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Abstract
Nodular fasciitis is a benign, self-limited, pseudosarcomatous neoplasm that can mimic malignancy due to its rapid growth,
cellularity, and mitotic activity. Involvement of the breast is rare and diagnosis on biopsy can be challenging. In this largest
series to date, we examined the clinicopathologic and molecular characteristics of 12 cases of nodular fasciitis involving the
breast/axilla. All patients were female, with a median age of 32 years (range 15–61). The lesions were 0.4 to 5.8 cm in size
(median 0.8). All cases presented as palpable masses, and two patients had overlying skin retraction. Microscopically,
lesions were relatively well-circumscribed nodular masses of bland myofibroblastic spindle cells within a variably myxoid
stroma. Infiltrative growth into adipose tissue or breast epithelium was frequent. Mitotic figures were present in all cases,
ranging from 1 to 12 per 10 high-power fields (median 3). Immunohistochemically, all cases expressed smooth muscle actin
and were negative for pan-cytokeratin, p63, desmin, CD34, and nuclear beta-catenin. Targeted RNA sequencing performed
on 11 cases identified USP6 gene fusions in eight; one additional case was positive by break-apart fluorescence in situ
hybridization. The common MYH9-USP6 rearrangement was detected in four cases; another case had a rare alternative
fusion with CTNNB1. Three cases harbored novel USP6 gene fusions involving NACA, SLFN11, or LDHA. All fusions
juxtaposed the promoter region of the 5′ partner gene with the full-length coding sequence of USP6. Outcome data were
available for eight patients; none developed recurrence or metastasis. Five patients elected for observation without
immediate excision, and self-resolution of the lesions was reported in three cases. Albeit uncommon, nodular fasciitis should
be considered in the differential diagnosis of breast spindle cell lesions. A broad immunohistochemical panel to exclude
histologic mimics, including metaplastic carcinoma, is important. Confirmatory detection of USP6 rearrangements can aid in
classification, with potential therapeutic implications.

Introduction

Nodular fasciitis is a benign, self-limited mesenchymal
neoplasm of unknown etiology that most commonly occurs
in younger to middle-aged individuals [1]. It typically pre-
sents as a small (<2 cm), rapidly growing mass within the
subcutaneous tissue. Nodular fasciitis can occur at virtually
any anatomic site, although it most frequently involves the
extremities, head and neck, and trunk. Histopathologically,
nodular fasciitis is characterized by a cellular proliferation of
mitotically active myofibroblastic/fibroblastic spindle cells
that express smooth muscle actin [2]. Molecularly, the
majority of cases harbor a gene rearrangement involving
USP6 (ubiquitin specific peptidase 6), which encodes a
deubiquitination enzyme [3]. Typically, USP6 is fused with
MYH9 (myosin heavy chain 9), although rare alternative non-
MYH9 fusion partners have been recently reported [3–5].
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Given the recurrent nature of USP6 fusions in nodular fas-
ciitis, molecular testing can be diagnostically helpful [6]. In
contrast to other spindle cell lesions, nodular fasciitis often
spontaneously regresses without treatment, and recurrences
are extremely rare [7, 8].

Despite increased awareness since its initial description
in 1955 [9], nodular fasciitis remains prone to misdiagnosis.
Studies estimate that up to 60% of cases are misclassified
and 20–30% are overdiagnosed as malignancy [2, 10]. The
high rate of misclassification may be due in part to its rapid
clinical growth and pseudosarcomatous microscopic
appearance. Accurate diagnosis of nodular fasciitis may be
particularly challenging when cases arise at unusual ana-
tomic sites, such as the breast, or when tissue sampling is
limited. Involvement of the breast by nodular fasciitis is
extremely rare with only a limited number of cases reported
in the literature [2, 3, 7, 10–19]. Diagnostic distinction of
nodular fasciitis from other spindle cell lesions of the breast,
such as metaplastic carcinoma, may have critical implica-
tions for guiding appropriate clinical management. Recog-
nition of nodular fasciitis on biopsy requires awareness of
the spectrum of morphologic features, thoughtful applica-
tion of immunohistochemistry, and, occasionally, con-
firmatory molecular testing. To date, a systematic and
comprehensive clinicopathologic and molecular analysis of
nodular fasciitis involving the breast has not been reported.

In this study, as the largest series to date, we present the
clinical, morphologic, and immunohistochemical features of
12 cases of nodular fasciitis involving the breast and axilla. In
addition, we performed RNA-based next-generation sequen-
cing and identified novel USP6 gene fusions, expanding the
genetic spectrum of USP6-rearranged neoplasms.

Materials and methods

Study population

With institutional review board approval, the pathology
archives of Stanford University and Kaiser Permanente (San
Francisco, CA) were searched for cases of nodular fasciitis or
likely nodular fasciitis of the breast. Representative H&E
slides were then independently reviewed by two soft tissue
pathologists with agreement, resulting in a study cohort of 12
cases. Five cases were core biopsies and seven were excision
specimens. Each tumor was assessed for common microscopic
features of nodular fasciitis, including mitotic activity, extra-
vasated red blood cells, microcystic change, and an infiltrative
border. Prior to the study, one case had already undergone
confirmatory USP6 break-apart fluorescence in situ hybridi-
zation (FISH) testing. Clinicopathologic and outcome data
were obtained from electronic medical records when available.

Hybrid capture next-generation DNA and RNA
sequencing

RNA from 11 cases was extracted from sectioned scrolls of
formalin-fixed paraffin-embedded (FFPE) tissue using a
Qiagen RNeasy FFPE Kit (Qiagen, Germantown, MD,
USA). A reference purified RNA sample (Seraseq Fusion
RNA Mix; SeraCare, Cat. No. 0710-0431, Milford, MA,
USA) was used as a positive control. cDNA was synthe-
sized from total RNA and sequencing libraries were con-
structed using a KAPA Stranded RNA-Seq Library
Preparation Kit (Roche Sequencing, Pleasanton, CA, USA).
Samples were multiplexed and underwent enrichment for a
43-gene targeted RNA fusion panel (Fusion-STAMP,
Supplemental Table S1) using Roche SeqCap RNA Choice
target enrichment probes spanning the entirety of the gene
transcripts of interest (Roche Sequencing). Sequencing was
performed on an Illumina MiSeq (Illumina, San Diego,
CA). Sequencing reads were mapped to the human refer-
ence genome (GRCh37, hg19) using the STAR-Fusion
algorithm (v 1.1.0). STAR-Fusion uses the STAR aligner to
map reads and identify candidate fusion transcripts, which
are then processed by the STAR-Fusion algorithm to map
junction reads and spanning reads to a reference annotation
set and to produce a final fusion transcript list [20]. Two
cases were additionally subjected to DNA extraction and
underwent sequencing using a 130-gene targeted panel
(STAMP, Supplemental Table S2), as previously described
[21]. Results were visualized and verified using Integrated
Genome Viewer (Broad Institute, Cambridge, MA).

Immunohistochemistry

For immunohistochemistry, the following antibodies were
used: SMA (smooth muscle actin, 1A4, 1:200, Cell Marque,
Rocklin, CA, USA), cytokeratin cocktail (AE1/AE3+
Cam5.2, 1:75+ 1:25, Dako, Santa Clara, CA, USA, and
BD Biosciences, Franklin Lakes, NJ, USA), CK5/6 (D5/
16B4, 1:50, Cell Marque), p63 (BC4A4, 1:50, Biocare
Medical, Pacheco, CA, USA), CD34 (MY10, 1:160, BD
Biosciences), desmin (DE-R-11, undiluted, Ventana, Tuc-
son, AZ, USA), beta-catenin (14, undiluted, Ventana), S100
protein (polyclonal, 1:1000, Dako), and ER (estrogen
receptor, SP1, undiluted, Ventana). CK5/6, p63, CD34, ER
(all with ER2 retrieval), and S100 protein (enzyme retrieval)
were performed on Leica BOND III (Buffalo Grove, IL,
USA) instruments. SMA (no retrieval), cytokeratin cocktail
(protease2 retrieval), desmin (protease1 retrieval), and beta-
catenin (CC1 retrieval) were performed on Roche Ventana
Benchmark Ultra instruments. For consultation cases, a
minority of immunohistochemical stains were performed at
the original institution.
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USP6 fluorescence in situ hybridization

USP6 break-apart FISH testing was performed at the Mayo
Clinic Sequencing Core on four cases. 5′ USP6 DNA
(clones RP11-198F11, RP11-115H24, and RP11-124C16)
labeled with SpectrumOrange dUTP (Abbott Molecular/
Vysis Products, Abbott Park, IL, USA) and 3′ USP6 DNA
(clones CTD-2367F23, RP11-457I18, RP11-1140D18, and
RP11-373N8) labeled in SpectrumGreen dUTP (Abbott
Molecular/Vysis Products) were combined as one probe set.
The break-apart probe set was applied to individual slides,
hybridized, and washed according to the PAT reduced
pepsin FISH protocol [22]. At least 50 non-overlapping
nuclei were analyzed per case.

Results

Clinicopathologic features of mammary nodular
fasciitis

We identified 12 cases histopathologically and immuno-
histochemically compatible with nodular fasciitis and
located in the breast (n= 10) or axilla (n= 2). Five cases
were core biopsies and seven were excision specimens. In
all cases, the patients were evaluated and managed by
dedicated breast imaging and surgery teams, and subsequent
specimens were directed to a breast pathology service or
pathologist with breast subspecialty experience. The clin-
icopathologic characteristics of these tumors are summar-
ized in Table 1.

All patients were women with an age range from 15 to 61
years (median 32). For 10 cases with detailed clinical
information, all presented as self-detected, palpable masses.
Overlying skin retraction was noted in two patients. Three
patients described the lesions as tender or painful, while
three other patients denied pain. One case occurred in the
setting of recent local trauma, one arose during pregnancy,
and another developed seven months postpartum. Patient 10
underwent an excision of a hamartoma involving the ipsi-
lateral breast three years prior. Patient 6 underwent partial
mastectomy and sentinel lymphadenectomy for ipsilateral
invasive lobular carcinoma five years prior, followed by
margin re-excision, radiation, and endocrine therapy.

The lesions ranged from 0.4 to 5.8 cm in size (median
0.8 cm). Ultrasound performed in six cases (patients 1, 3,
5–7, and 11) demonstrated ovoid hypoechoic masses with
irregular (n= 5) or spiculated (n= 1) margins, and sur-
rounding or internal vascularity in two cases. An additional
magnetic resonance imaging (MRI) study on patient 3 noted
enhancement with apparent tethering of adjacent skin.
Patient 4 underwent mammography which revealed an
indistinct, oval, solid mass with surrounding echogenic

reaction extending to the skin and marked internal vascu-
larity with power Doppler. Four masses (cases 1, 4, 9, and
10) were described as superficial or subcutaneous by the
radiologist. Case 2 was in the pediatric setting and imaging
was omitted.

By microscopic assessment, 4 of 12 specimens (33%)
included breast ducts and/or lobules, while eight lesions
(67%) were surrounded by fibroadipose tissue without
mammary epithelium. Two of the seven excisions contained
skin. Where evaluable, the lesions formed well-circumscribed
nodular masses with varying degrees of fibrous encapsulation
(partial in three, complete in one) (Fig. 1). Despite their cir-
cumscription, the majority of cases had at least a focally
infiltrative peripheral tumor border into surrounding adipose
tissue (10/12), breast epithelium (2/12), and/or fibroconnec-
tive tissue (1/12). The lesions showed a range of cellularity
and myxoid stromal change. Relatively hypocellular lesions
often displayed the most prominent myxoid change, while
lesions with higher cellularity featured a more collagenous
stroma.

The lesions were composed of relatively uniform, plump
myofibroblastic spindle cells with normochromatic nuclei,
discernible nucleoli, and wispy cytoplasm, predominantly
arranged in short storiform fascicles. Foci of stromal
microcystic change were seen in most cases, imparting the
classic “tissue culture” appearance. Significant cytologic
atypia or pleomorphism was not observed. Mitotic figures
were present in all cases, ranging from 1 to 12 per 10 high-
power fields (400×) (median 3 per 10 HPF); atypical forms
were not identified. Admixed extravasated erythrocytes
(11/12, 92%) and lymphoid cells (8/12, 67%) were com-
monly identified in the background. A subset of cases had
foci of hemosiderin-laden macrophages (3/12, 25%) or
multinucleated giant cells (4/12, 33%).

Immunohistochemically, all cases expressed smooth
muscle actin. Expression of SMA was generally diffuse,
although rare cases showed more patchy expression
(Fig. 1). The tumor cells were negative for pan-cytokeratin
(0/12), CK5/6 (0/7), p63 (0/10), CD34 (0/12), desmin
(0/11), and nuclear beta-catenin (0/9). Weak focal S100
protein staining was seen in two of eleven cases. Estrogen
receptor (ER) was negative in all three evaluated cases.

Seven patients underwent surgical excision and five
patients elected for observation only after a diagnosis was
rendered on core biopsy. Of the excisions, surgical margins
were negative in three cases (cases 4, 9, and 11) and posi-
tive in four cases (cases 2, 5, 7, and 12). Cases 2, 7, and 12
did not undergo further surgery, but case 5 proceeded with
re-excision for negative margins (with no residual lesion
present) despite a definitive diagnosis of “nodular fasciitis.”
Clinical follow-up beyond surgery was available for eight
patients (67%) (Table 1). The median duration of follow-up
was 4 years (range 5–114 months). No recurrences or

Nodular fasciitis of the breast: clinicopathologic and molecular characterization with identification. . . 1867
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Fig. 1 Histopathologic characteristics of nodular fasciitis of the
breast. A Lesions were typically well-circumscribed with a nodular
architecture and variable degrees of encapsulation. B While most
lesions arose in the subcutaneous tissue, a subset was located deeper
within the parenchyma, as evidenced by adjacent breast epithelium
(lactational change at right). This case was relatively hypocellular and
showed a prominent myxoid stroma. C Some lesions were compara-
tively less myxoid and more cellular. In this case, there was focal
entrapment of breast epithelial elements (arrows). D The majority of

cases showed at least a focally infiltrative tumor border. E The lesions
were comprised of relatively uniform plump spindled cells admixed
with foci of extravasated erythrocytes. Occasionally, deposits of
hemosiderin were seen. F Other classical features of nodular fasciitis
were present, including stromal microcystic change and scattered
multinucleated giant cells (arrows). G Typical mitotic figures (arrow)
were present in all cases. H All cases were positive for smooth muscle
actin by immunohistochemistry.

Nodular fasciitis of the breast: clinicopathologic and molecular characterization with identification. . . 1869



metastases occurred. Within the observation-only group,
three lesions self-resolved without treatment (by 4 weeks in
case 3, 3 weeks in case 8, and 14 weeks in case 10). Patient
3 subsequently underwent an excision at this same site one
year later for fibroadenomas, with no residual nodular fas-
ciitis identified. Case 1 showed no interval growth during
the limited follow-up period of 5 months, and case 6 was
too recent for significant evaluation.

Genomic features

To interrogate for USP6 rearrangements, all cases were
subjected to molecular analysis by a targeted RNA
sequencing fusion panel (11 cases) and/or USP6 FISH
(4 cases). Molecular results are summarized in Table 1 and
Fig. 2. USP6 rearrangements were identified in nine cases
(75%); eight were detected by RNA sequencing and one
was identified by FISH.

Of the eight cases detected by RNA sequencing, four
(50%) harbored the common MYH9-USP6 fusion transcript.
The remaining four cases harbored USP6 gene fusions with
alternative partners. In case 4, USP6 was fused with
CTNNB1 (catenin beta-1; 3p22.1). Cases 7, 8, and 10 har-
bored novel USP6 fusion partners, involving NACA (nas-
cent-polypeptide-associated complex alpha polypeptide;
12q13.3), LDHA (lactate dehydrogenase; 11p15.1), and
SLFN11 (schlafen family member 11; 17q.12), respectively.
In all cases, a noncoding exon 1 of the 5’ partner gene was
fused with the full-length coding sequence of USP6 (Fig. 2).
The USP6 breakpoints were located within exon 1 (6/8,
75%) or at the start of exon 2 (2/8, 25%) (Supplemental
Table S3). Two cases were additionally interrogated by a
targeted DNA sequencing panel: one fusion-positive and
one fusion-negative (cases 12 and 5, respectively). No
pathogenic alterations were detected in either lesion.

Discussion

In this study, we describe the spectrum of clinicopathologic
and molecular features of 12 cases of nodular fasciitis
occurring in the breast or axilla, representing the largest
series of its kind to date. Most cases presented in the third
and fourth decades, although rare cases occurred in younger
(age 15) and significantly older patients (age 61). Nodular
fasciitis of the breast has been reported in patients as old as
88 years, indicating a wide possible age range [15]. The
majority of lesions are <2 cm in size; rare cases can be quite
large, as exemplified by case 12 of our series (5.8 cm). All
patients in our cohort presented with self-detected, palpable
masses, and some described pain or tenderness; skin
retraction was additionally present in two cases. Most
lesions were located in the outer quadrants of the breast and

appeared to be situated within the subcutaneous tissue.
Associated breast epithelium was present in a minority of
cases. Whether these cases originated within the breast
parenchyma itself or secondarily involved breast par-
enchyma by subcutaneous extension is unclear, in part due
to the absence of a well-defined tissue plane between sub-
cutis and breast parenchyma. While nodular fasciitis has a
tendency to arise in the subcutis, it can occur primarily in
deeper tissues, such as skeletal muscle.

Generally, lesions form well-circumscribed, nodular
masses with varying degrees of encapsulation. Almost all
cases in our series showed at least focal infiltration into
adjacent tissue. This finding should not be misinterpreted to
suggest an invasive malignancy. Other key features that can
facilitate a diagnosis of nodular fasciitis of the breast
include recognition of the myxoid stroma, foci of micro-
cystic change, uniform myofibroblastic spindle cells, and
admixed erythrocytes and lymphoid cells. While mitotic
figures are frequently encountered and can occasionally be
numerous, atypical forms would not be expected. No spe-
cific features differed between cases with or without
mammary epithelium in our series, although two cases
illustrated that nodular fasciitis can variably infiltrate and
envelop breast ducts and lobules.

The differential diagnosis of spindle cell lesions of the
breast is broad and includes benign and malignant neo-
plasms and reactive conditions. Distinguishing spindle cell
lesions on biopsy is often diagnostically challenging
because many entities display significant histopathologic
overlap; an immunohistochemical panel is often prudent.
Nodular fasciitis is consistently negative for most com-
monly used markers, yet invariably expresses SMA. While
this can aid in the diagnosis, SMA is non-specific and
warrants care in interpretation. Multiple keratins and p63
are important to rule out metaplastic carcinoma, which may
manifest with only low-grade morphologic features, thus
potentially mimicking nodular fasciitis. Additional markers
including CD34, desmin, S100 protein, and beta-catenin
can be helpful to exclude other neoplasms, including
phyllodes tumor, myofibroblastoma, dermatofibrosarcoma
protuberans, smooth muscle tumors, neural lesions, and
desmoid fibromatosis, among others. While focal weak
expression of S100 protein was seen in two cases in our
cohort, strong diffuse expression was never observed, and
all other examined markers were negative.

Nodular fasciitis is prone to misdiagnosis as malignancy,
as described in numerous studies and case reports
[2, 12, 13, 15, 18]. Its pseudosarcomatous appearance with
high cellularity, increased mitotic activity, and infiltrative
borders can result in misinterpretation as a more aggressive
lesion. Moreover, these lesions often present with rapid
clinical growth and are associated with vague or potentially
concerning imaging characteristics, such as irregular or
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spiculated margins and internal vascularity. Involvement of
the breast by nodular fasciitis is extremely uncommon
[23, 24]. In a recent comprehensive review of the literature,
Paliogiannis et al. [19] identified only 22 reported cases of
nodular fasciitis involving the breast over a period from

1990 to 2016. Given its rarity at this anatomic site, nodular
fasciitis is infrequently encountered by breast pathologists.
As such, it may be overlooked as a diagnostic consideration
in the workup of a mammary spindle cell lesion. Recogni-
tion that nodular fasciitis can occur in the breast and

Fig. 2 USP6 gene fusions associated with nodular fasciitis of the
breast/axilla. A Schematic illustrating the canonical MYH9-USP6
gene fusion that juxtaposes exon 1 of MYH9 to mid-exon 1 of USP6
(NM_004505.4, red lines, and box) or exon 2 of USP6 (blue lines and
box). Adapted from Patel et al. [4]. B Schematic depicting the alter-
native USP6 gene fusions identified in this study. Exon 1 of the 5′
partner gene (CTNNB1, NACA, LDHA, and SLFN11) is fused with
exon 1 of USP6. (C) Integrative Genome Viewer (IGV) visualization

of a representative MYH9-USP6 fusion breakpoint identified by RNA
sequencing (case 9). Top panel shows read spanning MYH9 exon 1.
Reads to the right of the dotted vertical line correctly map to theMYH9
coding sequence, while select reads to the left (unmapped, colored)
align to USP6. The bottom panel shows the corresponding breakpoint
in mid-exon 1 of the USP6 locus. (D) Break-apart fluorescence in situ
hybridization (FISH) showing rearrangement of the USP6 locus
(separation of green and orange signals) (case 12).
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appreciation of the distinctive histopathologic features is
critical to avoid misdiagnosis and unnecessary over-
treatment. Nodular fasciitis does not require radical surgical
intervention given its benign clinical course and limited
capacity for recurrence [25]. In addition, nodular fasciitis
may spontaneously resolve without treatment, typically
within a period of 2–4 weeks after diagnosis [8, 26].
Therefore, in contrast to most spindle cell lesions of the
breast for which surgical excision is standard, a period of
non-operative watchful waiting may be appropriate when
nodular fasciitis is definitively diagnosed on core biopsy.

In practice, arriving at a diagnosis of nodular fasciitis on
biopsy requires careful exclusion of other entities in the
differential diagnosis. In a specimen with well-sampled
lesional tissue, if (1) there are multiple histologic features of
nodular fasciitis, including a characteristic microcystic
change imparting a tissue culture-like appearance, extra-
vasated erythrocytes, and non-atypical cytomorphology, (2)
smooth muscle actin stains in a myofibroblastic (“tram-
track”) pattern, and (3) additional immunohistochemical
workup is negative, then it would be reasonable to sign out
a core biopsy as consistent with nodular fasciitis in our
view. Of note, nodular fasciitis has been purely a morpho-
logic diagnosis only until recently. In the last 10 years, the
identification of recurrent USP6 rearrangements in nodular
fasciitis and the increased utilization of genetic testing has
allowed USP6 molecular analysis to play a role in the
diagnostic process. In difficult cases and/or cases with
limited sampling, detection of a USP6 fusion can provide
additional confidence for a diagnosis of nodular fasciitis.

The reported frequency of USP6 gene rearrangements in
nodular fasciitis occurring at any anatomic site has ranged

from 74 to 100% [3, 4, 10, 27]. Since the discovery of
USP6 fusions in nodular fasciitis in 2011, there have been
16 cases reported that have involved the breast or axilla
[3, 4, 13, 15–17, 28–36] (see Table 2). Of these cases, USP6
status was interrogated in only five cases by FISH, and only
2/5 were positive for a USP6 rearrangement; in one case,
the fusion partner was identified as MYH9 by RT-PCR [4].
In our study, we detected a USP6 rearrangement in 75% of
cases using a combination of break-apart FISH and targeted
RNA sequencing. We retrospectively re-examined the three
cases where a USP6 rearrangement was not detected (cases
3, 5, and 6). These lesions generally displayed a more
fibrous stroma but were otherwise indistinguishable mor-
phologically and immunohistochemically from the USP6
fusion-positive cases. Targeted DNA sequencing of one
fusion-negative case detected no pathologic alterations;
further evaluation of the two remaining fusion-negative
cases was no longer possible following exhaustion of
lesional tissue. The differential diagnosis for these three
cases primarily includes scar. Indeed, all of these patients
had prior injuries to the site that could have resulted in scar
formation (prior excisions in cases 3 and 6 and local trauma
in case 5). Of course, this history does not exclude nodular
fasciitis, as preceding trauma is also believed to be a pre-
cipitating factor for nodular fasciitis. While the distinction
between scar and nodular fasciitis may be difficult, if not
impossible, in many cases, both represent benign lesions for
which clinical management is similar. In our opinion, if
molecular studies fail to identify a USP6 rearrangement but
morphologic and immunohistochemical findings are most
suggestive of nodular fasciitis, one may still favor a diag-
nosis of nodular fasciitis. However, if a case lacks a USP6

Table 2 Reported cases of nodular fasciitis of the breast/axilla in the literature since the discovery of USP6 fusions in 2011.

Case Publication Age/sex Location Size USP6 status Treatment Follow-up

1 Erickson-Johnson et al. [3] 70/F Breast NOS NA − (FISH) NA NA

2 Paker et al. [27] 17/M Right breast, subcutaneous 1.5 cm NA Excision NA

3 Son et al. [28] 41/F Left breast, upper center 1.1 cm NA Excision NA

4 Rhee et al. [29] 43/F Right breast, upper outer 0.6 cm NA NA NA

5 32/F Left breast, 2 o’clock 2 cm NA Observation Self-resolved

6 Yamamoto et al. [30] 35/F Left breast, upper inner 1.3 cm NA Excision NA

7 Samardzic et al. [31] 68/F Right axillary tail 6 cm NA Observation Self-resolved

8 Sakuma et al. [32] 31/F Right breast, upper lateral 0.6 cm NA Excision No recurrence

9 Kang et al. [16] 48/F Right breast, 10 o’clock 2.5 cm + (FISH) Observation Self-resolved

10 Shin et al. [33] 57/F Breast parenchyma 7 cm − (FISH) NA NA

11 Moghimi et al. [34] 43/F Left breast, upper lateral 1.5 cm NA Excision NA

12 Hayashi et al. [15] 88/F Right breast, lower outer 2 cm NA Excision No recurrence

13 Knight et al. [35] 69/F Left breast, 9 o’clock 1.5 cm NA Observation No progression

14 Patel et al. [4] 12/F Left axilla 3 cm + (FISH, RT-PCR) NA NA

15 Erinanc and Türk [13] 48/F Left breast NOS 2.5 cm NA Excision NA

16 Naso et al. [17] 35/F Breast NOS 4.4 cm − (FISH) Excision NA
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rearrangement and has any atypical morphologic or
immunohistochemical findings, it would be prudent to offer
a narrowed differential diagnosis and defer final classifica-
tion to the excision specimen.

A variety of methods have been utilized for the detection
of USP6 gene rearrangements, including FISH [3, 4, 6], RT-
PCR [3, 4], and RNA sequencing [4]. Of these methodolo-
gies, FISH is particularly useful in the setting of limited
tissue, as only 1–2 tissue sections are needed. RNA
sequencing may offer several advantages over FISH,
including the ability to identify “cryptic” rearrangements, the
potential to identify a multitude of other possible gene
fusions, and the ability to characterize both constituent genes
of the fusion. In approximately two-thirds of reported cases,
USP6 is fused with MYH9 on chromosome 22q12.3 [3]. In
our study, an MYH9-USP6 fusion was detected in half of the
cases in which the partner gene was characterized by RNA
sequencing. Consistent with prior reports [3, 4], these fusions
result in juxtaposition of the noncoding exon 1 of MYH9,
adjacent to the gene’s promoter region, to the full-length
coding sequence of USP6. This “promoter swap” positions
USP6 under the transcriptional control of the strong ectopic
promoter of MYH9 ([3, 4]). The resulting overexpression of
USP6 is thought to be one possible mechanism that drives
cell proliferation in nodular fasciitis [3].

Our study also identified several non-canonical USP6
gene fusions in nodular fasciitis. In case 4, USP6 was fused
to CTNNB1, the gene encoding beta-catenin. This fusion
was recently reported in one case of nodular fasciitis arising
in the neck of a 21-year-old woman [4]. The remaining
three fusion partners identified in our series were NACA,
LDHA, and SLFN11. To our knowledge, fusions involving
these genes and USP6 have not been previously reported.
NACA encodes a chaperone protein that binds to nascent
polypeptide chains [37]. The product of LDHA, lactate
dehydrogenase A, plays a critical role in glycolysis by
catalyzing the conversion of lactate to pyruvate [38].
SLFN11 encodes a DNA/RNA helicase that has been linked
to the sensitization of cancer cells to DNA damaging agents
[39]. A similar promoter swap event occurred in these four
cases, in which the noncoding first exons of CTNNB1,
NACA, LDHA, or SLFN11 were fused upstream of the full-
length USP6 coding region. Given that these genes encode
proteins with important cellular housekeeping functions,
they are expected to have active promoters to induce USP6
overexpression and subsequent neoplasia. Our novel find-
ings add to the growing body of literature that emphasizes
the impressive genetic plasticity of USP6-rearranged neo-
plasms, which includes nodular fasciitis [4, 5], fibroma of
tendon sheath [40], and aneurysmal bone cyst [41–43].

All of the cases in our study, including those with non-
canonical USP6 fusions, followed benign clinical courses

with no recurrences. Moreover, two lesions with novel
fusion partners (LDHA and SLFN11) self-resolved without
surgical excision. Another lesion that was negative for
USP6 rearrangement also reportedly self-resolved. This is
consistent with other reports of self-resolving cases of
mammary nodular fasciitis (see Table 2). The mechanism
underlying spontaneous resolution is not well understood.
Among nodular fasciitis cases, there has been a single report
of a histologically typical tumor associated with a more
aggressive clinical course, including multiple recurrences
and eventual metastases over a period of 10 years [5]. This
case arose in the thigh and harbored an unusual amplified
USP6 gene fusion involving PPP6R3. This striking report
demonstrates that in exceptional cases nodular fasciitis may
follow a more aggressive clinical course. More studies are
necessary to determine if this distinctive behavior is due to a
specific 5′ gene partner, secondary amplification of the
USP6 fusion, or other alteration.

Accurate classification of spindle cell lesions of the breast
is critical for guiding surgical and oncologic decision-making.
This study highlights the importance of considering nodular
fasciitis in the differential diagnosis of mammary spindle cell
lesions. Arriving at the correct diagnosis and avoiding mis-
classification as malignancy relies on recognition of the
spectrum of histopathologic features of nodular fasciitis with
appreciation that lesions can be mitotically active and infil-
trative appearing. Judicious use of immunohistochemistry is
suggested to exclude more aggressive histologic mimics,
especially metaplastic carcinoma. In difficult cases, molecular
tools such as USP6 FISH or RNA sequencing can be parti-
cularly helpful to establish the diagnosis and prevent poten-
tially unnecessary surgical intervention.
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