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Interpreting genomic information for 
the clinical care of solid neoplasms
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Abstract

Background: Adenocarcinomas of the tongue are rare and represent the minority (20 to 25%) of salivary gland
tumors affecting the tongue. We investigated the utility of massively parallel sequencing to characterize an
adenocarcinoma of the tongue, before and after treatment.

Results: In the pre-treatment tumor we identified 7,629 genes within regions of copy number gain. There were
1,078 genes that exhibited increased expression relative to the blood and unrelated tumors and four genes
contained somatic protein-coding mutations. Our analysis suggested the tumor cells were driven by the RET
oncogene. Genes whose protein products are targeted by the RET inhibitors sunitinib and sorafenib correlated with
being amplified and or highly expressed. Consistent with our observations, administration of sunitinib was
associated with stable disease lasting 4 months, after which the lung lesions began to grow. Administration of
sorafenib and sulindac provided disease stabilization for an additional 3 months after which the cancer progressed
and new lesions appeared. A recurring metastasis possessed 7,288 genes within copy number amplicons,
385 genes exhibiting increased expression relative to other tumors and 9 new somatic protein coding mutations.
The observed mutations and amplifications were consistent with therapeutic resistance arising through activation
of the MAPK and AKT pathways.

Conclusions: We conclude that complete genomic characterization of a rare tumor has the potential to aid in
clinical decision making and identifying therapeutic approaches where no established treatment protocols exist.
These results also provide direct in vivo genomic evidence for mutational evolution within a tumor under drug
selection and potential mechanisms of drug resistance accrual.

Background
Large-scale sequence analysis of cancer transcriptomes,
predominantly using expressed sequence tags (ESTs) [1]
or serial analysis of gene expression (SAGE) [2,3], has
been used to identify genetic lesions that accrue during
oncogenesis. Other studies have involved large-scale
PCR amplification of exons and subsequent DNA
sequence analysis of the amplicons to survey the

mutational status of protein kinases in many cancer
samples [4], 623 ‘cancer genes’ in lung adenocarcinomas
[5], 601 genes in glioblastomas, and all annotated coding
sequences in breast, colorectal [6,7] and pancreatic
tumors [8], searching for somatic mutations that drive
oncogenesis.
The development of massively parallel sequencing

technologies has provided an unprecedented opportunity
to rapidly and efficiently sequence human genomes [9].
Such technology has been applied to the identification
of genome rearrangements in lung cancer cell lines [10],
and the sequencing of a complete acute myeloid
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ACUTE PROMYELOCYTIC LEUKE-
mia (APL) is commonly
(!90%) associated with
PML-RARA (NCBI Entrez

Gene 5371 and 5914) fusion tran-
scripts resulting from pathogenic t(15;
17) translocations.1,2 Unusual cytoge-
netic rearrangements (eg, insertions and
3, 4, or even 8-way translocations)2-4 can
also lead to PML-RARA formation. Al-
ternative PML-RARA fusions and splice

variants exist but are not detected by
standard reverse transcription poly-
merase chain reaction (RT-PCR)5-7; al-
ternative X-RARA fusions also may ex-
ist and may be responsive to all-trans
retinoic acid (ATRA) (eg, NuMA1-
RARA, NPM1-RARA, STAT5B-RARA,
PRKAR1A-RARA, FIP1L1-RARA,
BCOR-RARA, and the non-RARA trans-
location NUP98-RARG)1,8-12 or ATRA re-
sistant (PLZF-RARA).1 Timely and ac-
curate diagnosis of APL is essential,
because the addition of ATRA to che-
motherapy leads to substantially im-
proved outcomes (5-year event-free sur-
vival of 69%, compared with 29% in

patients receiving chemotherapy
alone).13

CASE HISTORY
A 39-year-old woman with acute my-
eloid leukemia (AML) in first remis-

See also pp 1568 and 1596.
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Context Whole-genome sequencing is becoming increasingly available for research
purposes, but it has not yet been routinely used for clinical diagnosis.

Objective To determine whether whole-genome sequencing can identify cryptic,
actionable mutations in a clinically relevant time frame.

Design, Setting, and Patient We were referred a difficult diagnostic case of acute
promyelocytic leukemia with no pathogenic X-RARA fusion identified by routine meta-
phase cytogenetics or interphase fluorescence in situ hybridization (FISH). The case
patient was enrolled in an institutional review board–approved protocol, with consent
specifically tailored to the implications of whole-genome sequencing. The protocol uses
a “movable firewall” that maintains patient anonymity within the entire research team
but allows the research team to communicate medically relevant information to the
treating physician.

Main Outcome Measures Clinical relevance of whole-genome sequencing and
time to communicate validated results to the treating physician.

Results Massively parallel paired-end sequencing allowed identification of a cyto-
genetically cryptic event: a 77-kilobase segment from chromosome 15 was inserted
en bloc into the second intron of the RARA gene on chromosome 17, resulting in a
classic bcr3 PML-RARA fusion gene. Reverse transcription polymerase chain reaction
sequencing subsequently validated the expression of the fusion transcript. Novel FISH
probes identified 2 additional cases of t(15;17)–negative acute promyelocytic leuke-
mia that had cytogenetically invisible insertions. Whole-genome sequencing and vali-
dation were completed in 7 weeks and changed the treatment plan for the patient.

Conclusion Whole-genome sequencing can identify cytogenetically invisible onco-
genes in a clinically relevant time frame.
JAMA. 2011;305(15):1577-1584 www.jama.com
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Protein coding genes constitute only approximately 1% of the human
genome but harbor 85% of the mutations with large effects on
disease-related traits. Therefore, efficient strategies for selectively
sequencing complete coding regions (i.e., ‘‘whole exome’’) have the
potential to contribute to the understanding of rare and common
human diseases. Here we report a method for whole-exome sequenc-
ing coupling Roche/NimbleGen whole exome arrays to the Illumina
DNA sequencing platform. We demonstrate the ability to capture
approximately 95% of the targeted coding sequences with high
sensitivity and specificity for detection of homozygous and heterozy-
gous variants. We illustrate the utility of this approach by making an
unanticipated genetic diagnosis of congenital chloride diarrhea in a
patient referred with a suspected diagnosis of Bartter syndrome, a
renal salt-wasting disease. The molecular diagnosis was based on the
finding of a homozygous missense D652N mutation at a position in
SLC26A3 (the known congenital chloride diarrhea locus) that is vir-
tually completely conserved in orthologues and paralogues from
invertebrates to humans, and clinical follow-up confirmed the diag-
nosis. To our knowledge, whole-exome (or genome) sequencing has
not previously been used to make a genetic diagnosis. Five additional
patients suspected to have Bartter syndrome but who did not have
mutations in known genes for this disease had homozygous delete-
rious mutations in SLC26A3. These results demonstrate the clinical
utility of whole-exome sequencing and have implications for disease
gene discovery and clinical diagnosis.

Bartter syndrome ! congenital chloride diarrhea !
next-generation sequencing ! whole-exome sequencing ! personal genomes

Genetic variation plays a major role in both Mendelian and
non-Mendelian diseases. Among the approximately 2,600

Mendelian diseases that have been solved, the overwhelming
majority are caused by rare mutations that affect the function of
individual proteins; at individual Mendelian loci, approximately
85% of the disease-causing mutations can typically be found in the
coding region or in canonical splice sites (1). For complex traits,
genome-wide association studies have identified more than 250
common variants associated with risk alleles that contribute to a
wide range of diseases (2, 3). To date, most of these impart small
effects on disease risk (e.g., odds ratio of 1.2); moreover, even when
extremely large studies have been performed, the vast majority of
the genetic contribution to disease risk remain unexplained (4–6).
These findings suggest that individually rare variants with relatively
large effect may account for a large fraction of this missing trait
variance. Indeed, studies addressing this question have documented
the presence of individually rare variants with relatively large effect
(7, 8). Consistent with the Mendelian model, coding variants have
proven to be prevalent sources of such rare variants.

These considerations motivate implementation of robust ap-
proaches to sequencing complete coding regions of genomes (i.e.,
the ‘‘exome’’). This has the potential to play a major role in disease
gene discovery and also in clinical use for establishing a genetic
diagnosis. As coding regions constitute only approximately 1% of

the human genome, this is a potentially efficient strategy for
identification of rare functional mutations, the more so given that
our current ability to interpret the functional consequences of
sequence variation outside coding regions is highly limited. The
utility of this approach has been demonstrated in cancer, in which
PCR amplification of individual exons has led to identification of
new somatic mutations with large effect (9); nonetheless, PCR
amplification of each coding sequence is cumbersome. Methods of
enriching targeted genomic segments by hybridization have been
used for 30 years (10), and have recently been extended to the whole
exome scale (11), although their utility has been limited by the large
amounts of genomic DNA required and by coupling to sequence
platforms of modest throughput. Key considerations in this process
will be cost effectiveness and completeness of the information
obtained.

We report the adoption of whole-exome capture on single arrays
on the Roche/NimbleGen platform to the Illumina sequencing
platform. We illustrate the utility of this approach by identification
of a rare mutation in a patient that led to an unexpected clinical
diagnosis.

Results
Coupling of NimbleGen Whole-Exome Capture to Illumina Sequencing.
The Roche/NimbleGen whole-exome array capture protocols were
developed for DNA sequencing on the 454 platform (11); because
the cost of sequencing on the Illumina platform is potentially
considerably lower, we adapted hybrid capture using the Nimble-
Gen 2.1M Human Exome Array to the Illumina DNA sequencing
platform (see Methods). These arrays tile oligonucleotides from
approximately 180,000 exons of 18,673 protein-coding genes and
551 micro-RNAs and comprise 34.0 Mb of genomic sequence.
Resulting sequence data were processed using an automated pipe-
line: quality filtered sequence reads were aligned to the reference
human genome (hg18) using Maq software (12). Single nucleotide
variants (SNVs) were detected using Samtools (13) and further
filtered (see Methods). For heterozygote calls we required at least
10! coverage by reads with different start sites, base call with
Phred-like (14) quality scores greater than 45, and the probability
of the frequency of major and minor alleles deviating from the
binomial distribution of at least 10"7. Rare SNVs that cluster within
1 kb were tagged and evaluated for mapping errors. SNVs were
annotated for effect on the encoded protein and for conservation
by comparison versus sequences of 43 vertebrate species (15) and
orthologues in fly and worm (see Methods).
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CANCER SUSCEPTIBILITY IS OF-
ten suspected in individuals
presenting with cancers at an
early age, with multiple pri-

mary cancers, or with a suggestive fam-
ily history. The identification of the ge-

netic basis for cancer susceptibility has
important clinical implications for the
prevention and early detection of as-
sociated neoplasms. However, genetic
testing is expensive, and in many cases,
mutations in cancer susceptibility genes

See also pp 1577 and 1596.
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Context The identification of patients with inherited cancer susceptibility syn-
dromes facilitates early diagnosis, prevention, and treatment. However, in many cases
of suspected cancer susceptibility, the family history is unclear and genetic testing of
common cancer susceptibility genes is unrevealing.

Objective Toapplywhole-genomesequencing toapatientwithoutanysignificant fam-
ily history of cancer but with suspected increased cancer susceptibility because of multiple
primary tumors to identify rare or novel germline variants in cancer susceptibility genes.

Design, Setting, and Participant Skin (normal) and bone marrow (leukemia) DNA
wereobtainedfromapatientwithearly-onsetbreastandovariancancer(negativeforBRCA1
andBRCA2mutations)and therapy-relatedacutemyeloid leukemia (t-AML)andanalyzed
with the following: whole-genome sequencing using paired-end reads, single-nucleotide
polymorphism (SNP) genotyping, RNA expression profiling, and spectral karyotyping.

Main Outcome Measures Structural variants, copy number alterations, single-
nucleotide variants, and small insertions and deletions (indels) were detected and vali-
dated using the described platforms.

Results Whole-genomesequencing revealedanovel, heterozygous3-kilobasedeletion
removing exons 7-9 of TP53 in the patient’s normal skin DNA, which was homozygous in
the leukemia DNA as a result of uniparental disomy. In addition, a total of 28 validated so-
matic single-nucleotide variations or indels in coding genes, 8 somatic structural variants,
and 12 somatic copy number alterations were detected in the patient’s leukemia genome.

Conclusion Whole-genome sequencing can identify novel, cryptic variants in can-
cer susceptibility genes in addition to providing unbiased information on the spec-
trum of mutations in a cancer genome.
JAMA. 2011;305(15):1568-1576 www.jama.com
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Making a definitive diagnosis: Successful clinical
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Purpose: We report a male child who presented at 15 months with
perianal abscesses and proctitis, progressing to transmural pancolitis
with colocutaneous fistulae, consistent with a Crohn disease-like illness.
The age and severity of the presentation suggested an underlying
immune defect; however, despite comprehensive clinical evaluation, we
were unable to arrive at a definitive diagnosis, thereby restricting
clinical management. Methods: We sought to identify the causative
mutation(s) through exome sequencing to provide the necessary addi-
tional information required for clinical management. Results: After
sequencing, we identified 16,124 variants. Subsequent analysis identi-
fied a novel, hemizygous missense mutation in the X-linked inhibitor of
apoptosis gene, substituting a tyrosine for a highly conserved and
functionally important cysteine. X-linked inhibitor of apoptosis was not
previously associated with Crohn disease but has a central role in the
proinflammatory response and bacterial sensing through the NOD sig-
naling pathway. The mutation was confirmed by Sanger sequencing in
a licensed clinical laboratory. Functional assays demonstrated an in-
creased susceptibility to activation-induced cell death and defective
responsiveness to NOD2 ligands, consistent with loss of normal
X-linked inhibitor of apoptosis protein function in apoptosis and NOD2
signaling. Conclusions: Based on this medical history, genetic and
functional data, the child was diagnosed as having an X-linked inhibitor
of apoptosis deficiency. Based on this finding, an allogeneic hemato-
poietic progenitor cell transplant was performed to prevent the devel-
opment of life-threatening hemophagocytic lymphohistiocytosis, in
concordance with the recommended treatment for X-linked inhibitor of

apoptosis deficiency. At !42 days posttransplant, the child was able to
eat and drink, and there has been no recurrence of gastrointestinal
disease, suggesting this mutation also drove the gastrointestinal disease.
This report describes the identification of a novel cause of inflammatory
bowel disease. Equally importantly, it demonstrates the power of exome
sequencing to render a molecular diagnosis in an individual patient in
the setting of a novel disease, after all standard diagnoses were ex-
hausted, and illustrates how this technology can be used in a clinical
setting. Genet Med 2011:13(3):255–262.

Key Words: genomic, personalized, medicine, clinical, immunodeficiency

Over the last year, a number of publications have reported
the use of exome or genome sequencing in patients.1–6

Most of these studies made use of disease cohorts or families
and do not report functional assays or a change in treatment. We
report the use of whole exome sequencing to reach a clinical
diagnosis and alter treatment in a single child with a life-
threatening but previously undefined form of inflammatory
bowel disease (IBD) (AHC [OMIM# 266600]).7

The patient is a male who initially presented at 15 months
with poor weight gain and a perianal abscess. The abscess
enlarged, drained spontaneously, but failed to close despite
several rounds of oral, and then parenteral, antibiotics. He
subsequently developed diarrhea and weight loss, despite sup-
plemental enteral feedings, and his condition continued to de-
teriorate over a period of 6 months, with referral to our hospital
at 30 months. He had a weight of 8.1 kg, length 81.2 cm, and
body mass index of 12.7 (all "3 percentile), indicating severe
stunting and malnutrition. Examination under anesthesia showed
perineal fistulae and deep fissures. Initial endoscopy showed a
rectal stricture and linear ulcers of the rectum; the sigmoid
colon and proximal bowel were healthy. Biopsy showed focal
active proctitis with ulceration. The child was treated with
nasoenteric feeds and infiximab for a presumptive diagnosis of
Crohn disease.

Despite treatment, the perineal fistulae persisted, and new
ones developed threatening the scrotum. A diverting sigmoid
colostomy was performed to divert fecal material and facilitate
fistulae closure. The colostomy and mucus fistula failed to
incorporate, and new fistulae developed. Although the perianal
fistula and the mucosa of the defunctionalized distal limb re-
covered, the afferent limb became inflamed, eventually involv-
ing the entire colon, but not the terminal ileum or upper gas-
trointestinal (GI) tract. The patient was started on long-term
total parenteral nutrition using a peripherally inserted central

From the 1Human and Molecular Genetics Center; 2The Department of
Pediatrics, The Medical College of Wisconsin, Milwaukee; 3The Children’s
Hospital of Wisconsin, Wauwatosa, Wisconsin; 4Molecular Diagnostic Lab-
oratory, Greenwood Genetic Clinic, Greenwood, South Carolina; 5The De-
partment of Surgery; and 6The Department of Physiology, The Medical
College of Wisconsin, Milwaukee, Wisconsin.

Elizabeth A. Worthey, PhD, Human and Molecular Genetics Center and the
Department of Pediatrics, The Medical College of Wisconsin, 8701 Watertown
Plank Road, Milwaukee, WI 53226. E-mail: eworthey@mcw.edu.

Disclosure: The authors declare no conflict of interest.

Supplemental digital content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF versions of
this article on the journal’s Web site (www.geneticsinmedicine.org).

The first two authors contributed equally to this work.

Submitted for publication August 12, 2010.

Accepted for publication November 23, 2010.

Published online ahead of print December 17, 2010.

DOI: 10.1097/GIM.0b013e3182088158

BRIEF REPORT

Genetics IN Medicine • Volume 13, Number 3, March 2011 255

Coming to a clinic near you…
Ju

ly
 2

01
8 

K
C

H
 –

 P
re

ci
si

on
 M

ed
ic

in
e 

Ta
lk

 

2 



Molecular Genomic Pathology of Solid 
Neoplasms

July 2018

2

Why Pathologists?  We have 
access, we know testing
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Dosing,
Diagnosis/
Prognosis

Physician sends
sample to
Pathology 
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What we will cover today:

•  Review current and 
future molecular 
testing:

•  Somatic analysis/ 
Diagnosis/Prognosis

•  Cancer

•  Risk Assessment
•  Pathologists involved in 

preventive medicine
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What we could test for? Same 
Stuff

• Somatic analysis
•  Tumor genomics

•  Diagnosis/Prognosis
•  Response to treatment

•  May change/ evolve/
require repeat testing

http://www.bcm.edu/breastcenter/pathology/index.cfm?pmid=11149
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Diagnosis/Prognosis Timeline:  
Cancer

•  Single gene
•  HER2

•  Multi-gene assays
•  Breast cancer

•  Gene chips/Next 
generation sequencing 
of tumors
•  Expression profiling
•  Exome
•  Transcriptome
•  Whole genome
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Multi-gene assays in breast cancer  

Look familiar?
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Multi-gene assays to determine 
risk score, need for additional 
chemo

For use in ER+, node negative cancer
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•  Oncotype similar predictive value to combined four 

immunohistochemical stains (ER,PR, HER2, Ki-67)

•  May offer standardization lacking in IHC

•  Need to validate 

•  Prospective trials
Just another
laboratory test

Cuzick J, et al. J Clin Oncol. 2011; 29: 4273 
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•  Analyzed	8,101	
genes	on	chip	
microarrays	

•  Reference=	pooled	
cell	lines	

•  Breast	cancer	
subgroups	

Perou CM, et al. Nature. 2000; 406, 747
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Cancer	Treatment:	NGS	in	AML	

Welch JS, et al. JAMA, 2011;305, 1577 
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to Diagnose a Cryptic Fusion Oncogene
John S. Welch, MD, PhD
Peter Westervelt, MD, PhD
Li Ding, PhD
David E. Larson, PhD
Jeffery M. Klco, MD, PhD
Shashikant Kulkarni, PhD
John Wallis, PhD
Ken Chen, PhD
Jacqueline E. Payton, MD, PhD
Robert S. Fulton, MS
Joelle Veizer, BS
Heather Schmidt, BS
Tammi L. Vickery, BS
Sharon Heath
Mark A. Watson, MD, PhD
Michael H. Tomasson, MD
Daniel C. Link, MD
Timothy A. Graubert, MD
John F. DiPersio, MD, PhD
Elaine R. Mardis, PhD
Timothy J. Ley, MD
Richard K. Wilson, PhD

ACUTE PROMYELOCYTIC LEUKE-
mia (APL) is commonly
(!90%) associated with
PML-RARA (NCBI Entrez

Gene 5371 and 5914) fusion tran-
scripts resulting from pathogenic t(15;
17) translocations.1,2 Unusual cytoge-
netic rearrangements (eg, insertions and
3, 4, or even 8-way translocations)2-4 can
also lead to PML-RARA formation. Al-
ternative PML-RARA fusions and splice

variants exist but are not detected by
standard reverse transcription poly-
merase chain reaction (RT-PCR)5-7; al-
ternative X-RARA fusions also may ex-
ist and may be responsive to all-trans
retinoic acid (ATRA) (eg, NuMA1-
RARA, NPM1-RARA, STAT5B-RARA,
PRKAR1A-RARA, FIP1L1-RARA,
BCOR-RARA, and the non-RARA trans-
location NUP98-RARG)1,8-12 or ATRA re-
sistant (PLZF-RARA).1 Timely and ac-
curate diagnosis of APL is essential,
because the addition of ATRA to che-
motherapy leads to substantially im-
proved outcomes (5-year event-free sur-
vival of 69%, compared with 29% in

patients receiving chemotherapy
alone).13

CASE HISTORY
A 39-year-old woman with acute my-
eloid leukemia (AML) in first remis-

See also pp 1568 and 1596.

Author Affiliations: Departments of Medicine (Drs
Welch, Westervelt, Tomasson, Link, Graubert, DiPer-
sio, and Ley and Ms Heath), Pathology and Immu-
nology (Drs Klco, Kulkarni, Payton, and Watson), Ge-
netics (Drs Kulkarni, Mardis, Ley, and Wilson), and
Pediatrics (Dr Kulkarni), and Genome Institute (Drs
Ding, Larson, Wallis, Chen, Watson, Mardis, Ley, and
Wilson and Mr Fulton and Mss Veizer, Schmidt, and
Vickery), Washington University, St Louis, Missouri.
Corresponding Author: Richard K. Wilson, PhD, Ge-
nome Institute, Washington University School of Medi-
cine, 4444 Forest Park Blvd, PO Box 8501, St Louis,
MO 63108 (rwilson@wustl.edu).

Context Whole-genome sequencing is becoming increasingly available for research
purposes, but it has not yet been routinely used for clinical diagnosis.

Objective To determine whether whole-genome sequencing can identify cryptic,
actionable mutations in a clinically relevant time frame.

Design, Setting, and Patient We were referred a difficult diagnostic case of acute
promyelocytic leukemia with no pathogenic X-RARA fusion identified by routine meta-
phase cytogenetics or interphase fluorescence in situ hybridization (FISH). The case
patient was enrolled in an institutional review board–approved protocol, with consent
specifically tailored to the implications of whole-genome sequencing. The protocol uses
a “movable firewall” that maintains patient anonymity within the entire research team
but allows the research team to communicate medically relevant information to the
treating physician.

Main Outcome Measures Clinical relevance of whole-genome sequencing and
time to communicate validated results to the treating physician.

Results Massively parallel paired-end sequencing allowed identification of a cyto-
genetically cryptic event: a 77-kilobase segment from chromosome 15 was inserted
en bloc into the second intron of the RARA gene on chromosome 17, resulting in a
classic bcr3 PML-RARA fusion gene. Reverse transcription polymerase chain reaction
sequencing subsequently validated the expression of the fusion transcript. Novel FISH
probes identified 2 additional cases of t(15;17)–negative acute promyelocytic leuke-
mia that had cytogenetically invisible insertions. Whole-genome sequencing and vali-
dation were completed in 7 weeks and changed the treatment plan for the patient.

Conclusion Whole-genome sequencing can identify cytogenetically invisible onco-
genes in a clinically relevant time frame.
JAMA. 2011;305(15):1577-1584 www.jama.com

©2011 American Medical Association. All rights reserved. JAMA, April 20, 2011—Vol 305, No. 15 1577
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Case History

• 39 year old female with 
APML by morphology

• Cytogenetics and RT-PCR 
unable to detect PML-RAR 
fusion

• Clinical question: Treat 
with ATRA versus 
allogeneic stem cell 
transplant
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The Findings: Led to 
appropriate treatment

• Analysis
•  Paired-end NGS

•  Findings 
•  Cytogenetically 

cryptic event: novel 
fusion

• Analysis took 7 
weeks

• ATRA Treatment
•  Patient still alive 15 

months later
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Cancer Treatment:  NGS of Tumor

Jones SJM, et al. Genome Biol. 2010;11:R82 

Ju
ly

 2
01

8 
K

C
H

 –
 P

re
ci

si
on

 M
ed

ic
in

e 
Ta

lk
 

14 



Molecular Genomic Pathology of Solid 
Neoplasms

July 2018

8

Case History
•  78 year old male
•  Poorly differentiated 

papillary 
adenocarcinoma of 
tongue

•  Metastatic to lymph 
nodes

•  Failed chemotherapy
•  Decision to use next-

generation 
sequencing methods
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Methods	and	Results	

• Analysis	
• Whole	genome	
•  Transcriptome	
	

•  Findings	
• Upregulation	of	RET	
oncogene	

• Downregulation	of	
PTEN	
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X

1 month pre-anti-RET Anti-RET added 1 month on anti-Ret
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Why Pathologists?  We have 
access, we know testing

Personalized
Tumor 
Treatment
Plan

Would like to 
identify tumor, 
know prognosis,
treatment options 

Pathologists

Access to tumor 
genome
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Why pathologists?

“However, to fully use this potentially 
transformative technology to make 
informed clinical decisions, standards 
will have to be developed that allow for 
CLIA-CAP certification of whole-
genome sequencing and for direct 
reporting of relevant results to treating 
physicians.” 

Welch JS, et al. JAMA, 2011;305:1577 
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What we will cover today:

•  Review current and 
future molecular 
testing:

•  Somatic analysis/ 
Diagnosis/Prognosis

•  Cancer

•  Risk Assessment
•  Pathologists involved in 

preventive medicine
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What we could test for – 
Something New
• Risk prediction

•  Pathologists involved 
in preventive 
medicine
•  Predict risk of disease
•  Predict drug response 

(pharmacogenomics)

• Germline
•  Heritable genomic 

targets
•  Does not change 

during lifetime
Just another

laboratory test
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Risk Prediction: Timeline
•  Single gene

•  Multigene assays
•  Direct-to-consumer

•  Next generation 
sequencing

Alsmadi OA, et al. BMC Genomics 2003 4:21

Factor V Leiden
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Hereditary Risk Prediction:  
How is risk calculated?
• Analysis of SNPs (up 

to a million)
•  Genome wide 

association studies 
(GWAS)

• Case-control studies
•  Odds ratios

• Using odds ratios to 
determine individual 
patient risk
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Just another test: Case-
control study

Pearson TA, Manolio TA. JAMA  2008; 298:1335
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•  Adequate selection 
criteria for cases/
controls

•  # of patients = 
reasonable ORs (<=1.3)

•  Assays appropriate
•  Enough variation
•  Proper controls

•  Statistics appropriate
•  Detect known variants
•  Reproducible results

•  Different populations
•  Different samples

•  Pathophysiologic basis
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Just another test:  Selection

Menkes MS, et al. NEJM 1986;315:1250; 
Hung RJ, et al. Nature Genetics. 2008; 452:633

•  Lung cancer risk
•  “Old School Study”

–  Cases and controls 
were matched based 
on age, smoking status, 
race and month of 
blood collection

•  “Genomic Study”: 
–  Cases and controls 

were frequency 
matched by sex, age 
center, referral (or of 
residence) area and 
period of recruitment
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A word about statistics…
•  20 tests, “significant” 

if p=0.05
•  (.95)N = chance all tests 

“not significant”
•  1- (.95)N = chance one 

test “significant
•  1- (.95)20= 64% 
•  Bonferroni correction p 

= 0.0025

•  Need to adjust for 
number of tests run
•  For 1 million SNP 

GWAS p < 0.00000005
Just another
laboratory test

Lagakos SW. NEJM 2006;354:16 
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Why Pathologists?  We have 
access, we know testing

Personal
Risk 
Prediction

Would like to 
determine patient
risk for disease

Pathologists

Access to patient’s
chip results

Not so simple!!
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DTC:  A simplistic calculation

How about family history?  Environment? 

Pre-test probability

Post-test probability

Ng PC, et al. Nature. 2009; 461: 724 
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•  “Avg”	(average	risk	for	
your	ethnic	group	=	
pre-test	probability):		
8%	

•  OR	from	SNP	is	0.75	
						***25%	decreased		
						risk****	
•  “You”	(post-test	
probability):	8%	x	0.75	
=	6%		

•  Absolute	decreased	
risk:	=	2%	

•  Same	OR	if	80%	vs.	
60%		

•  Absolute	decreased	
risk:	20%	

Just another laboratory test
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What we could test for – 
Integrated approach

•  Germline
•  Heritable genomic 

targets
•  Does not change 

during lifetime
•  Pathology Clues

•  Multicentricity
•  Histological features
•  Perilesional tissue 

reaction

•  Familial	tumor	syndromes	
are	good	models	due	to:	
•  Synchronic	and	metachronic	
tumors		

•  Range	of	precursor	lesions	
and	established	neoplasms	
are	frequent	

•  Germline	RET	mutation	
(multiple	endocrine	
neoplasia	2)	has	high	
penetrance	and	shows	
AMH-PCC	and	CCH-MTC	
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Molecular	Genetics	in	CCH	&	AMH	
Patients	

0

2

4

6

8

10

12

MTC MTC & PCC CCH & PCC CCH

Female
Male
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Diaz-Cano, Wolfe. N Engl J Med 1997; 336: 988-93

Clonality	Assays	-		
Cell	and	Tissue	Comparisons	
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Clonality	in	Preinvasive	Lesions	
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Microsatellite	Patterns	in	MEN2	

C-cell	Hyperplasias	 Adrenal	Medullary	Hyperplasias	

6
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TP53 ‡ 

RB1 ‡¶ 
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TP53 ‡ 
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NF1 § 
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§ = Discordant LOH patterns in both lobes. 
‡ = Concordant LOH patterns in both lobes.  
¶ = Discordant SNP patterns in both lobes with 
concordant TP53 LOH patterns in 2 cases. 

§ = Discordant LOH patterns in nodules from 2 
patients (67%). 
‡ = Concordant LOH patterns in nodules from 3 
patients (42%), but in different TSG in each 
patient 
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Inflammation	and	Cancer	
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Inflammation	and	Cancer	
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Science. 2006 Sep 29;313(5795):1960-4. 
Galon J et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. 
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Int J Mol Sci. 2015 Apr 17;16(4):8655-75. doi: 10.3390/
ijms16048655. 
Diaz-Cano SJ. Pathological bases for a robust 
application of cancer molecular classification. 
Int J Mol Sci. 2012;13(2):1951-2011. doi: 10.3390/
ijms13021951. Epub 2012 Feb 13. 
Diaz-Cano SJ. Tumor heterogeneity: mechanisms 
and bases for a reliable application of molecular 
marker design. 
Histopathology. 2008 Jul;53(1):1-19. doi: 10.1111/j.
1365-2559.2007.02937.x. Epub 2008 Feb 12. 
Diaz-Cano SJ. General morphological and biological 
features of neoplasms: integration of molecular 
findings. 
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Int J Mol Sci. 2015 Apr 17;16(4):8655-75. doi: 10.3390/ijms16048655. 
Diaz-Cano SJ. Pathological bases for a robust application of cancer molecular 
classification. 
Int J Mol Sci. 2012;13(2):1951-2011. doi: 10.3390/ijms13021951. Epub 2012 Feb 13. 
Diaz-Cano SJ. Tumor heterogeneity: mechanisms and bases for a reliable 
application of molecular marker design. 
Histopathology. 2008 Jul;53(1):1-19. doi: 10.1111/j.1365-2559.2007.02937.x. Epub 2008 
Feb 12. 
Diaz-Cano SJ. General morphological and biological features of neoplasms: 
integration of molecular findings. 

Why Pathologists?  We have 
access, we know testing

Personal
Risk 
Prediction

Would like to 
determine patient
risk for disease

Pathologists

Access to patient’s
chip results

Not so simple!!
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Mutational	Processes	–	Cancer	
as	Genomic	Disease	
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Cell 2012 149, 979-993DOI: (10.1016/j.cell.2012.04.024)  

Figure 3  

Cell 2012 149, 979-993DOI: (10.1016/j.cell.2012.04.024)  

Regional	Hypermutation	of	
Base	Substitutions	

Kataegis	in	three	cancers	

LB Alexandrov et al. Nature 000, 1-7 
(2013) doi:10.1038/nature12477 
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Figure 1  

Cell Reports 2013 3, 246-259DOI: (10.1016/j.celrep.2012.12.008)  
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Figure 4  

Cell Reports 2013 3, 246-259DOI: (10.1016/j.celrep.2012.12.008)  
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Mutational	Signatures	in	Cancer	
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Cell Reports 2013 3, 246-259DOI: (10.1016/j.celrep.2012.12.008)  
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Figure 2  

Cell 2012 149, 979-993DOI: (10.1016/j.cell.2012.04.024)  
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The contributions of mutational signatures to individual cancers 
of selected cancer types. 

Nature. 2013 Aug 22;500(7463):415-21. doi: 10.1038/nature12477. Epub 2013 Aug 14. 
LB Alexandrov et al. Signatures of mutational processes in human cancer 
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Mutational	Signatures	by	
Cancer	Subtype	
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The prevalence of somatic mutations across human cancer types. 

Nature. 2013 Aug 22;500(7463):415-21. doi: 10.1038/nature12477. Epub 2013 Aug 14. 
LB Alexandrov et al. Signatures of mutational processes in human cancer 
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Mutational	burden	and	
signatures	
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POLE mutation 

Potential MSI 

Signature 1  0.58 
Signature 15  0.42 

Circus	plots	-	comparison	with	
MMR	proficient	colorectal	tumor		

MMR	proficient	 MMR	deficient	
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Mutational	burden	and	
signatures	
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Signature 4 – associated with smoking 
identified 
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Summary
•  Genomic-era technologies involve

•  Typical roles of pathologists
•  Cancer diagnosis/prognosis/guide 

treatment
•  New roles for pathologists

•  Predict disease risk
•  Predict drug response

•  Conceptual basis
•  Role of inflammation and grading
•  Tumor progression and 

microenvironment
•  Cancer as genomic disease

•  Just another test
•  Issues with case-control studies
•  Issues of pre- and post-test 

probability
•  Accurately assessing pre-test probability

•  Need to validate
Roychowdhury S, et al. Sci Transl Med. 2011; 3: 111ra121 
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