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Abstract 

Background: The Src tyrosine kinase phosphorylates effector proteins to induce expression of the podoplanin 
(PDPN) receptor in order to promote tumor progression. However, nontransformed cells can normalize the growth 
and morphology of neighboring transformed cells. Transformed cells must escape this process, called “contact nor-
malization”, to become invasive and malignant. Contact normalization requires junctional communication between 
transformed and nontransformed cells. However, specific junctions that mediate this process have not been defined. 
This study aimed to identify junctional proteins required for contact normalization.

Methods: Src transformed cells and oral squamous cell carcinoma cells were cultured with nontransformed cells. 
Formation of heterocellular adherens junctions between transformed and nontransformed cells was visualized 
by fluorescent microscopy. CRISPR technology was used to produce cadherin deficient and cadherin competent 
nontransformed cells to determine the requirement for adherens junctions during contact normalization. Contact 
normalization of transformed cells cultured with cadherin deficient or cadherin competent nontransformed cells was 
analyzed by growth assays, immunofluorescence, western blotting, and RNA-seq. In addition, Src transformed cells 
expressing PDPN under a constitutively active exogenous promoter were used to examine the ability of PDPN to 
override contact normalization.

Results: We found that N-cadherin (N-Cdh) appeared to mediate contact normalization. Cadherin competent cells 
that expressed N-Cdh inhibited the growth of neighboring transformed cells in culture, while cadherin deficient cells 
failed to inhibit the growth of these cells. Results from RNA-seq analysis indicate that about 10% of the transcripts 
affected by contact normalization relied on cadherin mediated communication, and this set of genes includes PDPN. 
In contrast, cadherin deficient cells failed to inhibit PDPN expression or normalize the growth of adjacent transformed 
cells. These data indicate that nontransformed cells formed heterocellular cadherin junctions to inhibit PDPN expres-
sion in adjacent transformed cells. Moreover, we found that PDPN enabled transformed cells to override the effects of 
contact normalization in the face of continued N-Cdh expression. Cadherin competent cells failed to normalize the 
growth of transformed cells expressing PDPN under a constitutively active exogenous promoter.

Conclusions: Nontransformed cells form cadherin junctions with adjacent transformed cells to decrease PDPN 
expression in order to inhibit tumor cell proliferation.
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Background
Elucidating effects of oncogenic protein kinase activity 
on cell growth is a relatively direct task in cultured cell 
lines. Results from these studies indicate that Src and 
other tyrosine kinases phosphorylate effectors including 
the Crk associated substrate/breast cancer antiestrogen 
resistance protein 1 (p130Cas/BCAR1) adaptor protein 
to induce expression of the podoplanin (PDPN) receptor 
in order to promote transformed cell growth and expan-
sion [1–5]. However, interactions between neighboring 
cells in the tumor microenvironment complicate this 
scenario.

Nontransformed cells can normalize the growth and 
morphology of neighboring transformed cells. This pro-
cess, called “contact normalization”, can control the 
growth of cells transformed by chemical carcinogens and 
oncogenic kinases including Src [6–9]. Contact normali-
zation controls cell behavior downstream of Src kinase 
activity to inhibit expression of effectors including PDPN 
[4, 5, 10–12].

Communication by diffusible factors is not sufficient 
to mediate contact normalization. Direct heterocellular 
junctions between transformed and nontransformed cells 
are required for this process. However, specific junctions 
that mediate contact normalization have not been iden-
tified [6–8]. Connexins [13, 14] and cadherins [15–17] 
have been implicated in growth control by intercellular 
communication.

Connexins form gap junctions that enable neighboring 
cells to share intracellular signals including metabolites 
and ions in a controlled fashion. In general, gap junctional 
communication is disrupted between cancer cells com-
pared to their nontransformed precursors, and connexins 
have been identified as tumor suppressors [13, 14]. There 

are functional relationships between mitogenic kinase 
activity and gap junctional communication. For example, 
Src phosphorylates Cx43 and p130Cas/BCAR1, which 
causes them to associate with Crk and inhibit junctional 
communication [18–20]. However, Cx43 can form chan-
nels between Src transformed and nontransformed cells, 
and this heterocellular communication correlates with 
contact normalization [21, 22]. Nonetheless, while con-
nexin activity correlates with contact normalization, it is 
not required. Results from studies with Cx43 knockout 
cells exposed to a chemical channel blocker indicate that 
nontransformed cells can normalize the growth and mor-
phology of adjacent Src transformed cells in the absence 
of gap junctional communication [12].

Cadherins form intercellular adherens junctions that 
utilize catenins to link the actin cytoskeletons of adjacent 
cells to establish and maintain normal multicellular tis-
sue architecture. E-cadherin (E-Cdh) and N-cadherin 
(N-Cdh) are commonly expressed “classical” cadherins 
that can act as tumor suppressors [15–17, 23, 24]. As 
with connexins, the Src kinase can phosphorylate cad-
herins and associate proteins (catenins) to disrupt adhe-
rens junctions and promote tumor progression [25–27]. 
Here, we report that heterocellular cadherin junctions 
are required for contact normalization, and that forced 
PDPN expression can override this form of growth 
suppression.

Methods
Cell lines and maintenance
Cells were cultured in DMEM (Mediatech, inc., 10–014-
CV) supplemented with 25 mm HEPES (Mediatech, inc., 
25-060-Cl), and 10% FBS (Serum Source International, 
Inc., DH5293) at 37  °C, 5%  CO2, and 100% humidity. 

Plain English Summary: Cancer begins when a single cell acquires changes that enables them to form tumors. Dur-
ing these beginning stages of cancer development, normal cells surround and directly contact the cancer cell to pre-
vent tumor formation and inhibit cancer progression. This process is called contact normalization. Cancer cells must 
break free from contact normalization to progress into a malignant cancer. Contact normalization is a widespread and 
powerful process; however, not much is known about the mechanisms involved in this process. This work identifies 
proteins required to form contacts between normal cells and cancer cells, and explores pathways by which cancer 
cells override contact normalization to progress into malignant cancers.
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Nontransformed mouse embryonic cells (MECs), Src 
transformed MECs (MEC-Src) [4, 12], and human oral 
squamous cell carcinoma cells (HSC-2) [28] have been 
previously described. Nontransformed N-Cdh knock-
out (MEC-Cdh2Ko) cells were produced from MECs 
using N-Cdh CRISPR/Cas9 (Santa Cruz #sc-419593) and 
N-Cdh HDR plasmids (Santa Cruz #sc-419593-HDR) 
with Plasmid Transfection Medium (Santa Cruz #sc-
108062) and UltraCruz Transfection Reagent (Santa Cruz 
#sc-395739). Transfected cells were selected in puromy-
cin, visually confirmed by fluorescent microscopy, and 
N-Cdh deletion was confirmed by western blotting with 
N-Cdh antibody (BD Biosciences #610920). Homozygous 
null PDPN knockout mouse embryonic fibroblasts were 
transfected with v-Src kinase in pBABEpuro and PDPN 
in pEF4Zeo [29–31] with lipofectamine 2000 (Invitro-
gen #52758) and selected in Zeocin and puromycin to 
produce Src transformed MECs with constitutive PDPN 
expression (MEC-SrcPdpn cells).

Fluorescently tagged cadherins were generated by 
transfection with mammalian expression vectors as 
fusion proteins. The coding sequences for N-Cdh-YFP 
and N-Cdh-CFP fusion proteins were released from 
pEcfpCdh2YFP and pEcfpCdh2CFP [32] (provided by 
Kathleen Green, Northwestern University) with Bgl2/
Not1 and inserted into the BamH1/Not1 site of pEF4/
V5-His A (Invitrogen V941-20) to produce pEf4Cd-
h2YFP and pEf4Cdh2CFP, respectively. These expres-
sion constructs were transfected into nontransformed 
(Cdh2YPF) and Src transformed (Cdh2CFP) MECs with 
lipofectamine 2000 (Thermofisher #11668) and selected 
by zeocin resistance (Invivogen, ant-zn-1p).

Live and immunofluorescent cell imaging
Cells were cultured on 35  mm poly-d-lysine-coated 
glass bottom culture dishes (MatTek Corp., P35GC-1.5-
14-C) and visualized directly, or stained with Hoechst 
(Molecular Probes 33342), fixed in paraformaldehyde, 
blocked with BSA, and incubated with antibody specific 
for N-cdh (Santa Cruz Biotechnology D-4 #Sc-8424), 
mouse PDPN (University of Iowa Developmental Studies 
Hybridoma Bank #8.1.1), human PDPN (Bio-Rad D2-40 
#MCA2543), and p120-catenin (Cell Signaling Technol-
ogy #59854). Primary antibodies were detected with 
appropriate secondary antibodies including Alexa Fluor 
488 goat anti-mouse (Invitrogen #A11001), Alexa Fluor 
647 goat anti-mouse (Invitrogen #A-21235), Alexa Fluor 
488 goat anti-rabbit (Invitrogen #A-11034), and Alexa 
Fluor 647 goat anti-hamster (Invitrogen #A-21451). For 
some experiments, transformed cells were stained with 
DiI (ThermoFischer Scientific #D282) before plating to 
identify them in cocultures with nontransformed cells 
at a 1:300 ratio as described [4, 12]. Cells were visualized 

on a Carl Zeiss Axio Observer Z1 equipped with a Plan-
Apochromat 63X objective, apotome 2, filter sets to 
detect CFP (excitation 436 ± 20, emission 480 ± 40), 
Alexa Fluor 488, and YFP (excitation 470 ± 40, emission 
525 ± 50), DiI (excitation 560 ± 40, emission 630 ± 75), 
Hoechst (excitation 390 ± 22, emission 460 ± 50), and 
Alexa Fluor 647 (excitation 640 ± 30, emission 690 ± 50) 
with a Zeiss AxioCam Mrc camera Rev3 equipped with 
an INU series Tokai Hit Stage Top Incubator and Zen Pro 
2.3 software as previously described [4, 28, 29].

Cell growth assays and layered culture system
To examine the effect of nontransformed cells on the 
growth of neighboring transformed cells, transformed 
cells were labeled with DiI and plated at a 1:300 ratio 
with nontransformed cells. Nontransformed cells plated 
alone, and DiI labeled transformed cells plated 1:300 with 
respective nonlabelled transformed cells, were used as 
controls. Cultures were grown for 7 days and medium 
was replenished every 2 days to minimize depletion of 
serum growth factors. The number of transformed cells 
in a 0.242  mm2 microscopic field were counted on day 
7 using a Zeiss Axiovert 40 CFL equipped with a Plan-
Apochromat 20X objective and filter sets to detect DiI 
fluorescence (excitation, 560 ± 540; emission, 630 ± 675) 
with a Zeiss AxioCam Mrc camera equipped with Axio-
vision software as previously described [4, 28, 29].

A layered culture system was used to allow separated 
populations of transformed and nontransformed cells to 
form intercellular junctions with each other as described 
[4, 10, 12]. Briefly, 100,000 Src transformed (MEC-Src), 
human OSCC (HSC-2) cells, or nontransformed (MEC) 
cells were plated on porous membranes (Costar 3542) 
containing 300,000 nontransformed (MEC or MEC-
CdhKo) or transformed (MEC-Src) cells on the other 
side. Transformed and nontransformed cells form inter-
cellular junctions with each other through the 3 micron 
pore size in the membrane which prevent cells from 
actually migrating to the other side. Cells were harvested 
and analyzed 24 h after plating.

Western blotting
Western blotting was performed as previously described 
[28, 29]. Briefly, protein from cells lysed in lysis buffer 
(2% SDS, 1% glycerol, 50  mM DTT in 62.5  mM Tris–
HCl, pH 6.8) was resolved by 10% SDS-PAGE (18ug/
lane), transferred to Immobilon-P membranes (EMD 
Millipore #IPVH00010), and incubated with antisera spe-
cific for mouse PDPN (University of Iowa Developmental 
Studies Hybridoma Bank #8.1.1), human PDPN (BioRad 
#D2-40 and NZ-1 from Yukinari Kato), p120-catenin 
(Cell Signaling Technology #59854), GAPDH (Santa 
Cruz #FL335), β-actin (Sigma #A1978), Pan-Cdh (Sigma 
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#C1821), E-Cdh (BD Biosciences #610181), N-Cdh (BD 
Biosciences #610920), v-Src (Sigma Millipore #05-185/
EC10), and active Src kinase (phosphorylated at Tyr 416, 
Cell Signaling Technology #2101). Primary antiserum 
was recognized by appropriate secondary antiserum 
specific for mouse (Invitrogen #31430), rabbit (Santa 
Cruz #sc-2305), rat (Sigma Millipore #AP136P), or Syr-
ian hamster (Santa Cruz #sc-2493) IgG conjugated to 
horseradish peroxidase and detected by enhanced chemi-
luminescence (Thermo Scientific #32209). Membranes 
were stained with India ink and protein gels were stained 
with Coomassie blue to verify equal loading and trans-
fer. Western blot signals from control and experimental 
groups were quantitated from the same blot by image 
densitometry (ImageJ) and normalized to control values 
for comparisons between experiments.

RNA‑Seq analysis
Nontransformed (MEC) and Src transformed (MEC-
Src) cells cultured with themselves, and Src transformed 
(MEC-Src) cells were cultured with cadherin competent 
(MEC) and deficient (MEC-CdhKo) nontransformed 
nontransformed cells in the layered culture system. 
RNA was extracted from samples using Qiagen RNeasy 
Plus Universal mini kit according to the manufactur-
er’s instructions (Qiagen, Hilden, Germany), and RNA 
sequencing libraries were prepared using the NEBNext 
Ultra RNA Library Prep Kit for Illumina using manu-
facturer’s instructions (NEB, Ipswich, MA, USA) by 
GENEWIZ, LLC. (South Plainfeld, NJ, USA) as previously 
described [33]. Sequencing libraries were clustered on a 
single lane of a flowcell and loaded on an Illumina HiSeq 
instrument according to manufacturer’s instructions. 
The samples were sequenced using a 2 × 150  bp Paired 
End (PE) configuration. Image analysis and base calling 
were conducted by HiSeq Control Software (HCS). Raw 
sequence data (.bcl files) generated from Illumina HiSeq 
were converted into fastq files and de-multiplexed using 
Illumina’s bcl2fastq 2.17 software. One mismatch was 
allowed for index sequence identification. Raw data were 
converted to transcripts per million (TPM) values, and 
transcripts were filtered based on an initial TPM of equal 
to or greater than 1 in any sample group. Data from this 
study can be accessed at Sequence Read Archive (SRA) 
submission: SUB10367693. Protein interaction networks 
were identified using STRING (https:// string- db. org/) 
with a minimum required interaction score of 0.400 
(medium), 0.700 (high), and 0.900 (highest). Gene Ontol-
ogy (GO) enrichment analyses was performed using the 
gene ontology resource (http:// geneo ntolo gy. org/) and 
BioMart Ensembl (https://m. ensem bl. org/ bioma rt/).

Statistical analysis
Two-tailed Student’s t-test was used to identify differ-
ences between values. Number of repeats and p values 
are presented in figure legends describing each experi-
ment. Excel (Microsoft) and Prism (Graphpad) software 
was used for analyses.

Ethics
The study involved only murine and established human 
cells without patient identifiers.

Results
Intercellular junctions are needed to mediate contact 
normalization. Although these junctions have not yet 
been identified, gap junctions formed by connexins 
have been ruled out by process of elimination [8, 12, 34]. 
We utilized well characterized gap junction deficient 
nontransformed and Src transformed MECs (mouse 
embryonic cells) [4, 8, 12] to investigate the role of inter-
cellular junctions in contact normalization. Nontrans-
formed MECs inhibited the growth of Src transformed 
MECs in coculture by over 90% in this model system as 
shown in Fig. 1.

Adherens junctions are required for contact normalization
Cadherins form adherens junctions which have profound 
effects on cell adhesion, morphology, motility, and pro-
liferation. Many tumor cells and neighboring stromal 
cells express N-Cdh. Transformed cells are initially sur-
rounded by nontransformed cells in their microenviron-
ment. Tumor cells can influence cadherin expression in 
the microenvironment as cancer progresses. For example, 
tumor cells can convert neighboring fibroblasts into can-
cer associated fibroblasts (CAFs). N-Cdh expression in 
tumor cells and CAFs is often associated with increased 
cell motility and metastasis [8, 17, 35, 36]. However, the 
role of N-Cdh junctions between tumor cells and non-
transformed cells has not been thoroughly defined. We 
examined the effects of N-Cdh expression in well char-
acterized transformed and nontransformed MECs in this 
study [4, 5, 10, 12, 33]. These cells expressed N-Cdh as 
detected by Western blotting shown in Fig. 2a.

Having found N-Cdh expressed by both transformed 
and nontransformed MECs, we sought to determine if 
these cadherins formed heterocellular junctions. Src 
transformed and nontransformed cells were transfected 
with YFP and CFP labeled N-Cdh, respectively, and ana-
lyzed by live cell microscopy. Imaging of cells expressing 
these fluorescently tagged fusion constructs revealed that 
N-Cdh in transformed and nontransformed cells colocal-
ized with each other at areas of intercellular contact as 
shown in Fig. 3. These results indicate that heterocellular 

https://string-db.org/
http://geneontology.org/
https://m.ensembl.org/biomart/
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adherens junctions formed between nontransformed and 
Src transformed cells.

After identifying N-Cdh junctions formed between 
transformed and nontransformed cells, we sought to 
determine if they were required for contact normaliza-
tion. We utilized CRISPR to delete N-Cdh expression in 
nontransformed MECs to produce MEC-CdhKo (cad-
herin knockout) cells. These cells were cadherin deficient 
as confirmed by Western blot analysis with cadherin 
antibodies shown in Fig. 2a. Cadherin ablation rendered 
these nontransformed cells unable to inhibit the growth 

of Src transform cells in coculture as shown in Fig.  1. 
These data indicate that nontransformed cells formed 
adherens junctions with adjacent transform cells to 
inhibit their growth by contact normalization.

Having identified N-Cdh as the intercellular junction 
responsible for contact normalization of Src transformed 
MECs, we sought to investigate the generality of this sce-
nario. We utilized HSC-2 human OSCC (oral squamous 
cell carcinoma) cells for this study since they express 
both N-Cdh and E-Cdh as shown in Fig.  2a. Similar to 
Src transformed MECs, nontransformed MECs inhibited 
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Fig. 1 Cadherins are required for contact normalization. a Src transformed mouse embryonic cells (MEC-Src), human OSCCs (HSC-2), and Src 
transformed cells transfected with PDPN (MEC-SrcPdpn) were labeled with DiI (red). These labeled transformed cells were then plated at a 1:300 
ratio with unlabeled transformed cells, nontransformed wild type mouse embryonic cells (MEC), or cadherin knockout mouse embryonic cells 
(MEC-CdhKo). Cultures were grown for 7 days and visualized by phase contrast and fluorescence microscopy as indicated (scale bar = 500 µm). b 
The number of transformed (red) cells in a 425 × 570 µm field were counted and shown as percent of transformed cells plated alone (mean + SEM, 
n = 4). Double, triple, and quadruple asterisks indicate differences with p < 0.01, p < 0.001, and p < 0.0001, respectively, by t-test as indicated
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the growth of these human OSCC cells in coculture by 
over 90% as shown in Fig. 1.

Following confirmation that nontransformed MECs 
inhibited the growth of HSC-2 cells, we investigated the 
role of N-Cdh in this model of transspecies contact nor-
malization. While wild type MECs decreased cocultured 
HSC-2 cell growth by over 90%, cadherin deficient MEC-
CdhKo cells decreased neighboring HSC-2 cell growth by 
about 40%. This difference was significant, with p < 0.001 
(n = 4) as shown in Fig. 1. These data indicate that N-Cdh 
mediated contact normalization of both Src transformed 
and human OSCC cells.

Podoplanin expression is sufficient to override contact 
normalization
The PDPN receptor acts as a powerful tumor promoter, 
and its expression is inhibited by contact normalization 
[4, 8, 37, 38]. We, therefore, sought to examine the effect 

of cadherin mediated growth control on PDPN expres-
sion. Results from immunofluorescent analysis indicate 
that nontransformed MECs inhibited PDPN expression 
as they formed N-Cdh junctions with transformed MEC-
Src and HSC-2 cells as shown in Fig. 4a and b.

A layered culture system was employed to quantitate 
the effect of contact normalization on PDPN expres-
sion. This system allows transformed and nontrans-
formed cells to be maintained as separate populations 
while forming junctions with each other through porous 
membranes. This technology allows for transformed and 
nontransformed cells to be divided into populations that 
can be quickly separated and analyzed [4, 10, 12]. We 
utilized this method to quantitate the effect of contact 
normalization on PDPN expression in MEC-Src cells as 
shown in Fig. 5a. Western blot analysis from these exper-
iments indicate that wild type MECs decreased PDPN 
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Fig. 2 Cadherin, PDPN, p120-catenin, Src kinase, and β-actin expression in transformed and nontransformed cells. a Pan-Cdh, N-Cdh, E-Cdh, v-Src, 
active Src (phosphorylated at Tyr 416), mouse and human PDPN, p120-catnin (p120Ctn), and β-actin were detected by Western blot analysis of 
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Fig. 4 Nontransformed cells inhibit PDPN expression in adjacent transformed cells. Transformed (MEC-Src, HSC-2, MEC-SrcPdpn) cells were stained 
with DiI (red). These labeled cells were then plated with unlabeled cells of the same type (alone), nontransformed wild type mouse embryonic 
cells (MEC), or cadherin knockout mouse embryonic cells (MEC-CdhKo) at a 1:300 ratio. Cultures were grown for 24 h before cells were stained with 
Hoechst (blue), N-Cdh antibody (green), PDPN antibody (purple), and visualized by confocal microscopy as indicated (scale bars = 50 μm)

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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expression in adjacent transformed MEC-Src cells by 
over 50% as shown in Fig. 5b and c.

Having verified that contact normalization decreased 
PDPN in Src transformed cells, we utilized the layered 
culture system to examine the role of N-Cdh in this pro-
cess. As stated above, wild type MECs inhibited PDPN 
expression in adjacent Src transformed cells by over 
50%. This was significantly more than cadherin deficient 
MEC-CdhKo cells which inhibited PDPN expression 
in adjacent MEC-Src cells by less than 20% as shown in 
Fig. 5b and c. These data indicate that cadherin junctions 
were required for nontransformed cells to inhibit PDPN 
expression in neighboring transformed cells.

PDPN expression correlates with increased OSCC 
metastasis and fatality [39, 40]. We utilized the lay-
ered culture system to determine if contact normaliza-
tion decreased PDPN expression in HSC-2 OSCC cells. 
Results from Western blot analyses indicated that wild 
type MECs decreased PDPN expression in adjacent 
HSC-2 cells by over 30%. In contrast, cadherin deficient 
MEC-CdhKo cells inhibited PDPN expression in adja-
cent HSC-2 cells by less than 10% as shown in Fig. 5b and 
c. Thus, N-Cdh appears to form junctions that mediate 
contact normalization and decrease PDPN expression in 
both Src transformed mouse and human OSCC cells.

Having found that heterocellular N-Cdh junctions were 
required for contact normalization and suppressed PDPN 
expression in transformed cells, we sought to determine 
if PDPN expression was sufficient for transformed cells 
to override growth inhibition by contact normalization. 
We generated MEC-Src cells with constitutive exoge-
nous PDPN expression for these assays. PDPN, N-Cdh, 
and active Src kinase expression was verified in these 
MEC-SrcPdpn cells by Western blot analysis as shown 
in Fig. 2a. This forced PDPN expression was not reduced 
by contact with nontransformed MECs in coculture as 
shown in Fig. 4c. These MEC-SrcPdpn cells grew over 75 
fold more in coculture with nontransformed MECs than 
Src transformed MEC-Src cells without forced PDPN 
expression as shown in Fig.  1. These data indicate that 
forced PDPN expression enabled transformed cells to 
override growth inhibition by N-Cdh mediated contact 
normalization.

Contact normalization stabilizes p120‑catenin expression 
in transformed cells
Cadherins interact with catenins to form functional 
adherens junctions. In particular, p120-catenin enhances 
cadherin stability [41, 42]. Accordingly, p120-catenin 
expression can decrease tumor progression and metas-
tasis of many cancer types including OSCC [43]. We, 
therefore, examined the effect of contact normalization 
on p120-catenin expression in this study. Western blot 
analysis found over 70% less p120-catinin expression 
in Src transformed (MEC-Src) and cadherin deficient 
(MEC-CdhKo) cells compared to nontransformed MECs 
as shown in Fig. 2. This result was confirmed by immu-
nofluorescent analysis as shown in Fig. 6a. These results 
indicate a strong connection between p120-catenin and 
adherens junction stability. Interestingly, p120-catenin 
expression was increased by exogenous PDPN expres-
sion in transformed cells, which might be a consequence 
of PDPN altering the effects of cadherin signaling (see 
Discussion).

We utilized the layered culture system to quantitate the 
effect of contact normalization on p120-catenin expres-
sion. Western blot analysis from these experiments indi-
cate that MECs increased p120-catenin expression in 
adjacent transformed MEC-Src cells and HSC-2 cells by 
about twofold and threefold, respectively, as compared 
to transformed cells cultured alone as shown in Fig.  5. 
This result was confirmed by immunofluorescent analysis 
as shown in Fig. 6. In addition, cadherin deficient MEC-
CdhKo cells failed to increase p120-catenin expression in 
adjacent transformed MEC-Src or HSC-2 cells as shown 
in Figs. 5 and 6. Taken together, these results indicate that 
nontransformed cells form cadherin junctions with adja-
cent transformed cells to stabilize p120-catenin expres-
sion and decrease PDPN expression in order to inhibit 
tumor cell proliferation.

Contact normalization affects Src‑transformed cell 
transcriptome
RNA-Seq analysis was employed to investigate how con-
tact normalization affects gene expression in Src trans-
formed cells. Src transformed (MEC-Src) cells were 
cultured with themselves, nontransformed (MEC) cells, 
or cadherin deficient (MEC-CdhKo) cells in the layered 
culture system. A total of 49,315 unique gene transcripts 

(See figure on next page.)
Fig. 5 Nontransformed cells decrease PDPN and increase p120-catenin expression in adjacent transformed cells. a Src transformed (MEC-Src) or 
HSC-2 cells, and nontransformed cells with (MEC) or without (MEC-CdhKo) N-Cdh expression were above or beneath a porous membrane at a 
1:3 ratio, respectively. This membrane permits junctional communication but prevents actual mixing of the cell populations. b Each population 
of transformed and nontransformed cells in this layered culture system were separately harvested 24 h after plating, and analyzed for PDPN, 
p120-catenin, and GAPDH expression by Western blot analysis as indicated. c Western blot results were quantitated and shown as percent of Src 
transformed (MEC-Src) cells plated over MEC-Src cells or percent of HSC-2 cells plated over HSC-2 cells (mean + SEM, n = 3, n = 5). Single asterisk, 
double asterisks, and ns indicate differences with p < 0.05, p < 0.01, or p > 0.05, respectively, by t-test as indicated
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were detected, with 21,738 expressed at a level of at least 
1 transcript per million (TPM) in any of the cell types as 
shown in Fig.  7a. Comparison of transcripts from non-
transformed (MEC) and Src transformed (MEC-Src) 
cells cultured with themselves indicate that oncogenic 

Src kinase altered the expression of 3391 transcripts by 
at least threefold as shown in Fig. 7b and e. Src increased 
the expression of 2240 of these genes and decreased the 
expression of 1151. Transcripts from Src transformed 
(MEC-Src) cells cultured with themselves were compared 

Fig. 6 Nontransformed cells stabilize p120-catenin expression in adjacent Src transformed cells. a Src transformed (MEC-Src and MEC-SrcPdpn), 
nontransformed wild type (MEC), and cadherin knockout (MEC-CdhKo) mouse embryonic cells were plated alone (scale bar = 200 microns). b Src 
transformed cells without (MEC-Src) and with (MEC-SrcPdpn) forced PDPN expression stained with DiI (red) were plated with nontransformed wild 
type (MEC) or cadherin deficient (MEC-CdhKo) cells at a 1:30 ratio. Cultures were grown for 24 h, stained with Hoechst (blue) and p120 catenin 
antibody (green), and visualized by confocal microscopy as indicated (scale bars = 50 μm)
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with transcripts from MEC-Src cells cultured with non-
transformed (MEC cells) to identify genes affected by 
contact normalization. This comparison found that 654 
out of the 3391 genes affected by Src transformation 
were inversely affected by at least 40%. Contact normal-
ization increased the expression of 326 genes that were 
originally inhibited by Src, and decreased the expression 
of 328 genes that were originally increased by Src genes 
as shown in Fig.  7c and e. Transcripts from Src trans-
formed (MEC-Src) cells cultured with nontransformed 
(MEC) cells were compared with transcripts from MEC-
Src cells cultured with cadherin deficient (MEC-CdhKo) 
cells to identify genes affected by contact normalization 
in a cadherin dependent manner. This comparison found 
that 84 of the 326 genes affected by contact normaliza-
tion were differentially affected by cadherin expression by 
at least twofold. Cadherin dependent contact normaliza-
tion decreased the expression of 16 of these genes, and 
increased the expression of 68 genes as shown in Fig. 7d 
and e.

Gene ontology accession terms were used to catego-
rize cellular location of transcripts affected by contact 
normalization in a cadherin dependent manner as shown 
in Fig.  7f. Of the 16 transcripts increased by Src and 
decreased by cadherin dependent contact normalization, 
3 code for extracellular proteins, 4 localize to the plasma 
membrane, 2 are cytoplasmic, 2 localize to the nucleus, 

and 5 are noncoding RNAs. Of the 68 transcripts 
decreased by Src and increased by cadherin dependent 
contact normalization, 18 code for extracellular proteins, 
23 localize to the plasma membrane, 14 are cytoplasmic, 
10 localize to the nucleus, and 4 are noncoding RNAs. 
Gene products affected by Src and contact normaliza-
tion that interact with PDPN were identified by STRING 
protein interaction analysis. PDPN interacts physically or 
functionally with 40 of these gene products as shown in 
Fig.  7g. Src kinase activity increased and decreased the 
expression of transcripts encoding 22 and 18 of these 
proteins, respectively. For example, expression of tran-
scripts encoding the tumor promoters Serpinb7 [44], 
Aqp5 [45, 46], and Cd68 [47] was induced by Src and sup-
pressed by contact normalization. Conversely, expression 
of transcripts encoding the tumor suppressors Dmp1 [48] 
and Foxj1 [49, 50] was suppressed by Src and increased 
by contact normalization. In addition, PDPN was found 
to interact functionally with the tumor promoters Kdr/
Vegfr2 [51] and Wt1 [52] which were induced by Src, but 
not affected by contact normalization.

Discussion
Contact normalization is a widespread and powerful pro-
cess. Nontransformed cells can normalize the growth 
of adjacent cells transformed by a variety of chemi-
cal agents and oncogenes including Ras, Myc, and Src. 

(See figure on next page.)
Fig. 7 Contact normalization affects Src-transformed cell transcriptome. RNA-seq analysis was performed on Src transformed (MEC-Src) cells 
cultured with themselves, nontransformed (MEC) cells, and cadherin deficient (MEC-CdhKo) cells in the layered culture system. a A total of 49,315 
unique gene transcripts were detected, with 21,738 expressed at a level of at least 1 transcript per million (TPM) in any of the cell types. b Analysis 
of transcripts from nontransformed (MEC) and Src transformed (MEC-Src) cells cultured with themselves indicate that oncogenic Src kinase altered 
the expression of 3391 transcripts by at least threefold (p < 0.05 by t-test, n = 3). Src transformation increased the expression of 2240 genes and 
decreased the expression of 1151 genes as indicated. c Transcripts from Src transformed (MEC-Src) cells cultured with themselves were compared 
with transcripts from MEC-Src cells cultured with nontransformed (MEC cells) to identify genes affected by contact normalization. Six hundred 
and fifty four out of the 3391 genes affected by Src transformation were inversely affected by at least 40% (p < 0.08 by t-test, n = 3). Contact 
normalization increased the expression of 326 genes that were originally inhibited by Src, and decreased the expression of 328 genes that were 
originally increased by Src. d Transcripts from Src transformed (MEC-Src) cells cultured with nontransformed (MEC) cells were compared with 
transcripts from MEC-Src cells cultured with cadherin deficient (MEC-CdhKo) to identify genes affected by contact normalization in a cadherin 
dependent manner. Eighty four of the 326 genes affected by contact normalization were differentially affected by cadherin expression by at least 
twofold (p < 0.05 by t-test, n = 3). Contact normalization decreased the expression of 16 of these genes, and increased the expression of 68 genes. e 
Onion diagram of genes affected by Src transformation and contact normalization. Src increased the expression of 2240 transcripts (light red), and 
decreased the expression of 1151 transcripts (light green) that were not affected by contact normalization (p < 0.05 by t-test, n = 3). The expression 
of 326 Src induced transcripts were suppressed (medium red) and 328 Src suppressed transcripts were induced by contact (medium blue) with by 
cadherin deficient nontransformed (MEC-CdhKo) cells (p < 0.08 by t-test, n = 3). The expression of 16 Src induced transcripts were suppressed (dark 
red) and 68 Src suppressed transcripts (dark blue) were induced by contact with cadherin expressing (MEC) nontransformed cells, but not cadherin 
deficient (MEC-CdhKo) cells (p < 0.05 by t-test, n = 3). f Genes affected by contact normalization in a cadherin dependent manner were categorized 
by cellular location. Transcript expression levels are shown as the percent of Src transformed (MEC-Src) cultured with nontransformed cadherin 
competent (MEC) cells compared with Src transformed cells cultured with nontransformed cadherin deficient (MEC-CdhKo) cells (mean + SEM, 
n = 3). The expression of putative tumor promoters and suppressors were decreased and increased by contact normalization, respectively. g PDPN 
interacts with 40 gene products affected by Src. STRING protein–protein interaction analysis reveals network nodes representing proteins (circles) 
and edges (lines) indicating physical and functional protein associations. PDPN interacts with 18 proteins encoded by transcripts increased (light 
red) and 6 transcripts suppressed (light blue) by Src, but not affected by contact normalization. Cadherin deficient and competent nontransformed 
cells decreased the expression of 3 Src induced transcripts (medium red), and increased the expression of 8 transcripts (medium blue) suppressed 
by Src that encode proteins interacting with PDPN in adjacent transformed cells. Cadherin competent cells decreased the expression of PDPN 
induced by Src (dark red), and increased the expression of 3 transcripts suppressed by Src (dark blue) that were not affected by cadherin deficient 
cells. Edge line thickness represent interaction strength score
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Transformed cells survive contact normalization; they 
assume a normal morphology and phenotype, but retain 
their tumorigenic potential which can be activated after 
communication with nontransformed cells is inter-
rupted. This process has been attributed to dormant can-
cer cells that are suppressed for years, or even decades, 
before they emerge to cause malignancies in many tissues 
including skin, breast, and intestine. Transformed cells 
must override contact normalization before they can 
realize their malignant and metastatic potential [6–9, 53].

In this study, we utilized well characterized connexin 
knockout cells to identify junctions required for contact 
normalization independent of gap junctional communi-
cation [4, 5, 10–12]. Nontransformed cells with endoge-
nous N-Cdh expression effectively suppressed the growth 
of cocultured Src transformed MECs and human OSCC 
cells in this system. We also show that heterocellular 
N-Cdh junctions formed between these nontransformed 
and transformed cells. Moreover, nontransformed cells 
could no longer suppress neighboring transformed cell 
growth after N-Cdh expression in nontransformed cells 
was ablated by CRISPR. These data indicate that N-Cdh 
mediated contact normalization in these cells.

Cadherins exert complex effects on tumor progres-
sion. E-Cdh acts as a tumor suppressor in epithelial cells. 
“Cadherin switching” from E-Cdh to N-Cdh expression 
is involved in EMT (epithelial to mesenchymal transi-
tion) associated with tumor progression. N-Cdh is often 
expressed by tumor stromal cells including CAFs which 
can enhance or inhibit tumor expansion [54–56]. Like 
E-Cdh, N-Cdh can also act as a tumor suppressor. Both 
E-Cdh and N-Cdh utilize catenins to normalize the actin 
cytoskeleton and cell behavior [15–17, 23, 24]. In this 
study, p120-catenin destruction accompanied oncogenic 
kinase activity, and this effect was ameliorated by con-
tact with nontransformed cells. We employed a layered 
culture system to find that contact normalization dou-
bled p120-catenin levels in transformed cells. This effect 
required cadherin expression since nontransformed 
N-Cdh knockout cells did not augment p120-catenin 
expression in cocultured transformed cells. However, 
forced PDPN expression also increased p120-catenin 
expression in transformed cells. This effect might arise 
from a nexus of common function; for example, both 
PDPN and N-Cdh can promote individual and collec-
tive tumor cell motility [15, 16, 37, 38, 57]. Future studies 
would be well to investigate the effect of heterocellular 
cadherin junctions between transformed and nontrans-
formed cells on catenin stability and downstream signal-
ing events.

Contact normalization is a dynamic process that has 
survived species divergence, as evidenced by nontrans-
formed mouse cells controlling the growth of neighboring 

human OSCC cells in this study. Taken together, results 
from this study indicate that nontransformed cells utilize 
N-Cdh to inhibit PDPN expression in order to suppress 
the growth of adjacent transformed cells as shown in 
Fig.  7. Src phosphorylates the p130Cas/BCAR1 adaptor 
protein to induce PDPN expression in order to promote 
tumor cell expansion, and contact inhibition reverses this 
process [4, 37]. Quantitation from the layered culture 
system used in this study indicate that contact normal-
ized cells express about half of the PDPN levels seen in 
unopposed transformed cells. Moreover, this effect relies 
on cadherin expression since PDPN expression is not 
suppressed in transformed cells cultured with nontrans-
formed cadherin deficient cells. Most importantly, data 
from this study indicate that PDPN signaling is sufficient 
to override contact normalization since the growth of 
transformed cells with forced PDPN expression was not 
inhibited by nontransformed cells, regardless of cadherin 
expressionas shown in Fig. 8.

We utilized RNA-Seq in this study to identify genes 
affected by Src transformation and contact normaliza-
tion. Src transformation affected approximately 16% of 
the transcriptome, increasing the expression of about 
66% of these transcripts. This is consistent with results 
from studies by microarray analysis which indicate 
that between 8% [12] to 25% [4] of the MEC transcrip-
tome was affected by Src transformation, and that Src 
increased about 66% of these transcripts. However, 
while these microarray analyses found that 0.01–0.02% 
of the transcriptome in Src transformed MECs was 
affected by contact normalization [4, 12], RNA-Seq 
analysis performed in this study found that contact 
normalization altered the expression of about 3% of 
the transcriptome in these cells. This increase might 
be attributed to the improved sensitivity that RNA-
Seq analysis provides, including enhanced detection 
of different transcript isoforms, over microarray assays 
[58]. We utilized this approach to find that cadherin 

Normal        Normalized          Escaped Malignant

PDPN 
Inhibited

PDPN 
Expressed

Cadherins

Cadherins
Disrupted

Fig. 8 Nontransformed cells form heterocellular cadherin junctions 
with adjacent transformed cells to inhibit PDPN expression and 
cancer progression. Cadherins are required for this process of contact 
normalization, and PDPN expression is sufficient to override this form 
of growth control
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dependent contact normalization alters the expression 
of about 0.4% of the transcriptome in Src transformed 
cells. Therefore, only about 10% of the genes affected 
by contact with nontransformed cells rely on cadherin 
mediated communication. Heterotypic cadherin junc-
tions increased or decreased the expression of about 
80% and 20% of these transcripts, respectively. Most 
notably, Src inhibited expression of the Fhl1 tumor 
suppressor and induced expression the Pdpn tumor 
promoter, and this effect was reversed by contact nor-
malization as previously reported [4, 11, 12]. However, 
we report here that this effect of contact normalization 
relies on heterocellular cadherin junctions between 
transformed and nontransformed cells. Interestingly, 
previous studies and STRING analysis indicate that 
PDPN expression was coordinated with the expres-
sion of other tumor promoters, specifically Kdr/Vegfr2 
[4, 51, 59] and Wt1 [52], that were induced by onco-
genic Src kinase activity. This scenario suggests that 
functional relationships between these oncoproteins 
contribute to cancer progression as transformed cells 
escape contact normalization.

Conclusions
Results from this study indicate that cadherins can medi-
ate contact normalization. Nontransformed cells form 
cadherin junctions with neighboring transformed cells 
to inhibit tumor cell growth, and PDPN can override 
this form of growth control. PDPN is a transmembrane 
mucin receptor that has been identified as a tumor pro-
motor expressed by a variety of cancers and associated 
CAFs [38, 40, 60]. For example, PDPN has emerged as 
a functionally relevant biomarker and potential chemo-
therapeutic target to prevent and treat oral cancer. PDPN 
expression is elevated in the majority of OSCC cells, and 
is a strong indicator of tumor aggression. PDPN is also 
induced early in OSCC progression and can be used to 
identify premalignant lesions that are bound to develop 
into malignancies [39, 40, 61]. In addition to OSCC, 
PDPN promotes a variety of other cancers including 
mammary carcinoma [62, 63], glioma [64–67], melanoma 
[59, 68, 69], ovarian cancer [70], and pulmonary adeno-
carcinoma [71–73]. Indeed, PDPN has been identified as 
an enticing target for chemotherapy [74, 75]. The roles of 
cadherins and PDPN in contact normalization described 
in this study should yield insight into fundamental mech-
anisms that affect the general process of cancer develop-
ment and progression at the cellular level of the tumor 
microenvironment.

Abbreviations
CAFs: Cancer associated fibroblasts; N-Cdh: N-cadherin; OSCC: Oral squamous 
cell carcinoma.

Acknowledgements
We are grateful to Kelly Hamilton (Rowan University) for help with RNASeq 
data analysis, Yukinari Kato (Tohoku University) for providing monoclonal 
antibodies specific for human PDPN, and Kathleen Green (Northwestern Uni-
versity) for providing constructs encoding fluorescently tagged cadherins.

Authors’ contributions
GSG and SAS conceived the study concept and design, interpretation of data 
and drafted the manuscript. SAS and GSG were responsible for the acquisition 
and interpretation of data as well as statistical analysis. EPR, YS, and HK assisted 
with constructing expression vectors, cell lines, and cell and molecular biology 
experiments. All authors reviewed the article for accuracy and approval.

Funding
This study was supported in part by funding from the Osteopathic Heritage 
Foundation, Sentrimed Inc., Camden Health Research Initiative, New Jersey 
Health Foundation grant #PC11-21CV, and NIH grant CA235347 to GSG.

Availability of data and materials
The datasets used and/or analyzed during the current study are available 
from the corresponding author on reasonable request. RNA-Seq data from 
this study can be accessed at Sequence Read Archive (SRA) submission: 
SUB10367693.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
GSG has board membership, intellectual property, and ownership in Sen-
trimed, Inc. which is developing agents that target PDPN to treat diseases 
including cancer and arthritis. Other authors declare no competing interests.

Author details
1 Department of Molecular Biology and Graduate School of Biomedical Sci-
ences, Rowan University School of Osteopathic Medicine, Stratford, NJ 08084, 
USA. 2 Department of Physiology and Biophysics, Stony Brook University, Stony 
Brook, NY 11794, USA. 

Received: 21 October 2021   Accepted: 6 December 2021

References
 1. Fujii M, Honma M, Takahashi H, Ishida-Yamamoto A, Iizuka H. Intercellular 

contact augments epidermal growth factor receptor (EGFR) and signal 
transducer and activator of transcription 3 (STAT3)-activation which 
increases podoplanin-expression in order to promote squamous cell 
carcinoma motility. Cell Signal. 2013;25:760–5.

 2. Honda H, Oda H, Nakamoto T, Honda Z, Sakai R, Suzuki T, Saito T, Naka-
mura K, Nakao K, Ishikawa T, et al. Cardiovascular anomaly, impaired actin 
bundling and resistance to Src-induced transformation in mice lacking 
p130 Cas. Nat Genet. 1998;19:361–5.

 3. Schuh NR, Guerrero MS, Schrecengost RS, Bouton AH. BCAR3 regulates 
Src/p130 Cas association, Src kinase activity, and breast cancer adhesion 
signaling. J Biol Chem. 2010;285:2309–17.

 4. Shen Y, Chen CS, Ichikawa H, Goldberg GS. SRC induces podoplanin 
expression to promote cell migration. J Biol Chem. 2010;285:9649–56.



Page 16 of 17Sheehan et al. Cell Communication and Signaling           (2022) 20:19 

 5. Shen Y, Jia Z, Nagele RG, Ichikawa H, Goldberg GS. SRC uses Cas to sup-
press Fhl1 in order to promote nonanchored growth and migration of 
tumor cells. Cancer Res. 2006;66:1543–52.

 6. Rubin H. Cell-cell contact interactions conditionally determine suppres-
sion and selection of the neoplastic phenotype. Proc Natl Acad Sci USA. 
2008;105:6215–21.

 7. Rubin H. Contact interactions between cells that suppress neoplastic 
development: can they also explain metastatic dormancy? Adv Cancer 
Res. 2008;100:159–202.

 8. Krishnan H, Goldberg GS. Contact normalization or escape from the 
matrix. In: Kandous M, editor. Intercellular communication and cancer. 
Heidelberg: Springer-Verlag; 2015. p. 297–342.

 9. Glick AB, Yuspa SH. Tissue homeostasis and the control of the neoplastic 
phenotype in epithelial cancers. Semin Cancer Biol. 2005;15:75–83.

 10. Li X, Shen Y, Ichikawa H, Antes T, Goldberg GS. Regulation of miRNA 
expression by Src and contact normalization: effects on nonanchored cell 
growth and migration. Oncogene. 2009;28:4272–83.

 11. Li X, Jia Z, Shen Y, Ichikawa H, Jarvik J, Nagele RG, Goldberg GS. Coordi-
nate suppression of Sdpr and Fhl1 expression in tumors of the breast, 
kidney, and prostate. Cancer Sci. 2008;99:1326–33.

 12. Alexander DB, Ichikawa H, Bechberger JF, Valiunas V, Ohki M, Naus CC, 
Kunimoto T, Tsuda H, Miller WT, Goldberg GS. Normal cells control the 
growth of neighboring transformed cells independent of gap junctional 
communication and SRC activity. Cancer Res. 2004;64:1347–58.

 13. Naus CC, Laird DW. Implications and challenges of connexin connections 
to cancer. Nat Rev Cancer. 2010;10:435–41.

 14. Mesnil M, Aasen T, Boucher J, Chepied A, Cronier L, Defamie N, Kamer-
itsch P, Laird DW, Lampe PD, Lathia JD, et al. An update on minding the 
gap in cancer. Biochim Biophys Acta Biomembr. 2018;1860:237–43.

 15. Kaszak I, Witkowska-Pilaszewicz O, Niewiadomska Z, Dworecka-Kaszak B, 
Ngosa Toka F, Jurka P. Role of cadherins in cancer—a review. Int J Mol Sci. 
2020;21:7624.

 16. Kourtidis A, Lu R, Pence LJ, Anastasiadis PZ. A central role for cadherin 
signaling in cancer. Exp Cell Res. 2017;358:78–85.

 17. Mendonsa AM, Na TY, Gumbiner BM. E-cadherin in contact inhibition and 
cancer. Oncogene. 2018;37:4769–80.

 18. Solan JL, Lampe PD. Src regulation of Cx43 phosphorylation and gap 
junction turnover. Biomolecules. 2020;10:1596.

 19. Shen Y, Khusial PR, Li X, Ichikawa H, Moreno AP, Goldberg GS. Src utilizes 
Cas to block gap junctional communication mediated by connexin43. J 
Biol Chem. 2007;282:18914–21.

 20. Pahujaa M, Anikin M, Goldberg GS. Phosphorylation of connexin43 
induced by Src: regulation of gap junctional communication between 
transformed cells. Exp Cell Res. 2007;313(20):4083–90.

 21. Valiunas V, Bechberger JF, Naus CC, Brink PR, Goldberg GS. Nontrans-
formed cells can normalize gap junctional communication with trans-
formed cells. Biochem Biophys Res Commun. 2005;333:174–9.

 22. Goldberg GS, Martyn KD, Lau AF. A connexin 43 antisense vector reduces 
the ability of normal cells to inhibit the foci formation of transformed 
cells. Mol Carcinog. 1994;11:106–14.

 23. Su Y, Li J, Shi C, Hruban RH, Radice GL. N-cadherin functions as a 
growth suppressor in a model of K-ras-induced PanIN. Oncogene. 
2016;35:3335–41.

 24. Huttenlocher A, Lakonishok M, Kinder M, Wu S, Truong T, Knudsen KA, 
Horwitz AF. Integrin and cadherin synergy regulates contact inhibition of 
migration and motile activity. J Cell Biol. 1998;141:515–26.

 25. Derycke LD, Bracke ME. N-cadherin in the spotlight of cell-cell adhesion, 
differentiation, embryogenesis, invasion and signalling. Int J Dev Biol. 
2004;48:463–76.

 26. Lilien J, Balsamo J. The regulation of cadherin-mediated adhesion by 
tyrosine phosphorylation/dephosphorylation of beta-catenin. Curr Opin 
Cell Biol. 2005;17:459–65.

 27. Ortiz MA, Mikhailova T, Li X, Porter BA, Bah A, Kotula L. Src family kinases, 
adaptor proteins and the actin cytoskeleton in epithelial-to-mesenchy-
mal transition. Cell Commun Signal. 2021;19:67.

 28. Ochoa-Alvarez JA, Krishnan H, Pastorino JG, Nevel E, Kephart D, Lee JJ, 
Retzbach EP, Shen Y, Fatahzadeh M, Baredes S, et al. Antibody and lectin 
target podoplanin to inhibit oral squamous carcinoma cell migration and 
viability by distinct mechanisms. Oncotarget. 2015;6:9045–60.

 29. Krishnan H, Ochoa-Alvarez JA, Shen Y, Nevel E, Lakshminarayanan 
M, Williams MC, Ramirez MI, Miller WT, Goldberg GS. Serines in the 

intracellular tail of podoplanin (PDPN) regulate cell motility. J Biol Chem. 
2013;288:12215–21.

 30. Krishnan H, Retzbach EP, Ramirez MI, Liu T, Li H, Miller WT, Goldberg 
GS. PKA and CDK5 can phosphorylate specific serines on the intracel-
lular domain of podoplanin (PDPN) to inhibit cell motility. Exp Cell Res. 
2015;335:115–22.

 31. Goldberg GS, Alexander DB, Pellicena P, Zhang ZY, Tsuda H, Miller WT. Src 
phosphorylates Cas on tyrosine 253 to promote migration of transformed 
cells. J Biol Chem. 2003;278:46533–40.

 32. Chen X, Kojima S, Borisy GG, Green KJ. p120 catenin associates with 
kinesin and facilitates the transport of cadherin-catenin complexes to 
intercellular junctions. J Cell Biol. 2003;163:547–57.

 33. Hamilton KL, Sheehan SA, Retzbach EP, Timmerman CA, Gianneschi GB, 
Tempera PJ, Balachandran P, Goldberg GS. Effects of Maackia amurensis 
seed lectin (MASL) on oral squamous cell carcinoma (OSCC) gene expres-
sion and transcriptional signaling pathways. J Cancer Res Clin Oncol. 
2021;147:445–57.

 34. Alvarez JAO, George C, Krishnan H, Wu X, Goldberg GS. Contact normali-
zation: mechanisms and pathways to biomarkers and chemotherapeutic 
targets. In: Adams J, editor. Extracellular and intracellular signaling. 
Cambridge: Royal Society of Chemistry; 2011. p. 105–15.

 35. Yu W, Yang L, Li T, Zhang Y. Cadherin signaling in cancer: its functions and 
role as a therapeutic target. Front Oncol. 2019;9:989.

 36. van Roy F. Beyond E-cadherin: roles of other cadherin superfamily mem-
bers in cancer. Nat Rev Cancer. 2014;14:121–34.

 37. Krishnan H, Miller WT, Blanco FJ, Goldberg GS. Src and podoplanin forge a 
path to destruction. Drug Discov Today. 2019;24:241–9.

 38. Quintanilla M, Montero-Montero L, Renart J, Martin-Villar E. Podoplanin in 
inflammation and cancer. Int J Mol Sci. 2019;20:707.

 39. Mello FW, Kammer PV, Silva CAB, Parkinson EK, Monteiro L, Warnakulas-
uriya S, Rivero ERC. Prognostic and clinicopathological significance of 
podoplanin immunoexpression in oral and oropharyngeal squamous cell 
carcinoma: a systematic review. J Oral Pathol Med. 2021;50:1–9.

 40. Retzbach EP, Sheehan SA, Nevel EM, Batra A, Phi T, Nguyen ATP, Kato 
Y, Baredes S, Fatahzadeh M, Shienbaum AJ, Goldberg GS. Podoplanin 
emerges as a functionally relevant oral cancer biomarker and therapeutic 
target. Oral Oncol. 2018;78:126–36.

 41. Kourtidis A, Ngok SP, Anastasiadis PZ. p120 catenin: an essential regulator 
of cadherin stability, adhesion-induced signaling, and cancer progression. 
Prog Mol Biol Transl Sci. 2013;116:409–32.

 42. Reynolds AB, Roczniak-Ferguson A. Emerging roles for p120-catenin in 
cell adhesion and cancer. Oncogene. 2004;23:7947–56.

 43. Jiang Y, Liao L, Shrestha C, Ji S, Chen Y, Peng J, Wang L, Liao E, Xie Z. 
Reduced expression of E-cadherin and p120-catenin and elevated 
expression of PLC-gamma1 and PIKE are associated with aggressiveness 
of oral squamous cell carcinoma. Int J Clin Exp Pathol. 2015;8:9042–51.

 44. Bianconi D, Herac M, Spies D, Kieler M, Brettner R, Unseld M, Furnkranz 
K, Famler B, Schmeidl M, Minichsdorfer C, et al. SERPINB7 Expression 
predicts poor pancreatic cancer survival upon gemcitabine treatment. 
Transl Oncol. 2019;12:15–23.

 45. Tan SH, Swathi Y, Tan S, Goh J, Seishima R, Murakami K, Oshima M, Tsuji T, 
Phuah P, Tan LT, et al. AQP5 enriches for stem cells and cancer origins in 
the distal stomach. Nature. 2020;578:437–43.

 46. Woo J, Lee J, Chae YK, Kim MS, Baek JH, Park JC, Park MJ, Smith IM, Trink 
B, Ratovitski E, et al. Overexpression of AQP5, a putative oncogene, pro-
motes cell growth and transformation. Cancer Lett. 2008;264:54–62.

 47. Pelekanou V, Villarroel-Espindola F, Schalper KA, Pusztai L, Rimm DL. CD68, 
CD163, and matrix metalloproteinase 9 (MMP-9) co-localization in breast 
tumor microenvironment predicts survival differently in ER-positive and 
-negative cancers. Breast Cancer Res. 2018;20:154.

 48. Inoue K, Mallakin A, Frazier DP. Dmp1 and tumor suppression. Oncogene. 
2007;26:4329–35.

 49. Wang J, Cai X, Xia L, Zhou J, Xin J, Liu M, Shang X, Liu J, Li X, Chen Z, 
et al. Decreased expression of FOXJ1 is a potential prognostic predic-
tor for progression and poor survival of gastric cancer. Ann Surg Oncol. 
2015;22:685–92.

 50. Siu MK, Wong ES, Kong DS, Chan HY, Jiang L, Wong OG, Lam EW, Chan 
KK, Ngan HY, Le XF, Cheung AN. Stem cell transcription factor NANOG 
controls cell migration and invasion via dysregulation of E-cadherin and 
FoxJ1 and contributes to adverse clinical outcome in ovarian cancers. 
Oncogene. 2013;32:3500–9.



Page 17 of 17Sheehan et al. Cell Communication and Signaling           (2022) 20:19  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 51. Mohammad Rezaei F, Hashemzadeh S, Ravanbakhsh Gavgani R, Hossein-
pour Feizi M, Pouladi N, Samadi Kafil H, Rostamizadeh L, Kholghi Oskooei 
V, Taheri M, Sakhinia E. Dysregulated KDR and FLT1 gene expression in 
colorectal cancer patients. Rep Biochem Mol Biol. 2019;8:244–52.

 52. Zhang Y, Yan WT, Yang ZY, Li YL, Tan XN, Jiang J, Zhang Y, Qi XW. The 
role of WT1 in breast cancer: clinical implications, biological effects and 
molecular mechanism. Int J Biol Sci. 2020;16:1474–80.

 53. Rubin H. What keeps cells in tissues behaving normally in the face of 
myriad mutations? BioEssays. 2006;28:515–24.

 54. LeBleu VS, Kalluri R. A peek into cancer-associated fibroblasts: 
origins, functions and translational impact. Dis Model Mech. 
2018;11:dmm029447.

 55. Rhim AD, Oberstein PE, Thomas DH, Mirek ET, Palermo CF, Sastra SA, 
Dekleva EN, Saunders T, Becerra CP, Tattersall IW, et al. Stromal elements 
act to restrain, rather than support, pancreatic ductal adenocarcinoma. 
Cancer Cell. 2014;25:735–47.

 56. Ozdemir BC, Pentcheva-Hoang T, Carstens JL, Zheng X, Wu CC, Simpson 
TR, Laklai H, Sugimoto H, Kahlert C, Novitskiy SV, et al. Depletion of 
carcinoma-associated fibroblasts and fibrosis induces immunosuppres-
sion and accelerates pancreas cancer with reduced survival. Cancer Cell. 
2014;25:719–34.

 57. Renart J, Carrasco-Ramirez P, Fernandez-Munoz B, Martin-Villar E, 
Montero L, Yurrita MM, Quintanilla M. New insights into the role of 
podoplanin in epithelial-mesenchymal transition. Int Rev Cell Mol Biol. 
2015;317:185–239.

 58. Zhao S, Fung-Leung WP, Bittner A, Ngo K, Liu X. Comparison of RNA-Seq 
and microarray in transcriptome profiling of activated T cells. PLoS ONE. 
2014;9:e78644.

 59. Ochoa-Alvarez JA, Krishnan H, Shen Y, Acharya NK, Han M, McNulty DE, 
Hasegawa H, Hyodo T, Senga T, Geng JG, et al. Plant lectin can target 
receptors containing sialic Acid, exemplified by podoplanin, to inhibit 
transformed cell growth and migration. PLoSONE. 2012;7:e41845.

 60. Krishnan H, Rayes J, Miyashita T, Ishii G, Retzbach EP, Sheehan SA, 
Takemoto A, Chang YW, Yoneda K, Asai J, et al. Podoplanin: an emerging 
cancer biomarker and therapeutic target. Cancer Sci. 2018;109:1292–9.

 61. Kreppel M, Drebber U, Wedemeyer I, Eich HT, Backhaus T, Zoller JE, Scheer 
M. Podoplanin expression predicts prognosis in patients with oral squa-
mous cell carcinoma treated with neoadjuvant radiochemotherapy. Oral 
Oncol. 2011;47:873–8.

 62. Wicki A, Christofori G. The potential role of podoplanin in tumour inva-
sion. BrJCancer. 2007;96:1–5.

 63. Wicki A, Lehembre F, Wick N, Hantusch B, Kerjaschki D, Christofori G. 
Tumor invasion in the absence of epithelial-mesenchymal transition: 
podoplanin-mediated remodeling of the actin cytoskeleton. Cancer Cell. 
2006;9:261–72.

 64. Shiina S, Ohno M, Ohka F, Kuramitsu S, Yamamichi A, Kato A, Motomura 
K, Tanahashi K, Yamamoto T, Watanabe R, et al. CAR T cells targeting 
podoplanin reduce orthotopic glioblastomas in mouse brains. Cancer 
Immunol Res. 2016;4(3):259–68.

 65. Motomura K, Natsume A, Watanabe R, Ito I, Kato Y, Momota H, Nishikawa 
R, Mishima K, Nakasu Y, Abe T, et al. Immunohistochemical analysis-based 
proteomic subclassification of newly diagnosed glioblastomas. Cancer 
Sci. 2012;103(10):1871–9.

 66. Kolar K, Freitas-Andrade M, Bechberger JF, Krishnan H, Goldberg GS, Naus 
CC, Sin WC. Podoplanin: a marker for reactive gliosis in gliomas and brain 
injury. J Neuropathol Exp Neurol. 2015;74:64–74.

 67. Cortez MA, Nicoloso MS, Shimizu M, Rossi S, Gopisetty G, Molina JR, 
Carlotti C Jr, Tirapelli D, Neder L, Brassesco MS, et al. miR-29b and miR-
125a regulate podoplanin and suppress invasion in glioblastoma. Genes 
Chromosomes Cancer. 2010;49:981–90.

 68. Neinaa YME, El-Ashmawy AA, Alshenawy HA, Dorgham WL. The 
prognostic value of podoplanin expression in nonmelanoma skin 
cancers: correlation with lymphatic vessel density. Am J Dermatopathol. 
2019;42(6):432–8.

 69. Kamoto S, Shinada M, Kato D, Yoshimoto S, Ikeda N, Tsuboi M, Yoshitake 
R, Eto S, Hashimoto Y, Takahashi Y, et al. Phase I/II clinical trial of the 
anti-podoplanin monoclonal antibody therapy in dogs with malignant 
melanoma. Cells. 2020;9(11):2529.

 70. Cobec IM, Sas I, Pirtea L, Cimpean AM, Moatar AE, Ceausu RA, Raica M. 
Podoplanin as key player of tumor progression and lymph vessel prolif-
eration in ovarian cancer. Anticancer Res. 2016;36:5265–72.

 71. Suzuki J, Aokage K, Neri S, Sakai T, Hashimoto H, Su Y, Yamazaki S, 
Nakamura H, Tane K, Miyoshi T, et al. Relationship between podoplanin-
expressing cancer-associated fibroblasts and the immune micro-
environment of early lung squamous cell carcinoma. Lung Cancer. 
2021;153:1–10.

 72. Takeuchi S, Fukuda K, Yamada T, Arai S, Takagi S, Ishii GI, Ochiai A, Iwakiri 
S, Itoi K, Uehara H, et al. Podoplanin promotes progression of malignant 
pleural mesothelioma by regulating motility and focus formation. Cancer 
Sci. 2017;108(4):696–703.

 73. Yoshida T, Ishii G, Goto K, Neri S, Hashimoto H, Yoh K, Niho S, Umemura S, 
Matsumoto S, Ohmatsu H, et al. Podoplanin-positive cancer-associated 
fibroblasts in the tumor microenvironment induce primary resistance to 
EGFR-TKIs in lung adenocarcinoma with EGFR mutation. Clin Cancer Res. 
2015;21:642–51.

 74. Ukaji T, Takemoto A, Shibata H, Kakino M, Takagi S, Katayama R, Fujita 
N. Novel knock-in mouse model for the evaluation of the therapeutic 
efficacy and toxicity of human podoplanin-targeting agents. Cancer Sci. 
2021;112:2299–313.

 75. Ukaji T, Takemoto A, Katayama R, Takeuchi K, Fujita N. A safety study of 
newly generated anti-podoplanin-neutralizing antibody in cynomolgus 
monkey (Macaca fascicularis). Oncotarget. 2018;9:33322–36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Heterocellular N-cadherin junctions enable nontransformed cells to inhibit the growth of adjacent transformed cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 
	Plain English Summary: 

	Background
	Methods
	Cell lines and maintenance
	Live and immunofluorescent cell imaging
	Cell growth assays and layered culture system
	Western blotting
	RNA-Seq analysis
	Statistical analysis
	Ethics

	Results
	Adherens junctions are required for contact normalization
	Podoplanin expression is sufficient to override contact normalization
	Contact normalization stabilizes p120-catenin expression in transformed cells
	Contact normalization affects Src-transformed cell transcriptome

	Discussion
	Conclusions
	Acknowledgements
	References


