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Abstract

Cancer plasticity is now a recognized new hallmark of cancer which is due to disturbances of cell differentiation programs.
It is manifested not only in various forms like the best-known epithelial-mesenchymal transition (EMT) but also in vascu-
logenic and megakaryocytic mimicries regulated by EMT-specific or less-specific transcription factors such as HIF1la or
STAT1/2. Studies in the past decades provided ample data that cancer plasticity can be manifested also in the expression of
a vast array of immune cell genes; best-known examples are PDL1/CD274, CD47, or IDO, and we termed it immunogenic
mimicry (IGM). However, unlike other types of plasticities which are epigenetically regulated, expression of IGM genes
are frequently due to gene amplifications. It is important that the majority of the IGM genes are regulated by interferons
(IFNs) suggesting that their protein expressions are regulated by the immune microenvironment. Most of the IGM genes
have been shown to be involved in immune escape of cancers broadening the repertoire of these mechanisms and offering
novel targets for immunotherapeutics.
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features of cancer [2]. In a recent updated version, Hana-
han suggested several novel Hallmarks such as phenotypic
plasticity, nonmutational epigenetic reprogramming, poly-
morphic microbiomes, and senescence [3]. Terminal differ-
entiation in normal cells provides the activation of necessary
factors to be able to fulfill homeostatic function, which is
contradictory to continuing proliferation. In cancer, terminal
differentiation is frequently blocked and phenotypic plastic-
ity is reactivated in parallel with proliferative potentials [4].
Cancer stemness was already part of the Hallmark package
[2] which may drive cancer plasticity programs. Unlocking
cellular plasticity in cancer occurs in three forms: dediffer-
entiation (returning back to the progenitor state), blocked
differentiation (sustaining progenitor features), or transdif-
ferentiation when a differentiation program is switched into
anew one, which is generally incompatible with the original
cell type.

Dedifferentiation There are several examples regarding
dedifferentiation. In colon carcinogenesis, the loss of devel-
opmental transcription factors SMAD4 [5] and HOXAS [6]
are responsible for the reappearance of stem and progenitor
features and increased proliferative capabilities. In melanoma
genesis, the loss of MITF, responsible for tissue specific gene
expression of melanosomal proteins, results in the reactivation
of neural crest progenitor genes [7]. Furthermore, the upregu-
lation of ATF?2 can also result in downregulation of MITF and
dedifferentiation of melanocytes [8]. During carcinogenesis of
pancreatic islet cell carcinomas upregulation of miRNA that
is lost during terminal differentiation is the cause of dedif-
ferentiation and malignant transformation [9].

Blocked differentiation Blocked differentiation has been
observed in hematopoietic malignancies, melanomas, and
hepatic and bile duct cancers. In the case of various leukemias
(acute promyelocytic or myeloid versions), development of
fusion genes PML-RARa and AML1-ETO, respectively [10],
results in blocked terminal differentiation of myeloid precur-
sors. These genetic traits can be exploited therapeutically
either by RA or chromatin remodeling using HDAC, resulting
in stimulated differentiation of myeloid progenitors [11]. In
melanoma, the maintained expression of SOX10 transcription
factor is responsible for blocking terminal differentiation of
melanocytes [12]. In the case of intrahepatic cholangiocarci-
nomas, mutation of the IDH1/2 results in the production of
oncometabolite D2HG, which inhibits terminal differentiation
of liver progenitor cells by suppressing the expression of the
HNF4a transcription factor [13].

Transdifferentiation Metaplasia, switching from one dif-
ferentiated tissue to another one, is a well-known cancer
progenitor state. Squamous metaplasia of the respiratory epi-
thelium, adenomatoid metaplasia in the esophagus (Barret
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change), and intestinal metaplasia in the stomach epithe-
lium are well-known tumor precursor lesions. However,
transdifferentiation is a much more general phenomenon
in various cancer types. During carcinogenesis of ductal
pancreatic adenocarcinoma (PDAC), acinar cells transdif-
ferentiate into ductal cells due to downregulation of either
PTFla [14] or MIST1 [15] transcription factors. Another
regulator of ductal differentiation is SOX9 TF, the overex-
pression of which in acinar cells can also result in down-
regulation of PTF1a and MIST1 and transdifferentiation into
ductal cells [16]. In prostate adenocarcinomas, expression
of AR is a hallmark and serves as an efficient therapeutic
target. However, upon development of androgen resistance,
upregulation of SOX2 transcription factor occurs inducing
neuroendocrine differentiation of prostate adenocarcinoma
[17]. In lung adenocarcinoma, one of the most frequently
mutated oncogenes is EGFR, and the mutated form offers
a feasible therapeutic target. However, resistance to EGFR
inhibitors tends to occur sooner or later during the course of
the disease due to secondary resistance EGFR mutations or
activation of other oncogenic signaling pathways. Interest-
ingly, one of the resistance mechanisms in EGFR inhibitor
treatments is the transdifferentiation of lung adenocarcinoma
to small cell neuroendocrine cancer [18].

2 Recognized forms of phenotypic plasticity
2.1 Epithelial-mesenchymal transition (EMT)

EMT was described in embryogenesis, later in wound heal-
ing, and now a major hallmark in cancer progression. EMT
defines a specific form of transdifferentiation of an epithelial
cancer cell from the epithelial to mesenchymal phenotype,
which is not caused by genetic alterations but regulated epi-
genetically—and fully reversible [19]. When observed in
human cancers, epithelial (E-cadherin and cytokeratins) and
mesenchymal (N-cadherin and vimentin) markers were used
to define this plasticity with the help of antibodies specific
for cell-adhesion molecules and intermediate filaments [20,
21]. However, in human cancer, EMT is not complete in the
tumors, but cancer cells are entrapped in an intermediate
state when epithelial and mesenchymal markers co-exist in
the cancer cells. This is called partial EMT (p-EMT) [22].
EMT is regulated by the wild-type forms of tissue specific
EMT-transcription factors (TF). The functional role of EMT
in cancer is the close association with motility, invasiveness,
and metastatic potential, in addition to chemoresistance [19].
EMT-TFs are SNAIL, SLUG, TWIST1/2, and ZEB1/2 [19,
22]. However, besides these core EMT-TFs, there are many
other TFs which can promote EMT, like TBXT, E47, KLF4,
PPRX1, GSC, RUNX1, TCF4, SIX1, FOXC2, or SOX4, and
can be expressed in a tissue or cancer type specific manner
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[22]. There is an additional level of EMT regulation by
miRs. MiR-200 is a direct repressor of ZEB-TFs; miR-34
and miR-200 are SNAI2/SLUG repressors, while miR-203
is a SNAII repressor [22].

These TFs are capable of repressing the expression of
epithelial genes, including CDH1 and CRB3. On the other
hand, TFs activate expression of mesenchymal genes such
as VIM, FN1, and CDH2, but they also activate expres-
sion of proteolytic enzymes (metalloproteinases) and sev-
eral cytoskeletal proteins and downregulate components
of epithelial junctions [22]. EMT programs are induced by
either autocrine or paracrine factors of the cancer tissue.
The best-known example is TGFf, but various growth fac-
tors, including EGF, HGF, FGF, VEGEF, and IGF [23], and
cytokines such as IL-8, hypoxia, mechanical ECM stress, or
specific oncometabolites [24] are all powerful EMT induc-
ers. The tumor immune microenvironment can also affect
EMT programs, since FN1 and CRB3 marker genes are [FN-
regulated ones (IRG = IFN-regulated gene); furthermore,
some of the TFs of EMT are all regulated by IFN: SNAII,
TWIST1/2, ZEB1/2, SIX1, SOX4, and TCF4, according
to the Interferome database [25] (Supplementary Table 1).
Furthermore, several TFs involved in dedifferentiation,
blocked differentiation, or transdifferentiation are also IRGs:
HOXAS, SMAD4, MITF, ATF2, RUNX1, SOX2, and SOX9
[25] (Supplementary Table 1). The tissue-specific roles for
EMT-TFs are demonstrated in several cancer types: SNAI1
was shown to be involved in breast cancer-EMT programs
[26] but not in pancreatic ones, where ZEB1 has a more
significant role [27]. Also noteworthy, EMT-TFs may have
opposing roles in a particular tumor type, such as mela-
noma, where ZEB1 promotes EMT programs with the help
of TWIST1, while ZEB2 in cooperation with SNAI2/SLUG
are inhibitors [28].

EMT induced by EMT-TFs not only activates mesenchy-
mal programs but also activates stem cell specific programs
in cancer [19]. Furthermore, it is now evident that EMT
is associated with expression of various pro-inflammatory
cytokines modulating the composition of the tumor micro-
environment [29, 30].

While, by definition, EMT can occur in epithelial cancers,
there is now evidence that activation of EMT-TFs and their
programs is not specific, because similar programs can be
observed in glial tumors, neurogenic tumors, sarcomas, or
even in leukemias [31].

In cancer, one can ask if there are other types of transdif-
ferentiation in addition to EMT? Pathologists are familiar
with the appearance of neurogenic markers in epithelial
tumors, for example, in lung adenocarcinomas, but a similar
example can be seen in breast and urothelial cancers as well.
Furthermore, various cancer treatments can induce resist-
ance in parallel with the conversion of the epithelial tumor
to a neuroendocrine variant: anti-androgens induce such an

alteration in prostate cancer [17], while EGFR inhibitors
induce similar conversion in lung adenocarcinomas [18].
Unfortunately, the regulatory aspects are largely unknown
underlying the epithelial-neurogenic transitions (ENT).

2.2 Vasculogenic mimicry

Vasculogenic mimicry (VM) of melanoma was described
in 1999 [32], now recognized as a non-angiogenic alterna-
tive for tumor tissue vascularization [33]. VM was subse-
quently observed in various cancer types (carcinomas of
the breast, ovary, lung, prostate, and bladder), in sarcomas
and CNS tumors [34], and its presence was shown to be
linked to a more aggressive and metastatic phenotype.
Tumor cells with VM capabilities overexpress a vast array
of endothelial-associated genes and downregulate the linage-
specific ones, suggestive of transendothelial differentiation
[35]. Those endothelial genes are VE-cadherin (CDHS),
ESM1, S1PR1, PDPN, TIE1, and EphA2. In parallel with
the appearance of VM properties in melanoma, expression
of pluripotent stem cell genes are also upregulated [36].
It is noteworthy that VM provides a functional perfusion
pathway composed of cancer cells [37]. There are several
mechanisms that can induce this transendothelial differentia-
tion of cancer cells. ECM proteins produced by melanoma
cells can induce VM: tumor cells can express and produce
LN5y2, which in return activates MMPs -1, -2, -9, 14 as
well as VM [38]. Activation of vascular signaling pathways
can also be involved in the induction of VM. Activation of
VE-cadherin and EphA2 and their downstream signaling
pathways are associated with VM involving PI3K, FAK, and
ERK1/2, leading to upregulation of MMP-2 and -14, result-
ing in LN5y2 cleavage [39, 40]. Although the transcription
factors involved in these processes are not well known, in
hepatocellular carcinoma, the VM capability involves the
EMT regulator TWISTI1 [41]. VEGF-A through activa-
tion of VEGFR1 was shown to activate VM programs in
melanoma and ovarian carcinoma. In this case, the signal
transduction pathway involved SRC together with PI3K/
AKT and ERK1/2 [42]. VEGF-A in ovarian carcinoma can
induce upregulation of VM genes, VE-cadherin, EphA2,
matrix metalloproteinases, and MMP-2 and -9 [42]. It is
also important that two inhibitors of VM have also been
identified, SERPINF1 and PEDF [38]. Reactivation of stem
cell signaling pathways was also observed in cancer cells
expressing the VM phenotype. Expression of the embry-
onic morphogen Nodal in melanoma activated its receptors
ALKA4, -5,-7 and ACTR-IIB [43]. Moreover, it activated the
downstream signaling pathway of SMAD?2/3 and induced
stem cell characteristics, invasion, and VM in melanoma and
breast carcinoma cells [44]. It was also shown that in aggres-
sive melanoma, Notch4 is overexpressed which is a direct
inducer of Nodal expression. Last, but not least, in various
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cancer types (melanoma, hepatocellular carcinoma, and sar-
coma), it was demonstrated that hypoxia can induce transen-
dothelial differentiation and VM [45]. VM-associated genes
VEGF-A, VEGFR1, EPHA2, TWIST, and Nodal all have
HRE promoters and are responsive to HIF activation [46],
while VE-cadherin and PEDF are regulated through an indi-
rect way. Hypoxia through HIF1« can stabilize NOTCH and
activate its signaling, leading to Nodal expression [47]. It is
also interesting that another regulatory pathway emerged in
VM, the IFN signaling, since major components of the VM
phenotype (CDHS, EphA2, PDPN, S1PR1, and TIE1) are
IFN regulated genes [25] (Supplementary Table 2), raising
the possibility that the immune microenvironment also can
induce this phenotype by the help of the STAT1/2 transcrip-
tion factors.

2.3 Megakaryocytic/platelet mimicry

Although it is much less appreciated and not well defined,
the transdifferentiation of cancer cells to a megakaryocytic
phenotype is also documented [48]. The platelet cell adhe-
sion molecule, PECAM/CD?31, was found to be expressed
by lymphoma and leukemia cells, although this can be con-
sidered as primarily dedifferentiation. However, a systematic
analysis of CD31 gene expression in various human cancer
cell lines demonstrated a widespread expression at the RNA
as well as protein levels [49]. In vitro testing also verified the
functional expression of the protein by tumor cells shown to
be involved in tumor cell-endothelial interactions [50, 51].

Another platelet receptor, thrombin receptor PAR1, was
also found to be ectopically expressed by a variety of human
cancer cell types, such as melanoma and breast and colon
carcinoma [52]. The thrombin-induced signaling pathway
involves PI3K, PKC, and Ca++ [53]. It is noteworthy that
in melanoma, the increased expression of PAR-1 was asso-
ciated with the loss of the expression of AP2 transcription
factor [54].

The third membrane receptor of platelets, the allbf3
integrin (CD41/61), was also found to be ectopically
expressed by a wide variety of human cancer types:
breast, colorectal-prostate, thyroid cancers allbp3, and
melanoma [55, 56]. In vitro/in vivo studies provided evi-
dence for the functionality of expression to be involved
in ECM and fibrinogen interactions, cell motility, and
metastasis formation. Tumor cell alIbf3 integrin signals
not only through FAK but also through PKC [57]. Fur-
thermore, overexpression of allbp3 in human melanoma
cells resulted in increased VEGF-A and bFGF production,
increased tumor-induced neoangiogenesis, and expression
of some VM marker genes [58]. In bone marrow stem cells,
megakaryocytic differentiation is driven by the transcrip-
tion factor WT1, and allbf3-positive human melanoma
cells express significant levels of WT1 [48].
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Activation of platelets involves the production of vari-
ous arachidonic acid derivatives including prostaglandins,
prostacyclins, and 12-HETE, all involved in the aggrega-
tion process. 12-HETE is produced by 12/15-LOX enzymes,
which have four isoforms, ALOX12, the platelet-specific
one, ALOX12B, ALOX15, and ALOX15B. Human meta-
static tumor cells produce 12-HETE which is involved in
tumor cell-endothelial cell interactions, cell motility, and
metastasis formation [59]. Various human cancer types can
ectopically express ALOX12 including breast, prostate,
esophageal, gastric, and renal cancers as well as melanoma
[60]. It is of note that ALOX12 was shown to be involved in
the signal transduction of tumor cell oIIbB3 integrin and the
AMEF receptor, upstream of PKC [57, 61]. It is also interest-
ing that ALOX12 belongs to the IFN-regulated genes [25],
suggesting a potential immune mechanism for its upregula-
tion in cancers.

3 Novel form of cancer plasticity:
immunogenic mimicry

Discovery of immune checkpoints and the inhibitory activ-
ity of several members of them in lymphocytes [62, 63]
initiated a plethora of studies in various cancers, which
revealed that the PDL1 ligand (CD274) of the PD1 receptor
is expressed by cancers and can be one of the main escape
routes of immune destruction [64, 65]. PDL1 expression in
cancers is not necessarily caused by genetic alterations (gene
amplification) but rather is due to epigenetic upregulation
[66]. Activation of the CTLA4/CD152 signaling in immune
cells is another possible mechanism of immune evasion in
tumors [62-66]. Recently, it was discovered that cancer cells
can ectopically express CTLAA4, in this case due to copy
number gains (amplification) [67]. However, there may be
other forms of immune escape mechanisms: a newly discov-
ered one is the expression of the IDO1 enzyme producing
kynurenin that induces T cell death [68—70]. Copy number
variations (CNV) affecting CD40 and CD252 in cancers
can also provide another novel excape mechanism [67, 71].
Another immune cell/macrophage gene widely expressed
by human tumor cells (mostly hematopoietic ones but also
by some types of solid tumors) is CD47, the activation of
which triggers an anti-phagocytic mechanism induced by its
ligand SIRPA/CD172a [72, 73]. Meanwhile, studies of the
tumor microenvironment using markers specific to immune
cells revealed that various cancers can express a series of
CD markers: CD36 [74-77], CD58 [78], CD70 [79-82],
CD160 [83, 84], CD276 [85], CD320 [86, 87], and CD336
[88]. Furthermore, several studies defined cancer stem cell
markers [88, 89], among which immune cell markers CD90
[88-90] and CD166 [91, 92] were found to be present in
various type of cancers. On the other hand, melanoma stem
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cells are characterized by CD20 expression [93]. Further-
more, in human melanoma tissues, the immunohistochemi-
cal expression of macrophage marker CD68 on tumor cells is
a well-known phenomena which was not analyzed at genetic
or protein levels [94]. Analysis of the melanoma proteome
recently defined [95] indicated that the authentic CD68 pro-
tein is expressed in tumor stroma as well as in tumor tissue
itself, the expression is higher in metastases as compared
to primary tumors, and the tumor cell content was high in
the metastases suggesting that the signal might come from
tumor cells. On the other hand, proteomic analysis of human
melanoma cell lines indicated that all of them expressed
CD68 protein. (unpublished data)

Meanwhile, in most of these cases, CNV was not dem-
onstrated to be responsible for such an ectopic expression;
therefore, epigenetic mechanisms must be considered as a
driving factor. In a recent study addressing human melanoma

Table 1 Ectopic immune cell gene expressions in cancer cells

metastases, genome-wide CNV analysis revealed copy num-
ber gain of several CD genes including new ones: CD1a/e,
CD48, CD84, CD93, CD209, CD217, and CD247, as well
as known ones such as CD36, CD40, CD47, CD70, CD160,
CD172, CD320, and IDO1 [96]. In all those instances, mRNA
and protein expressions have been validated in an independ-
ent dataset. It is of note that the majority of these CD gene
amplifications were detected in lung metastases, to a lesser
extent in liver ones, and rarely observed in brain metastases,
suggesting a unique clonal selection [96]. The pertinent lit-
erature on ectopic immune cell gene expressions in cancer is
summarized on Table 1. It is important that only 9/26 of those
genes are unique to melanoma [96]; therefore, the majority of
them can be found in various common cancer types.
Particularly interesting is that out of these reported 26
immune genes, 10/26 are T cell genes, 9/26 are macrophage
genes, and 8/26 are dendritic cell genes, whereas B cell or

Mimicry gene Normal expression Ligand IRG IFN type-1 IFN type-II CNG Ref

CDla DC Lipid Ag, TCR + + + 98

CDle DC Lipid Ag, TCR + + + 98

CD20 B cell 95

CD36 Macrophage TSP, collagen + + + + 74-717, 98

CD40 Macrophage, DC CD40L + + + + 67,98

CD47 Macrophage, T cell CD172 + + + + 72,73, 98
TSP

CD48 B cell CD244 + + + 98

CD58 Macrophage, DC CD2/ICAM + + + 78

CD68 Macrophage + + + 96

CD70 T cell + + + 79-82, 98

CD84 T cell SH2D1A + + + + 98

CD90 T cell 88,91, 92

CD93 B cell, macrophage, neutrophil Clq + + + + 98

CD152 T cell, DC, macrophage CD80, CD86 + + + 67

CTLA4

CD160 NK cell, T cell HVEM 83, 84

CD166 T cells, monocytes CD6 93, 94

CD172 Macrophage CD47 + 72,73, 98

SIRPA

CD209 DC PAMP + + + + 98

CD217 T cell 1IL-17 + 98

CD247 T cell + + + 98

CD252 T cell, B cell, macrophage, DC CD134 + 67

CD274 Inflammatory cells PD1 + + + + 64-66

PDL1

CD276 Inflammatory cells TLT-2 + + 85

B3-H2

CD320 DC Cobalamin + 86, 87, 98

CD336 NK cell HSPG, PDGF 88

IDO1 Inflammatory cells + + + + 68-70, 98

CNG, copy number gain; DC, dendritic cell; IRG, IFN-regulated gene; TSP, thrombospondin
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NK cell genes are much rare. It is also important that the
majority of these ectopic immune cell genes are interferon-
regulated ones (IRG), according to the Interferome data-
base (17/26, 65.4%) [25]. Furthermore, all of these IRGs are
regulated by type-II IFN (IFNy) (Supplementary Table 3),
and only 10/26 (38%) are regulated by type-1 IFN (Sup-
plementary Table 4), and none of our IRGs are regulated by
type-III IFN. It worth mentioning that 7/26 (26.9%) of IRGs
are regulated by IFNy exclusively, including PDL1/CD274
and CTLA4/CD152 (Table 1). The IFN regulatory nature of
the majority of IGM genes is suggesting that ectopic expres-
sion of those CD genes in cancer cells can be due to massive
microenvironmental IFN exposures. This type of cancer cell
plasticity seems to be different from the previously dem-
onstrated forms (EMT, VM, or megakaryocytic mimicry),
since in most of the cases (17/26, 65%), these are due to gene
amplifications, thus being irreversible.

One fundamental aspect for metastasizing cancer cells
is that they have acquired the ability to travel within blood
and lymphatic vasculature and extravasate to various organs
using a comparable multistep adhesion cascade as leuko-
cytes do. For example, cancer cells are known to be capable
of hypersialylation allowing them to create ligands for bind-
ing to E-selectin on vasculature. Such sialylated glycopro-
tein ligands for E-selectin expressed on tumor cells include
CD44, P-selectin glycoprotein ligand (PSGL-1), and CD24
as cancer stem cell markers [88, 97, 98]. These types of
aberrant interactions for non-hematopoietic cells have also
clinical consequences: cancer cell interaction with E-selectin
results in poor prognosis [99, 100] (Fig. 1).

Besides acquiring the trafficking capability allowing meta-
static spread, the biological significance of the immunogenic
mimicry could be associated with immune escape as well. Simi-
lar to the well-documented expression of PDL1 [64, 65], as well
as CD47/CD172[72, 73], CTLA4/CD152 [62, 63, 67], or IDO1
[68—70], the expression of most of these immune cell genes
CD36 [74, 77], CD40 [67], CD70 [79-82], CD160 [83, 84],

Fig. 1 Schematic presentation
of tumor cell-endothelial cell
interaction during extravasation.
Cancer cells express on their
plasma membrane hyper-
sialylated receptors, CD24,
CD44, and P-selectin ligand-1
(PSGL-1) to dock on endothe-
lial cell’s E-selectin. In a second
step fibrinogen (FBG), receptor
integrin avp33 on both cell

types stabilizes the interaction
and promotes transendothelial
migration
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CD166[91,92,94], CD217 [101], CD252 [67], and CD276 [85]
have been documented to be involved in immune check point
regulations or immune evasion. There are several known and
common forms of immune evasion in cancer. Low mutation rate
and consequently low amount of tumor cell neoantigens are a
common theme in various cancer types [102]. Meanwhile, even
with high neoantigen burden, loss of expression of HLA alleles
either due to LOH (genetic factors) or epigenetic downregula-
tion result in immune escape [103]. Furthermore, mutation and/
or LOH of the beta-2 microglobulin (component of HLA class
I complex) can also compromise tumor antigen presentation in
cancers [104]. Another mode of immune evasion develops upon
hypoxia, since VEGF is a powerful immune response inhibitor
[105]. Furthermore, the immunogenic mimicry genes PDL1/
CD274 and CD47 both contain HRE in their promoter region
therefore can be regulated directly by HIF1A [106]. Immuno-
therapy is a new powerful modality of cancer management, but
it is effective only in a minority of cancer patients. Selection
of optimal patients for the treatments is challenging, because
predictive markers are mostly lacking (see the drug indications
and PDL1 accompanying diagnostics). This is due to the fact
that immune checkpoint therapies are not applied in a preci-
sion manner unlike molecular target therapies. We suggest
that immunogenic mimicry of cancers is a newly recognized
cancer plasticity, which could have a significant role in cancer
progression and immunotherapy efficacy. Therefore, it deserves
significant attention. Furthermore, precise characterization of
the tumor microenvironment is a special focus of molecular
biologists and pathologists, which is frequently based on RNA-
seq data, where the exact identification of the cell population is
rarely controlled by alternative techniques [107]. Such a mim-
icry of cancer cells, i.e., expressing immune genes, was recently
identified by analyzing single cell transcriptomes [108]. Such
a widespread expression of immune cell genes in cancer cells
can easily provide false interpretation of the composition of the
tumor microenvironment, which can only be corrected by the
immunohistochemical analysis of the tumor samples.

Cancer cell

Endothelial cell

avp3/ FBG/ av33
E-selectin/ CD24
E-selectin/

E-selectin/ CD44
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Table 3 Involvement of various forms of cancer plasticities in the
metastatic cascade

Cascade steps EMT VM MKM IGM
Primary tumor growth/survival + + +
Local invasion + +

LVI + + + +
Circulation/CTC survival + + +
Platelet aggregation +
Extravasation + + +

Metastatic growth/survival + + +

CTC, circulating cancer cell; EMT, epithelial-mesenchymal transi-
tion; IGM, immunogenic mimicry; LVI, lympho-vascular invasion;
MKM, megakaryocytic mimicry; VM, vasculogenic mimicry

4 Summary

Cancer plasticity is a newly recognized hallmark of can-
cer [3] and induced or regulated not only by a vaste array
of transcription factors, by the EMT-specific ones but also
by less specific ones such as HIF1A or STAT1/2 (Table 2).

Accordingly, cancer plasticity is involved in tumor pro-
gression and metastasis and has several forms which are
involved in various steps of the metastatic cascade (Table 3
and Fig. 2). EMT is involved in several steps of the meta-
static cascade from cancer initiation, cancer cell survival
in various different microenvironments, local invasion, and
metastatic growth. Meanwhile, EMT is mostly specific for
cancer types of epithelial origin. VM occurs in a broader
spectrum of cancer types, involved not only in vasculariza-
tion and oxygen supply of tumor tissue but also in intra-
and extravasation processes. MKM is a more specific form
of cancer plasticity, again less specific for tumor types but
more restricted to specific steps of the cascade, especially
those involving platelet and endothelial cell interactions.
We propose the novel form of cancer plasticity, immu-
nogenic mimicry (IGM), as a part of the immune escape
mechanism(s), which is involved not only in primary and
metastatic tumor growth and survival but also in cancer
cell survival in the circulation. Unlike the other plasticities,
IGM is mostly due to genetic alterations in cancer cells and
therefore is not reversible. Accordingly, after acquisition of
that plasticity, it is less susceptible to microenvironmental

Fig.2 Schematic presentation of the four major forms of tumor cell
mimicries: EMT (epithelial-mesenchymal transition), VM (vasculo-
genic mimicry), MKM (megakaryocytic mimicry), and IGM (immu-
nogenic mimicry). Basic alterations of EMT are cadherin (CDH)
switch from 1-(E) to 2-(N) and cytokeratin (CK) switch to vimentin
(vim) in cancer cells. Vasculogenic mimicry (VM) involves also cad-
herin switch from 1-(E) to 5-(VEcadherin) as well as expression of
TIE1 and EphA2 receptors on cancer cells. Megakaryocytic mim-

@ Springer

icry (MKM) involves ectopic expression of PECAM and CD41/allb
on cancer cells promoting interactions with platelets (ptl). Immuno-
genic mimicry (IGM) involves ectopic expression of various immune
cell genes in cancer cells, the majority of which generate inhibitory
signals resulting in immune escape: CD274/PDL1, CD152/CTLA4,
CD47/CD152, CD36, CD40, CD166 (ALCAM), CD276, and IDOL.
DC, dendritic cell; MPH, macrophage



Cancer and Metastasis Reviews (2023) 42:323-334

331

influences in the tumor. Recognition of cancer cell plastici-
ties and understanding the regulatory processes underlying
them, offers novel therapeutic approaches, which are quite
different from the current targeted therapies based on spe-
cific genetic vulnerabilities of cancer cells. Learning from
the trials of the immune checkpoint inhibitor therapies, it is
possible to design novel approaches targeting the IGM-type
of cancer plasticity: early clinical examples are CD20 [93],
CD27/CD70 [109], CD166 [110], and IDO [111].
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tary material available at https://doi.org/10.1007/s10555-023-10087-1.

Acknowledgements The authors acknowledge the database search of
Gil Jeovanis Valdes, Lund University Cancer Center, Lund.

Author contribution JT: concept and writing, KVH: concept and writ-
ing, MJCH: concept and writing, SJ: concept and writing, and GM-V:
concept and writing.

Funding Open access funding provided by Semmelweis University.
This work was supported by the Natl Res Develop Innov Office (Hun-
gary): K-135540 (JT), Community Found SE-Michigan (KVH), NIH/
NICHD (KVH), and NCI MERIT Award (MJCH).

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hanahan, D., & Weinberg, R. A. (2000). The hallmark of cancer.
Cell, 100, 57-170.

2. Hanahan, D., & Weinberg, R. A. (2011). Hallmark of cancer: the
next generation. Cell, 144, 646-674.

3. Hanahan, D. (2020). Hallmarks of cancer: new dimensions. Can-
cer Discovery, 12, 31-46.

4. Yuan, S., Norgard, R.J., & Stanger, B. Z. (2019). Cellular plastic-
ity in cancer. Cancer Discovery, 9, 837-851.

5. Perekatt, A. O., Shah, P. P., Cheung, S., Jariwala, N., Wu, A.,
& Ghandi, V. (2018). SMAD4 suppresses WNT-driven dedif-
ferentiation and oncogenesis in the differentiated gut epithelium.
Cancer Research, 78, 4878—4890.

6. Ordonez-Moran, P., Dafflon, C., Imajo, M., Nidshida, E., & Hud-
sken, J. (2015). HOXAS counteracts stem cell traits by initiating
WNT signaling in colorectal cancer. Cancer Cell, 28, 815-829.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Goding, C. R., & Arnheiter. (2019). MITF — the first 25 years.
Genes and Development, 33, 983—-1007.

Shah, M., Bhoumik, A., Goel, V., Dewing, A., Breitweiser, W.,
Kluger, H., et al. (2010). A role for ATF2 in regulating MITF and
melanoma development. PlosOne Genet, 6, €1001258.

. Saghafinia, S., Homicsko, K., Di Domenico, A., Wullschleger,

S., Perren, A., Marinoni, L., et al. (2021). Cancer cells retrace a
stepwise differentiation program during malignant progression.
Cancer Discovery, 11,2638-2657.

De The, H. (2018). Differentiation therapy revisited. Nature
Reviews. Cancer, 18, 117-127.

Boes, M., Verbrugge, 1., Martin, B. P., Salmon, J. M., Ghisi,
M., Baker, A., et al. (2014). Differentiation therapy for the treat-
ment of t(8;21) acute myeloid leukemia using histone deacetylase
inhibitors. Blood, 123, 1341-1352.

. Kaufmann CK, Mosimann C, Fan ZP, Yang S, Thomas AJ Ablain J

et al. (2016) Zebrafish melanoma model reveals emergence of neu-
ral creast identity during melanoma initiation. Science,351:aad2197
Saha, S. K., Parachoniale, C. A., Ghanta, K. S., Fitamant, J.,
Ross, K. N., Najem, M. S., et al. (2014). Mutant IDH inhibits
HNF-4a to block hepatocyte differentiation and promote biliary
cancer. Nature, 513, 110-114.

Krah, N. M., Narayanan, S. M., Yugawa, D. E., Straley, J.,
Wright, C. V. E., MacDonald, R. J., et al. (2019). Prevention and
reversion of pancreatic tumorigenesis through a differentiation
based mechanism. Developmental Cell, 50, 744-754.

Shi, G., Di Renzo, D., Qu, C., Barney, D., Miley, D., & Koniec-
zny, S. F. (2013). Maintenance of acinar cell organization is
critical to preventing Kras-induced acinar-ductal metaplasia.
Oncogene, 32, 1950-1958.

Krah, N. M., De La, O. J. P,, Swift, G. H., Hoang, C. Q., Mil-
let, S. G., Chen Pan, F., et al. (2015). The acinar differentiation
determinant PTF1A inhibits initiation of pancreatic ductal adeno-
carcinoma. eLife, 4, e07125.

Ma, P., Zhang, Z., Benelli, M., Karthaus, W. R., Hoove, E.,
Chen, C.-C., et al. (2017). SOX2 promotes linage plasticities
and antiandrogen resistance in TP53- and RB1-deficient prostate
cancer. Science, 355, 84-88.

Nagano, T., Tachihara, M., & Nishimura, Y. (2018). Mechanism
of resistance to epidermal growth factor receptor-tyrosine kinase
inhibitors and a potential treatment strategy. Cells, 7, 212.
Brabletz, T., Kalluri, R., Nieto, A., & Weinberg, R. A. (2018).
EMT in cancer. Nature Reviews. Cancer, 18, 128—134.
Guarino, M., Rubino, B., & Ballabio, G. (2007). The role of
epithelial-mesenchymal transition in cancer pathology. Pathol-
ogy, 39, 305-318.

Acloque, H., Thierry, J. P., & Nieto, M. A. (2008). The physiol-
ogy and pathology of the EMT. EMBO Reports, 9, 322-326.
Migault, M., Sapkota, S., & Bracken, C. P. (2022). Transcriptional and
post-translational control of epithelial-mesenchymal plasticity: why
so many regulators? Cellular and Molecular Life Sciences, 79, 182.
Brabletz, S., Schuhwerk, H., Brabletz, T., & Stwemmler, M. P.
(2021). Dynamic EMT: a multi-tool for tumor progression. The
EMBO Journal, 40, €108647.

Fedele, M., Sgarra, R., Battista, S., Cerchia, L., & Manfioletti,
G. (2022). The epithelial-mesenchymal transition at the cross-
roads between metabolism and tumor progression. International
Journal of Molecular Sciences, 23, 800.

Rusinova, 1., Forster, S., Yu, S., Kannan, A., Masse, M., Cum-
mings, H., et al. (2012). INTERFEROMEV2.0: an updated
database of annotated interferon regulated genes. Nucleic Acids
Research, 41, D1040-D1046.

Olmelda, D., Moreno-Bueno, G., Flores, J. M., Fabra, A., Por-
tillo, F., & Cano, A. (2007). SNAI1 is required for tumor growth
and lymph node metastasis of human breast carcinoma MDA-
MB-231 cells. Cancer Research, 67, 11721-11731.

@ Springer


https://doi.org/10.1007/s10555-023-10087-1
http://creativecommons.org/licenses/by/4.0/

332

Cancer and Metastasis Reviews (2023) 42:323-334

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Krebs, A. M., Mitschke, J., Losada, M. L., Schmalhofer, O., Ber-
ries, M., Busch, H., et al. (2017). The EMT-activator ZEB1 is a
key factor for cell plasticity and promotes metastasis in pancre-
atic cancer. Nature Cell Biology, 19, 518-529.

Denecker, G., Vandamme, N., Akay, O., Koludrovic, D., Tam-
inau, J., Lemeire, K., et al. (2014). Identification of a ZEB2-
MITF-ZEBI transcriptional network that controls melanogenesis
and melanoma progression. Cell Death and Differentiation, 21,
1250-1261.

Tang, X., Sui, X., Weng, L., & Liu, Y. (2021). SNAILI: linking
tumor metastasis to immune evasion. Frontiers in Immunology,
12, 724200.

Vuletic, A., Matinovic, K. M., Miletic, N. T., Zoidakis, J., Cas-
tellvi-Bel, S., & Cavic, M. (2021). Cross-talk between tumor
cells undergoing epithelial to mesenchymal transitionand natural
killer cells in tumor microenvironment in colorectalcancer. Fron-
tiers in Cell and Developmental Biology, 9, 750022.

Greaves, D., & Calle, Y. (2022). Epithelial mesenchymal transi-
tion and associated invasive adhesions in solid and haematologi-
cal tumours. Cells, 11, 649.

Maniotis, A. J., Folberg, R., Hess, A., Seftor, E. A., Gardner,
L. M. G., Peer, J., et al. (1999). Vascular channel formation by
human melanoma cells in vivo and in vitro: vasculogenic mim-
icry. The American Journal of Pathology, 155, 739-752.
Dome, B., Hendrix, M. J. C., Paku, S., Tovari, J., & Timér,
J. (2007). Alternative vascularization mechanisms in cancer:
pathology and therapeutic implications. The American Journal
of Pathology, 170, 1-15.

Hendrix, M. J. C., Seftor, E. A., Hess, A. R., & Seftor, R. E. B.
(2003). Vasculogenic mimicry and tumour cell plasticity: lessons
from melanoma. Nature Reviews. Cancer, 3,411-421.

Bittner, M., Meltzer, P., Chen, Y., Jang, Y., Seftor, E. A., Hen-
drix, M. J. C., et al. (2000). Molecular classification of cutane-
ous malignant melanoma by gene expression: shifting from a
continous spectrum to distinct biological entries. Nature, 406,
536-540.

Postovit, L.-M., Margaryan, N. V., Seftor, E. A., Kirschmann,
D. A., Lipavsky, A., Wheaton, W. W, et al. (2008). Human
embryonic stem cell microenvironment suppresses the tumori-
genic phenotype of aggresive cancer cells. Proceedings of the
National Academy of Sciences of the United States of America,
105, 4329-4334.

Folberg, R., & Maniotis, A. J. (2004). Vasculogenic mimicry.
APMIS, 112, 508-525.

Seftor, R. E. B., Hess, E. A., Seftor, E. A., Kirschmann, D. A.,
Hardy, K. M., Margaryan, N. V., & Hendrix, M. J. C. (2012).
Tumor cell vasculogenic mimicry. From controversy to thera-
peutic promise. The American Journal of Pathology, 181,
1115-1125.

Hess, A. R., Margaryan, N. V., Seftor, E. A., & Hendrix, M. J. C.
(2007). Deciphering the signaling events that promote melanoma
tumor cell vasculogenic mimicry and their link to embryonic vas-
culogenesis: role of the Eph receptors. Developmental Dynamics,
236, 3283-3296.

Hess, A. R., Postovit, L.-M., Margaryan, N. V., Seftor, E. A.,
Schneider, G. B., Seftor, R. E. B., Nickoloff, B. J., & Hendrix,
M. J. C. (2005). Focal adhesion kinase promotes the aggressive
melanoma phenotype. Cancer Research, 65, 9851-9860.

Sun, T., Zhao, N., Zhao, X. L., Gu, Q., Zhang, S. W., Che, N.,
et al. (2010). Expression and functional significance of TWIST1
in hepatocellular carcinoma: its role in vasculogenic mimicry.
Cancer Research, 51, 545-556.

Wang, J. Y., Sun, T., Zhao, X. L., Zhang, S. W., Zhan, D. F., Gu,
Q., et al. (2008). Functional significance of VEGF-A in human
ovarian carcinoma: role in vasculogenic mimicry. Cancer Biol-
ogy & Therapy, 7, 7158-766.

@ Springer

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Strizzi, L., Hardy, K. M., Seftor, E. A., Costa, F. F., Kirschmann,
D. A., Seftor, R. E. B, et al. (2009). Development and cancer: at
the crossroads of Nodal and Notch signaling. Cancer Research,
69, 7131-7134.

Hardy, K. M., Kirschmann, D. A., Seftor, E. A., Margaryan, N.
V., Postovit, L. M., Strizzi, L., & Hendrix, M. J. C. (2010). Regu-
lation of the embryonic morphogen Nodal by Notch4 facilitates
manifestation of the aggressive melanoma phenotype. Cancer
Research, 70, 10340-10350.

Wei, X., Chen, Y., Jiang, X., Peng, M., Liu, Y., Mo, Y., et al.
(2021). Mechanisms of vasculogenic mimicry in hypoxic tumor
microenvironments. Molecular Cancer, 20, 7.

Benzini, E., Ginouves, A., & Berra, E. (2008). The magic of
the hypoxia-signaling cascade. Cellular and Molecular Life Sci-
ences, 65, 1133-1149.

Fernandez-Barral, A., Orgaz, J. L., Gomez, V., del Peso, L.,
Calzada, M. J., & Jimenez, B. (2012). Hypoxia negatively regu-
lates antimetastatic PEDF in melanoma cells by a hypoxia induc-
ible factor-independent, autophagy dependent mechanism. PLoS
One, 7, €32989.

Timar, J., Tovari, J., Raso, E., Mészaros, L., Bereczky, B., &
Lapis, K. (2005). Platelet-mimicry of cancer cells: epiphenom-
enon with clinical significance. Oncology, 69, 185-201.

Tang, D. G., Chen, Y. Q., Newman, P. J., Shi, L., Goa, C. X.,
Diglio, C. A., & Honn, K. V. (1993). Identification of PECAM-1
in solid tumor cells and its potential involvement in tumor cell
adhesion to endothelium. The Journal of Biological Chemistry,
268, 200322883-200322894.

Righi, L., Deaglio, C., Pecchioni, C., Gregorini, A., Horen-
stein, A. L., Bussolati, G., et al. (2003). Role of CD31/platelet
endothelial cell adhesion molecule-1 expression in vitro and
in vivo growth and diffrentiition of human breast cancer cells.
The American Journal of Pathology, 162, 1163-1174.

Zhang, Y.-Y., Kong, L.-Q., Zhu, X.-D., Cai, H., Wang, C.-H.,
Shi, W.-K., et al. (2018). CD31 regulates metastasis by inducing
epitehlial-mesenchymal transition in hepatocellular carcinoma
via the ITGB1-FAK-Akt signaling pathway. Cancer Letters, 429,
29-40.

Shi, X., Gangedharan, B., Brass, L. F., Ruf, W., & Mueller, B.
M. (2004). Protease-activated receptors contribute to tumor cell
motility and metastasis. Molecular Cancer Research, 2, 395-402.
Wojtukiewicz, M. Z., Tang, D. G., Ben-Josef, E., Renaud, C.,
Waltz, D. A., & Honn, K. V. (1995). Solid tumor cells express
functional thethered ligand thrombin receptor. Cancer Research,
55, 698-704.

Nyormoi, O., & Bar-Eli, M. (2003). Transcriptional regulation of
metastasis-related genes in human melanoma. Clinical & Experi-
mental Metastasis, 20, 251-263.

Chen, Y. Q., Trikha, M., Gao, X., Bazaz, R., Porter, A. T., Timar,
J., & Honn, K. V. (1997). Ectopic expression of platelet integrin
olIbB3 in tumor cells from various species and histological ori-
gin. International Journal of Cancer, 72, 642—648.

Trikha, M., Timar, J., Lundy, S. K., Szekeres, K., Cai, Y., &
Honn, K. V. (1997). The high affinity alIbp3 integrin is involved
in invasion of human melanoma cells. Cancer Research, 57,
2522-2528.

Raso, E., Tovari, J., Toth, K., Paku, S., Trikha, M., Honn, K. V.,
& Timar, J. (2001). Ectopic allbp3 integrin signaling involves
12-lipoxygenase and PKC mediated serine phosphorylation
events in melanoma cells. Thrombosis and Haemostasis, 85,
1037-1042.

Dome, B., Réso, E., Dobos, J., Mészéros, L., Varga, N., Puskas,
L. G,, et al. (2005). Parallel expression of allbp3 and avf33 integ-
rins in human melanoma cells upregulates bFGF expression and
promotes their angiogenic phenotype. International Journal of
Cancer, 116, 27-35.



Cancer and Metastasis Reviews (2023) 42:323-334

333

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Pidgeon, G. P., Lysaght, J., Krishnamoorthy, S., Reynolds, J.
V., O’Byrne, K., Nie, D., & Honn, K. V. (2007). Lipoxygenase
metabolism: roles in tumor progression and survival. Cancer
Metastasis Reviews, 23, 503-524.

Tang, K., Cai, Y., Joshi, S., Tovar, E., Tucker, S. C., Maddipati, K.
R., et al. (2015). Convergence of eicosanoid and integrin biology:
12-lipoxygenase seeks a partner. Molecular Cancer, 14, 111.
Timar, J., T6th, S., Tovéri, J., Paku, S., & Raz, A. (1999). Auto-
crine motility factor (neuroleukin, phosphohexose isomerase)
induces cell movement through 12-lipoxygenase-dependent
tyrosine phosphorylation and serine dephosphorylation. Clini-
cal & Experimental Metastasis, 17, 809-816.

Mellman, 1., Coukos, G., & Dranoft, G. (2011). Cancer immu-
notherapy comes of age. Nature, 480, 480-489.

Sharma, P., & Allison, J. P. (2015). The future of immune check-
point therapy. Science, 348, 56-61.

Topalian, S. L., Drake, C. G., & Pardoll, D. M. (2015). Immune
checkpoint blockade: a common denominator approach to cancer
therapy. Cancer Cell, 27, 450-456.

Zarour, H. M. (2016). Reversing T-cell dysfunction and exhaus-
tion in cancer. Clinical Cancer Research, 22, 1856-1864.
Goodman, A. M., Piccioni, D., Kato, S., Boichard, A., Wang,
H.-Y., Frampton, G., et al. (2018). Prevalence of PDL1 amplifica-
tion and preliminary response to immune checkpoint blockade in
solid tumors. JAMA Oncology, 4, 1237-1244.

Thorsson, V., Gibbs, D. L., Brown, S. D., Wolf, D., Bortone,
D. S., Yang, T.-H. O., et al. (2018). The immune landscape of
cancer. Immunity, 48, 812-830.

Li, F., Zhang, R., Li, S., & Liu, J. (2017). IDO1: an important
immunotherapy target in cancer treatment. International Immu-
nopharmacology, 47, 710-77.

Lin, D. J., Ng, J. C. K., Huang, L., Robinson, M., O’Hara,
J., et al. (2021). The immunotherapeutic role of idoleamine
2,3-dioxygenase in head and neck squamous cell carcinoma: a
systematic review. Clinical Otolaryngology, 46, 919-934.
Salmi, S., Lin, A., Hirschovits-Gerz, B., Valkonen, M., Aaltonen,
N., et al. (2021). The role of FOXP3+ regulatory T cells and
IDO+ immune and tumor cells in malignant melanoma — an
immunohistochemical study. BMC Cancer, 21, 641.

Yan, C., Saleh, N., Yang, J., Nebhan, C. A., Vilgelm, A. E., et al.
(2021). Novel induction of CD40 expression by tumor cells with
RAS/RAF/PI3K pathway inhibition augments response to check-
point blockade. Molecular Cancer, 20, 85.

Ring, N. G., Herndler-Brandstetter, D., Weiskopf, K., Shan, L.,
Volkmer, J.-P., George, B. M., et al. (2017). Anti-SIRPA anti-
body immunotherapy enhances neutrophil and macrophage anti-
tumor activity. Proceedings of the National Academy of Sciences
of the United States of America, 114, ¢10578—-e10585.

Roberts, D. D., Kaur, S., & Soto-Pantoja, D. R. (2015). Thera-
peutic targeting of the thrombospondin-1 receptor CD47 to treat
liver cancer. Journal of Cell Communication and Signaling, 9,
101-102.

Aloia, A., Miilhaupt, D., Chabber, C. D., Eberhart, T., Fliick-
iger-Mangual, S., Vukolic, A., et al. (2019). A fatty acid oxi-
dation-dependent metabolic shift regulates the adaptation of
BRAF-mutated melanoma to MAPK inhibitors. Clinical Cancer
Research, 25, 6852-6867.

Ruan, C., Meng, Y., & Song, H. (2022). CD36: an emerging
threapeutic target for cancer and its molecular mechanisms. Jour-
nal of Cancer Research and Clinical Oncology, 148, 1551-1558.
Montero-Calle, A., de Cedron, M. G., Quijada-Freire, A., Solis-
Fernandez, G., Lopez-Alonso, V., et al. (2022). Metabolic repro-
gramming helps to define different metastatic tropisms in colo-
rectal cancer. Frontiers in Oncology, 12,903033.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Elshazly, A., & Gewirtz, D. A. (2022). An overview of resistance
to human epidermal growth factor receptor 1 (Her2) targeted
therapies in breast cancer. Cancer Drug Resistance, 5, 472—-486.
Frangieh, C. J., Melms, J. C., Thakore, P. 1., Geiger-Schuller,
K. R., Ho, P., Luoma, A. M., et al. (2021). Multimodal pooled
Perturb-CITE-seq screens in patient model define mechanisms
of cancer immune evasion. Nature Genetics, 53, 332-341.
Jacobs, J., Deschoolmeester, V., Zwaenepoel, K., Rolfo, C., Silence,
K., Rottey, S., et al. (2015). CD70: an emerging target in cancer
immunotherapy. Pharmacology and Therapeutics, 155, 1-10.
Ortiz-Cuaran, S., Swalduz, A., Foy, J.-P., Marteau, S., Morel,
A.-P, et al. (2022). Epithelial-to-mesenchymal transition pro-
motes immune escape by inducing CD70 in non-small cell lung
cancer. European Journal of Cancer, 169, 106—122.

Dong, M. P,, Thuy, L. T. T., Hoang, D. V., Hai, H., Hoang, T.
H., et al. (2022). Soluble immune checkpoint protein CD27 is a
novel prognostic biomarker of hepatocellular carcinoma devel-
opment in hepatitis C virus-sustained virological response
patients. The American Journal of Pathology. https://doi.org/
10.1016/ajpath.2022.07.003

Seyfrid, M., Maich, W. T., Shaikh, V. M., Tatari, N., Upreti, D.,
et al. (2022). CD70 as an actionable immunotherapeutic target
in recurrent glioblastoma and its microenvironment. Journal
for Immunotherapy of Cancer, 10, €003289.

Gauci, M.-L., Giustiniani, J., Lepelletier, C., Garbar, C., Thon-
nart, N., Dumaz, N., et al. (2022). The soluble form of CD160
acts as a tumor mediator of immune escape in melanoma.
Cancer Immunology, Immunotherapy. https://doi.org/10.1007/
$00262-022-03199-0

Davern, M., Donlon, N. E., Sheppard, A., O’Connell, F.,
Hayes, C., et al. (2021). Chemotherspy regimens induce inhibi-
tory immune checkpoint protein expression on stem-like and
senescent-like oesophageal adenocarcinoma cells. Transla-
tional Oncology, 14, 1011062.

Xu, D, Li, J., Li, R.-Y,, Lan, T., Xiao, C., & Gong, P. (2019).
PDL1 expression is regulated by NF-kB during EMT sign-
aling in gastric carcinoma. OncoTargets and Therapy, 12,
10099-10103.

Chen, Z., Liang, Y., Feng, X., Liang, Y., Shen, G., Huang, H.,
et al. (2021). Vitamin-B12-conjugated PLGA-PEG nanoparti-
cles incorporating miR-532-3p induce mitochondrial danage by
targeting apoptosis repressor with caspase recruitment domain
(ARC) on CD320-overexpressed gastric cancer. Materials Sci-
ence & Engineering. C, Materials for Biological Applications,
120, 111722.

Simonsen, K., Rode, A., Nicoll, A., Villadsen, G., Espelund, U.,
et al. (2014). Vitamin B12 and its binding proteins in hepatocel-
lular carcinoma and chronic liver diseases. Scandinavian Journal
of Gastroenterology, 49, 1096—1102.

Fanelli, G. N., Naccarato, A. G., & Scatena, C. (2020). Recent
advances in cancer plasticity: cellular mechanisms, surveillance
strategies and therapeutic optimalization. Frontiers in Oncology,
10, 569.

Gao, L., Li, J., He, J., Liang, L., He, Z., et al. (2021). CD90
affects the biological behavior and energy metabolism level of
gastric cancer cells by targeting the PI3K/AKT/HIF-1a signaling
pathway. Oncology Letters, 21, 191.

Kursunel, M. A., Taskiran, E. Z., Tavokcuoglu, E., Yanik, H.,
Demirag, F., et al. (2022). Small cell lung cancer stem cells dis-
play mesenchymal properties and exploit immune checkpoint
pathways in activated cytotoxic T lymphocytes. Cancer Immu-
nology, Immunotherapy, 71, 445-459.

Ferragut, F., Vachetta, V. S., Troncoso, M. F., Rabinovich, G. A.,
& Elola, M. T. (2021). ALCAM/CD166: a pleiotropic mediator
of cell adhesion, stemmness and cancer progression. Cyfokine &
Growth Factor Reviews, 61,27-37.

@ Springer


https://doi.org/10.1016/ajpath.2022.07.003
https://doi.org/10.1016/ajpath.2022.07.003
https://doi.org/10.1007/s00262-022-03199-0
https://doi.org/10.1007/s00262-022-03199-0

334

Cancer and Metastasis Reviews (2023) 42:323-334

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Yang, Y., Sanders, A. J., Dou, Q. P, Jiang, D. G., Li, A. X,
& Jiang, W. G. (2021). The clinical and theranostic values of
activated leukocyte cell adhesion molecule (ALCAM)/CD166
in human solid cancers. Cancers, 13, 5187.

Zabierowski, S. E., & Herlyn, M. (2008). Melanoma stem cells:
the dark seed of melanoma. Journal of Clinical Oncology, 26,
2890-2894.

Saliba, E., & Bhawan, J. (2021). Aberrant expression of immu-
nohistochemical markers in malignant melanoma: a review. Der-
matopathology, 8, 359-370.

Betancourt, L. H., Gil, J., Sanchez, A., Doma, V., Kuras, M.,
et al. (2021). The Human Melanoma Proteome Atlas. Completing
the melanoma transcriptome. Clinical and Translational Medi-
cine, 11, ¢e451.

Papp, O., Doma, V., Gil, J., Marko-Varga, G., Karpati, S., Timar,
J., & Vizkeleti, L. (2021). Organ specific copy number variations
in visceral metastases of human melanoma. Cancers, 13, 5984.
Klonisch, T., Wiechec, E., Hombach-Klonisch, S., Ande, A. R.,
Wesselborg, S., et al. (2008). Cancer stem cell markers in com-
mon cancers — therapeutic implications. Trends in Molecular
Medicine, 14, 450-460.

Zhao, W., Li, Y., & Zhang, X. (2017). Stemness-related markers
in cancer. Cancer Transl Med, 3, 87-95.

Mantuano, N. R., Natoli, M., Zippelius, A., & Laubi, H. (2020).
Tumor-associated carbohydrates and immunomodulatory lectins
as targets for cancer immunotherapy. The Journal for Immuno-
Therapy of Cancer, 8,e001222.

Strilic, B., & Offermanns, S. (2017). Intravascular survival and
extravasation of tumor cells. Cancer Cell, 11, 282-292.

Fabre, J., Giustiniani, J., Garbar, C., Antonicelli, F., Merrouche,
Y., et al. (2016). Targeting the tumor microenvironment: the
protumor effects of IL-17 related to cancer type. International
Journal of Molecular Sciences, 17, 1433.

Wang, Z., Liu, W., Chen, C., Yang, X., Luo, Y., & Zhang, B.
(2019). Low mutation and neoantigen burden and fewer effec-
tor tumor infiltrating lymphocytes correlate with breast cancer
metastatization to lymph node. Scientific Reports, 9, 253.
Aptsiauri, N., Ruiz-Cabello, F., & Garrido, F. (2018). The tran-
sition from HLA-I positive to HLA-I negative primary tumors:

@ Springer

104.

105.

106.

107.

108.

109.

110.

111.

the road to escape from T-cell responses. Current Opinion in
Immunology, 51, 123-132.

Ladanyi, A., & Timér, J. (2020). Immunologic and immunog-
enomic aspects of tumor progression. Seminars in Cancer Biol-
ogy, 60, 249-261.

Sebestyen, A., Kopper, L., Danko, T., & Timar, J. (2021).
Hypoxia signaling in cancer: from basics to clinical practice.
Pathology Oncology Research, 27, 1609802.

Semenza, G. L. (2021). Intratumoral hypoxia and mechanisms of
immune evasion mediated by hypoxia-inducible factors. Physiol-
0gy, 36, 73-83.

Saito, N., Sato, Y., Abe, H., Wada, 1., Kobayashi, Y., Nagaoka, K.,
et al. (2022). Selection of RNA-based evaluation methods for tumor
microenvironment by comparing with histochemical and flow cyto-
metric analysis in gastric cancer. Scientific Reports, 12, 8576.

Gao, R., He, B., Huang, Q., Wang, Z., Yan, M., et al. (2021).
Cancer cell immune mimicry delineates onco-immunologic
modulation. iScience, 24, 103133.

Burris, H. A., Infante, J. R., Ansell, S. M., Nemunaitis, J. J.,
Weiss, G. R, et al. (2017). Safety and activity of Varlilumab, a
novel and first-in-class agonist anti-CD27 antibody in patients
with advanced solid tumors. Journal of Clinical Oncology, 35,
2028-2036.

Boni, V., Fidler, M. J., Arkenaus, H.-T., Spira, A., Meric-Bern-
stam, F., et al. (2022). Praluzatanab Ravtansine, a CD166-tar-
geting antibody-drug conjugate in patients with advanced solid
tumors: an open-label phase I/II trial. Clinical Cancer Research,
28, 2020-2029.

Fujiwara, Y., Karto, S., Nesline, M. K., Conroy, J. M., DePiero,
P, et al. (2022). Indoleamine 2,3-dioxygenase (IDO) inhibitors
and cancer immunotherapy. Cancer Treatment Reviews, 110,
102461.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Newly identified form of phenotypic plasticity of cancer: immunogenic mimicry
	Abstract
	1 Introduction
	2 Recognized forms of phenotypic plasticity
	2.1 Epithelial-mesenchymal transition (EMT)
	2.2 Vasculogenic mimicry
	2.3 Megakaryocyticplatelet mimicry

	3 Novel form of cancer plasticity: immunogenic mimicry
	4 Summary
	Anchor 10
	Acknowledgements 
	References


