastatic disease. (F) In the absence of material from the primary tumor,
partial reconstruction of the clonal evolution of metastatic samples (including the tumor organoid as surrogate of one of the metastasis at autopsy)
demonstrates that PTPRB mutation is shared in all samples and FOXO1 mutation is present in two metastases. Some alterations were seen in the tumor
organoidonly (eg,PRDM16andKMT2A). (G) IncaseWCM715,anHE-stained sectionofa livermetastasisobtainedat autopsy showedmetastaticmucinous
adenocarcinoma of the colon (3200 original magnification). (H) Smear preparation of tumor organoid culture (Diff-Quik stain) to confirm tumor growth
(3400 originalmagnification). (I)HE-stained section of formalin-fixed paraffin-embedded organoid (3200 originalmagnification). (J)HE-stained section
of patient-derived xenograft derived from organoid implantation in mouse demonstrates comparable histomorphology with original liver metastasis and
derived tumor organoid (3200 original magnification). met, metastases.
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whereas PIGM encodes a mannosyltransferase
involved in glycosylphosphatidylinositol-anchor
biosynthesis.38 In addition, we have identified
genecandidates for further study thatmaymediate
organotropism of metastases in melanoma; for
example, we found that ANKRD52 mutations
were restricted to lungmetastases in a patient with
widely metastatic melanoma. Finally, additional
work on two patients from within this cohort
(WCM117 and WCM259) has already yielded
further insights into chemotherapy-resistant uro-
thelial carcinoma, demonstrating enrichment in
clonal alterations including targetable mutations
(eg, L1CAM and integrin signaling pathways).21

Comparison of WES between primary tumors,
metastatic sites, and preclinical in vitro models of
disease also enables an assessment of the extent to
which critical molecular features of a tumor are
reiterated, for example, in tumor organoids. The
latter seem to recapitulate the patient’s metastatic
disease at the exome level, representing an oppor-
tunity to develop coclinical trials and other clin-
ically relevant applications (discussed in additional

detail byPauli et al39). In addition, investigation of
WGS and RNA-Seq data including gene expres-
sion outlier analysis across our precisionmedicine
cohort has allowed the identificationof novel gene
fusions and overexpression of certain transcripts
across metastatic sites with potential clinical
relevance.

We have set the foundation to investigate several
critical questions over a diverse set of neoplasms,
including the temporal evolution of tumors, the
clonal evolution of tumors with respect to widely
disseminated metastatic disease sites, and the pro-
ductionandexaminationoftumororganoidmodels
derived from these specimens. Performing addi-
tional drug screening on preclinical platforms de-
veloped from autopsy tissue has the potential of
benefiting future patients withmolecularly similar
tumors. Analyses of the data in each one of these
extremely valuable patients is ongoing, with the
goal of gleaning as much information as possible
from every patient.
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