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Frederic J_ Kaye'S Neal |_inde"'|an'6 Titus j_ Boggon'1-3 Somatic mutations in the tyrosine kinase (TK) domain of the  (e.g, ref. 13), similar to those seen in the murine and human

7 epidermal growth factor receptor (EGFR) gene are reportedly
Y associated with sensitivity of lung cancers to gefitinib (Iressa),

Katsuhiko Naoki, Hidefumi Sasaki,” Yoshitaka Fuj
2 . kinase inhibitor. In-frame deletions occur in exon 19, whereas point
Michael j. Eck,1'3 William R. SEI.lers,“'zAT mutations occur frequently in codon 858 (exon 21). We found from

1,2 1,3.4. sequencing the EGFR TK domain that 7 of 10 gefitinib-sensitive
Bruce E. j°hns°nl T Matthew Meye"son T tumors had similar types of alterations; no mutations were found

in eight gefitinib-refractory tumors (P = 0.004). Five of seven
tumors sensitive to erlotinib (Tarceva), a related kinase inhibitor

Receptor tyrosine kinase genes were sequenced in non-small cell lung cancer (NSCLC) for which the dinically relevant target is undocumented, had gy givious relationship between EGFR expression levels and
d d1ed l . o . f h .d l analogous somatic mutations, as opposed to none of 10 erlotinib- tumor analyses
and mat normal tissue. Somatic mutations of tl eeP' erma gl' owl:hiactor "ecerf refractory tumors (P = 0.003). Because most mutation-positive that geﬁtlmb is more likely w be effective in Japa.nese patients (11),
gene EGFR were found in 15 of 58 unselected tumors from Japan and 1 of 61 from the tumors were adenocarcinomas from patients who smoked <100 with of the carci-
i B 5 ARt S cigarettes lnaIlfetlme("neversmokerS’? we screened EGFR exons « 5
United States. Treatment with the EGFR kinase inhibitor gefitinib (Iressa) causes tumor 228in15 resected from never smok.  20ma (BAC) subiype, and “never smokers” (16).
regression in some patients with NSCLC, more frequently in Japan. EGFR mutations ers. Seven tumrs had TK domain mutations, in contrast todof 81y B o RS O PR B BEE R N
E'ES' Patl d q y Pa » non-small cell lung cancers resected from untreated former or :E:?;gj ((’17 18) InaI:laalssgeclL:tieon:Volr ansfl?li)l a:gszbsﬁtutiom;
were found in additional lung cancer samples from U.S. patients who responded to current smokers (P = 0.0001). Immunoblotting of lysates from cells ~ &° "¢ 18, 19, aed 21 of EGAR were found In 13 of 14 tumors
S * . K o transiently transfected with various EGFR constructs demonstrated xons 15, 19, - M-St -
gefitinib therapy and in a lung adenocarcinoma cell line that was hypersensitive to that, compared to wild-type protein, an exon 19 deletion mutant iem;w tg tth drug, b-a;)n none of 1: tttixmor_s with 10 responsc
. o el SPEIR] . PRI . s . induced dimini: levels of ine, whereas the phos- y.nc and colleagues lound mutations in anof CI. 0
growth inhibition by gefitinib, but not in gefitinib-insensitive tumors or cell lines. phoryaton at frosine 1052 of an exon 21 point mutant was _ Prmary NSCLs, and Paczet . (1) ound EGIR muttionsn 16
These results suggest that EGFR mutations may predict sensitivity to gefitinib. inhibited at 10-fold lower of drug. C of 119 tumors, with a striking predominance of muta-
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EGF receptor gene mutations are common in lung
cancers from “never smokers’ and are associated

Correlation with Clinical with sensitivity of tumors to gefitinib and erlotinib
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examples noted above. Assuming that the drug did affect a kinase,
these kinds of responses suggested that at least some lung tumors
depended on a specific genetic lesion for tumor survival. However,
when gefitinib was approved as second- or third-line treatment for
patients with non-small cell lung cancer (NSCLC), the clinically
relevant target(s) of the drug in human tumors were unknown.
Analyses of both preclinical xenograft models (14) and specimens
from gefitinib-sensitive and -refractory tumors (15) did not reveal

these data show that adenocarcinomas from never smokers com-
" L. . . . L prise a distinct subset of lung cancers, frequently containing
Protein kinase activation by somatic muta-  bition of activated protein kinases th mutations within the TK domain of EGFR that are associated with

- o - gefitinib and erlotinib sensitivity.
tion or chromosomal alteration is a com-  the use of targeted small molecule dn

mon mechanism of tumorigenesis (/). Inhi-  antibody-based strategies has emerg yrosine kinases (TKs) regulate signaling pathways that control
critical cellular activities (1). When overexpressed or activated

by mutations, TKs can contribute to the development of cancers. If

tumor cells depend on a mutant TK for survival, as illustrated by

certain mouse models of cancer (2, 3), the mutated enzyme can
fortuitously serve as an Achilles’ heel for cancer therapy (4). Human

<@ examples include BCR-ABL-dependent chronic myelogenous and
B .cute lymphoblastic leukemias (), KIT- and PDGFRA-dependent
" gastrointestinal stromal tumors (6), and PDGFRA-dependent hy-
pereosinophilic syndrome (7). In each disease, activated oncogenes

- encode TKs; inhibition by imatinib mesylate (Gleevec) leads to

ciencemag.org SCIENCE VOL 304 4 JUNE 2004

tions found in 15 of 58 (28%) specimens from Japan as compared
to 1 of 61 from the U.S. (2%).

To confirm and extend data on gefitinib sensitivity, we examined
the status of the TK domain of EGFR in tumors that were sensitive
and refractory to the drug. To determine whether a related but
distinct TKI, erlotinib (Fig. 5), “targets” a similar subset of
NSCLGs, we also profiled erlotinib-sensitive and -refractory tu-
mors. The clinically relevant target of erlotinib has not yet been
documented. To examine whether smoking history is predictive of
the likelihood of EGFR mutations, we determined the incidence of
EGFR TK domain mutations in 96 resected NSCLCs from never
smokers, as well as former and current smokers who had never
received a TKI Finally, in an effort to explain the selective
advantage of cells with mutant EGFR and the drug sensitivity
conferred upon mutant-bearing tumors, we began to characterize
some biochemical properties of EGFR mutants iz vitro.

. rapid and durable clinical responses.
TOER ic 2 TR of the FrhR family that ic tha e tarant
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* Additional samples

Study Histology WES WGS RNA-seq |Comments
TCGA LUSC 2012 LUAD 178 19 178
Imielinski et al. 2012 LUAD 183 23
Govindan et al. 2012 LUAD and large cell 17 17
Rudin et al. 2012 SCLC 36 24
Peifer et al. 2012 SCLC 27 15
Park et al. 2013 LUSC 104 26
TCGA LUAD 2014 LUSC 230 36 230
Zhang et al. 2014 LUAD 11 Multi-regional
DeBruin et al. 2014 LUAD and LUSC 7 2 Multi-regional
George et al. 2014 SCLC 110 71
Brastianos et al. 2015  |NSCLC 38 Trios with brain metastases
TCGA Pan-Lung 2016* |LUAD 274
TCGA Pan-Lung 2016* |LUSC 308
TRACERx 2017 LUAD and LUSC 100 Multi-regional
NSCLC 1433 97 451
SCLC 63 111 95
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Study Histology WES WGS RNA-seq |Comments
TCGA LUSC 2012 LUAD 178 19 178
Imielinski et al. 2012 LUAD 183 23
Govindan et al. 2012 LUAD and large cell 17 17
Rudin et al. 2012 SCLC 36 1 24
Peifer et al. 2012 SCLC 27 2 15
Park et al. 2013 LUSC 104 26
TCGA LUAD 2014 LUSC 230 36 230
Zhang et al. 2014 LUAD 11 Multi-regional
DeBruin et al. 2014 LUAD and LUSC 7 2 Multi-regional
George et al. 2014 SCLC 110 71
Brastianos et al. 2015  |NSCLC 38 Trios with brain metastases
TCGA Pan-Lung 2016* |LUAD 274
TCGA Pan-Lung 2016* |LUSC 308
TRACERx 2017 LUAD and LUSC 100 Multi-regional
NSCLC 1433 97 451
SCLC 63 111 95

* Additional samples
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For example, a TCGA study found the basal-like
subtype of breast cancer to be similar to the
serous subtype of ovarian cancer on a molecular
level, suggesting that despite arising from
different tissues in the body, these subtypes may
share a common path of development and
respond to similar therapeutic strategies.

TCGA revolutionized how cancer is classified by
identifying tumor subtypes with distinct sets of
genomic alterations*

TCGA's identification of targetable genomic
alterations in lung squamous cell carcinoma led
to NCI's Lung-MAP Trial, which will treat
patients based on the specific genomic changes
in their tumor.

WHAT'S NEXT?

The Genomic Data

Commons (GDC)

houses TCGA and other

NCI-generated data

sets for scientists to Q o
access from anywhere.

The GDC also has

many expanded

capabilities that will 0 o
allow researchers to

answer more clinically

relevant questions with

increased ease
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“Danger” Intrinsic tumor suppression
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WGS characterization
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Detecting driver alterations in “oncogene negative” lung adenocarcinoma
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Detecting driver alterations in “oncogene negative” lung adenocarcinoma

D

Read

Read

CN

depth

Genes

CN

depth

Genes

TCGA 5899 Double Minute

—— Double minute junction
= Other ALT junction
— Reference junction

— Loose end

== Double minute segment
W Other segment

1 Mbp
%

12 o Do 55‘éfiz55%::5—§iigfigff;5:2::bi
8 P R R AT R (T A S VA S VA A R
g . [ SN [ (T A 0 T L T S
69 . v e y o o i VU e gt gk
Aqiii it tia M EREE iV iiRiii B
O i o R | e G s | e ik ebele evh i e
UBL3 PCDH8 SLITRK1 SOX21 LIG4

T { . PR G T QR U
B, o et A5 0 [ R .

226 234 299 309 36 368 524 54 546 554 586 594 649 658 705 713 B4 849 949 958 102 1029 1084 1093

12 kS ~ T
8
4 a0
0 i
10 Mbp
: ' Vi P i . &
2 % 5 .
UBL3 PCDH8 SLITRK1 Soxa1 LIG4
[{ { { {
- 1 gt -
1 Bttt s d,er /./-'»'.4." /%// P S NP, R Y. 1. 9 SRR o /‘
13
20 30 40 50 60 70 80 90 100 110

Mbp

Mbp

Density

Density

Density

Density

Density

ta-04

to-0t

20-04

I
A I
1

uBL3

5008

RNA-seq Expression (RSEM)

ases I

ro02 I

a0

0.000- L
0 500 1000

) PCDH8
L !
ai 1
0 25 50 75 100
RNA-seq Expression (RSEM)
I SLITRK
‘ I
0 I
0 25 50 75 100
RNA-seq Expression (RSEM)
oo soxa1
o 500 1000 1500 2000

RNA-seq Expression (RSEM)

LIG4

1500

RNA-seq Expression (RSEM)

Carrot-Zhang. et al. Cell Reports, 2021



Cell Reports Tre CANCER GENOME ATLAS

Whole-genome characterization of lung
adenocarcinomas lacking the RTK/RAS/RAF
pathway

Detecting driver alterations in “oncogene negative” lung adenocarcinoma
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Carrot-Zhang. et al. Cell Reports, 2021
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Harnessing the power of Whole Genome Sequencing

Genome Sequencing as an Alternative
to Cytogenetic Analysis in Myeloid Cancers
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A

Tumor Sample DNA Preparation Rapid Library

Construction and QC

60x Sequencing
and Preprocessing

Automated Analysis

Tagmentation
v
- ——— — Chromosomal gain or loss

R ¢ l Translocations
& 1 , Gene mutations
f |

C —
-
Amplification

-
Sequence-ready fragment

Genome Report

8 hours

3 hours

A

SCHOOL OF MEDICINE

N Engl ) Med 2021;

384:924-35.




F_ﬂ SITEMAN

CANCER CENTER

Genomic Landscape of Non-Small

Cell Lung Cancer in Smokers o B v | Elitoe

an EI IE lTI c El_s “l_lI-
r- II.I. I F . [ 1] | .l I"IIIII
Ill F- Ilﬂ || F mil I I n ll FI I
II e F 11 II II r 11 I r | IIIF I 1 I
AT I | II IIIII .I III l i l III III ! IIII IF I Illf I
ERBB4 | | [ | 1 I r ‘II 11 | 11 11 1
| || IL 1 | F | | | , I
SMARCA41 Il | I 1 1 I. " A .” 1 II | B I | I | I Il II IIIII
HRAS |||||II||||I| lII I+ | I |‘ L1 | | -_— o
ARID1 A 1 I II I 1 | 11 111 11 |
ALK 1 I ||| | [ I I [ || | (| 1 | 1
| (I | 110 Il|I 1 | ! 1 II b |I I| e 2
M 1 1 I I I | | 1 % 11
NOTCH1 I H I | 1 11 I 1 | | | 1 | 11
NRAS Il 11 Irll ||| 11 1 1 lI ] 1 A
Jl\Il\IE(TZII ! IIIII I I 1 |1 ! I|| I|| 11 °/II
RB1LIN I 1 | | 11 || I 1 1 11 r 1 °/:|l|275
NRG1 1 11 11 | I 1 1 11 | 1 I | II I 12% | ©
ROS1 | Ll | 1 [ 111 1 1 % Wl S
SETD2 |‘ 110 1 1 11 1 111% 10l ® 50
EML4 1 | I 1 19% 115
U2AF1 1 1 | ] 1 11 | | 19% B =
ERBB2 1 1 I | 1 11 % Il | = 25
RAF | | 1 | | | | 1 1] % 0 2
FSF'IB% I| 1 ! I| m 1 |I I| I |II ! ! 1 1 H 2 =| o4 2
CTNNB1 | 11 | | I | | I | 11 11 % | | - oF
“ “S 1ne
EC>G ET>C
NC>A ET>G
Hin_Frame_lns Frame_Shift_Ins Splice_Site HIn_Frame_Del Amplification Fusion
HEMissense_Mutation Frame_Shift_Del Nonsense_Mutation B Multi_Hit M Deletion

LUC7 LUCIE LUCs LUCIS LUCT1 LUCT LUCI3 LUCI2 LUC4 LUCI4 LUC2 LUC8 LUCI7 LUCI0 LUC20 LUCI8 LUCS

J-*Mm..* b b el .
" ———mmmn S JpE———"T b 73 ha

Mutation Frequency Is(gé | ! 1 rl F | 1%
Lwcr Luc1e LuCs Luc1s  Lucn Lct Luc13  Luc2 LuCa LUC14 Luc2 Lucs LUC17 LUC10 LUC20 LUC18 LuUCs SETD2 . - 1 i%
R e g ' ‘s "t =
- NF1 1 1 1 A
? L[} 1 1 .l 1 Il | I | -- I | 1 | 1 II | 1 1%
- H%ﬁ%' T "n' -I II : 1 'I ' ' |.l - 1 ; 127:
- ko C ¢ th TR i3 =
- ARIDIA Ja ' ', N ! ! ! ol | %"Ill
o G mos mar mac mac CTNgm ', .II T Lo, . 1, :-I 1 . 1 ll gg; H
RBMIO ', ' ! . [ . ' ! 8% 100
(oS : : : o o 2o
"II?IIEI 11 i 1 ' ' 1 6% 2
SMARCA4 e 1 L I§7Z £50
Govindan et al .Cell. 2012 ehtib v LI . L. %l =2
E | 1 1 gz: ES

Devarakonda S et al, JCO 2021



Lung adenocarcinoma in never smokers
Somatic alterations
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Proteogenomic alterations in lung adenocarcinoma
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Proteogenomic alterations in lung adenocarcinoma
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Proteogenomic alterations in lung adenocarcinoma
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Proteogenomic alterations in lung adenocarcinoma
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Proteogenomic alterations in lung adenocarcinoma
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Proteogenomic alterations in lung squamous cell carcinoma
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Proteogenomic alterations in lung squamous cell carcinoma
Targeting SOX2
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target for cancer immunotherapy
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Single-cell analysis of human non-small cell lung Tissue-resident macrophages p[‘()Vide P’ |
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Single-cell spatial landscapes of the lung
tumour immune microenvironment
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Intratumoral heterogeneity in SCLC
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ssGSEA Enrichment Scores (Z-values)
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Brain Metastases from Lung Cancer
Enrichment of neural development pathway genes
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Cancer and the Human Tumor Atlas Network Infographic

Information mapped in human tumor atlases will provide a comprehensive understanding of the ecosystem of
tumors and show important transitions in cancer.

Cancer and the Human Tumor Atlas Network

The construction of human tumor atlases will provide a more comprehensive understanding of the
ecosystems of tumors at the macro- and the micro-level. NCI has established the Human Tumor Atlas
Network (HTAN) for this purpose.

apping the landscape of tumors Primary Local Local Dispersed
will help identify biological 7 Tumor - N

markers of disease Responsive = Resistant

progression and

treatment resistance and inform
the development of precision
risk-stratification,
prevention, screening,
diagnostic, and
treatment strategies.
To accomplish this, a
better understanding
of the molecular-,
cellular-, and
tissue-level
communication
networks that drive the
major transitions in cancer
from (1) normal cells to (2)
dysplasia to (3) in situ
carcinoma (noninvasive tumors)
to (4) invasive disease and (5)
metastasis is needed. This must be
integrated with in-depth knowledge on
how tumors (6) respond to treatment
and (7) develop drug resistance.
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Cell

A Phase Ib Trial of Personalized Neoantigen Therapy
Plus Anti-PD-1 in Patients with Advanced Melanoma,
Non-small Cell Lung Cancer, or Bladder Cancer

NSCLC
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Prediction and Immunologic Validation of
MHC Class | Neoepitopes

Epitope Prediction:
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Al-guided histopathology predicts brain metastasis in lung
cancer patients
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And so in the military —

Knowing the other and knowing oneself,

In one hundred battles no danger.

Not knowing the other and not knowing oneself,
In every battle certain defeat.

The Art of War, Sun Tzu ~ 300 B.C.

Wu et al, Annual Rev Genet 2016
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