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An Algorithmic Immunohistochemical Approach to
Define Tumor Type and Assign Site of Origin

Andrew M. Belli

Abstract: Immunohsstochemsstry represents an idispensable com-
plement to an epidemiology and morphology-driven approach to
tumor diagnosis and site of origin assignment. This review reflects
the state of my curnent practice, based on 15-years' experience
Pathology and a decp-dive into the literature, always striving to be
better equipped to answer the age old questions, “What is it, and
where is it from?" The tables and figures in this manuscript are the
ones | “pull up on the computer- when | am teaching at the
microscope and turn to myself when | am (frequently) stuck. This
field is 30 exciting becawse 1 firmly bebieve that, through the appls
cation of next-generation immunohistochemstry, we can provide
better answers than ever before. Specific lopics covered in this
review include (1) broad tumor classification and associated
screening markers: (2) the role of cancer epidemiology in deter
mining pretest probubility; (3) broad-spectrum epithelial markers
(4) noncanonical expression of broad tumor class screcning mark:
ers; (5) a morphologic pattern-based approsch 1o poorly to undif
ferentiated malignant neoplasms: (6} a morphologic and mmmuno-
histochemical approsch to define 4 mam caranoma types; (7) CK7/
CK20 coordinate expression; (8) added valus of semmquantitative
hemical stain

including those identified through gene expression profiling,
protein correlates of molecular genetic evenss, and Encage-
restricted factors. While | lly our diagnost
armamentarium was geared toward cytoplasmic or mem-
branous differentiation markers, which often demonstrate
reduced expression and, thus, reduced sensitivity in poorly
differentiated tumors, transcription factors tend to be
strongly expressed lq.ﬂdks\ of dlﬂuv.nn.mun TJbL 1 lists
the next-g 1 markers discussed
in this review, associated diagnostic applications, and their
“qualifications™ as newt-generation markers.

There are * and pess
mists.” I like to think I am .m “immuno-realist.” There is no
“perfect™ immunohistochemical marker, and in most
instances a panel of immunohistochemical stains should be
applied to adjudicate an epidemiology and morphology-
driven differential diagnosis. The “immuno-pessimists™ are
perfectly fine with an EWSRI rearrangement driving Ewing
sarcoma, clear cell sarcoma, desmoplastic small round cell

tochemical approaches to (9) “garden variety”

tumor, an toid fibrous histiocytoma, extraskeletal

presenting in the liver, (10) large polygonal cell adenocarcinomas,
(1) the distinction of primary surface ovarian epithelial tumors
with mucinous features from metastasis, (12) tumors presenting at
alternative anatomic sites, (13) squamous cell carcinoma versus
urothelial carcinoma, and neurcendocrine neoplasms, including (14)
of 2 from well
differentiated neurcendocrine tumor, site of ongin assignment i
(15) well-differentiated neuroendocrine tumor and (16) poorly daf
ferentisted neuroendocrine carcinoma, and (17) the distinction of
well-differentiated neurcendocrine tumor G3 from poorly differ.
entiated neuroendocrine carcinom; it concludes with (15) a dis
cussion of deagnostic considerations in the broad-spectrum keratin/
CDAS/S-100-"triple-negative™” neoplasm

Key Wards: tumor classif carcinoma
of unknown primary, site of origin, differential diagnosis

(Adv Anas Pathol 2020,00:000-000)

NEXT-GENERATION IMMUNOHISTOCHEMISTRY
AND THE PRIMACY OF LINEAGE-RESTRICTED
YRANSCRIWION FACT ORS

' Y refers 0 the
mining of the molecular genetic and developmental biology
literature 1o “discover” new immunohistochemical markers,
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myxoid chondrosarcoma, and sck g epithelioid fibro-
sarcoma but have the unrealistic expectation that a single
marker, especially a lineage-restricted transcription factor,
will have a single diagnostic application. Even an “old
school™ next-generation marker like TTF-1 is expressed by
lung and thyroid (and mesonephric-like adenocarcinoma, by
the way).'” Just like that EWSR/ rearrangement, tran-
scription factors are “allowed” to exert differential cffects in
ell-type-specific manner
A colleague recently remarked "GATA-3 is ruined” when
1 let her know that it was the best widely avadlable macker to
from well-dif-
ferentiated docrine tumor. in this wmor
type is not “random:” it is predicted by developmental biology,
in which GATA-3 participates in a complex transcriptional
network to regulate development of the autonomic nervous
system ¥ Large-scale  immunohistochemical  surveys of
emerging markers not only confirm what we already know, but
provide the opportunity to discover additional “tools.” For
example, when Micttinen and colleagues described SOX10
expression in 12% of 486 invasive ductal carcinomas of breast
onigin, it was not “aberrant” staining, but rather, a signal
demanding an explanation. It turns out that SOX 10 expression
is restricted 1o estrogen receptor (ER)-negative breast cancers
and that SOX10-positivity i, thus, incredibly useful in the
diagnosis of triple-negative breast cancer.
My favorite hemical markers are oligospecifs
transcription fisctors. | refer to them as the “Swiss Army Knives™
r multiple differential
: is a classic example, and Miettinen et al®
highlighted 9 unique diagnostic contexts in which GATA-3 could
uscful! In addition 1o the familiar oncs in which GATA-3
functions as a positive marker of beeast and wrothelial carcinoma,

www.anatomicpathology.com | |

article is prohibited.




What | want you to Remember
From this Lecture

* Age, Gender, Anatomic Location
* Primary vs Metastasis

* Screening Markers (Keratin, CD45, SOX10, SALL4)
* Differentiation Markers (everything else)

* Don’t start ordering differentiation markers if
you’re unsure about the broad tumor class

* Don’t be a hero: use work aids; show a colleague



Don’t Be Penny Wise and Pound Foolish

* Divide tumor biopsies into (at least) 2 blocks
 Every biopsy is a potential molecular specimen
* Reserve 1 best block for molecular testing

* When ordering IHC cut extra unstained up front



Outline

Screening Markers for Broad Tumor Classes
Non-Canonical Expression of Broad Tumor Class Markers
Everything Dedifferentiates

IHC Workup of Small Round Blue Cell Sarcoma

RNA Fusion Profiling

Gene Expression Profiling for Tumor of Uncertain
Lineage/Carcinoma of Unknown Primary



Diagnosis of Broad Tumor Class




Morphologic “Boxes”

Spindle cell (sarcoma, sarcomatoid carcinoma)
Anaplastic (anything)

Round cell (lymphoma, sarcoma)

Epithelioid (carcinoma, melanoma)

Monomorphic
Pleomorphic
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Principal Diagnostic Initial Screening Panel
Considerations

Epithelioid

Round cell

Spindle cell

Anaplastic

Carcinoma, melanoma,
large cell lymphoma

Round cell sarcoma,
lymphoma, small cell
carcinoma

Sarcomatoid carcinoma,
sarcoma, spindle
cell/desmoplastic
melanoma

Anything
(usually not lymphoma)

Broad-spectrum keratin,
CD45, SOX10

CD99, NKX2.2, desmin,
myogenin, CD45, TdT,
INSM1, broad-spectrum
keratin, SOX10

Broad-spectrum keratin,
p40, SMSA, desmin, SOX10

Broad-spectrum keratin,
CD45, SOX10



Clear cell sarcoma | ' #a .

TR T VY B TR o
o s 0.'.‘L gl YINIT A ) o
NS L e
' QP L S b P

o Ao S ST O
TR 80 , a
ol '_.' £ 4 v

gﬂ - R
i o

+*54, +4| Pleomorphic |2

RN 4

i y ©



Monomorphic vs Pleomorphic:
Application to Differential Diagnosis

Monomorphic Pleomorphic

* Clear cell sarcoma * Melanoma

* Burkitt lymphoma * DLBCL

* Mesothelioma * Adenocarcinoma (esp.
(epithelioid or sarcomatoid) serous and pancreatic)

* Prostate cancer * Urothelial carcinoma

* GIST e Sarcomatoid carcinoma

* Ewing sarcoma e CIC and BCOR sarcoma

e Synovial sarcoma
* INI1-deficient tumors
e Follicular dendritic cell tumors



Broad Tumor Classes with Associated Screening Markers

Broad Tumor Class Screening Markers When to Consider Confirmatory Markers

Carcinoma Broad-spectrum keratin; Always See additional algorithms
EpCAM (i.e., MOC-31,
Ber-EP4), EMA, claudin-4

Hematolymphoid CD45 Always; re-consider in a CD45-negative lymphoma panel:
“triple-negative” neoplasm CD43, CD79a, MUM1, ALK, CD30
Melanoma SOX10 or S-100 Always Melan A, HMB-45, tyrosinase, BRAF V600E
Sarcoma None Spindle cell morphology; tumor  Unclassified malignant neoplasm in
in mediastinum, mediastinum, retroperitoneum, paratestis:
retroperitoneum, or somatic MDM2/CDK4 (DDLPS)
soft tissue Epithelioid neoplasm defying typing:

ERG (angiosarcoma), INI1 (epithelioid sarcoma)
Last ditch effort: CD34 (rarely + in carcinoma)
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Which Screening Keratin Should | Use?

Clone [ 2 1* - 1 1 IR (e e e

AE1/AE3 X X

MAK-6 X X X X X X
MNF116 e X X
CAMS5.2 e

KL1 X X X X X X X X X X X

* In general, any of these are acceptable

* It’s not the number of keratins, per se, but rather the affinity
(e.g., CAM5.2 vs AE1/AE3 in HCC/RCC)

e Stratified epithelia: K1-6, 9-17
 Simple epithelia: 7, 8, 18, 19, 20

Ordoénez NG. Hum Pathol. 2013 Jul;44(7):1195-215.



It Doesn’t Matter How Many Keratins Your Pan-
Keratin Reacts with if it isn’t Well-Optimized

Inappropriate calibration and optimisation of
pan-keratin (pan-CK) and low molecular weight
keratin (LMWCK) immunohistochemistry tests:
Canadian Immunohistochemistry Quality Control
(CIQC) experience

Masia Copete,' John Garrant” Blake Gilks,” Dragana Plavdzic,' Richard Berendt,**

Gilbert Bigras,*® Sarah Mitched,>® Leslie Ann Lining," Carol Cheung,
Emina E Tordakovic'”
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Don’t Diagnose with One Hand Tied Behind Your Back
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Proximal
tubule cells

ccRCC
Chr3p deletion
VHL/pseudohypoxia
PBRM1/BAP1 75%
SETD2
mTOR activation

5%

oRCCH, %

NRF/ARE
PBRM1/BAP1/SETD2
CDKN2A silencing
CIMP
FH mutations

chRCC
Hypodiploidy
Mitochondria 5
Complex | mutation
P53
TERT

Intercalated cells
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EMA: my least favorite broad-spectrum epithelial
marker; expressed by plasma cells here; often
positive in LCA-negative lymphomas
(plasmacytomas; ALCL, plasmablastic lymphoma)
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Because this is melanoma
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Magnesium alloy top and rear covers  Aluminum and polycarbonate
resin body






Dr. Bellizzi, what kind of S-100-positive carcinoma is this?
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S-100 Expression in Adenocarcinoma

Salivary gland  80% (n=15) 75% (n=4)
Lung 7% (n=27) 12% (n=25)
Breast 60% (n=20) 62% (n=8)
Esophagus 0% (n=8) 0% (n=2)
Stomach 20% (n=10) 25% (n=8)
Gallbladder 0% (n=1) 0% (n=1)
Colorectum 25% (n=28) 23% (n=13)
Pancreas 0% (n=8) 0% (n=5)
Kidney 65% (n=23) 66% (n=3)
Endometrium  78% (n=36) 64% (n=14)
Ovary 84% (n=24) 87% (n=22)
Prostate 0% (n=27) 0% (n=8)
Unknown origin 22% (n=9)
Total 43% (n=228) 39% (n=122)

Herrera GA, et al. Am J Clin Pathol. 1988 Feb;89(2):168-76.
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Broad-Spectrum Epithelial Marker Expression in Melanoma

Primary
(n=137)

Metastasis
(n=139)

E-cadherin EMA AE1/AE3

% positive % positive % positive
(median H-score) | (median H-score) | (median H-score)
77% 18% 7%

(80) (17) (23)

74% 14% 10%

(112) (7) (20)

MOC-31 and Ber-EP4 were uniformly negative



When Two Broad Tumor Class
Screening Markers are at Odds

(more generally, when markers for both of the entities in your
differential are expressed):

* You have to solve the differential diagnosis
* The stronger marker often wins
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73-year-old man with large naval cavity mass. This case was referred by
a former trainee. Her morphologic impression was melanoma and her

immunopanel included a broad-spectrum keratin, S-100, and melan A
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My smarty pants fellow thought this might be a SMARCB1-
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EMA+ Only: Beware

EMA-Positive LCA-Weak to Negative
Hematolymphoid Neoplasms Hematolymphoid Neoplasms

Lymphoblastic leukemia/lymphoma

Classical Hodgkin lymphoma

Plasma cell neoplasm Plasma cell neoplasm
Plasmablastic lymphoma Plasmablastic lymphoma
Anaplastic large cell ymphoma  Anaplastic large cell ymphoma
ALK+ DLBCL ALK+ DLBCL

Follicular dendritic cell sarcoma  Follicular dendritic cell sarcoma
T-cell/histiocyte rich DLBCL

Primary effusion lymphoma
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63-year-old man with increasing hip pain x 1 month;
proximal femur lesion with soft tissue extension




Undifferentiated Malignant Neoplasm
with Osteoclast-like Giant Cells

* Undifferentiated/anaplastic carcinoma
* Keratin AE1/AE3
* CDX2, PAX8, TTF-1

* Osteosarcoma
e SATB2

* Leilomyosarcoma
e Desmin, SMA, caldesmon
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Keratin AE1/AE3+ (desmin, SMA -) >
Conclusion: Favor undifferentiated carcinoma




Musculoskeletal radiologist sug. presence of chondroid matrix (MRI);
Subsequent femoral head resection for pathologic fracture
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Abrupt transition from WD chondrosarcoma to undifferentiated

neoplasm =2 dedifferentiated chondrosarcoma




Keratin-Positive Soft Tissue Tumors

Chondroid lipoma

Pleomorphic liposarcoma

Desmoplastic fibroblastoma

Solitary fibrous tumor

Inflammatory myofibroblastic tumor
Myxoinflammatory fibroblastic sarcoma
Leiomyosarcoma

Rhabdomyosarcoma

Schwannoma (cross-reactivity with GFAP)
Epithelioid hemangioma
Pseudomyogenic hemangioendothelioma
Epithelioid hemangioendothelioma
Angiosarcoma

Gastrointestinal stromal tumor
Sclerosing perineurioma

Dermal nerve sheath myxoma

Epithelioid MPNST

Ectopic hamartomatous thymoma
Ossifying fibromyxoid tumor
Myoepithelial tumors of soft tissue
Synovial sarcoma

Epithelioid sarcoma

Desmoplastic small round cell tumor
Extrarenal rhabdoid tumor
Undifferentiated/unclassified sarcoma
Chondroblastoma

Dedifferentiated chondrosarcoma
Conventional osteosarcoma

Ewing sarcoma

Chordoma

Adamantinoma

Osteofibrous dysplasia



EMA-Positive Soft Tissue Tumors

Pleomorphic liposarcoma
Calcifying aponeurotic fibroma
Lipofibromatosis
Dermatofibrosarcoma protuberans
Solitary fibrous tumor

Low-grade fibromyxoid sarcoma
Sclerosing epithelioid fibrosarcoma
Leiomyosarcoma

Pleomorphic rhabdomyosarcoma
Epithelioid hemangioma
Epithelioid hemangioendothelioma
Angiosarcoma

Neurofibroma

Perineurioma

Dermal nerve sheath myxoma

Solitary circumscribed neuroma
Meningioma

Hybrid nerve sheath tumor

Acral fibromyxoma

Angiomatoid fibrous histiocytoma
Myoepithelial tumors of soft tissue
Synovial sarcoma

Epithelioid sarcoma

Desmoplastic small round cell tumor
Extrarenal rhabdoid tumor
Undifferentiated/unclassified sarcoma
Conventional osteosarcoma
Chordoma

Epithelioid hemangioma
Adamantinoma



Non-Canonical Expression of Broad Tumor Class Screening Markers

Marker Category |Non-Canonical Expressors

Broad-Spectrum * Sarcomas with epithelioid cytomorphology, small round blue cell

sarcomas, leiomyosarcoma (30-40% keratin and/or EMA-positive)

EMA-positivity in plasma cell neoplasms (most), ALCL (50-95%), DLBCL

variants (T-cell/histiocyte-rich, ALK+, plasmablastic, primary effusion

lymphoma), NLPHL, FDCS

* Up to 25% of metastatic melanomas (keratin probably>EMA)

*  Embryonal carcinoma, yolk sac tumor, choriocarcinoma usually broad-
spectrum keratin-positive; seminoma rarely positive

Epithelial Markers

Melanoma e $-100 in 10-40% of carcinomas, especially salivary gland, breast, and
cutaneous adnexal tumors (when using a polyclonal antibody)
Markers «  SOX10 in tumors with myoepithelial differentiation, including most TNBC

* Melan A (clone A103) in adrenal cortical tumors, sex-cord stromal tumors,
t(6;11) translocation renal cell carcinomas; clear cell sarcoma, PEComa

* MITF in cutaneous fibrohistiocytic lesions (e.g., dermatofibroma) and
undifferentiated pleomorphic sarcoma

Hematolymphoid > ”CD45 Never Lies” .
(D138 (syndecan-1) expressed by 240% of carcinomas

Markers « CD5/CD7 frequently expressed by Gl tract tumors
e  MUML1 expressed by nearly all melanomas
(but not spindle cell/desmoplastic)



Spindle cell melanoma
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Melanoma Markers in Variants

_ Spindle Cell | Desmoplastic

S-100 95% 91% 96%
SOX10 97% 100% 92%
Melan A 85% 44% 19%
HMB-45 85% 46% 9%
MiTF 89% 60% 9%
Tryrosinase 93% 46% 18%
MUM1 92% 67% 0%
BRAFV600E 50% 31% 5%

Weissinger SE, et al. Mod Pathol. 2014 Apr;27(4):524-34. PMID: 24051699



S-100 versus SOX10

S-100-, SOX10+
* Some MPNSTs, melanomas, and
carcinomas with myoepithelial
differentiation (sensitivity issue)

S-100+, SOX10+

Melanoma

Nerve Sheath Tumors
Neoplasms with myoepithelial
differentiation

S-100-, SOX10-

Most carcinomas, sarcomas, lymphomas
* Mesothelioma

* Germ cell tumor

* Pheochromocytoma/paraganglioma
(though both exp. By sustentacular cells)

Polyclonal S-100
(S100B>>S100A1>>S100A6)

S-100+, SOX10-
Tumors of adipocytic/chondroid lineage
Chordoma
Ossifying fibromyxoid tumor
Biphenotypic sinonasal sarcoma
Lipofibromatosis-like neural tumor
Infantile fibrosarcoma-like tumor
Rare cases of Ewing, RMS, SS
S-100+ carcinomas without myoepithelial
differentiation (S-100A1, S-100A6-exp.)

S-100+ histiocytic/dendritic cell tumors
(Langerhans cell histiocytosis, Rosai-Dorfman,
interdigitating dendritic cell tumor (100%); histiocytic
sarcoma, Erdheim-Chester, blastic plamacytoid
dendritic cell tumors (30%); follicular dendritic cell
sarcoma, juvenile xanthogranuloma (occ.)
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Core biopsy from a 40 cm retroperitoneal tumor demonstrates
undifferentiated neoplasm composed of sheets of epithelioid cells.
After performing 17 immunostains a diagnosis of “malignant neoplasm”
indeterminate for sarcoma, carcinoma, or lymphoma was rendered.
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Resectlon of similar case
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68-year-old woman with large left kidney tumor (12 cm)










Original Dx: Clear cell RCC and
Urothelial Carcinoma

i .

CK7 (>95%), CK20 (50%)

GATA-3 (80%)

High-grade component
involved renal pelvis

EMA (>95%)
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Inactivation of SWI/SNF Subunits is
Ubiquitous in Cancer and is often seen in
Dedifferentiated Carcinoma

SWI/SNF

BAF PBAF
complex ¢
o Y ) ARID2
[ e s BRD7
SMARCA  ARID1A/B
ACTL6A/B T\ ACTL6A/B SMARCA4) PBRM1 =
4 SMARCC1 { SMARCC2 i @\SM ARCCT{ SMARCC2 s
SMARCD SMARCB1‘ DPF1/2/3 SMARCD '\ SMARCB1{ DPF1/2/3
\1/3/9\;. 1/2/3
Y 7
| ' | l ‘f PHD domain
T |( DNA-binding domain
§ chromodomain
Bromodomain
Chromatin
remodeling Recruitment
= > X -~ Histol
ranscription Isione
=S \_é actor SAS \ﬁ; modifier
Nucleosome sliding/ejection @ Acetylation
Nucleosome occu pancy @ Methylation
G J
Y
-
Hedgehog-Gli Whnt/ -catenin Retinoblastoma Nuclear hormone Cell Lineage-specific
pathway pathway pathway receptor signaling motility differentiation
(polycomb targets)
© 2013 American Association for Cancer Researc h
CCR Molecular Pathways /ﬂ({

SWItch/Sucrose Non-
Fermentable

SMARCxy=SWI/SNF-related
matrix-associated actin-
dependent regulator of
chromatin subfamily x
membery

Catalytic ATPase subunits
— SMARCA4 (BRG1)

— SMARCA2 (BRM)

Core subunits

— SMARCBL1 (INI1)

— SMARCC1

— SMARCC2

Lineage-restricted subunits

Wang X, et al. Clin Cancer Res. 2014 Jan 1;20(1):21-7. PMID: 24122795



SWI/SNF Inactivation Underlies
Diverse Tumor Types

INI1 (SMARCB1)-Inactivated Tumors
Malignant rhabdoid tumor (100%
Epithelioid sarcoma (90%

Renal medullary carcinoma (90%
Epithelioid MPNST (70%

Epithelioid schwannoma (40%
Myoepithelial carcinoma (10-40%
Extraskeletal myxoid chondrosarcoma (20%
Poorly differentiated chordoma (100%

INI1-inactivated carcinoma*

ORIGINAL ARTICLE

SMARCA4 (BRG1) Loss of Expression Is a Useful Marker for
the Diagnosis of Ovarian Small Cell Carcinoma of the
Hypercalcemic Type (Ovarian Rhabdoid Tumor)

A Comprehensive Analysis of 116 Rare Gynecologic Tumors,
9 Soft Tissue Tumors, and 9 Melanomas

Marie Karanian-Philippe, MD* 1} Valérie Velasco, BSc.* Michel Longy, MD*
Anne Floguet, MD,§ Laurent Arnould, MD, || Jean-Michel Coindre, MD,* 1}
Cécile Le Naoures-Méar, MD,% Gerlinde Averous, MD# Frédéric Guyon, MD,**
Gaétan MacGrogan, MD,* and Sabrina Croce, MD*}

Abstract: Ovarian smull cell carcinoma of the hypercalcemic
type (SCCOHT)/ovarian rhubdoid tumor is a rare and highly
malignant tumor that typically occurs in young women. Up
until now the diagnosis has been made oa the basis of mor-
phology without any specific immunohistochemical (IHC)
markers. However, several authors have shown recently that
SCCOHTSs ure characterized by inactivation of the SMARC A4
gene (encoding the BRG1 protein) resulting in & loss of BRG1
protein expression in THC, We evaluated BRGI and INII ex-
pression in 12 SCCOHTs and in & series of 122 tumors that
could mimic SCCOHT morphologically: 9 juvenile granulosa
cell tumors, 47 adult granulosa cell tumors, 33 high-grade
ovarian serous carcinomas, 9 desmoplastic round cell tumors, 13
Ewing sarcomas (5 from the pelvis and & from soft tissues), |
round cell sarcoms associated with CIC-DUXY translocation
from soft tissue (thigh), | case of high-grade endometrial stro-
mal sarcoma of the ovary, and 9 melanomas. Forty-four adult
granulosa cell tumors were interpretable by THC. All 12
OHTs were devoid of BRGI expression and expressed

All other interpr le 119 tumors showed BRGI nuclear
positivity, with variable staining proportions, ranging from 10%
)
intensities (weak: 5%, modenate o, strong: 38%). und
distributions: diffuse in 82 cases (70%) and heterogenous in 36
cases (30%). BRGI positivity was heterog

to 100% of positive cells (mean: 77%, median: 80° able

37%

s in desmoplastic

slogy. §Medical Oncology .

wonié; 1INSERM U916: $Université de Bordeaux

Department of ¥ gy. Centre JF Leclerc, Compre
hensive Cancer Centre, Dijon; $Departm
versity Hospital of Caen, Caen; and #Department of Pathology
University Hospital of Strasbourg. Strasbourg, France
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Copyright © 2015 Wolters K1

Am | Surg Pathol » Volume 39, Number 9, September 2015

round cell wmors and adult granulosa cell tumors. Overall,
BRG! is u useful diagnostic marker in SCCOHT, showing the
absence of expression in SCCOHT. Nevertheless, the possible

heterogeneity and the variable intensity of this staining warrant

caution in the interpretation of BRG1 staining in biopsy speci-
mens

Key Words: rhabdoid tumor, small cell carcinoma hypercalcemic
type, SMARCA4/ BRG], INIL/SMARCBI, ovary

(Am J Surg Pathoi 2015,39:1197-1205)

O\.An.m small cell carcinoma of the hypercakemic type
(SCCOHT) is a rare and highly malignant tumor that
typically occurs in young women,' representing the most
common type of undifferentiated carcinoma in women under
40 years. Although this tumor is often discovered at carly
stages /11, it has poor clinical outcomes. ™

Despite the name “carcinoma,” SCCOHTS are classi-
fied as “miscellancous ovarian tumors™ by the World Health
Organization (WHO).! Recently, several authors have
shown that SCCOHTS are characterized by an inactivation
of the SMARCA4 gene* ® which, like SMARCBI, is a
member of the SWISNF chromatin-remodeling ¢ com-
plex, which is mutated in several different cancers.”¥
SMARCA4 germline mutation has been reported in o tumor
predisposition syndrome resulting in cranial or extracranial
atypical rhabdoid tumors.* 1!

Histologically, SCCOHT shows a sheet-like ar-
rangement of small monomorphic cells, with scanty cy-
toplasm and round, ovoid, or, in rare cases, spindle, small
nucki containing single small nucleoli. Mitotic figures
and necrosis are frequent. A follicle-like pattern is often
present.! > 1 The main differential diagnoses are gran-
ulosa cell tumors of the adult or juvenile type, desmo-
plastic round cell tumors, Ewing sarcomas, metastatic
melunomas, small cell carcinomas of the pulmonary type,
de poorly differentiated carcinomas.'*!?

www.ajsp.com | 1197

Copyright ) 2015 Wolters Kluwer Health, Inc. All rights reserved.




Frequency of SWI/SNF Inactivation

SWI/SNF inactivation found to
be a molecular genetic s
=)

i o
underpinning of &)
ACTB (hBRM) || BAF250b - subun
undifferentiated/rhabdoid ) == . 0
carcinomas of: |
e QOvary (SCCHT) w@
CABART

PHF10

* Sinonasal tract (SNUC) e g 1 3
SMARCD1) \ SMARCDS \
(BAF60a) \ s )
1 I_ 0% DPF1 )
un g Ty (BAF45b)
("SMARCD? )
(BAF600) SMARCEf ()
e T b | % smARce1 ) | ( SMARce2 (" oPF2 )
upna gUt . ) (BAF155) (BAF170) (BAF45d)
SMARCD3 ) 0a% s
° Ki d n e (BAF60c) l J I ) | EN )
[ 01% | SMARCB1 DPF3 )
y — (BAF47/SNF5) (BAF45¢)
\

 Bladder
e Endometrium

Kadoch C, et al. Nat Genet. 2013 Jun;45(6):592-601. PMID: 23644491
Shain AJ, Pollack JR. PLoS One. 2013;8(1):e55119. PMID: 23355908






39-year-old man with large parotid mass. | inherited this case after
exhaustive immunopanel was performed.

an
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Undifferentiated Malignant Neoplasm with
Osteoclast-like Giant Cells

* Undifferentiated/anaplastic carcinoma
—Keratin AE1/AE3
—CDX2, PAX3, TTF-1

* Osteosarcoma
—SATB2

* Lelomyosarcoma
—Desmin, SMA, caldesmon
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Dedifferentiated melanoma?

BRAF V600E
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Everything Can Dedifferentiate!

772 CORRESPONDENCE AND CORRECTIONS

secursey reflect a demand for high ana-
Iytical precision in the HbA , assay due
1o patients achieving more stable glyco-
hemoglobin values.

NIKHEEL S, KoLaTkAR, BA
Georgerown Liniversity Graguate School
Washington. DC

SuUsan L. Weiss, MD
Tifis University School of Medicine
Boston. Massachusears

GEORGE 5. CEMBROWSKI, MD, PHD

Park Niculiel Medieal Center and

Department af Pathology and
Laboraiory Medicine

5100 Protein and HMB-45 Negative
""Rhabdoid" Malignant Melanoma:
A Totally Dedifferentiated Malignant
Melanoma?

Torthe Editor—We read with great en-
thusiasm the excellent anticle by Chang
and colleagues’ from Barnes Hospital re-
viewing their experience wilh  the
sparsely documented malignant mela-
noma with “rhabdoid” phenotype. We
recently encountered an aggressive ma-
Tignant tumor with “rhabdoid” pheno-
type occurring in a 60-year-old male 13
years after removal of a Clark level 1V
ralignant melanoma that we believe ex-
pands the current data on the ulirastruc.
tural and immunchistochemical spec-
trum of malignant with

Universiny ef Minnesota School of
Meddicine
Minneapolis, Minnesota

RoGER §. Mazze, PuD

Imteraational Diabetes Center

Departeneat of Farmily Pracrice

University of Minnesaia School of
Medicine

Minmeapolis. Minnesota

FRISCILLA HOLLANDER, MD, PHD
Internarional Diabetes Center
Department of Medicine
Division of Endocrinodogy
Lingversi ; rlfuurm-\la.mﬂmn' af

Medici
Minncapolis, Minnesota

quest for autopsy was not granted, Sec-
tions of the left chest wall mass revealed
a highly cellular, invasive neoplasm
compased of dyshesive polygonal cells
with unequivocal “rhabdoid” features
including an ovoid nucleus with one or
twa prominent eosinophilic nuckeali and
a prominent paranuclear cytoplasmic in-
clusion (Fig. 1). No pigment deposition
O cross-stiations were noted within the

cells. Immunohistochemically, the cells
displayed strong paranuclear im munore-
activity with the vimentin and desmin
cific

“rhabdoid"” features.

At the age of 47, this White male had
excised from his sternal region o malig-
nant melanoma mvading into the reticu=
lar dermis (Clark’s level 1V) with a 1.1
mm depth of penetration {Bredow level).
The patient was treated with adjuvant
BOG (bacille Calmette-Guerin), and
later underwent axillary lymph node dis-
section that showed no evidence of ma-
lignancy. AL the age of 80, he presented
with sudden synchranous develapreat
of large subcutancous tumors in the left
pectoral region, right lateral buttock, and
right paraspinal region. Biopsy of the left
chest mass revealed a malignant umor
with “rhabdoid™ features. Despite che-
motherapy including etoposide, iphos-
phamide, and dosoruhicin, the patient
succumbed o progressive disease, but re-

Fig. 2).
enolase diffusely tained the cytoplasm
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Fi. 2. Immunahisiochemical findings. Para-
nuclear reactivity with b and i
mentin (Right). | Avidin-bicsin-peraxidase
method. 3 200,

of a majority of cells, while EMA and
synaptophysin highlighted the periphery
of scattered cells. The cells fasled 1o stain
with cytokerating AE1/3 and CAM 5.2,
S100 protein, HMB-45, HHF-35, myo-
globin, and LCA, Ulteastructural analy-
sis demonstrated whorled paranuckear
apgregates of intermediate Alaments en-
trapping rough endoplasmic reticulum,
mitochondria, and lipid, but no evidence
of basal lamira, primitive cell junctions,
tonofilaments, melanosomes, neurose-
cretory granules. or glandular or skeletal
muscle Sections of the

Fic_ 1. High
cells showing dyshesive L'AJI\wneI cells with
avoid e enlarm el and prominent para-
nuclear ions, (hematanylin and cosin,
#a00)

ALERJune 1S

original wmor disclosed an invasive mel-
anema with a superficial spreading radial
rowih cOMpOnEnt rising in & NEVUs.
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ORIGINAL ARTICLE

Metastatic Malignant Melanoma With Complete
Loss of Differentiation Markers
(Undifferentiated/Dedifferentiated Melanoma)

Analysis of 14 Patients Emphasizing Phenotypic Plasticity and the Value
of Molecular Testing as Surrogate Diagnostic Marker

Abbas Agaimy, MD.* Katja Specht, MD,{ Robert Stoehr, PhD* Thomas Lorey, MD.T

Brime Markl MD.§ Gerald Niedobitek, MD,

Melanie Straub, MD{ Thomas Hager, MDY

Anna-Carinna Reis, MD,Y Bastian Schilling, MD# Regine Schneider-Stock, PhD*
Arndt Hartmann, MD.* and Thomas Mentzel MD**

Alstract: Metastatic malignant melanoma is potosious for its
phenotypic divesity and los of differentistion markers. We
berein summarized our experience with 14 metastatic melano-
mas showing complete loss of immunohistockemical melano-
cytic markers (with or without beterlogous diferentiation).
Patients included 11 men and 3 women aped 24 to T8 years
(median, 67 ). Thirteen patients kad hisolgically confirmed
primary skin melanoms, and 1 bad metastatic melanoma of
unknown pimary. Undiflerentisted metastasis was diagnosed
synebronous to primary tumor {n = 1), following skin melano-
ma by 3 months to @ years (1 = 1) and proceding it by | year
{1 = 1) Sites of undiferentiated metastases were axillary (3),
inguinal (1), or submandibular (1) lymph nodes, digestive tract
(2), bonejsoft tisue (2), lungjpleurs (), asd diseminated

and MDM2/CDEA (/5. SMARCE| was intact in 8/8 cases.
Genotyping showed BRAF™™® muytation (§/14), NRAS muta
tion (§14), and BRAFINRAS wild-type (4/14). In conclusion,
undifferentiated Jdediferentiated metsstatic melanoma is likely
underecognized and frequently mistaken for undifferentiated
saoma o other neoplasms. Disgoosis of undiferentisied
sareoma at sites where melanoma metastasis are frequent (og,
inguinal and axillary region) should be mads with great caution
and wamants exploration of the remote bistory. Genotyping isa
Iselpful surropate marker inclasifying such dificult cases. In the
light of available targeted therapies recognition of w
differentiated /dodifferentisted metastatic melinoma iz man-
datory for appropriate treatment.

Le_y Wards undifferentiated melanoma,  dedifferentiation,
. BRAF, lbeterclogous, NHAS, terato-

(1 =3). Histology of metsstases mimicked
pleomorplic o spindle cell sarcoma with varisble myxoid asd
gant cell arcas (n=10) and cytokeratin-posiive un-
differentiated small cell sarcoma {n = ). Three cases showed
beterologous dedifferentiation: pleomorphic rhabdomyossico-
ma {o = 1), teratocarcinosarcoma-like with prominent rhabdo-
myoblssts (o= 1), and adenocarcinoma-like with metsplastic
bone (n=1). All cases wer negtive for S100, melanoma
cocktail, HM BAS, Melan A, and SOX10. Other markers showed
following results: smooth muscle actin {1/14), pl6 (1/14, TPS
(2/12), pancytokeratin (4/14), desmin (5/14), b-caldesmon (0%,
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M alignant melinoma represents 2 common and highly
appressive skin cmeer. Diagnosis is mainly based on a
combination of topographical, histomorphologic, and im-
‘munohistochemical features.' The great phenotypic diversty
of primary and metzstatic maligrant melanom is well ap-
prociated. * Although recognition of the melanocytic nature
of primary autaneous melanoma is namally straightforward
and is essentially 3 hematorylin and eosn (H&E}basd
diagnoss, occasional mclinoma casss may present with
unexpected and unusual phenotypes that mimic a variety of
nmm:lanoc?m'c m(phsrm and thns pose a great diagnostic
confuson®® [hﬁ is mrucularly true for metagtatic mela-
nomas, as 5\ consder in

L wc—kmkmg However,
recent developments in diagnostic immunohistochemistry
and molecular pathology have identified rew phenctypic
and genotypic markers that proved to be valuble in con-
firming melanoma  diagnesis in unusnaklocking  and
undifferentisted/dedifferentiated cases. Among the latter,
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Dynamic Differentiation States Leading to
Diagnostic Uncertainty

State of Differentiation Tumor Type Mechanism
(Unknown for most)

Dedifferentiation Sarcoma, carcinoma, MSI-H, SWI-SNFi
melanoma (carcinoma)
Undifferentiated Carcinoma, sarcoma MSI-H (carcinoma)
High-grade transformation Lymphoma p53, MYC
Grade progression Carcinoma, sarcoma,
lymphoma

Divergent differentiation =~ Carcinoma (sarcomatoid
carcinoma, MiNEN)

Transdifferentiation Lymphoma, carcinoma






Tumor did NOT express CgA,
synaptophysin, PSA, PSAP, GATA-3,
TTF-1; KIT, DOG1, or CK5/6

Diagnosis: Poorly differentiated

ar s/p kidney
transplant with large abdominal

mass (perigastric/retroperitoneal) |p40 |




B e " ) A Y
Patient was rebiopsied for PD-L1 (negative), MMR (intact), and
HER2 (negative) testing; additional diagnostic IHC was performed
and tumor did NOT express CK7, CK20, CDX2, CDH17, HepParl,
glypican-3, inhibin A, calretinin, CD30, SALL4, or NUT




EWSR1-WT1 rearrangement detected on NGS, confirming the diagnosis:
Desmoplastic small round cell tumor
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Based on this appearance 3y - . 1 ot
| recommended CD99, desmin, N "
myogenin, NSE, Rb, SATB2, WT-1 NSE




Initial Panel in a Small Round Blue Cell Tumor

m Expressed by Also Expressed by

CD99

NKX2.2

Desmin

Myogenin
CDA45
TdT

INSM1
(CgA/Syn)
Pan-K

SOX10

Ewing sarcoma

Ewing sarcoma

Rhabdomyosarcoma;
Desmoplastic small round cell tumor

Rhabdomyosarcoma (ARMS>>ERMS)
Lymphoma
Lymphoblastic lymphoma

Neuroendocrine carcinoma;
neuroblastoma; ?DSRCT

Carcinoma;
Desmoplastic small round cell tumor

Melanoma, MPNST (<50%)

Lymphoblastic lymphoma;
mesenchymal chondrosarcoma

Olfactory neuroblastoma

Triton tumor

Atrophic skeletal muscle

Extraskeletal myxoid chondrosarcoma

PD synovial sarcoma; occ. aberrantly
expressed by sarcoma, melanoma

Tumors with myoepithelial
differentiation



Final Diagnoses in 41 “Ewing-Like Sarcomas” initially found
to be negative/non-informative for EWSR1-rearrangement

Tumor Type m Diagnostic Markers

Ewing sarcoma 41% CD99, NKX2.2, EWSR1

CIC-rearranged 29% WT-1, ETV4, DUX4, CIC
BCOR-associated 13% BCOR, SATB2, BCOR, CCNB3, YWHAE
Neuroblastoma 8% CgA, Syn, INSM1, PHOX2B, TH, GATA-3
Malignant rhabdoid tumor 8% INI1 (SMARCB1)

Lymphoblastic lymphoma 4% TdT

Clear cell sarcoma 4% SOX10, EWSR1

Small cell carcinoma 4% INSM1

Rhabdomyosarcoma 4% Desmin, myogenin, FOXO1 (ARMS)
DSRCT 4% Pan-K, desmin, NSE, WT-1 (-COOH), EWSR1
MPNST 4% H3K27me3, SOX10

PD synovial sarcoma 4% TLE], Pan-K, SS518

GIST 4% DOG1, KIT

SMARCAA4-deficient sarc. 4% BRG1 (SMARCA4)

Machado |, et al. Ann Diagn Pathol. 2018 Jun;34:1-12. PMID: 29661713
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Anchored multiplex PCR for targeted next-generation

sequencing

Zongli Zheng'?, Matthew Liebers', Boryana Zhelyazkova', Yi Cao', Divya Panditi’, Kerry D Lynch',
Juxiang Chen'-, Hayley E Robinson’, Hyo Sup Shim'4, Juliann Chmielecki®, William Pao®, Jeffrey A Engelman®,

A John lafrate! 5 & Long Phi Le!6
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termed muitiplex PCR (AMP),
that is compatible with low nucleic acid input from formalin-
fixed paraffin-embedded (FFPE) i AMP is effecti

dohhommdmpymmbevcm Validahonnla gene
rearrangement panel using 319 FFPE samples showed 100%
sensitivity (95% confidence limit: 96.5-100%) and 100%
specificity (95% confidence limit: 99.3-100%) compared
with reference assays. On the basis of our experience with
performing AMP on 986 clinical FFPE samples, we show

its potential as both a robust clinical assay and a powerful
discovery tool, which we used to identify new therapeutically
important gene fusions: ARHGEF2-NTRK1 and CHTOP-NTRK1
in glioblastoma, MSN-ROS1, TRIM4-BRAF, VAMP2-NRG1,
TPM3-NTRK1 and RUFY2-RET in lung cancer, FGFR2-CREB5
in cholangiocarcinoma and PPL-NTRK1 in thyroid carcinoma.
AMP is a scalable and efficient next-generation sequencing
target method for and clinical

(encoding anaplastic lymphoma receptor tyrosine kinase), RET
(enceding ret proto-oncogene) and ROS! (encoding ROS proto-
oncogene 1) genes, all of which are associated with response to targeted
therapy in lung cancer®-5_ Fluorescence in situ hybridization (FISH)
lacks scalability for high-volume multitarget testing and requires diag-
nostic expertise. Immunohistochemistry is used to detect expressed
fusion genes as a surrogate marker for gene rearrangements; however,
the technique relies on the availability of good-quality antibodies and
on qualitative scoring. Neither FISH nor immunchistochemistry pro-
vhk fusion partner breakpoint pnusion. which may partially explain
PCR
may ynld such information bul requires Iumwkdge of all fusion part-
ner vartants for primer design and demonstrates limited scalability
in the setting of multiple heterologous partners and their involved
exons. For example, ROS! rearrangements in lung cancer pose a
challenge due to potential involvement with at least eleven different
fusion partners and variable splicing®.

RESULTS
RNA

Next-generation sequencing has been instrumental in the advance-

Our Initial motivation for designing AMP was to tackle the current
deficiencies of clinical gene rearrangement detection noted above by

ment of genomic research and dinical molecular diags s in recent
years. Although the cataloguing of complete genomes and their vari-
ation ks an important endeavor for reference building and discovery,
the use of whole-h q g outside of this context is
impractical with respect m costand emcmu.y' Certain applications
such as cancer genotyping for somatic mutations require selective
deep sequencing to achieve the desired analytical sensitivity for
clinical utility®. At the present time, clinical sequencing is most
feasible for assays based on targeted gene panels. The emerging need
for a rapid and focused confirmation sequencing strategy to validate
variants also remains to be addressed. Currently, there is need for a
rapid and efficient technique for gene rearrangement detection by
next-generation sequencing.

For clinical molecular diagnostics, we developed AMP to address
the escalating demand for gene rearrangement testing of the ALK

loying a targeted RNA sequencing (RNA-seq) strategy. AMP is
in lh-mry smulu to the technique known as rapid amplification of
¢DNA ends (RACE)", specifically in its ability to uncover unknown
sequences adjacent to a known DNA sequence. Briefly, double-
stranded ¢DNA undergoes end repair, adenylation and ligation,
as previously described'" "2, with a new universal half-functional
adapter. The resulting half-functional library by itself is insufficient
for downstream bridge amplification, emulsion PCR or sequencing.
The library is rendered fully functional at the end of two rounds
of nested low-cyde PCR, which represent the core steps for target
enrichment. The second PCR step uses nested primers that are 5
tagged with a common sequencing adapter. In combination with the
first half-functional uni | adapter, the resulting target i
are functionalized for clonal amplification (for enmple. rmuhiun
PCR or bridge PCR) and sequencing. Nontarget fragments remain
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CAMTA1

CCNB3
cic
EPC1
EWSR1

FOXo01
FUS

GLI1

HMGAZ2
JAZF1

MKL2

Inflammatory myofibroblastic tumor; epithelioid fibrous
histiocytoma

Epithelioid hemangioendothelioma
BCOR-rearranged sarcoma; clear cell sarcoma of kidney;

ClIC-rearranged sarcoma

Low-grade endometrial stromal sarcoma (rare); ossifying
fibromyxoid tumor (rare)

Ewing sarcoma; clear cell sarcoma; desmoplastic small round
cell tumor; angiomatoid fibrous histiocytoma; myoepithelial
tumors of soft tissue; extraskeletal myxoid chondrosarcoma;
myxoid liposarcoma; sclerosing epithelioid fibrosarcoma

Alveolar rhabdomyosarcoma

Myxoid liposarcoma; low-grade fibromyxoid sarcoma;
sclerosing epithelioid fibrosarcoma; Ewing sarcoma;
angiomatoid fibrous histiocytoma; extraskeletal myxoid
chondrosarcoma

Plexiform fibromyxoma; gastroblastoma;

pericytoma with t(7;12)

Lipoma; deep angiomyxoma

Endometrial stromal nodule; low-grade endometrial stromal
sarcoma

Low-grade endometrial stromal sarcoma (rare); ossifying
fibromyxoid tumor (rare)

Chrondroid lipoma; Ectomesenchymal chrondromyxoid tumor

NCOA2

NTRK3
PDGFB
PLAG1
ROS1
Ss518

STAT6
TFE3

TCF12

TAF15
TFG

USP6

YWHAE

Mesenchymal chondrosarcoma;
angiofibroma of soft tissue; uterine tumor
resembling ovarian sex cord tumor (rare)
Infantile fibrosarcoma; congenital
mesoblastic nephroma

Giant cell fibroblastoma;
dermatofibrosarcoma protuberans

Lipoblastoma; myoepithelioma of soft
tissue; myxoid leiomyosarcoma

Inflammatory myofibroblastic tumor

Synovial sarcoma

Solitary fibrous tumor

Alveolar soft part sarcoma; PEComa;
epithelioid hemangioendothelioma;
ossifying fibromyxoid tumor

Extraskeletal myxoid chondrosarcoma

Extraskeletal myxoid chondrosarcoma

Extraskeletal myxoid chondrosarcoma;
inflammatory myofibroblastic tumor
Nodular fasciitis; aneurysmal bone cyst;
fibro-osseus pseudotumor of digits; myositis
ossificans

High-grade endometrial stromal sarcoma;
YWHAE-rearranged sarcoma



t?ﬂf

S

4
Yooty

.w..n%...,, .

§

- A
7 o

iscomfort found to have peritoneal discomfort

old with abdominal d

69-year




“Possible primary sites include but are not limited to lung, breast, upper Gl,
and pancreatoblllary, clinical and radiographic correlation is needed”
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CK7+; CK20, CDX2, TTF-1,
GATA-3, PAXS8, calretinin,
(SATB2, ER, albumin ISH,)
pan-TRK, PD-L1-
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What Happens When We Abdicate Responsibility

: =1]=] Cancer
XTHERANDETIDE @ TYPE | MOLECULAR CANCER CLASSIFIER
8
bigTheranostics, Inc. PATIENT & ORDER INFORMATION
. ll 9640 Towne Centre Drive, Suite #200 Order ID: Sex
e tumor was sent A
DOE: Date of Collection:
Oncologist Medical Record Date Reported:
° ° First Last, M.D. S“a'T ]c D Microdissection:
or genetic testing that ”
Street Address Date Received.
City, State Zip
. o MOLECULAR DIAGNOSIS
ret u r n e d a n Ova r I a n Pathologist Main Cancer Type:
First Last, M.D Lung adenocarcinoma
Facility Name Prabability
) ° Street Address
origin at >90% %% |
0 fax:
Intended Use CANNOT BE This 5ample had a high probability match to a single tumor type in the

reference database. All other tumor types are ruled out with 95%

EXCLUDED:  confidence (see below)

] [} ”
probability.
CA?r:SER TYPES RULED OUT WITH 95% CONFIDENCE

Adrenos
P

ical carcinoma
oma

Test Description and
Methodolog
T

Synovial sarcoma
Sex cord stromal tumor
Skin basal cell carcinoma
Merkel cell ¢ : Squamous cell carcinoma

* “The patient has been
receiving neoadjuvant
carboplatin/taxol”

Gl ca

Additional Comments:
PLEASE CORRELATE WITH CLINICAL AND RADIOLOGICAL FINDINGS.

Laboratory Director: Veena M. Singh, M.D CLIA# 05-D1065725 CLF334843
Electronically § By: Veena M. Singh, M.D.
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| requested a block for SMAD4 and MMR IHC

EPTEN 3\ ARSI

ORIGINAL ARTICLES

Foamy Gland Pattern of Pancreatic Ductal

Adenocarcinoma

A Deceptively Benign-Appearing Variant

Adsay, Volkan M.D.; Logani, Sanjay M.D.; Sarkar, Fazlul Ph.D.; Crissman, John M.D.; Vaitkevicius, Vainitus
M.D. Author Information ©®

The American Journal of Surgical Pathology: April 2000 - Volume 24 - Issue & - p 493-504
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Multiclass cancer diagnosis using tumor gene

expression signatures

Sridhar Ramaswamy*', Pablo Tamayo*, Ryan Rifkin**, Sayan Mukherjee**, Chen-Hsiang Yeang*3, Michael Angelo*,

Christine Ladd*, Michael Reich*, Eva Latulippe?, Jill P. M

Massimo Loda®, Eric S. Lander*-**, and Todd R. Golub*""**
vhit Institute of T

Institute/|
Oncology, Dana-farber Cancer institute/Marvard M!dl(ll
Boston, MA 02115; ¥ af

Technology, Cambridge, MA 02139
Contributed by Eric S. Lander, October 23, 2001

The optimal of path with cancer depends on estab-
Ilang accurate diagnoses by using a complex combination of

Center for Genome Research, Cami
I, Soston, MA 02115; ‘Depa

g Cancer Center, Ntho'k. NY |W| andbapumm:of **Biclogy.

*McGovern institute, Center for 8rain and Compm.moful anng and SArtificial

*, T Poggio®, William Gerald®,
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and Women's Hospital,

Institute of

multiclass cancer classification is indeed possible, suggesting the
feasibility of molecular cancer diagnosis by means of comparison

clinical and histopathological data. In some instances, this task is  with a compreh and ‘uccssi)kc.uxk)gulgcnc
difficult or | ible b of atypical clinical p or  cxpression profiles.
hi thology. To d ! rhether the diagnosis of multiple

adult malignancies could be achieved purely by molecul, Materials and Methods

classification, we subjected 218 tumor sampls ing 14 com-
mwmmdﬂmﬂ&umhwmm
y gene exp The jon levels of
16mgenesnndwdsemhgsmmedbevm
the accuracy of a multiclass dassifier based on a support vector
nndune niguhhm Overall dassification accuracy was 78%, far
of random dassification (9%). Poorly dif-

ferentiated ited in lov fid: dictl and
could not be ly dassified mmmdodgh.
Indicating that they ue molecul.ly dkdnn entities with dramat-
knllydmemlgme Xp pared with their well
diff ts. Taken ther, these results demon-

swaumlmydmm multiclass molecular cancer das-
sification and suggest a strategy for future dinical implementation
of moleculer concer i 1

ancer classification relies on the sub’cclm: interpretation of

both clinical and hi holog ion with an cye
toward placing tumors in currently ncv:cpl:d categories based on
the tissue of origin of the tumor, However, clinical information
can be incomplete or misleading. In addition, there is a wide
spectrum in cancer morphology and many tumors are atypical or
lack morphologic features that are useful for dxﬂcrcnuul diag-

Snap-frozen human tumor and normal tissue specimens, span-
ning 14 different tumor classes, were obtained from the National
Cancer Institute/Cooperative Human Tissue Network, Massa-
chusetts General Hospital Tumor Bank, Dana-Farber Cancer
Institute, Brigham and Women's Hospital, Children’s Hospital
(all in Boston), and Memorial Sloan-Kettering Cancer Center
(New York). Tissue was collected and studied under an anon-
ymous discarded tissue protocol approved by the Dana-Farber
Cancer Institute Institutional Review Board.

Initial diagnoses were made at university hospital referral
centers by using all available clinical and histopathological
information. Tissues underwent centralized clinical and pathol-
ogy review at the Dana-Farber Cancer Institute and Brigham
and Women’s Hospital (by MLL.) or Memorial Sloan-Kettering
Cancer Center (by EL and W.G.) to confirm initial diagnosis of
site of origin and histological type. All tumors were biopsy
specimens from primary sites (except where noted) obtained
before any treatment and were enriched in malignant cells
(>30%) but otherwise unsclected. Normal tissue RNA (Bio-
chain, Hayward, CA) was from snap-frozen autopsy specimens
collected through the Intemational Tissue Collection Network.

“Hybridization targets” were prepared with RNA from whole
tumors by using published mclbods (4). Turgets were hybridized

nosis (l) These difficultics can result in di

pting calls for y second in all surgical
pulholngy cases (2). In the aggregate, these are significant
limitations that may hinder paticnt care, add expense, and
confound the results of clinical trials.

Molcculur diagnostics offer the p of precise, objective,
and systematic human cancer classification, but these tests are
not widely applied because characteristic molecular markers for
most solid tumors have yet to be identified (3). Recently, DNA
microarray-based tumor gene expression profiles have been used
for cancer diagnosis. However, swdu:s h:w: been limited to few
cancer types and have d chnology platforms
complicating compunsnn among d-ﬂcrcnl datasets (4-10), The
feasibility of cancer diagnosis across all of the common malig-
nancies based on & single rch:rcmc database has not been
explored. In addition, ¢ ¢ gene expression databases
have yet to be developed, and there are no established analytical
methods capable of solving complex, multiclass, gene expres-
sion-based classification problems.

To address these challenges, we created a gene expression
database containing the expression profiles of 218 tumor sam-
ples representing 14 common human cancer classes. By using an

analytical hod, we d that accurate

Www, pnat.org,/ cgl/dol /10,1073, pnas. 211566398

ially to oli ide microarrays [Hu6800 and
HuSSKsuhA GcncOnps (Affymetrix, Santa Clara, CA)| con-
taining a total of 16,063 probe sets representing 14,030 GenBank
and 473 The Institute for G ic R h (TIGR) accession
nos., and arrays were scanned by using standurd Affymetrix
protocols and scanners. For subsequent analysis, cach probe set
was considered as a separate gene. Expression values for cach
gene were calculated by using Affymetrix GENECHIP analysis
software.

Of 314 tumor and 98 normal tissuc samples processed, 218
tumor and % normal tissuc samples passed quality control
criteria and were used for subsequent data analysis, The remain-
ing 104 samples cither failed quality control measures of the
amount snd quality of RNA, as 1 by spe by ic
measurement of OD and agarose gel :lramphuusu. or yiclded

ALDOaAtIons: SVM, Supporn vactor madhing OVA, one w. all; SIN, ugnal 10 noiwe.
To wham reprint requests ihould be addreswd ot Dans-Farber Cancer natitute, 44
Sy Street, Dana 640, Boston, MA 02115 E-mall golub@gencme vl mit edy

The publication costs of this srtice wers detrayed in part by page chasge payment. This
atiche et therafors be heraly mared “adwrtiesent”™ i accordance with 18 USC
§1734 wlety 10 Indicate ths fact,
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Fig. 5.

80 - SVM OVA
70 4 k-NN OVA
60 SVM AP
k-NN AP
50 -
WV AP
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WV OVA
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° L Al L) L L
1 10 100 1000 10000 100000
Genes per OVA Classifier
Multiclass classification as a function of gene number. Training and

test datasets were combined (190 tumors; 14 classes), then were randomly split
into 100 training and test sets of 144 and 46 samples (all primary tumors) in a
class-proportional manner. SVM OVA prediction was performed, and mean
classification accuracy for the 100 splits was plotted as a function of number
of genes used by each of the 14 OVA classifiers, showing decreasing prediction
accuracy with decreasing gene number. Results using other algorithms (k-NN,
k-nearest neighbors; WV, weighted voting) and classification schemes (AP,
all-pairs) are also shown.
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Biotheranostics CancerTYPE ID

* Real time reverse-transcriptase PCR assay analyzing
87 tumor-associated and 5 reference genes

* Recognizes 54 tumor types
* One of the tumor types is “sarcoma”
* There are 113 distinct soft tissue neoplasms

 Compares gene expression to a reference database
of >2,000 tumors

* Provides a probability score based on closeness
of match

e Sample: FFPE — same as for IHC



Development of Cancer Type ID

 Started with 22,000-gene microarray
e 578 tumors from 39 tumor types

* Biostatistical methods to arrive at a “compact”
classifier (wanted to work with a 96-well plate)

* All genes in classifier expressed by multiple tumor
types (no magic bullets)

Ma XJ, et al. Arch Pathol Lab Med. 2006;130:465-473.



Table 3. List of Selected 87 Genes

ACOESSion Gene Symbaol Descriplion®

Ad45e140 PANNZ Panmnexin 3

AATAREDY BATF Basic leucine zipper transcription factor, ATF-like

AMNTLEROT SPREDZ Sprouty-ralated, EVH1 domain containing 2

AMNTRIBAS SlC35F3 Solute carrier family 35, member F3

AABGRSDTT Hypothetical LOC389142

AMNBALT TG Flha Fibrobrlast growth factor 9 (glia-activating factor)

AADUIEI0 Fljlo748 Hypothetical protein FL 10748

ARO3IA160 TMPRESR Transmembrana proteass, serine 3

AFlD4032 SICTAS Solute carrier family 7 (cationic amino acid transporter, y+ system), member 5
AF133587 RETORT Rhabdoid mor deletion region pena 1

AFinlsaa EM2 Empty spiracles homolog 2 {Drosophila)

AF332224 CYorfT5A Chromosome Y open reading frame 154

AlD41545 K g2 KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 2
All47926 C5F2RE Colony-stimulating factor 2 receptor, bata, low-affinity (granulocyte-macrophape)
Al3no0an KCMIT Potassium imwardly rectifying channel, subfamily |, member 11
Al341378 CPER2 Cytoplasmic polyadenylation element binding protein 2

Al4ET3E0 ERMZ Endoplasmic reticulum to nucleus sipnalling 2

Ala20495 AdEL Mais1, myeloid ecotropic viral integration site 1 homolog Imouse)
AlG32A69 LK IR Uroplakin 18

Alagilal PR PR domain containing &

AlnE5931 KIERA KIBRA protein

Alsnzlla SlCeAlz Solute carrier family & (neurotransmitter transporter, GABA), member 13
AlBD47T4S

AlO53953

Aloss11a Claor o5 Chromosome 14 open reading frame 105

Ajoonzaa CAPNG Calpain &

AKozslal LOCa 1464 RAX-like homeobox

AKD27147 TITFI Hypothetical protein LOC253970

AND54605 FLTT539 Hypothatical protein FLI11539

ALDZI&ST SH2O0TA 5HZ* domain protein 1A, Duncan disease (lymphoproliferative sy ndrome)
Alo3zalla FOXG IR Forkhead box G1A

AlLlloz74

AL157475 Caorflz Chromosome & open reading frame 13

AW 18445 CHISR2 Cadherin, BEGF LAG seven-pass GAtype receptor 2 (flamingo homolog, Drosoph fla)
AW 94680 HOXDIT Homesobon: 071

AWzallaos Hypothetical LOC3838416

AWZ98545 KIAA Ta0 KIAAT %04 protein

AWaas220 7 Lymphocyte antipen & complax, locus K

AWarzlie ESRT Estropen recaptor |

ANDE I0E ATLa ELAN (embryonic lathal, abnormal vision, Ovosophital-like 4 (Hu antipen D)
BC00004S Westigial like 1 (L rosophika)

BCo01293 Homeobox C1o

BCD0O1504 Pyrroline-5-carboxylate reductase 1

BCDO1639 Solute carrier family 43, member 1

BCo0z2551 Call division cycle associated 3

BCo04331 Hydroxysteroid dehydropenase like 2

BCo04453 5-hydroxytryptamine [serotonin) receptor 3A

BCDOS364 Chromosome 10 open reading frame 59

BCDO&ES37 Homeobon AQ

BCoo&aal Peroxisome proliferative sctivated receptor, pamma

BCoo&alg 5100 calcium binding protein P

BCoDared Kinasin family mamber 2

BCooaras Syndecan 1

BCoo90a4 Sedenium binding protein 1

BCoD9237 Thyroid-stimulating hormaone receptor

BCO1 0626 Kinesin farnily mambear 12

BCo1 1949 Carbonic antydrasa [l

BColz9z26 EP5a-like 3

BCO13117 Regulator of G-protain signalling 17

BCD15754 Ca?*-dependent secretion activator

BCO17586 MOIC266 To Calcyphosime-like

BES52004 CIDMNA FLI44317 fis, clone TRACH3000586

BEGE2007 o T COX11 homobog, cytochrome c© oxidase assembly protein (yeast)
BF224381 Hypothetical LOC400951

BF437303

BF446419 PCANAPS Prostate cancer-associated protain &

BF592799 PRECCQ Protein kinase O, thety

Blag324a 1B5P Integrin-binding sialoprotein (bone sialoprodein, bone sialoprotein 10
Hos5388 FMNFR6S Hypaothetical proteim LOC2E3045

HO7BES Transcribed loows

Hou748 BCLITR B-call CLLAymphoma 118 (zinc finper prodein)

MO5ERS HLF Hepatic keukemia factor




Table 3. Continued

ACCESSIon Gene Symbaol Description®

ME&4339 Ll Be Cap junction protein, beta & (connexin 300

MNM_DDDDGS Cé Complement component &

MNM_D01337 CXFCRI Chemaokine (C-X3-C motif) receptor |

NMdLDD314 CCMAT Cyclin Al

NM_DDADED CIWH 16 Cadherin 16, K5P-cadherin

MNM_DD4063 CEHT 7 Cadherin 17, LI cadherin {liver-intestine)

MNM_DDA495 oA Forkhead box Al

MM_DDET 15 PRAME Praferentially expressed antigen in melanoma

MNM_DO19894 TMPRSS 4 Transmembrane protease, serine 4

MM_D33229 TR S Tripartite motif-containing 15

R1s8a] CHREMZ Cholinergic recepior, muscarinic 3

R45389 CDNA clone IMAGE4797120

Ril 469 Transcribed locus, moderately similar to NP_Z775622.1 hypothetical protein LOC270028
Mus muse uius|

Xoan99 PAXE | Paired box pene B

Xoe757 f Mitogen-activated protein kinase kinase &




Performance of CancerTYPE ID

Case selection by study site

Diagnostic adjudication
n=1,017

Consensus cases
shipped to testing site
n =957

92-Gene classifier
n=790

Adjudication failure for diagnostic

uncertainty n=28
insufficient tissue n=19
Other n=13

Analytical QC failures
Excluded per protocol

Reportable cases

Unclassifiable by assay

Exclusions

* Dxnotin
assay panel

* Necrosis

* Decalcified

Kerr SE, et al. Clin Cancer Res. 2012;18(14):3952-3960.




Performance of CancerTYPE ID

* 790 well-vetted diagnoses (based on clinicopathologic
correlation, agreed upon by 3 study pathologists)

* Sensitivity 87%, specificity 96+% for tumor type
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— . T %z | Endometrium 48%
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Lymphoma 1|21 3 25
Melanoma 1 22 2 725 | GEA 65%
Meaningioma 25 25
Mesathalioma 20 1 2 2] 25|
MNauroandocring 1 49 50 H
Chvary A E 2|1 31 4| a0 | Cer\”X AdCA 72%
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Prostate 25 | 25 |
Sarcoma) 1 1 1 57 | 80 |
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Skin basal cell 25 25
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“A pathologist looking down the
barrel of a light microscope at an
H&E-stained slide is doing
‘subcortical integrative genomics.””

Steven Mentzer, MD
Division of Thoracic Surgery

Brigham and Women’s Hospital



Fourteen Diagnoses to Consider Before Busting on a
“Triple-Negative” Malignant Neoplasm

Tumor Type Additional Diagnostic Markers

Sarcomatoid carcinoma Add’l broad-spectrum epithelial markers, including
HMW-keratin; p40

Poorly differentiated neuroendocrine ca Chromogranin A, synaptophysin, INSM1, TTF-1, Rb
Adrenal cortical carcinoma SF1, melan A, synaptophysin, calretinin, inhibin A

Sarcoma MDM?2/CDK4 (esp. undiff. malignant neoplasm); SMA,
desmin; CD34 (rarely expressed by carcinoma); add’l
dictated by histology

Gastrointestinal stromal tumor DOG], KIT

Follicular dendritic cell sarcoma CD21, CD23, CD35

Acute lymphoblastic leukemia/lymphoma TdT, CD34, CD43

ALK-positive large cell ymphoma ALK, CD30

Plasma cell neoplasm (anaplastic) CD79a, CD138, MUM1, kappa/lambda light chains
Classical Hodgkin lymphoma CD30, CD15, PAX5

Plasmablastic lymphoma CD79a, CD138, MUM1, EBV EBER

Melanoma (dedifferentiated) BRAF V600E; ?melan A, HMB-45

Germ cell tumor SALL4 or PLAP

Pheochromocytoma/paraganglioma Chromogranin A, synaptophysin, INSM1, GATA-3



Pearls of Pathology

Next-generation immunostains include lineage-restricted
transcription factors, protein correlates of molecular genetic
events and/or lineage-restricted transcription factors

Broad-spectrum keratin/CD45/S-100 (though | prefer SOX10)
has stood the test of time as the screening pattern in most
“undifferentiated malignant neoplasms”

Broad tumor classes include carcinoma, lymphoma,
melanoma, and sarcoma BUT ALSO germ cell tumor,
mesothelioma, and pheochromocytoma/paraganglioma

Non-canonical expression of broad tumor class screening
markers leads to diagnostic confusion

Broad-spectrum epithelial markers are often expressed by
sarcomas, especially those with epithelioid cytomorphology
and occ. by small round blue cell sarcomas.



Pearls of Pathology

 “EMA+ only” (i.e., keratin and CD45-negative)
lymphomas may be mistaken for carcinoma

* Melanomas are occasionally broad-spectrum keratin
and/or EMA-positive (though EPCAM-negative)

* Most germ cell tumors (excluding seminoma) are
broad-spectrum-epithelial marker-positive

e S-100 is sometimes expressed by carcinomas, while
SOX10-expression appears restricted to carcinomas
with myoepithelial differentiation

 MPNST is S-100/SOX10 weak-to-negative

* Spindle cell melanoma is often negative for
melanoma “differentiation markers”



Pearls of Pathology

* Initial panel in a small round blue cell tumor to
include: CD99, desmin, myogenin, TdT, INSM1, pan-
keratin, SOX10

* Novel small round blue cell sarcoma markers include
NKX2.2 (Ewing sarcoma), WT-1 (C/C-rearranged
sarcoma), and BCOR or SATB2 (BCOR-associated)

* Tumors of every broad class can dedifferentiate

* Consider dedifferentiated liposarcoma (DDLPS) when
facing an undifferentiated malignant neoplasm in the
retroperitoneum, mediastinum, or paratestis

e Carcinomas with undifferentiated/rhabdoid
cytomorphology occasionally demonstrate
inactivation of one or more SWI/SNF subunits



Pearls of Pathology

* Most “stains | hate” are tumor-associated
glycoproteins that have been supplanted by lineage-
restricted transcription factors

* (pan)p63 is frequently expressed by adenocarcinomas
and lymphomas; p40 is the clearly superior marker of
squamous, urothelial, and myoepithelial
differentiation

e Vimentin...Boo Hiss...

* Broad-spectrum-keratin/CD45/S-100 “triple-
negative” neoplasms include several “can’t miss”
diagnoses, including seminoma (SALL4+), lymphomas
(lymphoblastic lymphoma, Tdt+; several “EMA+ only”
lymphomas, panel to include CD43, CD79a, MUM1,
ALK, CD30), and neuroendocrine carcinoma (INSM1+)



* Most “stains | hate” are tumor-associated glycoproteins that
have been supplanted by lineage-restricted transcription
factors

e (pan)p63 is frequently expressed by adenocarcinomas and
lymphomas; p40 is the clearly superior marker of squamous,
urothelial, and myoepithelial differentiation
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£ Messages Jason Details

Nice! Aidan can lighten your
service load...

Give him the polyps to start.



