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Abstract: Nuclear protein of testis (NUT), a protein product of the NUTM1 gene (located on the long
arm of chromosome 15) with highly restricted physiologic expression in post-meiotic spermatids,
is the oncogenic driver of a group of emerging neoplasms when fused with genes involved in
transcription regulation. Although initially identified in a group of lethal midline carcinomas in
which NUT forms fusion proteins with bromodomain proteins, NUTM1-rearrangement has since
been identified in tumors at non-midline locations, with non-bromodomain partners and with
varied morphology. The histologic features of these tumors have also expanded to include sarcoma,
skin adnexal tumors, and hematologic malignancies that harbor various fusion partners and are
associated with markedly different clinical courses varying from benign to malignant. Most of these
tumors have nondescript primitive morphology and therefore should be routinely considered in
any undifferentiated neoplasm. The diagnosis is facilitated by the immunohistochemical use of the
monoclonal C52 antibody, fluorescence in situ hybridization (FISH), and, recently, RNA-sequencing.
The pathogenesis is believed to be altered expression of oncogenes or tumor suppressor genes by
NUT-mediated genome-wide histone modification. NUTM1-rearranged neoplasms respond poorly
to classical chemotherapy and radiation therapy. Targeted therapies such as bromodomain and
extraterminal domain inhibitor (BETi) therapy are being developed. This current review provides an
update on NUTM1-rearranged neoplasms, focusing on the correlation between basic sciences and
clinical aspects.
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1. Introduction

Ectopic expression of nuclear protein in testis (NUT), normally only expressed in the
testis and ciliary ganglion [1], by gene fusions, characterizes a heterogeneous group of
neoplasms [2]. What is now known as NUT carcinoma, the prototype of this group of
neoplasms, was first discovered in 1991 as carcinoma with chromosomal translocation
t(15:19) in two independent cases of presumed thymic primary [3,4]. A series of poorly
differentiated upper respiratory tract carcinoma cases harboring the same translocation was
described after that, all occurring in young patients with an aggressive clinical course [5–7].
The landmark discovery of the BRD4-NUTM1 fusion gene in two independent cell lines
derived from these carcinomas in 2003 provided for the genetic causality [8], which was
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further corroborated by functional characterization of NUTM1 fusions such as BRD4-
NUTM1 [9], BRD3-NUTM1 [9], and NSD3-NUTM1 [10], and genomic sequencing showing
a low tumor mutational burden (TMB) and lack of other oncogenic drivers [11].

The diagnosis of NUT carcinoma is affected by a nonspecific clinical presentation,
histology, and immunoprofile. The initially described histologic feature of so-called “abrupt
keratinization”, first described in relation to this group of tumors by Stelow et al. [12],
although neither sensitive nor specific, has served as a clue to the histopathologic diagnosis.
However, this clue is absent in two-thirds of the cases where NUT carcinoma is instead
presented as undifferentiated carcinoma with nondescript histology [11]. Furthermore,
this so-called abrupt keratinization can be seen in essentially any variant of squamous
carcinoma in addition to other tumors. In addition, many non-midline cases have been
reported, and some of them in soft tissue and visceral sites [13]. The correct diagnosis,
therefore, relies on a strong clinical suspicion and immunohistochemical demonstration
of NUT overexpression using a specific C52 NUT antibody or the presence of NUTM1
rearrangement by fluorescence in situ hybridization or a sequencing method. It is also
important to note that a subset of poroid adnexal skin tumors, including poroma and
porocarcinoma, harbors NUTM1-rearrangement [14] and should be excluded before a
diagnosis of NUT carcinoma is made on a skin-based tumor.

NUT carcinomas have been associated with varied survival. The survival analysis, fa-
cilitated by the NUT midline carcinoma registry (https://nmcregistry.org/), demonstrated
dependence on fusion partners and tumor location [11]. Conventional chemoradiation
therapy is of limited value for patients with NUT carcinomas [15]. The new hope lies
in therapies targeting functions of fusion partners through inhibiting DNA binding by
bromodomain and extraterminal domain inhibitor (BETi) [16] or downstream histone
modification by NUT (histone deacetylase inhibitor (HDACi)) [17].

Recently, NUTM1-rearrangement has been identified in two other major types of neo-
plasms: hematologic malignancies and sarcomas. Up to 5% of infant acute lymphoblastic
leukemia harbors NUTM1-rearrangement and appears to have a better prognosis [18].
The incidence and clinical course of NUTM1-rearranged sarcomas are presently unclear
due to the small number of described cases [19–22]. However, the growing availability
of comprehensive detection methods (e.g., RNA-seq) and emerging targeted therapies
underline the importance of accurate diagnosis and identification of this group of emerging
neoplasms. As in the oncology of other organ sites, knowledge of the specific fusion partner
is often critical in selecting the appropriate therapy.

2. Clinical Aspects

NUT carcinoma can occur at any age. The median age at diagnosis is 23 years [11,23].
The reported earliest age of onset was in a newborn [24] and the oldest was in an 81.7-
year-old [25]. No gender preference has been demonstrated [11]. It appears to afflict
people worldwide [26,27]. No predisposing factor has been identified so far. Neither
infectious etiology, including HPV [28] and EBV [27], nor environmental factors, including
smoking [29], have been associated with NUT carcinoma. Initially discovered in the midline
organs and hence named “NUT midline carcinoma” [30], NUT carcinoma has since been
diagnosed in many non-midline organs [11,23]. The most common location is the lung
(approximately half of the cases) followed by head and neck (one-third) [11,23]. Rare cases
have been reported in the salivary glands [31,32], lacrimal sac [33], thymus, bladder [34],
thyroid [35], liver/pancreas [24], brain, stomach, kidney [13], bone, and soft tissue [13].
The prevalence of NUT carcinoma is unknown. It was reported to account for 7% of
poorly/undifferentiated carcinomas (PC/UCs) in children and young adults [30], up
to 20% of PC/UCs in the upper aerodigestive tract (when EBV-associated tumors were
excluded) [12], 12.5% of PC/UCs in the sinonasal tract [36] (with greater than 50% of
sinonasal UCs in patients younger than 50 years reclassified as NUT carcinoma [37]),
and 3.5% of PC/UCs in the mediastinum [38]. Only one NUT carcinoma was identified in
148 thymic epithelial tumors (including carcinomas and thymomas) in one report [39].

https://nmcregistry.org/


Curr. Oncol. 2021, 28 4487

Other than mass lesions with local destruction and lymphadenopathy, there are no
specific imaging findings [40]. Clinical symptoms and laboratory findings are nonspecific
depending on the organs involved. However, it should be noted that elevated serum
α-fetoprotein has been reported and may cause confusion with germ cell tumors or hep-
atocellular carcinoma [41]. The tumor is rapidly progressive with a 6.5-month median
survival [11]. The majority of patients present with unresectable disease due to lymph
node and/or organ metastasis [11]. A recent analysis of 124 patients from the NUT midline
carcinoma registry demonstrated that prognosis depends on location and fusion part-
ners [11]; thoracic tumors have the worst prognosis regardless of the translocation, with a
median overall survival of only 4.4 months. They are more likely to have metastasis, larger
tumor size (greater than 6 cm), and least likely to have undergone a complete surgical
resection with no residual disease. The non-thoracic tumors harboring non-BRD4-NUTM1
(i.e., BRD3-NUTM1 and NSD3-NUTM1) have the best prognosis, with a median survival
of 36.5 months. The non-thoracic tumors harboring BRD4-NUTM1 have an intermediate
prognosis with a median overall survival of 10 months. Other prognostic factors, including
metastasis and treatment, significant in univariate analysis, were not significant in multi-
variate analysis. It should be noted that not all NUTM1-rearranged tumors are malignant.
Poroma is a benign skin adnexal tumor, a subset of which harbor NUTM1-rearrangements
and resection is curative [14].

There is no standard treatment for NUT carcinoma. Multimodality and intensive
therapy are routinely used [11,25]. Initial surgical resection, particularly with negative
resection margins [25], radiation at any time point [11], and radiation dose > 50 Gy [23]
have been associated with better survival. Chemotherapy does not appear to improve
survival [11]. The therapy sequence may be important for head and neck cases because
patients who underwent initial surgery had the best survival, and patients who underwent
initial radiation therapy had the worst prognosis [25]. The chemotherapy regimen is not
standardized. Various chemotherapy drugs including Cisplatin, Carboplatin, Cyclophos-
phamide, Etoposide, Doxorubicin, Actinomycin D, Vinorelbine, Vinblastine, Paclitaxel,
Docetaxel, 5-fluorouracil, S-1, Bleomycin, Vincristine, Ifosfamide, and Gemcitabine have
been used [23]. Responses to different chemotherapy regimens were highly variable. Some
patients showed a response to Ewing sarcoma regimens [42–44] but this therapy has not
been efficacious in all patients [45]. Large-scale studies comparing the efficacy of various
chemotherapy regimens are lacking.

A few small series suggested a role of programmed death-ligand 1 (PD-L1) expression
in NUT carcinomas. Small-scale studies of nine cases (abstract 1191, AACR Annual Meeting
2019) and two cases [46] reported a better survival for patients with PD-L1-positive NUT
carcinoma even though these patients did not receive immunotherapy. A short-duration
response to anti-PD-1 therapy has been described in two of thirty-three patients with
BRD4-NUTM1 fusion, which was attributed to the high affinity of the fusion protein to
MHC [23]. Other targeted therapies will be discussed below.

3. Histologic and Immunohistochemical Diagnosis

NUT carcinoma is composed of sheets of usually uniform tumor cells with no specific
structures in most cases. Tumor cells are largely monotonous and undifferentiated with
high-grade nuclei and brisk mitosis [13]. Squamous differentiation in the form of “abrupt
keratinization” (Figure 1A), in other words, the abrupt appearance of small, round clus-
ters of cells with abundant keratinized cytoplasm and shrinking of the nuclei, without a
transitional area, is present in one-third of the tumors [11]. Tumor cells may grow in nests,
cords, or reticular-alveolar patterns. Pseudoglandular spaces can rarely be present [13].
Focal rhabdoid tumor cells [13] or changes mimicking myoepithelial cell neoplasm such
as plasmacytoid cells, or myxoid or hyalinized background have been described [13].
Biphasic tumors composed of mixed epithelial and mesenchymal components have been
reported [31]. Neutrophilic infiltration has been described in some tumors of thoracic
primary [47]. Therefore, a tumor with any of these features should raise suspicion for
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NUT carcinoma, and trigger additional confirmational studies. Due to nondescript his-
tology in most NUT carcinomas, all poorly differentiated neoplasms, including but not
limited to sinonasal undifferentiated carcinoma, HPV-associated squamous cell carcinoma,
nasopharyngeal carcinoma, neuroendocrine carcinomas, adamantinoma-like Ewing sar-
coma, neuroblastoma, melanoma, Ewing sarcoma, germ cell tumor, poorly differentiated
carcinoma not otherwise specified, and lymphoma, should be included in the differential
diagnosis. In pediatric patients, blastomas of various organs should also be included in the
differential diagnosis due to their overlapping morphology with NUT carcinoma, potential
multiorgan presentation, and atypical locations.
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reactivity to epithelial markers (various cytokeratins [48] and rarely Claudin-4 [13]), SOX2 
[49], and MYC [50] antibodies. However, SOX2 and MYC are not specific stains for NUT 
carcinoma [51–54]. Expression of the squamous markers p40 and p63 is variable and can 
be completely negative [55,56]. P16, a surrogate marker for HPV-associated carcinomas in 
specific sites (oropharyngeal and uterine cervix), is frequently positive in NUT carcinoma 
with no evidence of HPV (neither low-risk nor high-risk HPV) infection [28]. NUT carci-
noma can show positivity for TTF1 [35,56,57] or PAX8 [56,57], potentially causing confu-

Figure 1. (A–D). Histology of NUTM1-rearranged neoplasms. (A) NUT carcinoma showing undifferentiated morphology
with abrupt keratinization. (B) Small blue cell sarcoma with MGA-NUTM1 fusion composed of monomorphic small blue
cells forming rosettes. (C) Porocarcinoma with YAP1-NUTM1 fusion showing features reminiscent of abrupt keratinization
as seen in NUT carcinoma but having lumens and a cuticle, typical for poroid differentiation, and much more bland cytology
than NUT carcinoma. (D) NUT immunostain in the porocarcinoma (Clone C52B1, Cell Signaling) showing diffuse and
strong nuclear expression.

The conventional immunohistochemical diagnostic testing reveals a non-specific
profile of NUT carcinoma and hence may be misleading. NUT carcinomas show fre-
quent reactivity to epithelial markers (various cytokeratins [48] and rarely Claudin-4 [13]),
SOX2 [49], and MYC [50] antibodies. However, SOX2 and MYC are not specific stains for
NUT carcinoma [51–54]. Expression of the squamous markers p40 and p63 is variable and
can be completely negative [55,56]. P16, a surrogate marker for HPV-associated carcinomas
in specific sites (oropharyngeal and uterine cervix), is frequently positive in NUT carci-
noma with no evidence of HPV (neither low-risk nor high-risk HPV) infection [28]. NUT
carcinoma can show positivity for TTF1 [35,56,57] or PAX8 [56,57], potentially causing
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confusion with lung, thyroid, and Mullerian carcinomas, etc. NUT carcinoma frequently
express neuroendocrine markers, including synaptophysin and CD56 [35], and may thus
enter into the differential diagnosis with other tumors with neuroendocrine differentiation,
and may also show positivity for markers suggestive of PNET including GFAP and synpto-
physin [13]; Ewing sarcoma markers FLI1, CD99, and cytoplasmic glycogen [45]; melanoma
marker preferentially expressed antigen in melanoma (PRAME) [56]; vascular markers
FLI1 and CD34 [30]; germ cell tumor markers CD30, PLAP, and SALL4 [58]; muscular
markers desmin and calponin focally [55]; and hematolymphoid markers CD56 [58,59],
CD30 [58], CD34, CD43 [47], CD138 [47], and CD45 [47]. Therefore, caution is advised
in interpreting the results of the relatively nonspecific immunohistochemical markers.
Rather, the diagnosis of a NUTM1-rearranged tumor is largely predicated upon the use
of the widely available monoclonal C52 NUT antibody with molecular confirmation and
identification of specific fusion partners in select cases. Specific NUT immunohistochemical
stain should be routinely included in the initial screening marker panel of any poorly or
undifferentiated neoplasm, including those beyond the midline and with unusual im-
munophenotypes or presentation. However, one should be cautious in interpreting the
NUT immunostain because germ cell tumors can be focally NUT positive [34] without
NUTM1 gene rearrangement and rare cases are NUTM1-fusion positive with negative or
only focal positive NUT immunostain [13,20].

The development of the highly specific monoclonal C52 antibody, which features an
approximately 87% sensitivity and 100% specificity, has revolutionized the diagnosis of
NUT carcinoma and NUTM1-rearranged tumors [34]. In general, strong nuclear reactivity
in ≥50% of tumor cells was present in NUT-rearranged tumors in a speckled pattern.
The speckles correspond to megadomains formed by chromatin and histones (discussed
below). In other NUT-variant tumors except for BRD3, NSD3, and ZNF, which are within
the same complex as BRD4, a homogeneous stain has been reported [21]. Focal NUT
stain (as low as 10%) [26], weak stain [13], or negative stain [13,48] may occur despite
increased NUTM1 mRNA levels [13], particularly in NUT-variant tumors [13]. Therefore, a
strong suspicion of NUT carcinoma despite a negative C52 stain should be investigated by
molecular studies. Cytoplasmic stain is considered nonspecific [34].

FISH with a probe for NUTM1 breakpoint 15q14 was until recently considered the
diagnostic gold standard [34]. However, a cryptic NUT breakpoint may occur and may
be missed by FISH [34,60,61]. Therefore, a negative FISH in the presence of positive NUT
should be investigated by alternative approaches, either by FISH using a probe spanning
full-length NUTM1 or a sequencing method, preferably RNA-seq.

Although expressions of C-MYC (8/12, 73%) and p53 (12/12, 100%) have been com-
monly observed, other prognostic markers have not been carefully studied. In one study,
EGFR, HER2, and PD-L1 expression were observed in 2 of 7 (29%), 2 of 8 (25%), and
1 of 12 (8.3%) patients [26]. High EGFR (60%) expression has been reported in the non-
squamous areas in a NUT carcinoma case [62].

4. Pathogenic Mechanism

NUTM1-rearranged neoplasms are genetically defined by a chromosomal transloca-
tion resulting in fusion of the NUTM1 gene on chromosome 15q14 with various partners
(discussed below). Although the translocation is balanced with no associated copy number
changes in NUT carcinoma [63], unbalanced translocation in areas adjacent to breakpoints
may occur, as demonstrated in CIC-NUTM1 [21] and MGA-NUTM1 sarcomas [20], with
the former harboring occasional numerical chromosomal changes. The fusions are in-
frame, and the domain of NUT responsible for binding downstream effector (the histone
acetyltransferase p300) is intact [64,65].

The cell origin of NUT carcinoma is unclear. Several lines of evidence, including
lack of precursor lesion, poorly differentiated morphology, differentiation potential to
multiple lineages, and the expression of stem cell marker SOX2, indicate a stem cell origin.
Possible neuronal derivation was suggested because NUT is normally also expressed in
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the adult ciliary ganglion [63]. Alternatively, they may arise from cells of different lineages
upon acquiring the same oncogenic fusion as suggested by the expression of multilineage
markers. Whole-genome and transcriptome sequencing revealed complex chromosomal
rearrangements involving BRD3/4–NUT. The clustered location of breakpoints and absence
of copy number change indicated that these rearrangements were likely attributable to
single catastrophic events [66].

The oncogenic driver role of NUTM1 fusion was demonstrated by functional assay
showing reversal of differentiation block (evidenced by squamous differentiation of NUT
cell lines) and cell cycle arrest associated with knockdown of fusion gene expression [9]. It
was corroborated by a much lower overall mutation burden in NUT carcinoma cells than
other cancers [67]. The mutations were largely intronic and rarely involved protein-coding
genes. Among the genes involved, no canonical oncogenes or tumor suppressor genes were
affected [11,66]. Similar findings of low-mutation burden and absence or rare pathogenic
alterations were reported in benign poroid tumors [68–70].

The function of NUTM1 fusion genes was primarily characterized in NUT carcinoma
with BRD4-NUT fusion. BRD4 is a member of the bromodomain and extraterminal (BET)
family, a protein family characterized by two bromodomains, an extraterminal domain,
and a carboxyl-terminal domain (CTD). BRD4 is an epigenetic reader that can recognize
and bind to acetylated lysines of histone 3 and 4 through its bromodomain and provide a
scaffold for other factors [71,72]. BRD4, complexed with other proteins including BRD3,
NSD3, and ZNF through its extraterminal domain [73], further recruits positive transcrip-
tion elongation factor (pTEFb) by its CTD and activates pTEFb by displacing the negative
regulators of pTEFb. The activated pTEFb can phosphorate RNA pol II and stimulate the
transcription of primary response genes [74]. However, BRD4 is reciprocally regulated
and hyperphosphorylated by pTEFb subunit CDK9, and the hyperphosphorylation is
critical for BRD4’s function to activate transcription [75]. BRD4 hyperphosphorylation
is mediated by CDK9, a subunit of TFEb. NUT is a protein expressed in post-meiotic
spermatogenic cells in testis under physiological conditions and is critical for male fer-
tility [1]. Inactivation of NUT led to male sterility with spermatogenesis arrest at the
histone-removal stage [1]. Weak expression of NUT evidenced by immunohistochemical
stain is also present in oocytes. Germ cell tumors, particularly dysgerminomas, had weak
NUT stain, suggestive of normal NUT expression [34]. In both spermatogenic cells and
NUT carcinoma cells, NUT has been shown to strongly enhance its downstream effector
(the histone acetyltransferase p300) activity through direct interaction [1,65].

Unlike fusion genes in other tumors, where one of the genes only provides promoter
function, both BRD4 and NUT in the fusion protein have distinct and cooperative roles
in the oncogenic process. The fusion protein gains extra functionality that either protein
alone does not have [65]. While retaining its functionalities in transcription, BRD4 tethers
NUT to the chromosome and leads to nuclear retention of NUT protein, which is otherwise
shuttling between nucleus and cytoplasm [9] and activates transcription as described above.
NUT-induced epigenetic reprogramming plays a critical role in oncogenic transformation
by BRD4-NUT [17]. BRD4-NUT creates an imbalance of histone acetylation across the
genome, i.e., focal hyperacetylation and relative overabundance of histone deacetylase
(HDAC) [17]. This is evidenced by global genomic histone hypoacetylation and reduced
gene expression [17], and focal hyperacetylation status and recruitment of histone acetyl-
transferases CBP/p300 [65]. The hyperacetylated areas increase the binding of more BRD4
and are propagated to form megadomains through a feed-forward mechanism: initial
binding of BRD4-NUT to chromosome recruit CBP/p300 and p300-mediated acetylation
of adjacent nucleosomes recruit additional BRD4 and BRD4–NUT [65,76]. The fusion
protein, therefore, appears to function in two opposing but nonmutually exclusive means
to promote oncogenesis [77]: to increase the expression of oncogenes or anti-differentiation
genes within the megadomains [77] or sequester transcription activators from p53 [65]
or prodifferentiation gene c-fos [78]. The function is fulfilled by an oncogenic complex
composed of BRD3, NSD3, and ZNF532 (and other zinc finger proteins, ZNF592, ZNF687,
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and ZMYND8, collectively termed ‘Z4’ [79]), which have all been identified as NUT fusion
partners in a subset of NUT carcinoma [80]. The feed-forward mechanism, therefore, covers
much broader genomic coverage, which otherwise cannot be achieved by BRD4 alone. A
recent study revealed the impact of mitochondrial activity on the stability of BRD4-NUT
foci. Activation of the mitochondrial activity could increase the acylation/acetylation ratio
of histones, especially at H4K5, and weaken BRD4-chromatin interaction [81]. Therefore,
the stimulation of mitochondrial activity could potentiate the efficacy of BETi.

Many of the tumor oncogenic effects were fulfilled through the MYC and/or SOX2.
Knockdown of MYC in NUT carcinoma cell lines induced tumor cell differentiation (which
is otherwise blocked by BRD4-NUT), while forced MYC expression reversed tumor cell
differentiation that had been induced by BRD4-NUTM1 knockdown, demonstrating that
MYC is necessary and sufficient for differentiation blockage [50]. Similar effects were
observed for a stem cell marker SOX2 [49,76]. Genes encoding oncoproteins MYC and
TP63 were identified within the megadomains, and their expression was upregulated [77],
while p300 sequestration into the BRD4-NUT foci is the principal oncogenic mechanism
leading to p53 inactivation [65]. Recently, an MYC-independent oncogenic mechanism
has been suggested for MXI1-NUTM1 fusion, which phenocopied MYC but did not cause
MYC overexpression [64]. Other suggested oncogenic and regulatory mechanisms in-
clude suppression of autophagy [82], alternative splicing [83], and posttranscriptional
modification [13].

Approximately two-thirds of NUT carcinoma cases harbor a BRD4–NUTM1 fusion
gene [68]. In the other one-third of cases, BRD3, NSD3, and ZNFs (ZNF532 [58,84],
ZNF592 [79], and ZNF618 [18]) are the partners. They are all components of the BRD4-NUT
oncogenic complex [80]. We at Caris Life Sciences identified thirty-two NUT carcinoma
cases in biopsies submitted for comprehensive molecular profiling using next-generation
sequencing (NGS) between 2019 and 2021 (Table 1). About half of the cases had BRD4 as
the fusion partner, followed by NSD3, with two cases containing BRD3.

Many novel fusion partners of NUTM1 were reported in other NUTM1-rearranged
neoplasms. These include CHRM5 [85], BCOR1 [13], CIC [21], MXD1 [13], MGA [19] in
solid tumors and AVEN [60], NAP1L4 [86], BRD9, ACIN, CUX1, IKZF1, and SLC12A6 [18] in
hematologic malignancies. Although not all of these fusion proteins have been individually
studied, their pathogenic mechanisms can be postulated to be similar to BRD4-NUTM1
since most of them are transcription regulators like BRD4. Probably similar to BRD4-
NUTM1, the fusion partner of NUTM1 tethers the fusion protein to a specific chromosomal
area, and NUT initiates localized histone hyperacetylation [13,48]. Therefore, the transcrip-
tion regulator portion determines what chromosomal areas are bound by fusion protein
and what genes are affected [18,21,64,87]. As an example, gene profiles of the tumors with
CIC-NUTM1 fusion are clustered with CIC-rearranged sarcoma. It should be noted that
confirmation of the pathogenic effects of these fusions may need to be individually verified
since some of them may represent nonpathogenic stochastic passenger events [2].
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Table 1. NUT carcinoma cases identified by next-generation sequencing at Caris Life Sciences between 2019 and 2021.

Partner Primary Tumor Site Histology Specimen Site

BRD4 Skin, NOS NUT carcinoma Liver

BRD4 Upper lobe, lung Adenocarcinoma, metastatic, NOS Arm, NOS

BRD4 Lower lobe, lung Squamous cell carcinoma, NOS Mediastinum, NOS

NSD3 Lung, NOS Basaloid carcinoma Inguinal region, NOS

BRD4 Paranasal sinus Carcinoma, NOS, midline carcinoma of children and young
adults with NUT rearrangement Eyelid

NSD3 Lung, NOS Squamous cell carcinoma, NOS Lung, NOS

NSD3 Upper lobe, lung Squamous cell carcinoma, NOS Pleura, NOS

BRD4 Lower lobe, lung NUT midline carcinoma Mesentery

BRD4 Upper lobe, lung Squamous cell carcinoma, NOS Upper lobe, lung

NSD3 Lower lobe, lung NUT midline carcinoma Mediastinal lymph node

BRD4 Nasal cavity NUT carcinoma Nasal cavity

BRD4 Nasopharynx, NOS Squamous cell carcinoma, NOS Nasal cavity

BRD4 Upper lobe, lung Squamous cell carcinoma, metastatic, NOS Mediastinal lymph node

BRD4 Frontal sinus NUT midline carcinoma Frontal sinus

BRD4 Upper lobe, lung Carcinoma, NOS Pleura, NOS

NSD3 Lower lobe, lung Non-small cell carcinoma Lower lobe, lung

BRD4 Upper lobe, lung NUT midline carcinoma Upper lobe, lung

NSD3 Maxillary sinus NUT carcinoma Lymph node, NOS

NSD3 Lung, NOS Carcinoma, undifferentiated, NOS Lung, NOS

NSD3 Unknown primary site NUT carcinoma Mediastinal lymph node

BRD4 Mediastinum, NOS Neoplasm, malignant Mediastinum, NOS

NSD3 Lung, NOS NUT midline carcinoma Supraclavicular lymph node

BRD3 Lower lobe, lung NUT carcinoma Lower lobe, lung

BRD4 Ethmoid sinus Malignancy, NUT carcinoma Eye, NOS, Orbit, NOS

BRD4 Upper lobe, lung NUT carcinoma Subclavicular lymph node

BRD3 Upper lobe, lung NUT carcinoma Upper lobe, lung

NSD3 Thyroid, NOS Carcinoma, metastatic, NOS Pretracheal lymph node

BRD4 Upper lobe, lung NUT midline carcinoma Upper lobe, lung

BRD4 Nasal cavity NUT carcinoma Skull, NOS

BRD4 Upper lobe, lung Squamous cell carcinoma, NOS Upper lobe, lung

NSD3 Lung, NOS Squamous cell carcinoma, NOS Main bronchus

NSD3 Thyroid, NOS Carcinoma, NOS Thyroid gland

NOS—Not otherwise specified.

Among all of the fusion partners identified so far, SLC12A6 in leukemia and CHRM5 in
carcinoma are exceptions. Instead of being transcription regulators, SLC12A6 and CHRM5
are protein-coding genes. SLC12A6 codes for a potassium-chloride co-transporter and
has been demonstrated to be important in the development of the neuronal system and
involved in a rare neurologic disease [88]. The lack of oncogenic drivers and increased
NUTM1 expression in leukemic cells containing SLC12A6-NUTM1 fusion indicates an
oncogenic role of the fusion. Similar to other NUT fusion proteins, nuclear retention of
NUT was demonstrated in these cells [89], suggesting a similar oncogenic mechanism to
other fusion proteins. CHRM5 is a muscarinic cholinergic receptor that belongs to a larger
family of G-protein-coupled receptors involved in schizophrenia [90]. The pathogenic role
of CHRM5-NUTM1 fusion has not been characterized yet.
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Non-NUT carcinoma cell lines transfected with BRD4-NUT alone did not undergo
an oncogenic transformation [63], which indicates that other factors are required for onco-
genic transformation. Similarly, NUT fusion is involved in the pathogenesis of a subset
of poromas and porocarcinomas with additional events likely required for a porocarci-
noma to develop. Secondary events such as KRAS, SETD2, TP53, and RB1 mutations are
required for progression to malignancy [91]. Studying non-fusion factors is also essential
in understanding the clinical heterogeneity and differential drug responses. However,
these studies are still preliminary and predominantly based on next-generation sequencing
(NGS) analysis. NGS has demonstrated that genes involving DNA repair are the most
often mutated genes in NUT carcinoma [67]. In particular, a recurring mutation in the
DNA-helicase gene RECQL5 was detected in 75% of NUT carcinoma cell lines studied [67].
The importance of these mutations needs to be functionally verified.

5. Targeted Therapy

The improved understanding of pathogenic mechanisms in NUT carcinoma has led
to the development of target therapies. Inhibitors of bromodomain and extraterminal
(BET) proteins have been extensively studied because they are the most frequent NUTM1
fusion partners. All the current BET inhibitors (BETi) target bromodomain (where BET
proteins bind to the chromosome) and are pan-BET inhibitors [71]. Studies based on
the prototype BETi JQ1 demonstrated that JQ1 replaces BRD4 from the chromosome and
induces squamous differentiation and growth arrest in NUT carcinoma [16]. Twenty to
thirty percent of NUT carcinoma patients treated with BETi showed partial and complete
response or disease stabilization [71,92]. However, all patients relapsed. The mechanism
of secondary resistance could be multifactorial. Various mechanisms have been proposed
and studied in vitro on JQ1-treated NUT carcinoma cells [71,93]. Additional efforts have
been made to identify multivalent BETi and explore its efficacy in non-NUT carcinoma
neoplasms: a recent study demonstrated that a bivalent BET inhibitor AZD5153 (under
a phase I clinical trial for refractory/relapsed solid tumor) had better tumor suppression
in vivo than other monovalent BET inhibitors [26]; several BET inhibitors have entered
clinical trials for patients with solid tumors and hematologic malignancies with variable
success in the latter [94,95]. The limitation of BET inhibitor, in addition to its side effects, is
its inability to inhibit fusions involving non-BET transcription regulators.

Selective p300 histone acetylation domain inhibitor A-485 has been identified by drug
screening [96]. Treatment of NUT carcinoma cells with A-485 leads to differentiation and
growth arrest, as seen for BET inhibitor [97]. C646 is another molecule that affects p300
but lacks potency or selectivity [96]. A-485 demonstrated synergistic effects with BET
inhibitor [98]. NEO2734, a single agent targeting both BRD4 and p300, has shown a greater
tumor suppression effect than single BET inhibitor treatment [98].

CDK9 is a subunit of pTEFb, and its inhibitor could induce robust apoptosis and
DNA damage in NUT carcinoma cells. Genes affected by CDK9 inhibitor and timing of
changes induced were different from those induced by BET inhibitor. Mechanistic studies
demonstrated that CDK9 inhibitor utilizes a different mechanism from BET inhibitor,
affecting transcriptional elongation by altering the RNA polymerase II occupancy. These
findings suggest differential inhibitory pathways by CDK9 and BET inhibitors, underlying
their additive effects when used simultaneously. Cross-resistance does occur due to their
overlapping functions on MYC.
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The epigenetic alterations in NUT carcinoma have led to therapeutic attempts with
post-translational modifications of histones. Since relative overabundance of HDAC in
NUT carcinoma was considered part of the pathogenic mechanism [17], HDAC inhibitors
were tested. HDAC inhibitor treatment was associated with growth suppression and dif-
ferentiation induction in cell lines and a mouse model. Two patients have received HDAC
inhibitor treatment. A pediatric patient receiving the HDAC inhibitor vorinostat showed a
marked decrease in tumor avidity for 18F-fluorodeoxyglucose observed by positron emis-
sion tomography [17], an early sign of tumor response. Another patient showed disease
progression after the first dose of Romidepsin (a different HDAC inhibitor) [99]. A dual
HDAC and PI3K Inhibitor CUDC-907 showed greater tumor suppression than BETi and
was associated with increased survival in a tumor xenograft mouse model [26,100]. A case
report of NUT carcinoma with increased HDAC expression in a patient with prolonged
survival (4 years) raised the possible association between cellular HDAC level and prog-
nosis [101]. We studied the HDAC expression in our NUT carcinoma cohort compared
with twenty-two lung carcinoma cases identified during the same period, as shown in
Figure 2. There appears to be significantly increased expression of HDAC3, HDAC7, and
HDAC10 in NUT carcinoma. These findings are consistent with altered HDAC activity in
NUT carcinoma. The clinical implication needs to be further determined.

Other potential therapeutic reagents include HMBA (a chemical compound that
can inhibit BRD4 and p300, induce pTEFb inhibitor (HEXIM1), and inhibit BRD4 hy-
perphosphorylation) and CDK inhibitors such as PHA-767491 (CDC7/CDK9 inhibition),
Flavopiridol (CDK1/2/4/6/7/9 inhibition), and Palbociclib (CDK4/6 inhibition) [75].
Other than HMBA and some CDK inhibitors, these molecules have not been studied in
NUT carcinoma.
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Figure 2. HDAC expression in NUT carcinoma. Thirty-two NUT and 22 lung carcinoma cases from 
biopsied patients and assayed by NGS at Caris Life Sciences between 2019 and 2021. Whole tran-
scriptome sequencing RNA-seq (WTS) provided a measure of expression in TPM (transcripts per 
million molecules, as generated by Salmon).  WTS used the Agilent Whole Exome SureSelect V7 
bait set for RNA capture.  

Figure 2. HDAC expression in NUT carcinoma. Thirty-two NUT and 22 lung carcinoma cases
from biopsied patients and assayed by NGS at Caris Life Sciences between 2019 and 2021. Whole
transcriptome sequencing RNA-seq (WTS) provided a measure of expression in TPM (transcripts per
million molecules, as generated by Salmon). WTS used the Agilent Whole Exome SureSelect V7 bait
set for RNA capture.
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6. Other NUTM1-Rearranged Tumors
6.1. Skin Tumors

The poroid family of skin tumors includes classic poroma, hidracanthoma simplex,
dermal duct tumor, poroid hidradenoma, porocarcinoma, and malignant poroid hidrade-
noma/poroid hidradenocarcinoma. As a whole, up to 32% of this family of skin adnexal
tumors show NUT expression. However, amongst this family of poroid skin tumors, NUT
expression, as assessed by immunohistochemistry, is more common in poroid hidradenoma
(detected in up to 93% of poroid hidradenoma cases) and poroid hidradenocarcinoma
(detected in up to 80% of poroid hidradenocarcinoma cases). In the order of 17% and
11% of classic poroma and porocarcinoma cases, respectively, show NUT expression. In
addition, amongst all other subtypes of cutaneous adnexal tumors tested, NUT expression
is only found in a subset of poroid skin tumors [91]. Figure 1C,D show a porocarcinoma
that harbored a YAP1-NUTM1 fusion and its corresponding NUT immunostain.

The majority of fusion transcripts in poroid tumors detected were YAP-NUTM1, YAP-
MAML2, and/or MAML2-YAP fusion [14,69,91]. Rare tumors harbor WWTR1-NUTM1 [14]
and EMC7-NUTM1 [91] fusions. The simultaneous presence of these transcripts was
common except WWTR1-NUT1, which was mutually exclusive with YAP1-NUTM1 [14]
(YAP-NUTM1 and EMC7-NUTM1 are not mutually exclusive and have been detected in the
same tumor [91]). Fusions are all in-frame with preserved transcriptional enhancer factor
domain TEA DNA binding domain (TEAD)-binding and p-300-binding domain [14,69].
In vitro experiments demonstrated that these fusion genes activated TEAD transcription
factors and promoted anchorage-independent growth of epithelial cells [14].

Pathologists should not be quick to jump to a diagnosis of NUT carcinoma for a skin
tumor featuring abrupt keratinization, immunohistochemical evidence of squamous differ-
entiation (positive cytokeratin 5/6 and/or p63), and NUT expression, as the poroid family
of skin tumors may share these features. Features of ductal and cuticular differentiation
as well as low-grade, bland nuclei, features associated with the poroid family of tumors,
should be sought (with the aid of cytokeratin 7 stain when subtle). RNA fusion analysis
to identify the fusion partner may be considered for challenging cases. The distinction
between NUTM1-rearranged poroid tumor and NUT carcinoma has a profound impact on
a patient’s treatment and prognosis. Even the malignant poroid tumor tends to have an
indolent clinical course, and complete resection may be curative [70].

6.2. Sarcomas

MXD and MGA are members of the MAX dimerization (MAD) gene family, including
proteins that engage MAX as a cofactor for DNA binding and controlling gene expression [64].
Heterodimerization of MXD4 or MGA with MAX results in transcriptional repression of
E-box target DNA sequences [48]. Transcriptome analysis showed paradoxical enrichment
of MYC target genes in the MXD2/MXI1-NUTM1 tumor and promoted cell proliferation
and anchorage-independent growth despite the lack of MYC expression, suggesting an
“MYC-like” function [64].

MGA-NUTM1 sarcoma has been described in soft tissue (thigh and foot) [19,20],
dura [20], and thorax (lung and chest wall/pleura) [48]. These tumors are composed of the
dense monomorphic spindle to slightly epithelioid cells and stroma that is myxoid [48],
collagenous [20], or associated with matrix deposition resembling osteoid [20,48]. These
tumors showed variable NUT (mostly diffuse and strong with one case being multifocal
and weak [20]) and CD99 expression [19,20]. One tumor demonstrated aggressive behavior
despite low histopathologic grade [19]. Chemotherapy combined with local control by
surgery and radiation was associated with disease-free survival of 132 months in one
case [20]. MGA and NUTM1 fusion is likely generated by inversion since they are located
7.4 Mb apart on the same chromosome (chromosome 15) in opposite orientations [48].
Figure 1B shows a small round cell sarcoma harboring MGA-NUTM1 fusion. The tumor is
composed of monomorphic small blue cells with rosette formation.
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One ovarian [68] and five colon [22] MXD4-MUTM1 fusion sarcoma cases have been
reported. The tumors in the ovary and colon showed similar morphology with small round
cells and spindle cells. Fibrosarcomatous (herringbone) pattern, epithelioid/rhabdoid
pattern with cells growing in sheets, and hyalinized/nested pattern are variably present.
These tumors showed variable weak CD34, smooth muscle actin, CD99, ERG, and synapto-
physin expression. MXD2/MX11-NUTM1 fusion has been reported in a sarcoma centered
on the stomach and involved the distal esophagus [64]. The tumor was composed of
nests, sheets, and strands of discohesive, monotonous cells associated with a small amount
of myxoid stroma. The tumor was negative for cytokeratins, p40, SOX2, and MYC and
positive for NUT, FLI1, and CD99. These tumors showed aggressive behavior and were
universally lethal. Dr. Andrew Folpe has recently coined the term “NUTM1-rearranged
colorectal sarcoma” to codify this group of tumors in the colon [22].

An intramuscular BCOL1-NUTM1 fusion sarcoma has been described [13]. The tumor
had spindle and epithelioid morphology with focal rosette formation and showed no
reactivity to NUT antibody but significant NUTM1 mRNA expression, suggesting post-
transcriptional modification. The patient suffered from soft tissue, lung, and lymph node
metastasis and died of disease at 48 months.

CIC-NUTM1 fusion has been identified in round cell tumors of the pediatric popu-
lation and young adults [21,87,102,103]. These tumors displayed morphologic features
similar to bona fide CIC-DUX4 sarcomas, namely lobulation, focal spindling, myxoid
changes, distinct nucleoli, and positive ETV4 and WT1 immunohistochemical stains [21].
Rhabdoid morphology can be focally present [21,103,104]. Gene profiles of these tumors
show clustering with CIC-rearranged sarcoma rather than NUT carcinoma [21,87]. A case
of head and neck tumor harboring CIC-NUTM1 fusion in an adult with features of my-
oepithelial carcinoma was also reported [104]. The tumor had no expression of ETV4 and
WT1, markers typically positive in CIC-rearranged sarcoma and which may be useful in
this differential diagnosis. Therefore, NUT carcinoma was favored over CIC-rearranged
sarcoma [104].

6.3. Brain Tumors

The BRD4-NUTM1 NUT carcinoma in the parietal lobe of a 3-year-old patient had
a reticular-alveolar morphology and showed focal GFAP and synaptophysin positivity
mimicking neuroepithelial neoplasm [13]. The patient died of disease 12 months after
surgery and chemotherapy. Two other pediatric primitive neuroectodermal tumors (PNETs)
containing CIC-NUTM1 were identified in an international study aimed at PNET molec-
ular classification [102]. However, no clinical information was described. The ATXN1-
NUTM1 tumor in the frontal lobe of a 21-year-old young adult showed primitive spindle
cells in chondromyxoid morphology with strong GFAP positivity [105]. The patient was
disease-free 16 months after surgery and additional therapy. The PARD3B-NUTM1 tumor
discovered in a 29-year-old female showed primitive spindle cells in a myxoid to fibrillary
background and foci of small epithelioid cells and had an aggressive clinical course [59].

6.4. Hematologic Neoplasms

NUTM1 rearrangement has been identified in both acute and chronic hematologic
malignancies.

NUTM1 rearrangement was more common in B cell precursor acute lymphoblastic
(B-ALL) of infants (3–5%) than in children (0.4–0.9%). Up to 21.7% of KMT2A-wildtype
B-ALL in infants enrolled in interfant studies (a large international consortium on infant
acute lymphoblastic leukemia) harbored NUTM1-rearrangement. Ten fusion partners
(ACIN1, CUX1, ZNF618, SLC12A6, CHD4, BRD9, AFF1, ATAD5, RUNX1, and IKZF1) have
been identified in infant and pediatric forms of B-ALL [18]. ACIN1 (44%), BRD9 (26%),
and CUX1 (15%) were most common in infants, and CUX1 (28%), ZNF618 (28%), and
ACIN1 (22%) were most common in children. NUTM1-rearrangement is mutually exclusive
with other sentinel leukemia-driving aberrations in IKZF1, PAX5, ETV6, or CDKN2A/B.
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NUTM1-rearranged B-ALL was associated with BMI1 (a proto-oncogene, which enhances
the self-renewal of hematopoietic stem cells and can convert BCR-ABL1-positive progenitor
cells to acute lymphoblastic leukemia) upregulation [89]. Some fusion partners, including
ACIN1, CUX1, BRD9, and AFF1, were associated with HOXA gene cluster upregulation [89],
which has been associated with sensitivity to inhibitors of KMT2A-Menin complex [106].
NUTM1-rearranged B-ALL has a favorable outcome. In the study by Judith M. Boer
et al., the 4-year overall survival was 100% in NUTM1-rearranged cases versus 74.0% in
NUTM1-wildtype/KMT2A-wildtype cases while 4-year relapse survival was 92.1% [18].

Two NUTM1-rearranged myeloid neoplasm cases were reported. The NAP1L4-
NUTM1 fusion gene was identified in a case of myeloid neoplasm with eosinophilia and
PDGFRA rearrangement with negative ETV6-PDGFRβ, BCR-ABL1, and PCM1-JAK2 [86].
The treatment led to the vanishment of FIP1L1-PDGFRA and NAP1L4-NUTM1, suggesting a
potential interaction between these two fusion genes/proteins. The patient had an atypical
blast-like presentation and a good response to imatinib mesylate therapy. The AVEN-
NUTM1 fusion gene was identified in a case of acute myeloid leukemia with monocytic
differentiation [60]. The patient had multiple recurrences even after allogenic hematopoietic
stem cell transplantation. The fusion was cryptic and created by AVEN inversion, which
can be easily missed by routine karyotype analysis. However, the pathogenic role of the
fusion protein is unclear due to the simultaneous detection of IDH1 and RUNX1 mutations.

It is worth noting that NUT carcinoma may rarely present with a “leukemic phase”
when peripheral blood and bone marrow are involved [107]. A misdiagnosis of CD34-
positive acute leukemia should be avoided.

7. Conclusions

The year 2021 marks the 30th anniversary of the first description of NUT carcinoma.
With pioneers in the field, such as Dr. Christopher French, significant progress has been
made in the understanding of the pathogenesis, molecular alterations, and clinicopathologic
features of this group of neoplasms. This review serves as a comprehensive summary of
these discoveries, focusing on molecular, pathologic, and clinical correlations. We also
presented new cases from 2019 to now emerging from the more frequent use of NGS in
diagnostic pathology.

There are still many unanswered questions. These include but are not limited to the
incidence, precise pathologic classification, and clinical behavior of NUTM1-rearranged
neoplasms harboring different fusion partners, mechanisms of oncogenic transformation,
the functionality of variant translocations, and the impact of the genomic background.
Equally important is the screening of targeted therapies and characterization of drug
resistance mechanisms.

Author Contributions: Conceptualization, W.L., Z.G., S.V.; methodology, W.L., T.M.S., P.S., Z.G.; for-
mal analysis, W.L., T.M.S., P.S., M.M., Z.G., S.V.; data curation, T.M.S., P.S., M.M., Z.G.; writing-original
draft preparation, W.L., Z.G., S.V.; writing-review and editing, W.L., P.S., Z.G., S.V.; supervision, S.V.;
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not required.

Informed Consent Statement: Not applicable.

Data Availability Statement: Available from the corresponding author at a reasonable request.

Conflicts of Interest: Phillip Stafford is an employee of Caris Life Sciences, which offers commercial
molecular profiling of tumors. The other authors declare no conflicts of interest.

References
1. Shiota, H.; Barral, S.; Buchou, T.; Tan, M.; Coute, Y.; Charbonnier, G.; Reynoird, N.; Boussouar, F.; Gerard, M.; Zhu, M.; et al. Nut

Directs p300-Dependent, Genome-Wide H4 Hyperacetylation in Male Germ Cells. Cell Rep. 2018, 24, 3477–3487.e6. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.celrep.2018.08.069
http://www.ncbi.nlm.nih.gov/pubmed/30257209


Curr. Oncol. 2021, 28 4499

2. McEvoy, C.R.; Fox, S.B.; Prall, O.W.J. Emerging entities in NUTM1-rearranged neoplasms. Genes Chromosomes Cancer 2020, 59,
375–385. [CrossRef]

3. Kees, U.R.; Mulcahy, M.T.; Willoughby, M.L. Intrathoracic carcinoma in an 11-year-old girl showing a translocation t(15;19).
Am. J. Pediatric Hematol. Oncol. 1991, 13, 459–464. [CrossRef] [PubMed]

4. Kubonishi, I.; Takehara, N.; Iwata, J.; Sonobe, H.; Ohtsuki, Y.; Abe, T.; Miyoshi, I. Novel t(15;19)(q15;p13) chromosome abnormality
in a thymic carcinoma. Cancer Res. 1991, 51, 3327–3328.

5. Lee, A.C.; Kwong, Y.I.; Fu, K.H.; Chan, G.C.; Ma, L.; Lau, Y.L. Disseminated mediastinal carcinoma with chromosomal
translocation (15;19). A distinctive clinicopathologic syndrome. Cancer 1993, 72, 2273–2276. [CrossRef]

6. Dang, T.P.; Gazdar, A.F.; Virmani, A.K.; Sepetavec, T.; Hande, K.R.; Minna, J.D.; Roberts, J.R.; Carbone, D.P. Chromosome 19
Translocation, Overexpression of Notch3, and Human Lung Cancer. J. Natl. Cancer Inst. 2000, 92, 1355–1357. [CrossRef]

7. Vargas, S.O.; French, C.A.; Faul, P.N.; Fletcher, J.A.; Davis, I.J.; Dal Cin, P.; Perez-Atayde, A.R. Upper respiratory tract carcinoma
with chromosomal translocation 15;19: Evidence for a distinct disease entity of young patients with a rapidly fatal course. Cancer
2001, 92, 1195–1203. [CrossRef]

8. French, C.A.; Miyoshi, I.; Kubonishi, I.; Grier, H.E.; Perez-Atayde, A.R.; Fletcher, J.A. BRD4-NUT fusion oncogene: A novel
mechanism in aggressive carcinoma. Cancer Res. 2003, 63, 304–307. [PubMed]

9. French, C.A.; Ramirez, C.L.; Kolmakova, J.; Hickman, T.T.; Cameron, M.J.; Thyne, M.E.; Kutok, J.L.; Toretsky, J.A.; Tadavarthy,
A.K.; Kees, U.R.; et al. BRD-NUT oncoproteins: A family of closely related nuclear proteins that block epithelial differentiation
and maintain the growth of carcinoma cells. Oncogene 2008, 27, 2237–2242. [CrossRef] [PubMed]

10. French, C.A.; Rahman, S.; Walsh, E.M.; Kuhnle, S.; Grayson, A.R.; Lemieux, M.E.; Grunfeld, N.; Rubin, B.P.; Antonescu, C.R.;
Zhang, S.; et al. NSD3-NUT fusion oncoprotein in NUT midline carcinoma: Implications for a novel oncogenic mechanism.
Cancer Discov. 2014, 4, 928–941. [CrossRef]

11. Chau, N.G.; Ma, C.; Danga, K.; Al-Sayegh, H.; Nardi, V.; Barrette, R.; Lathan, C.S.; DuBois, S.G.; Haddad, R.I.; Shapiro, G.I.; et al.
An Anatomical Site and Genetic-Based Prognostic Model for Patients With Nuclear Protein in Testis (NUT) Midline Carcinoma:
Analysis of 124 Patients. JNCI Cancer Spectr. 2020, 4, pkz094. [CrossRef]

12. Stelow, E.B.; Bellizzi, A.M.; Taneja, K.; Mills, S.E.; Legallo, R.D.; Kutok, J.L.; Aster, J.C.; French, C.A. NUT rearrangement in
undifferentiated carcinomas of the upper aerodigestive tract. Am. J. Surg. Pathol. 2008, 32, 828–834. [CrossRef] [PubMed]

13. Dickson, B.C.; Sung, Y.S.; Rosenblum, M.K.; Reuter, V.E.; Harb, M.; Wunder, J.S.; Swanson, D.; Antonescu, C.R. NUTM1 Gene
Fusions Characterize a Subset of Undifferentiated Soft Tissue and Visceral Tumors. Am. J. Surg. Pathol. 2018, 42, 636–645.
[CrossRef] [PubMed]

14. Sekine, S.; Kiyono, T.; Ryo, E.; Ogawa, R.; Wakai, S.; Ichikawa, H.; Suzuki, K.; Arai, S.; Tsuta, K.; Ishida, M. Recurrent YAP1-
MAML2 and YAP1-NUTM1 fusions in poroma and porocarcinoma. J. Clin. Investig. 2019, 129, 3827–3832. [CrossRef] [PubMed]

15. Bauer, D.E.; Mitchell, C.M.; Strait, K.M.; Lathan, C.S.; Stelow, E.B.; Luer, S.C.; Muhammed, S.; Evans, A.G.; Sholl, L.M.; Rosai,
J.; et al. Clinicopathologic features and long-term outcomes of NUT midline carcinoma. Clin. Cancer Res. 2012, 18, 5773–5779.
[CrossRef] [PubMed]

16. Filippakopoulos, P.; Qi, J.; Picaud, S.; Shen, Y.; Smith, W.B.; Fedorov, O.; Morse, E.M.; Keates, T.; Hickman, T.T.; Felletar, I.; et al.
Selective inhibition of BET bromodomains. Nature 2010, 468, 1067–1073. [CrossRef]

17. Schwartz, B.E.; Hofer, M.D.; Lemieux, M.E.; Bauer, D.E.; Cameron, M.J.; West, N.H.; Agoston, E.S.; Reynoird, N.; Khochbin,
S.; Ince, T.A.; et al. Differentiation of NUT midline carcinoma by epigenomic reprogramming. Cancer Res. 2011, 71, 2686–2696.
[CrossRef] [PubMed]

18. Boer, J.M.; Valsecchi, M.G.; Hormann, F.M.; Antic, Z.; Zaliova, M.; Schwab, C.; Cazzaniga, G.; Arfeuille, C.; Cave, H.; Attarbaschi,
A.; et al. Favorable outcome of NUTM1-rearranged infant and pediatric B cell precursor acute lymphoblastic leukemia in a
collaborative international study. Leukemia 2021, 35, 2978–2982. [CrossRef]

19. Underwood, C.I.M.; Cardona, D.M.; Bentley, R.C.; Shen, G.; Feng, X.; Jour, G.; Al-Rohil, R.N. Epithelioid Hyalinizing Sarcoma
With MGA-NUTM1 Fusion. Am. J. Clin. Pathol. 2020, 154, 859–866. [CrossRef]

20. Diolaiti, D.; Cruz, F.S.D.; Gundem, G.; Bouvier, N.; Boulad, M.; Zhang, Y.; Chou, A.J.; Dunkel, I.J.; Sanghvi, R.; Shah, M. A
recurrent novel MGA–NUTM1 fusion identifies a new subtype of high-grade spindle cell sarcoma. Mol. Case Stud. 2018, 4,
a003194. [CrossRef] [PubMed]

21. Le Loarer, F.; Pissaloux, D.; Watson, S.; Godfraind, C.; Galmiche-Rolland, L.; Silva, K.; Mayeur, L.; Italiano, A.; Michot, A.;
Pierron, G. Clinicopathologic features of CIC-NUTM1 sarcomas, a new molecular variant of the family of CIC-fused sarcomas.
Am. J. Surg. Pathol. 2019, 43, 268–276. [CrossRef]

22. Van Treeck, B.J.; Thangaiah, J.J.; Torres-Mora, J.; Stevens, T.M.; Rothermundt, C.; Fassan, M.; Loupakis, F.; Diebold, J.; Hornick,
J.L.; Halling, K.C.; et al. NUTM1-rearranged colorectal sarcoma: A clinicopathologically and genetically distinctive malignant
neoplasm with a poor prognosis. Mod. Pathol. 2021, 34, 1547–1557. [CrossRef]

23. Giridhar, P.; Mallick, S.; Kashyap, L.; Rath, G.K. Patterns of care and impact of prognostic factors in the outcome of NUT midline
carcinoma: A systematic review and individual patient data analysis of 119 cases. Eur. Arch. Otorhinolaryngol. 2018, 275, 815–821.
[CrossRef]

24. Shehata, B.M.; Steelman, C.K.; Abramowsky, C.R.; Olson, T.A.; French, C.A.; Saxe, D.F.; Ricketts, R.R.; Katzenstein, H.M. NUT
midline carcinoma in a newborn with multiorgan disseminated tumor and a 2-year-old with a pancreatic/hepatic primary.
Pediatr. Dev. Pathol. 2010, 13, 481–485. [CrossRef] [PubMed]

http://doi.org/10.1002/gcc.22838
http://doi.org/10.1097/00043426-199124000-00011
http://www.ncbi.nlm.nih.gov/pubmed/1785673
http://doi.org/10.1002/1097-0142(19931001)72:7&lt;2273::AID-CNCR2820720735&gt;3.0.CO;2-U
http://doi.org/10.1093/jnci/92.16.1355
http://doi.org/10.1002/1097-0142(20010901)92:5&lt;1195::AID-CNCR1438&gt;3.0.CO;2-3
http://www.ncbi.nlm.nih.gov/pubmed/12543779
http://doi.org/10.1038/sj.onc.1210852
http://www.ncbi.nlm.nih.gov/pubmed/17934517
http://doi.org/10.1158/2159-8290.CD-14-0014
http://doi.org/10.1093/jncics/pkz094
http://doi.org/10.1097/PAS.0b013e31815a3900
http://www.ncbi.nlm.nih.gov/pubmed/18391746
http://doi.org/10.1097/PAS.0000000000001021
http://www.ncbi.nlm.nih.gov/pubmed/29356724
http://doi.org/10.1172/JCI126185
http://www.ncbi.nlm.nih.gov/pubmed/31145701
http://doi.org/10.1158/1078-0432.CCR-12-1153
http://www.ncbi.nlm.nih.gov/pubmed/22896655
http://doi.org/10.1038/nature09504
http://doi.org/10.1158/0008-5472.CAN-10-3513
http://www.ncbi.nlm.nih.gov/pubmed/21447744
http://doi.org/10.1038/s41375-021-01333-y
http://doi.org/10.1093/ajcp/aqaa113
http://doi.org/10.1101/mcs.a003194
http://www.ncbi.nlm.nih.gov/pubmed/30552129
http://doi.org/10.1097/PAS.0000000000001187
http://doi.org/10.1038/s41379-021-00792-z
http://doi.org/10.1007/s00405-018-4882-y
http://doi.org/10.2350/09-10-0727-CR.1
http://www.ncbi.nlm.nih.gov/pubmed/20017639


Curr. Oncol. 2021, 28 4500

25. Chau, N.G.; Hurwitz, S.; Mitchell, C.M.; Aserlind, A.; Grunfeld, N.; Kaplan, L.; Hsi, P.; Bauer, D.E.; Lathan, C.S.; Rodriguez-
Galindo, C.; et al. Intensive treatment and survival outcomes in NUT midline carcinoma of the head and neck. Cancer 2016, 122,
3632–3640. [CrossRef] [PubMed]

26. Jung, M.; Kim, S.; Lee, J.K.; Yoon, S.O.; Park, H.S.; Hong, S.W.; Park, W.S.; Kim, J.E.; Kim, J.; Keam, B.; et al. Clinicopathological
and Preclinical Findings of NUT Carcinoma: A Multicenter Study. Oncologist 2019, 24, e740–e748. [CrossRef] [PubMed]

27. Fang, W.; French, C.A.; Cameron, M.J.; Han, Y.; Liu, H. Clinicopathological significance of NUT rearrangements in poorly
differentiated malignant tumors of the upper respiratory tract. Int. J. Surg. Pathol. 2013, 21, 102–110. [CrossRef] [PubMed]

28. Salles, P.G.; Moura Rde, D.; Menezes, L.M.; Bacchi, C.E. Expression of P16 in NUT carcinomas with no association with human
papillomavirus (HPV). Appl. Immunohistochem. Mol. Morphol. 2014, 22, 262–265. [CrossRef]

29. Cho, Y.A.; Choi, Y.L.; Hwang, I.; Lee, K.; Cho, J.H.; Han, J. Clinicopathological characteristics of primary lung nuclear protein in
testis carcinoma: A single-institute experience of 10 cases. Thorac. Cancer 2020, 11, 3205–3212. [CrossRef]

30. French, C.A.; Kutok, J.L.; Faquin, W.C.; Toretsky, J.A.; Antonescu, C.R.; Griffin, C.A.; Nose, V.; Vargas, S.O.; Moschovi, M.;
Tzortzatou-Stathopoulou, F.; et al. Midline carcinoma of children and young adults with NUT rearrangement. J. Clin. Oncol. 2004,
22, 4135–4139. [CrossRef]

31. Den Bakker, M.A.; Beverloo, B.H.; van den Heuvel-Eibrink, M.M.; Meeuwis, C.A.; Tan, L.M.; Johnson, L.A.; French, C.A.; van
Leenders, G.J. NUT midline carcinoma of the parotid gland with mesenchymal differentiation. Am. J. Surg. Pathol. 2009, 33,
1253–1258. [CrossRef]

32. Agaimy, A.; Fonseca, I.; Martins, C.; Thway, K.; Barrette, R.; Harrington, K.J.; Hartmann, A.; French, C.A.; Fisher, C. NUT
Carcinoma of the Salivary Glands. Am. J. Surg. Pathol. 2018, 42, 877–884. [CrossRef]

33. Kakkar, A.; Antony, V.M.; Irugu, D.V.K.; Adhikari, N.; Jain, D. NUT Midline Carcinoma: A Series of Five Cases, Including One
with Unusual Clinical Course. Head Neck Pathol. 2018, 12, 230–236. [CrossRef] [PubMed]

34. Haack, A.H.; Johnson, J.L.; Fry, D.C.; Crosby, B.K.; Polakiewicz, E.R.; Stelow, J.E.; Hong, A.S.-M.; Schwartz, C.B.; Cameron, C.M.;
Rubin, A.M.; et al. Diagnosis of NUT Midline Carcinoma Using a NUT-specific Monoclonal Antibody. Am. J. Surg. Pathol. 2009,
33, 984–991. [CrossRef]

35. Hung, Y.P.; Chen, A.L.; Taylor, M.S.; Huynh, T.G.; Kem, M.; Selig, M.K.; Nielsen, G.P.; Lennerz, J.K.; Azzoli, C.G.; Dagogo-Jack,
I.; et al. Thoracic nuclear protein in testis (NUT) carcinoma: Expanded pathological spectrum with expression of thyroid
transcription factor-1 and neuroendocrine markers. Histopathology 2021, 78, 896–904. [CrossRef] [PubMed]

36. Lee, T.; Cho, J.; Baek, C.H.; Son, Y.I.; Jeong, H.S.; Chung, M.K.; Hong, S.D.; Ahn, Y.C.; Oh, D.R.; Noh, J.M.; et al. Prevalence of
NUT carcinoma in head and neck: Analysis of 362 cases with literature review. Head Neck 2020, 42, 924–938. [CrossRef] [PubMed]

37. Bishop, J.A.; Westra, W.H. NUT midline carcinomas of the sinonasal tract. Am. J. Surg. Pathol. 2012, 36, 1216–1221. [CrossRef]
38. Evans, A.G.; French, C.A.; Cameron, M.J.; Fletcher, C.D.; Jackman, D.M.; Lathan, C.S.; Sholl, L.M. Pathologic characteristics of

NUT midline carcinoma arising in the mediastinum. Am. J. Surg. Pathol. 2012, 36, 1222–1227. [CrossRef]
39. Petrini, P.; French, C.A.; Rajan, A.; Cameron, M.J.; Jaffe, E.S.; Zucali, P.A.; Xie, J.; Wang, Y.; Giaccone, G. NUT rearrangement is

uncommon in human thymic epithelial tumors. J. Thorac. Oncol. 2012, 7, 744–750. [CrossRef]
40. Virarkar, M.; Saleh, M.; Ramani, N.S.; Morani, A.C.; Bhosale, P. Imaging spectrum of NUT carcinomas. Clin. Imaging 2020, 67,

198–206. [CrossRef] [PubMed]
41. D’Ambrosio, L.; Palesandro, E.; Moretti, M.; Pelosi, G.; Fabbri, A.; Carnevale Schianca, F.; Aglietta, M.; Grignani, G. Alpha-

fetoprotein elevation in NUT midline carcinoma: A case report. BMC Cancer 2017, 17, 266. [CrossRef]
42. Arimizu, K.; Hirano, G.; Makiyama, C.; Matsuo, M.; Sasaguri, T.; Makiyama, A. NUT carcinoma of the nasal cavity that responded

to a chemotherapy regimen for Ewing’s sarcoma family of tumors: A case report. BMC Cancer 2018, 18, 1134. [CrossRef]
43. Watanabe, S.; Hirano, S.; Mine, S.; Yoshida, A.; Motoi, T.; Ishii, S.; Naka, G.; Takeda, Y.; Igari, T.; Sugiyama, H.; et al. A case of

endobronchial NUT midline carcinoma with intraluminal growth. Anticancer Res. 2015, 35, 1607–1612.
44. Mertens, F.; Wiebe, T.; Adlercreutz, C.; Mandahl, N.; French, C.A. Successful treatment of a child with t(15;19)-positive tumor.

Pediatr. Blood Cancer 2007, 49, 1015–1017. [CrossRef] [PubMed]
45. Engleson, J.; Soller, M.; Panagopoulos, I.; Dahlen, A.; Dictor, M.; Jerkeman, M. Midline carcinoma with t(15;19) and BRD4-NUT

fusion oncogene in a 30-year-old female with response to docetaxel and radiotherapy. BMC Cancer 2006, 6, 69. [CrossRef]
46. Pan, M.; Chang, J.S. Durable Complete Remission of PD-L1 Positive NUT Carcinoma Treated With Concurrent Chemotherapy

and Radiation. Perm. J. 2020, 25, 1–3. [CrossRef]
47. Fekkar, A.; Emprou, C.; Lefebvre, C.; Ferretti, G.; Stephanov, O.; Pissaloux, D.; Mc Leer, A.; Toffart, A.C.; Rousseaux, S.; Khochbin,

S.; et al. Thoracic NUT carcinoma: Common pathological features despite diversity of clinical presentations. Lung Cancer 2021,
158, 55–59. [CrossRef]

48. Stevens, T.M.; Morlote, D.; Xiu, J.; Swensen, J.; Brandwein-Weber, M.; Miettinen, M.M.; Gatalica, Z.; Bridge, J.A. NUTM1-
rearranged neoplasia: A multi-institution experience yields novel fusion partners and expands the histologic spectrum.
Mod. Pathol. 2019, 32, 764. [CrossRef]

49. Wang, R.; Liu, W.; Helfer, C.M.; Bradner, J.E.; Hornick, J.L.; Janicki, S.M.; French, C.A.; You, J. Activation of SOX2 expression
by BRD4-NUT oncogenic fusion drives neoplastic transformation in NUT midline carcinoma. Cancer Res. 2014, 74, 3332–3343.
[CrossRef]

http://doi.org/10.1002/cncr.30242
http://www.ncbi.nlm.nih.gov/pubmed/27509377
http://doi.org/10.1634/theoncologist.2018-0477
http://www.ncbi.nlm.nih.gov/pubmed/30696721
http://doi.org/10.1177/1066896912451651
http://www.ncbi.nlm.nih.gov/pubmed/22777717
http://doi.org/10.1097/PAI.0b013e3182a4ef2e
http://doi.org/10.1111/1759-7714.13648
http://doi.org/10.1200/JCO.2004.02.107
http://doi.org/10.1097/PAS.0b013e3181abe120
http://doi.org/10.1097/PAS.0000000000001046
http://doi.org/10.1007/s12105-017-0858-2
http://www.ncbi.nlm.nih.gov/pubmed/28948459
http://doi.org/10.1097/PAS.0b013e318198d666
http://doi.org/10.1111/his.14306
http://www.ncbi.nlm.nih.gov/pubmed/33231320
http://doi.org/10.1002/hed.26067
http://www.ncbi.nlm.nih.gov/pubmed/31903701
http://doi.org/10.1097/PAS.0b013e318254ce54
http://doi.org/10.1097/PAS.0b013e318258f03b
http://doi.org/10.1097/JTO.0b013e3182460f8f
http://doi.org/10.1016/j.clinimag.2020.07.025
http://www.ncbi.nlm.nih.gov/pubmed/32866821
http://doi.org/10.1186/s12885-017-3262-0
http://doi.org/10.1186/s12885-018-5087-x
http://doi.org/10.1002/pbc.20755
http://www.ncbi.nlm.nih.gov/pubmed/16435379
http://doi.org/10.1186/1471-2407-6-69
http://doi.org/10.7812/TPP/20.093
http://doi.org/10.1016/j.lungcan.2021.06.008
http://doi.org/10.1038/s41379-019-0206-z
http://doi.org/10.1158/0008-5472.CAN-13-2658


Curr. Oncol. 2021, 28 4501

50. Grayson, A.R.; Walsh, E.M.; Cameron, M.J.; Godec, J.; Ashworth, T.; Ambrose, J.M.; Aserlind, A.B.; Wang, H.; Evan, G.;
Kluk, M.J.; et al. MYC, a downstream target of BRD-NUT, is necessary and sufficient for the blockade of differentiation in NUT
midline carcinoma. Oncogene 2014, 33, 1736–1742. [CrossRef]

51. Sholl, L.M.; Barletta, J.A.; Yeap, B.Y.; Chirieac, L.R.; Hornick, J.L. Sox2 protein expression is an independent poor prognostic
indicator in stage I lung adenocarcinoma. Am. J. Surg. Pathol. 2010, 34, 1193–1198. [CrossRef]

52. Santagata, S.; Ligon, K.L.; Hornick, J.L. Embryonic stem cell transcription factor signatures in the diagnosis of primary and
metastatic germ cell tumors. Am. J. Surg. Pathol. 2007, 31, 836–845. [CrossRef] [PubMed]

53. Lee, K.S.; Kwak, Y.; Nam, K.H.; Kim, D.W.; Kang, S.B.; Choe, G.; Kim, W.H.; Lee, H.S. Favorable prognosis in colorectal cancer
patients with co-expression of c-MYC and ss-catenin. BMC Cancer 2016, 16, 730. [CrossRef]

54. Chisholm, K.M.; Krishnan, C.; Heerema-McKenney, A.; Natkunam, Y. Immunohistochemical Profile of MYC Protein in Pediatric
Small Round Blue Cell Tumors. Pediatr. Dev. Pathol. 2017, 20, 213–223. [CrossRef] [PubMed]

55. Numakura, S.; Saito, K.; Motoi, N.; Mori, T.; Saito, Y.; Yokote, F.; Kanamoto, Y.; Asami, M.; Sakai, T.; Yamauchi, Y.; et al.
P63-negative pulmonary NUT carcinoma arising in the elderly: A case report. Diagn. Pathol. 2020, 15, 134. [CrossRef]

56. Prall, O.W.J.; Thio, N.; Yerneni, S.; Kumar, B.; McEvoy, C.R. A NUT carcinoma lacking squamous differentiation and
expressing TTF1. Pathology 2021, 53, 663–666. [CrossRef]

57. Kuo, L.E.; Barletta, J.; Schoenfeld, J.D.; White, A.; French, C.A.; Wong, K.S.; Swanson, J.R.; Lowe, C.A.; Danga, K.;
Moore, F.D., Jr.; et al. NUT Carcinoma of the Thyroid: An Unusual Case with a Complete Response to Treatment. Clin. Thyroidol.
2021, 33, 38–47. [CrossRef]

58. Agaimy, A.; Haller, F.; Renner, A.; Niedermeyer, J.; Hartmann, A.; French, C.A. Misleading Germ Cell Phenotype in Pulmonary
NUT Carcinoma Harboring the ZNF532-NUTM1 Fusion. Am. J. Surg. Pathol. 2021. [CrossRef]

59. Ko, K.; Kitani, T.; Harris, B.T.; Anaizi, A.N.; Solomon, D.; Perry, A.; Toretsky, J.; Ozdemirli, M. A novel PARD3B-NUTM1 fusion in
an aggressive primary CNS embryonal tumor in a young adult. Acta. Neuropathol. Commun. 2020, 8, 112. [CrossRef] [PubMed]

60. Yuan, L.; Chen, X.; Cao, X.; Wang, F.; Zhang, Y.; Ma, X.; Cao, P.; Fang, J.; Chen, J.; Zhou, X.; et al. Identification of a novel
AVEN-NUTM1 fusion gene in acute myeloid leukemia. Int. J. Lab. Hematol. 2021, 43, O207–O210. [CrossRef]

61. Pincez, T.; Landry, J.R.; Roussy, M.; Jouan, L.; Bilodeau, M.; Laramee, L.; Couture, F.; Sinnett, D.; Gendron, P.; Hebert, J.; et al. Cryp-
tic recurrent ACIN1-NUTM1 fusions in non-KMT2A-rearranged infant acute lymphoblastic leukemia. Genes Chromosomes Cancer
2020, 59, 125–130. [CrossRef]

62. Maffini, F.; French, C.A.; Cameron, M.J.; Stufano, V.; Barberis, M.; Pisa, E.; Manzotti, M.; Cattaneo, A.; De Fiori, E.; Viale, G. A case
of NUT midline carcinoma with no HPV infection, slight EWSR1 rearrangement and strong expression of EGFR. Tumori 2013, 99,
e152–e155. [CrossRef] [PubMed]

63. French, C.A. Demystified molecular pathology of NUT midline carcinomas. J. Clin. Pathol. 2010, 63, 492–496. [CrossRef] [PubMed]
64. McEvoy, C.R.; Holliday, H.; Thio, N.; Mitchell, C.; Choong, D.Y.; Yellapu, B.; Leong, H.S.; Xu, H.; Lade, S.; Browning, J.; et al.

A MXI1-NUTM1 fusion protein with MYC-like activity suggests a novel oncogenic mechanism in a subset of NUTM1-rearranged
tumors. Lab. Investig. 2021, 101, 26–37. [CrossRef] [PubMed]

65. Reynoird, N.; Schwartz, B.E.; Delvecchio, M.; Sadoul, K.; Meyers, D.; Mukherjee, C.; Caron, C.; Kimura, H.; Rousseaux, S.; Cole,
P.A.; et al. Oncogenesis by sequestration of CBP/p300 in transcriptionally inactive hyperacetylated chromatin domains. EMBO J.
2010, 29, 2943–2952. [CrossRef] [PubMed]

66. Lee, J.K.; Louzada, S.; An, Y.; Kim, S.Y.; Kim, S.; Youk, J.; Park, S.; Koo, S.H.; Keam, B.; Jeon, Y.K.; et al. Complex chromosomal
rearrangements by single catastrophic pathogenesis in NUT midline carcinoma. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2017, 28,
890–897. [CrossRef] [PubMed]

67. Stirnweiss, A.; Oommen, J.; Kotecha, R.S.; Kees, U.R.; Beesley, A.H. Molecular-genetic profiling and high-throughput in vitro
drug screening in NUT midline carcinoma-an aggressive and fatal disease. Oncotarget 2017, 8, 112313–112329. [CrossRef]

68. Tamura, R.; Nakaoka, H.; Yoshihara, K.; Mori, Y.; Yachida, N.; Nishikawa, N.; Motoyama, T.; Okuda, S.; Inoue, I.;
Enomoto, T. Novel MXD4–NUTM1 fusion transcript identified in primary ovarian undifferentiated small round cell sarcoma.
Genes Chromosomes Cancer 2018, 57, 557–563. [CrossRef]

69. Prieto-Granada, C.; Morlote, D.; Pavlidakey, P.; Rodriguez-Waitkus, P.; Ramirez, C.; Florento, E.; Swensen, J.; Gatalica, Z.; Stevens,
T.M. Poroid adnexal skin tumors with YAP1 fusions exhibit similar histopathologic features: A series of six YAP1-rearranged
adnexal skin tumors. J. Cutan. Pathol. 2021. [CrossRef]

70. Agaimy, A.; Togel, L.; Haller, F.; Zenk, J.; Hornung, J.; Markl, B. YAP1-NUTM1 Gene Fusion in Porocarcinoma of the External
Auditory Canal. Head Neck Pathol. 2020, 14, 982–990. [CrossRef]

71. Stathis, A.; Bertoni, F. BET Proteins as Targets for Anticancer Treatment. Cancer Discov. 2018, 8, 24–36. [CrossRef] [PubMed]
72. Miller, T.C.; Simon, B.; Rybin, V.; Grotsch, H.; Curtet, S.; Khochbin, S.; Carlomagno, T.; Muller, C.W. A bromodomain-DNA

interaction facilitates acetylation-dependent bivalent nucleosome recognition by the BET protein BRDT. Nat. Commun. 2016, 7,
13855. [CrossRef] [PubMed]

73. Rahman, S.; Sowa, M.E.; Ottinger, M.; Smith, J.A.; Shi, Y.; Harper, J.W.; Howley, P.M. The Brd4 extraterminal domain confers
transcription activation independent of pTEFb by recruiting multiple proteins, including NSD3. Mol. Cell Biol. 2011, 31, 2641–2652.
[CrossRef] [PubMed]

74. Yang, Z.; Yik, J.H.; Chen, R.; He, N.; Jang, M.K.; Ozato, K.; Zhou, Q. Recruitment of P-TEFb for stimulation of transcriptional
elongation by the bromodomain protein Brd4. Mol. Cell 2005, 19, 535–545. [CrossRef] [PubMed]

http://doi.org/10.1038/onc.2013.126
http://doi.org/10.1097/PAS.0b013e3181e5e024
http://doi.org/10.1097/PAS.0b013e31802e708a
http://www.ncbi.nlm.nih.gov/pubmed/17527070
http://doi.org/10.1186/s12885-016-2770-7
http://doi.org/10.1177/1093526616689642
http://www.ncbi.nlm.nih.gov/pubmed/28521631
http://doi.org/10.1186/s13000-020-01053-4
http://doi.org/10.1016/j.pathol.2020.09.027
http://doi.org/10.1089/ct.2021;33.38-47
http://doi.org/10.1097/PAS.0000000000001774
http://doi.org/10.1186/s40478-020-00991-w
http://www.ncbi.nlm.nih.gov/pubmed/32680570
http://doi.org/10.1111/ijlh.13519
http://doi.org/10.1002/gcc.22808
http://doi.org/10.1177/030089161309900423
http://www.ncbi.nlm.nih.gov/pubmed/24326851
http://doi.org/10.1136/jcp.2007.052902
http://www.ncbi.nlm.nih.gov/pubmed/18552174
http://doi.org/10.1038/s41374-020-00484-3
http://www.ncbi.nlm.nih.gov/pubmed/32873880
http://doi.org/10.1038/emboj.2010.176
http://www.ncbi.nlm.nih.gov/pubmed/20676058
http://doi.org/10.1093/annonc/mdw686
http://www.ncbi.nlm.nih.gov/pubmed/28203693
http://doi.org/10.18632/oncotarget.22862
http://doi.org/10.1002/gcc.22668
http://doi.org/10.1111/cup.14008
http://doi.org/10.1007/s12105-020-01173-9
http://doi.org/10.1158/2159-8290.CD-17-0605
http://www.ncbi.nlm.nih.gov/pubmed/29263030
http://doi.org/10.1038/ncomms13855
http://www.ncbi.nlm.nih.gov/pubmed/27991587
http://doi.org/10.1128/MCB.01341-10
http://www.ncbi.nlm.nih.gov/pubmed/21555454
http://doi.org/10.1016/j.molcel.2005.06.029
http://www.ncbi.nlm.nih.gov/pubmed/16109377


Curr. Oncol. 2021, 28 4502

75. Wang, R.; Cao, X.J.; Kulej, K.; Liu, W.; Ma, T.; MacDonald, M.; Chiang, C.M.; Garcia, B.A.; You, J. Uncovering BRD4 hyperphos-
phorylation associated with cellular transformation in NUT midline carcinoma. Proc. Natl. Acad. Sci. USA 2017, 114, E5352–E5361.
[CrossRef] [PubMed]

76. Wang, R.; You, J. Mechanistic analysis of the role of bromodomain-containing protein 4 (BRD4) in BRD4-NUT oncoprotein-induced
transcriptional activation. J. Biol. Chem. 2015, 290, 2744–2758. [CrossRef]

77. Alekseyenko, A.A.; Walsh, E.M.; Wang, X.; Grayson, A.R.; Hsi, P.T.; Kharchenko, P.V.; Kuroda, M.I.; French, C.A. The oncogenic
BRD4-NUT chromatin regulator drives aberrant transcription within large topological domains. Genes Dev. 2015, 29, 1507–1523.
[CrossRef] [PubMed]

78. Yan, J.; Diaz, J.; Jiao, J.; Wang, R.; You, J. Perturbation of BRD4 protein function by BRD4-NUT protein abrogates cellular
differentiation in NUT midline carcinoma. J. Biol. Chem. 2011, 286, 27663–27675. [CrossRef]

79. Shiota, H.; Elya, J.E.; Alekseyenko, A.A.; Chou, P.M.; Gorman, S.A.; Barbash, O.; Becht, K.; Danga, K.; Kuroda, M.I.; Nardi, V.;
et al. “Z4” Complex Member Fusions in NUT Carcinoma: Implications for a Novel Oncogenic Mechanism. Mol. Cancer Res. 2018,
16, 1826–1833. [CrossRef]

80. Alekseyenko, A.A.; Walsh, E.M.; Zee, B.M.; Pakozdi, T.; Hsi, P.; Lemieux, M.E.; Dal Cin, P.; Ince, T.A.; Kharchenko, P.V.; Kuroda,
M.I.; et al. Ectopic protein interactions within BRD4-chromatin complexes drive oncogenic megadomain formation in NUT
midline carcinoma. Proc. Natl. Acad. Sci. USA 2017, 114, E4184–E4192. [CrossRef]

81. Gao, M.; Wang, J.; Rousseaux, S.; Tan, M.; Pan, L.; Peng, L.; Wang, S.; Xu, W.; Ren, J.; Liu, Y.; et al. Metabolically controlled histone
H4K5 acylation/acetylation ratio drives BRD4 genomic distribution. Cell Rep. 2021, 36, 109460. [CrossRef] [PubMed]

82. Sakamaki, J.I.; Wilkinson, S.; Hahn, M.; Tasdemir, N.; O’Prey, J.; Clark, W.; Hedley, A.; Nixon, C.; Long, J.S.; New, M.; et al.
Bromodomain Protein BRD4 Is a Transcriptional Repressor of Autophagy and Lysosomal Function. Mol. cell 2017, 66, 517–532.e519.
[CrossRef]

83. Stirnweiss, A.; McCarthy, K.; Oommen, J.; Crook, M.L.; Hardy, K.; Kees, U.R.; Wilton, S.D.; Anazodo, A.; Beesley, A.H. A novel
BRD4-NUT fusion in an undifferentiated sinonasal tumor highlights alternative splicing as a contributing oncogenic factor in
NUT midline carcinoma. Oncogenesis 2015, 4, e174. [CrossRef] [PubMed]

84. Chien, Y.W.; Hsieh, T.H.; Chu, P.Y.; Hsieh, S.M.; Liu, M.L.; Lee, J.C.; Liu, Y.R.; Ku, J.W.; Kao, Y.C. Primary malignant epithelioid
and rhabdoid tumor of bone harboring ZNF532-NUTM1 fusion: The expanding NUT cancer family. Genes Chromosomes Cancer
2019, 58, 809–814. [CrossRef]

85. Xie, X.H.; Wang, L.Q.; Qin, Y.Y.; Lin, X.Q.; Xie, Z.H.; Liu, M.; Zhang, J.X.; Ouyang, M.; Liu, J.; Gu, Y.Y.; et al. Clinical features,
treatment, and survival outcome of primary pulmonary NUT midline carcinoma. Orphanet. J. Rare Dis. 2020, 15, 183. [CrossRef]

86. Cheng, Z.; Luo, Y.; Zhang, Y.; Wang, Y.; Chen, Y.; Xu, Y.; Peng, H.; Zhang, G. A novel NAP1L4/NUTM1 fusion arising from
translocation t(11;15)(p15;q12) in a myeloid neoplasm with eosinophilia and rearrangement of PDGFRA highlights an unusual
clinical feature and therapeutic reaction. Ann. Hematol. 2020, 99, 1561–1564. [CrossRef]

87. Watson, S.; Perrin, V.; Guillemot, D.; Reynaud, S.; Coindre, J.M.; Karanian, M.; Guinebretiere, J.M.; Freneaux, P.; Le Loarer, F.;
Bouvet, M.; et al. Transcriptomic definition of molecular subgroups of small round cell sarcomas. J. Pathol. 2018, 245, 29–40.
[CrossRef]

88. Howard, H.C.; Mount, D.B.; Rochefort, D.; Byun, N.; Dupre, N.; Lu, J.; Fan, X.; Song, L.; Riviere, J.B.; Prevost, C.; et al. The K-Cl
cotransporter KCC3 is mutant in a severe peripheral neuropathy associated with agenesis of the corpus callosum. Nat. Genet.
2002, 32, 384–392. [CrossRef] [PubMed]

89. Hormann, F.M.; Hoogkamer, A.Q.; Beverloo, H.B.; Boeree, A.; Dingjan, I.; Wattel, M.M.; Stam, R.W.; Escherich, G.; Pieters, R.; den
Boer, M.L.; et al. NUTM1 is a recurrent fusion gene partner in B-cell precursor acute lymphoblastic leukemia associated with
increased expression of genes on chromosome band 10p12.31-12.2. Haematologica 2019, 104, e455–e459. [CrossRef]

90. De Luca, V.; Wang, H.; Squassina, A.; Wong, G.W.; Yeomans, J.; Kennedy, J.L. Linkage of M5 muscarinic and alpha7-nicotinic
receptor genes on 15q13 to schizophrenia. Neuropsychobiology 2004, 50, 124–127. [CrossRef]

91. Macagno, N.; Kervarrec, T.; Sohier, P.; Poirot, B.; Haffner, A.; Carlotti, A.; Balme, B.; Castillo, C.; Jullie, M.L.; Osio, A.; et al.
NUT Is a Specific Immunohistochemical Marker for the Diagnosis of YAP1-NUTM1-rearranged Cutaneous Poroid Neoplasms.
Am. J. Surg. Pathol. 2021, 45, 1221–1227. [CrossRef]

92. Stathis, A.; Zucca, E.; Bekradda, M.; Gomez-Roca, C.; Delord, J.P.; de La Motte Rouge, T.; Uro-Coste, E.; de Braud, F.; Pelosi, G.;
French, C.A. Clinical Response of Carcinomas Harboring the BRD4-NUT Oncoprotein to the Targeted Bromodomain Inhibitor
OTX015/MK-8628. Cancer Discov. 2016, 6, 492–500. [CrossRef]

93. Liao, S.; Maertens, O.; Cichowski, K.; Elledge, S.J. Genetic modifiers of the BRD4-NUT dependency of NUT midline carcinoma
uncovers a synergism between BETis and CDK4/6is. Genes Dev. 2018, 32, 1188–1200. [CrossRef]

94. Berthon, C.; Raffoux, E.; Thomas, X.; Vey, N.; Gomez-Roca, C.; Yee, K.; Taussig, D.C.; Rezai, K.; Roumier, C.; Herait, P.; et al.
Bromodomain inhibitor OTX015 in patients with acute leukaemia: A dose-escalation, phase 1 study. Lancet Haematol. 2016, 3,
e186–e195. [CrossRef]

95. Amorim, S.; Stathis, A.; Gleeson, M.; Iyengar, S.; Magarotto, V.; Leleu, X.; Morschhauser, F.; Karlin, L.; Broussais, F.; Rezai,
K.; et al. Bromodomain inhibitor OTX015 in patients with lymphoma or multiple myeloma: A dose-escalation, open-label,
pharmacokinetic, phase 1 study. Lancet Haematol. 2016, 3, e196–e204. [CrossRef]

http://doi.org/10.1073/pnas.1703071114
http://www.ncbi.nlm.nih.gov/pubmed/28630312
http://doi.org/10.1074/jbc.M114.600759
http://doi.org/10.1101/gad.267583.115
http://www.ncbi.nlm.nih.gov/pubmed/26220994
http://doi.org/10.1074/jbc.M111.246975
http://doi.org/10.1158/1541-7786.MCR-18-0474
http://doi.org/10.1073/pnas.1702086114
http://doi.org/10.1016/j.celrep.2021.109460
http://www.ncbi.nlm.nih.gov/pubmed/34320364
http://doi.org/10.1016/j.molcel.2017.04.027
http://doi.org/10.1038/oncsis.2015.33
http://www.ncbi.nlm.nih.gov/pubmed/26551281
http://doi.org/10.1002/gcc.22785
http://doi.org/10.1186/s13023-020-01449-x
http://doi.org/10.1007/s00277-020-04000-x
http://doi.org/10.1002/path.5053
http://doi.org/10.1038/ng1002
http://www.ncbi.nlm.nih.gov/pubmed/12368912
http://doi.org/10.3324/haematol.2018.206961
http://doi.org/10.1159/000079102
http://doi.org/10.1097/PAS.0000000000001693
http://doi.org/10.1158/2159-8290.CD-15-1335
http://doi.org/10.1101/gad.315648.118
http://doi.org/10.1016/S2352-3026(15)00247-1
http://doi.org/10.1016/S2352-3026(16)00021-1


Curr. Oncol. 2021, 28 4503

96. Lasko, L.M.; Jakob, C.G.; Edalji, R.P.; Qiu, W.; Montgomery, D.; Digiammarino, E.L.; Hansen, T.M.; Risi, R.M.; Frey, R.; Manaves,
V.; et al. Discovery of a selective catalytic p300/CBP inhibitor that targets lineage-specific tumours. Nature 2017, 550, 128–132.
[CrossRef]

97. Zhang, X.; Zegar, T.; Lucas, A.; Morrison-Smith, C.; Knox, T.; French, C.A.; Knapp, S.; Muller, S.; Siveke, J.T. Therapeutic targeting
of p300/CBP HAT domain for the treatment of NUT midline carcinoma. Oncogene 2020, 39, 4770–4779. [CrossRef]

98. Morrison-Smith, C.D.; Knox, T.M.; Filic, I.; Soroko, K.M.; Eschle, B.K.; Wilkens, M.K.; Gokhale, P.C.; Giles, F.; Griffin, A.; Brown,
B.; et al. Combined Targeting of the BRD4-NUT-p300 Axis in NUT Midline Carcinoma by Dual Selective Bromodomain Inhibitor,
NEO2734. Mol. Cancer Ther. 2020, 19, 1406–1414. [CrossRef]

99. Maur, M.; Toss, A.; Dominici, M.; Frassoldati, A.; Corradini, P.; Maiorana, A.; Fontana, A.; Conte, P. Impressive Response to
Dose-Dense Chemotherapy in a Patient with NUT Midline Carcinoma. Am. J. Case. Rep. 2015, 16, 424–429. [CrossRef] [PubMed]

100. Sun, K.; Atoyan, R.; Borek, M.A.; Dellarocca, S.; Samson, M.E.; Ma, A.W.; Xu, G.X.; Patterson, T.; Tuck, D.P.; Viner, J.L.; et al. Dual
HDAC and PI3K Inhibitor CUDC-907 Downregulates MYC and Suppresses Growth of MYC-dependent Cancers. Mol. Cancer Ther.
2017, 16, 285–299. [CrossRef] [PubMed]

101. Esteves, G.; Ferreira, J.; Afonso, R.; Martins, C.; Zagalo, C.; Felix, A. HDAC Overexpression in a NUT Midline Carcinoma of the
Parotid Gland with Exceptional Survival: A Case Report. Head Neck Pathol. 2020, 14, 1117–1122. [CrossRef] [PubMed]

102. Sturm, D.; Orr, B.A.; Toprak, U.H.; Hovestadt, V.; Jones, D.T.W.; Capper, D.; Sill, M.; Buchhalter, I.; Northcott, P.A.; Leis, I.; et al.
New Brain Tumor Entities Emerge from Molecular Classification of CNS-PNETs. Cell 2016, 164, 1060–1072. [CrossRef] [PubMed]

103. Mangray, S.; Kelly, D.R.; LeGuellec, S.; Fridman, E.; Aggarwal, S.; Shago, M.; Matoso, A.; Madison, R.; Pramanik, S.; Zhong, S.;
et al. Clinicopathologic Features of a Series of Primary Renal CIC-rearranged Sarcomas With Comprehensive Molecular Analysis.
Am. J. Surg. Pathol. 2018, 42, 1360–1369. [CrossRef]

104. Schaefer, I.M.; Dal Cin, P.; Landry, L.M.; Fletcher, C.D.; Hanna, G.J.; French, C.A. CIC-NUTM1 fusion: A case which expands the
spectrum of NUT-rearranged epithelioid malignancies. Genes Chromosomes Cancer 2018, 57, 446–451. [CrossRef]

105. Siegfried, A.; Masliah-Planchon, J.; Roux, F.E.; Larrieu-Ciron, D.; Pierron, G.; Nicaise, Y.; Gambart, M.; Catalaa, I.; Pericart, S.;
Dubucs, C.; et al. Brain tumor with an ATXN1-NUTM1 fusion gene expands the histologic spectrum of NUTM1-rearranged
neoplasia. Acta. Neuropathol. Commun. 2019, 7, 220. [CrossRef]

106. Klossowski, S.; Miao, H.; Kempinska, K.; Wu, T.; Purohit, T.; Kim, E.; Linhares, B.M.; Chen, D.; Jih, G.; Perkey, E.; et al. Menin
inhibitor MI-3454 induces remission in MLL1-rearranged and NPM1-mutated models of leukemia. J. Clin. Investig. 2020, 130,
981–997. [CrossRef] [PubMed]

107. Li, W.; Chastain, K. NUT midline carcinoma with leukemic presentation mimicking CD34-positive acute leukemia. Blood 2018,
132, 456. [CrossRef] [PubMed]

http://doi.org/10.1038/nature24028
http://doi.org/10.1038/s41388-020-1301-9
http://doi.org/10.1158/1535-7163.MCT-20-0087
http://doi.org/10.12659/AJCR.893879
http://www.ncbi.nlm.nih.gov/pubmed/26140332
http://doi.org/10.1158/1535-7163.MCT-16-0390
http://www.ncbi.nlm.nih.gov/pubmed/27980108
http://doi.org/10.1007/s12105-020-01130-6
http://www.ncbi.nlm.nih.gov/pubmed/31989434
http://doi.org/10.1016/j.cell.2016.01.015
http://www.ncbi.nlm.nih.gov/pubmed/26919435
http://doi.org/10.1097/PAS.0000000000001098
http://doi.org/10.1002/gcc.3
http://doi.org/10.1186/s40478-019-0870-8
http://doi.org/10.1172/JCI129126
http://www.ncbi.nlm.nih.gov/pubmed/31855575
http://doi.org/10.1182/blood-2017-07-796268
http://www.ncbi.nlm.nih.gov/pubmed/30049733

	Introduction 
	Clinical Aspects 
	Histologic and Immunohistochemical Diagnosis 
	Pathogenic Mechanism 
	Targeted Therapy 
	Other NUTM1-Rearranged Tumors 
	Skin Tumors 
	Sarcomas 
	Brain Tumors 
	Hematologic Neoplasms 

	Conclusions 
	References

