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A B S T R A C T   

DICER1-related tumors occur hereditary or sporadically, with high-grade malignancies sharing clinicopatho
logical and (epi)genetic features. We compared 4 pleuropulmonary blastomas (PPBs) and 6 sarcomas by mu
tation analysis, whole transcriptome sequencing and methylation profiling. 

9/10 patients were female. PPB patients were 0–4 years. 3/4 were alive; 2 without disease. One patient died of 
metastatic disease (median follow-up, 16 months). Sarcoma patients were 16–56 years. Locations included: 
uterine cervix/corpus (3/1), soft tissue back/shoulder (1) and paravertebral (1). 5/6 patients were alive; 2 
developed metastases: intracranial (1) and lung and kidney (1) (median follow-up, 17 months). The deceased 
patient previously had a PPB and a Sertoli-Leydig cell tumor. 

Histologically, tumors showed atypical primitive-looking cells with incomplete rhabdomyoblastic differenti
ation and cartilage (n = 5). Immunohistochemistry demonstrated desmin- (n = 9/10), myogenin- (n = 6/10) and 
keratin positivity (n = 1/1). 

Eight cases harbored biallelic DICER1 mutations with confirmed germline mutations in 4 cases. Two cases 
showed a monoallelic mutation. 

By RNA expression- and methylation profiling, distinct clustering of our cases was seen demonstrating a close 
relationship on (epi)genetic level and similarities to embryonal rhabdomyosarcoma. 

In conclusion, this study shows overlapping morphological, immunohistochemical and (epi)genetic features of 
PPBs and DICER1-associated high-grade sarcomas, arguing that these neoplasms form a spectrum with a broad 
clinicopathological range.   

1. Introduction 

DICER1-related tumors may occur sporadically or in an autosomal 
dominant fashion, the latter leading to the DICER1-related tumor sus
ceptibility syndrome. The most well-known DICER1-associated 

malignancy is pleuropulmonary blastoma (PPB) with the most aggres
sive subtype designated as type 3 [1-3]. Based upon the presence of 
rhabdomyoblastic features, particularly in PPB type 3, this tumor was 
initially thought to represent a rhabdomyosarcoma (RMS) of the lung 
[4]. 
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DICER1(syndrome)-related lesions are benign, such as cystic neph
roma (CN), nodular goiter, nasal chondromesenchymal hamartoma and 
gastrointestinal hamartomatous polyps, as well as malignant, including 
genitourinary embryonal rhabdomyosarcoma (ERMS), Sertoli-Leydig 
cell tumor of the ovary, Müllerian adenosarcoma, Wilms tumor, 
anaplastic sarcoma of the kidney, pituitary blastoma, pineoblastoma, 
and well-differentiated thyroid carcinoma. Ocular medulloepithelioma, 
another DICER-associated tumor, may behave in a benign or malignant 
fashion [1,3,5-17]. Furthermore, development of a malignant tumor in a 
benign lesion has also been reported, e.g. anaplastic sarcoma of the 
kidney arising in cystic nephroma [10,18]. 

New entities have recently been added to this list, such as DICER1- 
associated central nervous system sarcoma [19], presacral malignant 
teratoid neoplasm [20], malignant teratoma of the thyroid [21], child
hood- and adolescent-onset poorly differentiated thyroid carcinoma 
[22], ovarian sarcoma and PPB-like peritoneal sarcoma [1,23-25]. 

The morphology of the high-grade malignancies is similar with 
variable presence of primitive spindle and round cells with blastemal 
features and anaplasia. In addition, a rhabomyoblastic component and 
fetal-like or sarcomatous cartilage may be characteristically identified 
[1]. (Neuro)epithelial structures are described mainly in lesions called 
malignant teratoma or teratoid neoplasm, but have also been reported in 
other DICER1-associated malignancies [20,21,26]. 

On the epigenetic level, DICER1-related intracranial sarcomas show 
a distinct signature according to array-based genome-wide DNA 
methylation profiling corresponding to DICER1 mutated uterine ERMSs 
[27,28]. 

These observations prompted us to investigate and compare the ge
netic features on the DNA and RNA level and the epigenetic/methylation 
profile of PPBs and DICER1-related sarcomas outside the lung and CNS. 

2. Materials and methods 

All cases were collected from the authors (referral) files. Follow-up of 
all cases was updated until April 2022. 

2.1. Histology and immunohistochemistry 

Four μm thick sections from formalin-fixed paraffin embedded 
(FFPE) blocks were mounted on pre-coated slides and dried for at least 
10 min at 56 ◦C. Subsequently, they were deparaffinized by xylene and 
rehydrated by ethanol. Sections were stained with hematoxylin and 
eosin (H&E) or by immunohistochemistry, using an automated Ventana 
tissue stainer (BenchMark Ultra, Roche). For pretreatment, slides were 
cooked in EDTA for 24 min (desmin, myogenin, CKAE1/3 and CK8/18) 
or 36 min (MyoD1) and incubated for 32 min with an antibody for: 
desmin (Novocastra, clone DER11, 1:50), myogenin (Roche, M7G007, 
ready to use), MyoD1 (Cellmarque, EP212, 1:25), CKAE1/3 (Roche, 
MA5-13156, ready to use) or CK8/18 (Roche, 22.1&23.1, ready to use). 

2.2. Targeted gene panel sequencing 

Targeted NGS was performed using an in house developed smMIPs 
sequencing panel in accordance with Steeghs et al. [29]. This technique 
is able to confidently call low frequency mutations in FFPE material. 
Sequencing was done on a NextSeq 500 (Illumina, San Diego, CA) 
following the manufacturer's instructions (300 cycles Mid-Output or 
High-Output sequencing kit), resulting in 2 × 150 bp paired-end reads. 
Demultiplexed FASTQ files were uploaded and analyzed in Sequence 
pilot version 4.4.0 (JSI medical systems, Ettenheim, Germany). All 
variants were manually inspected before clinical reporting. 

2.3. Whole exome sequencing 

Total DNA was isolated using the AllPrep DNA/RNA/Protein Mini 
Kit (Qiagen) according to standard protocol on the QiaCube (Qiagen). 

DNA-seq libraries were generated with 150 ng DNA using the KAPA 
HyperPrep Kit in combination with the HyperExome capture kit (Roche) 
and sequenced on a NovaSeq 6000 system (2 × 150 bp) (Illumina). The 
DNA sequencing data of the tumor and the normal reference material 
(DNA extracted from blood) were processed as per the GATK 4.0 best 
practices workflow for variant calling, using a wdl and Cromwell-based 
workflow (https://gatk.broadinstitute.org/hc/en-us/sections/360007 
226651-Best-Practices-Workflows). This included performing quality 
control with Fastqc (version 0.11.5) to calculate the number of 
sequencing reads and the insert size Picard (version 2.20.1) for DNA 
metrics output and MarkDuplicates [30]. 

2.4. RNA sequencing 

Total RNA was isolated using the AllPrep DNA/RNA/Protein Mini Kit 
(Qiagen) in keeping with standard protocol on the QiaCube (Qiagen). 
For cases 1–4, 6 and 7, fresh frozen tissue was used, while in case 9 and 
10 only FFPE was available. RNA-seq libraries were generated with 300 
ng RNA using the KAPA RNA HyperPrep Kit with RiboErase (Roche) and 
subsequently sequenced on a NovaSeq 6000 system (2 × 150 bp) (Illu
mina). The RNA sequencing data were processed as per GATK 4.0 best 
practices workflow for variant calling, using a wdl and Cromwell-based 
workflow (https://gatk.broadinstitute.org/hc/en-us/sections/360007 
226651-Best-Practices-Workflows). This included performing quality 
control with Fastqc (version 0.11.5) to calculate the number of 
sequencing reads and the insert size Picard (version 2.20.1) for RNA 
metrics output and MarkDuplicates [30]. The raw sequencing reads 
were aligned using Star (version 2.7.0f) to GRCh38 and gencode version 
29 [31]. 

2.5. Gene expression analysis 

Gene expression counts were determined using Subread Counts [32] 
with default parameters on the deduplicated bam files and subsequently 
normalized to counts per million. Principle Component Analysis (PCA) 
was performed on the z-scored expression of the 5000 most highly 
variable genes across all samples used for analysis. This includes the 
DICER1 sarcoma and PPB cases, but also embryonal and alveolar rhab
domyosarcomas that were used as reference. A umap was then gener
ated based on the components of the PCA, with the alpha parameter set 
to 0.25. 

2.6. Genome-wide DNA methylation profiling 

DNA was isolated by NorDiag Arrow using the DiaSorin DNA 
extraction kit (NL) or GeneRead DNA FFPE Kit (Qiagen) according to the 
respective manufacturer's instructions. DNA concentration was 
measured using the Qubit 2.0 fluorometer. Per sample, we used 500 ng 
(DK) or 200 ng (NL) of DNA. Bisulphite conversion was performed with 
EZ DNA Methylation™ Kit (Zymo Research, Irvine, CA, USA). All 
methylation data were generated using the Illumina® MethylationEPIC 
(850 k) BeadChip platform as previously described [33]. Classification 
of the samples was performed by the Heidelberg sarcoma classifier using 
the version that was available at the time of diagnosis, either v10.1 of 
v12.2 [34]. 

3. Results 

3.1. Clinical data 

Four PPBs and six sarcomas were included. Clinical characteristics 
are depicted in Table 1. 

All tumors except one occurred in females. The age of the patients 
affected with a PPB type 3 were 0–4 years (mean, 2 years). Follow-up 
ranged from 16 to 27 months (median, 16 months) with all except one 
patient being alive at last follow-up; patients 1 and 2 were without 
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evidence of disease and patient 3 was alive with disease; patient 4 died 
after development of an intracranial metastasis 2 years after diagnosis. 

Sarcoma patients had an age ranged from 16 to 56 years (mean, 33 
years). Tumors occurred in the uterine cervix (n = 3), uterine corpus/ 
endometrium (n = 1), soft tissue of the scapula region (n = 1), and in the 
paravertebral soft tissue at the fifth thoracic vertebra (n = 1). Follow-up 
ranged from 17 months to 3.5 years (median, 17 months). All but one 
patient was alive at last follow-up. Two developed metastases: patient 5 
an intracranial metastasis 4 years after diagnosis and patient 9 multiple 
lesions in both lungs as well as a metastasis in the left kidney 22 months 
after diagnosis. Patient 8 had no evidence of disease (last follow-up: 3.5 
years), while in case 10 the patient died due to disease after 7 months, 
with a history of a PPB (13 years ago, at age 3 years) and a Sertoli-Leydig 
cell tumor of the ovary (SLCT, FIGO stage 1A; 1.5 years ago, at age 15 
years). 

3.2. Histopathology and immunohistochemistry 

Of the PPBs, cases 1–3 showed a mixture of loosely arranged prim
itive looking cells including atypical spindle cells, rhabdomyoblasts, 
anaplastic cells, and blastemal elements (Fig. 1a). The nuclei were 
slightly polymorphic and heterochromatic. Mitotic and apoptotic figures 
were variably present. In addition, case 1 had fibrosarcoma-like areas 
with fascicles of monomorphic plump spindle cells. Case 4 primarily 
consisted of spindle cells with elongated and tapered nuclei and eosin
ophilic cytoplasm in keeping with rhabdomyoblastic differentiation. In 
two of the 4 cases (cases 2 and 3) foci of immature cartilage were 
observed. The vasculature was inconspicuous. By immunohistochem
istry all PPBs expressed desmin in varying proportions, while myogenin 
and MyoD1 were only sparsely positive in case 2 and 3 (Fig. 1b). In 
contrast, the cerebral metastasis of case 4 stained for desmin and myo
genin; MyoD1 was not performed. 

Concerning the adolescent/adult sarcomas, cases 5–7 (uterine cer
vix) were polypoid, focally ulcerated and infiltrating, depicting a vari
able and especially subepithelial increased cellularity (cambium layer) 
(Fig. 2a). They consisted of vague bundles of slightly pleomorphic round 
to spindle cells and few obvious rhabdomyoblasts (Fig. 2b). The chro
matin was heterogeneous with some hyperchromatic nuclei. There were 
some mitoses and apoptotic bodies. Also, an inflammatory reaction was 
seen. In case 7 multiple foci of primitive cartilage were additionally 
present. Immunohistochemically, there was partial expression of desmin 

and myogenin. The intracranial metastasis of case 5 showed increased 
cellularity with slightly pleomorphic tumor cells arranged in bundles, 
with mainly oval to elongated nuclei without obvious rhabdomyoblastic 
differentiation including absence of desmin, and only very focal and 
weak expression of myogenin. 

The tumor of case 8 (uterine corpus with extension into the cervix) 
was polypoid and infiltrated the myometrium. It consisted of atypical 

Table 1 
Clinical features of the study cohort.  

Case Sex Age Location of primary 
tumor 

Pathological 
diagnosis 

Other DICER1 
tumors 

Metastasis Treatment Follow-up 

1 F 11m Lung PPB type 3 No No Adjuvant chemotherapy Aw/oD (16 m) 
2 F 2y Lung PPB type 3 No No Neo-adjuvant + adjuvant 

chemotherapy 
Aw/oD (16 m) 

3 F 3y Lung PPB type 3 No No Neo-adjuvant + adjuvant 
chemotherapy 

Aw/oD (in 
treatment) 

4 M 4y Lung PPB type 3 No Cerebral metastatic 
relapse (1y after 
diagnosis) 

Adjuvant chemotherapy DoD (27 m after 
diagnosis) 

5 F 25y Uterine cervix ERMS No Cerebral metastatic 
relapse (4y after 
diagnosis) 

Adjuvant chemo-radiotherapy Aw/oD (17 m) 

6 F 18y Uterine cervix ERMS Unknown Unknown Unknown Unknown 
7 F 30y Uterine cervix ERMS Unknown Unknown Unknown Unknown 
8 F 56y Uterine corpus/ 

endometrium 
Adenosarcoma No No Uterus extirpation Aw/oD (3.5y) 

9 F 55y Soft tissue left 
scapula 

Sarcoma “NOS” No Lung and left kidney (22 m 
after diagnosis) 

Adjuvant radiotherapy; 
palliative radio-chemotherapy 

AwD (17 m) 

10 F 16y Paravertebral TH5 Sarcoma “NOS” PPBa (13y ago); 
SLCT (1.5y ago) 

No Palliative radio-chemotherapy DOD (7 months 
after diagnosis) 

Abbreviations: F, female; M, male; m, months; y, years; Aw/oD, alive without disease; AwD, alive with disease; ERMS, embryonal rhabdomyosarcoma; DoD, dead of 
disease; SLCT, Sertoli-Leydig cell tumor. 

a Type of PPB undetermined as resection was performed after treatment. 

Fig. 1. a. Case 2 (PPB) demonstrates a mixture of loosely arranged primitive 
looking cells including atypical spindle cells, rhabdomyoblasts and anaplastic 
cells. Magnification 20×. 
b. Case 2 (PPB) shows scattered nuclei with myogenin expression. Magnifica
tion 20×. 
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primitive spindle cells with alternating cellularity with prominent per
iglandular condensation. There were few rhabdomyoblasts, some 
anaplastic cells and some multinucleated cells. Mitoses and apoptotic 
bodies were scattered throughout. Focally, nodules of primitive carti
lage were apparent. The overlying and entrapped glandular epithelium 
had no atypia. By immunohistochemistry, desmin was focally expressed 
and myogenin was partially positive. 

Case 9 was an infiltrating multinodular soft tissue lesion displaying a 
diffuse sheet-like proliferation of epithelioid cells with enlarged, slightly 
pleomorphic round to oval nuclei with open chromatin without promi
nent nucleoli (Fig. 3a). The cytoplasm was mainly scant and clear to 
eosinophilic. Some multinucleated cells were seen. Mitoses, including 
atypical forms, and apoptotic debris were frequently present. Dilated 
blood vessels and hemorrhage were encountered. Immunohistochemi
cally, the cells showed dot-like expression of desmin, without the pres
ence of myogenin. In addition, the tumor cells were diffusely positive for 
pankeratin AE1/3 and keratin 8/18 (Fig. 3b). The biopsy of the metas
tasis in the kidney had a similar appearance with additional foci of 
necrosis. 

Case 10, a soft tissue lesion, showed an infiltrative proliferation of 
primitive spindle cells arranged in sheets, with minimal amounts of clear 
to pale eosinophilic cytoplasm but without obvious rhabdomyoblastic 
differentiation. The nuclei were oval and tapered with condensed 
chromatin. There were multiple mitoses and also apoptotic bodies. 
Focally necrosis was seen. Immunohistochemistry revealed focal 
expression of desmin, MyoD1 and myogenin. The previous PPB of this 
patient was mostly non-viable and fibrotic as the resection was per
formed after chemotherapy. The viable cells had a primitive aspect, 
including some rhabdomyoblasts. A few avital chondroid foci were seen. 
By immunohistochemistry, most cells were positive for desmin, while 
myogenin was present in only few nuclei and MyoD1 was negative. The 

previous SLCT showed cystic epithelial lined structures intermingled 
with a mesenchymal component, consisting of sheets, nests and 
trabeculae of primitive cells with round to oval nuclei and minimal 
cytoplasm as well as rhabdomyoblasts. There were multiple mitoses. 
Necrosis was abundant. The obvious rhabdomyoblastic cells were 
immunohistochemically positive for desmin, myogenin and MyoD1 in 
contrast to the more primitive cells. 

3.3. Molecular analyses 

Results are presented in Table 2. Eight of the ten cases harbored 
biallelic DICER1 mutations with a germline mutation in three PPBs and 
one sarcoma (identified by sequencing of paired blood). For the other 
cases germline status could not be determined as no normal reference 
material was available, although the allele frequencies found in cases 1 
and 5 were highly suggestive. Case 7 possessed a monoallelic hotspot 
mutation and case 9 had a variant of unknown significance (VUS), a 
premature stop in the final exon, omitting a relatively short stretch of 28 
amino acids. 

Additional mutations in NRAS, KRAS, BRAF, KMT2C and TP53 were 
detected in six out of the ten neoplasms (cases 1, 2, 4, 5, 9 and 10). 
Notably, the somatic DICER1 mutation of the sarcoma of case 10 was the 
same as in the previous SLCT. 

A stable copy number variation (CNV) profile was identified in cases 
5 and 7, whereas all the other cases showed several gains and losses with 
the most common being loss of 17p (including TP53) (found in cases 1–4 
and 10) and (partial) gain of chromosome 8 (depicted in cases 3–6 and 
8–10; Table 3). 

RNA expression profiling, successfully carried out on four PPBs and 
five sarcomas, revealed dissemination within the cluster of ERMSs, 
which was separate from the other analyzed tumor entities (Fig. 4). 

Fig. 2. a. In Case 7 (sarcoma of the uterine cervix) a subepithelial cell 
condensation (cambium layer) and primitive cartilage were obvious. Magnifi
cation 6×. 
b. Vague bundles of slightly pleomorphic spindle cells and few obvious rhab
domyoblasts are present in Case 7. Magnification 20×. 

Fig. 3. a. Case 9 (soft tissue sarcoma (shoulder)) is defined by a diffuse sheet- 
like proliferation of epithelioid cells with slightly pleomorphic nuclei. Magni
fication 20×. 
b. Diffuse expression of CK8/18 was only observed in Case 9. Magnifica
tion 20×. 
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Genome-wide DNA methylation profiling was performed on all ten 
cases; nine cases classified as ‘spindle cell sarcoma with RMS-like fea
tures, DICER1-mutant’ [35], all except one (case 3, score 0.8) with an 
appropriate score ≥ 0.9. One PPB (case 4) clustered with ERMSs, also 
with a score ≥ 0.9. 

Based upon tSNE analysis, eight cases, including three PPBs (cases 
1–3), all four gynaecological sarcoma cases (cases 5–8) and the 
adolescent case located at the fifth thoracic vertebra (case 10) formed a 
cluster, whereas the aforementioned PPB (case 4) and the adult sarcoma 
case of the scapula region (case 6) clustered with ERMS, albeit being 
relatively closely related to the other DICER1-tumors (Fig. 5). 

No analysis was feasible on the previous PPB and SLCT of case 10, 
due to low DNA content. 

4. Discussion 

DICER1-associated malignancies comprise an enlarging group of 
related neoplasms. These tumors can arise in a sporadic or hereditary 
setting, in children and adults, and with a wide anatomic distribution. 
There are also various developmental disorders based upon DICER1 
mosaicism, bearing a risk for secondary tumorigenesis [36]. 

In contrast to the broad clinical characteristics, most high-grade/ 
poorly differentiated DICER1-associated tumors are histologically 
similar composed of variable proportions of primitive cells including 
atypical spindle cells, rhabdomyoblasts, anaplastic cells, blastemal ele
ments and immature or sarcomatous chondroid nodules [1,5,24]. 

(Neuro)epithelial structures can also be encountered [20,21,26]. The 
morphology of our PPBs and sarcomas is in concordance with these 
observations. Nonetheless, as the clinical, histological and immunohis
tochemical findings are variable, these tumors can be diagnostically 
challenging. In particular, easily recognizable rhabdomyoblasts may be 
absent and an aberrant immunophenotype can occur, including diffuse 
keratin expression (current study, case 6) and positivity for S100, TLE1, 
SALL4, BCOR or loss of H3K27me3 [23,26,37-44] (see for more details 
Table 4). 

Since poorly differentiated DICER1-associated malignancies are 
polyphenotypic, with varying proportions of mesenchymal, neuro
ectodermal and epithelial elements, one must assume that DICER1 mu
tations affect early precursor cells able to home at various anatomic sites 
and to differentiate multidirectionally, at least to a certain level [18,39]. 
This could explain the described overlapping morphological and ge
netic/epigenetic features that result in variable manifestations of the 
disease. Yet, low-grade tumors, such as thyroid carcinoma, resemble 
their corresponding tissue of origin [1]. 

DICER1 is located on chromosome 14q32.13 and consists of 27 
exons. The DICER1 tumor susceptibility syndrome can be explained by 
the Knudson's two-hit hypothesis with an inherited germline loss-of- 
function mutation followed by a post-zygotic somatic missense muta
tion of the second allele [45]. In sporadic lesions biallelic mutations are 
also routinely observed. Somatic missense mutations of the DICER1 gene 
are almost entirely limited to the RNase IIIb domain in exon 24 and 25, 
in contrast to germline mutations that are widely distributed throughout 
the gene and are generally truncating mutations [46]. Indeed, eight of 
our ten cases harbored biallelic mutations with a confirmed germline 
origin in three PBBs and one sarcoma; in two other cases germline 
mutations were suspected. Of note, the somatic DICER1 mutation (p. 
Glu1813Gly) in case 10 was the same as detected in the previous SLCT. 
This specific DICER1 mutation has been described in SLCT as a low- 
frequency hotpot mutation (<10 %) and the CNV profiles of both le
sions were highly similar. Therefore, a late metastasis should be 
considered. In one case (case 7) only a monoallelic hotspot mutation was 
observed and in case 9 a monoallelic variant of unknown significance 
(VUS) in exon 27, still within the RNAse IIIb domain, was identified. 
Single missense hotspot mutations were also found in around one third 
of the DICER1-related cerebral RMS-like sarcomas reported by Koelsche 
et al. [27] and all of these cases, including those of our series, clustered 

Table 2 
Genetic features.  

Case Mutation analysis 
technique 

Somatic DICER1 mutation (% allele 
frequency) 

Germline DICER1 mutation (% allele frequency) Other mutations (% allele frequency) 

1 NGS c.4407_4410delTTCT (p.Ser1470fs); 
48.9 % 
c.5125G > A (p.Asp1709Asn); 48.8 
% 

Unknown BRAF (NM_004333.6): c.1799T > A (p. 
Val600Glu); 46.0 % 
KMT2C (NM_170606.3): c.5052delA (p. 
Ala1685fs); 26.35 % 

2 WES c.5425G > A (p.Gly1809Arg); 44 % c.1783delG (p.Asp595Ilefs*22); 49 % TP53 (NM_000546.4): c.583A > T (p. 
Ile195Phe); 59 % 

3 WES c.5125G > A (p.Asp1709Asn); 41.5 
% 

c.2524delA (p.Met842Cysfs*4); 49 % None 

4 (cerebral 
metastasis) 

WES c.5425G > A (p. Gly1809Arg); 47 % c.(2256 + 1_2257-1)_(3269 + 1_3270-1)del 
(deletion exon 15–20); 51 % 

NRAS (NM_002524.4): c.181C > A p. 
(Gln61Lys); 46 % 

5 (cerebral 
metastasis) 

NGS c.5438A > G (p.Glu1813Gly); 33 % 
c.2916T > G (p.Tyr972*); 50 % 

Unknown BRAF (NM_004333.6): c.1799T > A (p. 
V600E); 67 % 

6 NGS c.4206 + 1G > A (p.?); 44 % 
c.5438A > G (p.Glu1813Gly); 41 % 

Unknown None 

7 NGS c.5439G > T (p.Glu1813Asp); 49 % Unknown None 
8 NGS c.5125G > A (p.Asp1709Asn); 27 % 

c.2468del (p.Gly823fs); 29 % 
Unknown None 

9 NGS c.5683C > T (p.Arg1895*); 48 % 
VUS 

Possible BRAF (NM_004333.6): c.1799T > A (p. 
V600E); 91 % 

10 WES c.5438A > G (p.Glu1813Gly); 39 % c.2257-7A > G, (p.?); 50 % KRAS (NM_033360.4): c.182A > T p. 
(Gln61Leu); 38 % 

Abbreviations: CNV, copy number variation; NGS, next generation sequencing; p.?, unknown protein effect; WES, whole exome sequencing, x, not performed; VUS, 
variant of unknown significance. 

Table 3 
Copy number variations.  

Case Chromosomal gain Chromosomal loss  

1 None 8p; 10p, 17p  
2 1q, 2, 3q, 11q 9p, 10q, 17p  
3 3q, 6q, 8, 19q 7q, 17p, 19q  
4 1q, 2p, 8, 15q 10, 17p  
5 8q, 11p, 19p, 21q 7q, 11q  
6 8 14q  
7 None None  
8 8 None  
9 1, 3, 5, 6p, 7p, 8q, 12, 13, 15, 17q, 18q, 20, 21 6q, 8p  
10 2p, 8, 9p, 12, 13, 14, 17q, 20 10q, 17p 

Gains of chromosome 8 and loss of 17p were most frequent (bold). 
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within the same methylation group. In addition, RNA-sequencing 
confirmed affiliation with our other DICER1 sarcomas (see below). 

As DICER1 alterations in benign and malignant tumors are identical 
it is hypothesized that the variable malignant potential is due to the 
presence of additional oncogenic alterations, such as mutations in RAS 
genes and in TP53 [7,27,28,34,38,47]. The latter is supported by the 
observation that PPB type 3 shows more diffuse expression of p53 
compared to PPB type 1, significantly associated with dismal prognosis 
[25]. In our cases, mutations in RAS/RAF genes were tendentially 
associated with a worse prognosis. The patient with a PPB bearing an 
additional TP53 mutation (case 2) was alive without disease after a short 
follow-up of 16 months and case 8, without an additional mutation, 
behaved relatively indolent. 

There are various other secondary genetic aberrations described, 
including mutations, losses and gains/amplifications of e.g. RET, NF1, 
PTEN, ATM, ATRX, WT1, FGFR3, FGFR4, EGFR and NTRK3 
[23,34,37,47]. Their biological relevance, also in terms of prognosis, 
remains to be investigated. Interestingly, somatic DICER1 mutations also 
occur in sarcomas affecting patients with neurofibromatosis type 1 as 
reported by Lee et al. [38]. 

Copy number variations in our cases were miscellaneous with loss of 

Table 4 
Immunohistochemical results for DICER1-related sarcomas, including PPBs from 
the literature.  

Article Diagnosis Positive staining 
(number of cases) 

Negative staining 

Gonzalez et al. 
2021 [1] 

PPB P53 (62/143 > 25 
%) 

Not described 

Alipour et al. 
2021 [41] 

PPB PDL-1 (3/22) MMR (no loss) 

Wu et al. 2016 
[10] 

Anaplastic sarcoma 
of kidney (case 
report) 

Desmin, p53 Myogenin, 
pancytokeratin, 
WT1 (N-terminus) 

Wu et al. 2018 
[8] 

Anaplastic sarcoma 
of kidney (case 
report) 

P53 Not described 

Miyama et al. 
2021 [42] 

RMS of prostate 
(case report) 

Desmin, 
myogenin, PAX7, 
HMGA2, p53 

MyoD1, MDM2, 
CDK4, OLIG2, 
H3K27me3 (no 
loss) 

Yoon et al. 
2021 [44] 

ERMS of uterine 
cervix 

Desmin/ 
myogenin/MyoD1 
(1 focal; 1 
moderate) 

Not described 

Bennett et al. 
2021 [7] 

ERMS of the uterine 
corpus 

Desmin (12/12, 10 
diffuse and 2 focal), 
myogenin (13/13, 
8 focal), MyoD1 
(8/8, 7 focal) 

Not described 

Kommoss 
et al. 2021  
[28] 

ERMS of 
genitourinary tract 

Desmin (9/9), 
myogenin (9/9 at 
least focal) 

Not described 

Koelsche et al. 
2018 [27] 

Primary 
intracranial spindle 
cell sarcoma with 
RMS-like features 

SMA (17/17), 
desmin (14/17), 
myogenin (5/17, 
sometimes sparse) 

CD34, S100, EMA, 
CKAE1/3 

Sakaguchi 
et al. 2019  
[40] 

Primary 
supratentorial 
intracranial RMS, 
DICER1 mutant 

Desmin/ 
myogenin/ 
HHF35/myoglobin 
(2/2, focal); SMA 
(variable), 
vimentine (diffuse) 

S100, GFAP, EMA, 
synaptophysin, 
INI1 (no loss) 

Lee et al. 2019 
[38] 

Intracranial 
sarcoma 

Desmin (3/3 focal- 
patchy), p53 (2/2 
overexpression), 
ATRX (2/2 loss of 
expression) 

Myogenin (3/3), 
SMA, S100, GFAP, 
OLIG2, 
cytokeratin 

Kamihara 
et al. 2020  
[19] 

DICER1 sarcoma of 
CNS 

Desmin (6/6 
patchy), myogenin 
(subset of cases, 
patchy), 
H3K27me3 (5/5 
patchy-complete 
loss), AFP, p53 

Not described 

Warren et al. 
2020 [23] 

DICER1 sarcomas Desmin (3/3), 
myogenin (3/3), 
MyoD1 (2/3; in 1 
focal); SALL4 (1/ 
1), p53 (1/1), S100 
(1/2), TLE1 (1/1), 
BCOR (1/1), CD99 
(1/1 weak) 

CKAE1/3, inhibin 
A, calretinin, 
INI1/BRG1 (no 
loss), GFAP, 
NKX2.2, SOX10, 
CD10, CK7, EMA, 
WT1, CD34, CD68, 
SMA, 
synaptofysin, 
Olig2 

Alexandrescu 
et al. 2021  
[43] 

Primary 
intracranial 
sarcoma, DICER1 
mutant 

Desmin (4/6), 
myogenin (2/6), 
H3K27me3 (2/6 
minimal/ 
moderate; 4/6 
diffuse), TLE1, 
CD99 (cytoplasmic- 
membranous) 

SOX2, SOX10, 
S100, EMA, GFAP, 
OLIG2, beta- 
catenin 

Roy et al. 
2021 [39] 

DICER1-associated 
sarcomas 

Desmin (3/3 
patchy-diffuse), 
myogenin (3/3 
patchy-diffuse), 
MyoD1 (3/3 
patchy), CD99 (1/2 

GFAP, SMA, NSE, 
synaptofysin, 
chromogranin, 
calretinin, INI1 
(no loss), S100, 
SALL4, AFP,  

Table 4 (continued ) 

Article Diagnosis Positive staining 
(number of cases) 

Negative staining 

patchy)  

Note: a relapse 
biopsy of one 
patient was 
positive for CD99 
and SALL4 (diffuse) 
and synaptofysin 
and NSE (focal) 

CD30, keratin, 
inhibin, PAX8, 
WT1, OCT3/4, 
CD45, TdT  

Note: a relapse 
biopsy of one 
patient was 
negative for 
desmin, 
myogenin and 
MyoD1 

Rossi et al. 
2021 [37] 

DICER1-associated 
malignancies 
mimicking germ 
cell neoplasms 

Desmin (1/2), 
myogenin (1/2), 
SALL4 (2/2); 
H3K27me3 loss (2/ 
2), AFP (1/2), 
CD56, 
synaptophysin (1/1 
scattered), CD10 
(1/1 scattered), 
CD99 (1/1 weak) 

Keratins, CD30, 
PLAP, S100, 
Melan-A, EMA, 
inhibin, calretinin, 
GFAP, 
chromogranin, 
INI1/BRG1 (no 
loss) 

McGluggage 
et al. 2022  
[26] 

ERMS/ 
neuroectodermal 
tubules in SLCT (1), 
DICER1-associated 
sarcoma (2), ENT 
(2) 

Desmin (3/6), 
myogenin (3/6), 
MyoD1 (2/3), 
SALL4 (4/4 focal- 
diffuse), CD56 (4/4 
diffuse), 
synaptofysin (5/6 
focal-diffuse), 
chromogranin (2/4 
focal), TTF1 (1/1 
focal), GFAP (1/5 
focal), CD99 (3/5 
focal), glypican-3 
(1/1 focal), CD117 
(1/1 focal), LIN28 
(1/2 focal), CD10 
(1/1 focal), 
neurofilament (1/1 
focal), vimentin (1/ 
1) 

CKAE1/3, 
MNF116, CAM5.2, 
EMA, SMA, 
calretinin, inhibin, 
PAX8, SF1, WT1, 
S100, Melan-A, 
ALK, PLAP, AFP, 
OCT3/4, CD30, 
CD45, ER, BRG1 
(no loss), INI1 (no 
loss) 

Rhabdomyoblastic markers are depicted in bold. 
Abbreviations: CNS, central nervous system; ENT, embryonic-type neuro
ectodermal tumor; ERMS, embryonal rhabdomyosarcoma; MMR, mismatch 
repair; PPB, pleuropulmonary blastoma; RMS, rhabdomyosarcoma; SLCT, Ser
toli Leydig cell tumor. 
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17p and (partial) gains of chromosome 8 occurring most frequently 
(Table 3), leading to loss of tumor suppressor genes (such as TP53 on 
chromosome 17p) and amplification of oncogenes (such as MYC on 
chromosome 8). This is in line with the results described by Pugh et al. 
and Roy et al. [39,47]. 

DICER1 encodes the DICER1 enzyme which is a member of the 
cytoplasmic endoribonuclease type III family. It processes gene-encoded 
miRNA precursor hairpins (pre-miRNAs) into mature miRNAs and long 
double stranded RNA substrates into small interfering RNAs (siRNAs) 
[46,47]. These small RNAs have key regulatory roles in gene expression 
[48]. As DICER1 has a central function in organogenesis, all organs are 
potential targets when this protein is defective. This is also reflected by 
the different sites of our (sarcoma) cases and all other DICER1-mani
festations [3,5-7,19-24,27,28]. By RNA expression analysis and genome- 
wide methylation profiling clustering of our cases was obvious, con
firming a strong relationship on genetic and epigenetic level. The 
distinct epigenetic signature was recently identified for sarcomas of the 
central nervous system and the genitourinary tract [27,28]. Using both 
methods a link with ERMS is remarkable which is not surprising when 
histological and immunohistochemical features are taken into account 
[1]. 

Because of the robustness, methylation profiling can be a diagnostic 
aid for unraveling difficult and exceptional cases. 

5. Conclusion 

DICER1-associated poorly differentiated neoplasms share morpho
logical, immunohistochemical and (epi)genetic features with some 
similarities to ERMS. Our results support those of others, that DICER1- 
related high-grade malignancies form a spectrum. As such, it could be 
debated whether terminology of these neoplasms should be changed to 
an overarching nomenclature, as suggested by McCluggage et al. [26,49- 
51]. 

The broad clinical spectrum with a wide age range and site distri
bution can be misleading, especially in non-classical cases. 

Finally, DICER1 syndrome is probably more common than previously 
estimated [52]. Thus, awareness in daily practice helps to counsel and 
treat patients adequately. Future studies with a larger number of pa
tients will need to be performed in order to consolidate our observations. 
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