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Abstract

Sections

Inthe past two decades, treatment for non-small-cell lung cancers
(NSCLCs) and head and neck squamous cell carcinoma (HNSCC) has
advanced considerably, owing largely to the characterization of distinct
oncological subtypes, the development of targeted therapies for each
subtype and the advent ofimmunotherapy. Data emerging over the
pasttwo decades suggest that NUT carcinoma, a highly aggressive
malignancy driven by a NUT fusion oncoprotein and arising in the lungs,
head and neck, and rarely in other sites, isa squamous cell carcinoma
(SCC) based on transcriptional, histopathological, cell-of-origin and
molecular characteristics. NUT carcinoma has an estimated incidence
of1,400 cases per year in the United States, surpassing that of some
rare NSCLC and HNSCC subtypes. However, NUT carcinomais currently
not recognized as an SCC of the lungs or head and neck. The orphan
classification of NUT carcinoma as a distinct entity leads to a lack of
awareness of this malignancy among oncologists and surgeons, despite
early diagnosis being crucial for this cancer type with amedian survival
of only ~6.5 months. Consequently, NUT carcinomais underdiagnosed
and often misdiagnosed, resulting in limited research and progressin
developing effective treatments in one of the most aggressive forms

of lung and head and neck cancer. With agrowing number of targeted
agents that can potentially be used to treat NUT carcinoma, improved
recognition throughreclassification and inclusion of NUT carcinoma
asasquamous NSCLC or an HNSCC when arising in these locations will
accelerate the development of effective therapies for this disease. Thus,
in the Perspective, we propose such a reclassification of NUT carcinoma
asan SCC and discuss the supporting evidence.
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Perspective

Introduction

The number of effective treatments for subsets of non-small-cell lung
cancer (NSCLC) hasincreased rapidly over the past two decades owing
to theidentification of more than adozen molecular drivers validated
by rigorous preclinical and clinical studies"”. However, among NSCLCs,
the treatment of squamous cell carcinomas (SCCs) has remained com-
paratively stagnant owing to the identification of fewer targetable
oncogenic drivers®. Data accumulated over the past two decades
indicate that NUT carcinoma, a cancer driven by a nuclear proteinin
testis (NUT) fusion oncoprotein, is a subtype of SCC, based on tran-
scriptional, histopathological, cell-of-origin and molecular oncogenic
features*”. These findings are important because NUT carcinoma s
extremely aggressive®’ and constitutes a powerful, oncogene-driven
model of SCC that can be leveraged to obtain biological insights and
develop potential therapies for squamous NSCLCs and head and neck
squamous cell carcinomas (HNSCCs).

NUT carcinomais currently defined by the World Health Organiza-
tion (WHO) as a poorly differentiated carcinoma with rearrangements
involving NUTMI (ref.10). The NUTMI fusion partners that characterize
NUT carcinoma include BRD4 (refs. 8,9,11), BRD3 (refs. 8,9,12), BRD2
(ref.13), NSD3 (refs. 8,9,14), ZNF532, ZNF592 and ZMYNDS (refs. 15-17).
Less-common cancers with other NUTMI fusion partners (that is, CIC,
MXD4 and YAPI) are typically WHO-unclassified sarcomas or cutane-
ous adnexal tumours and are clinicopathologically distinct from NUT
carcinoma®® 2, Unfortunately, owing to poor understanding of these
even rarer cancers, NUT carcinoma and non-NUT carcinoma NUTMI-
rearranged tumours are often grouped together as NUTM1-rearranged
tumours®*, This classification adds to the confusion of defining NUT
carcinoma, whichshouldbe defined asagroup of carcinomaswith similar
oncogenic mechanisms driven by a subset of NUTMI rearrangements.

NUT carcinomahas only beenshowntobe abonafide SCCinthe past
2 years** andis not yet widely recognized as aform of squamous NSCLC
or HNSCC by oncologists and pathologists. This non-recognition has
resultedinalack of awareness among otorhinolaryngologists (ear, nose
and throat specialists), pulmonologists, thoracic surgeons and oncolo-
gists, leading toinsufficient diagnostic testing. Consequently, although
diagnosis of NUT carcinomais rapid and straightforward, consisting of a
singleimmunohistochemical stain for NUT protein expression®, testing
is often not performed. In addition, although NUT carcinoma can also
be detected with DNA-based or preferably RNA-based sequencing for
NUTMI fusions within a next-generation sequencing panel, the turna-
roundtimeis substantially slower than forimmunohistochemistry (IHC).
The challenge in diagnosing NUT carcinoma is not the test itself, but
rather the clinical or pathological awareness to test for this cancer. Con-
sequently, most patients miss opportunities to enrol ininvestigational
trials (such as NCT05488548, NCT05372640 and NCT05019716) using
NUT carcinoma-specific targeted agents, receive accurate prognostic
information and/or benefit from standard-of-care treatment for SCCs.
The continued orphan status of NUT carcinomaimpedes research and
effective therapeutic development for this cancer,and SCCsin general.

Advances in medicinal chemistry in the past 20 years or so have
dramatically increased the number and range of targets and targeted
therapies available to patients. With multiple clinical trials enroll-
ing patients with NUT carcinoma at present, improved awareness
and diagnosis of this cancer through inclusion within HNSCC and
NSCLC classifications is urgently needed. In our experience, the
under-recognition of NUT carcinomahasled to the perception among
otorhinolaryngologists, thoracic surgeons, pulmonologists and
oncologists that this cancer is so rare that it virtually does not exist.

However, we estimate from an analysis of alarge database of patients
withsquamous NSCLC or with HNSCCs who underwent DNA-based and
RNA-based next-generation sequencing that the annualincidence of
NUT carcinoma in the United States is 1,400 cases”, which equals or
surpasses that of well-known forms of oncogene-driven NSCLC (such
asthose driven by NTRK?, ROS1 or RET*) or non-squamous head and
neck carcinomas (that is, NTRK-mutated salivary gland cancers®).

Inthis Perspective, we discuss the reasons for the current classifi-
cation of NUT carcinoma as anon-squamous carcinoma, the rationale
for its reclassification as a squamous NSCLC and HNSCC, and the
immediate implications of this reclassification for clinical practice
andresearch.

Reasons for the current NUT

carcinoma classification

History

The classification of NUT carcinoma as an orphan disease is a result
of observationsin small case series over the past three decades. NUT
carcinomawasinitially considered an aggressive thymic carcinoma of
childrenand adolescents® on the basis of three case reportsin the early
1990s, which purported a thymic origin of these tumours®*, This clas-
sification persisted because the initial series of cases were identified
throughbiased screens focused on patients under 40 years of age with
poorly differentiated carcinomas®. Consequently, the WHO initially
categorized NUT carcinoma, then known as carcinoma with t(15;19)
translocation, as a type of thymic carcinoma®. Despite the evolving
understanding of NUT carcinoma, this cancer remains primarily a
subcategory of thymic neoplasms and has its own category within
carcinomas of the head and neck in the WHO classification'****¢, rather
than a subcategory of squamous NSCLC and HNSCC.

Tissue of origin

Until 2 years ago*?, the precise tissue of origin of NUT carcinomas was
unknown. In contrast to conventional forms of SCC, no definitein situ
lesions of NUT carcinoma have been described owing to its rapidly
invasive growth, making it difficult to confirm a squamous origin and
presenting an obstacle to correct classification of this entity.

Aetiology

Theaetiology of NUT carcinoma differs considerably fromthat of typical
SCCs. Theonly knownrisk factor for NUT carcinomais the random occur-
rence ofachromosomal translocationresultingina NUTMI fusion event,
often resulting from chromoplexy (complex, large-scale chromosomal
rearrangements)™®. Unlike many other SCCs, NUT carcinomais not associ-
ated with viral (predominantly human papillovirus (HPV)) or environmen-
talexposures (thatis, tobacco and/or excess alcohol consumption), which
are common risk factors for other squamous NSCLC or head and neck
cancers. However, NUT carcinoma can occur inindividuals with asmok-
ing history’, and athird of known cases occurin patients over 40 years of
age®**%; squamous or poorly differentiated carcinomas in these popula-
tions are unlikely to be evaluated for the presence of NUT carcinoma.
Conversely, NUT carcinomais morelikely to be considered and diagnosed
inyoungindividuals withoutasmoking history and without risk factors for
typical SCCs, thus perpetuating the misconception that NUT carcinoma
is astandalone malignancy of adolescents and young adults.

Pathology
Asahighly aggressive malignancy, the histopathology of NUT carci-
nomais typically that of apoorly differentiated epithelial neoplasm',
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Table 1| Reasons for and against classification of NUT carcinoma as an SCC

Aspect Classification
Against SCC (current) ForSCC
History Initial disease-defining cases (n=3) led to biases in Not applicable

understanding and testing for NC that perpetuated these biases

Tissue of origin

Lack of precancerous lesions identified in people

In situ squamous carcinoma precursor lesions identified within
squamous epithelium in GEMMs of NC (Supplementary Fig. 1)

Aetiology Driven by chromosomal translocations A subset of SCCs of lung and/or head and neck are driven by
Unrelated to tobacco exposure, viral infection or other fusion oncogenes, including FGFR3-TACC3 (refs. 141,142) and
environmental cause DEK-AFF2 (ref. 143)

Pathology Poorly differentiated morphology can mask squamous origin. Most human and mouse NCs demonstrate histological or

immunohistochemical squamous differentiation (Fig. 2)

NC falls within the poorly differentiated end of the
morphological spectrum of SCC

Molecular drivers and
pathogenetic mechanisms

Mutational landscape of NC is simpler than that of conventional
SCC (Table 3)

NC is driven by NUTM1 fusions, similar to other non-NC NUTM1-
rearranged cancers, perpetuating the idea that NC is different
from SCC

NC and conventional SCC are driven by the same oncogenic
factors (Table 3)

The pathogenetic mechanism of NUT fusions in NC is distinct
from that of other NUTM1-rearranged cancers

Epigenetics

NC is purely driven by epigenetic alterations (Fig. 1b and
Table 3), whereas conventional SCCs are mutationally driven

Two epigenetic proteins key to NC, BRD4 and EZH2, play
oncogenic roles in conventional SCCs

The oncogenic drivers mutated in conventional SCCs are
driven epigenetically in NC (Table 3)

Aberrant epigenetics in NC is a shortcut to squamous
carcinoma formation

Transcriptomics None

Transcriptomes of human and mouse NCs cluster with
conventional SCC of lung and head and neck

Clinical presentation (Table 2)
versus 53-73years'’; Table 3)

NC is more aggressive than conventional SCC

NC can occur at anatomical sites that are atypical for

conventional SCC

NC occurs in patients with a younger median age (23.6 years®

The majority of NCs present clinically like squamous lung or
head and neck cancers (Fig. 2)

SCC can also occur in the same atypical sites where NC arises
NC has a metastatic organotropism similar to SCC

Experimental evidence None

Genetic or pharmacological inhibition of BRD4-NUT induces
squamous differentiation of NC, based on histology, IHC and
transcriptomics

GEMMs, genetically engineered mouse models; IHC, immunohistochemistry; NC, NUT carcinoma; SCC, squamous cell carcinoma.

thus precluding histopathological classification. Although NUT
carcinoma is often not recognizable as an SCC owing to its poorly
differentiated appearance, most cases demonstrate both epithelial
(thatis, expression of common epithelial keratins detectable using
AE1/AE3 and pan-keratin antibodies) and squamous differentiation
markers (that s, expression of CK5, p63 and ANp63) by IHC***% Only
athird of cases exhibit frank squamous differentiation, typically
described as ‘abrupt keratinization™. The fairly nonspecific poorly
differentiated morphology hasled to frequent misdiagnosis of NUT
carcinoma as a poorly differentiated carcinoma not otherwise speci-
fied, and more rarely as a small-cell carcinoma, Ewing sarcoma or
leukaemia* ™,

Molecular pathology

Another contributing factor to the misclassification of NUT carcinoma
is conflation of this cancer with other NUTMI-rearranged neoplasms
that are not carcinomas (Table 1). The emergence of non-carcinoma
neoplasms with NUTMI rearrangements and a variable, mostly sarco-
matous, histology hasled some pathologists and oncologists to conflate
these entities and thereby define NUTMI-rearranged neoplasms as a
heterogeneous group with undefined histology****. Classifying NUT

carcinomawith these other tumour typesis problematic because NUT
carcinomas have a different biology. Histologically, NUT carcinomais
acarcinoma, whereas the other NUTMI-rearranged neoplasms com-
prise sarcomas”?, cutaneous adnexal tumours?, and lymphomas or
leukaemias*~*. Molecularly, NUT carcinomas are a family of carcinomas
harbouring fusions of NUTM1 with abromodomain and extratermi-
nal domain (BET) gene (or agene encoding a BET-associated-protein),
including BRD2 (ref.13), BRD3 (ref.12), BRD4 (refs.11,50), NSD3 (ref. 14),
ZNF592 (ref.16) or ZNF532 (refs.15,16). All these NUTMI fusion partner
genes encode proteins that are core members of oncogenic and/or
wild-type BRD4-associated chromatin complexes™*"** (Fig. 1). Thus,
by analogy with MLL1 fusions (which commonly involve AF4, AF9 and
ENL, among many other fusion partners)*, all of these NUTMI fusion
partners can create the same oncogenic complex as the canonical
BRD4-NUTMI fusion. The BRD4-NUTMI1 chromatin complex is fun-
damentally important to cell identity and growth as its function is to
maintaintranscription of target proto-oncogene transcription factors
suchas SOX2, TP63and MYC>"**,

By contrast, none of the proteins encoded by the non-NUT car-
cinoma fusion partner genes (including C/C, BCORL1, MXD1, MXD4,
MGA, YAP1, BRD9, ACIN1, SLCI2A6, ZNF618, BPTF, CUX1 and IKZFI) are
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detectable within BRD4-associated complexes®. The partner genes
associated with a common non-NUT carcinoma NUTMI-rearranged
histological group (CIC, BCORL1, MXD1, MXD4 and MGA), sarcomas, all
encode transcription co-repressors, which when fused to NUTM1 are

Fig.1| AIINUT fusion partners in NUT carcinoma are interchangeable members
of the BRD4-containing NUTM1 fusion core complex. a, Genes and common
breakpoints involved in NUTMI fusions found in NUT carcinomas. The schematic
depicts the domain structure of respective encoded wild-type proteins, with
arrows denoting the canonical breakpoints resulting in NUTMI fusions, although
these canvary indifferent patients. b, The encoded NUTM1 fusions that define NUT
carcinomas. ¢, The NUTM1 fusion oncoprotein complex. Top, a variety of NUTM1
fusion partners encode proteins that either contain BRD4, or that bind BRD4,

thus the various NUT fusion proteins are interchangeable in that they all form an
oncogenic complex containing the same protein constituents. The frequencies of
each NUTMI fusion shown are based on the largest single series (n=127)%. Bottom,
this complex creates large super-enhancers viaincreased histone H3 lysine 27
acetyltransferase activity mediated by the p300-NUT complex interaction.
Enrichment of super-enhancer regions with acetyl histone H3 lysine 27 drives
expression of MYCand other oncogenic genes, such as SOX2and TP63, by increasing
promoter-enhancer contacts that activate transcription. EZH2 expression is
upregulated in NUT carcinomas, probably via upregulation of EZH2 transcription by
MYC.Increased expression of EZH2 results in transcriptional downregulation of the
tumour-suppressor gene CDKN2A through trimethylation of histone H3 lysine 27
(H3K27me3). Ac, acetylated lysine residue; C/H, cysteine and histidine; ET domain,
extraterminal domain; NES, nuclear export signal; NLS, nuclear localization signal;
PHD, plant homeodomain (PHD) zinc finger domain; PWWP, Pro-Trp-Trp-Pro
domain; SET, Su(var)3-9, Enhancer-of-zeste and Trithorax domain.

predicted to switch to being activators of transcription that derepress
expression of target genes*s. Another group of non-NUT carcinoma
NUTMI fusion cancers, poromas and porocarcinomas, most commonly
harbour a YAPI-NUTMI fusion, which functions to bypass the HIPPO
pathway to transactivate gene targets of transcriptional enhanced asso-
ciate domain (TEAD) family transcription factors (nuclear effectors of
the HIPPO pathway) to promote growth of cancer cells?>. Thus, whereas
NUTMI fusion oncoproteinsin NUT carcinomas all share an oncogenic
mechanism (thatis, enhanced expression of proto-oncogenesregulated
by BRD4), non-NUT carcinoma NUTMI fusions act by fundamentally dif-
ferent, BET-independent mechanismsto derepress tumour-suppressive
pathways. This distinction is important because key efforts to target
NUT carcinoma therapeutically have been centred oninhibition of BET
proteins, a target class not known to have arole in the oncogenesis of
non-NUT carcinoma NUTMI-rearranged neoplasms. Thus, NUTMI-
rearranged tumours involve various fusion partners and oncogenic
mechanisms (Table 2).

Comparison of the molecular pathology of NUT carcinomas and
traditional SCCs of the lungs and head and neck reveals several differ-
ences linked to their distinct aetiologies. Non-NUT carcinoma SCCs of
thelungs and head and neck are characterized by complex molecular
aberrations that result from sustained exposure to mutagens, the
antitumour suppressor effects of HPV or the oncogenic effects of
Epstein—-Barr virus. These aberrationsinclude multiple activating muta-
tions in or copy-number gains of proto-oncogenes, and inactivating
mutations or deletions of tumour-suppressor genes (TSGs)*>*, SCCs,
particularly smoking-related SCCs, are genetically complex*’, making
itchallenging to study them and to identify universal molecular thera-
peutic vulnerabilities for these cancers®®. By contrast, NUT carcinoma
is driven by a single genomic alteration, encoding a NUTM1 fusion
oncoprotein on alow mutational background®~,

Epigenetics
Another difference between NUT carcinoma and conventional SCCis
that the former is a cancer driven primarily by epigenetic alterations.
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InNUT carcinoma, BRD4-NUTM1 drives proto-oncogene expression
through epigenetic activation via histone hyperacetylation while also
upregulating EZH2, which represses TSG expression through epige-
netic silencing via H3K27 methylation. Specifically, BRD4-NUTM1
combines the chromatin reading activity of BRD4 with the writing
activity of NUTMI, viarecruitment of p300, to produce extremely large
super-enhancers, termed megadomains, which upregulate and sus-
tain expression of MYC, SOX2and other genes driving oncogenesis'>**
(Fig. 1b). EZH2 expression is upregulated in NUT carcinoma by non-
mutational mechanisms, probably through direct upregulation of EZH2
transcription by MYC®*®!, Innon-BRD4-NUTMI-occupied regions of the
genome, EZH2, presumably in complex with polycomb repressor com-
plex 2 (PRC2), silences expression of target TSGs, including CDKN2A,
through H3K27 methylation®. By contrast, tumorigenesis in conven-
tional SCCsis thought to be driven primarily by mutations in oncogene
and TSGsignalling axes, leading to dysregulation of cellular prolifera-
tion and/or differentiation®. Nonetheless, epigenetic alterations also
have animportant role in conventional SCC tumorigenesis®* ®*,

Clinical presentation

In contrast to the initial reported cases, most NUT carcinomas pre-
sent as cancers originating in the lungs or head and neck. Indeed, the
molecular and histological distinction of NUT carcinoma from other

non-NUT carcinoma NUTMI-rearranged tumours is accompanied by
differentsites of origin. Whereas NUT carcinomas predominantly (90%)®
arise within sites that overlap with those of conventional SCC (that
is, the lungs and head and neck), NUTMI-rearranged sarcomas typi-
cally arise outside of these regions, most often in the abdomen, soft
tissue or central nervous system?*?*85°” Similarly, NUTMI-rearranged
porocarcinomas arise within the skin*.

For some pathologists and clinicians, the rare (8%) cases of NUT
carcinomaarising in atypical sites®, such as thyroid gland®®**, salivary
gland’®”, kidney?, pancreas’ or bladder™, have reinforced the idea
that NUT carcinoma is not an SCC of the lungs and head and neck, as
evidenced by its lack of classification as such by the WHO'**"872 We
argue that these exceptions should not define all NUT carcinomas. To
this point, conventional SCCs have also been reported in all of these
sites””, yet these exceptions do not disqualify these SCCs as either an
SCCorasacancer of the lungs and head and neck.

The clinical features of NUT carcinoma differ somewhat from
those of conventional SCCs, contributing further toits separate clas-
sification (Table 3). Whereas conventional SCCs typically affects older
males, NUT carcinoma affects younger patients, is equally prevalent
inboth sexes and is more aggressive than conventional SCCs of the
lungs and head and neck. Although conventional SCCs are a more
aggressive form of NSCLC and HNSCCs than non-squamous cancers of

Table 2 | Characteristics of NUTM1-rearranged cancers

Cancer Biological pathway =~ NUTM1fusion Primary organsite Histology Refs.
partner
NUT carcinoma BRD4-NUTM1 BRD4 Lungs, head and neck, other ~ Squamous or poorly differentiated 8,11
tissues carcinoma
BRD3 Lungs, head and neck, other ~ Squamous or poorly differentiated 8,12
tissues carcinoma
NSD3 Lungs, head and neck, other ~ Squamous or poorly differentiated 814
tissues carcinoma
BRD2 Lungs Squamous or poorly differentiated 13
carcinoma
ZNF532 Lungs; head and neck Squamous or poorly differentiated 15
carcinoma
NUTMI1-rearranged sarcomas Derepression of MYC  CIC Central nervous system, Undifferentiated epithelioid sarcoma 150,151
targets (predicted) bone and soft tissue
BCORL1 Bone and soft tissue Undifferentiated epithelioid sarcoma 19
MXD1 Soft tissue Undifferentiated epithelioid sarcoma 19
MXD4 Colon Undifferentiated epithelioid sarcoma 19,65
MGA Lung, soft tissue, dura Spindle cell sarcoma 20,66
NUTM1-rearranged skin cancers Dysregulation of YAP1 Skin adnexa Porocarcinoma 22
HIPPO pathway
NUTMI1-rearranged leukaemias Unknown BRD9 Blood or bone marrow Leukaemia 152
ACIN1 Blood or bone marrow Leukaemia 47152-154
SLC12A6 Blood or bone marrow Leukaemia 153
ZNF618 Blood or bone marrow Leukaemia 153
IKZF1 Blood or bone marrow Leukaemia 153,155
BPTF Blood or bone marrow Leukaemia 156
CUux1 Blood or bone marrow Leukaemia 47
IKZF1 Blood or bone marrow Leukaemia 47
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Table 3 | Characteristics of NUT carcinoma and other squamous cancers

Characteristic Cancer type Refs.
NUT carcinoma Lung SCC* Head and neck SCC*
Median patient age at diagnosis 23.6years (range 1-82years) 73years 53°-66years 8,149,157
Primary organ site Predominantly central lung or head and neck Central lung Head and neck 8,78,158
Aetiology NUTM?1 fusion Tobacco exposure  Alcohol exposure, tobacco 1112,14-16,39
exposure, HPV infection
Female sex 52% 36% 27% 8,159
Median overall survival 6.7 months 10months 20-130°months 8,149,160
Overall survival®  2-year 17% - - 8
3-year - 35.3% - SEER™
5-year - 24.7% 68.5% SEER

HPV, human papillomavirus; SCC, squamous cell carcinoma; SEER, Surveillance, Epidemiology and End Results Program. *Based on SEER data'®". "(HPV-associated'’. “Values for conventional

SCC patients are for those with early stage disease.

thesesites and currently lack targetable drivers, the natural history of
NUT carcinomais more aggressive, withamedian overall survival (OS)
of ~6.5 months®*°, Patients with NUT carcinoma who have relapsed or
arerefractory to treatment typically have a rapid decline in Eastern
Cooperative Oncology Group performance status within a few
weeks, with rapidly rising inflammatory markers and scans revealing
tumours growing quickly or eveninvading into the bone marrow**’s,
Whereas early palliative careisimportantin patients withadvanced-
stage lung or head and neck cancers, itisimperative in patients with
NUT carcinoma to apply symptom-directed therapy and initiate
important goals of care conversations at diagnosis. In the context
of clinical trial eligibility, patients with NUT carcinoma need rapid
accesstothe nextline of therapy if the prior line is ineffective. If maxi-
mum flexibility is not utilized in trial design, strict metrics, including
unnecessarily long washout periods from prior drug exposure or
limitations on use of symptom-directed therapy or other measures to
mitigate toxicity, lead to animpractical eligibility-screen failure rate
and highrate of druginterruptions for patients with NUT carcinoma.
In summary, the current classification of NUT carcinoma as
an entity distinct from SCC arose from a small number of early, non-
representative observations and the distinct aetiology, single
molecular driver, unique epigenetic features and somewhat unique
clinical features of this malignancy. Despite some molecular and clini-
caldistinctions between NUT carcinomas and conventional SCCs, most
evidence argues in favour of classifying NUT carcinoma as an SCC.

Reasons for classifying NUT carcinoma as an SCC
Tissue of origin

NUT carcinomaand conventional SCCs of the lungs and head and neck
arise from overlapping anatomical sites (Table 3), indicating similar tis-
sues of origin. Studies with two genetically engineered mouse models
(GEMMs) of NUT carcinoma (using either a Krt14 or Sox2 promoter to
drive Cre expression) found that NUT carcinoma most commonly arises
in the squamous epithelium of the oesophagus and head and neck**.
Infact, in the Sox2Cre mouse, in situ NUT carcinoma precursor lesions
were identified within the squamous epithelium of the oesopha-
gus, providing histological evidence that NUT carcinoma can arise
from keratinocyte precursors* (Supplementary Fig. 1). When the
NUT carcinoma GEMM was crossed with the NLSCre mouse, thereby
resulting in Cre expression in all tissues, NUT carcinomas arose

in various tissue sites from all germ layers, but the majority arose
within the epithelial lining of head and neck structures, including the
oropharynx and sinonasal regions, mimicking the human disease®.
Although none of these NUT carcinoma GEMMs developed lung
SCC, the very long latency for tumour formation of mouse lung SCC,
as observed in other GEMMs, probably means that tumours formed
in organs such as the oesophagus and skin killed the mice before
lung tumours could develop®™7’.

Pathology

Histologically, NUT carcinoma typically exhibits features of either a
poorly differentiated carcinoma or poorly differentiated SCC5105°
(Fig. 2). Keratinization, a hallmark of squamous differentiation,
is detected in 33-42% of NUT carcinomas®’ (Fig. 2). Immunohisto-
chemically, most NUT carcinomas (85%) express keratins*’, a marker
of epithelial differentiation, and the squamous lineage markers CK5
(71-83%), p63 (87%) and, to a slightly lesser extent, the p63 isoform
p40 (thatis, ANp63; 65-86%)*>7551°53,

GEMMSs of NUT carcinoma demonstrate thatin tumours induced
by BRD4-NUTM], histological and immunohistochemical features of
squamous differentiation are almost universal (Fig. 2), regardless of
the site of origin. In the two known GEMMs of NUT carcinoma, most
exhibit atleast focal keratinization (Fig. 2) andimmunohistochemical
staining for keratin 14 and p63, consistent with a squamous origin*?.
Eventumours at atypicalsites (thatis, the stomach, pancreas or bone)
exhibit both keratinization and immunohistochemical staining con-
sistent with squamous differentiation®. Collectively, the pathological
and immunohistochemical features of both human and mouse NUT
carcinomas are consistent with this tumour being an SCC.

Transcriptomics

Although morphologicalandimmunohistological features might sug-
gest a cell of origin for NUT carcinomas, an unbiased, comprehensive
analysis of the tumour transcriptome is a more rigorous and objec-
tive approach to correctly classify these tumours. Therefore, we per-
formed whole-transcriptome RNA sequencing of human and mouse
NUT carcinoma tumour tissue and tumour-derived cell lines and used
an ensemble convolutional neural network called OTTER* to classify
these samples. Almost all NUT carcinoma samples (89%) co-classified
withhuman squamous NSCLC or HNSCC*. These findings, together with
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the identification of in situ NUT carcinoma in squamous epitheliumin
GEMMs, provide compelling evidence that NUT carcinoma s an SCC.

Molecular drivers and pathogenetic mechanism

Most key mutationally activated molecular drivers of SCCare also dereg-
ulated in NUT carcinoma (Table 4). The proto-oncogenes MYC, TP63
and SOX2 are implicated as key factors driving tumour growth in con-
ventional SCCs* * and are frequently amplified in these cancers*** %,
InNUT carcinomas, the expression of these same proto-oncogenes are
directly upregulated as aresult of epigenetic changesin BRD4-NUTMI1-
associated megadomains®*. BRD4-NUTMI1-associated megadomains
arise from pre-existing enhancers®*; thus, the presence of these aber-
rant transcriptional activating domains at known squamous-lineage
transcription factor genes is further evidence that NUT carcinoma
arises within a squamous precursor cell. The tumour-suppressor
p53is frequently inactivated by missense TPS3 mutations in SCCs®,
or by the E6 protein in HPV-associated SCCs®. In NUT carcinoma,
evidence indicates that p53 is inactivated through sequestration by
BRD4-NUTMI (ref. 96). Another TSG, CDKN2A, encodes both p16™¢**
and p14*%F; p16™“**blocks cell-cycle progression viainhibition of CDK4

and CDK6, whereas p14** inhibits MDM2-mediated degradation of p53.
CDKN2Ais frequently mutationally inactivated in SCC. Similarly, cyclin
D1 (encoded by CCNDI), which phosphorylates and inactivates the
tumour-suppressor RB1, afunction that depends on cyclin D1binding
to CDK4 and CDKS6, is often amplified in conventional SCC, attesting to
theimportance of these componentsincell-cycle progression. InNUT
carcinoma, the CDK4/CDK6-cyclin D1-RB1 axisis also perturbed, but
viaepigeneticsilencing (H3K27 methylation) by EZH2, which represses
transcription of CDKN2A and thereby reducing the levels of the CDK4/
CDKG6 inhibitor p16™*** and the MDM2 inhibitor p14*¥ (ref. 6). EZH2
also maintains keratinocyte stemness and proliferation via repres-
sion of CDKN2A”. Moreover, EZH2is often mutated in SCCs’ and EZH2
upregulation is associated with malignant progression in lung and
cutaneous SCC™,

The other major driving genetic alterations in SCC for which a
role in NUT carcinoma remains an open question involve the amplifi-
cation or mutational activation of EGFR, FGFR and PI3K, which results
in the activation of receptor tyrosine kinase (RTK) signalling'*®°2,
Although the role of RTK signalling in the growth of NUT carcinoma
remains to be clarified, activating RTK signalling by transgenic

a Smoking-related lung b
NUT carcinoma (mouse)

Keratinizing

Non-keratinizing

NUTM1 IHC
S0P Mk >

e

Fig. 2| Overlapping histopathological and imaging features of NUT carcinoma
and other SCCs. a, Keratinizing squamous cell carcinomas (SCCs; top row)
demonstrate focal areas of keratinocytic differentiation characterized by
accumulation of eosinophilic cytoplasmic keratin (arrows). Non-keratinizing
SCCs (middle row) lack such areas of keratinocytic differentiation. The tissue
sectionsin the top and middle rows are stained with haematoxylin and eosin.
Immunohistochemical staining for NUT (NUT immunohistochemistry (IHC);
bottom row) highlights BRD4-NUT protein within nuclei of NUT carcinoma cells.
Inthe context of atumour with a carcinoma histology, diffuse (>50% of nuclei)

sguamous carcinoma

NUT carcinoma (human)

positive for nuclear staining by NUT IHC is 100% specific for the diagnosis of NUT
carcinoma. Scale bars, 50 pm. b, Chest CT (top and middle) and PET (bottom) scans
of NUT carcinoma demonstrating fluorodeoxyglucose-avid disease (bottom)
consisting of alung mass with associated bronchial narrowing, post-obstructive
atelectasis and bulky thoracic adenopathy. This presentation appears similar

to that of aconventional SCC of the lungs or a poorly differentiated non-small-
celllung cancer. Part a, photomicrographs of keratinizing and non-keratinizing
mouse and human NUT carcinoma, adapted with permission fromref. 4, American
Association for Cancer Research.
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Table 4| Common molecular aberrations in conventional squamous cell carcinomas® and NUT carcinoma

Gene Aberration in non-NC squamous cell carcinomas Aberrationin NC Refs.
TP53 Missense mutations, inhibition by E6 and E7 viral proteins ~ Sequestration in BRD4-NUTM1 megadomains, epigenetic 6,94-96
downregulation of p14*% by EZH2
CDKN2A Loss-of-function mutations Epigenetic silencing by EZH2 3,6,98,99
MYC Amplified Epigenetic upregulation by BRD4-NUT 5,54,90,162,163
TP63 Amplified Epigenetic upregulation by BRD4-NUT 54,92,164,165
SOX2 Amplified Epigenetic upregulation by BRD4-NUT 7,54,89,93,166,167
CCND1 Amplified Epigenetic downregulation of p16™*** by EZH2 6,90,168
EGFR, FGFRand PI3K  Amplified and/or activating mutations Unknown 102,168-170
EZH2 Upregulated Upregulated 6,62,98,99

*Reviewed elsewhere®.

expression of ERBB2 (encoding the EGFR family member HER2) or
PIK3CA (encoding the catalytic subunit of PI3K) confers a consider-
able growth advantage to NUT carcinoma cells in the presence of
BET inhibitors'®.

Therefore, apart from the presence of a NUT fusion oncoprotein,
the oncogenic pathways (that is, oncogene activation and TSG inacti-
vation) in NUT carcinoma completely overlap with those described in
conventional SCC (Supplementary Fig. 2). The striking convergence in
molecularalterationsin NUT carcinoma and conventional SCC suggests
thatin NUT carcinoma, alternative epigenetic mechanisms activate and
inactivate major pro-growth and tumour-suppressive factors impli-
cated in SCC pathogenesis. In essence, BRD-NUTMI fusions provide a
shortcut to SCC without the need for years of accumulated mutations
orinfectionby HPV.

Experimental evidence

Long before transcriptomic profiling provided evidence for classifying
NUT carcinoma as an SCC, it was established that BRD-NUTMI fusion
oncoproteins maintain tumour growth by preventing differentia-
tion of NUT carcinoma cells. In vitro experiments using human NUT
carcinoma-derived cell lines showed that small interfering RNA medi-
ated knockdown of any of the major BRD-NUTMI1 fusions, including
NUTMI fusions with BRD4 (refs. 5,12), BRD3 (ref.12), NSD3 (ref. 14) or
ZNF532 (ref. 15), induces squamous differentiation of these cell lines.
The same observation has also been made in GEMM-derived NUT car-
cinomacelllines*.Infact, direct inhibition of BRD-NUTM1 fusions with
BET inhibitors>'**'*, or pharmacological or genetic perturbation of key
pathway components (that is, MYC®, SOX2 (ref. 7), NSD3 (ref. 14), PVT1
(ref.54), MED24 (ref. 54) or p300 (refs.105,106)) induces squamous dif-
ferentiation of NUT carcinomacelllines. In all these studies, the keratino-
cyte differentiation was determined based on morphological changes
(flattening, stratification and enlargement of cells),immunohistochemi-
calchanges (expression of the terminal squamous differentiation marker
involucrinor keratin14) and transcriptomic changes (induction of epi-
dermal development programmes). Similarly, small-moleculeinhibition
of EZH1and/or EZH2 methyltransferase activity alsoleads to squamous
differentiation of NUT carcinoma cells, which is greatly augmented when
both BRD-NUT and EZH1/EZH2 are co-inhibited®.

Theinduction of squamous differentiation of NUT carcinoma cells
through BRD-NUTMI1 or PRC2/EZH pathway inhibition supports
the idea that this cancer is of squamous lineage, but alone does not
provide definitive evidence because lineage commitment during

differentiation does not define the lineage of the undifferentiated
progenitor cells. For example, depending on growth conditions,
mouse embryonic stem cell lines can differentiate along a single cell
lineage'*”'%%, evenif the progenitor cells are pluripotent and not com-
mitted toaspecificlineage. Moreover, numerous real-world examples
exist of non-squamous-origin tumours in humans that frequently dis-
play squamous differentiation, including, among others, endometrial
adenocarcinomas, adamantinoma-like Ewing sarcomas and small-cell
carcinomas. However, although the final differentiated cell type does
not confirm the cell of origin, the preponderance of data together
with the ability to induce squamous differentiation by inhibiting
NUTMLI fusions are further evidence that strongly imply that NUT
carcinomaisan SCC.

Clinical features

Although NUT carcinoma can be markedly more aggressive than
conventional SCC, NUT carcinoma still shares several important
similarities with squamous NSCLC and HNSCC. Radiographically,
NUT carcinomas seem indistinguishable from squamous NSCLC and
HNSCCs**’®, Pulmonary NUT carcinoma often presents as a bulky
mediastinal and/or hilar mass with associated lymphadenopathy and
effusions’®'%” (Fig. 2). The clinical presentation of NUT carcinomas is
also similar to that of conventional squamous NSCLC and HNSCCs.
Patients often present with a cough or post-obstructive pneumonia.
NUT carcinomaofthe head and neck typically presents withamassin
the sinonasal tract"*™ with accompanying swelling, congestion and
sometimes even epistaxis'”.

Common sites of metastasis of NUT carcinomainclude bone and
liver’, whereas metastases are rarely seen in the central nervous system
at diagnosis. This pattern of organotropism is similar to that of SCCs
ofthe lung and head and neck.

In addition, NUT carcinoma, when responsive to chemotherapy,
tends to respond to SCC-targeted regimens such as platinum-based
chemotherapy and concurrent chemotherapy with radiotherapy®"*"*,
These clinical parallels further justify classifying NUT carcinoma as
anSCC.

Treatment

Conventional treatment approaches. As NUT carcinoma has been
classified as a standalone entity, and not as a subset of SCC or even
sometimes not as a lung or head and neck cancer, treatments recom-
mended by oncologists in academic and non-academic institutions
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have been heterogeneous. Chemotherapy combinations vary from
sarcoma regimens (for example, the Scandinavian Sarcoma Group
(SSG) IX regimen for Ewing sarcoma or other ifosfamide-based regi-
mens) 1151 to small-cell carcinoma regimens (etoposide and
platinum)®, to lymphoma regimens (ifosfamide, carboplatin and
etoposide)"®, to combinations typically used in conventional SCCs
(thatis, taxane and platinum)®>""*, The wide variation in treatment for
NUT carcinomaand the lack of ownership by a subset of the oncology
community (for example, thoracic and head and neck oncologists) has
maderigorous retrospective statistical comparisons between different
regimens challenging, posing amajor obstacle to understanding which
specific treatments are most effective for NUT carcinoma, thereby
limiting the development of treatment guidelines for thisrare disease.

We believe that effective and expeditious development of best
practices for treating NUT carcinoma begins with reclassifying it as
an SCC, a cancer type with which oncologists are very familiar. This
reclassification will provide a starting point for oncologists to begin
treating NUT carcinoma consistently using SCCregimens. Several case
reports and series demonstrating partial or complete responses of
NUT carcinoma to SCC-type chemotherapy regimens suggest that this
approach is a reasonable first-line treatment for most cases of NUT
carcinoma®>"*1 (Box 1). Although several case reports demonstrate
that ifosfamide-based regimens similar to those used to treat Ewing
sarcoma can lead to durable complete responses in patients with NUT
carcinoma, inall these cases the patients were younger than 18 years old
and most had non-metastatic disease*>">"'°, Inaddition, aretrospective
analysis comparing ifosfamide-based and platinum-based regimens
in patients with NUT carcinoma found that the objective response
rate and disease-free survival were only slightly better in patients with
non-metastaticNUT carcinomawho received ifosfamide-based therapy
than those who received platinum-based therapy, with no significant
difference in OS between the two groups’. Moreover, no difference
was seenin progression-free survival or OS in patients presenting with
metastatic disease’. Patients who were alive longer than 3 years also had
amix of platinum-based and ifosfamide-based treatment’.

Ifosfamide has a less-favourable toxicity profile than platinum-
based chemotherapy, with adverse effects unique to ifosfamide includ-
ing neurotoxicity and haemorrhagic cystitis. Indeed, ifosfamide-based
therapy is not generally administered to patients older than 40 years
of age with any cancer, which encompasses most patients with con-
ventional SCC'*°, owing to adverse effects and unclear efficacy. There-
fore, treating clinicians typically consider ifosfamide-based therapy
only for younger and healthier individuals, which introduces abiasin
favour of good outcomes with ifosfamide regimens in retrospective
analyses''. Despite this advantage, the aforementioned retrospec-
tive study’ did not find a signal of superiority of ifosfamide-based
therapy over platinum-based regimens in adults with metastatic dis-
ease. Although prospective studies testing different chemotherapy
regimens in NUT carcinoma are yet to be performed, owing to the
difficulty of randomizing patients in a highly aggressive disease with
aconsiderable screen failure rate, this retrospective analysis suggests
that ifosfamide is not more effective than platinum-based therapy in
adult patients. Taken together, these data strongly suggest that patients
with advanced-stage disease should be spared fromthe toxicities asso-
ciated withifosfamide-based therapy. Insummary, by classifying NUT
carcinoma as an SCC, adult patients are unlikely to be missing out on
any benefit fromreceiving ifosfamide-based regimens.

Asfor SCC,immune-checkpoint inhibitors (ICIs) might also have a
roleinthe treatment of asubset of NUT carcinomas. A quarter of NUT

carcinomas are positive for PD-L1 expression, and a few case reports
indicate a potential clinical benefit using ICIs alone or combined with
chemotherapy in select patients®”**"*!227135 (Box 1). Platinum-based
chemotherapy combined withIClsis already approved for squamous
NSCLC and HNSCGC, so classifying NUT carcinoma as an SCC of these
sites would provide patients with more consistent upfront access to
ICI-based regimens, which might be important considering many
patients with this highly aggressive cancer are ultimately unable to
receive second-line therapy owing to rapid functional decline.
Treatment of NUT carcinoma should therefore be designed to
addressits squamous biology. Although treatment based on histology

Box 1| Treatment approaches for
NUT carcinoma

Conventional approaches
Initial treatment of NUT carcinoma in adults should be similar to
that of conventional squamous cell carcinomas (SCCs), including
combined taxane and platinum-based chemotherapy (such as
paclitaxel and carboplatin) with or without an immune-checkpoint
inhibitor (such as an anti-PD-1 antibody)
¢ No difference in overall survival (OS) when comparing
platinum-based regimens with ifosfamide-based regimens in
patients with metastatic or non-metastatic NUT carcinoma®°
¢ No difference in progression-free survival in metastatic
NUT carcinoma when comparing platinum-based with
ifosfamide-based regimens®
e Initial treatment of adults with non-metastatic NUT carcinoma
with ifosfamide-based regimens might improve progression-free
survival but not 0S%*°
o Initial treatment of paediatric patients with non-metastatic NUT
carcinoma with ifosfamide-based regimens might improve OS in
some patients
e Several case reports have described durable complete responses
using Ewing SSG IX regimen*"">""® in paediatric patients with
non-metastatic NUT carcinoma
¢ Role of immune-checkpoint inhibitors is not established,
but case reports suggest this approach might benefit some
patients®®

Approaches under investigation

e Monotherapy using agents directly targeting BRD4-NUTM1
(that is, bromodomain and extraterminal domain (BET) inhibitors)
showed modest activity

e Clinical experience indicates that monotherapy with BET
inhibitors has limited efficacy, probably owing to a narrow
therapeutic window!'? %

e Combination of BET inhibitors with other targeted or
chemotherapeutic agents (for example, EZH2 or CDK4/6
inhibitors) will improve efficacy by co-targeting other NUT
carcinoma dependencies®'®®

o Histone deacetylase inhibitors, alone and combined with
chemotherapy, have demonstrated activity in patients with
NUT carcinoma'”""”

e NUT carcinoma might be a paradigm that can aid in identification
of targets for therapy in conventional SCC
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rather than the unique molecular biology of this malignancy seems
counterintuitive, small-molecule inhibitors that are being evaluated
for the treatment of NUT carcinoma are in early clinical development
(phaselorlltrials), and therefore the trials are not designed to assess
these inhibitors as first-line treatments. Consistent use of SCC treat-
ment regimens in the context of existing, rational medical oncology
diagnosticand treatment frameworks for thoracic and head and neck
cancerswillgenerate greater recognition, familiarity and consistencyin
treatment of NUT carcinomas, which will facilitate meaningful analysis
of outcomes data to identify the most effective regimens. Thisimpor-
tant starting point of situating NUT carcinoma within a highly active,
robust drug development oncology community is a key initial step to
further refine and optimize treatments for this cancer.

Novel treatment approaches under investigation. Preclinical stud-
iesinvivoandinvitro haveidentified molecular vulnerabilities of NUT
carcinoma, beginning with the BET oncoproteins encoded by NUT car-
cinoma fusions. NUT carcinomais considered the index cancer for BET
inhibition (Box 1); BET inhibitors competitively inhibit binding of BET
protein bromodomains to chromatin'®. As all NUTMI fusion partners
encode proteins that normally bind to BRD4 and are core members of the
BRD4-NUTMI1 complex, BET inhibitors target NUT carcinoma fusions
of all types, including BRD4-NUTM1, BRD3-NUTM1, NSD3-NUTM]1,
BRD2-NUTM]I, ZNF532-NUTM1and ZNF592-NUTMI (refs. 14,15,104).

Subsequent studies revealed that BRD-NUTM1does not actalone,
but cooperates with the repression by EZH2 of TSGs that block the
RB1-CDK2/CDK4/CDK6-cyclinD1axis, whichfurther promotes cell-cycle
progression®'®® (Fig. 1c). Indeed, co-inhibition of EZH2 and BRD-NUTM],
or of CDK4/CDK6 and BRD-NUTML, is highly synergistic in inhibiting
tumour growth, even causing tumour regression'®® and durable complete
responses inmice®.Inaddition, p300 recruitment by NUT is essential for
super-enhancer formation by BRD-NUTMI; co-inhibition of p300 and
BRD-NUTMIL is also synergistic at inhibiting tumour growth, although
less so than the aforementioned inhibitor combinations'®>'°¢%¢,

These preclinical studies provided the rationale for clinical inves-
tigation of small-molecule inhibitorsin patients with NUT carcinoma.
Thefirst-in-humantrials of BET inhibitor monotherapy were performed
in patients with NUT carcinoma and demonstrated on-target activity
of four different BET inhibitors, although with only modest clinical
benefit (objective response rate of 21-33%, progression-free survival
<3 months for most patients) owing, in part, to adverse effects such as
thrombocytopenia, leading to dose interruptions and reductions "%,

Onthe basis of these results, as well as preclinical dataindicating
that BET inhibition alone does not fully address NUT carcinomabiology
and/or has a therapeutic window that is too narrow, new trials using
rational combinations with BET inhibitors have emerged, including
BET inhibitors with the CDK4/6 inhibitor abemaciclib (NCT05372640)
or with chemotherapy (etoposide and cisplatin; NCT05019716).
Another promising strategy that is superior to BET inhibition alone
in preclinical models is the use of a dual bromodomain inhibitor that
targets the bromodomains of BET proteins and of p300 (NEO2734/
EP316740; NCT05488548)'*. If tolerated, these combinations might
have improved activity over BET inhibitor monotherapy, paving the
way for further clinical development.

Itisimportant to understand that epigenetic mechanisms are fun-
damental not only in NUT carcinoma, but also in non-NUT carcinoma
SCCs®°*. However, at least in part because NUT carcinomas are not
classified as SCCs, SCCs have typically not beenincludedinclinical trials
using BET inhibitors, despite the presence of epigenetic alterations

and preclinical evidence suggesting that BET inhibitors might provide
atractable treatment strategy'> >, Consequently, the relative onco-
genic role and clinical therapeutic targeting of BET proteins remain
under-investigated in SCC, thus re-enforcingits separate classification
from NUT carcinoma.

Apart from novel small-molecule inhibitors and combination
approaches, published case reports suggest that occasionally patients
with NUT carcinoma, such as those with conventional SCC, benefit
from ICl-based treatment (as discussed above). Another modality
isthe oncolytic virus talimogene laherparepvec (T-VEC), which canlyse
tumour cells while stimulatinganimmune response to newly presented
tumour-associated antigens®. NUT carcinoma cells are sensitive to
T-VEC infection and lysis"®. Combining T-VEC with chemotherapy and
pembrolizumab resulted inadurable partial response ina patient with
NUT carcinoma™, and experimental evidence indicates that T-VEC
can combine favourably with small-molecule inhibitorsinkilling NUT
carcinoma cells™.

Given the overlap between key oncogenic components of NUT
carcinomaand SCC, progressin understanding their rolein NUT carci-
noma will advance the biological understanding of conventional SCCs.
Furthermore, targeted vulnerabilitiesin NUT carcinoma will probably
alsobeapplicableto treatment of conventional SCCs. Reclassification
of NUT carcinomaas an SCC will facilitate further investigation of these
possibilities.

The case for and against reclassifying

NUT carcinoma

Although differences exist between NUT carcinoma and conventional
SCC, reclassifying NUT carcinoma as an SCC has clear advantages in
light of emerging data regarding the biology and natural history of
NUT carcinoma. Here, we summarize the arguments for and against
reclassifying NUT carcinoma as an SCC (Table 1).

Biology
The many biological disparities between NUT carcinoma and con-
ventional SCC include differences in aetiology, molecular drivers,
pathogenetic mechanism and epigenetic profile; however, every bio-
logical difference arguing against reclassifying NUT carcinoma can be
countered by compelling evidence in favour of classifying it as an SCC
(Table 1). Although the pathogenesis of conventional SCC is driven by
mutation-induced oncogenic drivers or virus-induced inactivation of
tumour-suppressor proteins, these same oncogenicdriversand TSGs are
activated and deactivated, respectively,inNUT carcinomaby epigenetic
mechanisms —an example of convergent evolution. Even the aetiology
of conventional SCCsis not consistently environmental (that is, tobacco
exposure or viral infection); a subset of confirmed squamous NSCLCs
and HNSCCs, similarly to NUT carcinoma, are driven by fusion onco-
genes (forexample, FGFR3-TACC3 (refs.141,142) and DEK-AFF2 (ref. 143)).
Incidentally, this fact argues in favour of an additional subcategory of
SCCscharacterized by oncogene drivers. Finally, three characteristics of
NUT carcinoma provide powerful evidence that this entity is biologically
an SCC (Table 1), namely origin from squamous epithelium in mouse
models, transcriptomic co-classification with HNSCC and squamous
NSCLC, and experimental induction of squamous differentiation.
Some features of NUT carcinoma, including young age at presenta-
tionand poorly differentiated tumour morphology and aggressive behav-
iour, recall features of embryonal-type, undifferentiated tumours, such
asEwing sarcoma, neuroblastomaor germ cell tumours. However, experi-
mental findings from GEMMs, transcriptomics and epigenetic studies
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demonstrate that BRD4-NUTMI1induces epigenetic blockade of differ-
entiation of epithelial precursor cells that mimics the mutagen-driven
molecular oncogenic pathways driving conventional SCC. In fact, the
transcriptomics-based clustering of NUT carcinomas with SCCs of the
lungs and head and neck, and not with blastomas of childhood, argues
strongly against NUT carcinomas being embryonal tumours.

Oneortwo featuresaloneare not sufficient rationale for reclassifica-
tion of NUT carcinomaas an SCC or for retaining its status asastandalone
entity. An existing exampleis HPV-associated HNSCC, which is morpho-
logically different and less aggressive clinically than tobacco-associated
SCC, and is not mutationally driven like tobacco-associated SCC, yet
remainsasubtype of SCC. We believe that the sum of evidence, including
anatomical, histological,immunohistochemical, molecular, transcrip-
tomic, epigenetic and cell of origin, supports NUT carcinoma as being
biologically an SCC.

Pathology

Morphologically and immunohistochemically, NUT carcinoma falls
withinthe poorly differentiated SCC spectrum, although with some dif-
ferences, including monomorphismandfocal, ‘abrupt’keratinization®****
(Fig. 2). The pleomorphism that can occur in tobacco-related SCC is
distinctly lacking in NUT carcinoma, which might be related to the
absence of genomic instability thatis characteristic of tobacco-related
SCCandis linked to important aetiological and biological differences.
However, these differences are also seen between HPV-related and
tobacco-related SCCs. Infact, the characteristic basaloid morphology'*
and fociof abruptkeratinization'*® of HPV-associated SCCis quite similar
to the morphology often observed in NUT carcinoma of the head and
neck.Insummary, although histopathological differences exist between
NUT carcinomaand tobacco-associated SCC, when HPV-associated SCC
isconsidered, NUT carcinomais within the morphological spectrum of
poorly differentiated SCC.

Classification as a site-specific SCC

The majority (92%) of NUT carcinomas occur in thoracic and head
and neck sites®. Among thoracic primary tumours, the majority are
probably of pulmonary origin and an unknown but probably small
proportion arise in the thymus'”*¢, Although the uncommon occur-
rence of NUT carcinomaoutside of the lungs and head and neck raises
the question of whether classifying NUT carcinoma as an HNSCC and
squamous NSCLC is too restrictive, it isimportant to recognize that
this rare origin outside of the lungs and head and neck does not pre-
clude classification as a NUT carcinoma arising in other sites. This
classification is not unlike that for existing cancers that rarely occur
atanother site. Forexample, malignant pleural mesotheliomacanalso
infrequently arise in the peritoneum, pericardium and testis. In the
same way, NUT carcinomashould be classified as a subtype of HNSCC
and squamous NSCLC whenitoccursinthesesites, but whenit occurs
elsewhere, should be categorized asaNUT carcinoma of the other site
(for example, NUT carcinoma of the kidney or thyroid).

Treatment

The presentation of NUT carcinomais similarin many important ways to
squamous NSCLC and HNSCC, including clinical presentation, anatomical
site of origin and organotropism, but differsin two important aspects —
aggressive behaviour and occurrencein patients withayounger median
age (23.6 years®versus 53-73 years'*) (Table 3). A potential risk of classify-
ingNUT carcinoma as asubtype of SCCis that it might not be diagnosed
andtreated with the needed urgency. However, the increased awareness

of NUT carcinomathat would result from formal recognition by the lung
and head and neck cancer community, a global multidisciplinary com-
munity familiar with fusion-driven cancers with distinct treatment para-
digms (for example, ALK, ROS1, RET and NTRK fusions), will probably
hasten rather than delay diagnosis and thus treatment. With improved
rapid diagnosis, a greater number of patients with NUT carcinoma will
be well enough to enrolin investigational trials of treatments targeting
BRD4-NUTMI or of other novel strategies. The knowledge that conven-
tional treatment of adult NUT carcinoma using SCC-type chemotherapy is
moreappropriate and better tolerated than Ewing sarcoma-like regimens
willincrease the confidence of physicians managing NUT carcinomaand
improve the diagnosis-to-treatment lag time.

A lingering concern relates to a lack of sufficient evidence that
SCC-type treatment regimens used in adults with NUT carcinoma
is appropriate for paediatric NUT carcinoma. At least four case
reports describe long-term complete responses or cures with the
ifosfamide-based, Ewing SSG IX regimen in paediatric patients with
localized NUT carcinoma*>">"®, Such remarkable responses have not
been described using SCC regimens in this patient population, sug-
gesting that treatment of paediatric patients with non-metastatic NUT
carcinoma needs further consideration. A potential concern is that
classifying NUT carcinoma as a subtype of SCC in this group might
lead oncologists to treat paediatric NUT carcinoma with squamous
chemotherapy regimens. We argue that any treatment differences in
this population arelikely toreflect host differences and not differences
inthe underlying disease itself. Specifically, paediatric patients without
other comorbidities might tolerate moreintensive regimenssuchasthe
SSGIXregimenthatanolder patients might not tolerate sowell. Thus,
rather than considering paediatric NUT carcinoma as a standalone
entity, paediatric NUT carcinoma should be recognized as an SCC.

Conclusions

NUT carcinomais currently classified asa poorly differentiated carcinoma
with NUTMI rearrangement. Despite arising predominantly in the lungs
and head and neck, various factors have contributed to NUT carcinoma
not being classified as a NSCLC or HNSCC. However, multiple lines of
evidence support theideathat NUT carcinomais an SCC.

The current classification of NUT carcinoma as a separate entity
rather thanasubset of SCChasled to varied and inconsistent treatment
approaches, highlighting the need for reclassification to optimize and
standardize therapeutic strategies. Furthermore, this classification con-
tributestoalack of awareness amongoncologists about NUT carcinoma.
This knowledge gap results in insufficient diagnostic testing, compro-
mising care for patients who might miss the opportunity to participate
ininvestigational trials from which they can potentially benefit.

Furthermore, the current classification represents a missed
opportunity for advancing research and developing new therapeu-
tic approaches. NUT carcinomas have been shown to respond to BET
bromodomain targeted therapy in clinical trials and combining EZH2
inhibition or CDK4/6 inhibition with BET inhibitors leads to profound
synergistic growth inhibition of NUT carcinoma in preclinical studies.
Given that MYC, EZH2 and CDK4/6 are important drivers of squamous
cancer, therapeutic progressininhibiting these factorsinNUT carcinoma
can possibly have broader applicability to conventional SCCs. For this
reason, itis crucialthat NUT carcinomais correctly diagnosed tofacilitate
enrolment of patients in the several ongoing clinical trials. Conversely,
if NUT carcinoma is reclassified as an SCC, newly diagnosed patients
with NUT carcinoma might benefit from a standard-of-care approach
for conventional SCC.
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On the basis of the findings discussed herein, we propose consid-
eration of the following changes to the WHO classification of lung and
head and neck tumours. We propose to make the following changes to
the sixth edition of Thoracic Tumoursbased on the current fifth edition™.
Within the chapter entitled, “Tumours of the Lung”, we suggest that the
“NUT carcinomaof the lung”*® subsection of “Other Epithelial Tumours”
beremoved. Instead, we propose the inclusion of another, new subsec-
tionentitled “NUT carcinoma”, added to the “Squamous cell carcinomas”
section, alongside the subsections “Squamous cell carcinoma” and
“Lymphoepithelial carcinoma”. The NUT carcinoma subsection under
“Thymic carcinoma”'® can remain or be subsumed as a subcategory of
“Squamous cell carcinoma” within “Thymic carcinoma”. Furthermore,
inthe nextedition of the Classification of Head and Neck Tumours (sixth
edition) the following changes could be made compared with the fifth
edition®®: within the chapter entitled, “Nasal, paranasal and skull-based
tumours”, we propose adding “NUT carcinoma” as a subsection to
“Non-keratinizing squamous cell carcinoma” within the “Carcinomas”
section.Importantly,around10% of NUT carcinomas arise in sites outside
of thethoraxand head and neck, sowe propose that NUT carcinomasaris-
inginthesesites (for example, kidney, skin, or thyroid), remain withina
standalone subcategory of “NUT carcinoma” in their respective sections
inthe WHO classification of tumours. The current fifth edition of WHO
Paediatric Tumoursonly lists NUT carcinoma, next to “nasopharyngeal
carcinoma”, within the “Head and Neck Tumours” chapter in a section
entitled, “Malignant tumours””>. We suggest that anew subsection called
“Squamous cell carcinoma” be created within “Malignant tumours”,
under which “nasopharyngeal carcinoma” and “NUT carcinoma” can
be listed. NUT carcinoma is not listed as a subtype in the “Thoracic
tumours” chapter. We propose that it be added as a subsection of the
“Lung tumours” section. Given that squamous cell carcinoma is not
currently listed as alung tumour subtype of paediatric tumours, it may
be premature to create this as anew subsection if NUT carcinomais the
only type of squamous cancer listed. Instead, NUT carcinomashould be
described as an SCCin the text of this new subsection.
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