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Simple Summary: The chromosomal region 12q13-15 is rich in oncogenes (MDM2, CDK4, STAT6,
DDIT3, and GLI1). Amplification of MDM2 and CDK4 genes can be detected in various mesenchymal
and nonmesenchymal neoplasms. Therefore, gene amplification alone is not entirely specific for
making a definitive diagnosis and requires the integration of clinical, radiological, morphological,
and immunohistochemical findings. Despite the diagnostic implications that the overlap of genetic
alterations in neoplasms with changes in genes within the 12q13-15 region could create, the discovery
of coamplifications of MDM2 with CDK4 and GLI1 offers new therapeutic targets in neoplasms with
MDM2/CDK4 amplification. In this review, we delve into the diagnosis and therapeutic implications
of neoplasms with genetic alterations involving the chromosomal region 12q13-15, mainly MDM2,
CDK4, and GLI1.

Abstract: The chromosomal region 12q13-15 is rich in oncogenes and contains several genes involved
in the pathogenesis of various mesenchymal neoplasms. Notable genes in this region include MDM2,
CDK4, STAT6, DDIT3, and GLI1. Amplification of MDM2 and CDK4 genes can be detected in
various mesenchymal and nonmesenchymal neoplasms. Therefore, gene amplification alone is not
entirely specific for making a definitive diagnosis and requires the integration of clinical, radiological,
morphological, and immunohistochemical findings. Neoplasms with GLI1 alterations may exhibit
either GLI1 rearrangements or amplifications of this gene. Despite the diagnostic implications that
the overlap of genetic alterations in neoplasms with changes in genes within the 12q13-15 region
could create, the discovery of coamplifications of MDM2 with CDK4 and GLI1 offers new therapeutic
targets in neoplasms with MDM2/CDK4 amplification. Lastly, it is worth noting that MDM2 or
CDK4 amplification is not exclusive to mesenchymal neoplasms; this genetic alteration has also been
observed in other epithelial neoplasms or melanomas. This suggests the potential use of MDM2 or
CDK4 inhibitors in neoplasms where alterations in these genes do not aid the pathological diagnosis
but may help identify potential therapeutic targets. In this review, we delve into the diagnosis
and therapeutic implications of tumors with genetic alterations involving the chromosomal region
12q13-15, mainly MDM2, CDK4, and GLI1.

Keywords: MDM2; CDK4; GLI1; liposarcomas; GLI1-altered neoplasm; FISH; MDM2/CDK4 inhibitors

1. Introduction

Soft tissue sarcomas are a group of predominantly aggressive malignant tumors. The
incidence is 5 cases per 100,000 inhabitants per year in Europe, representing less than 1%
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of all malignant tumors [1]. They share the common characteristic of originating from
mesenchymal tissues.

Soft tissue sarcomas affect individuals throughout the entire age range, and impor-
tant differences exist in the presentation of these sarcomas across varying age groups [2].
Notably, rhabdomyosarcoma or Ewing sarcoma is more common in children, while most
nonrhabdomyosarcoma soft tissue sarcoma subtypes are more prevalent in adults [2].
Despite their rarity, sarcomas carry a large disease burden in the pediatric and adult pop-
ulations and are a significant cause of cancer deaths during the first 20 years of life [2].
There are numerous genetic syndromes that increase the risk of developing sarcomas,
including neurofibromatosis type 1, Maffucci’s syndrome, Li–Fraumeni syndrome, and
McCune–Albright syndrome [2–5]. In addition, exposure to radiation is an established risk
factor for sarcomas, and immune suppression has also been implicated in the development
of sarcomas [2–5]. Multiple environmental risk factors for sarcoma development exist,
but drawing definitive conclusions regarding the association between risk factors and
sarcomas have proven to be challenging [3–5]. Soft tissue sarcomas may arise in extremities,
abdomen/retroperitoneum, trunk, head, and neck area [2–5]. The majority of patients with
soft tissue sarcomas present with a painless mass, although pain is noted at presentation
in up to a third of cases [2–5]. Delay in the diagnosis of sarcomas is common, with the
most common incorrect diagnosis for extremity and trunk lesions being hematoma, cystic,
or benign adipocytic tumor [3–5]. Late diagnosis of retroperitoneal sarcomas is common
because tumors in this area can grow to massive size before causing any symptoms. In
large tumors, patients may complain of abdominal distention or discomfort [3–5]. From an
epidemiological point of view, little information is readily available on patterns of incidence
and survival in specific geographic areas for sarcomas [2–5].

Tumors classified under the term ‘soft tissue sarcomas’ encompass a highly hetero-
geneous group of different pathologies, leading to significant diagnostic and therapeutic
complexity [6–13]. Diagnosing soft tissue sarcomas necessitates specific techniques such as
immunohistochemistry (IHC), in situ hybridization, and molecular biology ancillary tests,
often resulting in distinct therapeutic approaches based on histotype variations [6–13].

According to the WHO classification, over 100 different histological types of soft
tissue sarcomas are categorized under the term ‘soft tissue sarcomas’ [6,7]. They exhibit
substantial clinical and pathological heterogeneity, presenting a diagnostic challenge for
pathologists who often rely on complementary immunohistochemical and molecular bi-
ology studies to identify molecular alterations [6–17]. These alterations can be highly
valuable for implementing targeted therapies aimed at improving treatment effectiveness
and enhancing patient survival and quality of life [17].

The low incidence of these tumors may lead to discrepancies between pathological
diagnoses and IHC or molecular results [14–17]. Consequently, in recent years, it has
been recommended that sarcoma diagnoses be confirmed by pathologists with expertise
in this field [14,15]. These pathologists have benefited from significant advancements
in molecular biology, enabling more precise diagnoses of various histological types of
sarcomas, particularly those necessitating molecular techniques for diagnostic confirmation.
Similarly, it is advisable that the diagnosis and treatment of sarcomas be conducted in
specialized centers with multidisciplinary teams dedicated to this pathology [16].

Frequently, we encounter situations where sarcomas exhibit significant similarities
not only among different histological types of sarcomas but also with other neoplasms like
melanomas, carcinomas, or mesotheliomas [6–8]. Therefore, accurate diagnosis and poten-
tial therapeutic implications are crucial. For instance, distinguishing between an epithelioid
melanoma and a clear cell sarcoma (both expressing S100 and melanocytic markers) or
a spindle cell/desmoplastic melanoma and a malignant peripheral nerve sheath tumor
(both expressing S100 and SOX10) is challenging [18–22]. In such cases, while molecular
biology can provide essential data, such as the presence of BRAF, KIT, or TERT mutations
commonly found in melanoma and the presence of EWSR1::ATF1/CREB1 rearrangement
favoring clear cell sarcoma, clinical-pathological correlation remains indispensable [18–22].
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In the context of a prior diagnosis of melanoma, the possibility of dedifferentiated
melanoma should always be excluded, as the morphology may be indistinguishable from
that of a sarcoma. Conversely, when faced with a diagnostic challenge between spindle cell
melanoma and neural sarcoma, clinical data such as location in sun-exposed areas of the
skin can indicate a higher likelihood of spindle cell melanoma [18–22].

It is crucial to emphasize that any molecular result must be closely correlated with clinical-
pathological findings. Many genes can be altered (mutations, rearrangements, etc.) and are
not specific [6–8,18–22]. For instance, the EWSR1 gene or the MDM2 gene can be rearranged or
amplified in various types of sarcomas, carcinomas, or even mesotheliomas [6–8]. Therefore,
an isolated molecular finding should not be interpreted as defining a specific diagnosis.

The present review describes the diagnosis and therapeutic implications of tumors
with genetic alterations involving the chromosomal region 12q13-15, mainly MDM2, CDK4,
and GLI1.

2. What Do We Know about the MDM2 Gene?

The MDM2 gene (short for ‘murine double minute 2′) is an oncogene located on the
long arm of chromosome 12 at cytoband q15 (12q15), responsible for encoding the MDM2
protein [23–27] (Figures 1 and 2). Discovered in 1987, the MDM2 gene originated from a
transformed mouse cell line (3T3-DM) [23].
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Figure 1. The genomic positions and relationship of the genes located on the 12q13-15 locus.
G-banding patterns of human chromosome 12 with a resolution of 850 bands. The band length
in this diagram is based on the ISCN (2013) ideograms. The chromosomal position of the STAT6
(12q13.3), DDIT3 (12q13.3), GLI1 (12q13.3), CDK4 (12q14q.1) and MDM2 (12q15) genes are indicated
by blue lines. ISCN: The International System for Human Cytogenomic Nomenclature; STAT6:
Signal transducer and activator of transcription 6; DDIT3: DNA damage-inducible transcript 3;
GLI1: glioma-associated oncogene 1; CDK4: Cyclin Dependent Kinase 4; MDM2: Mouse double minute
2 homolog.

The protein product of the MDM2 gene is the MDM2 protein, which serves as a
significant negative regulator of the tumor suppressor p53. MDM2 is known to interact
with p53, repressing its transcriptional activity by binding to and blocking the N-terminal
transactivation domain of p53 (Figure 2). Additionally, MDM2 functions as an E3 ubiquitin
ligase, recognizing the N-terminal transactivation domain (TAD) of the p53 protein. In
this manner, MDM2 targets p53 for ubiquitination and transports it to the cytoplasm for
degradation in the proteasome [24–27].

Structurally and functionally, the MDM2 gene encodes a 491-amino acid protein
with a molecular weight of 56 kDa (Figure 2). This protein contains various conserved
structural domains, including the p53 interaction domain at the N-terminus, a central acidic
domain, and a zinc finger domain. MDM2 also features a RING domain at the C-terminus,
conferring E3 ubiquitin ligase activity on MDM2 [27–30].
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Figure 2. Structures and the encoded full-length of the human GLI1, CDK4, and MDM2 genes.
(A) The full-length GLI1 gene comprises 12 exons, including the 5′-untranslated exon 1. The GLI
isoform 1 coding region starts at nt +79 in exon 2 (arrow). The known functional domains of full-
length GLI1 include the degron degradation signals (Dn and Dc; yellow boxes), SUFU-binding
domains (SU; pink boxes), zinc finger domains (ZF; blue box), the nuclear localization signal (NLS;
grey box), and the transactivation domain (white box). (B) The full-length CDK4 gene comprises
eight exons. The CDK4 open-reading frame (ORF) involves a start codon that is located 19 nt from the
5′end of exon 2 and a stop codon that resides 93 nt from the 5′end of exon 8 (arrow). The first 1–96 aa
residues of the CDK4 protein form the 5-stranded β-sheet N-terminal region, while the remaining
residues (97–303 aa) compose the mainly α-helical C-terminal region (indicated by orange boxes).
The N-terminal contains three significant domains, the cyclin-binding site domain, the glycine-rich
inhibitory element (G-loop), and the K35 region. The C-terminal (residues 97–303) contains regions
and domains crucial for the activation of the protein. (C) The full-length MDM2 gene comprises
12 exons, and the relevant protein domains are indicated. Exons are depicted as boxes, and introns
as lines.

Several known mechanisms regulate MDM2. One of these mechanisms involves the
phosphorylation of the MDM2 protein. Phosphorylation of MDM2 occurs when DNA
damage is detected, leading to changes in the function and stability of p53. Additionally,
phosphorylation of specific residues in the central acidic domain of MDM2 can enhance
its ability to target p53 for degradation (Figure 3). Another mechanism for negatively
regulating the p53-MDM2 interaction is the induction of the p14arf protein, a product of
an alternative reading frame of the CDKN2A locus (p16INK4a/ARF). The p14arf protein
directly interacts with MDM2, resulting in the activation of the transcriptional response of
p53. ARF sequesters MDM2 in the nucleolus, inhibiting nuclear export and activating p53,
as proper p53 degradation depends on its transport to the nucleus [30,31].
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Figure 3. Overview of MDM2 and CDK4 pathway regulation. One of the main roles of MDM2
is through its direct binding and inhibition of TP53-mediated activation of cell cycle arrest and
apoptosis. Nutlins inhibit MDM2-TP53. Active CDK4 in complex with D-type cyclins (CCNDs)
hyper-phosphorylates Rb causing release of E2F to promote cell proliferation. MDM2: Mouse double
minute 2 homolog; CDK4: Cyclin Dependent Kinase 4; TP53: tumor protein 53; CCNDs: D-type cyclins;
Rb: Retinoblastoma protein; E2F: family of transcription factors; CDKN2A gen: cyclin-dependent kinase
inhibitor 2A p16INKAa: cyclin-dependent kinase inhibitor 2A protein; p14ARF: ARF tumor suppressor
(alternate reading frame protein product of the CDKN2A locus).

The levels and stability of MDM2 are also regulated through ubiquitination. MDM2
undergoes auto-ubiquitination, enabling its degradation by the proteasome. Additionally,
MDM2 interacts with a specific ubiquitin protease, USP7, which can reverse MDM2 ubiqui-
tination and prevent its degradation by the proteasome. It is worth noting that USP7 also
protects p53 from degradation, given that p53 is the primary target of MDM2 [32]. As a
result, MDM2 and USP7 form a complex circuit to finely regulate p53 stability and activity.
Maintaining stable levels of p53 is crucial for the correct p53 function [32].

The overall frequency of MDM2 gene amplification in human cancer varies between
3.5% and 4.4% [33,34]. MDM2 amplification has been reported in some gliomas, carcinomas,
and hematological neoplasms, but this characteristic is much more frequently observed
in sarcomas.

Early cytogenetic studies that characterized chromosomal abnormalities in soft tis-
sue sarcomas identified recurrent alterations associated with the 12q13-14 locus [35].
After the characterization and localization of the MDM2 gene on chromosome 12 [36],
a study was conducted with different histological subtypes of sarcomas, revealing the
presence of MDM2 amplification in osteosarcoma, liposarcoma, lipoma, leiomyosarcoma,
rhabdomyosarcoma, malignant schwannoma, fibrosarcoma, hemangiopericytoma, and
malignant fibrous histiocytoma [33–42]. Furthermore, it was demonstrated that MDM2
amplification was associated with the overexpression of both RNA and proteins [37,41,43].
This amplification occurred mutually exclusively of p53 mutation [39,41,44].

In summary, these findings supported the developing hypothesis that high MDM2 ex-
pression through gene amplification represented an alternative mechanism to p53 mutation
for inactivating the p53 signaling pathway and promoting tumor progression in sarcomas.

In soft tissue sarcomas, the amplification of MDM2 primarily occurs through the mech-
anism known as double minute chromosomes (Dmins) [45]. Dmins are small chromatin
bodies, typically acentric, serving as an amplification mechanism for various oncogenes,
including MDM2 [46–49]. Sarcomas that exhibit the highest percentages of MDM2 am-
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plification include low-grade/periosteal osteosarcoma, atypical liposarcoma/lipomatous
tumor, dedifferentiated liposarcoma, and intimal sarcoma [7–9,50]. Mixofibrosarcomas,
malignant peripheral nerve sheath tumors, and undifferentiated sarcomas can also occa-
sionally display MDM2 amplification. Recently, a rare subtype of endometrial sarcoma
characterized by a BCOR rearrangement was reported to have MDM2 amplifications [51].
MDM2 amplification is present in 95% of well-differentiated and dedifferentiated liposar-
comas, while benign lipomatous lesions do not show any amplification; thus, evaluating
MDM2 status is crucial in the diagnosis of liposarcoma [52,53].

MDM2 gene amplifications can be detected using various techniques, including
fluorescence in situ hybridization (FISH), qualitative PCR, comparative genomic hy-
bridization (CGH), immunohistochemistry (IHC), and chromogenic in situ hybridization
(CISH/DISH) [50–55]. Generally, IHC and FISH techniques are widely employed in most
centers. However, it has been noted in various studies that there may not be a strong
correlation between IHC (protein overexpression of MDM2) and FISH (MDM2 gene am-
plification) in certain histological subtypes of liposarcomas, especially in cases with poor
differentiation or MDM2 overexpression unrelated to gene amplification [50–55]. Therefore,
considering the clinical implications of misdiagnosing these lesions, molecular analysis of
MDM2 is necessary and is often performed using fluorescence in situ hybridization (FISH),
which is considered the gold-standard technique [50–55].

For the study of MDM2 gene amplifications, the FISH technique is conducted using
a combination of two FISH probes. One probe marks the centromere of chromosome
12, serving as a control for ploidy (a control probe to determine the number of copies of
chromosome 12 per cell), while the other probe marks the region of the gene of interest
(MDM2). This results in a ratio between the number of specific MDM2 signals and the
centromeric signals. Different levels of amplification have been described based on this
ratio (Figure 4):

1. High-level amplification (HIGH-LEVEL): A ratio equal to or greater than 5.0 in at
least 10% of the analyzed nuclei.

2. Low-level amplification (LOW-LEVEL): A ratio equal to or greater than 2.0 in at least
20% of the analyzed nuclei.

3. Low-level selective gain: If the ratio is equal to or greater than 1.5 in at least 20% of
the analyzed nuclei, it is considered low-level selective gain.

4. Not amplified: If the ratio is less than 1.5 in over 80% of the analyzed nuclei [52–59].
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3. The CDK4 Gene Is a Close Neighbor of the MDM2 Gene

The CDK4 gene is located on chromosome 12 at cytoband q14, distal to the GLI1 and
CHOP/DDIT3 genes situated on 12q13.3-q14.1 (Figure 1), and proximal to MDM2, located
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on 12q14.3-q15 [60–62]. Structurally, the CDK4 gene is composed of eight exons and has a
size of 5 Kb, encoding the CDK4 protein consisting of 303 amino acids (Figure 2) [60–62].

The CDK4 gene encodes a protein-serine kinase called cyclin-dependent kinase
4 (CDK4), which plays a role in the cell cycle (Figure 3). Cell division in humans is
primarily regulated at the transitions between the cell cycle phases G1–S or G2–M. Specifi-
cally, CDK4 activity is restricted to the G1–S phase transition and is controlled as follows:
(1) positively by its association with regulatory cyclin D subunits (D1, D2, and D3), and
(2) negatively by tumor suppressors such as p16INK4A encoded by CDKN2A, which
prevents the interaction of CDK4 with cyclin Ds [63]. Cyclin D and CDK4 complexes
phosphorylate proteins involved in the control of cell proliferation during the G1 phase,
such as the Rb (retinoblastoma) protein. Due to the critical roles of both p16INK4A and
Rb in the regulation of cell proliferation, inactivating mutations and deletions in the genes
encoding these regulators are common in many types of tumors [64–66]. Additionally,
CDK4 also phosphorylates other proteins such as FOXM1, NFAT4, and SMAD3 [67–69].

Mutations in the CDK4 gene, as well as its associated proteins (cyclin Ds, p16INK4A,
and Rb), are associated with carcinogenesis in various organs. In addition, Cyclin D gene
overexpression has been described in many cancers, including those affecting the breast,
esophagus, liver, and a subgroup of lymphomas. Furthermore, CDK4 gene amplification
is also found in melanomas, sarcomas, and glioblastomas [53,70]. Therefore, despite
CDK4 amplification and/or Cyclin D overexpression having therapeutic implications, both
alterations are entirely nonspecific to any particular diagnosis, and a thorough clinical,
histological, and phenotypic correlation should be carried out.

Similar to the detection of MDM2 gene amplifications, the most widely used tech-
niques for detecting CDK4 gene amplifications are IHC (immunohistochemistry) and FISH
(fluorescence in situ hybridization). For the study of CDK4 gene amplifications, the FISH
technique is performed using a combination of two FISH probes [53,70]. One probe marks
the centromere of chromosome 12, serving as a control for ploidy (a control probe to deter-
mine the number of chromosome 12 copies per cell), and the other probe marks the region
of interest (CDK4). Amplification of CDK4 is considered in cases where the ratio is greater
than 2.0, considering the following signal pattern per cell: 2–4 CCP12 signals/>6 CDK4
signals [53,70].

4. The GLI1 Gene Is Also in the Vicinity of MDM2 and CDK4

The GLI1 gene encodes the oncogenic protein associated with glioma, known as the
Zinc Finger Protein GLI1 (68). The GLI1 gene is located on chromosome 12 at cytoband q13,
specifically q13.2-q13.3 (Figures 1 and 2) [71–73].

GLI1 belongs to a family of genes (GLI1, GLI2, and GLI3) that encode transcription fac-
tors, mediating the Hedgehog (Hh) signaling pathway (Figure 5). This pathway regulates
cell growth and differentiation under normal conditions, but under aberrant conditions, it
leads to tumorigenesis in a wide range of tumors, including basal cell carcinoma, gliomas,
and pancreatic, colorectal, prostate, lung, and breast carcinomas. The transcription fac-
tors GLI1, GLI2, and GLI3 contain five conserved tandem C2-H2 zinc finger domains
(ZF1–ZF5) and a histidine/cysteine consensus sequence between the zinc fingers. ZF2-ZF5
directly interact with DNA, while ZF1 does not do so directly [73,74]. In this way, the zinc
finger domains that bind to DNA and the consensus sequences in their target genes can
initiate or inhibit the transcription of Hedgehog pathway target genes. GLI activation can
occur through different mechanisms (canonical activation, noncanonical activation through
ubiquitination, and deacetylation) [73,74].
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PTCH exerts repressive effects on SMO. GLI transcription factors are sequestered by SUFU and
phosphorylated by PKA, CK1, and GSK3β, marking them for proteolytic cleavage. The cleavage
of the C-terminal domain creates GLIr, the repressor form of the transcription factor. GLIr then
translocates into the nucleus and represses the transcription of Hh/GLI target genes. Right panel: Hh
ligand binding to the extracellular domain of PTCH inhibits the receptor, relieving the repressive
effects on SMO. SMO then inhibits the sequestration by SUFU and phosphorylation by PKA, CK1,
and GSK3β, sparing GLI from proteolytic cleavage. The fulllength form of GLI is a transcriptional
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Hh/GLI target genes: Hedgehog/glioma-associated oncogene target genes; GLIa: the transcriptional activator of
GLI; PTCH1: Protein patched homolog 1; BCL2: B-cell lymphoma 2.

Two types of genetic alterations of GLI1 have been described: (1) GLI1 fusions affecting
the ACTB, MALAT1, and PTCH1 genes in a subgroup of soft tissue tumors with a character-
istic nested monomorphic epithelioid morphology; (2) another group of soft tissue tumors
that were morphologically similar but lacked canonical GLI1 gene fusions and instead had
GLI1 amplifications [75–81].

Similar to the detection of MDM2 gene amplifications, the most widely used tech-
niques for detecting GLI1 gene amplifications are IHC (immunohistochemistry) and FISH
(fluorescence in situ hybridization). For the study of GLI1 gene amplifications, the FISH
technique is performed using a combination of two FISH probes. One probe marks the
centromere of chromosome 12, serving as a control for ploidy (a control probe to determine
the number of chromosome 12 copies per cell), and the other probe marks the region of
interest (GLI1). The following FISH signal patterns are considered positive: (1) a region of
homogeneous staining; (2) double minutes; (3) ring chromosomes; and (4) multiple small
amplicons of various sizes, with a ratio of at least 10:1 with respect to the centromeric
12 reference [75–81].

5. Does Isolated MDM2, CDK4, or GLI1 Amplification Matter vs. Chromosomal
Region 12q13-q15 Amplification?

Amplification of genes in the chromosomal region 12q13-15 has been observed in various
soft tissue tumors, with liposarcoma (LPS) being the most common adult sarcoma, account-
ing for nearly 20% of cases worldwide [56,77,82–108]. Distinguishing well-differentiated
liposarcoma/atypical lipomatous tumors from benign lipomatous neoplasms and dedif-
ferentiated liposarcomas from high-grade sarcomas can be challenging [93]. Cytogenetic
studies have identified ring chromosomes or supernumerary markers composed of ampli-
cons from 12q13-15, including the MDM2, CDK4, GLI1 genes, among others [56,77,82–108].
These cytogenetic findings are relevant for interpreting various FISH amplification pat-
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terns, especially in liposarcoma variants [93]. However, it remains unclear what clinical
and therapeutic implications the level of MDM2 gene amplification alone may have and
whether it is accompanied by the amplification of other genes in the same chromosomal
region 12q13-15, such as CDK4, GLI1, DDIT3, or STAT6 [56,77,82–108] (Figure 1). A study
of dedifferentiated liposarcoma found that high levels of MDM2 amplification (>38 copies)
and CDK4 amplification (>30 copies) were correlated with reduced disease-free survival
(DFS) and disease-specific survival (DSS) [92].

CDK4 gene amplification in sarcomas has been observed in both bone and soft tissue
tumors, while MDM2 gene amplification predominates in soft tissue tumors, often without
coamplification of other genes in the 12q13-q15 region [77,91–108].

In a group of soft tissue tumors with shared morphological characteristics, two genetic
alterations in GLI1 have been described: GLI1 fusions (in a low frequency of cases studied)
and high-level amplifications, often coamplified with neighboring genes in the 12q13.3-q15
region, such as DDIT3/CDK4/MDM2/STAT6 genes [75–81,104–108].

6. Implications of Detecting Isolated MDM2-CDK4-GLI1 Alterations or Chromosomal
Region 12q13-q15 Amplification in the Anatomopathological Differential Diagnosis of
Mesenchymal Neoplasms

The chromosomal region 12q13-15 is rich in oncogenes and contains several genes
involved in the pathogenesis of various mesenchymal neoplasms. Notable genes in this
region include MDM2, CDK4, STAT6, DDIT3, and GLI1 [56,77,82–108]. Amplification of
MDM2 and CDK4 genes can be detected in various mesenchymal and nonmesenchymal
neoplasms [56,77,82–108]. The presence of amplification in one or both of these genes
can strongly suggest diagnoses such as well-differentiated liposarcoma, dedifferentiated
liposarcoma, intimal sarcoma, or low-grade central or parosteal osteosarcoma [92–97].
However, it is important to note that these genes can also be amplified in other tumor types,
such as carcinomas or melanomas [98–100]. Therefore, gene amplification alone is not
entirely specific for making a definitive diagnosis and requires the integration of clinical,
radiological, morphological, and immunohistochemical findings.

Intrachromosomal rearrangements involving STAT6 are characteristic molecular al-
terations observed in solitary fibrous tumors [101,109–111]. On the other hand, the DDIT3
gene is known to be rearranged in myxoid/round cell liposarcomas, which can fuse with
either EWSR1 or FUS, and these fusions serve as diagnostic markers for this entity [112].
The amplification of DDIT3 and STAT6 may vary depending on the amplicon length in
cases of mesenchymal neoplasms with 12q13-15 amplification [101–115].

Recently, a group of mesenchymal neoplasms with predominantly epithelioid mor-
phology has been described [75–81,104–108]. These neoplasms typically express CD56,
S100, and p16 and are predominantly located in the head and neck region, displaying
alterations in the GLI1 gene. GLI1 is situated in the 12q13.3 region, in close proximity to the
genes within the 12q13-15 region, particularly DDIT3. Neoplasms with GLI1 alterations
may exhibit either GLI1 rearrangements or amplifications of this gene [75–81,104–108].

In cases with GLI1 amplification, it is not unusual to observe coamplification of DDIT3,
CDK4, MDM2, and/or STAT6 [75–81,104–108]. This coamplification can lead to nuclear
and/or cytoplasmic immunohistochemical expression of DDIT3, CDK4, MDM2, and/or
STAT6 in these GLI1-altered tumors, with the extent of expression depending on the size of
the amplicon [104–108].

Similarly, well-differentiated/dedifferentiated liposarcomas and other neoplasms with
MDM2/CDK4 amplification may also exhibit coamplification of GLI1. This coamplification
can result in nuclear and/or cytoplasmic expression of GLI1, as detected by immunohis-
tochemistry [104–108]. This genetic overlap can pose diagnostic challenges, particularly
when dealing with small cylindrical biopsies where clinicopathological correlation may
be limited.

Consider a scenario where a small cylindrical biopsy, providing limited material, is
obtained from a neoplasm situated in an atypical location for liposarcoma. This neoplasm
exhibits an epithelioid morphology and phenotypic expression of MDM2/CDK4/p16,
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alongside MDM2/CDK4 amplification, as confirmed by FISH. In such cases, dedifferen-
tiated liposarcoma might be a potential diagnosis due to the presence of MDM2/CDK4
amplification. However, because the neoplasm is located in an atypical location for liposar-
coma, the possibility of a neoplasm with GLI1 alteration, particularly GLI1 amplification,
should also be considered. Neoplasms with GLI1 alterations often feature an epithelioid
morphology and can coamplify other genes like MDM2/CDK4 [104–108].

It is important to note that many liposarcomas and other sarcomas, including inti-
mal sarcoma with MDM2/CDK4 amplification, may exhibit cytoplasmic and/or nuclear
expression of STAT6 without necessarily indicating a solitary fibrous tumor [92–95,101].
These tumors can also demonstrate cytoplasmic and/or nuclear immunohistochemical
expression for GLI1 without confirming the presence of a primary neoplasm with GLI1
alteration. Therefore, it is critical to correlate all clinical, radiological, morphological, phe-
notypic, and molecular findings to arrive at a definitive diagnosis. This means that when
dealing with a large retroperitoneal tumor that expresses and/or amplifies MDM2, the
initial consideration should be liposarcoma rather than a neoplasm with GLI1 alteration.
Conversely, if a tumor is located in the head and neck or in an atypical liposarcoma location
and shows MDM2 amplification, the possibility of a neoplasm with GLI1 alteration should
be systematically ruled out.

Another crucial aspect in the diagnosis of neoplasms with GLI1 alterations is that
while amplification is reliably detected by FISH, rearrangement is typically identified
through genomic sequencing (NGS, RNAseq), which is not universally accessible. Given
the proximity of the DDIT3 gene to GLI1, the use of a DDIT3 split probe may be useful in
identifying the possibility of GLI1 rearrangement in neoplasms that display a phenotype or
morphology typical of a neoplasm with GLI1 alteration [104–108].

The correlation between immunohistochemical expression for MDM2 and the presence
of MDM2 amplification by FISH is not always perfect. In fact, there are cases where MDM2
is only focally positive or even negative by immunohistochemistry, despite the confirmation
of MDM2 amplification by FISH. This emphasizes that FISH remains the ideal technique
for detecting this genetic alteration. In a recent series of adipocytic tumor cases reported
in a study by Vargas et al. [113], later confirmed by Machado et al. [103], instances of
well-differentiated liposarcomas with isolated nuclear atypia were identified. Despite this,
they exhibited immunohistochemical expression for MDM2/CDK4 and p16, alongside
confirmation of MDM2 amplification by FISH [103,113]. Similar situations can arise in
neoplasms with GLI1 alterations (Figure 6), where immunohistochemistry for GLI1 is not
always sufficient, necessitating molecular confirmation [104–108].

Despite the diagnostic implications that the overlap of genetic alterations in neoplasms
with changes in genes within the 12q13-15 region could create, the discovery of coamplifi-
cations of MDM2 with CDK4 and GLI1 offers new therapeutic targets in neoplasms with
MDM2/CDK4 amplification [92–99,104–108]. This particularly applies to well-differentiated
or dedifferentiated liposarcomas, which might not only benefit from MDM2 or CDK4 in-
hibitors, but also from anti-GLI1 therapies. Similarly, neoplasms with GLI1 amplification and
coamplification of MDM2/CDK4 could benefit from MDM2/CDK4 inhibitors.

Lastly, it is worth noting that MDM2 or CDK4 amplification is not exclusive to mes-
enchymal neoplasms; this genetic alteration has also been observed in other epithelial
neoplasms or melanomas [98–100]. This suggests the potential use of MDM2 or CDK4 in-
hibitors in neoplasms where alterations in these genes do not aid the pathological diagnosis
but may help identify potential therapeutic targets.
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Figure 6. GLI-1-amplified neoplasm with CDK4 coamplification. (A) Round and epithelioid cell
neoplasm with isolated mitoses and low-grade morphology. Hematoxylin and eosin (H and E) 400×,
(B) GLI1 immunoreactivity with moderade and nuclear expression 200×. (C) CDK4 moderates and
diffuses nuclear immunoreactivity 400×. (D) Strong and diffuse p16 immunoexpression in GLI1 with
nuclear and cytoplasmic stain, 200×, (E,F) GLI1 (red signals/GLI1 and green signals centromeric
region) and CDK4 (red signals/CDK4, green signals centromeric region, yellow signals/signal
overlaps/green and red) coamplification by FISH. Magnification 63×.

6.1. Therapeutic Implications
6.1.1. MDM2 Inhibitors

The MDM2 gene inhibits the activity of the p53 tumor suppressor protein. Amplifica-
tion of MDM2 hinders p53 function, thereby compromising its protective role [114–118].

MDM2 amplification is known to occur in various types of tumors, including sarcomas,
carcinomas, and melanomas. Consequently, drugs designed to inhibit the MDM2-p53
interaction have the potential to restore wild-type p53 function, leading to cell cycle arrest
and apoptosis induction [115–118].

Currently, anti-MDM2 drugs are in the developmental phase, undergoing clinical trials
with promising results, especially for tumors that are inoperable, advanced, metastatic,
aggressive, and associated with a poor prognosis, such as dedifferentiated liposarcoma
(DDLPS), for instance. The Brightline-1 clinical trial is assessing the efficacy and tolerability
of BI 907828, an MDM2 antagonist, which has shown encouraging results in DDLPS during
Phase I development [119,120].

The rationale for developing BI 907828 is based on preclinical models that demon-
strated a response in mice with DDLPS xenografts bearing MDM2 amplification. This
drug exhibits a favorable safety profile, with reported toxicities in 88% of patients. The
most common side effect was nausea (66%), and 41% of patients experienced equal to or
greater than grade 3 toxicity, primarily including neutropenia (20%), thrombocytopenia
(19%), and anemia (10%) (113). BI 907828 is an orally administered drug with a long
half-life and is being evaluated in various types of sarcomas characterized by MDM2
overexpression [119,120].

The evidence accumulated during Phase I of the Brightline-1 clinical trial sup-
ports the further development of the drug, justifying the ongoing Phase II/III stud-
ies. The primary objective of the study is to compare two different doses of BI 907828
(30 mg/21 days vs. 40 mg/21 days) with doxorubicin 75 mg/m2/21 days. The primary
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endpoint is progression-free survival (PFS). The results of this clinical trial will determine
whether the standard clinical practice for treating DDLPS and potentially other sarcomas
characterized by MDM2 overexpression can be improved [118–121]. MDM2-inhibitors
ongoing clinical trials are summarized in Table 1.

Table 1. MDM2-inhibitors.

Target Drug Phase Sarcoma Combination NCT Published

MDM2 Navtemadlin (AMG-232
[KRT-232 1B Only Radiotherapy NCT03217266

MDM2 Navtemadlin 1/2 NO TL-895 NCT02825836

MDM2 Navtemadlin 2 No No NCT03662126

MDM2 APG-115 2 No nO NCT03781986

MDM2 Brigimadlin (BI 907828 2 DDLPS No NCT06058793

MDM2 Brigimadlin BI 907828 2 DDLPS ADRYAMICIN NCT05218499

MDM2 Brigimadlin BI 907828 1 included Ezabenlimab NCT03964233

MDM2 Brigimadlin BI 907828 1 Included No NCT03449381 LoRusso [119,120]

MDM2 CGM097 1B included NO NCT01760525

MDM2/MDMX Idasanutlin 1B RMS Selinexor NCT05952687

MDM2/MDMX Idasanutlin 1/2 No Atezolizumaband
Cobimetinib NCT03566485

DDLPS: dedifferentiated liposarcoma, RMS: rhabdomyosarcoma.

6.1.2. CDK4/6 Inhibitors

The cyclin pathway can be disrupted in 1 out of every 4 sarcomas and is pathog-
nomonic for some very specific types of sarcomas. This suggests that targeting this pathway
could offer a promising treatment option for certain patients with advanced or metastatic
sarcomas that have progressed beyond standard therapies. These patients often face limited
treatment possibilities, resulting in a poor prognosis and reduced survival [121,122].

The availability of CDK4 and CDK6 cyclin inhibitor drugs (anti-CDK4 and anti-CDK6)
makes them excellent choices for targeting sarcomas with these genetic alterations in the
form of deletions or amplifications [121,122].

Currently, there are three cyclin inhibitors available: Palbociclib (Ibrance®, Pfizer),
Ribociclib (Kisqali® Novartis), and Abemaciclib (Verzenios® Eli Lilly) [123–126]. All three
of these drugs have been approved by the EMA for the treatment of metastatic breast cancer.
It is important to note that only Abemaciclib can be used for adjuvant treatments in breast
cancer, typically in combination with hormone therapy.

While we lack extensive information on the efficacy of cyclin inhibitors in sarcoma
treatment, the available data suggest that this class of drugs could offer a promising new
treatment option for patients with advanced sarcomas [83,127–135].

Dedifferentiated liposarcomas (DDLPS) represent a particularly aggressive type of
sarcoma known for its high recurrence rate after surgical resection, rapid growth, and
poor prognosis. These tumors often exhibit overexpression of CDK4, a characteristic also
found in myxoid liposarcomas (MLPS), which is another form of liposarcoma associated
with a high likelihood of recurrence and rapid growth [83,127]. Ongoing clinical trials are
investigating the use of Palbociclib with varying dosing intensities, and the results show
no significant differences in progression-free survival (PFS) at 12 weeks (57% vs. 66%) or in
median PFS (17.9 weeks vs. 18 weeks [128,129].

It is important to note that, as of today, none of these cyclin inhibitors have received ap-
proval for sarcoma treatment. Research is actively continuing with several cyclin inhibitors
in the clinical development phase.

In both Phase I and Phase II clinical trials, ribociclib has demonstrated efficacy in
terms of inducing a response or prolonged stabilization [131–133]. However, combining the



Cancers 2024, 16, 432 13 of 21

cyclin inhibitor with an MDM2 inhibitor did not result in improved outcomes for patients
with DDLPS and WDLPS [133,134].

Based on these preliminary results, it is reasonable to conclude that cyclin inhibitor
drugs may play an important role in treating DDLPS with CDK4/6 amplification. Neverthe-
less, further investigation is needed to determine whether quantifying CDKN2A/p16
levels can serve as a useful prognostic biomarker for WDPLS and DDLPS [133,134].
This is of particular interest because p16 overexpression is a common feature in well-
differentiated and dedifferentiated liposarcomas and is often relied upon by pathologists for
diagnostic purposes.

Leiomyosarcomas (LMS) are one of the most common histological types of sarcomas,
and alterations in the cyclin pathway are present in 1 out of every 5 patients with this
tumor [135]. Cyclin pathway inhibitor drugs have demonstrated the ability to inhibit the
growth of uterine LMS cell cultures. In fact, it has been observed that the genetic profile of
uterine LMS with mutations in BCOR shows amplifications of MDM2 and CDK4, among
others, which is reminiscent of the genetic profile of DDLPS. By extrapolation, it could be
hypothesized that CDK4/6 inhibitors might be therapeutically effective in these uterine
LMS cases with BCOR fusion, similar to their effectiveness in DDLPS [135–138].

When assessing the effectiveness of cyclin inhibitor drugs in nonuterine LMS, con-
tradictory results have been reported [138], leading to the development of clinical trials
aimed at clarifying this issue [128]. The role of cyclin inhibitors in advanced gastrointestinal
stromal tumors (GIST) with CD117 mutations is not yet clearly defined [139].

Genetic alterations observed in osteosarcomas (OS) [139] also suggest that drugs
capable of blocking cyclin activity could play a role in the therapeutic strategy for these bone
sarcomas. However, so far, the lack of clinical trials makes it challenging to demonstrate
their efficacy.

Regarding another rare tumor, alveolar rhabdomyosarcomas (RMS), amplifications at
12q13q14 and 2p24 have been described, leading to the overexpression of CDK4 and CDK6,
among other genes [140]. Clinical trials are currently underway to help define the role of
CDK4 inhibitors in RMS. In contrast, synovial sarcomas (SS) frequently exhibit overexpression
of CDK2, CDK4, and MDM2, loss of CDKN2A, and mutations in genes such as CDK 4/6 [141].
Similarly, intimal sarcomas exhibit a much higher frequency of MDM2/CDK4 amplification,
which serves as a valuable diagnostic tool for pathologists [92–95].

In other sarcomas with entirely different histologies, such as epithelioid hemangioen-
dothelioma [142] or high-grade chondrosarcomas [143], genetic alterations affecting CDK4
and CDK6 have also been described. This could potentially position CDK4/6 inhibitors
as targeted drugs for these indications. In such cases, this potential indication could be
extended to any type of sarcoma, with alterations in the regulation of CDK4 and CDK6.

Table 2 summarizes the published clinical trials with CDK4 inhibitors.

Table 2. CDK4-inhibitors.

Reference Phase Drug Sarcoma Population Effcicacy (R Rate o PFS)

Razak [133] 1b Siremadlin and
Ribociclib Liposarcoma 74 3/74 (4%)

Dickson [128] 2 Palbociclib Lipsarcoma 30 1/29 (3%)

Dickson [129] 2 Palobociclib Liposarcoma 60 1/60 (2%)
PFS 4 mo 57%

Shulman [144] 2 Palbociclib and
Ganitumab Ewing Sarcoma 10 0%

PFS 6 mo 30%

Martin Broto [145] 2 Palbociclib Advanced sarcoma not LPS
(CD4A CDKN2A favorable) 23 0%

PFS 6 mo 29%

6.1.3. GLI1 Inhibitors

Aberrant activation of GLI1 in tumors is associated with cell proliferation and sur-
vival, angiogenesis, metastasis, metabolic pathway alterations, and chemotherapy resis-
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tance [146,147]. Understanding the mechanisms of GLI action may lead to the development
of biomarkers that can inhibit GLI activity, providing clear therapeutic benefits to pa-
tients with different types of cancer that exhibit alterations in the pathways in which these
proteins are involved.

The activation of GLI genes can occur through canonical or noncanonical mechanisms,
with the RAS-RAF-MEK-ERK pathway (Figure 5) being the most frequently involved in
noncanonical mechanisms and responsible for the proliferation of colon cancers, as is the
PI3K-AKT-mTOR pathway in pancreatic cancer [147–149].

In the case of sarcomas, it has been shown that GLI1 and GLI2 can be overex-
pressed in various types of sarcomas, both in bone (osteosarcomas) and soft tissue
(rhabdomyosarcomas) [148–150].

Given all of the above, the possibility of inhibiting GLI1 and GLI2 may have beneficial
effects in the treatment of all tumors with activation of these factors by suppressing the Hh
activation pathway [147,150].

Currently, there is limited information that allows us to understand the actual effect of
GLI1 and GLI2 inhibition, although it has been demonstrated that GLI1/2 inhibitors can
block tumor proliferation in mice with human tumor xenografts [150].

The action mechanism of these inhibitory proteins is to reduce effector proteins of the
Hh and AKT/mTOR signaling pathways. Their efficacy seems to improve when combined
with mTOR pathway inhibitors (Temsirolimus or Rapamycin) or mitosis inhibitors such
as vincristine.

The availability of GLI inhibitors is currently very limited, although several, such
as JC19, are showing promising therapeutic activity in preclinical development phases.
However, they face the challenges of metabolic instability, low solubility, and high hy-
drophobicity, which pose significant obstacles to their viable clinical development [149].

Other GLI inhibitors/antagonists currently in development include GANT 61
(GLI1/2 inhibitor), GANT 58 (GLI1 transcription inhibitor antagonist), Globascione B
(GLI1 inhibitor), GLI antagonists-1 (GLI1 antagonist), and TPB15 (an oral form that blocks
GLI1) [151].

In conclusion, although the amplification of MDM2 and CDK4 has therapeutic impli-
cations [128–134,144,145,152], these alterations are entirely nonspecific to any particular
diagnosis, and a thorough clinical, histological, and phenotypic correlation should be
conducted. GLI1-altered neoplasms may exhibit morphological overlap with certain mes-
enchymal neoplasms and may also have coamplification of neighboring genes, depending
on the amplicon length. While this may pose challenges in the differential diagnosis, it also
opens the window to new therapeutic approaches in these novel tumors.

Author Contributions: Conceptualization, I.M. and J.L.; methodology, J.L., R.C., I.M., J.A.L.-G., I.R.
and A.L.-B.; writing—original draft preparation, I.M., R.C. and J.L.; writing—review and editing,
I.M.; R.C., J.L. and J.A.L.-G.; supervision, I.M. and A.L.-B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Gatta, G.; Capocaccia, R.; Botta, L.; Mallone, S.; De Angelis, R.; Ardanaz, E.; Comber, H.; Dimitrova, N.; Leinonen, M.K.;

Siesling, S.; et al. Burden and centralised treatment in Europe of rare tumours: Results of RARECAREnet-a population-based
study. Lancet Oncol. 2017, 18, 1022–1039. [CrossRef]

2. Weiss, A.R.; Harrison, D.J. Soft Tissue Sarcomas in Adolescents and Young Adults. J. Clin. Oncol. 2023, JCO2301275. [CrossRef]
[PubMed]

3. Dahl, V.; Lee, Y.; Wagner, J.D.; Moore, M.; Pretell-Mazzini, J. Epidemiology and survival factors for sarcoma patients in minority
populations: A SEER-retrospective study. Rep. Pract. Oncol. Radiother. 2023, 28, 370–378. [CrossRef] [PubMed]

4. Müller, J.A.; Delank, K.S.; Laudner, K.; Wittenberg, I.; Zeh, A.; Vordermark, D.; Medenwald, D. Clinical characteristics of
sarcoma patients: A population-based data analysis from a German clinical cancer registry. J. Cancer Res. Clin. Oncol. 2023, 149,
17051–17069. [CrossRef] [PubMed]

https://doi.org/10.1016/S1470-2045(17)30445-X
https://doi.org/10.1200/JCO.23.01275
https://www.ncbi.nlm.nih.gov/pubmed/37967293
https://doi.org/10.5603/RPOR.a2023.0041
https://www.ncbi.nlm.nih.gov/pubmed/37795400
https://doi.org/10.1007/s00432-023-05350-5
https://www.ncbi.nlm.nih.gov/pubmed/37750956


Cancers 2024, 16, 432 15 of 21

5. Alkazemi, B.; Ghazawi, F.M.; Lagacé, F.; Nechaev, V.; Zubarev, A.; Litvinov, I.V. Investigation of the Incidence and Geographic
Distribution of Bone and Soft Tissue Sarcomas in Canada: A National Population-Based Study. Curr. Oncol. 2023, 30, 5631–5651.
[CrossRef]

6. Fletcher, C.D.M.; Baldini, E.H.; Blay, J.Y.; Gronchi, A.; Lazar, A.J.; Messiou, C.; Pollock, R.E.; Singer, S. WHO Classification
of Tumors of Soft Tissue and Bone, 5th ed.; IARC WHO Classification of Tumors, No 3; WHO: Geneva, Switzerland, 2020;
ISBN -9789283245025.

7. Sbaraglia, M.; Bellan, E.; Dei Tos, A.P. The 2020 WHO Classification of Soft Tissue Tumours: News and perspectives. Pathologica
2021, 113, 70–84. [CrossRef]

8. Doyle, L.A. Sarcoma classification: An update based on the 2013 World Health Organization Classification of Tumors of Soft
Tissue and Bone. Cancer 2014, 120, 1763–1774. [CrossRef] [PubMed]

9. Wang, X.Q.; Goytain, A.; Dickson, B.C.; Nielsen, T.O. Advances in sarcoma molecular diagnostics. Genes Chromosomes Cancer
2022, 61, 332–345. [CrossRef]

10. Stacchiotti, S.; Frezza, A.M.; Blay, J.Y.; Baldini, E.H.; Bonvalot, S.; Bovée, J.V.M.G.; Callegaro, D.; Casali, P.G.; Chiang, R.C.;
Demetri, G.D.; et al. Ultra-rare sarcomas: A consensus paper from the Connective Tissue Oncology Society community of experts
on the incidence threshold and the list of entities. Cancer 2021, 127, 2934–2942. [CrossRef]

11. Rottmann, D.; Abdulfatah, E.; Pantanowitz, L. Molecular testing of soft tissue tumors. Diagn. Cytopathol. 2023, 51, 12–25.
[CrossRef]

12. McCollum, K.J.; Al-Rohil, R.N. Application of immunohistochemical studies in diagnosing emerging superficial mesenchymal
neoplasms. Semin. Diagn. Pathol. 2023, 40, 223–237. [CrossRef] [PubMed]

13. Mack, T.; Purgina, B. Updates in Pathology for Retroperitoneal Soft Tissue Sarcoma. Curr. Oncol. 2022, 29, 6400–6418. [CrossRef]
[PubMed]

14. Lurkin, A.; Ducimetière, F.; Vince, D.R.; Decouvelaere, A.V.; Cellier, D.; Gilly, F.N.; Salameire, D.; Biron, P.; de Laroche, G.;
Blay, J.Y.; et al. Epidemiological evaluation of concordance between initial diagnosis and central pathology review in a compre-
hensive and prospective series of sarcoma patients in the Rhone-Alpes region. BMC Cancer 2010, 10, 150. [CrossRef] [PubMed]

15. Ducimetière, F.; Lurkin, A.; Ranchère-Vince, D.; Decouvelaere, A.V.; Péoc’h, M.; Istier, L.; Chalabreysse, P.; Muller, C.; Alberti, L.;
Bringuier, P.P.; et al. Incidence of sarcoma histotypes and molecular subtypes in a prospective epidemiological study with central
pathology review and molecular testing. PLoS ONE 2011, 6, e20294. [CrossRef] [PubMed]

16. Gronchi, A.; Miah, A.B.; Dei Tos, A.P.; Abecassis, N.; Bajpai, J.; Bauer, S.; Biagini, R.; Bielack, S.; Blay, J.Y.; Bolle, S.; et al. Soft tissue
and visceral sarcomas: ESMO-EURACAN-GENTURIS Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 2021, 32, 1348–1365. [CrossRef] [PubMed]

17. Gamboa, A.C.; Gronchi, A.; Cardona, K. Soft-tissue sarcoma in adults: An update on the current state of histiotype-specific
management in an era of personalized medicine. CA Cancer J. Clin. 2020, 70, 200–229. [CrossRef] [PubMed]

18. Wetterwald, L.; Riggi, N.; Kyriazoglou, A.; Dei Tos, G.; Dei Tos, A.; Digklia, A. Clear cell sarcoma: State-of-the art and perspectives.
Expert. Rev. Anticancer. Ther. 2023, 23, 235–242. [CrossRef]

19. Hisaoka, M.; Ishida, T.; Kuo, T.T.; Matsuyama, A.; Imamura, T.; Nishida, K.; Kuroda, H.; Inayama, Y.; Oshiro, H.;
Kobayashi, H.; et al. Clear cell sarcoma of soft tissue: A clinicopathologic, immunohistochemical, and molecular analy-
sis of 33 cases. Am. J. Surg. Pathol. 2008, 32, 452–460. [CrossRef]

20. Lyle, P.L.; Amato, C.M.; Fitzpatrick, J.E.; Robinson, W.A. Gastrointestinal melanoma or clear cell sarcoma? Molecular evaluation
of 7 cases previously diagnosed as malignant melanoma. Am. J. Surg. Pathol. 2008, 32, 858–866. [CrossRef]

21. Hantschke, M.; Mentzel, T.; Rütten, A.; Palmedo, G.; Calonje, E.; Lazar, A.J.; Kutzner, H. Cutaneous clear cell sarcoma:
A clinicopathologic, immunohistochemical, and molecular analysis of 12 cases emphasizing its distinction from dermal melanoma.
Am. J. Surg. Pathol. 2010, 34, 216–222. [CrossRef]

22. Beckwith, J.B. Clear cell sarcoma of the kidney: A review of 351 cases from the National Wilms Tumor Study Group Pathology
Center. Am. J. Surg. Pathol. 2000, 24, 4–18. [CrossRef]

23. Cahilly-Snyder, L.; Yang-Feng, T.; Francke, U.; George, D.L. Molecular analysis and chromosomal mapping of amplified genes
isolated from a transformed mouse 3T3 cell line. Somat. Cell Mol. Genet. 1987, 13, 235–244. [CrossRef] [PubMed]

24. Momand, J.; Zambetti, G.P.; Olson, D.C.; George, D.; Levine, A.J. The mdm-2 oncogene product forms a complex with the p53
protein and inhibits p53-mediated transactivation. Cell 1992, 69, 1237–1245. [CrossRef]

25. Oliner, J.D.; Pietenpol, J.A.; Thiagalingam, S.; Gyuris, J.; Kinzler, K.W.; Vogelstein, B. Oncoprotein MDM2 conceals the activation
domain of tumour suppressor p53. Nature 1993, 362, 857–860. [CrossRef] [PubMed]

26. Haupt, Y.; Maya, R.; Kazaz, A.; Oren, M. Mdm2 promotes the rapid degradation of p53. Nature 1997, 387, 296–299. [CrossRef]
[PubMed]

27. Kubbutat, M.H.; Jones, S.N.; Vousden, K.H. Regulation of p53 stability by Mdm2. Nature 1997, 387, 299–303. [CrossRef]
28. Honda, R.; Tanaka, H.; Yasuda, H. Oncoprotein MDM2 is a ubiquitin ligase E3 for tumor suppressor p53. FEBS Lett. 1997, 420,

25–27. [CrossRef]
29. Badciong, J.C.; Haas, A.L. MdmX is a RING finger ubiquitin ligase capable of synergistically enhancing Mdm2 ubiquitination.

J. Biol. Chem. 2002, 277, 49668–49675. [CrossRef]
30. Wang, P.; Wu, Y.; Ge, X.; Ma, L.; Pei, G. Subcellular localization of beta-arrestins is determined by their intact N domain and the

nuclear export signal at the C terminus. J. Biol. Chem. 2003, 278, 11648–11653. [CrossRef]

https://doi.org/10.3390/curroncol30060424
https://doi.org/10.32074/1591-951X-213
https://doi.org/10.1002/cncr.28657
https://www.ncbi.nlm.nih.gov/pubmed/24648013
https://doi.org/10.1002/gcc.23025
https://doi.org/10.1002/cncr.33618
https://doi.org/10.1002/dc.25013
https://doi.org/10.1053/j.semdp.2023.04.012
https://www.ncbi.nlm.nih.gov/pubmed/37120348
https://doi.org/10.3390/curroncol29090504
https://www.ncbi.nlm.nih.gov/pubmed/36135073
https://doi.org/10.1186/1471-2407-10-150
https://www.ncbi.nlm.nih.gov/pubmed/20403160
https://doi.org/10.1371/journal.pone.0020294
https://www.ncbi.nlm.nih.gov/pubmed/21826194
https://doi.org/10.1016/j.annonc.2021.07.006
https://www.ncbi.nlm.nih.gov/pubmed/34303806
https://doi.org/10.3322/caac.21605
https://www.ncbi.nlm.nih.gov/pubmed/32275330
https://doi.org/10.1080/14737140.2023.2183846
https://doi.org/10.1097/PAS.0b013e31814b18fb
https://doi.org/10.1097/PAS.0b013e31815b8288
https://doi.org/10.1097/PAS.0b013e3181c7d8b2
https://doi.org/10.1097/00000478-200001000-00002
https://doi.org/10.1007/BF01535205
https://www.ncbi.nlm.nih.gov/pubmed/3474784
https://doi.org/10.1016/0092-8674(92)90644-R
https://doi.org/10.1038/362857a0
https://www.ncbi.nlm.nih.gov/pubmed/8479525
https://doi.org/10.1038/387296a0
https://www.ncbi.nlm.nih.gov/pubmed/9153395
https://doi.org/10.1038/387299a0
https://doi.org/10.1016/S0014-5793(97)01480-4
https://doi.org/10.1074/jbc.M208593200
https://doi.org/10.1074/jbc.M208109200


Cancers 2024, 16, 432 16 of 21

31. Zhang, Y.; Xiong, Y.; Yarbrough, W.G. ARF promotes MDM2 degradation and stabilizes p53: ARF-INK4a locus deletion impairs
both the Rb and p53 tumor suppression pathways. Cell 1998, 92, 725–734. [CrossRef]

32. Sehat, B.; Andersson, S.; Girnita, L.; Larsson, O. Identification of c-Cbl as a new ligase for insulin-like growth factor-I receptor
with distinct roles from Mdm2 in receptor ubiquitination and endocytosis. Cancer Res. 2008, 68, 5669–5677. [CrossRef] [PubMed]

33. Dembla, V.; Somaiah, N.; Barata, P.; Hess, K.; Fu, S.; Janku, F.; Karp, D.D.; Naing, A.; Piha-Paul, S.A.; Subbiah, V.; et al. Prevalence
of MDM2 amplification and coalterations in 523 advanced cancer patients in the MD Anderson phase 1 clinic. Oncotarget 2018, 9,
33232–33243. [CrossRef] [PubMed]

34. Kato, S.; Ross, J.S.; Gay, L.; Dayyani, F.; Roszik, J.; Subbiah, V.; Kurzrock, R. Analysis of MDM2 Amplification: Next-Generation
Sequencing of Patients with Diverse Malignancies. JCO Precis. Oncol. 2018, 2018, 1–14. [CrossRef] [PubMed]

35. Turc-Carel, C.; Limon, J.; Dal Cin, P.; Rao, U.; Karakousis, C.; Sandberg, A.A. Cytogenetic studies of adipose tissue tumors II.
Recurrent reciprocal translocation t(12;16)(q13;p11) in myxoid liposarcomas. Cancer Genet. Cytogenet. 1986, 23, 291–299. [CrossRef]
[PubMed]

36. Oliner, J.D.; Kinzler, K.W.; Meltzer, P.S.; George, D.L.; Vogelstein, B. Amplification of a gene encoding a p53-associated protein in
human sarcomas. Nature 1992, 358, 80–83. [CrossRef] [PubMed]

37. Forus, A.; Flørenes, V.A.; Maelandsmo, G.M.; Meltzer, P.S.; Fodstad, O.; Myklebost, O. Mapping of amplification units in the
q13-14 region of chromosome 12 in human sarcomas: Some amplica do not include MDM2. Cell Growth Differ. 1993, 4, 1065–1070.
[PubMed]

38. Ladanyi, M.; Cha, C.; Lewis, R.; Jhanwar, S.C.; Huvos, A.G.; Healey, J.H. MDM2 gene amplification in metastatic osteosarcoma.
Cancer Res. 1993, 53, 16–18.

39. Leach, F.S.; Tokino, T.; Meltzer, P.; Burrell, M.; Oliner, J.D.; Smith, S.; Hill, D.E.; Sidransky, D.; Kinzler, K.W.; Vogelstein, B. p53
Mutation and MDM2 amplification in human soft tissue sarcomas. Cancer Res. 1993, 53 (Suppl. S10), 2231–2234.

40. Cordon-Cardo, C.; Latres, E.; Drobnjak, M.; Oliva, M.R.; Pollack, D.; Woodruff, J.M.; Marechal, V.; Chen, J.; Brennan, M.F.; Levine,
A.J. Molecular abnormalities of mdm2 and p53 genes in adult soft tissue sarcomas. Cancer Res. 1994, 54, 794–799.

41. Flørenes, V.A.; Maelandsmo, G.M.; Forus, A.; Andreassen, A.; Myklebost, O.; Fodstad, O. MDM2 gene amplification and transcript
levels in human sarcomas: Relationship to TP53 gene status. J. Natl. Cancer Inst. 1994, 86, 1297–1302. [CrossRef]

42. Nakayama, T.; Toguchida, J.; Wadayama, B.; Kanoe, H.; Kotoura, Y.; Sasaki, M.S. MDM2 gene amplification in bone and soft-tissue
tumors: Association with tumor progression in differentiated adipose-tissue tumors. Int. J. Cancer 1995, 64, 342–346. [CrossRef]

43. Patterson, H.; Barnes, D.; Gill, S.; Spicer, J.; Fisher, C.; Thomas, M.; Grimer, R.; Fletcher, C.; Gusterson, B.; Cooper, C. Amplification
and Over-Expression of the MDM2 Gene in Human Soft Tissue Tumours. Sarcoma 1997, 1, 17–22. [CrossRef] [PubMed]

44. Miller, C.W.; Aslo, A.; Won, A.; Tan, M.; Lampkin, B.; Koeffler, H.P. Alterations of the p53, Rb and MDM2 genes in osteosarcoma.
J. Cancer Res. Clin. Oncol. 1996, 122, 559–565. [CrossRef] [PubMed]

45. Fakharzadeh, S.S.; Rosenblum-Vos, L.; Murphy, M.; Hoffman, E.K.; George, D.L. Structure and organization of amplified DNA on
double minutes containing the mdm2 oncogene. Genomics 1993, 15, 283–290. [CrossRef]

46. Hahn, P.J. Molecular biology of double-minute chromosomes. Bioessays 1993, 15, 477–484. [CrossRef] [PubMed]
47. Kuttler, F.; Mai, S. Formation of non-random extrachromosomal elements during development, differentiation and oncogenesis.

Semin. Cancer Biol. 2007, 17, 56–64. [CrossRef]
48. Gebhart, E. Double minutes, cytogenetic equivalents of gene amplification, in human neoplasia—A review. Clin. Transl. Oncol.

2005, 7, 477–485. [CrossRef]
49. Wahl, G.M. The importance of circular DNA in mammalian gene amplification. Cancer Res. 1989, 49, 1333–1340.
50. Anderson, W.J.; Hornick, J.L. Immunohistochemical correlates of recurrent genetic alterations in sarcomas. Genes Chromosomes

Cancer 2019, 58, 111–123. [CrossRef]
51. Kommoss, F.K.; Chang, K.T.; Stichel, D.; Banito, A.; Jones, D.T.; Heilig, C.E.; Fröhling, S.; Sahm, F.; Stenzinger, A.; Hartmann,

W.; et al. Endometrial stromal sarcomas with BCOR-rearrangement harbor MDM2 amplifications. J. Pathol. Clin. Res. 2020, 6,
178–184. [CrossRef]

52. Kimura, H.; Dobashi, Y.; Nojima, T.; Nakamura, H.; Yamamoto, N.; Tsuchiya, H.; Ikeda, H.; Sawada-Kitamura, S.; Oyama, T.; Ooi,
A. Utility of fluorescence in situ hybridization to detect MDM2 amplification in liposarcomas and their morphological mimics.
Int. J. Clin. Exp. Pathol. 2013, 6, 1306–1316. [PubMed]

53. Sirvent, N.; Coindre, J.M.; Maire, G.; Hostein, I.; Keslair, F.; Guillou, L.; Ranchere-Vince, D.; Terrier, P.; Pedeutour, F. Detection of
MDM2-CDK4 amplification by fluorescence in situ hybridization in 200 paraffin-embedded tumor samples: Utility in diagnosing
adipocytic lesions and comparison with immunohistochemistry and real-time PCR. Am. J. Surg. Pathol. 2007, 31, 1476–1489.
[CrossRef] [PubMed]

54. Weaver, J.; Downs-Kelly, E.; Goldblum, J.R.; Turner, S.; Kulkarni, S.; Tubbs, R.R.; Rubin, B.P.; Skacel, M. Fluorescence in situ
hybridization for MDM2 gene amplification as a diagnostic tool in lipomatous neoplasms. Mod. Pathol. 2008, 21, 943–949.
[CrossRef] [PubMed]

55. Kobayashi, A.; Sakuma, T.; Fujimoto, M.; Jimbo, N.; Hirose, T. Diagnostic Utility and Limitations of Immunohistochemistry of
p16, CDK4, and MDM2 and Automated Dual-color In Situ Hybridization of MDM2 for the Diagnosis of Challenging Cases of
Dedifferentiated Liposarcoma. Appl. Immunohistochem. Mol. Morphol. 2019, 27, 758–763. [CrossRef] [PubMed]

https://doi.org/10.1016/S0092-8674(00)81401-4
https://doi.org/10.1158/0008-5472.CAN-07-6364
https://www.ncbi.nlm.nih.gov/pubmed/18632619
https://doi.org/10.18632/oncotarget.26075
https://www.ncbi.nlm.nih.gov/pubmed/30237864
https://doi.org/10.1200/PO.17.00235
https://www.ncbi.nlm.nih.gov/pubmed/30148248
https://doi.org/10.1016/0165-4608(86)90011-7
https://www.ncbi.nlm.nih.gov/pubmed/3779625
https://doi.org/10.1038/358080a0
https://www.ncbi.nlm.nih.gov/pubmed/1614537
https://www.ncbi.nlm.nih.gov/pubmed/8117620
https://doi.org/10.1093/jnci/86.17.1297
https://doi.org/10.1002/ijc.2910640511
https://doi.org/10.1080/13577149778434
https://www.ncbi.nlm.nih.gov/pubmed/18521196
https://doi.org/10.1007/BF01213553
https://www.ncbi.nlm.nih.gov/pubmed/8781571
https://doi.org/10.1006/geno.1993.1058
https://doi.org/10.1002/bies.950150707
https://www.ncbi.nlm.nih.gov/pubmed/7691058
https://doi.org/10.1016/j.semcancer.2006.10.007
https://doi.org/10.1007/BF02717000
https://doi.org/10.1002/gcc.22700
https://doi.org/10.1002/cjp2.165
https://www.ncbi.nlm.nih.gov/pubmed/23826411
https://doi.org/10.1097/PAS.0b013e3180581fff
https://www.ncbi.nlm.nih.gov/pubmed/17895748
https://doi.org/10.1038/modpathol.2008.84
https://www.ncbi.nlm.nih.gov/pubmed/18500263
https://doi.org/10.1097/PAI.0000000000000677
https://www.ncbi.nlm.nih.gov/pubmed/31145104


Cancers 2024, 16, 432 17 of 21

56. Ricciotti, R.W.; Baraff, A.J.; Jour, G.; Kyriss, M.; Wu, Y.; Liu, Y.; Li, S.C.; Hoch, B.; Liu, Y.J. High amplification levels of MDM2 and
CDK4 correlate with poor outcome in patients with dedifferentiated liposarcoma: A cytogenomic microarray analysis of 47 cases.
Cancer Genet. 2017, 218–219, 69–80. [CrossRef] [PubMed]

57. Thway, K.; Wang, J.; Swansbury, J.; Min, T.; Fisher, C. Fluorescence In Situ Hybridization for MDM2 Amplification as a Routine
Ancillary Diagnostic Tool for Suspected Well-Differentiated and Dedifferentiated Liposarcomas: Experience at a Tertiary Center.
Sarcoma 2015, 2015, 812089. [CrossRef]

58. Kashima, T.; Halai, D.; Ye, H.; Hing, S.N.; Delaney, D.; Pollock, R.; O’Donnell, P.; Tirabosco, R.; Flanagan, A.M. Sensitivity of
MDM2 amplification and unexpected multiple faint alphoid 12 (alpha 12 satellite sequences) signals in atypical lipomatous tumor.
Mod. Pathol. 2012, 25, 1384–1396. [CrossRef] [PubMed]

59. Makise, N.; Sekimizu, M.; Kubo, T.; Wakai, S.; Hiraoka, N.; Komiyama, M.; Fukayama, M.; Kawai, A.; Ichikawa, H.; Yoshida, A.
Clarifying the Distinction Between Malignant Peripheral Nerve Sheath Tumor and Dedifferentiated Liposarcoma: A Critical
Reappraisal of the Diagnostic Utility of MDM2 and H3K27me3 Status. Am. J. Surg. Pathol. 2018, 42, 656–664. [CrossRef]

60. Mitchell, E.L.; White, G.R.; Santibanez-Koref, M.F.; Varley, J.M.; Heighway, J. Mapping of gene loci in the Q13–Q15 region of
chromosome 12. Chromosome Res. 1995, 3, 261–262. [CrossRef]

61. Sherr, C.J. Cancer cell cycles. Science 1996, 274, 1672–1677. [CrossRef]
62. Zuo, L.; Weger, J.; Yang, Q.; Goldstein, A.M.; Tucker, M.A.; Walker, G.J.; Hayward, N.; Dracopoli, N.C. Germline mutations in the

p16INK4a binding domain of CDK4 in familial melanoma. Nat. Genet. 1996, 12, 97–99. [CrossRef] [PubMed]
63. Young, R.J.; Waldeck, K.; Martin, C.; Foo, J.H.; Cameron, D.P.; Kirby, L.; Do, H.; Mitchell, C.; Cullinane, C.; Liu, W.; et al. Loss of

CDKN2A expression is a frequent event in primary invasive melanoma and correlates with sensitivity to the CDK4/6 inhibitor
PD0332991 in melanoma cell lines. Pigment Cell Melanoma Res. 2014, 27, 590–600. [CrossRef]

64. Schutte, M.; Hruban, R.H.; Geradts, J.; Maynard, R.; Hilgers, W.; Rabindran, S.K.; Moskaluk, C.A.; Hahn, S.A.; Schwarte-Waldhoff,
I.; Schmiegel, W.; et al. Abrogation of the Rb/p16 tumor-suppressive pathway in virtually all pancreatic carcinomas. Cancer Res.
1997, 57, 3126–3130. [PubMed]

65. Classon, M.; Harlow, E. The retinoblastoma tumour suppressor in development and cancer. Nat. Rev. Cancer 2002, 2, 910–917.
[CrossRef] [PubMed]

66. Anders, L.; Ke, N.; Hydbring, P.; Choi, Y.J.; Widlund, H.R.; Chick, J.M.; Zhai, H.; Vidal, M.; Gygi, S.P.; Braun, P.; et al. A systematic
screen for CDK4/6 substrates links FOXM1 phosphorylation to senescence suppression in cancer cells. Cancer Cell 2011, 20,
620–634. [CrossRef]

67. Matsuura, I.; Denissova, N.G.; Wang, G.; He, D.; Long, J.; Liu, F. Cyclin-dependent kinases regulate the antiproliferative function
of Smads. Nature 2004, 430, 226–231. [CrossRef]

68. Deng, J.; Wang, E.S.; Jenkins, R.W.; Li, S.; Dries, R.; Yates, K.; Chhabra, S.; Huang, W.; Liu, H.; Aref, A.R.; et al. CDK4/6 Inhibition
Augments Antitumor Immunity by Enhancing T-cell Activation. Cancer Discov. 2018, 8, 216–233. [CrossRef]

69. Cotrán, R.S.; Kumar, V.; Collins, T.; Robins, S.L. Robbins. Patología Estructural y Funcional, 8th ed.; Elsevier: Madrid, Spain, 2010;
pp. 284–286.

70. Creytens, D.; van Gorp, J.; Ferdinande, L.; Speel, E.J.; Libbrecht, L. Detection of MDM2/CDK4 amplification in lipomatous soft
tissue tumors from formalin-fixed, paraffin-embedded tissue: Comparison of multiplex ligation-dependent probe amplification
(MLPA) and fluorescence in situ hybridization (FISH). Appl. Immunohistochem. Mol. Morphol. 2015, 23, 126–133. [CrossRef]

71. Dal Cin, P.; Turc-Carel, C.; Sandberg, A.A.; Van den Berghe, H. More precise localization of GLI gene by in situ hybridization.
Cytogenet. Cell Genet. 1989, 51, 982–983.

72. Kinzler, K.W.; Vogelstein, B. The GLI gene encodes a nuclear protein which binds specific sequences in the human genome. Mol.
Cell. Biol. 1990, 10, 634–642. [CrossRef]

73. Pavletich, N.P.; Pabo, C.O. Crystal structure of a five-finger GLI-DNA complex: New perspectives on zinc fingers. Science 1993,
261, 1701–1707. [CrossRef] [PubMed]

74. Sasaki, H.; Hogan, B.L. HNF-3 beta as a regulator of floor plate development. Cell 1994, 76, 103–115. [CrossRef] [PubMed]
75. Koh, N.W.C.; Seow, W.Y.; Lee, Y.T.; Lam, J.C.M.; Lian, D.W.Q. Pericytoma with t(7;12): The First Ovarian Case Reported and a

Review of the Literature. Int. J. Gynecol. Pathol. 2019, 38, 479–484. [CrossRef] [PubMed]
76. Kerr, D.A.; Pinto, A.; Subhawong, T.K.; Wilky, B.A.; Schlumbrecht, M.P.; Antonescu, C.R.; Nielsen, G.P.; Rosenberg, A.E.

Pericytoma with t(7;12) and ACTB-GLI1 Fusion: Reevaluation of an Unusual Entity and its Relationship to the Spectrum of GLI1
Fusion-related Neoplasms. Am. J. Surg. Pathol. 2019, 43, 1682–1692. [CrossRef] [PubMed]

77. Agaram, N.P.; Zhang, L.; Sung, Y.S.; Singer, S.; Stevens, T.; Prieto-Granada, C.N.; Bishop, J.A.; Wood, B.A.; Swanson, D.;
Dickson, B.C.; et al. GLI1-amplifications expand the spectrum of soft tissue neoplasms defined by GLI1 gene fusions. Mod. Pathol.
2019, 32, 1617–1626. [CrossRef] [PubMed]

78. Antonescu, C.R.; Agaram, N.P.; Sung, Y.S.; Zhang, L.; Swanson, D.; Dickson, B.C. A Distinct Malignant Epithelioid Neoplasm with
GLI1 Gene Rearrangements, Frequent S100 Protein Expression, and Metastatic Potential: Expanding the Spectrum of Pathologic
Entities with ACTB/MALAT1/PTCH1-GLI1 Fusions. Am. J. Surg. Pathol. 2018, 42, 553–560. [CrossRef]

79. Castro, E.; Cortes-Santiago, N.; Ferguson, L.M.; Rao, P.H.; Venkatramani, R.; López-Terrada, D. Translocation t(7;12) as the
sole chromosomal abnormality resulting in ACTB-GLI1 fusion in pediatric gastric pericytoma. Hum. Pathol. 2016, 53, 137–141.
[CrossRef]

https://doi.org/10.1016/j.cancergen.2017.09.005
https://www.ncbi.nlm.nih.gov/pubmed/29153098
https://doi.org/10.1155/2015/812089
https://doi.org/10.1038/modpathol.2012.90
https://www.ncbi.nlm.nih.gov/pubmed/22699518
https://doi.org/10.1097/PAS.0000000000001014
https://doi.org/10.1007/BF00713052
https://doi.org/10.1126/science.274.5293.1672
https://doi.org/10.1038/ng0196-97
https://www.ncbi.nlm.nih.gov/pubmed/8528263
https://doi.org/10.1111/pcmr.12228
https://www.ncbi.nlm.nih.gov/pubmed/9242437
https://doi.org/10.1038/nrc950
https://www.ncbi.nlm.nih.gov/pubmed/12459729
https://doi.org/10.1016/j.ccr.2011.10.001
https://doi.org/10.1038/nature02650
https://doi.org/10.1158/2159-8290.CD-17-0915
https://doi.org/10.1097/PDM.0000000000000041
https://doi.org/10.1128/mcb.10.2.634-642.1990
https://doi.org/10.1126/science.8378770
https://www.ncbi.nlm.nih.gov/pubmed/8378770
https://doi.org/10.1016/0092-8674(94)90176-7
https://www.ncbi.nlm.nih.gov/pubmed/8287471
https://doi.org/10.1097/PGP.0000000000000542
https://www.ncbi.nlm.nih.gov/pubmed/30085941
https://doi.org/10.1097/PAS.0000000000001360
https://www.ncbi.nlm.nih.gov/pubmed/31567194
https://doi.org/10.1038/s41379-019-0293-x
https://www.ncbi.nlm.nih.gov/pubmed/31189998
https://doi.org/10.1097/PAS.0000000000001010
https://doi.org/10.1016/j.humpath.2016.02.015


Cancers 2024, 16, 432 18 of 21

80. Bridge, J.A.; Sanders, K.; Huang, D.; Nelson, M.; Neff, J.R.; Muirhead, D.; Walker, C.; Seemayer, T.A.; Sumegi, J. Pericytoma with
t(7;12) and ACTB-GLI1 fusion arising in bone. Hum. Pathol. 2012, 43, 1524–1529. [CrossRef]

81. Xu, B.; Chang, K.; Folpe, A.L.; Kao, Y.C.; Wey, S.L.; Huang, H.Y.; Gill, A.J.; Rooper, L.; Bishop, J.A.; Dickson, B.C.; et al. Head and
Neck Mesenchymal Neoplasms with GLI1 Gene Alterations: A Pathologic Entity with Distinct Histologic Features and Potential
for Distant Metastasis. Am. J. Surg. Pathol. 2020, 44, 729–737. [CrossRef]

82. Mariño-Enríquez, A.; Hornick, J.L.; Dal Cin, P.; Cibas, E.S.; Qian, X. Dedifferentiated liposarcoma and pleomorphic liposarcoma:
A comparative study of cytomorphology and MDM2/CDK4 expression on fine-needle aspiration. Cancer Cytopathol. 2014, 122,
128–137. [CrossRef]

83. De Vita, A.; Mercatali, L.; Recine, F.; Pieri, F.; Riva, N.; Bongiovanni, A.; Liverani, C.; Spadazzi, C.; Miserocchi, G.;
Amadori, D.; et al. Current classification, treatment options, and new perspectives in the management of adipocytic sarcomas.
Onco Targets Ther. 2016, 9, 6233–6246. [CrossRef]

84. Karakousis, C.P.; Dal Cin, P.; Turc-Carel, C.; Limon, J.; Sandberg, A.A. Chromosomal changes in soft-tissue sarcomas. A new
diagnostic parameter. Arch. Surg. 1987, 122, 1257–1260. [CrossRef] [PubMed]

85. Pedeutour, F.; Suijkerbuijk, R.F.; Van Gaal, J.; Van de Klundert, W.; Coindre, J.M.; Van Haelst, A.; Collin, F.; Huffermann, K.;
Turc-Carel, C. Chromosome 12 origin in rings and giant markers in well-differentiated liposarcoma. Cancer Genet. Cytogenet. 1993,
66, 133–134. [CrossRef] [PubMed]

86. Dal Cin, P.; Kools, P.; Sciot, R.; De Wever, I.; Van Damme, B.; Van de Ven, W.; Van den Berghe, H. Cytogenetic and fluorescence in
situ hybridization investigation of ring chromosomes characterizing a specific pathologic subgroup of adipose tissue tumors.
Cancer Genet. Cytogenet. 1993, 68, 85–90. [CrossRef] [PubMed]

87. Pedeutour, F.; Suijkerbuijk, R.F.; Forus, A.; Van Gaal, J.; Van de Klundert, W.; Coindre, J.M.; Nicolo, G.; Collin, F.; Van Haelst, U.;
Huffermann, K.; et al. Complex composition and co-amplification of SAS and MDM2 in ring and giant rod marker chromosomes
in well-differentiated liposarcoma. Genes Chromosomes Cancer 1994, 10, 85–94. [CrossRef] [PubMed]

88. Pedeutour, F.; Forus, A.; Coindre, J.M.; Berner, J.M.; Nicolo, G.; Michiels, J.F.; Terrier, P.; Ranchere-Vince, D.; Collin, F.;
Myklebost, O.; et al. Structure of the supernumerary ring and giant rod chromosomes in adipose tissue tumors. Genes
Chromosomes Cancer 1999, 24, 30–41. [CrossRef]

89. Gambella, A.; Bertero, L.; Rondón-Lagos, M.; Verdun Di Cantogno, L.; Rangel, N.; Pitino, C.; Ricci, A.A.; Mangherini, L.; Castel-
lano, I.; Cassoni, P. FISH Diagnostic Assessment of MDM2 Amplification in Liposarcoma: Potential Pitfalls and Troubleshooting
Recommendations. Int. J. Mol. Sci. 2023, 24, 1342. [CrossRef]

90. Dei Tos, A.P.; Doglioni, C.; Piccinin, S.; Sciot, R.; Furlanetto, A.; Boiocchi, M.; Dal Cin, P.; Maestro, R.; Fletcher, C.D.; Tallini, G.
Coordinated expression and amplification of the MDM2, CDK4, and HMGI-C genes in atypical lipomatous tumours. J. Pathol.
2000, 190, 531–536. [CrossRef]

91. Kanoe, H.; Nakayama, T.; Murakami, H.; Hosaka, T.; Yamamoto, H.; Nakashima, Y.; Tsuboyama, T.; Nakamura, T.; Sasaki,
M.S.; Toguchida, J. Amplification of the CDK4 gene in sarcomas: Tumor specificity and relationship with the RB gene mutation.
Anticancer Res. 1998, 18, 2317–2321.

92. Sciot, R. MDM2 Amplified Sarcomas: A Literature Review. Diagnostics 2021, 11, 496. [CrossRef]
93. Giner, F.; Machado, I.; Rubio-Martínez, L.A.; López-Guerrero, J.A.; Claramunt-Alonso, R.; Navarro, S.; Ferrández, A.; Mayordomo-

Aranda, E.; Llombart-Bosch, A. Intimal Sarcoma with MDM2/CDK4 Amplification and p16 Overexpression: A Review of
Histological Features in Primary Tumor and Xenograft, with Immunophenotype and Molecular Profiling. Int. J. Mol. Sci. 2023,
24, 7535. [CrossRef] [PubMed]

94. Neuville, A.; Collin, F.; Bruneval, P.; Parrens, M.; Thivolet, F.; Gomez-Brouchet, A.; Terrier, P.; de Montpreville, V.T.; Le Gall, F.;
Hostein, I.; et al. Intimal sarcoma is the most frequent primary cardiac sarcoma: Clinicopathologic and molecular retrospective
analysis of 100 primary cardiac sarcomas. Am. J. Surg. Pathol. 2014, 38, 461–469. [CrossRef] [PubMed]

95. Yamada, Y.; Kinoshita, I.; Miyazaki, Y.; Tateishi, Y.; Kuboyama, Y.; Iwasaki, T.; Kohashi, K.; Yamamoto, H.; Ishihara, S.;
Toda, Y.; et al. Myxoid type and non-myxoid type of intimal sarcoma in large vessels and heart: Review of histological and
genetic profiles of 20 cases. Virchows Arch. 2022, 480, 919–925. [CrossRef]

96. He, X.; Pang, Z.; Zhang, X.; Lan, T.; Chen, H.; Chen, M.; Yang, H.; Huang, J.; Chen, Y.; Zhang, Z.; et al. Consistent Amplification of
FRS2 and MDM2 in Low-grade Osteosarcoma: A Genetic Study of 22 Cases with Clinicopathologic Analysis. Am. J. Surg. Pathol.
2018, 42, 1143–1155. [CrossRef] [PubMed]

97. Righi, A.; Gambarotti, M.; Benini, S.; Gamberi, G.; Cocchi, S.; Picci, P.; Bertoni, F. MDM2 and CDK4 expression in periosteal
osteosarcoma. Hum. Pathol. 2015, 46, 549–553. [CrossRef] [PubMed]

98. Suster, D.; Ronen, S.; Peterson, J.F.; Mackinnon, A.C.; Hes, O.; Suster, S.; Lin, D.I. MDM2 amplification and immunohistochemical
expression in sarcomatoid renal cell carcinoma. Hum. Pathol. 2019, 87, 28–36. [CrossRef]

99. Yousef, S.; Joy, C.; Velaiutham, S.; Maclean, F.M.; Harraway, J.; Gill, A.J.; Vargas, A.C. Dedifferentiated melanoma with MDM2
gene amplification mimicking dedifferentiated liposarcoma. Pathology 2022, 54, 371–374. [CrossRef]

100. Muthusamy, V.; Hobbs, C.; Nogueira, C.; Cordon-Cardo, C.; McKee, P.H.; Chin, L.; Bosenberg, M.W. Amplification of CDK4 and
MDM2 in malignant melanoma. Genes Chromosomes Cancer 2006, 45, 447–454. [CrossRef]

101. Doyle, L.A.; Tao, D.; Mariño-Enríquez, A. STAT6 is amplified in a subset of dedifferentiated liposarcoma. Mod. Pathol. 2014, 27,
1231–1237. [CrossRef]

https://doi.org/10.1016/j.humpath.2012.01.019
https://doi.org/10.1097/PAS.0000000000001439
https://doi.org/10.1002/cncy.21362
https://doi.org/10.2147/OTT.S112580
https://doi.org/10.1001/archsurg.1987.01400230043007
https://www.ncbi.nlm.nih.gov/pubmed/2823744
https://doi.org/10.1016/0165-4608(93)90245-H
https://www.ncbi.nlm.nih.gov/pubmed/8500103
https://doi.org/10.1016/0165-4608(93)90001-3
https://www.ncbi.nlm.nih.gov/pubmed/8353809
https://doi.org/10.1002/gcc.2870100203
https://www.ncbi.nlm.nih.gov/pubmed/7520271
https://doi.org/10.1002/(SICI)1098-2264(199901)24:1%3C30::AID-GCC5%3E3.0.CO;2-P
https://doi.org/10.3390/ijms24021342
https://doi.org/10.1002/(SICI)1096-9896(200004)190:5%3C531::AID-PATH579%3E3.0.CO;2-W
https://doi.org/10.3390/diagnostics11030496
https://doi.org/10.3390/ijms24087535
https://www.ncbi.nlm.nih.gov/pubmed/37108696
https://doi.org/10.1097/PAS.0000000000000184
https://www.ncbi.nlm.nih.gov/pubmed/24625414
https://doi.org/10.1007/s00428-022-03293-9
https://doi.org/10.1097/PAS.0000000000001125
https://www.ncbi.nlm.nih.gov/pubmed/30001240
https://doi.org/10.1016/j.humpath.2014.12.006
https://www.ncbi.nlm.nih.gov/pubmed/25680902
https://doi.org/10.1016/j.humpath.2019.02.004
https://doi.org/10.1016/j.pathol.2021.05.096
https://doi.org/10.1002/gcc.20310
https://doi.org/10.1038/modpathol.2013.247


Cancers 2024, 16, 432 19 of 21

102. Scapa, J.V.; Cloutier, J.M.; Raghavan, S.S.; Peters-Schulze, G.; Varma, S.; Charville, G.W. DDIT3 Immunohistochemistry Is a Useful
Tool for the Diagnosis of Myxoid Liposarcoma. Am. J. Surg. Pathol. 2021, 45, 230–239. [CrossRef]

103. Machado, I.; Vargas, A.C.; Maclean, F.; Llombart-Bosch, A. Negative MDM2/CDK4 immunoreactivity does not fully exclude
MDM2/CDK4 amplification in a subset of atypical lipomatous tumor/ well differentiated liposarcoma. Pathol. Res. Pract. 2022,
232, 153839. [CrossRef] [PubMed]

104. Palsgrove, D.N.; Rooper, L.M.; Stevens, T.M.; Shin, C.; Damm, D.D.; Gagan, J.; Bridge, J.A.; Thompson, L.D.R.; Koduru, P.R.;
Bishop, J.A. GLI1-Altered Soft Tissue Tumors of the Head and Neck: Frequent Oropharyngeal Involvement, p16 Immunoreactivity,
and Detectable Alterations by DDIT3 Break Apart FISH. Head. Neck Pathol. 2022, 16, 1146–1156. [CrossRef] [PubMed]

105. Liu, J.; Mao, R.; Lao, I.W.; Yu, L.; Bai, Q.; Zhou, X.; Wang, J. GLI1-altered mesenchymal tumor: A clinicopathological and molecular
analysis of ten additional cases of an emerging entity. Virchows Arch. 2022, 480, 1087–1099. [CrossRef] [PubMed]

106. Parrack, P.H.; Mariño-Enríquez, A.; Fletcher, C.D.M.; Hornick, J.L.; Papke, D.J., Jr. GLI1 Immunohistochemistry Distinguishes
Mesenchymal Neoplasms with GLI1 Alterations from Morphologic Mimics. Am. J. Surg. Pathol. 2023, 47, 453–460. [CrossRef]
[PubMed]

107. Papke, D.J., Jr.; Dickson, B.C.; Oliveira, A.M.; Sholl, L.M.; Fletcher, C.D.M. Distinctive Nested Glomoid Neoplasm: Clinicopatho-
logic Analysis of 20 Cases of a Mesenchymal Neoplasm with Frequent GLI1 Alterations and Indolent Behavior. Am. J. Surg.
Pathol. 2023, 47, 12–24. [CrossRef] [PubMed]

108. Machado, I.; Agaimy, A.; Giner, F.; Navarro, S.; Michal, M.; Bridge, J.; Claramunt, R.; López-Guerrero, J.A.; Alcacer, J.;
Linos, K.; et al. The value of GLI1 and p16 immunohistochemistry in the premolecular screening for GLI1-altered mesenchymal
neoplasms. Virchows Arch. 2023, 1–11. [CrossRef] [PubMed]

109. Karpathiou, G.; Papoudou-Bai, A.; Ferrand, E.; Dumollard, J.M.; Peoc’h, M. STAT6: A review of a signaling pathway implicated in
various diseases with a special emphasis in its usefulness in pathology. Pathol. Res. Pract. 2021, 223, 153477. [CrossRef] [PubMed]

110. Doyle, L.A.; Vivero, M.; Fletcher, C.D.; Mertens, F.; Hornick, J.L. Nuclear expression of STAT6 distinguishes solitary fibrous tumor
from histologic mimics. Mod. Pathol. 2014, 27, 390–395. [CrossRef]

111. Machado, I.; Giner, F.; Cruz, J.; Lavernia, J.; Marhuenda-Fluixa, A.; Claramunt, R.; López-Guerrero, J.A.; Navarro, S.; Ferrandez,
A.; Blázquez Bujeda, Á.; et al. Extra-meningeal solitary fibrous tumor: An evolving entity with chameleonic morphological
diversity, a hallmark molecular alteration and unresolved issues in risk stratification assessment. Histol. Histopathol. 2023, 38,
1079–1097. [CrossRef]

112. Baranov, E.; Black, M.A.; Fletcher, C.D.M.; Charville, G.W.; Hornick, J.L. Nuclear expression of DDIT3 distinguishes high-grade
myxoid liposarcoma from other round cell sarcomas. Mod. Pathol. 2021, 34, 1367–1372. [CrossRef]

113. Vargas, A.C.; Joy, C.; Cheah, A.L.; Jones, M.; Bonar, F.; Brookwell, R.; Garrone, B.; Talbot, J.; Harraway, J.; Gill, A.J.; et al. Lessons
learnt from MDM2 fluorescence in-situ hybridisation analysis of 439 mature lipomatous lesions with an emphasis on atypical
lipomatous tumour/well-differentiated liposarcoma lacking cytological atypia. Histopathology 2022, 80, 369–380. [CrossRef]
[PubMed]

114. Conyers, R.; Young, S.; Thomas, D.M. Liposarcoma: Molecular genetics and therapeutics. Sarcoma 2011, 2011, 483154. [CrossRef]
[PubMed]

115. Schöffski, P.; Lahmar, M.; Lucarelli, A.; Maki, R.G. Brightline-1: Phase II/III trial of the MDM2-p53 antagonist BI 907828 versus
doxorubicin in patients with advanced DDLPS. Future Oncol. 2023, 19, 621–629. [CrossRef] [PubMed]

116. Gounder, M.M.; Yamamoto, N.; Patel, M.R.; Bauer, T.M.; Schöffski, P.; Grempler, R.; Durland-Busbice, S.; Geng, J.; Märten, A.;
LoRusso, P. A phase Ia/Ib, dose-escalation/expansion study of the MDM2–p53 antagonist BI 907828 in patients with solid tumors,
including advanced/metastatic liposarcoma (LPS). J. Clin. Oncol. 2022, 40 (Suppl. S16), 3004-4. [CrossRef]

117. Somaiah, N.; Tap, W. MDM2-p53 in liposarcoma: The need for targeted therapies with novel mechanisms of action. Cancer Treat.
Rev. 2024, 122, 102668. [CrossRef] [PubMed]

118. Italiano, A. Targeting MDM2 in Soft-Tissue Sarcomas (and Other Solid Tumors): The Revival? Cancer Discov. 2023, 13, 1765–1767.
[CrossRef]

119. LoRusso, P.; Gounder, M.M.; Patel, M.R.; Yamamoto, N.; Bauer, T.M.; Laurie, S.; Grempler, R.; Davenport, T.; Geng, J.;
Rohrbacher, M.; et al. A phase I dose-escalation study of the MDM2-p53 antagonist BI 907828 in patients (pts) with advanced
solid tumors. J. Clin. Oncol. 2021, 39 (Suppl. S15), 3016. [CrossRef]

120. LoRusso, P.; Yamamoto, N.; Patel, M.R.; Laurie, S.A.; Bauer, T.M.; Geng, J.; Davenport, T.; Teufel, M.; Li, J.; Lahmar, M.; et al. The
MDM2-p53 Antagonist Brigimadlin (BI 907828) in Patients with Advanced or Metastatic Solid Tumors: Results of a Phase Ia,
First-in-Human, Dose-Escalation Study. Cancer Discov. 2023, 13, 1802–1813. [CrossRef]

121. Hay, M.A.; Severson, E.A.; Miller, V.A.; Liebner, D.A.; Vergilio, J.A.; Millis, S.Z.; Chen, J.L. Identifying Opportunities and
Challenges for Patients with Sarcoma as a Result of Comprehensive Genomic Profiling of Sarcoma Specimens. JCO Precis. Oncol.
2020, 18, 176–182. [CrossRef]

122. Cancer Genome Atlas Research Network. Comprehensive and integrated genomic characterization of adult soft tissue sarcomas.
Cell 2017, 171, 950–965.e28. [CrossRef]

123. Available online: https://www.ema.europa.eu/en/documents/product-information/ibrance-epar-product-information_en.pdf
(accessed on 31 October 2023).

124. Available online: https://www.ema.europa.eu/en/documents/product-information/kisqali-epar-product-information_en.pdf
(accessed on 31 October 2023).

https://doi.org/10.1097/PAS.0000000000001564
https://doi.org/10.1016/j.prp.2022.153839
https://www.ncbi.nlm.nih.gov/pubmed/35303521
https://doi.org/10.1007/s12105-022-01476-z
https://www.ncbi.nlm.nih.gov/pubmed/35933574
https://doi.org/10.1007/s00428-021-03224-0
https://www.ncbi.nlm.nih.gov/pubmed/34779913
https://doi.org/10.1097/PAS.0000000000002018
https://www.ncbi.nlm.nih.gov/pubmed/36693363
https://doi.org/10.1097/PAS.0000000000001979
https://www.ncbi.nlm.nih.gov/pubmed/36395474
https://doi.org/10.1007/s00428-023-03687-3
https://www.ncbi.nlm.nih.gov/pubmed/37940743
https://doi.org/10.1016/j.prp.2021.153477
https://www.ncbi.nlm.nih.gov/pubmed/33991851
https://doi.org/10.1038/modpathol.2013.164
https://doi.org/10.14670/HH-18-608
https://doi.org/10.1038/s41379-021-00782-1
https://doi.org/10.1111/his.14558
https://www.ncbi.nlm.nih.gov/pubmed/34523152
https://doi.org/10.1155/2011/483154
https://www.ncbi.nlm.nih.gov/pubmed/21253554
https://doi.org/10.2217/fon-2022-1291
https://www.ncbi.nlm.nih.gov/pubmed/36987836
https://doi.org/10.1200/JCO.2022.40.16_suppl.3004
https://doi.org/10.1016/j.ctrv.2023.102668
https://www.ncbi.nlm.nih.gov/pubmed/38104352
https://doi.org/10.1158/2159-8290.CD-23-0605
https://doi.org/10.1200/JCO.2021.39.15_suppl.3016
https://doi.org/10.1158/2159-8290.CD-23-0153
https://doi.org/10.1200/PO.19.00227
https://doi.org/10.1016/j.cell.2017.10.014
https://www.ema.europa.eu/en/documents/product-information/ibrance-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/kisqali-epar-product-information_en.pdf


Cancers 2024, 16, 432 20 of 21

125. Available online: https://www.ema.europa.eu/en/documents/product-information/verzenios-epar-product-information_
en.pdf (accessed on 31 October 2023).

126. Hsu, J.Y.; Seligson, N.D.; Hays, J.L.; Miles, W.; Chen, J.L. Clinical Utility of CDK4/6 Inhibitors in Sarcoma: Successes and Future
Challenges. Available online: https://ascopubs.org/journal/po (accessed on 2 February 2022).

127. Olofsson, A.; Willén, H.; Göransson, M.; Engström, K.; Meis-Kindblom, J.M.; Stenman, G.; Kindblom, L.G.; Aman, P. Abnormal
expression of cell cycle regulators in FUS-CHOP carrying liposarcomas. Int. J. Oncol. 2004, 25, 1349–1355. [CrossRef] [PubMed]

128. Dickson, M.A.; Schwartz, G.K.; Keohan, M.L.; D’Angelo, S.P.; Gounder, M.M.; Chi, P.; Antonescu, C.R.; Landa, J.; Qin, L.X.;
Crago, A.M.; et al. Progression-Free Survival Among Patients with Well-Differentiated or Dedifferentiated Liposarcoma Treated
with CDK4 Inhibitor Palbociclib: A Phase 2 Clinical Trial. JAMA Oncol. 2016, 2, 937–940. [CrossRef] [PubMed]

129. Dickson, M.A.; Tap, W.D.; Keohan, M.L.; D’Angelo, S.P.; Gounder, M.M.; Antonescu, C.R.; Landa, J.; Qin, L.X.; Rathbone, D.D.;
Condy, M.M.; et al. Phase II trial of the CDK4 inhibitor PD0332991 in patients with advanced CDK4-amplified well-differentiated
or dedifferentiated liposarcoma. J. Clin. Oncol. 2013, 31, 2024–2028. [CrossRef] [PubMed]

130. Yuan, K.; Wang, X.; Dong, H.; Min, W.; Hao, H.; Yang, P. Selective inhibition of CDK4/6: A safe and effective strategy for
developing anticancer drugs. Acta Pharm. Sin. B 2021, 11, 30–54. [CrossRef] [PubMed]

131. Infante, J.R.; Cassier, P.A.; Gerecitano, J.F.; Witteveen, P.O.; Chugh, R.; Ribrag, V.; Chakraborty, A.; Matano, A.; Dobson, J.R.;
Crystal, A.S.; et al. A Phase I Study of the Cyclin-Dependent Kinase 4/6 Inhibitor Ribociclib (LEE011) in Patients with Advanced
Solid Tumors and Lymphomas. Clin. Cancer Res. 2016, 22, 5696–5705. [CrossRef] [PubMed]

132. Peguero, J.; Sohal, D.P.S.; O’Neil, B.H.; Safran, H.; Kelly, K.; Grilley-Olson, J.E.; Subbiah, V.; Nadauld, L.; Purkayastha, D.;
Stealey, E.; et al. Tissue/Site-Agnostic Study of Ribociclib for Tumors with Cyclin D-CDK4/6 Pathway Genomic Alterations:
A Phase II, Open-Label, Single-Arm Basket Study. JCO Precis. Oncol. 2019, 3, 1–10. [CrossRef] [PubMed]

133. Razak, A.A.; Bauer, S.; Blay, J.-Y.; Quek, R.; Suarez, C.; Lin, C.C.; Hütter-Krönke, M.L.; Cubedo, R.; Ferretti, S.;
Meille, C.; et al. Results of a dose- and regimen-finding Phase Ib study of HDM201 in combination with ribociclib in
patients with locally advanced or metastatic liposarcoma. Cancer Res. 2018, 78, CT009. [CrossRef]

134. Perez, M.; Muñoz-Galván, S.; Jiménez-García, M.P.; Marín, J.J.; Carnero, A. Efficacy of CDK4 inhibition against sarcomas depends
on their levels of CDK4 and p16ink4 mRNA. Oncotarget 2015, 6, 40557–40574. [CrossRef]

135. Elvin, J.A.; Gay, L.M.; Ort, R.; Shuluk, J.; Long, J.; Shelley, L.; Lee, R.; Chalmers, Z.R.; Frampton, G.M.; Ali, S.M.; et al. Clinical
Benefit in Response to Palbociclib Treatment in Refractory Uterine Leiomyosarcomas with a Common CDKN2A Alteration.
Oncologist 2017, 22, 416–421. [CrossRef]

136. Lin, D.I.; Hemmerich, A.; Edgerly, C.; Duncan, D.; Severson, E.A.; Huang, R.S.P.; Ramkissoon, S.H.; Connor, Y.D.; Shea, M.;
Hecht, J.L.; et al. Genomic profiling of BCOR-rearranged uterine sarcomas reveals novel gene fusion partners, frequent CDK4
amplification and CDKN2A loss. Gynecol. Oncol. 2020, 157, 357–366. [CrossRef]

137. Boddu, S.; Walko, C.M.; Bienasz, S.; Bui, M.M.; Henderson-Jackson, E.; Naghavi, A.O.; Mullinax, J.E.; Joyce, D.M.; Binitie, O.;
Letson, G.D.; et al. Clinical Utility of Genomic Profiling in the Treatment of Advanced Sarcomas: A Single-Center Experience.
JCO Precis. Oncol. 2018, 2, 1–8. [CrossRef] [PubMed]

138. Barker, E.; Veggeberg, R.; Zumpano, D.; Rink, L.; von Mehren, M.; George, S. SAR-096: Phase II clinical trial of ribociclib in
combination with everolimus in advanced dedifferentiated liposarcoma (DDL), and leiomyosarcoma (LMS). Clin. Cancer Res.
2023, 30, 315–322. [CrossRef]

139. Kohlmeyer, J.L.; Gordon, D.J.; Tanas, M.R.; Monga, V.; Dodd, R.D.; Quelle, D.E. CDKs in Sarcoma: Mediators of Disease and
Emerging Therapeutic Targets. Int. J. Mol. Sci. 2020, 21, 3018. [CrossRef] [PubMed]

140. Ragazzini, P.; Gamberi, G.; Pazzaglia, L.; Serra, M.; Magagnoli, G.; Ponticelli, F.; Ferrari, C.; Ghinelli, C.; Alberghini, M.;
Bertoni, F.; et al. Amplification of CDK4, MDM2, SAS and GLI genes in leiomyosarcoma, alveolar and embryonal rhabdomyosar-
coma. Histol. Histopathol. 2004, 19, 401–411. [CrossRef] [PubMed]

141. Vlenterie, M.; Hillebrandt-Roeffen, M.H.; Schaars, E.W.; Flucke, U.E.; Fleuren, E.D.; Navis, A.C.; Leenders, W.P.; Versleijen-Jonkers,
Y.M.; van der Graaf, W.T. Targeting Cyclin-Dependent Kinases in Synovial Sarcoma: Palbociclib as a Potential Treatment for
Synovial Sarcoma Patients. Ann. Surg. Oncol. 2016, 23, 2745–2752. [CrossRef]

142. Stacchiotti, S.; Miah, A.B.; Frezza, A.M.; Messiou, C.; Morosi, C.; Caraceni, A.; Antonescu, C.R.; Bajpai, J.; Baldini, E.;
Bauer, S.; et al. Epithelioid hemangioendothelioma, an ultra-rare cancer: A consensus paper from the community of experts.
ESMO Open 2021, 6, 100170. [CrossRef] [PubMed]

143. Rozeman, L.B.; Szuhai, K.; Schrage, Y.M.; Rosenberg, C.; Tanke, H.J.; Taminiau, A.H.; Cleton-Jansen, A.M.; Bovée, J.V.; Hogen-
doorn, P.C. Array-comparative genomic hybridization of central chondrosarcoma: Identification of ribosomal protein S6 and
cyclin-dependent kinase 4 as candidate target genes for genomic aberrations. Cancer 2006, 107, 380–388. [CrossRef]

144. Shulman, D.S.; Merriam, P.; Choy, E.; Guenther, L.M.; Cavanaugh, K.L.; Kao, P.C.; Posner, A.; Bhushan, K.; Fairchild, G.;
Barker, E.; et al. Phase 2 trial of palbociclib and ganitumab in patients with relapsed Ewing sarcoma. Cancer Med. 2023, 12,
15207–15216. [CrossRef]

145. Martin-Broto, J.; Martinez-Garcia, J.; Moura, D.S.; Redondo, A.; Gutierrez, A.; Lopez-Pousa, A.; Martinez-Trufero, J.; Sevilla, I.;
Diaz-Beveridge, R.; Solis-Hernandez, M.P.; et al. Phase II trial of CDK4/6 inhibitor palbociclib in advanced sarcoma based on
mRNA expression of CDK4/ CDKN2A. Signal Transduct. Target. Ther. 2023, 8, 405. [CrossRef]

146. Kinzler, K.W.; Bigner, S.H.; Bigner, D.D.; Trent, J.M.; Law, M.L.; O’Brien, S.J.; Wong, A.J.; Vogelstein, B. Identification of an
amplified, highly expressed gene in a human glioma. Science 1987, 236, 70–73. [CrossRef]

https://www.ema.europa.eu/en/documents/product-information/verzenios-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/verzenios-epar-product-information_en.pdf
https://ascopubs.org/journal/po
https://doi.org/10.3892/ijo.25.5.1349
https://www.ncbi.nlm.nih.gov/pubmed/15492825
https://doi.org/10.1001/jamaoncol.2016.0264
https://www.ncbi.nlm.nih.gov/pubmed/27124835
https://doi.org/10.1200/JCO.2012.46.5476
https://www.ncbi.nlm.nih.gov/pubmed/23569312
https://doi.org/10.1016/j.apsb.2020.05.001
https://www.ncbi.nlm.nih.gov/pubmed/33532179
https://doi.org/10.1158/1078-0432.CCR-16-1248
https://www.ncbi.nlm.nih.gov/pubmed/27542767
https://doi.org/10.1200/PO.18.00383
https://www.ncbi.nlm.nih.gov/pubmed/35100715
https://doi.org/10.1158/1538-7445.AM2018-CT009
https://doi.org/10.18632/oncotarget.5829
https://doi.org/10.1634/theoncologist.2016-0310
https://doi.org/10.1016/j.ygyno.2020.02.024
https://doi.org/10.1200/PO.18.00096
https://www.ncbi.nlm.nih.gov/pubmed/35135155
https://doi.org/10.1158/1078-0432.CCR-23-2469
https://doi.org/10.3390/ijms21083018
https://www.ncbi.nlm.nih.gov/pubmed/32344731
https://doi.org/10.14670/HH-19.401
https://www.ncbi.nlm.nih.gov/pubmed/15024701
https://doi.org/10.1245/s10434-016-5341-x
https://doi.org/10.1016/j.esmoop.2021.100170
https://www.ncbi.nlm.nih.gov/pubmed/34090171
https://doi.org/10.1002/cncr.22001
https://doi.org/10.1002/cam4.6208
https://doi.org/10.1038/s41392-023-01661-8
https://doi.org/10.1126/science.3563490


Cancers 2024, 16, 432 21 of 21

147. Savona, M.R.; Pollyea, D.A.; Stock, W.; Oehler, V.G.; Schroeder, M.A.; Lancet, J.; McCloskey, J.; Kantarjian, H.M.; Ma, W.W.;
Shaik, M.N.; et al. Phase Ib Study of Glasdegib, a Hedgehog Pathway Inhibitor, in Combination with Standard Chemotherapy in
Patients with AML or High-Risk MDS. Clin. Cancer Res. 2018, 24, 2294–2303. [CrossRef] [PubMed]

148. Srivastava, R.K.; Kaylani, S.Z.; Edrees, N.; Li, C.; Talwelkar, S.S.; Xu, J.; Palle, K.; Pressey, J.G.; Athar, M. GLI inhibitor GANT-
61 diminishes embryonal and alveolar rhabdomyosarcoma growth by inhibiting Shh/AKT-mTOR axis. Oncotarget 2014, 5,
12151–12165. [CrossRef] [PubMed]

149. Nguyen, N.M.; Cho, J. Hedgehog Pathway Inhibitors as Targeted Cancer Therapy and Strategies to Overcome Drug Resistance.
Int. J. Mol. Sci. 2022, 23, 1733. [CrossRef] [PubMed]

150. Maresca, L.; Crivaro, E.; Migliorini, F.; Anichini, G.; Giammona, A.; Pepe, S.; Poggialini, F.; Vagaggini, C.; Giannini, G.;
Sestini, S.; et al. Targeting GLI1 and GLI2 with small molecule inhibitors to suppress GLI-dependent transcription and tumor
growth. Pharmacol. Res. 2023, 195, 106858. [CrossRef]

151. MedChemExpress. Gli. Available online: https://medchemexpress.com/targets/GLi.html (accessed on 31 October 2023).
152. Abdul Razak, A.R.; Bauer, S.; Suarez, C.; Lin, C.C.; Quek, R.; Hütter-Krönke, M.L.; Cubedo, R.; Ferretti, S.; Guerreiro, N.;

Jullion, A.; et al. Co-Targeting of MDM2 and CDK4/6 with Siremadlin and Ribociclib for the Treatment of Patients with Well-
Differentiated or Dedifferentiated Liposarcoma: Results from a Proof-of-Concept, Phase Ib Study. Clin. Cancer Res. 2022, 28,
1087–1097. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1158/1078-0432.CCR-17-2824
https://www.ncbi.nlm.nih.gov/pubmed/29463550
https://doi.org/10.18632/oncotarget.2569
https://www.ncbi.nlm.nih.gov/pubmed/25432075
https://doi.org/10.3390/ijms23031733
https://www.ncbi.nlm.nih.gov/pubmed/35163655
https://doi.org/10.1016/j.phrs.2023.106858
https://medchemexpress.com/targets/GLi.html
https://doi.org/10.1158/1078-0432.CCR-21-1291

	Introduction 
	What Do We Know about the MDM2 Gene? 
	The CDK4 Gene Is a Close Neighbor of the MDM2 Gene 
	The GLI1 Gene Is Also in the Vicinity of MDM2 and CDK4 
	Does Isolated MDM2, CDK4, or GLI1 Amplification Matter vs. Chromosomal Region 12q13-q15 Amplification? 
	Implications of Detecting Isolated MDM2-CDK4-GLI1 Alterations or Chromosomal Region 12q13-q15 Amplification in the Anatomopathological Differential Diagnosis of Mesenchymal Neoplasms 
	Therapeutic Implications 
	MDM2 Inhibitors 
	CDK4/6 Inhibitors 
	GLI1 Inhibitors 


	References

