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altered are involved in maintaining genomic stability. Among
the most commonly altered genes in osteosarcoma are the
main players in maintaining genome stability: TP53 and RB1.

TP53 and RB1

Mutations in TP53 can be found in germline or can be spo-
radic. Previously, using immunohistochemistry or sequencing
of the DNA binding domain of TP53, mutations were detected
in only 20% of osteosarcomas [44]. Interestingly, the more
sensitive whole genome sequencing studies can detect more
sub clonal mutations and reveal a much higher percentage
(47–90%) of osteosarcomas harbouring TP53 alterations [3,
36–38, 45]. Furthermore, many TP53 alterations involve
structural alterations, most often consisting of translocations
in the first intronic region of TP53, which is 10 kb in length.
These alterations can only be detected with whole genome
sequencing [46].

The secondmost frequently altered gene in osteosarcoma is
RB1 (retinoblastoma 1), involved in blocking cells from en-
tering S phase of the cell cycle [47]. Loss of Rb function in
osteosarcoma therefore leads to a loss in Rb blockade of cell
division. In addition to germline mutations, somatic mutations
in RB1 were identified in 29–47% of osteosarcomas [3, 38].

The importance of TP53 and RB1 in osteosarcoma genesis
is illustrated by the fact that patients with germline mutations
in TP53 and RB1 are highly susceptible to cancer and fre-
quently develop sarcomas. Different in vitro and in vivo stud-
ies confirm the important role of TP53 and RB1 mutations in
sarcoma genesis [48, 49]. For example, homozygous deletion
of TP53 and RB1 in osteogenic differentiated murine MSCs
gives rise to osteosarcoma when injected into mice [49], while

heterozygous deletion of TP53 is sufficient to induce osteo-
sarcoma in a mouse model [48].

Regulators of p53 and Rb activity

MDM2 (mouse double minute 2 homologue) regulates p53
activity by ubiquitinating p53 protein leading to proteasomal
degradation of p53 [50]. Up to 12% of high-grade osteosarco-
mas have amplification of the MDM2 gene at 12q13-15, but
this is higher in low-grade central osteosarcoma and parosteal
osteosarcoma, with around 29% and 67–79% MDM2 ampli-
fication, respectively [41, 51] (Table 2). The CDK4 gene
(cyclin-dependent kinase 4) is located within the same region
at 12q13-15 [52] and regulates Rb activity by phosphorylating
Rb, resulting in deactivation of Rb. CDK4 and MDM2 are
often co-amplified and overexpressed in osteosarcoma.
CDK4 is amplified in 67% of parosteal osteosarcomas, but
rarely in high-grade osteosarcoma (9%) [41, 53]. As the per-
centage of CDK4 and MDM2 amplifications in low-grade
central osteosarcoma and parosteal osteosarcoma are much
higher than in high-grade osteosarcoma, most likely the
CDK4/MDM2 amplified high-grade tumours represent pro-
gression from low grade osteosarcoma [53].

Rb activity is also regulated by p16, which normally in-
hibits both CDK4 and CDK6. P16 is encoded by the
CDKN2A gene at chromosome 9p21.3, that also encodes for
p14. Homozygous deletion of the CDKN2A locus, which is
associated with poor prognosis in osteosarcoma, eradicates
both expression of p16Ink4A and p14ARF, of which the latter
is a negative regulator of MDM2 [38, 54–56]. Therefore, de-
letion of p16 and p14, similar to co-amplification of CDK4
and MDM2, leads to inactivation of both the p53 and Rb
pathway.

Table 2 Osteosarcoma subtypes

Subtype Location Grade Histology

Low-grade central osteosarcoma Medulla Low grade Spindle cells with low-grade nuclear atypia and well-formed
neoplastic woven bone trabeculae, often 12q13 amplification

Parosteal osteosarcoma Surface Low grade Spindle cell proliferation, often with cartilaginous
differentiation, and 12q13 amplification

Periosteal osteosarcoma Surface (typically
underneath
the periosteum)

Intermediate
grade

Predominantly chondroblastic bone-forming sarcoma

Conventional osteosarcoma Medulla High grade High-grade sarcoma in which the tumour cells produce bone.
Tumour cells can be fibroblastic, chondroblast- or
osteoblast-like

Fibroblastic
Chondroblastic
Osteoblastic

Small-cell osteosarcoma Medulla High grade Small cells with scant cytoplasm, associated with variable
osteoid formation; may resemble Ewing sarcoma

Telangiectatic osteosarcoma Medulla High grade Osteosarcoma composed of blood-filled or empty
cystic spaces closely simulating aneurysmal bone cyst

High-grade surface osteosarcoma Surface High grade Similar to conventional osteosarcoma
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Figure 1. 
Copy number profiles of sarcomas with simple genome (top) in comparison with sarcomas 
with complex genome (bottom), as determined by a next generation sequencing platform.118 

A. Ewing sarcoma affecting a 9 year old boy. Note the simple genomic profile. This tumor 
harbored a EWSR1-FLI1 fusion, identified by this assay. B. High-risk, spindle cell intestinal 
GIST in a 60 year old male patient. The tumor harbored a KIT K642E mutation detected by 
the assay. Note a relatively simple genomic profile, with near-diploid karyotype and loss of 
chromosomes 1p, 14q, 15q and 22q, characteristic of advanced GIST. C. Undifferentiated 
pleomorphic sarcoma arising in the deltoid of a 55 year old man and D. Conventional 
osteosarcoma in the femur of a 7 year old boy: multiple chromosomal gains and losses in a 
non-recurrent pattern. Both these tumors showed alterations in TP53 (copy number loss and 
truncating mutations).

Mariño-Enríquez and Bovée Page 20
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HG Osteosarcomas are tumors with highly complex 
karyotypes    

They have complex karyotypes lacking specific 
genetic aberrations and recognisable chromosomal 
patterns 

They harbour aberrations in the Rb1 (50%) or p53 
(>90%) 

Pleomorohic tumors from a histopathological 
standpoint 

High risk of metastasis 

Extremely unstable with many translocations, 
amplifications, mutations and deletions  

The detection of specific driver genes and pathways 
is extremely difficult 

Copy number profiles of sarcomas with simple and complex genome 
(Surg Pathol Clin, 2017)
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could be damaged by a somatic mutation. The group of synergistic genes in OS includes RB1, TWIST,
PTEN and JUN [91].

Table 3. Driver (strong inductors) and synergistic genes (need “a cooperation” with driver genes) in
which alterations may lead to osteosarcoma [89,90,92,93].

Driver Genes Synergistic Genes

TP53, NOTCH1, MYC, FOS, NF2, WIF1, BRCA2, APC, PTCH1, PRKAR1A RB1, TWIST, PTEN, JUN

Another group that could be potential biomarkers of osteosarcoma are alterations in mRNA or
protein expression levels. The candidate biomarker may be cathepsin D. Overexpression of this protein
was observed in osteosarcoma tumor samples and samples from lung metastases [92]. Low expression
level in osteosarcoma is found for FBXW7 mRNA and protein. In vitro and in vivo studies showed that
the increased expression of FBXW7 is associated with a decrease in the proliferation rate of tumor cells
and a slowdown in tumor growth [93]. In contrast, a high expression level was noticed for HMGB1
protein in tumor cells (high-mobility group (non-histone chromosomal) protein 1), for miR-421 in
osteosarcoma tissues [94] or high level of Gla matrix protein in serum. These potential biomarkers
correlate with poor prognosis and poorer survival rates [95,96].

3.2. Chromothripsis and Kataegis

Chromothripsis is a type of genetic abnormality which consists of fragmentation of the
chromosomal region and setting it in a new configuration (see Figure 2). It results in several genomic
rearrangements in one or more chromosomes. The frequency of chromothripsis in osteosarcoma is high,
about 77% [97]. This abnormality in osteosarcoma generates amplification (CDK4, MDM2, COPS3),
gains (RICTOR, TERT) or disruption (TP53, NF1) of driver oncogenes and is localized in chromosomes
5,6,12,13,14,17 [18,86].

Figure 2. Schematic representation of changes after chromothripsis (Panel A) and kataegis (Panel B).
The occurrence of chromothripsis results in a new configuration in the part of a chromosome.
Kataegis describes a hypermutation pattern located in one or multiple loci in the genome.

The kataegis is a result of elevated mutation prevalence over regions in chromosomes (see Figure 2).
In osteosarcoma, the prevalence of kataegis estimated on the basis of small cohort of samples was
high-ranging between 50–85%. This phenomenon is common in breast cancers. Osteosarcoma patient
derived samples share the same several characteristic features described in breast cancers, like the same
type of substitutions, the same class of mutation, occurrence of hypermutated regions with structural
variations breakpoints or rearrangement sites, occurrence of macro- and microclusters in hypermutated

77% of COS

50-85% of COS
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increased risk of osteosarcoma[102,103]. Reported mutations are numerous and number in the hundreds[102]. 
High-grade osteosarcoma is also characterized cytogenetically by chromothripsis (Greek origin, “thripsis” 
meaning shattering) and kataegis (Greek origin, “Kataegis” meaning thunderstorm) in which catastrophic 
chromosomal breakage occurs sometimes in combination with regional hypermutation that occurs through 
complex mechanisms [Figures 5 and 6][102,104].

Low-grade variants of osteosarcoma include parosteal osteosarcoma and low-grade central osteosarcoma[3]. 
The low-grade variants of osteosarcoma are characterized by a bland appearing spindle cell population of 
cells rather than the overtly malignant cells present in high-grade osteosarcoma [Figure 7]. Both of these 
subtypes display less complex genetics than their high-grade counterparts harboring known specific, 
recurrent genetic alterations in the form of supernumerary ring chromosomes containing amplified 
material from 12q13-15 similar to that seen in some liposarcomas [Figure 8][83-87]. In some cases, these 
changes have been identified in high-grade osteosarcoma as well, although it is unclear if this represents an 
isolated finding in a genetically complex lesion or a marker of transition from a previously low-grade lesion 
(dedifferentiation)[83]. Amplification of material from 12q13-15 leads to the amplification of multiple genes 
involved in tumorigenesis including MDM2, CDK4, and FRS2[83]. These amplifications can be detected 
by immunohistochemistry for MDM2 and CDK4, although testing by FISH or chromosomal microarray 
provides a more sensitive test[83]. These findings are quite helpful when dealing with a low-grade fibroblastic 
proliferation as these tumors can share morphologic overlap with other fibroblastic tumors of bone.

Ewing Sarcoma/Primitive Neuroectodermal Tumor
Ewing sarcoma is the prototypical example a small round blue cell sarcoma that may occur as primary 
bone tumor. Ewing sarcoma is characterized by a recurrent, specific t(11;22)(q24;q12) that leads to the 
production of an oncogenic fusion protein: EWSR1-FLI1[88]. Various other fusion partners exist for EWSR1 
[Table 3], although many of these tumors are considered to fall within the Ewing sarcoma family and are 
treated in a similar fashion[89-92].

Figure 5. Graphical schematic depicting chromothripsis: chromosomal shattering occurs with subsequent failure of genomic repair 
mechanisms resulting in inappropriate recombination of chromosomal fragments. During this process fragments of the chromosome 
may be lost or remain and reassembled erroneously

J Cancer Metastasis Treat 2021, Cancers 2020
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and bone and soft tissue will start using labels inclusive of
genetic fusions (Table 1). Whether in these cases molecular
characterization should be regarded as mandatory is still a
source of debate.

Ewing sarcoma

Ewing sarcoma accounts for less than 1% of all soft tissue
sarcomas, affecting predominantly (approximately 80% of
cases) the metaphysis of long bones, with a peak incidence
between the first and the second decades [1]. Ewing sarcoma
can present also in adults; however, in this clinical context, it
tends to occur predominantly in the deep soft tissues of the
paravertebral region and of the proximal portions of the lower
and upper extremities. Visceral locations, such as kidney [2],
pancreas [3], and meninges [4], have been clearly document-
ed, as is the occurrence as a primary cutaneous lesion [5].
Grossly the tumor appears as large, multilobulated mass, fea-
t u r i ng ex t ens i ve nec ro s i s and /o r hemor rhage .
Microscopically, Ewing sarcoma is composed of a distinctive-
ly monomorphic round cell population, showing vesicular nu-
clei with finely dispersed chromatin, with scant cytoplasm.
Cytoplasmic clearing represents a relatively frequent finding
(Fig. 1a). A variable number of rosettes (from scarce to nu-
merous) can be detected and are traditionally interpreted as
evidence of neuroectodermal differentiation (Fig. 1b).
Mitotic activity tends to be remarkably high. Necrosis is al-
most always present and can be extensive (Fig. 1c), sometimes

leaving collars of viable tumor cells around the richly ramified
capillary network.

Immunohistochemically, CD99 (the product of the MIC2
antigen) certainly represents the most useful marker. Strong
CD99 membrane immunopositivity is seen in practically all
examples of ES (Fig. 1d). As CD99 is expressed within a
broad variety of mesenchymal tumors, its positivity needs to
be evaluated in context with morphology. Importantly, in con-
s ide ra t ion of i t s r emarkab le sens i t iv i ty, CD99
immunonegativity would strongly argue against a diagnosis
of ES. Other non-specific markers observed in ES are S-100
protein, CD57, neurofilaments, cytokeratin, and desmin. FLI-
1 and ERG immunopositivity can be seen in those ES harbor-
ing EWSR1-FLI1 and EWSR1-ERG gene fusions, respectively
[6]. Recently expression of PAX7 has been shown to represent
another promising diagnostic tool. Interestingly PAX7 expres-
sion seems to be restricted to those ES demonstrating a fusion
between EWSR1 and FLI1, ERG, andNFATc2 [7]. NKX2–2, a
homeodomain t r ansc r ip t ion fac to r invo lved in
neuroendocrine/glial differentiation and a downstream target
of EWSR1-FLI1, has been reported as an immunohistochem-
ical marker for Ewing sarcoma [8, 9]. However, despite good
sensitivity, specificity seems to be at best moderate.

The vast majority of ES harbors the fusion of the EWSR1
gene (a member along with FUS and TAF15 of the FET family
that contains an RNA binding domain) [10] with the FLI1
(Friend Leukemia virus Integration site 1) gene on 11q24,
belonging to the ETS (avian Erythroblastosis virus
Transforming Sequence) family of transcription factors [9].
Alternative fusion transcripts in ES involve EWSR1 or FUS

Table 1 Genetics of Ewing
sarcoma and Ewing sarcoma-like
tumors

Histotype Molecular alteration Gene fusion

Ewing sarcoma t(11;22)(q24;q12)

t(21;22)(q22;q12)

EWSR1-FLI1 (85%)

EWSR1-ERG (10%)

EWSR1-ETS gene family

FUS-ETS gene family

EWSR1 RCS-non-ETS partners t(20;22)(q13.2;q12)

t(20;16)(q13.2;p11.2)

inv(22)(q12; q12)

EWSR1-NFATC2

FUS-NFATC2

EWSR1-PATZ1

CIC sarcomas t(4;19)(q35;q13)

t(10;19)(q26;q13)

t(x;19)(q13;q13.3)

t(;19)()

t(15;19)(q14;q13.2)

t(10;19)(q23.3;q13)

CIC-DUX4

CIC-DUX4

CIC-FOXO4

CIC-LEUTX

CIC-NUTM1

CIC-NUTM2B

BCOR sarcomas inv(x)(p11;p11)

BCOR-ITD

T(10;17)(q23.3;p13.3)

t(4;x)(p11;q31)

t(x;22;)(p11;q13.2)

BCOR-CCNB3

BCOR-ITD

YWHAE1-NUTM2B

BCOR-MAML3

ZC3H7B-BCOR

110 Virchows Arch (2020) 476:109–119
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WHO: gene fusions involving FET family of genes 
(usually EWSR1, FUS) and a member of the ETS 
family of transcription factors (FLI1, ERG).

Location: 
• Diaphysis - metadiaphysis of long bones
• Central skeleton 

Immunohistochemistry:
• CD99: Strong, diffuse membranous expression in 

95% of Ewing sarcomas
• NKX2.2: higher specificity than CD99. 
• Keratins: +approximately 25% of cases
• FLI1 and ERG: often expressed in the cases with 

the corresponding gene fusions.
• Neuroendocrine markers and/or S100
• SATB2: usually neg. 

I. Ewing’s Sarcoma



II. SRCS with EWSR1-non-ETS fusions:
 EWSR1::NFATC2 sarcoma

• Children - adults (range: 12-67; MA=32.3yrs)


•  male predominance (M:F=5:1) primarily bone (long 
bones: metaphysis-diaphysyis)


• FUS-NFATC2 tumours have been reported 
exclusively in long bones 

• variable micro-morphology, multifocal pleomorphism, 
carcinoma mimicker 


• IHC: CD99+ (50%), dot-like CK expression, NKX2.2 +/-


• Late mets


• Little or no response to neoadjuvant ChTx



WHO, 5th Ed

III. Sarcoma with BCOR genetic alterations

• BCOR-CCNB3 sarcoma (88%)
• slightly more often in bone than in soft tissue (ratio: 1.5:1)
• > 90% of patients aged < 20 years
• M:F ratio: 4.5:1
• Morphology: round and spindle cell component (st 

prominent)
• IHC: BCOR+, CD99+ (50%), SATB2+, TLE1+, 

CyclinD1+, CCNB3+, BCOR-CCNB3 sarcoma: Cyclin B3 
(not expressed in other BCOR sarcomas)

• Px: similar to EWS, may give mets
• Histological response to EWS-based Tx

CIC sarcoma, and PDSS. In most non-ES cases, but with the
notable exception of non-ETS-fused sarcomas, CD99 tends to
decorate the cytoplasm diffusely, very rarely featuring the
crisp, intense membranous pattern of staining typically seen
in ES. Being aware that CD99 specificity is relatively poor,
sensitivity is instead extremely high, to the extent that CD99
immunonegativity in a round cell sarcoma would strongly
argue against the diagnosis of ES.

Very rarely, ES and may feature a pseudoalveolar pattern of
growth that may mimic ARMS. Conversely ARMS may ex-
hibit a solid pattern of growth that mimic ES. Importantly,
ARMS consistently exhibits expression of desmin, and diffuse
nuclear expression of myogenin that is never seen in ES.
Expression of myogenin is however reported in EWSR1-
PATZ1 sarcomas therefore representing a potential diagnostic
pitfall [21]. Molecular genetics may prove really effective in

Fig. 5 a BCOR sarcoma. Most often a mixed proliferation of round and
spindle cells is observed. b BCOR sarcoma. In some cases neoplastic cell
may assume a predominantly spindled morphology. c BCOR sarcoma.

Variation in cellularity con be detected. d BCOR sarcoma. Diffuse nuclear
immunopositivity of cyclin B3 represent and important diagnostic finding

Table 2 Genetics of round cell sarcomas (not including Ewing sarcoma)

Sarcoma type Cytogenetic alterations Molecular alterations

Alveolar rhabdomyosarcoma t(2,13)(q35;q14)
t(1;13)(p36;q14)
t(2;22)(q35;p23)
t(2;8)(q35;q13)
t(x;2)(q35;q13)

PAX3-FOXO1A
PAX7-FOXO1A
PAX3-NCOA1
PAX3-NCOA2
PAX3-AFX

Desmoplastic small round cell tumor t(11;22)(p13;q12) EWSR1-WT1
Mesenchymal chondrosarcoma t(8;8)(q13;q21) HEY1-NCOA2
High-grade “round cell” liposarcoma t(12;16)(q13;p11)

t(12;22)(q13;q12)
FUS-DDIT3
EWSR1-DDIT3

Synovial sarcoma t(X;18)(p11;q11) SYT-SSX, SSX2, SSX4

Virchows Arch (2020) 476:109–119 115
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IV. CIC-sarcomas

• most often CIC::DUX4                                
t(4;19) or t(10;19) (95%).

• the deep soft tissues of the limbs or trunk
• Primary osseous involvement is rare (< 5%)
• striking predilection for young adults (median 

age: 25–35 years), and < 25% of cases 
present in the paediatric age group

• IHC: 
- CD99+ (patsy/variable)
- WT1 (90–95%)
- ETV4 (95–100%) 

• 5-year overall survival rate is 17–43%, 
significantly worse than that of Ewing 
sarcoma

• Poor response to EWS Tx
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Updates on WHO classification for small round cell tumors: Ewing sarcoma 
vs. everything else 
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A B S T R A C T   

The WHO Classification of Soft Tissue and Bone Tumours currently recognizes four categories of undifferentiated 
small round cell sarcoma: Ewing sarcoma, round cell sarcoma with EWSR1-non-ETS fusions including NFATc2 
and PATZ1, CIC-rearranged sarcoma, and sarcoma with BCOR genetic alterations. These neoplasms frequently 
pose significant diagnostic challenges due to rarity and overlapping morphologic and immunohistochemical 
findings. Further, molecular testing, with accompanying pitfalls, may be needed to establish a definitive diag-
nosis. This review summarizes the clinical, histologic, immunohistochemical, and molecular features of these 
neoplasms. In addition, differential diagnosis and areas of uncertainty and ongoing investigation are discussed.   

1. Introduction 

Mesenchymal neoplasms frequently pose significant diagnostic 
challenges due to rarity, overlapping histologic and immunohisto-
chemical features with other mesenchymal and non-mesenchymal tu-
mors, and pitfalls in interpretation of molecular analysis results. Further, 
recent discoveries, aided greatly by next-generation sequencing tech-
niques, have led to rapid changes in classification and nomenclature. 
These issues are epitomized by the undifferentiated small round cell 
sarcoma group. The most recent WHO Classification of Soft Tissue and 
Bone Tumours recognizes four categories within this group: Ewing sar-
coma, round cell sarcoma with EWSR1-non-ETS fusions, CIC-rearranged 
sarcoma, and sarcoma with BCOR alterations [1]. This review summa-
rizes the clinical, histologic, immunohistochemical, and molecular fea-
tures of these neoplasms (Fig. 1). Discussions of differential diagnosis, 
areas of uncertainty and ongoing investigation, and personal and insti-
tutional approaches are also included. 

2. Ewing sarcoma 

Ewing sarcoma is the architype and most commonly occurring 
member of the undifferentiated small round cell sarcoma group. His-
torically, chest wall tumors were designated “Askin tumor,” and cases 
with morphologic features of neuronal differentiation were designated 
“(peripheral) primitive neuroectodermal tumor,” however the use of 
these terms is discouraged. Further, current evidence supports the 
assertion that EWSR1::NFATc2 sarcoma, CIC-rearranged sarcoma and 
BCOR alteration sarcoma, previously known as “Ewing-like” sarcomas, 
are distinct entities biologically and now conceptionally in the most 
recent WHO Soft Tissue and Bone Tumour Classification [1]. 

So-called adamantinoma-like Ewing sarcomas of the head and neck 
are characterized by a monotonous proliferation of ovoid to epithelioid 
cells, nested or corded growth with peripheral palisading, prominent 
associated stromal component, membranous CD99 immunopositivity, 
evidence of true epithelial differentiation in the form of expression of 
high molecular weight keratins and rarely overt squamous pearl for-
mation, and EWSR1::FLI1 fusions. These tumors have been previously 
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SCOS vs fusion-driven SRCS

• osteoid formation

• SATB2+,

• CD99-,NKX2.2-

SCOS

no osteoid, typical or atypical 

SRC morphology


Fusion-driven SRCS

Histomorphology

Immunohistochemistry

Molecular Analysis

Final Diagnosis
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…key takeaways!

• Distinction between SCOS and RCS (fusion-driven) might be challenging especially in 
small Bx


• Morphology-IHC-molecular analysis: help (in association with Clinical and Imaging 
Data)


• Importance of pre-analytical phase (esp. decalcification: EDTA/Nitric Acid/Formic Acid)


• Multidisciplinary approach 


• Clinical relevance?


