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Twist2 is NFkB‑responsive 
when p120‑catenin is inactivated 
and EGFR is overexpressed 
in esophageal keratinocytes
Heather L. Lehman2, Michal Kidacki3 & Douglas B. Stairs1*

Esophageal squamous cell carcinoma (ESCC) is among the most aggressive and fatal cancer types. 
ESCC classically progresses rapidly and frequently causes mortality in four out of five patients within 
two years of diagnosis. Yet, little is known about the mechanisms that make ESCC so aggressive. 
In a previous study we demonstrated that p120‑catenin (p120ctn) and EGFR, two genes associated 
with poor prognosis in ESCC, work together to cause invasion. Specifically, inactivation of p120ctn 
combined with overexpression of EGFR induces a signaling cascade that leads to hyperactivation 
of NFkB and a resultant aggressive cell type. The purpose of this present study was to identify 
targets that are responsive to NFkB when p120ctn and EGFR are modified. Using human esophageal 
keratinocytes, we have identified Twist2 as an NFkB‑responsive gene. Interestingly, we found that 
when NFkB is hyperactivated in cells with EGFR overexpression and p120ctn inactivation, Twist2 
is significantly upregulated. Inhibition of NFkB activity results in nearly complete loss of Twist2 
expression, suggesting that this potential EMT‑inducing gene, is a responsive target of NFkB. There 
exists a paucity of research on Twist2 in any cancer type; as such, these findings are important in ESCC 
as well as in other cancer types.

Esophageal squamous cell carcinoma (ESCC) is among the most aggressive and fatal of all cancer types. As the 
most common subtype of esophageal cancer worldwide, ESCC invades and metastasizes rapidly, but typically 
remains asymptomatic until it impinges on the esophageal lumen and causes  dysphagia1,2. As a result, ESCC is 
often diagnosed at a late stage, causing poor quality of life and mortality in the vast majority of  patients1–3. Yet 
despite its dire nature, ESCC is still an understudied disease and little progress has been made on understanding 
the molecular pathways and mechanisms at play that make ESCC so devastating.

p120-catenin (p120ctn; CTNND1) is a tumor suppressor gene that is important for the stabilization of E-cad-
herin4,5. Importantly, p120ctn expression is down-regulated and/or lost in up to 60% of ESCC  patients4,6 and asso-
ciated with poor survival in ESCC and a number of other cancer  types4–22. In previous studies we demonstrated 
the importance of the cooperation between p120ctn and another clinically relevant protein in ESCC, the epi-
dermal growth factor receptor (EGFR). EGFR overexpression is commonly found in ESCC patients (up to 90%) 
and is also associated with poor prognosis and depth of  invasion23. While p120ctn and EGFR are important on 
their own, we previously demonstrated that only when down-regulation of p120ctn and overexpression of EGFR 
occur together does it result in an aggressive and invasive cell type that closely mimics  ESCC24. Furthermore, our 
previous studies show that p120ctn down-regulation and EGFR overexpression occurs simultaneously in 67% of 
human ESCC samples, making this a clinically-relevant condition represented in a majority of ESCC  samples24.

Given the lack of information surrounding the molecular mechanisms controlling invasion in ESCC, we 
sought to know how p120ctn and EGFR create an invasive phenotype. Interestingly, we discovered that p120ctn 
down-regulation with EGFR overexpression leads to hyperactivation of NFkB p65 (Nuclear Factor kappa-light-
chain-enhancer of activated B cells) (NFkB)25. NFkB is a major transcription factor that is involved in ubiquitous 
cellular processes such as inflammation, immune responses, angiogenesis, cell growth and proliferation, invasion 
and  metastasis26–28. As suggested in our previous study, NFkB appears to be a major regulator of invasion as a 
result of its hyperphosphorylation and activity induced by p120ctn and EGFR in esophageal epithelial  cells25.
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While the role of NFkB in other cancers has been outlined fairly  extensively28–33, little is known about the role 
of this clinically relevant gene in ESCC. Prior to our implicating NFkB in invasion, its upregulation was shown 
to be associated with advanced clinical stage and lymph node metastasis in  ESCC34. It has also been suggested 
that NFkB activation is associated with ESCC tumor  radioresistance35, potentially regulated through protein 
tyrosine kinase  736. Given the limited investigations into a role for NFkB in ESCC, even less is known about 
the manner in which NFkB may regulate ESCC invasion. In our present study we aimed to identify targets that 
show differential expression in an NFkB-responsive manner. Using genetically modified human esophageal 
squamous keratinocytes, EPC cells (both EPC1 and EPC2 cell lines that are independent of each other), to assess 
NFkB-dependent changes, our data suggest that Twist2 (Dermo-1) is an NFkB-responsive gene when p120ctn 
is down-regulated and EGFR is overexpressed.

Results
The frequency of spindle cell morphology increases in esophageal keratinocytes when p120ctn 
is inactivated and EGFR is overexpressed. When grown in keratinocyte serum-free media, the normal 
morphology of the epithelial cells that line the esophagus (esophageal keratinocytes) is expected to be fairly 
rounded. These round cells grow fairly close together, often in colonies (Fig. 1a). Inactivation of p120ctn in 
EPC1-P cells does not impact the rounded appearance of the cells, though cell to cell adhesion is decreased. 
This phenotype is expected, given the down-regulation of a p120ctn, a protein important for cell–cell adhesion 

Figure 1.  Pleomorphic/spindle cell morphology increases in cells with p120ctn inactivation and EGFR 
overexpression. (a) Phase contrast images of cell morphology demonstrate a rounded cell appearance of 
EPC1-C control cells grown in keratinocyte serum-free medium in 2D. (b) EPC1-P cells demonstrate a 
rounded appearance, though with less cell to cell contacts present. (c) EPC1-E cells demonstrate a growth 
pattern consistent with EPC1-C and EPC1-P cells, but with the occasional presence of a spindle-shaped cell. 
(d) When p120ctn inactivation is combined with EGFR overexpression in EPC1-PE cells, cell to cell adhesion 
is more inhibited and there is a significant increase in the number of pleomorphic/spindle shaped cells. (e) 
Quantification of pleomorphic/spindle shape EPC1 cells in 2D culture. *p < 0.05 for EPC-E versus EPC-C, 
EPC-PE versus EPC-C, and EPC-PE versus EPC-E. Arrows: spindle shaped cells.



3

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18829  | https://doi.org/10.1038/s41598-020-75866-0

www.nature.com/scientificreports/

(Fig. 1b). EGFR overexpression also does not greatly change the cell morphology, though an occasional EPC1-
E cell is seen with a pleomorphic/spindle shape (Fig. 1c). Interestingly, EPC1-PE cells with combined p120ctn 
inactivation and EGFR overexpression have an increased number of cells with a pleomorphic/spindle shape, 
suggesting a number of cells possibly undergoing an epithelial to mesenchymal transition (EMT) (Fig. 1d). On 
average, it was found that approximately 250 out of every 1 million EPC1-E cells had a spindle shape. In the 
EPC1-PE cell population, there was a statistically significant increase in spindle-shaped cells, approximately 
600 out of every 1 million. Quantification of the number of spindle-shaped cells present in a total population 
of esophageal keratinocytes is displayed in Fig. 1e (n = 3; p < 0.05). EMT is often not a complete effect, whereby 
there can be a range of epithelial and mesenchymal properties observed in a cell  population37–39. Our data sup-
port this notion since not all of the cells in vitro demonstrate a strong shift in morphologic characteristics toward 
a mesenchymal/fibroblast appearance.

p120ctn inactivation and EGFR overexpression results in increased Twist2 expression. Our 
previous studies have focused on the interaction between p120ctn and EGFR, two important genes in ESCC. 
We have demonstrated that the combination of p120ctn inactivation and EGFR overexpression is a state that is 
present in 67% of ESCC patients and is associated with poor  prognosis24. ESCC is an understudied but aggressive 
disease, and since identifying p120ctn and EGFR as significant genes in ESCC, we have focused on investigating 
the mechanisms by which p120ctn and EGFR can cause invasion. Specifically, we demonstrated that p120ctn 
inactivation with EGFR overexpression causes hyperactivation of phosphorylated-NFkB, which is critical in the 
control of esophageal keratinocyte cellular  invasion25.

It was a consistent observation in our cell cultures that many EPC1-PE cells had a pleomorphic/spindle shape 
in 2D culture; therefore, we took a candidate gene approach in this study to identify potential genes that may 
cause such a phenotype. We surveyed the literature in an unbiased manner, identifying multiple genes for further 
assessment based on their known and potential roles in cancer cell migration, invasion, and patient outcome. We 
selected four candidate genes to analyze potential changes in expression when p120ctn is down-regulated and 
EGFR is overexpressed – Integrin subunit alpha 1 (ITGA1)40–43, Laminin subunit alpha 4 (LAMA4)44–46, RhoC 
GTPase (RHOC)47–51, and Twist Family BHLH Transcription Factor 2 (TWIST2)52–55. The identified genes were 
also previously established to have interactions with EGFR.

Upon qPCR analysis of our candidate genes, we detected a moderate two to threefold increase in mRNA 
expression of our four genes of interest in EPC1-PE cells (Table 1). Probing further into changes in protein 
expression, Western blot analysis demonstrated no significant change in expression of ITGA1, LAMA4, or RhoC 
(Fig. 2a). While we did observe a subtle 1.8-fold change in ITGA1 expression in EPC1-PE cells (Fig. 2b; n = 3), 
we saw a dramatic change in Twist2 expression levels in our cells when p120ctn and EGFR was modified com-
pared to control cells (Fig. 2c). This observation led us to work further on investigating and quantifying Twist2 
expression levels. On average, we saw a statistically significant 13-fold increase in Twist2 protein expression when 
both p120ctn is inactivated and EGFR is overexpressed compared to control cells with wild-type expression of 
p120ctn and EGFR (Fig. 2d; n = 5). Using an independent human esophageal keratinocyte cell line, EPC2 cells, 
we validated this increase in Twist2 protein expression induced by combined p120ctn inactivation and EGFR 
overexpression (Fig. 2e,f; n = 3).

Twist2 is a basic helix-loop-helix transcription factor family member that has long been known to be impor-
tant during mammalian embryogenesis. More recently expression differences of Twist2 have been noted in a 
number of tumors, and importantly, Twist2 has been associated with advanced stages of disease and/or poor 
prognosis in a small number of squamous  cancers53,56–58. Furthermore, increased expression of Twist2 has been 
shown to confer an EMT phenotype in a small number of cancers, primarily breast and  ovarian37,53,56–59. However, 
nothing to date has been elucidated regarding any role for Twist2 in ESCC.

The phenotypic changes in our cells along with the significant up-regulation of Twist2 suggested to us that 
there could be an EMT shift occurring in part of our cell population(s). Therefore, we also chose to investigate 
a few classical markers of EMT (E-cadherin, Vimentin, and Fibronectin). E-cadherin is important in cell to cell 
adhesion and is therefore a marker of epithelial status. Conversely, vimentin and fibronectin are mesenchymal 
markers and indicative of a cell’s acquired ability to migrate and  invade60,61. Western blot analysis of EPC1 
cells demonstrates that E-cadherin is down-regulated in EPC1-P cells with p120ctn down-regulation. This is 
to be expected, as p120ctn is important in the stabilization of E-cadherin4,62. Furthermore, a slight decrease in 
E-cadherin is seen in EPC1-E cells with overexpressed EGFR. Interestingly, however, E-cadherin expression 
levels are inhibited even further in EPC1-PE cells (Fig. 2g; n = 3). Western blot analysis also demonstrates that 
the mesenchymal markers vimentin and fibronectin are induced in EPC1-E and EPC1-PE cells, with vimentin 
having the strongest increase in expression in EPC1-PE cells (Fig. 2g; n = 3). The down-regulation of E-cadherin 
and up-regulation of vimentin and fibronectin in EPC1-E and EPC1-PE cells, along with the observed phenotypic 

Table 1.  qPCR analysis of four candidate genes shows a modest increase in mRNA expression.

Gene Fold change in mRNA expression compared to control

ITGA1 3.01

LAMA4 2.06

RHOC 3.12

TWIST2 2.97
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changes of the cells, indicate a potential EMT shift. Altogether, these data indicate that there is a slight or partial 
shift toward EMT in EPC1-E cells when EGFR is overexpressed alone. However, the EMT shift appears to be 
enhanced with the combination of p120ctn down-regulation and EGFR overexpression in EPC1-PE cells. As 
mentioned previously, Twist2 may also play a role in this process as has been shown in other cancer types. Indeed, 
the significant up-regulation of Twist2 in EPC-PE cells suggests the importance of investigating Twist2 further.

We then further analyzed Twist2 expression in EPC1-PE cells by immunofluorescence (IF). IF analysis dem-
onstrated an increase in Twist2 compared to control EPC1-C, -P, and -E cells (Fig. 3a–d; n = 3) As shown in 
Fig. 3d, the intensity of Twist2 staining in EPC1-PE cells is increased in the nucleus, particularly in pleomorphic/
spindle-shaped cells. Collectively, these data demonstrate increased Twist2 expression at the mRNA and protein 
levels in esophageal keratinocytes with p120ctn inactivation and EGFR overexpression.

Twist2 expression is increased in more invasive cells. Previous analysis of EPC1 and EPC2 esoph-
ageal keratinocytes in 3D organotypic culture, a model system that closely mimics the human esophageal 
 epithelium24, demonstrated that p120ctn inactivation with EGFR overexpression induces a highly invasive phe-
notype. This is in contrast to 3D cultures with control cells or those that have only modification of p120ctn or 
 EGFR24. IHC analyses of these cells in 3D culture demonstrate that EPC1-PE cells have increased Twist2 expres-
sion (Fig. 4a–d; n = 3). Additionally, Twist2 protein staining is the most intense in the most deeply invaded cells 
of the EPC1-PE organotypic culture (Fig. 4d, arrows). Interestingly, we have observed this staining pattern for 
pNFkB previously, where pNFkB staining intensity is the most robust in the most invasive EPC1-PE cells in 3D 
 culture25.

Inhibition of NFkB activity results in loss of Twist2 expression in EPC‑PE cells. Based on the 
similar expression pattern between NFkB and Twist2, we speculated that NFkB might transcriptionally regulate 
Twist2. To test this, we used JSH-23 to pharmacologically inhibit NFkB, as done in our previous studies (25). 
This compound selectively inhibits NFkB nuclear translocation, blocking NFkB activation and transcriptional 
 activity63. Using this inhibitor, we inhibited activation of NFkB in EPC1-PE cells to levels below that seen in our 
control cells (Fig. 5a). We then examined Twist2 expression levels in cells with NFkB inhibition. Interestingly, 
Western blot analysis results demonstrated a statistically significant 13-fold decrease in Twist2 protein levels 
when NFkB activity is inhibited (Fig. 5a). Figure 5b displays the quantification of decrease in pNFkB levels and 
the resultant decrease in Twist2 expression (n = 4). To confirm these data, we also examined the effect on Twist2 
protein expression by NFkB inhibition by JSH23 in EPC2 cells. Again, we see a robust decrease of Twist2 protein 
levels following NFkB inhibition (Supplementary Figure S1). These data suggest that Twist2 is responsive to acti-
vation levels of NFkB, a gene important in regulating invasion in an aggressive cancer type, ESCC, when p120ctn 
is inactivated and EGFR is overexpressed.

Discussion
Esophageal tumorigenesis is a multistep disease process involving molecular and cellular mechanisms that rely 
on multiple genetic modifications. Growing evidence supports the overlap and integration of multiple molecular 
pathways that play key roles in the development and progression of cancer. Indeed, we were the first to demon-
strate that p120ctn inactivation and EGFR overexpression intersect to cause an aggressive and invasive cell type 
that closely mimics human  ESCC24. Not only does p120ctn and EGFR induce phenotypic and histologic changes 
that resemble ESCC, but modulation of these clinically relevant proteins leads to key molecular changes as well. 
Specifically, inactivation of p120ctn combined with overexpression of EGFR induces hyperactivation of NFkB 
p65 in human esophageal keratinocytes and  ESCC25.

NFkB is a transcription factor that has been shown to regulate the expression of genes involved in many 
normal cellular processes as well as oncogenic processes, including proliferation, apoptosis, migration, and 
invasion. Our previous study delineated NFkB as a central regulator of invasion in  ESCC25. We identified the 
signaling pathway that causes NFkB hyperactivation downstream of p120ctn inactivation and EGFR overex-
pression; however, the key downstream targets of NFkB that lead to an aggressive type of ESCC are unknown. 
In the present study, we have identified Twist2 as a gene that is responsive to NFkB activity. Specifically, we 
demonstrated high levels of Twist2 when NFkB hyperactivation is induced by modulation of p120ctn and EGFR 
together in human esophageal keratinocytes. Our data suggest that Twist2 expression is induced when NFkB 

Figure 2.  Twist2 expression levels are significantly increased in cells with p120ctn inactivation and EGFR 
overexpression. (a) Western blot analysis demonstrates protein expression of ITGA1, RhoC, and LAMA4 in 
EPC1 cells. Full-length blots are presented in Supplementary Figures S2–S5. (b) Quantification of ITGA1, 
RhoC, and LAMA4 expression, normalized to actin, in EPC1-C, -P, -E, and -PE cells. (c) Western blot analysis 
demonstrates a significant increase in Twist2 expression in EPC1-PE cells. Full-length blots are presented in 
Supplementary Figures S5–S7. Samples were derived from the same experiment and blots were processed in 
parallel. (d) Quantification of Twist2 expression, normalized to actin, in EPC1-C, -P, -E, and -PE cells. (e) 
Western blot analysis demonstrates a significant increase in Twist2 expression in EPC2-PE cells compared to 
control. Full-length blots are presented in Supplementary Figures S8–S9. Samples were derived from the same 
experiment and blots were processed in parallel. (f) Quantification of Twist2 expression, normalized to actin, 
in EPC2-C and EPC2-PE cells. (g) Western blot analysis demonstrates a decrease in E-cadherin in EPC1-P, 
EPC1-E and EPC1-PE cells, and an induction of Vimentin and Fibronectin in EPC1-E and EPC1-PE cells. 
Full-length blots are presented in Supplementary Figures S10–S13. *p < 0.05 for EPC-PE versus EPC-C, EPC-PE 
versus EPC-P, and EPC-PE versus EPC-E.
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activity rises above a certain threshold, since only when NFkB phosphorylation is very high in cells with both 
decreased p120ctn expression with EGFR overexpression do we see robust Twist2 expression. Moderate induc-
tion of NFkB phosphorylation by decreased p120ctn expression or EGFR overexpression individually does not 
induce significant Twist2 expression. To our knowledge, this present work is the first study identifying Twist2 
as an NFkB-responsive gene.

Our initial observations of the unique spindle-shaped phenotype of human esophageal cells with p120ctn 
down-regulation and EGFR overexpression prompted our candidate gene approach to investigating genes that 
could potentially be responsible for such a phenotypic change. Twist2 is normally expressed in mesodermal tis-
sues during embryogenesis and involved in differentiation of various cell  lineages64–67. However, further studies 
have pointed to the oncogenic activation of Twist2 being important for the induction of epithelial-mesenchymal 
transition (EMT) in a few cancer  types37,53,56–59. Twist2 has previously not been implicated in ESCC. During the 
EMT process, an epithelial cell undergoes multiple changes that allow it to transition to a mesenchymal cell that 
is capable of leaving the epithelial layer in which it originated. Some of these biochemical and phenotypic changes 
promote the acquisition of enhanced migration and invasion  potential37,68–73, contributing to progressive tumor 
invasion, metastasis, and drug  resistance69–71,73.

EMT is triggered by various signals, such as extracellular matrix and growth factors, cytoskeletal and cell-
surface proteins, and activation of transcription  factors52,68,74–76; one of potential importance being Twist2. How-
ever, it could be assumed that esophageal cells that have down-regulation of p120ctn are already primed for EMT 
given the inherent loss/down-regulation of E-cadherin in these  cells24, which is a critical step and indicator of 
cells undergoing EMT. Furthermore, it has been suggested that EGFR may play a role in EMT by increasing 
matrix metalloproteinase-974, activating STAT3 and  Twist152, or contributing to down-regulation of E-cadherin 
 expression75. Certainly, as seen from our data, cells with inactivated p120ctn and overexpressed EGFR have an 
enhanced down-regulation of E-cadherin; even more so than cells that have inactivated p120ctn alone. With this 
in mind, we speculate that esophageal epithelial cells that have down-regulated p120ctn combined with over-
expression of EGFR (our model system to study invasive ESCC) may be more prone to undergo the epithelial-
mesenchymal transition. In support of this, the present study also demonstrated an induction of vimentin and 
fibronectin, markers of a cellular transition to a mesenchymal state and acquisition of an enhanced migratory 
and invasive potential. Indeed, we have clearly shown that EPC-PE cells have robust invasive  capabilities24,25. 
Interestingly, as we have demonstrated in this study, these cells also have significantly increased Twist2 expression. 
Twist2 in these cells appears to be sensitive to NFkB activation, which we know to be crucial in the invasiveness 
of the  cells25.

Figure 3.  Nuclear expression of Twist2 is increased in esophageal keratinocytes with p120ctn inactivation and 
EGFR overexpression. Immunofluorescence staining of EPC1 cells demonstrates little Twist2 expression in 
EPC1-C (a) and EPC1-P cells (b). (c) A slight increase in Twist2 is seen in EPC1-E cells. (d) EPC1-PE cells show 
an increase in Twist2 expression, with a particular increase in nuclear expression noted in pleomorphic/spindle 
shape cells. Arrows: cells with high intensity nuclear staining. Scale bars = 50 uM.
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Figure 4.  Twist2 expression increases in EPC1-PE 3D cultures. Immunohistochemical staining of (a) 
EPC1-C, (b) EPC1-P, and (c) EPC1-E 3D organotypic cultures demonstrates little Twist2 expression in the 
stratified squamous epithelium. (d) Twist2 is increased in 3D cultures with p120ctn inactivation and EGFR 
overexpression. Twist2 protein staining is most intense in cells that have deeply invaded in 3D culture. Arrows: 
deeply invaded cells with intense Twist2 staining. Scale bars = 50 uM.

Figure 5.  Twist2 is NFkB-responsive. (a) Western blot analysis demonstrates that inhibition of NFkB activity 
(pNFkB expression) with JSH-23 in EPC1-PE esophageal keratinocytes results in significant reduction in Twist2 
expression. Full-length blots are presented in Supplementary Figure S14–S17. Samples were derived from the 
same experiment and blots were processed in parallel. (b) Quantification of pNFkB and Twist2 expression, 
normalized to actin, with JSH-23 treatment in EPC1-PE cells. *p < 0.05 for JSH23 versus DMSO.



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18829  | https://doi.org/10.1038/s41598-020-75866-0

www.nature.com/scientificreports/

It is known that the invasive potential of cancer cells may eventually lead to metastasis and life-altering 
consequences. Therefore, the importance of understanding the underlying mechanisms that control invasion 
and EMT cannot be understated. The importance of NFkB in ESCC invasion is apparent, as our previous data 
demonstrate a significant increase in invasion with activation of NFkB and a complete loss of invasion with 
NFkB  inhibition25. However, elucidating genes downstream of NFkB that may play a role in the aggressive nature 
of ESCC is critical. While NFkB may seem like a clear therapeutic target to slow the progression of ESCC, the 
challenges are numerous given that inhibition of NFkB, a required component of innate immunity, can lead 
to long-term immunosuppression and  toxicity25,76,77. Therefore, there is an unmet need to find other potential 
molecular targets, including those downstream of NFkB. In order to advance research in this realm, there is a 
great need to investigate the role of Twist2 in ESCC. While we have established Twist2 as being responsive to 
NFkB when p120ctn is inactivated and EGFR is overexpressed, future studies will require understanding the 
functional consequences of Twist2 in cells with p120ctn and EGFR modulation. Specifically, it will be imperative 
to consider the possible role(s) that Twist2 is playing in EMT and invasion.

Overall, we have demonstrated that Twist2 expression increases significantly when p120ctn is down-regulated 
and EGFR is overexpressed. Twist2 is increased as a result of NFkB activation, as inhibiting NFkB results in a 
significant decrease in Twist2. Though further studies are warranted, Twist2 may be playing a role in causing 
ESCC tumor cells to undergo EMT and become more invasive.

Materials and methods
Cell lines. EPC-hTERT human esophageal keratinocytes, a gracious gift from Anil Rustgi, were cultivated 
in keratinocyte serum-free medium, as previously  described25,78. Modifications of EPC cells were made with 
TRIPZ and pLVX vectors (Open Biosystems) to down-regulate p120ctn and overexpress EGFR, as previously 
 described24. All derivatives of parental cells will be termed EPC-(genetic modification). EPC-C keratinocytes 
were generated by infection of parental EPC-hTERT cells with a pLVX-IRES-Neo vector and a TRIPZ lentiviral 
scrambled shRNA, resulting in no change in expression of p120ctn or EGFR. As previously described, EPC-P 
cells have down-regulated p120ctn expression, EPC-E cells have overexpression of EGFR, and EPC-PE cells have 
both p120ctn down-regulation and EGFR  overexpression24. As previously described, human fetal esophageal 
fibroblasts (FEF-SC) were purchased from ScienCell Research Laboratories, Inc. and were grown in Dulbecco’s 
modified Eagle’s medium (DMEM) (Mediatech, Inc.) supplemented with 10% fetal bovine serum (FBS) (VWR) 
and 1% penicillin/streptomycin (Invitrogen)25. All cell lines were cultivated at 37 °C with 5%  CO2.

Pleomorphic/spindle-shaped cells were quantified by counting the number of spindle-shaped cells per 1 × 106 
total cells. Averages were calculated across a minimum of three replicates at a minimum of three cell passages.

qPCR. EPC cells were cultivated, and plates were harvested when confluency reached 60%. After washing 
cells with ice-cold Phosphate Buffered Saline, total RNA was isolated using Trizol extraction following the steps 
outlined by the manufacturer (Invitrogen). Twist2 mRNA expression was determined by qPCR using SYBR 
Green PCR master mix (Sigma-Aldrich) using the manufacturer’s protocol and 5 pmol of forward and reverse 
primers.

Western blot analysis. Cells were harvested by trypsinization and centrifuged at 1,000 rpm for 5 min. 
Cell pellets were washed in 1X PBS and centrifuged at 2,000 rpm for 5 min. Cells were then incubated in lysis 
buffer as previously  described24. Protein concentrations were determined using a Coomassie Protein Assay Kit 
(Pierce Biotechnology). Denatured proteins were resolved by SDS-PAGE and transferred to polyvinylidene dif-
luoride (PVDF) membrane (Immobilon-P; Millipore). Membranes to be visualized using chemiluminescence 
and film were incubated overnight at 4 °C with primary antibodies diluted in a PBST solution with 3%  milk24,25. 
Horseradish peroxidase (HRP)-conjugated secondary antibodies were placed on the membranes for 1 h at room 
temperature in a 3% milk-PBST solution. Proteins were visualized using ECL Prime chemiluminescence (GE 
Healthcare) as previously  described24, or with a FluorChem R System (ProteinSimple) according to the manu-
facturer’s instructions. Membranes to be visualized using fluorescent imaging were incubated overnight at 4 °C 
with primary antibodies diluted in a PBST solution with 5% bovine serum albumin (BSA) (Fisher Scientific). 
Fluorochrome-conjugated secondary antibodies were placed on the membranes for 2 h at room temperature in 
the dark in a 3% BSA-PBST solution. After washing membranes with PBST and PBS, proteins were visualized 
using the Typhoon FLA 9000 fluorescence detection system (GE Healthcare).

3D organotypic culture. EPC cells were grown on a 3D matrix as previously  described24,79 with the follow-
ing  modifications25. The collagen/Matrigel layer had 1.5 × 105 human fetal esophageal fibroblasts (FEF-SC cells) 
embedded within it. On day 13, cultures were raised to an air–liquid interface and cultured for four days in Epi-
dermalization III medium, with medium changed every other day. This medium is identical to Epidermalization 
I medium except that it does not contain progesterone and 2% unchelated newborn calf serum is added. Cultures 
were grown for a total of 17 days and harvested by fixing half of the culture in 10% neutral buffered formalin 
(Fisher Scientific) and paraffin-embedding. The epithelium was peeled from the other half of the culture and 
processed for protein  collection25.

Antibodies and inhibitors. The Twist2 antibody was purchased from Abcam (#ab66031) and used at 
1:5000 for immunoblotting, 1:1000 for immunohistochemistry and 1:500 for immunofluorescence. Antibodies 
for NFkB (1:1000; #4764), pNFkB (1:1000; #3033), ITGA1 (2 μg/ml; #71,747), Vimentin (1:5000; #9855), and 
E-cadherin (1:1000; #3195) were purchased from Cell Signaling Technology. The LAMA4 (1:1000; ab205568) 
and Fibronectin (1:15,000; ab45688) antibodies were purchased from Abcam. The RhoC antibody, used at a 
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1:1000 dilution, was graciously shared by Dr. Kenneth van Golen (University of Delaware). The β-actin antibody 
(1:10,000; #A5316) was used as a loading control for immunoblotting and was purchased from Sigma-Aldrich 
Corp. AlexaFluor488 anti-rabbit or AlexaFluor 568 anti-mouse secondary antibodies were used for Western 
blots scanned with the Typhoon FLA 9000. An AlexaFluor488 anti-rabbit secondary antibody was used for 
immunofluorescence. Inhibition of NFkB was performed using NFkB Activation Inhibitor II, JSH-23 (#481,408; 
Millipore) at a concentration of 10 μM for 2 h.

Immunohistochemistry. Immunohistochemical techniques were carried out as previously  described24,25. 
Paraffin sections of 3D organotypic cultures were baked for one hour at 60 °C and deparaffinized in xylene. Sec-
tions were then rehydrated in sequential 100%, 95%, 70% ethanol and distilled water. Antigen unmasking was 
performed with the Retriever (Electron Microscopy Sciences) in 10 mM sodium citrate buffer, pH 6. Endog-
enous peroxidases were quenched in 3% hydrogen peroxide for 6 min prior to sections being incubated for 
30 min with a blocking solution of 5% BSA in PBS. Sections were incubated with primary antibodies overnight 
at 4 °C in 5% BSA, followed by 2 h with ImmPRESS HRP reagent (Vector Laboratories). HRP activity was then 
detected using DAB substrate (Thermo Scientific). Sections were dehydrated in 70%, 95%, and 100% ethanol and 
xylene, and coverslipped with Permount (Fisher Scientific). Sections were then imaged and photographed with 
an Olympus BX53 light microscope (Olympus America)24,25.

Immunofluorescence. Cells were grown to a density of 70% confluence on Nunc chamber slides (Thermo 
Scientific). Cells were fixed with 4% formaldehyde for 15  min at room temperature, followed by PBS wash-
ing. A permeabilization step was performed with 0.1% Triton-X 100 in PBS for 15 min. Cells were incubated 
with 5% BSA in PBS for 1 h, followed by incubation with primary antibody in 5% BSA-PBS overnight at 4 °C. 
Fluorochrome-conjugated secondary antibody in 5% BSA-PBS was added for 2 h at room temperature in the 
dark. After washing with PBS, slides were then coverslipped using VectaShield mounting medium with  DAPI24.

Statistical analysis. A two-tailed Student’s t-test was used for pairwise comparisons to determine signifi-
cant differences between cell lines or treatments. Image J software (version 1.53) was used to quantify immuno-
blots. p ≤ 0.05 was considered statistically significant for all experiments. All experiments were completed with a 
minimum of three biological and technical replicates.

Received: 1 July 2020; Accepted: 21 October 2020

References
 1. Howlader, N. et al. (National Cancer Institute, Bethesda, MD, 2015).
 2. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 69, 7–34. https ://doi.org/10.3322/caac.21551  

(2019).
 3. Matuschek, C. et al. Trimodal therapy in squamous cell carcinoma of the esophagus. Eur. J. Med. Res. 16, 437–444. https ://doi.

org/10.1186/2047-783x-16-10-437 (2011).
 4. Stairs, D. B. et al. Deletion of p120-catenin results in a tumor microenvironment with inflammation and cancer that establishes it 

as a tumor suppressor gene. Cancer Cell 19, 470–483. https ://doi.org/10.1016/j.ccr.2011.02.007 (2011).
 5. Reynolds, A. B. & Carnahan, R. H. Regulation of cadherin stability and turnover by p120ctn: implications in disease and cancer. 

Semin. Cell Dev. Biol. 15, 657–663. https ://doi.org/10.1016/j.semcd b.2004.09.003 (2004).
 6. Chung, Y. et al. Altered E-cadherin expression and p120 catenin localization in esophageal squamous cell carcinoma. Ann. Surg. 

Oncol. 14, 3260–3267. https ://doi.org/10.1245/s1043 4-007-9511-8 (2007).
 7. Dillon, D. A., D’Aquila, T., Reynolds, A. B., Fearon, E. R. & Rimm, D. L. The expression of p120ctn protein in breast cancer is 

independent of alpha- and beta-catenin and E-cadherin. Am. J. Pathol. 152, 75–82 (1998).
 8. Gold, J. S., Reynolds, A. B. & Rimm, D. L. Loss of p120ctn in human colorectal cancer predicts metastasis and poor survival. Cancer 

Lett. 132, 193–201. https ://doi.org/10.1016/s0304 -3835(98)00190 -6 (1998).
 9. Lo Muzio, L. et al. Is expression of p120ctn in oral squamous cell carcinomas a prognostic factor?. Oral Surg. Oral Med. Oral Pathol. 

Oral Radiol. 115, 789–798. https ://doi.org/10.1016/j.oooo.2013.03.006 (2013).
 10. Shimazui, T. et al. Prognostic value of cadherin-associated molecules (alpha-, beta-, and gamma-catenins and p120cas) in bladder 

tumors. Cancer Res. 56, 4154–4158 (1996).
 11. Skoudy, A., Gomez, S., Fabre, M. & GarciadeHerreros, A. p120-catenin expression in human colorectal cancer. Int. J. Cancer 68, 

14–20. https ://doi.org/10.1002/(SICI)1097-0215(19960 927)68:%3c14::AID-IJC3%3e3.0.CO;2-%23 (1996).
 12. Syrigos, K. N., Karayiannakis, A., Syrigou, E. I., Harrington, K. & Pignatelli, M. Abnormal expression of p120 correlates with poor 

survival in patients with bladder cancer. Eur. J. Cancer 34, 2037–2040. https ://doi.org/10.1016/s0959 -8049(98)00279 -2 (1998).
 13. Ma, L. W., Zhou, Z. T., He, Q. B. & Jiang, W. W. Phosphorylated p120-catenin expression has predictive value for oral cancer 

progression. J. Clin. Pathol. 65, 315–319. https ://doi.org/10.1136/jclin path-2011-20051 6 (2012).
 14. Kallakury, B. V. et al. Decreased expression of catenins (alpha and beta), p120 CTN, and E-cadherin cell adhesion proteins 

and E-cadherin gene promoter methylation in prostatic adenocarcinomas. Cancer 92, 2786–2795. https ://doi.org/10.1002/1097-
0142(20011 201)92:11%3c278 6::aid-cncr1 0128%3e3.0.co;2-i (2001).

 15. Bremnes, R. M. et al. High-throughput tissue microarray analysis used to evaluate biology and prognostic significance of the 
E-cadherin pathway in non-small-cell lung cancer. J. Clin. Oncol. 20, 2417–2428. https ://doi.org/10.1200/JCO.2002.08.159 (2002).

 16. Nakopoulou, L. et al. Prognostic value of E-cadherin, beta-catenin, P120ctn in patients with transitional cell bladder cancer. 
Anticancer. Res. 20, 4571–4578 (2000).

 17. Nakopoulou, L. et al. The favourable prognostic value of oestrogen receptor beta immunohistochemical expression in breast cancer. 
J. Clin. Pathol. 57, 523–528. https ://doi.org/10.1136/jcp.2003.00859 9 (2004).

 18. Ishizaki, Y. et al. Reduced expression and aberrant localization of p120catenin in human squamous cell carcinoma of the skin. J. 
Dermatol. Sci. 34, 99–108. https ://doi.org/10.1016/j.jderm sci.2003.12.001 (2004).

https://doi.org/10.3322/caac.21551
https://doi.org/10.1186/2047-783x-16-10-437
https://doi.org/10.1186/2047-783x-16-10-437
https://doi.org/10.1016/j.ccr.2011.02.007
https://doi.org/10.1016/j.semcdb.2004.09.003
https://doi.org/10.1245/s10434-007-9511-8
https://doi.org/10.1016/s0304-3835(98)00190-6
https://doi.org/10.1016/j.oooo.2013.03.006
https://doi.org/10.1002/(SICI)1097-0215(19960927)68:%3c14::AID-IJC3%3e3.0.CO;2-%23
https://doi.org/10.1016/s0959-8049(98)00279-2
https://doi.org/10.1136/jclinpath-2011-200516
https://doi.org/10.1002/1097-0142(20011201)92:11%3c2786::aid-cncr10128%3e3.0.co;2-i
https://doi.org/10.1002/1097-0142(20011201)92:11%3c2786::aid-cncr10128%3e3.0.co;2-i
https://doi.org/10.1200/JCO.2002.08.159
https://doi.org/10.1136/jcp.2003.008599
https://doi.org/10.1016/j.jdermsci.2003.12.001


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18829  | https://doi.org/10.1038/s41598-020-75866-0

www.nature.com/scientificreports/

 19. Wijnhoven, B. P., Pignatelli, M., Dinjens, W. N. & Tilanus, H. W. Reduced p120ctn expression correlates with poor survival in 
patients with adenocarcinoma of the gastroesophageal junction. J. Surg. Oncol. 92, 116–123. https ://doi.org/10.1002/jso.20344  
(2005).

 20. Zhai, B. et al. Reduced expression of E-cadherin/catenin complex in hepatocellular carcinomas. World J. Gastroenterol. 14, 5665–
5673. https ://doi.org/10.3748/wjg.14.5665 (2008).

 21. Miao, Y. et al. p120ctn isoform 1 expression significantly correlates with abnormal expression of E-cadherin and poor survival of 
lung cancer patients. Med. Oncol. 27, 880–886. https ://doi.org/10.1007/s1203 2-009-9300-2 (2010).

 22. Noordhuis, M. G. et al. Involvement of the TGF-beta and beta-catenin pathways in pelvic lymph node metastasis in early-stage 
cervical cancer. Clin. Cancer Res. 17, 1317–1330. https ://doi.org/10.1158/1078-0432.CCR-10-2320 (2011).

 23. Yang, Y. L., Xu, K. L., Zhou, Y., Gao, X. & Chen, L. R. Correlation of epidermal growth factor receptor overexpression with increased 
epidermal growth factor receptor gene copy number in esophageal squamous cell carcinomas. Chin. Med. J. (Engl.) 125, 450–454 
(2012).

 24. Lehman, H. L., Yang, X., Welsh, P. A. & Stairs, D. B. p120-catenin down-regulation and epidermal growth factor receptor overex-
pression results in a transformed epithelium that mimics esophageal squamous cell carcinoma. Am. J. Pathol. 185, 240–251. https 
://doi.org/10.1016/j.ajpat h.2014.09.008 (2015).

 25. Lehman, H. L., Kidacki, M., Warrick, J. I. & Stairs, D. B. NFkBhyperactivation causes invasion of esophageal squamous cell carci-
noma with EGFR overexpression and p120-catenin down-regulation. Oncotarget 9, 11180–11196. https ://doi.org/10.18632 /oncot 
arget .24358  (2018).

 26. Aggarwal, B. B. et al. Nuclear transcription factor NF-kappa B: role in biology and medicine. Indian J. Exp. Biol. 42, 341–353 (2004).
 27. Shishodia, S. & Aggarwal, B. B. Nuclear factor-kappaB activation mediates cellular transformation, proliferation, invasion angio-

genesis and metastasis of cancer. Cancer Treat. Res. 119, 139–173. https ://doi.org/10.1007/1-4020-7847-1_8 (2004).
 28. Shishodia, S. & Aggarwal, B. B. Nuclear factor-kappaB: a friend or a foe in cancer?. Biochem. Pharmacol. 68, 1071–1080. https ://

doi.org/10.1016/j.bcp.2004.04.026 (2004).
 29. Xia, Y., Shen, S. & Verma, I. M. NF-κB, an active player in human cancers. Cancer Immunol. Res. 2, 823–830. https ://doi.

org/10.1158/2326-6066.CIR-14-0112 (2014).
 30. Ueda, Y. & Richmond, A. NF-kappaB activation in melanoma. Pigment Cell Res. 19, 112–124. https ://doi.org/10.111

1/j.1600-0749.2006.00304 .x (2006).
 31. Li, J. et al. Association of constitutive nuclear factor-kappaB activation with aggressive aspects and poor prognosis in cervical 

cancer. Int. J. Gynecol. Cancer 19, 1421–1426. https ://doi.org/10.1111/IGC.0b013 e3181 b7044 5 (2009).
 32. Li, W., Tan, D., Zenali, M. J. & Brown, R. E. Constitutive activation of nuclear factor-kappa B (NF-kB) signaling pathway in 

fibrolamellar hepatocellular carcinoma. Int. J. Clin. Exp. Pathol. 3, 238–243 (2009).
 33. Staudt, L. M. Oncogenic activation of NF-kappaB. Cold Spring Harb. Perspect. Biol. 2, a000109. https ://doi.org/10.1101/cshpe rspec 

t.a0001 09 (2010).
 34. Ping, F. M. et al. Expression of RKIP, E-cadherin and NF-kB p65 in esophageal squamous cell carcinoma and their correlations. 

Int. J. Clin. Exp. Pathol. 8, 10164–10170 (2015).
 35. Li, B., Chen, Z., Zhou, F. & He, J. Effect of NF-κB activation on the radiation response of esophageal cancer cells. ZhonghuaZhong 

Liu ZaZhi 36, 485–488 (2014).
 36. Park, M., Yoon, H. J., Kang, M. C., Kwon, J. & Lee, H. W. PTK7 regulates radioresistance through nuclear factor-kappa B in 

esophageal squamous cell carcinoma. Tumour Biol. 37, 14217–14224. https ://doi.org/10.1007/s1327 7-016-5288-3 (2016).
 37. Kalluri, R. & Weinberg, R. A. The basics of epithelial-mesenchymal transition. J. Clin. Invest. 119, 1420–1428. https ://doi.

org/10.1172/jci39 104 (2009).
 38. Lamouille, S., Xu, J. & Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15, 

178–196. https ://doi.org/10.1038/nrm37 58 (2014).
 39. Roche, J. in Cancers (Basel) Vol. 10 (2018).
 40. Ning, Z. et al. Integrin-linked kinase is involved in the proliferation and invasion of esophageal squamous cell carcinoma. J. Cancer 

11, 324–333. https ://doi.org/10.7150/jca.33737  (2020).
 41 Liu, X. et al. Derivate isocorydine (d-ICD) suppresses migration and invasion of hepatocellular carcinoma cell by downregulating 

ITGA1 expression. Int. J. Mol. Sci. https ://doi.org/10.3390/ijms1 80305 14 (2017).
 42. Boudjadi, S., Carrier, J. C., Groulx, J. F. & Beaulieu, J. F. Integrin α1β1 expression is controlled by c-MYC in colorectal cancer cells. 

Oncogene 35, 1671–1678. https ://doi.org/10.1038/onc.2015.231 (2016).
 43 Boudjadi, S. et al. Involvement of the integrin α1β1 in the progression of colorectal cancer. Cancers https ://doi.org/10.3390/cance 

rs908 0096 (2017).
 44. Wang, X., Hou, Q. & Zhou, X. LAMA4 expression is activated by zinc finger E-box-binding homeobox 1 and independently predicts 

poor overall survival in gastric cancer. Oncol. Rep. 40, 1725–1733. https ://doi.org/10.3892/or.2018.6564 (2018).
 45. Huang, X., Ji, G., Wu, Y., Wan, B. & Yu, L. LAMA4, highly expressed in human hepatocellular carcinoma from Chinese patients, 

is a novel marker of tumor invasion and metastasis. J. Cancer Res. Clin. Oncol. 134, 705–714. https ://doi.org/10.1007/s0043 2-007-
0342-6 (2008).

 46. Wragg, J. W. et al. MCAM and LAMA4 are highly enriched in tumor blood vessels of renal cell carcinoma and predict patient 
outcome. Cancer Res. 76, 2314–2326. https ://doi.org/10.1158/0008-5472.CAN-15-1364 (2016).

 47. Ha, Y. J. et al. Biological characteristics and clinical significance of ITGB1 and RHOC in patients with recurrent colorectal cancer. 
Anticancer Res. 39, 4853–4864. https ://doi.org/10.21873 /antic anres .13671  (2019).

 48. Guan, X., Chen, S. & Zhao, Y. The role of RhoC in malignant tumor invasion, metastasis and targeted therapy. Histol. Histopathol. 
33, 255–260. https ://doi.org/10.14670 /HH-11-915 (2018).

 49. Lang, S. et al. Specific role of RhoC in tumor invasion and metastasis. Oncotarget 8, 87364–87378. https ://doi.org/10.18632 /oncot 
arget .20957  (2017).

 50. Joglekar, M., Elbezanti, W. O., Weitzman, M. D., Lehman, H. L. & van Golen, K. L. Caveolin-1 mediates inflammatory breast cancer 
cell invasion via the Akt1 pathway and RhoCGTPase. J. Cell Biochem. 116, 923–933. https ://doi.org/10.1002/jcb.25025  (2015).

 51. Lehman, H. L. et al. Regulation of inflammatory breast cancer cell invasion through Akt1/PKBα phosphorylation of RhoCGTPase. 
Mol. Cancer Res. 10, 1306–1318. https ://doi.org/10.1158/1541-7786.MCR-12-0173 (2012).

 52. Lo, H. W. et al. Epidermal growth factor receptor cooperates with signal transducer and activator of transcription 3 to induce 
epithelial-mesenchymal transition in cancer cells via up-regulation of TWIST gene expression. Cancer Res. 67, 9066–9076. https 
://doi.org/10.1158/0008-5472.CAN-07-0575 (2007).

 53. Wang, T. et al. Twist2, the key Twist isoform related to prognosis, promotes invasion of cervical cancer by inducing epithelial-
mesenchymal transition and blocking senescence. Hum. Pathol. 45, 1839–1846. https ://doi.org/10.1016/j.humpa th.2014.05.001 
(2014).

 54. Zhou, C. et al. Coexpression of hypoxia-inducible factor-2α, TWIST2, and SIP1 may correlate with invasion and metastasis of 
salivary adenoid cystic carcinoma. J. Oral. Pathol. Med. 41, 424–431. https ://doi.org/10.1111/j.1600-0714.2011.01114 .x (2012).

 55. Nakamura, T. et al. Potential involvement of Twist2 and Erk in the regulation of osteoblastogenesis by HB-EGF-EGFR signaling. 
Cell Struct. Funct. 35, 53–61. https ://doi.org/10.1247/csf.10001  (2010).

 56. Gasparotto, D. et al. Overexpression of TWIST2 correlates with poor prognosis in head and neck squamous cell carcinomas. 
Oncotarget 2, 1165–1175. https ://doi.org/10.18632 /oncot arget .390 (2011).

https://doi.org/10.1002/jso.20344
https://doi.org/10.3748/wjg.14.5665
https://doi.org/10.1007/s12032-009-9300-2
https://doi.org/10.1158/1078-0432.CCR-10-2320
https://doi.org/10.1016/j.ajpath.2014.09.008
https://doi.org/10.1016/j.ajpath.2014.09.008
https://doi.org/10.18632/oncotarget.24358
https://doi.org/10.18632/oncotarget.24358
https://doi.org/10.1007/1-4020-7847-1_8
https://doi.org/10.1016/j.bcp.2004.04.026
https://doi.org/10.1016/j.bcp.2004.04.026
https://doi.org/10.1158/2326-6066.CIR-14-0112
https://doi.org/10.1158/2326-6066.CIR-14-0112
https://doi.org/10.1111/j.1600-0749.2006.00304.x
https://doi.org/10.1111/j.1600-0749.2006.00304.x
https://doi.org/10.1111/IGC.0b013e3181b70445
https://doi.org/10.1101/cshperspect.a000109
https://doi.org/10.1101/cshperspect.a000109
https://doi.org/10.1007/s13277-016-5288-3
https://doi.org/10.1172/jci39104
https://doi.org/10.1172/jci39104
https://doi.org/10.1038/nrm3758
https://doi.org/10.7150/jca.33737
https://doi.org/10.3390/ijms18030514
https://doi.org/10.1038/onc.2015.231
https://doi.org/10.3390/cancers9080096
https://doi.org/10.3390/cancers9080096
https://doi.org/10.3892/or.2018.6564
https://doi.org/10.1007/s00432-007-0342-6
https://doi.org/10.1007/s00432-007-0342-6
https://doi.org/10.1158/0008-5472.CAN-15-1364
https://doi.org/10.21873/anticanres.13671
https://doi.org/10.14670/HH-11-915
https://doi.org/10.18632/oncotarget.20957
https://doi.org/10.18632/oncotarget.20957
https://doi.org/10.1002/jcb.25025
https://doi.org/10.1158/1541-7786.MCR-12-0173
https://doi.org/10.1158/0008-5472.CAN-07-0575
https://doi.org/10.1158/0008-5472.CAN-07-0575
https://doi.org/10.1016/j.humpath.2014.05.001
https://doi.org/10.1111/j.1600-0714.2011.01114.x
https://doi.org/10.1247/csf.10001
https://doi.org/10.18632/oncotarget.390


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18829  | https://doi.org/10.1038/s41598-020-75866-0

www.nature.com/scientificreports/

 57. Li, Y. et al. Correlation of TWIST2 up-regulation and epithelial-mesenchymal transition during tumorigenesis and progression 
of cervical carcinoma. Gynecol. Oncol. 124, 112–118. https ://doi.org/10.1016/j.ygyno .2011.09.003 (2012).

 58. Wishahi, M., Khalil, H. & Kamel, N. TWIST2 expressions in patients with squamous cell carcinoma of the urinary bladder showed 
down regulation correlated with good survival and low incidence of distant metastasis. J. Egypt Soc. Parasitol. 47, 101–105 (2017).

 59. Fang, X. et al. Twist2 contributes to breast cancer progression by promoting an epithelial-mesenchymal transition and cancer 
stem-like cell self-renewal. Oncogene 30, 4707–4720. https ://doi.org/10.1038/onc.2011.181 (2011).

 60. Liu, C. Y., Lin, H. H., Tang, M. J. & Wang, Y. K. Vimentin contributes to epithelial-mesenchymal transition cancer cell mechanics 
by mediating cytoskeletal organization and focal adhesion maturation. Oncotarget 6, 15966–15983. https ://doi.org/10.18632 /oncot 
arget .3862 (2015).

 61. Zeisberg, M. & Neilson, E. G. Biomarkers for epithelial-mesenchymal transitions. J. Clin. Invest. 119, 1429–1437. https ://doi.
org/10.1172/jci36 183 (2009).

 62. Venhuizen, J. H., Jacobs, F. J. C., Span, P. N. & Zegers, M. M. P120 and E-cadherin: Double-edged swords in tumor metastasis. 
Semin. Cancer Biol. 60, 107–120. https ://doi.org/10.1016/j.semca ncer.2019.07.020 (2020).

 63. Shin, H. M. et al. Inhibitory action of novel aromatic diamine compound on lipopolysaccharide-induced nuclear translocation of 
NF-kappaB without affecting IkappaB degradation. FEBS Lett. 571, 50–54. https ://doi.org/10.1016/j.febsl et.2004.06.056 (2004).

 64. Lee, M. S., Lowe, G., Flanagan, S., Kuchler, K. & Glackin, C. A. Human Dermo-1 has attributes similar to twist in early bone 
development. Bone 27, 591–602. https ://doi.org/10.1016/s8756 -3282(00)00380 -x (2000).

 65. Lee, Y. S. et al. Twist2, a novel ADD1/SREBP1c interacting protein, represses the transcriptional activity of ADD1/SREBP1c. 
Nucleic Acids Res. 31, 7165–7174. https ://doi.org/10.1093/nar/gkg93 4 (2003).

 66. Sharabi, A. B. et al. Twist-2 controls myeloid lineage development and function. PLoS Biol. 6, e316. https ://doi.org/10.1371/journ 
al.pbio.00603 16 (2008).

 67. Gong, X. Q. & Li, L. Dermo-1, a multifunctional basic helix-loop-helix protein, represses MyoD transactivation via the HLH 
domain, MEF2 interaction, and chromatin deacetylation. J. Biol. Chem. 277, 12310–12317. https ://doi.org/10.1074/jbc.M1102 
28200  (2002).

 68. Nieto, M. A., Huang, R. Y., Jackson, R. A. & Thiery, J. P. E. M. T. Cell 166(21–45), 2016. https ://doi.org/10.1016/j.cell.2016.06.028 
(2016).

 69. Thiery, J. P., Acloque, H., Huang, R. Y. & Nieto, M. A. Epithelial-mesenchymal transitions in development and disease. Cell 139, 
871–890. https ://doi.org/10.1016/j.cell.2009.11.007 (2009).

 70. Yang, J. & Weinberg, R. A. Epithelial-mesenchymal transition: at the crossroads of development and tumor metastasis. Dev. Cell 
14, 818–829. https ://doi.org/10.1016/j.devce l.2008.05.009 (2008).

 71. Zhang, Y. & Weinberg, R. A. Epithelial-to-mesenchymal transition in cancer: complexity and opportunities. Front Med. 12, 361–373. 
https ://doi.org/10.1007/s1168 4-018-0656-6 (2018).

 72. Polyak, K. & Weinberg, R. A. Transitions between epithelial and mesenchymal states: acquisition of malignant and stem cell traits. 
Nat. Rev. Cancer 9, 265–273. https ://doi.org/10.1038/nrc26 20 (2009).

 73. Ye, X. & Weinberg, R. A. Epithelial-mesenchymal plasticity: a central regulator of cancer progression. Trends Cell Biol. 25, 675–686. 
https ://doi.org/10.1016/j.tcb.2015.07.012 (2015).

 74. Kondapaka, S. B., Fridman, R. & Reddy, K. B. Epidermal growth factor and amphiregulin up-regulate matrix metalloproteinase-9 
(MMP-9) in human breast cancer cells. Int. J. Cancer 70, 722–726. https ://doi.org/10.1002/(sici)1097-0215(19970 317)70:6%3c722 
::aid-ijc15 %3e3.0.co;2-b (1997).

 75. Lu, Z., Ghosh, S., Wang, Z. & Hunter, T. Downregulation of caveolin-1 function by EGF leads to the loss of E-cadherin, increased 
transcriptional activity of beta-catenin, and enhanced tumor cell invasion. Cancer Cell 4, 499–515. https ://doi.org/10.1016/s1535 
-6108(03)00304 -0 (2003).

 76. Baud, V. & Karin, M. Is NF-kappaB a good target for cancer therapy? Hopes and pitfalls. Nat. Rev. Drug Discov. 8, 33–40. https ://
doi.org/10.1038/nrd27 81 (2009).

 77. Lin, Y., Bai, L., Chen, W. & Xu, S. The NF-kappaB activation pathways, emerging molecular targets for cancer prevention and 
therapy. Expert Opin. Ther. Targets 14, 45–55. https ://doi.org/10.1517/14728 22090 34310 69 (2010).

 78. Okawa, T. et al. The functional interplay between EGFR overexpression, hTERT activation, and p53 mutation in esophageal 
epithelial cells with activation of stromal fibroblasts induces tumor development, invasion, and differentiation. Genes Dev. 21, 
2788–2803. https ://doi.org/10.1101/gad.15445 07 (2007).

 79. Kalabis, J. et al. Isolation and characterization of mouse and human esophageal epithelial cells in 3D organotypic culture. Nat. 
Protoc. 7, 235–246. https ://doi.org/10.1038/nprot .2011.437 (2012).

Acknowledgments
We thank Anil K. Rustgi for graciously providing cell lines, Patricia A. Welsh for providing technical expertise, 
Kenneth van Golen for providing the RhoC antibody, and The Pennsylvania State University College of Medicine 
Molecular and Histopathology Core Research Lab for histological technical support. This research was sup-
ported by a Research Scholar Grant, RSG-16-219-01–TBG, from the American Cancer Society and by a Penn 
State Cancer Institute Program Project Development Award sponsored by the Highmark Community Health 
Reinvestment Fund.

Author contributions
H.L.L. wrote the manuscript and participated in planning the study and the technical aspects of the research. 
M.K. participated in the technical aspects of the research and revision of the manuscript. D.B.S. is the senior 
author, planned the study, and participated in revision of the manuscript. All authors reviewed and approved 
the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-75866 -0.

Correspondence and requests for materials should be addressed to D.B.S.

Reprints and permissions information is available at www.nature.com/reprints.

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

https://doi.org/10.1016/j.ygyno.2011.09.003
https://doi.org/10.1038/onc.2011.181
https://doi.org/10.18632/oncotarget.3862
https://doi.org/10.18632/oncotarget.3862
https://doi.org/10.1172/jci36183
https://doi.org/10.1172/jci36183
https://doi.org/10.1016/j.semcancer.2019.07.020
https://doi.org/10.1016/j.febslet.2004.06.056
https://doi.org/10.1016/s8756-3282(00)00380-x
https://doi.org/10.1093/nar/gkg934
https://doi.org/10.1371/journal.pbio.0060316
https://doi.org/10.1371/journal.pbio.0060316
https://doi.org/10.1074/jbc.M110228200
https://doi.org/10.1074/jbc.M110228200
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1016/j.devcel.2008.05.009
https://doi.org/10.1007/s11684-018-0656-6
https://doi.org/10.1038/nrc2620
https://doi.org/10.1016/j.tcb.2015.07.012
https://doi.org/10.1002/(sici)1097-0215(19970317)70:6%3c722::aid-ijc15%3e3.0.co;2-b
https://doi.org/10.1002/(sici)1097-0215(19970317)70:6%3c722::aid-ijc15%3e3.0.co;2-b
https://doi.org/10.1016/s1535-6108(03)00304-0
https://doi.org/10.1016/s1535-6108(03)00304-0
https://doi.org/10.1038/nrd2781
https://doi.org/10.1038/nrd2781
https://doi.org/10.1517/14728220903431069
https://doi.org/10.1101/gad.1544507
https://doi.org/10.1038/nprot.2011.437
https://doi.org/10.1038/s41598-020-75866-0
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18829  | https://doi.org/10.1038/s41598-020-75866-0

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Twist2 is NFkB-responsive when p120-catenin is inactivated and EGFR is overexpressed in esophageal keratinocytes
	Results
	The frequency of spindle cell morphology increases in esophageal keratinocytes when p120ctn is inactivated and EGFR is overexpressed. 
	p120ctn inactivation and EGFR overexpression results in increased Twist2 expression. 
	Twist2 expression is increased in more invasive cells. 
	Inhibition of NFkB activity results in loss of Twist2 expression in EPC-PE cells. 

	Discussion
	Materials and methods
	Cell lines. 
	qPCR. 
	Western blot analysis. 
	3D organotypic culture. 
	Antibodies and inhibitors. 
	Immunohistochemistry. 
	Immunofluorescence. 
	Statistical analysis. 

	References
	Acknowledgments


