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Abstract: Epithelial Mesenchymal Transition (EMT) is the transdifferentiation of epithelial cells into a mesenchymal
phenotype. This process occurs during embryogenesis but also in wound healing and in tumors. The neoplastic EMT is
characterized by variably complete shedding of epithelial architectural features and acquisition of mesenchymal traits. In
immunohistochemistry a variable coexpression of cytokeratins, vimentin or alpha-smooth muscle actin with loss of E-
cadherin and other interepithelial adhesion molecules is characteristic. Such transition is associated with mutations both
at the genetic (somatic) and epigenetic levels and is believed to confer a more advantageous phenotype for local and
distant spread of cancer cells. Mammary carcinoma can exhibit EMT features in humans and mice and it tends to occur
more frequently in women with tumors bearing a worse prognosis such as the claudin low subtype within the triple
negative cancer. Missense mutation of TP53 is one of the most common mutations in cancer and it is frequently found in
EMT tumor types, often with a more aggressive behavior. The current literature and survey of our mouse EMT cases in
the Genomic Pathology Center image archives demonstrate a synergy between p53 and EMT that is independent of the
initiating oncogene. However, p53 mutation is not sufficient or causal for EMT. Moreover, despite the local malignant
behavior, processes such as spontaneous metastases and Mesenchymal Epithelial Transition (MET) appear not to be as

frequent and obvious as previously hypothesized.
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EMT AND CANCER

Epithelial-to-Mesenchymal Transition, known by the
acronym EMT, consists of transdifferentiation of
epithelial cells into mesenchymal cells. This program
takes place in a physiological (embryo development) as
well as a pathological context (tissue repair, neoplasia).
A reverse process named Mesenchymal-to-Epithelial
Transition (MET) also exists and, upon withdrawal of
initial stimuli, is thought to revert the acquired
phenotype back to the initial phenotype [1]. In
embryonic life, EMT occurs in most metazoans during
gastrulation when the epiblast differentiates into the
primordial germ layers [1, 2]. EMT and MET are also
involved in tissue repair and wound healing. For
example, in skin wounds, keratinocytes
transdifferentiate into mesenchymal cells, which
migrate into the area of tissue loss. Once the epithelial
barrier is reconstituted, the cells revert back to the
epithelial phenotype [3]. This program, consistent with
many biological processes, is finely regulated, dynamic
and reversible, implying a high degree of cellular
plasticity.
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An EMT-like process has been recognized in
neoplasia [4]. It is assumed that carcinomatous cells
must shift to a mesenchymal phenotype, in order to
infiltrate tissues and spread to distant organs
(metastasize) [5]. This process starts with gradual
disorganization and shedding of epithelial architectural
features, such as polarity, intercellular adhesion,
cytokeratin  filaments and the acquisition of
mesenchymal traits including a spindle shape of the
cell, motility, invasiveness and attributes of stem cells
[1, 5]. Downregulation with loss of E-cadherin
(intercellular adherens junctions, encoded by CDH1
gene) occludins, claudins; increased expression of
mesenchymal markers (eg. Vimentin, alpha-smooth
muscle actin) and morphologic changes are all
hallmarks of this transdifferentiation program [6].

Transition from one phenotype to the other includes
intermediate “stages”, in which some epithelial and
mesenchymal traits coexist within the same cell
(partial EMT) [7]. In the mouse, neoplastic EMT is
recognized by a spindle cell morphology containing,
most commonly, both epithelial and mesenchymal
intermediate  filaments that are detected by
immunohistochemistry (IHC) [8, 9]. Partial EMT
appears to be the most common form [10, 11].
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Figure 1: Inmunohistochemistry of mouse EMT Phenotype Tumor.
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Immunohistochemical (IHC) demonstration of typical mouse mammary EMT phenotype tumor. This Myc-induced tumor from Dr.
Eran Andrechek has a clearly delineated epithelial component with oval glands lined by epithelium and surrounded by the
spindle cell component with fusiform nuclei. The antigens detected are noted on the panel. Note that anti-keratin 8/18 stains both
epithelial and spindle cell components (A). Anti-keratin 19 only stains the epithelial cells (B). In contrast, anti-vimentin primarily
stains the spindle cell component, indicating that these spindle cells have both epithelial and mesenchymal intermediate
filaments and, thus, fit the criteria of “dual staining.” (C) The anti-TGFB2 stain suggest the activation of a gene regarded as
critical to the EMT process (D). Finally, the switch of cadehrins from E-Cadherin to N-Cadherin is illustrated (E, F). The epithelial
cells are dual staining. While the spindle cells are primarily positive for N-Cadherin. Scale Bar=100microns.

However, intermediate states can be found in which
the neoplastic cells are not particularly spindle shaped
but lack distinctive cell-to-cell adhesion molecules and
may develop marked differences in tumor vascularity
and permeability [12]. The intermediate states are

particularly prevalent in mouse mammary tumor cell
lines carried in serial transplantation or passed through
tissue culture [13] and were regarded at one time as an
artifact of first, transplantation, and later, of tissue
culture [14, 15]. One well-known example is the 4T1
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cell line that was derived from a mammary tumor [16]
and it is used as a standard for immunotherapy [17-19].
However, 4T1 cells have lost their epithelial phenotype
and assumed the EMT phenotype. Discerning
investigators are advised to carefully select well-
differentiated  epithelial tumors  before  serial
transplantation and to monitor the transplant
morphology to avoid promulgating inaccurate data.

In addition to changes in structural elements,
activation of at least one or more specific transcription
factors such as SNAIL, ZEB1, SLUG, TWIST is
required for the EMT process. Recently several
mechanisms have been elucidated and described [7,
20-21]. Tumor stroma for instance also appears to play
a pivotal role in cancer biology by virtue of the
paracrine signals delivered to malignant cells which
can induce EMT [23]. It has been proposed in fact that
when carcinoma cells detach as single cells and invade
the surrounding stroma and environment, they are less
exposed to epithelial signals and more “sensitive” to
EMT signals delivered by mesenchymal cells and
leukocytes.

Mechanistically, upon activation of the EMT
program, associated transcription factors bind on the
CDH1 promoter and repress its transcription [24].
Epigenetic regulators are also involved [5]. Among
these, Polycomb Group Proteins (PcG) silence genes
by modifying histones and recruiting in the promoter
region additional repressors [25]. To this family belong
PRC2, which physically interact with transcription
factors, followed then by PRC1, which is recruited upon
trimethylation of K27 on histone H3 (H3K27me3) in
nucleosomes around promoters. BMI1 is an important
subunit of PRC1, which is dysregulated in many
malignancies [26, 27]. Its contribution to activation of
EMT program is exerted via transcriptional
downregulation of PTEN, followed by activation of
PI3K-Akt signaling and post-translational stabilization
of SNAIL. Moreover, TWIST enhances BMI1
expression by binding on its promoter. TWIST and
BMI1 together are essential for acquisition of a cancer
stem cell phenotype [28, 29]. Lastly, EMT requires an
increasing demand of energy for the cell to progress
through the different stages and reach a full
mesenchymal identity. Hence it is especially costly for
the economy of the neoplastic cell [5].

As suggested in the preceding discussion, EMT,
although a normal physiological process, is quite
complex involving numerous possible networks and
pathways. Disruption of any or all parts of these

network can facilitate an autonomous new growth
(neoplasia) within a pre-existing cancer. This disruption
can lead to an entirely different tumor phenotype, the
EMT tumor phenotype. These tumors acquire new and
frequently unique Dbiological and morphological
characteristics which are now recognized as EMT
tumors. As such, they clearly involve a secondary
evolution of the primary neoplasm. Using mouse
models, one can document the frequent loss of the
inciting oncogene with a change in expression of
potential therapeutic targets. This type of autonomous
plasticity provides cancer with an “escape route” to
avoid the best therapies and may explain the ongoing
struggles with therapeutic failures in human cancer.

EMT ASSOCIATED GENOTYPES AND LOSS OF
ONCOGENE ADDICTION

In the early 2000s, tumor biologists such as Dean
Felsher and Lewis Chodosh, used inducible systems to
turn oncogenic transgenes on and off in mice [30, 31].
They demonstrated that the silenced oncogene caused
no harm until expressed. When de-induced, the tumors
regressed. Such experiments in mice provided proof of
principle that tumors were dependent upon the
expression of the oncogene (oncogene addiction).
Dependency of tumor growth on a single gene
appeared as an easy target for molecular medicine.
“Oncogene addiction” appeared to justify molecular
medicine and targeted therapies. However, when de-
induced some the tumors relapsed. The most
reasonable hypothesis was that the recurrent tumors
harbored a second mutation in either the target gene or
within the tumorigenic pathway. Both hypotheses were
validated as possibilities [31]. However, the mouse
studies revealed yet another phenomenon. Many of the
recurrent tumors did not resemble the phenotype of the
primary tumor and appeared as completely unique,
undifferentiated spindle cell tumors, that is, EMT
phenotype tumors [31]. In addition, some studies
resulting in spindle cell EMT phenotype tumors were
shown to lack expression of the initiating oncogenic
transgene. The EMT phenotype tumor and its
underlying pathobiology provided renewed interest in
the phenomenon described by Boyer and Thiery almost
20 years earlier [32], leading to a flood of papers
describing the neoplastic process of EMT.

In contrast to the physiological process of EMT, the
neoplastic process involves a variety of somatic
mutations in a number of oncogenes and tumor
suppressor genes (“major drivers”) which have been
associated with the EMT process.
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Escape from oncogene addiction is similar to the
events observed in women experiencing relapse of
breast cancer after initial surgical removal or therapy-
induced regression. The recurrent human tumors
frequently have a different, more aggressive phenotype
[33]. In a like manner, doxycycline-induced tumors in
mice can relapse, when “de-induced” by withdrawal of
the drug. The recurrent tumors have lost expression of
the initiating oncogenic transgene. In most models, the
recurrent tumors are no longer purely epithelial but now
have an EMT tumor phenotype. Although It may be
premature to postulate that the recurrent human tumors
use the same EMT mechanisms to “escape” from
therapy, it is a biological possibility worthy of
consideration. This hypothesis has led to studies
designed to reveal some of the genes in the escape
mechanism using mouse models.

Debies et al. [34] observed, in experiments on
tumor escape in a Wnt-1 mouse breast cancer model,
that the relapsing tumors showed a p53 heterozygous
deficiency and loss of p19*" after withdrawal of
Doxycycline (Dox). Moreover, Dox independent tumors
consistently shared morphologic and molecular
features of EMT such as spindle cell morphology,
SNAIL expression and undetectable E-cadherin [35].
Primary tumors in which p53 and Ink4a/Arf were not
mutated and Wnt pathway was intact, exhibited
morphology of an adenocarcinoma. Of note, P19™"
relays oncogenic stress signals to p53 [36].

EMT is not solely associated with loss of oncogene
addiction. Examination of the process in other models
has revealed some examples of primary EMT tumors
with maintained expression of the initiating oncogene.
For example, Andrechek et al. in a study on the role of
myc overexpression and ras pathway activation in
mouse mammary tumors reported heterogeneity of
gene profiles, morphologic phenotypes and metastatic
potential. Of note, some primary myc-induced tumors
exhibited features of EMT coupled with a dominant ras
pathway [37, 38]. Oral administration of 7,12-
Dimethylbenz[a]lanthracene (DMBA) in FVB mice
induces spindle cell tumors [39, 40] (among other
histological phenotypes). DMBA is known to cause ras
mutation and activation of wnt canonical pathway [41].

Neoplasms with features of EMT are also observed
in mice carrying primary mutations in the two most
commonly affected genes in human breast cancer:
TP53 and PI3KAC. H1047R mutation in Pi3kac allele
and monoallelic deletion with loss of function of Trp53
(mouse equivalent of TP53) in these mice is followed

by decreased latency, decreased survival, and a
predominance of poorly differentiated adeno-
carcinomas and EMT tumors [42]. The introduction of
Trp53 into a mouse with another oncogene has
frequently led to increased nuclear pleomorphism and
decreased tumor latency [43].

These data suggest an interplay between mono or
biallelic mutation of p53 coding gene and/or its pathway
dysfunction and the EMT phenotype.

To further investigate the relationship between EMT
and p53 coding gene status we performed a survey of
all tumors in our Center of Genomic Pathology (CGP)
Image Archives of the Mutant Mouse Pathology
Laboratory at University of California, Davis
(http://spectrum.ucdavis.edu), which spans the last 25
years and have recorded spindle cell tumors occurring
in association with a number of different oncogenes,
carcinogens and, occasionally as spontaneous primary
tumors (Table 1) [8]. This, coupled with frequent loss of
oncogene expression in these tumors, suggests a
critical second event. The second event seemed to be
coupled with Trp53 and led to a more thorough
analysis of this possibility [44].

Trp53 MUTATIONS AND EMT: EVIDENCE OF A
SYNERGY

Trp53 (in mice) or TP53 (in humans) is a tumor
suppressor gene that encodes for the protein p53. In its
wild type form, p53 functions as a sequence-specific
DNA binding transcription factor that regulates a
plethora of target genes involved in DNA repair (hence
the name “guardian of the genome”), cell cycle control,
senescence, apoptosis, angiogenesis, and cell
adhesion [45]. Importantly p53 also exerts a negative
control on different steps of the neoplastic process from
onset to local invasion and metastasis, by a wide range
of direct and indirect interactions and effectors. TP53 is
often mutated in a variety of malignancies and is the
most commonly mutated gene in 30-40% of human
breast cancer, with a peak of up to 80% in the triple
negative subtype [45].

Most mutations in humans occur in exons 4-9: the
region which encodes for the DNA binding domain of
the protein and are missense. Within this region
several “hot spots” have been identified corresponding
to the residues: R175, R248, R249, R273, R282, G245
[46], which code for amino acids responsible for
binding of the protein to the nucleic acid. TP53 mutants
in R175H or 273 result in increased incidence of
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Table 1:
Genomic Tumor Type IHC Comment PMID
1 PyVmT B/6:Tg(PvVmT) Transplant P53+ Ellies cell lines with mets 26467658
2 PyVmT FVB:Tg(PvVmT) Transplant P53+ MET 1 cell lines with mets 23049838
3 Stat 1 KO Transplant P53+ MET 1 cell lines with mets 23399853
4 4T1 Transplant P53- BALB/c mammary cell line 1540948
5 cNeu N7639 cells Transplant n.a. N7639 cells (MMTV-Her-2/neu 18253935
6 Myc Primary p53+/- Mutant MYC 19805309
7 CK2 Primary p53+ CK2 Overexpression 11423974
8 cNeu R-CAS Primary p53+ PABC with RCAS 24317513
9 cNeu TOM Primary p53+ Inducible NEU-recurrent tumor 16169465
10 | FVB WT with Prolactinomas Primary p53+ spontaneous spindle cell tumor 19276050
11 | Mett Primary p53+ | METT e 1552940
12 | Trp53xPI3KKO wnt and arf Primary p53+ pS3+/-, pTEN +/- 19717424
13 | Wnt10b Primary ps3+ | WNT10B 23307470
14 | Wnt TOM Primary p53+ Inducible WNT-recurrent tumor 18060046
15 | cNeu Delta16E Primary p53- {quuocrible ErbB2 mutant X MTB recurrent Submitted
16 | DMBA+wt MICE Primary p53- . 16263698
. Carcinogen Treated
17| Tps3 Primary p53- Bigenic FVB/N (Trp53"")xFVBIN (Hus™) 11704830
18 | Trp53aAP Primary p53- o 26310697
Radiation induced tumors
19 | Ha-ras FVB/N Tac-Tg(Hba-x-v-Ha-ras) Primary n.d. Harvey-Ras 8475993
20 | GSK FVB/N (MMTV-mGSK) Primary n.d. Whnt pathway 15994955
21 ILK1 transgenic Primary n.d. ILK mouse that started EMT search 19276050
22 | Met! MMTV:Met™1 X Trp53f1/+ cre Primary n.d. Bigenic METx p53 KO with metastases 23509284
23 | MMP-3 FVB/N Tg(MMP-3/stromelysin-1) Primary n.d. Bigenic MMP3xp53 10713697
24 | Scr MMTVO0ScrP305L Primary n.d. MMTV-Scribble p305L mammary tumors | 24662921
25 | Trp53 and PIBKKO and Hunk KO Primary n.d. Conditional KO p53+/x pTEN+/-x hunk 21393859
26 | Trp53 F1/+ cre Primary n.d. No MET™ eontre! Tres3 23509284
27 | Cyclin D1 Primary n.a. Subgroup of tumors 25940700
28 | Lunatic Fringe Primary n.a. Lunatic Fringe 22624713
29 | PIK3CA mutant E545K Primary n.a. One of a PIK3CA series 24080956
30 | Stat5KO Primary n.a. STATS (delta) 15382041
31 | Trp53 Primary n.a. Original-53 mutant “sarcomas” 1552940
32 | Trp53 and PI3K Primary n.a. pi3k x p53flox:MMTV-Cre 21324922
33 | Trp53 Beclin Autophagy P53 and Beclin Primary n.a. Beclin+/-/Tp53F/+/WapCre 23509284
34 | Trp53 Cre-Lox deleted Trp53 Primary n.a. Targeted Deletion 15150107
35 | Trp53 Mutant and KO p53 Primary n.a. Mutant p53 (R172H or R270H) 25512531
Human BrCa of P53 and EMT Phenotype
36 | DKAT explant P53+ Breast Cancer, Human cell line 23049838
37 | TMA with Claudin lo tumors Primary P53+ Breast Cancer, Human TMA 23509284
Mouse Prostate Models with EMT

1 PTEN/p53 Martin Primary n.a Prostate 3644021
2 PTEN/p53 KO in prostate Primary n.a Prostate 3644021
3 Pb-Cre;PtenL/W;KrasG12D/W prostate Primary p53+ Prostate and lung mets 3644021
4 SV40Tag/p53/Rb Primary ND Prostate 3644021
5 2B PTEN/AKT Primary p53+ Prostate 3644021
6 PTEN WT/p53+/-/Nkx+/- Primary p53+ Prostate 3644021
7 TMPRSS2-ERG Primary p53+ Prostate 3644021
8 PTEN;p53;telomerase reactivation Primary n.a. Prostate 3644021
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highly metastatic carcinoma in mouse models [47, 48].
Moreover, a polymorphism which occurs commonly at
codon 72, within the self-regulatory domain of p53: the
N-terminal proline-rich domain, has been associated
with altered cancer risk in humans [48].

In heterozygosity, the mutant p53 can antagonize the
residual WT allele functioning as a tumor suppressor,
exerting a dominant negative effect
(haploinsufficiency). This effect is produced through
interference with the formation of p53 tetramers and
their binding to DNA, ultimately impeding transcription
of the WT residual allele [49-51].

Mutations in TP53 do not only cause loss of the
canonical tumor suppressor functions, but can even,
and apparently more frequently, result in gain of
function with biological effects similar to oncogenes, as
observed in human neoplasia [52, 53]. The mutated
form regulates genes and transcription factors
expression by localizing on their promoters, leading to
activation of further oncogenic pathways. Such
interaction could be mostly indirect, through other
proteins and intact transactivation domains, as most of
the mutations occurring in p53 hot spots impair or even
ablate the DNA binding domain.

In normal conditions, wild type p53 prevents
occurrence of EMT by repressing ZEB1 and ZEB2
(transcription factors also associated with such
transdifferentiation program) via miRNAs [54]. Recent
experimental works highlighted a link between loss of
p53 function and EMT induction in neoplastic cell lines
[55]. Moreover, missense mutated p53 also leads to
expression of EMT-inducing transcription factors such
as SLUG and SNAIL [46, 51, 55].

The synergy between EMT and p53 was also
observed in our immunohistochemical survey as it
documented one or more examples of EMT
tumorigenesis arising in 36 separate cohorts with many
different genotypes and experimental conditions.
Interestingly, 12 of 36 or 30% of those cohorts with
spindle cell tumors (EMT) surveyed were directly
related to a genetically modified mutant Trp53. Three
were monogenic TP53 and nine were associated with
an additional genetically modified engineered gene. In
addition, eight other cohorts containing examples of
EMT tumorigenesis arose in mice with monogenic
mutated Receptor Tyrosine Kinase receptors and five
from WNT-associated cohorts. Of the remaining
examples, two are from the STAT pathway. Of
particular note, is the EMT tumors among the

spontaneous primary tumors that arose in a colony of
“wild type” FVB mice with prolactinomas [56].

Since dysfunctional and, presumably, mutant forms
of p53 can be detected with immunohistochemistry
(IHC), a survey of 18 cohorts with available paraffin
blocks was performed. Thirteen of the available 18
cohorts (72%) had IHC detectable p53 positive EMT
tumors. Five were IHC negative and one, TOM/MBT-
Myc, had five examples of completely negative EMT
tumors and one p53 IHC positive EMT tumor. Some of
the p53 positive tumors also had areas of negative p53
staining, introducing the specter of heterogeneity. Over
all, this survey indicates that the majority of genetic
cohorts in the collection with EMT tumorigenesis
(25/35=71%) have direct evidence of association with
dysfunctional p53.

This survey cannot be construed as a scientific
random sampling of all possibilites but a limited
sampling that was submitted directly or indirectly to our
archives by interested investigators. Further, we do not
have accurate records of the proportion of EMT tumors
in the native colony in each submitted cohort. With
these restrictions, the survey is about as
comprehensive as that available elsewhere. As such, it
provides insight into the extent of the process in
colonies with mammary tumorigenesis.

Is dysfunctional p53 required for EMT mouse
mammary tumorigenesis? While the association
between EMT and Trp53 is striking, EMT
tumorigenesis clearly can occur also without an
intentional or detectable genetic modification of the
gene or with IHC-based evidence of dysfunctional
Trp53. This can be interpreted as evidence of other
potential pathways playing a role, or with dysfunctional
Trp53 without accumulation of IHC detectable p53. We
know that the STAT1 EMT tumorigenesis is associated
with mutations in exons 5, 6 and 8 (unpublished data)
and have begun a sequencing project to determine
whether some or all of the negative examples may
have silent mutations. Further research is required to
address this issue.

Can mouse epithelial differentiation of tumors occur
in the presence of dysfunctional Trp53? The answer to
this is yes. Most mouse models featuring genetically
modified Trp53 produce a variety of tumor phenotypes
[43]. In fact, most bigenic mice with a mutant Trp53
produce tumors that are similar to the signature
phenotype for oncogenic transgene [43]. Figure 1
illustrates an example of explants with the same p53
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positive cell line in the same animal resulting in
epithelial and spindle cell phenotypes.

Can EMT occur in the absence of mutant Trp53?
This is difficult to ascertain with the current data. By
implication, the five IHC negative tumors lack
detectable mutations. However, as intimated by Jones
et al. IHC fails to detect all p53 mutations [60, 61]. We
have begun Trp53 sequencing. Thus far p53 mutations
have been detected in the IHC positive tumors but not
the negative tumors. However, this data needs to be
extended and verified by deeper sequencing.

Although, the majority of our studies are based
upon mouse mammary tumorigenesis, we have
observed the process in mouse models of prostate
cancer and in a limited number of human cases. In
each case, IHC for p53 was positive, indicating that the
phenomenon discussed here is not limited to the
mammary gland or the genus Mus. The human
carcinomatous cell line DKAT resulting from the
culturing of the pleural fluid, proved to be p53 positive
with a mutation proved by sequencing [6].

The current literature and the survey of the CGP
Image Archives provide evidence of a synergistic
relationship between Tpr53 mutation and EMT tumor
phenotype in mouse mammary tumorigenesis [36, 42
57, 58, 59]. However, they also suggest that Trp53 is
not sufficient or causal but does have a key role in the
phenomenon of EMT tumorigenesis.

P53, EMT AND METASTASES

Activation of the EMT program endows neoplastic
cells within the primary tumor to become more invasive
and execute most steps of the metastasis cascade
[46,60]. Beside the “canonical” metastatic cascade
other mechanism of spread to distant organs have
been described. Condeelis has directly viewed and
recorded these types of phenomena using in vivo
microscopy in which the macrophages play an
essential role [61]. Tumor cells can also be
disseminated via the circulatory system to distant sites
through a distinct mechanism, which is invasion-
independent [62, 63]. This form of metastasis can be
observed, especially in filter organs such as the lung,
within vessels as nests of neoplastic cells surrounded
by two layers of endothelium. Angiogenesis within
neoplasia clearly plays a critical and active role both in
mice and humans in this mechanism, as thin vessels
proliferate around, envelope and isolate small groups
of tumor cells that are pinched off [62]. Therefore, they

form a neoplastic embolus [62, 63]. Once the embolus
lodges in the target organ, tumor cells may grow
without infiltrating the vessels’ wall or, break through
the (now) two layers of endothelium to invade into the
surrounding parenchyma [63]. Non invasive vascular
neoplastic spread is still rather unknown although it
was already illustrated between the end of the 19™ and
beginning of the 20" centuries [64]. Even when clear
active invasion of tumor associated vasculature is not
observed, metastases should still be searched or
expected (also at later time points) when sinusoidal
vessels proliferate, surround and even dissect the
tumor into small “pblood floating islets”.
Immunohistochemical staining with antibodies against
CD31 or VEGF will be helpful in identifying the thin
endothelial layer wrapping around those tumor nests.
Their occurrence is not infrequent in mice mammary,
hepatocellular and endocrine pancreas tumors.
Alternatively, nests of tumor cells can be found floating
on ‘“rafts” of fibrin clots. In either circumstance, the
metastatic cells bring their own microenvironment.

Trp53 has numerous functional connections with
EMT [45]. P53 is known to regulate components of the
adhesion machinery that contribute to cell motility and
invasion through the stroma by repression of the
transcription of plasminogen activator by inducing
expression of plasminogen activator inhibitor-1 (PAI-1).
Plasminogen activator and conversion to plasmin leads
to degradation of a variety of ECM (extracellular matrix)
proteins such as laminin, fibronectin and fibrin [65].

Wild type p53 induce anoikis [66] and increases cell
adhesion of epithelial cells to ECM (collagen type | and
[l) by means of maspin. Overexpression of maspin
inhibited invasion and metastasis of TM40D cells after
syngeneic orthotopic transplantation [65].

Another role of mutated p53 includes activation of
podosome formation in neoplastic cells (invadopodia),
which triggers degradation of basal membrane and
ECM to move across stroma [67]. Upregulation of
MMP1, MMP2 and MMP9 and basement membrane
dissociation occurs upon p53 loss [68].

However, despite abundant evidence of the
suppressor effect of p53 on the metastatic process, bi-
allelic loss of p53 in knock out mice do not display
increased frequency of metastases nor a more invasive
phenotype of the tumor suggesting that p53 loss of
function alone is not sufficient to drive tumor cell
migration [46, 69].



198 Journal of Analytical Oncology, 2015, Vol. 4, No. 4

Piersigilli et al.

Our original survey of mouse mammary EMT
tumorigenesis did not find evidence of metastatic
disease in association with the EMT tumor phenotype
[8]. Rather, EMT phenotype tumors exhibited extensive
local invasion and rapid growth that led to early
regulatory sacrifice of the animals due to tumor size.

However, Andrechek et al. and others have found
that the EMT tumors subgroup in mice exhibited a
strongly predictive metastatic signature compared to
other subtypes, such as papillary and microacinar [37].
None of the metastasis showed overt EMT
differentiation but had features of poorly differentiated
carcinomas. Only primary epithelial tumors were found
to be associated with metastasis. These observations
are consistent with the hypothesis that the EMT tumor
phenotype and spontaneous metastasis are not tightly
related.

The current survey of the CGP Image Archives
does contain records of pulmonary metastases with
EMT phenotypes from three genotypes: MMTV-
Wnt10b-IRES-LacZ [58], B6:TG(PyVmT) [70] and
129:Tm(Stat1-/-) (unpublished, manuscript submitted).
Tail vein injection of normal C57BL/6 mice with EMT
neoplastic cells harvested from B6:TG(PyVmT)
resulted in metastasis [13]. The SSM2 cell line
developed from a 129:Tm(Stat1-/-) tumor did undergo
EMT when transplanted into an intact 129 WT
mammary fat pad (manuscript being written,
unpublished data). These SSM2 tumors resulted in
metastases to the lungs. The B6:TG(PyVmT)
metastases also came from a primary EMT phenotype
transplant tumor.

In these animals, the pulmonary lobes were
infiltrated with marked effacement of the parenchyma
by a mixed population of oval to spindle neoplastic,
organized in bundles, solid nodules and whorls. In both
of these examples, the hematogenous route of spread
was confirmed by the angiocentric pattern which filled
the pulmonary branches of the veins from hilus, and by
frequent obliteration of other vascular lumena by
neoplastic emboli. Of particular note, neoplastic cells in
vascular emboli and infiltrating the lung had the same
morphology and immunohistochemical profiles as the
primary tumor and were p53 positive. Invasion of
organs in some animals such as lymph nodes, kidneys
and liver also document the highly malignant behavior.
Again, p53 loss of function can actually increase the
metastatic potential of tumors (EMT or non-EMT type).
Deep sequencing performed on primary, metastatic
tumors and xenografts showed in several studies that

p53 mutation precedes metastasis as the frameshift
mutation was a genetic aberration shared by all 3
specimens [13].

THE EMT-MET SWITCH

Claiming EMT as the most common mechanism for
metastatic spread of tumors requires the invoking of a
second phenomenon. Pathologists have been
identifying the source of metastases by their similarity
of morphological structure to the primary tumor, if the
differentiation grade is maintained. A metastasis from
the prostate resembles the primary tumor and is
distinct from a colonic metastasis. If the escape from
the primary tumor requires EMT, one has to postulate
that reverse is true once the tumor reaches the
metastatic site. Therefore, a reverse mesenchymal-to-
epithelial transition (MET) process must occur [1]. The
EMT is well documented by Condeelis’s in vivo imaging
[61]. In fact, many mice with pulmonary metastases
contain small clusters of cells entrapped in the small
peripheral vessel. These could be evidence of spread
of solitary tumor cells that become entrapped in the
smallest vessels. However, the MET process requires
plasticity [1] that has rarely been documented in human
or mouse models.

Plasticity, in our experience, was best exemplified
by the DKAT cells from the human claudin low breast
cancer [6]. These cells readily switched from vimentin
positive mesenchymal cells in stromal growth media to
keratin positive cells in epithelial growth media [6]. In
the mouse, most EMT tumors have nests of adherent
epithelial cells, indicating the ability to maintain both
phenotypes and, possibly, plasticity.

In the examples we observed in the mouse, the
metastases from animals bearing EMT phenotype
tumors uniformly have the EMT phenotype and
metastases from epithelial phenotype tumors have the
epithelial phenotype. Metastases might lack the EMT
morphology because 1) a switch from EMT to MET
might have occurred before metastatic growth; 2) EMT
is a later event in the primary tumor compared to
metastases; 3) Mice bearing EMT tumors either die or
are sacrificed before metastatic spread occurs or
before metastases are of detectable size; 4) EMT and
metastases are not related, 5) tumor cells from primary
tumors lack the plasticity to undergo MET.

As previously stated, EMT is a dynamic process,
encompassing intermediate stages in the process of
acquisition or shedding of mesenchymal-like features,
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Figure 2: Metastatic Phenotypes of EMT and Adenocarcinomas.

This Panel compares the phenotypes of primary and metastatic tumors with EMT phenotypes or adenocarcinoma phenotypes.
Images A and B are from Dr. Gustavo Miranda-Carboni’s Wnt 10b induced animals. The primary tumor has the EMT phenotype
spindle cells (A) as does the pulmonary metastasis (B). Both the primary (C) and the metastasis (D) have prominent nuclear
staining for Trp53, illustrating an accumulation of a mutant antigen. In contrast, a typical cNeu solid, nodular carcinoma from Dr.
Alexander Borowsky, metastasize with solid nests of ErbB2 positive tumor cells as tumor emboli (E). When viewed at low power
(E), they clearly follow the vascular supply. When viewed at high power (F), the tumor cells are clearly well organized, solid
clusters of adherent epithelial cells. Note that the tumor embolus is covered by the layer of endothelium frequently observed in
these types of metastasis.
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depending on epigenetic conditions [1, 6]. This requires
genomic plasticity and enough energy for the cell. One
well documented example in the CGP image archives
is the EMT phenotype tumor from a human breast
cancer cell line that co-expressed vimentin and keratin
in the primary tumors and some of their metastases [6].
The poorly differentiated primary and metastases with
dual staining tumor fits the operational definition of an
EMT phenotype [8] but was clinically diagnosed as a
pleomorphic, triple negative, breast cancer. The tumor
epithelial cell culture derived from the pleural effusion
of this tumor (DKAT) underwent EMT when placed in
culture with a medium specific for stromal cells
(SCGM), enriched with insulin and b-Fibroblast Growth
Factor [6]. The spindle cell EMT phenotype cells could
be reverted by passing the same DKAT cells back into
a culture composed of a mammary epithelial growth
media (MEGM). This observation provided in vitro
evidence of plasticity with a MET or an EMT type
transition under appropriate growth conditions. These
cells not only retained the tumorigenic potential but
also recapitulated the same phenotypes observed in
the human cancer of origin as orthotopic xenografts in
host mice.

Interestingly, other cell lines derived from different
breast cancer types failed to switch to EMT or MET,
depending on the histotype of origin, under the same
experimental conditions as for DKAT [6]. The DKAT
cells with an EMT phenotype had other EMT
characteristics such as increased migratory phenotype,
suggestive of local invasiveness and metastatic
potential. Transplantation into ectopic sites in
immunologically impaired mice results in different
tumor phenotypes suggesting extensive plasticity in
response to different extrinsic environmental signals.

In the mouse cohorts thus far examined, no
evidence of MET in metastases has been found. When
originating from epithelial tumors, the metastases were
also epithelial. When originating from EMT phenotype
tumors, the metastases exhibited a spindloid cell
phenotype. In conclusion, MET has been proven to
occur in vitro but there is scarce evidence in vivo.

One possible interpretation of the observation of
plasticity in human but not mouse would be that the
process in humans is a provisional, relatively early
process. In contrast, the EMT phenotype tumor in
mouse appears to be in a terminally differentiated
stage which lacks the plasticity to undergo MET
reversion. Since the epithelial differentiation program is
a default pathway, persistence of cells in a

mesenchymal state apparently requires a “tonic
signaling”. TGF-B is the best known activator of MET
that responds to epigenetic signals [71]. If the signals
are not sufficient to sustain MET in the metastatic
environment, mesenchymal neoplastic cells could
promptly revert to the epithelial state or to an
intermediate identity. Based also on what was
previously mentioned and that the switch to the
epithelial identity is also a more favorable state in terms
of energy for cancer cells, MET might take place faster
than EMT, making its detection more challenging time-
wise.

Although EMT in primary and/or associated
metastases and MET has not been documented in our
studies [9], the scarcity of convincing examples or
reports could have been due to methodological
limitations. Many of the archived projects used assays
and available technologies with end points that produce
one or few static pictures representing events
suspended in time. This experimental flaw does not
represent an otherwise dynamic process such as the
EMT-MET biology. Many early investigations, eager for
proof-of-principle, ignored the biology and did not
include searches for metastasis or even complete
necropsies that included lung. Further, those of us that
served as their pathologists did not understand the
significance of spindle cell morphology in mice and, in
part, claudin low in human [58].

As biological systems are much more complex than
originally envisioned and with increasing and multiple
variables, the challenge is to spot and document the
key moment in such a dynamic system. Considering
that events like expression of genes, synthesis or
degradation of mRNA and proteins can be complete
within seconds to a few minutes, the interpretation
requires a complete understanding of structure and
function. The pathologist must be privy to the full range
of phenomenon in order to interpret change in the
structure of disease.

P53 AS A DIAGNOSTIC AND PROGNOSTIC
CLINICAL MARKER

Immunohistochemical detection of p53 mutation is a
common tool widely used in clinical oncology. In
patients with breast cancer, p53 status has shown
prognostic significance [72].

This has some merit because constitutive levels of
wild type forms of p53 are generally low and
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undetectable with IHC [73]. Conversely, missense
mutations in TP53 lead to accumulation within the cells
with  increased frequency and intensity of
immunohistochemical staining. However, accumulation
does not necessarily mean that a mutation occurred in
TP53.

Other factors involved in the p53 cycle can be
deregulated, such as decreased activity of MDM2 with
impaired degradation of an otherwise normal p53 [73].
On the other hand, non-missense mutations usually do
not lead to any accumulation of p53. As such, both
situations would appear, respectively, as false positive
(about 30%) and false negative when only
immunohistochemistry is used for screening [74].

Gene sequencing provides more reliable
information on p53 mutational status compared to
Southern blot and even more to immunohistochemistry,
thanks to its higher sensitivity and specificity. Costs,
however, are a current deterrent to application of this
testing procedure on a large scale.

A humoral response against p53 protein has also
been detected in several human malignancies (lung,
esophagus, liver, colon-rectum). A strong correlation
between the antibodies and poor differentiation of the
neoplasm has been reported [75]. Antibody titers also
mirrored effects of antineoplastic treatment, with
decrease of concentration occurring in parallel with
tumor mass reduction. Moreover, titers increased prior
to detection of disease relapse. Despite such
encouraging data, only 30% of patients have
detectable antibodies. The current assays relying on
anti-p53 antibodies appear to lack enough sensitivity,
required for diagnostic and/or prognostic markers [75].

CLINICAL IMPACT OF EMT AND P53 IN HUMAN
(BREAST) CANCER: MORE TO ADD TO TRIPLE
NEGATIVE SUBTYPE?

As previously mentioned, p53 is mutated in about
40% of all breast tumors, with the highest frequency
(80%) in the “basal-like” subtype [45]. These tumors
are primarily triple negative phenotype (TNP) and, as
such, lack targets for specific therapy. Clinically these
tumors are highly aggressive, invasive and metastatic.
They do not respond to chemotherapy or radiation or if
they initially do, they often acquire resistance and
relapse [76, 77].

One subset, the claudin low TNP somewhat
resembles the mouse EMT phenotype which lacks
traditional epithelial junctions such as E-cadherin.

However, more recent literature has recognized a
subset of tumors with “mesenchymal like” properties in
human and mouse mammary tumors [78]. Now,
Pietenpol, Lehmann and colleagues have subdivided
triple negative into seven categories two of which are,
by their criteria, EMT [76, 77]. The mesenchymal
subtype, designated, “M” is characterized by
expression of Wnt, TGFpB, IG1FR, Notch and cell
proliferation. The second subtype, Mesenchymal Stem-
Like, designated “MSL” also has Wnt, TGFP but has
MAPK, Rac PI3K and PDGF expression but has a
decreased expression of genes involved in cell
proliferation [77]. Moreover, a link between these tumor
subtypes, EMT and stem cell gene signatures is found
in residual neoplastic cells after chemotherapy [79, 80].
Although other evidence supporting the link between a
subset of triple negative human breast cancers, and
mouse equivalents with EMT can be found in several
experimental studies [6, 37, 81], the reader needs to
realize that the vast majority of spontaneous, induced
and engineered mouse mammary tumor models do not
express ER, PR or Her2 and can, thus, be mis-
classified as “triple negative”. Further, tumors virus-
induced or Wnt-induced frequently contain a well-
organized and extensive myoepithelium which then
places them into the molecular category of “Basal Cell
Tumor”. Another difference was found in our survey,
where the different EMT type tumors expressed more
frequently luminal cytokines, while the basal signature
was more often loss or weak. These molecular
classifications, developed without knowledge of the
biology or morphology of mouse mammary
tumorigenesis, have created many papers with faulty
claims and great confusion in the field of comparative
genomic pathology. As an example, triple negative
tumors are highly metastatic while EMT associated
metastasis are rather uncommon, as already
mentioned previously. Accurate modeling requires
matching attributes of mouse tumors with those of
human. Unwarranted application of such broad terms
does a disservice to science by hiding the true
biological value of the mouse models.

Given the dramatic impact of triple negative subtype
breast cancer and the lack of adequate therapy, the
p53 pathway may represent a possible strategic target
to cure such disease. In this effort, mouse models have
great value in that they can provide the experimental
insight that can lead to therapeutic advances.
Restoring p53 normal function can be achieved
experimentally by adenoviral delivery of WTp53 cDNA
and by administration of small molecules. In case of
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heterozygous loss of wild type allele, the normal
pathway can be rescued by binding to mutated p53
isoforms, inducing a conformational change converting
them into the original WT form again [82]. Experimental
restoration of the function of p53 pathways in a
Kras;trp53 mouse model of lung cancer leads to tumor
regression but not complete eradication. However,
since mutation in the p53 gene appears to be a late,
secondary event in primary tumor progression, target
therapies at this stage could potentially impede
metastatic spread [82-84].

DISCUSSION

The EMT tumor phenotype is associated with a
more aggressive phenotype, with increased local
invasiveness and a molecular stem cell-like signature
in both mouse and humans, and possibly with higher
metastatic potential.

Homo- or heterozygous mutations of the TP53 (or
Trp53) gene occur at the highest frequency in more
malignant breast cancers, and are correlated with poor
prognosis [46]. This is confirmed in genetically
engineered mouse models of cancers in which the
knockout of at least one of the Trp53 alleles
accelerates tumor onset and induces a more malignant
phenotype [85, 86].

Hence, the common denominator of EMT and p53
(mutated or deleted) is a more aggressive biologic
behavior in the neoplasm. Moreover, the two
phenomena are commonly found in association with
each other, especially in the claudin low tumor subtype
[58].

Based on the clinical observations and dissection of
molecular pathways, which suggest a role of mutated
p53 in inducing EMT, a synergy seems to exist. A
thorough review of the literature and our
immunohistochemical survey of more than 30 mouse
cohorts exhibiting EMT tumor phenotype were
performed to test the synergy hypothesis. Our survey
of the murine engineered genotypes suggests that p53
mutation is not essential for EMT tumorigenesis.
However, a mono or biallelic mutation of the tumor
suppressor gene was found in 70% of the cohorts
examined. In other words, EMT is more often found
when Trp53 is mutated. However, the absence of
stainable Trp53 suggests that a mutation is not
necessarily required for the neoplastic EMT phenotype
(Table 1). The weakness in this conclusion is the lack
of sequence data. Coradini et al. investigated the

association between the mutational status of TP53 and
the expression of genes associated with EMT (TGF,
polarity loss and stemness related genes) in a
microarray dataset of 251 primary breast cancers.
Surprisingly, overall the correlation between TP53
mutation and the EMT-related genetic signature was
statistically weaker in the primary tumor in vivo
samples compared to cell culture samples [45, 54, 87,
88].

Possible explanations for this phenomenon could be
that the 1) initial mutation of Trp53 induces EMT and
later “stochastic” restoration of TP53 mutated allele/s
occur; 2) existence and activation of p53 independent
pathways leading to transformation or selection of an
EMT tumor type clone.

While the first hypothesis could be debatable from a
probabilistic point of view because “spontaneous”
restoration of the wild type allele is rather infrequent,
though a possible, event [89]. The second hypothesis
is based on the well-known redundancy of biological
systems, in physiologic and even more in a neoplastic
context and, thus, seems more likely.

If the proposed synergy is correct, p53 could be a
druggable target for treatment of some subtypes of
breast cancer that do not respond to standard
therapies. Restoration of p53 pathway would logically
also impact EMT tumor homeostasis, possibly leading
to regression or even complete eradication of the
cancer. However this scenario would only be possible if
two essential conditions are met: 1) there s
interdependence between the 2 main genomic players
and 2) EMT does not lose mutated p53 “addiction” at
any time point.

To draw more definitive conclusions, time-wise
modulation of p53 activity and impact on EMT (at
morphologic and molecular levels) would be required in
preclinical and clinical settings. Since synergy implies a
greater effect when 2 or more components act
together, compared to the effect of any one gene. In
order to examine this issue, the incidence of
metastases associated with a primary EMT tumor type
was examined. Surprisingly, very few of the mice with
EMT neoplasms bearing a mutated p53 exhibited
metastases. As such, this could suggest that the
mutation of Trp53 in mice EMT tumor phenotype does
not necessarily lead to metastatic spread.

Several observations could explain this unexpected
“paradox”. First, a more thorough understanding of the
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EMT biology and synergy with p53 has been impaired
by the variability in data collection and in the
experimental settings in the published reports. Despite
the plethora of reports of EMT with or without p53
mutation, the documentation of time and end-points,
search for metastases, diagnostic criteria and
methodology are drastically different making any
comparative analysis challenging.

As a result, the spontaneous occurrence of
metastases in mice, including transgenics, is
inconsistently and rarely recorded. While the leading
cause of death associated with cancer in humans is
metastatic disease, mice tend to succumb to large
primary tumors (requiring euthanasia) and are
sacrificed before metastases have occurred. Mutation
of p53 in the untreated mice might require a longer time
for metastases to arise or to be detected. Metastases
often go undetected when the investigator only
samples the tumor and ignores possible metastatic
sites such as the lungs. Transplantation experiments of
the primary tumor in immunocompetent, syngenic mice
also support the notion of time-dependency. When the
“lifetime” of the tumor is increased by serial
transplantation, the “incidence” of metastasis
increases. A second explanation could be that the
specific type of mutation(s) can actually produce
different effects, with variable impact on distant
colonization capabilities.

Finally, the most likely explanation, supported by
the experimental and empirical evidence, is the
demonstrable differences in tumor biology of mice and
humans. The basis of the difference remains the major
challenge to comparative analytical oncology.

Given these restrictions, we can still conclude that a
synergy between mutated p53 and EMT does exist but
we cannot find evidence to support interdependence.
Given the coexistence of mutated p53 and EMT-like
signature in the claudin low, mesenchymal subtype
human breast cancer, further investigation on the
relationship between the proposed synergy are sure to
offer new insights and new therapeutic targets.
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