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Abstract
Background The establishment of apicobasal polarity in epithelial cells is of critical importance in morphogenesis 
of mammary gland and other secretive gland tissues. The demise of the polarity is a critical step in early stages 
of tumorigenesis such as in breast ductal carcinoma in situ. The underlying molecular mechanism thus warrants 
in-depth investigations.

Results Protein kinase C isoform ζ (PKCζ), which is highly expressed in breast cancer cells, accumulates in the nuclei 
of human mammary epithelial cells overexpressing human rhomboid family-1 (RHBDF1), an endoplasmic reticulum 
membrane protein. Nuclear translocation of PKCζ results in the failure of the formation of the cytosolic apicobasal 
polarity complex Par, of which PKCζ is an essential component. Additionally, enhanced nuclear translocation of 
PKCζ is accompanied by an inhibition of the expression of cell tight junction and adherens junction proteins and an 
increase of cell mobility. Mechanistically, RHBDF1 is able to interact with importin β1 and PKCζ and promote PKCζ 
phosphorylation. Consistently, treatment of RHBDF1-overexpressing cells with an inhibitor of PKCζ phosphorylation 
leads to restoration of apicobasal polarity and cell-cell junctions, as well as suppressed cell mobility.

Conclusions RHBDF1-facilitated nuclear translocation of PKCζ is critically responsible for the dismantlement of 
epithelial cell apicobasal polarity, and thus may serve as a target in the development of therapeutic approaches 
against early stages of breast cancer.
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Introduction
The human rhomboid family-1 protein (RHBDF1, also 
known as iRhom1) is a multiple-transmembrane protein 
mainly found in the endoplasmic reticulum and Golgi 
apparatus [1, 2]. RHBDF1 gene expression is present 
marginally in normal tissues, but is highly prominent in 
clinical specimens of breast cancer [3, 4]. Silencing the 
RHBDF1 gene in experimental tumor models leads to 
apoptosis and autophagy in breast cancer and neck squa-
mous cell cancer cells and inhibition of tumor growth [4]. 
The function of the RHBDF1 protein appears to be multi-
faceted, including facilitation of TGFα secretion and thus 
mediating G-protein coupled receptor (GPCR) ligand-
activated transactivation of epidermal growth factor 
receptor (EGFR) [5, 6], protection of oxygen-independent 
degradation of hypoxia-inducible factor-1α (HIF-1α) [3], 
and promotion of endothelial-mesenchymal transition by 
activating the JNK/AP-1 signaling pathway, giving rise to 
destabilization of blood vessels, intensified hypoxic and 
inflammatory conditions, and augmented fibrotic stroma 
formation in breast cancer [7]. The various and impor-
tant functions of RHBDF1 make this protein an attractive 
subject for cancer research.

We have shown that RHBDF1 takes part in the dis-
ruption of the establishment of apicobasal polarity in 
mammary gland epithelial cells [8]. The establishment of 
apicobasal polarity in epithelial cells is of critical impor-
tance in morphogenesis of mammary gland and other 
secretive gland tissues [9, 10]. Loss of apicobasal polar-
ity and epithelial barrier such as the tight junction (TJ) 
and adherens junction (AJ) are characteristic of epithe-
lial cell carcinogenesis [11, 12]. It has been shown that 
polar complexes Par, Crumbs and Scrib play a decisive 
role in the establishment and maintenance of epithe-
lial apicobasal polarity and gland morphogenesis [13, 
14]. The Par complex has a component known as atypi-
cal protein kinase C (aPKC, PKCζ/ι), which has the abil-
ity to catalyze the phosphorylation of members of the 
other two complexes such as Lgl and Crb3 [14–17]. The 
molecular mechanism underlying the disruption of api-
cobasal polarity and the impairment of epithelial barrier 
by the action of RHBDF1, therefore, warrants in-depth 
investigations.

In the study we show that RHBDF1 is involved in the 
translocation of PKCζ from the cytosol to the nucleus. 
Diminished PKCζ protein levels in the cytosol result in a 
disruption of epithelial apicobasal polarity and TJ/AJ bar-
rier. These findings provide insights into the molecular 
mechanisms underlying the failure of the maintenance of 
epithelial gland morphology, which often takes place in 
early stages of breast carcinogenesis.

Results
RHBDF1-overexpression in mammary epithelial cells leads 
to elevated-invasion and downregulated TJ/AJ markers
We artificially overexpressed RHBDF1 in epithelial cells 
of non-tumorous human MCF10A cell-line under tetra-
cycline (Dox) regulation (TetON-RH). The cells were cul-
tured on a thick layer of extracellular membrane proteins 
(Matrigel) in the absence or presence of Dox. The trans-
fected RHBDF1 gene was silent in the absence of Dox, 
and the cells were able to form acini, each with a lumen, 
indicating that the cells were able to establish apical-basal 
polarity (Fig.  1A-C) under the experimental conditions. 
In the presence of Dox, however, the cells formed solid 
aggregates. Interestingly, addition of Dox to the culture 
media post acinus formation did not significantly affect 
the existing acini (Fig.  1A-C). These data indicate that 
RHBDF1 overexpression prevent epithelial cell acinus 
formation in this 3-dimentional (3D) cell culture model.

We then determined the impact of RHBDF1 on cell 
mobility by measuring the number of cells passing 
through minipore filters coated with Matrigel. We found 
that the passing rate of the cells increased by about 2.5 
times under RHBDF1 overexpression conditions (Dox-
on) compared with Dox-off conditions (Fig. 1D). We thus 
determined the mechanism of RHBDF1-stimulated epi-
thelial cell mobility by evaluating the expression of E-cad-
herin, Occludin and ZO-1 that are key proteins of TJ/
AJ structures [18–20]. First, we carried out fluorescent 
immunostaining of the cells to determine the impact of 
RHBDF1 overexpression on the distribution of the TJ/AJ 
proteins (Fig. 1E). We found that high levels of RHBDF1 
disrupted TJ/AJ formation. We then found that, in the 
3D acinus formation model under Dox-on conditions, as 
RHBDF1 protein levels in the cells increased by about 9 
times in 96 h, the protein levels of E-cadherin, Occludin 
and ZO-1 declined by about 40%, 50% and 70%, respec-
tively, in comparison with that under Dox-off conditions 
(Fig. 1F). When Dox was withdrawn and the cell cultures 
maintained for another 96  h (Dox±), RHBDF1 protein 
levels decreased substantially, while that of E-cadherin, 
Occludin and ZO-1 protein levels were restored to lev-
els similar to those under Dox-off conditions (Fig. 1F). At 
the same time, we found by qPCR analyses that mRNA 
levels of Occludin and ZO-1 were unaffected by RHBDF1 
overexpression (Fig.  1G-I) whereas E-cadherin mRNA 
level decreased by about 50% when RHBDF1 was over-
expressed (Fig. 1J). These findings indicate that RHBDF1-
promoted cell mobility is associated with a simultaneous 
decrease of the TJ/AJ proteins.

RHBDF1 facilitates PKCζ activation and accumulation in 
cell nucleus
Since protein kinase C-ζ (PKCζ) is a critical compo-
nent of the apicobasal polarity complex of mammary 
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Fig. 1 (See legend on next page.)
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epithelial cells [21, 22], and is highly expressed in breast 
cancer cells in the TCGA database (P < 0.01) (Fig. 2A), we 
investigated RHBDF1 and PKCζ protein levels in human 
breast cancer tissues and cancer-adjacent normal tis-
sues (para-cancerous tissues). Fluorescent immunostain-
ing showed that both PKCζ and RHBDF1 protein levels 
were higher in cancer tissues (Fig.  2B, C). Interestingly, 
there was a considerable amount of the PKCζ protein in 
the nuclei in the cancer tissues compared to that in para-
cancerous tissues (Fig.  2B). Additionally, a significant 
amount of the PKCζ protein accumulated in the nuclei 
of RHBDF1-overexprssing MCF10A cells (MCF10A/RH) 
(Fig. 2D) as well as in TetON-controlled RHBDF1 overex-
pression cells (Fig. 2E). We further found that MCF10A/
RH cells in the 3D acinus formation model showed an 
about 1.5 times increase of p-PKCζ and an about 2 times 
increase of total PKCζ protein (Fig.  2F), and the PKCζ 
mRNA levels increased about 1.5 times (Fig.  2G), com-
pared to that in MCF10A/GFP control cells. Additionally, 
in the 3D model of TetON-controlled RHBDF1 overex-
pression cells, p-PKCζ protein levels increased by about 
1.5 times and the total PKCζ protein levels increased by 
about 13 times (Fig.  2H). The PKCζ mRNA levels also 
increased by about 5.2 times and 4.8 times, respectively, 
at the pre-polarization stage and the post-polarization 
stage (Fig. 2I), in comparison with the results under Tet-
Off conditions. Moreover, we determined the distribu-
tion of the PKCζ protein in the cells isolated from the 3D 
cultures, and found that it was present predominantly in 
the nucleus fragment of the MCF10A/RH cells (Fig. 2J). 
These findings suggest that RHBDF1 be able to facili-
tate the translocation of PKCζ from the cytoplasm to the 
nucleus of the epithelial cells in the 3D model.

Blocking PKCζ phosphorylation leads to suppression of 
RHBDF1-facilitated disruption of cell polarity and TJ/AJ 
functions
We used a relatively specific inhibitor of PKCζ, 
CRT0066854 [23], to determine the effect on RHBDF1-
facilitated TJ/AJ destruction. We found that the inhibi-
tor was able to inhibit PKCζ activation (p-PKCζ) without 
affecting PKCζ or RHBDF1 expression in MCF10A/
RH cells (Fig. 3A). Treatment of MCF10A/RH cells with 
CRT0066854 resulted in increases in the protein levels 

of E-cadherin, Occludin, and ZO-1 by about 3, 4 and 
1.5 times, respectively, compared to that in untreated 
controls (Fig.  3A). PKCζ phosphorylation (p-PKCζ) was 
also inhibited by similar treatment of the 3D cultures 
(Fig.  3A). Consistently, fluorescent immunostaining of 
MCF10A/RH cell cultures for E-cadherin, Occludin, 
and ZO-1 revealed that CRT0066854 treatment led to 
increased levels of these TJ/AJ proteins at the cell junc-
tions (Fig.  3B, C). Moreover, CRT0066854 treatment 
promoted acinus formation (Fig.  3D). In 3D cultures 
of MCF10A/RH cells, CRT0066854 treatment led to 
enhanced expression of both E-cadherin and Occludin, 
but not ZO-1 (Fig.  3E), despite of diminished RHBDF1 
levels. Furthermore, we found that CRT0066854 treat-
ment inhibited the rate of MCF10A/RH cell invasion by 
about 60%, while it had no impact on the invasion rate 
of the control MCF10A/GFP cells (Fig.  3F). These data 
demonstrate that inhibition of PKCζ results in a block of 
RHBDF1-facilitated PKCζ phosphorylation and the abil-
ity of RHBDF1 to disrupt epithelial cell polarity and TJ/
AJ functions.

RHBDF1-importin β1 interaction is needed for PKCζ 
nuclear translocation
It has been reported previously that the nuclear trans-
porter receptor importin β1 is pivotal in nuclear trans-
location of aPKC, and that the action depends on aPKC 
tyrosine phosphorylation [24]. We investigated whether a 
similar mechanism was applicable in RHBDF1-promoted 
PKCζ translocation into the nucleus. We found that, 
although importin β1 protein levels were basically unaf-
fected by RHBDF1 overexpression in MCF10A/RH cells 
in the acinus formation model by Western blotting analy-
ses (Fig.  4A), the extent of PKCζ tyrosine phosphoryla-
tion in these cells were significantly higher than that in 
the MCF10A/GFP controls (Fig.  4A). We further found 
that both PKCζ and Tyr-p-PKCζ protein levels became 
markedly highly elevated once RHBDF1 overexpression 
was turned on by Dox treatment of the TetON-RH cells 
either before or after acinus formation in the 3D cultures 
(Fig.  4B). We then carried out co-immunoprecipitation 
(co-IP) experiments and found that importin β1 was able 
to co-IP simultaneously with both PKCζ and RHBDF1. 
Likewise, PKCζ was able to co-IP simultaneously with 

(See figure on previous page.)
Fig. 1 RHBDF1-overexpression in mammary epithelial cell leads to elevated-invasion rate and downregulated TJ/AJ markers. (A) Experimental scheme 
for the induction of RHBDF1 by Dox in acini before and after polarization. (B) The confocal images of DAPI-stained equatorial cross sections of TetON-RH 
acini treated with Dox before and after polarization (Scale bar, 20 μm). (C) Quantification of the percentage of the hollowed/no hollowed acini in TetON-
RH acini (n = 100). (D) Typical images of invasion of Dox (2 µg/mL) treated TetON-RH cells for 96 h, or then removed Dox for another 96 h; scale bar, 100 μm; 
(-) was solvent control for 96 h (Dox-off ); (+) was Dox treated for 96 h (Dox-on); (±) was treated by Dox for 96 h, then removed and cultured for another 
96 h (Dox-on/off ); bar graphs show the ratio of invasion cells (n = 3). (E) Typical images of E-cadherin, Occludin or ZO-1 with RHBDF1 immunofluores-
cence-stained TetON-RH cells; scale bar 20 μm (n = 3). (F) The protein expression of HA-RHBDF1, E-cadherin, Occludin, ZO-1 in Dox stimulated TetON-RH 
in 3D acini cultures (n = 3). (G-J) The mRNA expression of RHBDF1 (G), Occludin (H), ZO-1 (I) and E-Cadherin (J) in Dox stimulated TetON-RH in 3D acini 
cultures (n = 3). These experiments were repeated two times under identical conditions. Data are mean ± SD, **P<0.01, *P<0.05, data in (C) is analyzed by 
two-way ANOVA; others are analyzed by one-way ANOVA
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Fig. 2 RHBDF1 facilitates PKCζ activation and accumulation in cell nucleus. (A) Boxplot of the expression of PKCζ in breast cancer from TCGA database. 
N: Normal tissue; T: Tumor tissue. (B) Typical images of RHBDF1 (Left) and PKCζ (Right) immunofluorescence-staining of human breast cancer and para-
cancerous tissues; scale bar 50 μm (number of patients n = 6). (C) The statistical analysis of fluorescence density of RHBDF1 and PKCζ in (B). (D, E) Typical 
images of PKCζ with RHBDF1 immunofluorescence-stained (D) MCF10A/GFP and MCF10A/RH, and (E) Dox-stimulated TetON-RH cells; scale bar 20 μm 
(n = 3). (F-I) The (F) protein and (G) mRNA levels of p-PKCζ and PKCζ in (F, G) MCF10A/GFP and MCF10A/RH, and (H, I) Dox-treated TetON-RH in 3D acini 
cultures (n = 3). (J) The levels of HA-RHBDF1 and PKCζ in nucleus and cytoplasm of MCF10A/GFP and MCF10A/RH cells (n = 3). These experiments were 
repeated two times under identical conditions. Data are mean ± SD, **P<0.01, *P<0.05, data in (G) and (I) are analyzed by one-way ANOVA, others are 
analyzed by Student-t test
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both importin β1 and RHBDF1 under these experimental 
conditions (Fig.  4C). These findings are consistent with 
the view that a RHBDF1-importin β1-PKCζ protein com-
plex is involved in RHBDF1-facilitated nuclear transloca-
tion of PKCζ.

Discussion
Three-dimensional cellular models are increasingly 
becoming a key tool for studying cancer cell behaviors 
because of the ability of these models to simulate a set 
of circumstances in vivo under given experimental con-
ditions [25, 26]. In this study, we used a 3D cell culture 
model of human mammary epithelial cells from non-
tumorous cell line MCF10A. We show in this study that 
RHBDF1-promoted, importin β1-assisted, transportation 
of PKCζ from the cytosol to the nucleus is likely attribut-
able to the disruption in the formation of the apicobasal 
polarity complex, of which PKCζ is a key component [21, 

27]. Additionally, the collapse of cell polarity is accompa-
nied by downregulated cell-cell TJ/AJ formation which, 
in turn, results in augmented cell mobility. Mechanisti-
cally, RHBDF1 not only promotes tyrosine-phosphory-
lation of PKCζ, but also interacts with Tyr-p-PKCζ and 
importin β1 to facilitate the translocation of PKCζ into 
the nucleus. The findings support the view that RHBDF1 
overexpression, as it is often observed in clinic breast 
cancer tissues, may facilitate the loss of apicobasal polar-
ity in mammary gland epithelial cells during early stages 
of breast tumorigenesis.

Based on our findings from these cell culture models, 
we propose that the molecular mechanism underlying 
RHBDF1-driven demise of mammary epithelial apico-
basal polarity consists of two parts (Fig. 5). The first part 
is RHBDF1-stimulated activation of PKCζ and importin 
β1-assisted translocation of activated PKCζ. The second 
part is the downregulation of TJ/AJ proteins, namely 

Fig. 3 Blocking PKCζ phosphorylation leads to suppression of RHBDF1-facilitated disruption of cell polarity and TJ/AJ functions. (A) The expression of 
related proteins in MCF10A/RH acini with CRT0066854 (4 µM) stimulation on the day 4 and cultured for another 6 days in 3D cultures. (B, C) Typical im-
ages of E-cadherin, Occludin or ZO-1 with PKCζ immunofluorescence-stained MCF10A/RH with CRT0066854 treatment; scale bar 20 μm (n = 3). (D) The 
confocal images of DAPI-stained equatorial cross sections of MCF-10 A/RH acini with CRT0066854; scale bar 20 μm (n = 3). (E) The mRNA expression levels 
of related genes in CRT0066854 treated MCF10A/RH for 3D cultures. (F) Typical images of invasion for CRT0066854 stimulated MCF10A/GFP and MCF10A/
RH cells; scale bar 100 μm; bar graphs show the ratio of invasion cells (n = 3). These experiments were repeated two times under identical conditions. Data 
are mean ± SD, **P<0.01, *P<0.05, data are analyzed by Student-t test
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Occludin, ZO-1 and E-cadherin, as a consequence of 
RHBDF1-facilitated activation of PKCζ. PKCζ is known 
to be an atypical protein kinase that is part of the PAR 
complex essential in the maintenance of normal cell 
polarity. The PAR complex is located on the plasma 
membrane and regulates apical-basal polarity by stimu-
lating the formation of intercellular connections [28, 29]. 
The nuclear transport protein importin β1 plays a cru-
cial role in the translocation of cytosolic proteins into 
the nucleus by recognizing specific nuclear localization 
sequences, forming nuclear transport complexes, and 
changing the permeability of the nuclear pore complexes 
to complete the nuclear translocation of proteins [30–
32]. That RHBDF1 forming a protein complex with PKCζ 
and importin β1 provides a new mechanism supporting 
material transport between cytosol and nucleus.

Additionally, our data indicate that RHBDF1 overex-
pression in a 3D model of non-tumorous breast epithelial 
cell line MCF10A leads to downregulation of Occludin, 
ZO-1 and E-cadherin, which are essential components 
of TJ and AJ complexes [33, 34]. Interestingly, ZO-1 is 
involved in recruiting proteins such as E-cadherin and 
Occludin to the intercellular junction region [35, 36]. 
Dynamic changes of TJ/AJ are closely related not only 
to epithelial polarity, but also to stable intercellular con-
nections for normal material exchanges [10, 37]. Conse-
quently, breakdown of epithelial cell polarity would lead 
to weakened cell-cell junctions [38, 39], thus allowing 
disordered cell growth, migration, and invasion. More-
over, our findings are suggestive that nuclear transloca-
tion of PKCζ result in certain gene expression regulation, 
although it remains unclear as per the role of activated 
PKCζ in the nucleus and the consequent molecular 

Fig. 4 RHBDF1-importin β1 interaction is needed for PKCζ nuclear translocation. (A, B) The Tyrosine phosphorylation of PKCζ (Tyr-p-PKCζ) and importin 
β1 protein expression in (A) MCF10A/GFP, MCF10A/RH and (B) Dox-treated TetON-RH cells/acini (n = 3). (C) Co-immunoprecipitation (Co-IP) analysis of the 
interaction between RHBDF1, importin β1 and PKCζ in MCF10A/GFP and MCF10A/RH under 3D cultures (n = 3). These experiments were repeated two 
times under identical conditions. Data are mean ± SD, data are analyzed by Student-t test
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and biological events, which is a point worth of further 
clarifying.

In summary, our findings indicate that the perturbation 
of mammary epithelial cell apicobasal polarity is driven at 
least partly by RHBDF1-facilitated nuclear translocation 
of PKCζ, and that this process involves the formation of 
RHBDF1-PKCζ-importin β1 complex. These data suggest 
that the RHBDF1-PKCζ-importin β1 complex may have 
a utility to serve as a target for the development of thera-
peutic approaches aiming at curtailing the disruption of 
epithelial cell polarity and mammary gland normality in 
early stage of breast cancer development.

Materials and methods
Cell culture and establishment of stable overexpressed 
RHBDF1 MCF-10 A cell lines
MCF10A cells were purchased from American Type Cul-
ture Collection (ATCC, Rockefeller, USA), and cultured 
in the culture media with 5% CO2 at 37 ℃. The culture 
media formulation is as follows: 500 mL DMEM/F12 
(Invitrogen, Carlsbad, USA), containing 5% (v/v) Horse 
serum (Solarbio, Beijing, China), 20 ng/mL of Recombi-
nant Human EGF (PeproTech, Rocky Hill, USA), 0.5 µg/

mL, 100 ng/mL and 10 µg/mL of Hydrocortisone, Chol-
era toxin and Insulin, respectively (MedChemExpress, 
New Jersey, USA), and 1% penicillin (50 U/mL)-strepto-
mycin (50 µg/mL) (Invitrogen, Carlsbad, USA).

The lentivirus: pLV[Exp]-EGFP: T2A: Puro-Null, 
pLV[Exp]-EGFP: T2A: Puro-EF1A > HA/hRHBDF1 and 
pLV[TetOn]-EGFP: T2A: Puro-TRE > HA/hRHBDF1 
used to infect MCF10A cells were purchased from Vec-
torBuilder (Guangzhou, China). To establish stably over-
expressing RHBDF1 cells, MCF-10  A cells were plated 
at 5 × 104 cells per 24-well plate and performed lentivi-
rus infection with MOI 30 and an addition of 5 mg/mL 
polybrene for 12 h, then in fresh culture medium for 48 h. 
The stably transduced cells were cultured in the presence 
of puromycin (0.5  µg/mL) selection for at least 5 days 
and gained stable overexpressed RHBDF1/HA MCF-
10 A (MCF10A/RH) cell lines and its control (MCF10A/
GFP), and tetracycline-inducible RHBDF1/tST (TetON-
RH/tST) cell lines. Then TetON-RH/tST cells were 
cultured in the presence of Hygromycin B (20  µg/mL) 
selection for at least 10 days and gained tetracycline-
inducible RHBDF1 (TetON-RH) cell lines. TetON-RH 
cells were treated with 2  µg/mL Doxycycline (Dox, 

Fig. 5 Schematic representation of RHBDF1-promoted destruction of mammary epithelial cell apicobasal polarity and cell-cell connections
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MedChemExpress) for 96 h to induce overexpression of 
RHBDF1. The transfection efficiency was monitored by 
qPCR and Western blot analysis for RHBDF1 expression.

3D cell culture
The 3D cell culture model is as previously described [40]. 
Cells were seeded in Chamber SlidE 8 well Glass/Lab-Tek 
(Thermo Scientific, Waltham, USA) on Growth Factor 
reduced Matrigel (BD Biosciences, State of New Jersey, 
USA) in 2% Matrigel 3D-Assay media with 5 ng/mL 
EGF. The 3D-Assay media formulation is as follows: 500 
mL DMEM/F12 (Invitrogen), containing 2% (v/v) Horse 
serum (Solarbio), 0.5 µg/mL, 100 ng/mL and 10 µg/mL of 
Hydrocortisone, Cholera toxin and Insulin, respectively 
(MedChemExpress), and 1% penicillin (50 U/mL)-strep-
tomycin (50 µg/mL) (Invitrogen).

Human breast tissue samples
Breast tissue samples were collected from the full infor-
mation database of breast cancer patients in the Breast 
Cancer Pathology and Research Laboratory of Cancer 
Hospital of Tianjin Medical University (Tianjin, China), 
including para-cancerous tissues and breast cancer tis-
sues diagnosed as invasive breast cancer by two senior 
pathologists of six patients. The research procedure of 
this work is in line with the ethical standards of Tianjin 
Medical Oncology Institute and Hospital Ethics Com-
mittee. This study was approved by the Evaluation Com-
mittee of Cancer Hospital of Tianjin Medical University 
(Approval No: bc2021086). And all breast cancer patients 
were fully informed and signed the informed consent 
form.

Bioinformatics mining methods
The gene expression profiles from The Cancer Genome 
Atlas (TCGA) dataset and the Genotype-Tissue Expres-
sion (GTEx) project were analyzed by Gene Expression 
Profiling Interactive Analysis (GEPIA,  h t t  p : / /  g e p  i a  . c a n c e 
r - p k u . c n / i n d e x . h t m l     ) . The expression of PKCζ was visu-
alized in a Boxplot [41, 42]. It is noticeable that, due to 
the often considerably large differences within the GTEx 
groups, statistically significant analysis of gene expres-
sion data may not be readily achieved for a target gene. 
Therefore, we carried out Gaussian normalization on the 
expression of genes to reduce the differences between 
samples within the group. After adjustment, the standard 
deviations within the group became smaller, yielding sta-
tistically significant P-values between the groups.

Cell lines
Three stable cell lines were established from a non-
tumorigenic human mammary gland epithelial cell line 
MCF-10  A: a HA-tagged RHBDF1-overexpressing cell 
line MCF-10 A/RH, an empty vector transfected control 

cell line MCF-10 A/GFP, and a cell line with tetracycline-
inducible RHBDF1 (TetON-RH). After resistance selec-
tion, we identified the RHBDF1 expression from both 
mRNA (Figure S1A, C) and protein (Figure S1B, D) lev-
els. Next, MCF-10  A/GFP and MCF-10  A/RH cell lines 
were cultured on reconstituted extracellular matrix pro-
teins (Matrigel) for 4, 8, 12 days, by representative point 
in time of the cells formed spheroids, and we found that 
there was no difference in the cell masses formed by 
the two cell lines on the day 4, however, the difference 
between them was detected on the day 8 and 12 (Fig-
ure S1E). The MCF-10  A/GFP cell lines formed acinar 
structures on the 8th day and retained to the 12th day, 
evident from the presence of a central lumen revealed by 
confocal microscopic analysis about 90% of the spheroids 
surrounded by a single layer of cells (Figure S1E, F). In 
contrast, most of the spheroids formed by MCF-10 A/RH 
cells not only lacked polarized with filled lumen (75%), 
but also further enlarged cell masses (Figure S1E, F). 
These also confirmed our previous results that RHBDF1 
correlates strongly with nonhollow acinar structures dur-
ing morphogenesis and perturbation of epithelial apico-
basal polarity [8].

Cell invasion assay
Eight-µm pore size transwell plates were purchased from 
Corning (catalog #3422; State of New York, USA) covered 
with Matrigel (BD Biosciences). The culture medium 
contained 20% Horse serum in the lower chambers. The 
upper chamber contained established stable cells (2 × 104) 
with serum-free media and incubated for 24 h at 37  °C. 
Then the cells were fixed and stained with paraformal-
dehyde and 1% crystal violet (Solarbio, Beijing, China), 
respectively for 30  min at 37  °C in darkness. The fil-
ters of the upper chambers were subjected to inverted 
light microscopic analyses (200X, Axiovert200M, Zeiss, 
Oberkochen, Germany).

RNA isolation and qPCR
The 3D cultured acinus was dissolved by iced 2.5 mM 
EDTA/PBS at 4 ℃ for about 40 min, and obtained the 
precipitate through centrifugation. Then the total RNA 
was extracted by using RNeasy Plus Microkit (catalog 
#74043, Qiagen, Frankfurt, Germany). Reverse transcrip-
tion and quantitative real-time qPCR were performed 
by First-strand cDNA synthesis SuperMix kit and Top 
Green qPCR SuperMix kit (TransGen Biotech, Beijing, 
China), respectively. The primer sequences were as fol-
lows: h-RHBDF1, 5’- T G C C G T G G A T T G A C A A C T T and 
5’- C A C T C A C A G C G G A C A G G A T; h-Occludin, 5’- C A T 
T T A T G A T G A G C A G C C C C C and 5’- T G C C A T G G G A C 
T G T C A A C T C; h-ZO-1, 5’- C A A A A A C A G C A G G C G G A 
G A C and 5’- A A C A G G C T G A G C G G A C A A A T; h-E-cad-
herin, 5’- C A C C A C G T A C A A G G G T C A G G and 5’- G G G 
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G G C T T C A T T C A C A T C C A; h-GAPDH, 5’- G T C T C C T C 
T G A C T T C A A C A G C G and 5’- A C C A C C C T G T T G C T G 
T A G C C A A; h-PKCζ, 5’- G G T G C G G T T G A A G A A G A A T 
G A and 5’- T G T C G T C T G G A A G C A G G A G T G.

Western blot analysis
Protein samples were subjected to SDS-PAGE and trans-
ferred to PVDF membranes (Millipore, Bedford, MA, 
USA). Primary antibodies for immunoblotting were: 
RHBDF1 and ZO-1 (abcam, Cambridge Science Park, 
UK), HA-Tag, Occludin, E-cadherin, PKCζ, p-PKCζ/λ 
(Thr410/403), Phospho-Tyrosine antibody, and improtin 
β1 (Cell Signaling Technology, CST, Boston, MA, USA), 
LaminB1 and GAPDH (Proteintech, Wuhan, China). And 
the suitable secondary antibodies were used and exposed 
the membranes to enhanced chemiluminescence-plus 
reagents (Advansta Corporation, CA, USA). Finally, 
they were analyzed with a Chemiluminescence imaging 
system (Tanon, Shanghai, China) and Gel-Pro Analyzer 
software V.4.0 (Media Cybernetics, MD, USA).

Co-immunoprecipitation (co-IP)
Dissolved 3D acinus was lysed on ice by NP-40 Lysis Buf-
fer (Beyotime, Beijing, China) containing a cocktail of 
phosphatase inhibitors (MedChemExpress, New Jersey, 
USA) and PMSF (Beyotime, Biotechnology, Haimen, 
China). Target proteins were isolated by using specific 
antibodies (PKCζ, improtin β1 or normal IgG) linked on 
magnetic beads (catalog #B23202, Bimake, Texas, USA), 
then subjected to Western blot analysis.

Immunofluorescence staining (IF)
Established stable cells were seeded in a 15  mm glass 
bottom cell culture dish (NEST Biotechnology Co.LTD, 
Hongkong, China), then immunostained with primary 
antibody (PKCζ catalog #ab59364; RHBDF1 #NBP 
1-59725; ZO-1 #ab216880, Abcam; HA-Tag, #2350, 
#3444; Occludin, #91131; E-cadherin, #14472, CST) and 
Alexa Fluor 488-conjugated or 568-conjugated secondary 
antibody (catalog #A-21202, #A10042, Invitrogen), and 
DAPI dye staining (Beyotime). The IF staining of mam-
mary epithelial organoids was operated as previously 
described [40].

Statistical analysis
Statistical analysis was performed by GraphPad Prism 
5.0 (GraphPad Software, CA, USA). Either two-tailed 
Student’s t-test or one-way ANOVA was used as needed. 
P-value < 0.05 was considered statistically significant.

Supplementary Information
The online version contains supplementary material available at  h t t  p s : /  / d o  i .  o r 
g / 1 0 . 1 1 8 6 / s 4 0 6 5 9 - 0 2 4 - 0 0 5 6 6 - 2     .  

Supplementary Material 1

Acknowledgements
This work was supported by funds from the National Natural Science 
Foundation of China (Grants 81874167 and 82073064 to LYL) and Haihe 
Laboratory of Cell Ecosystem Innovation Fund (22HHXBSS00020 to LYL).

Author contributions
H. Zhao and L. Li designed research; H. Zhao and Y. Zhu analyzed data; H. 
Zhao, Y. Zhu, Y. Wen, J. Sun and X. Ding performed research; K. Wu and L. Fu 
contributed new reagents or analytic tools; H. Zhao, Y. Zhu and L. Li wrote the 
manuscript. All authors read and approved the final manuscript.

Funding
The National Natural Science Foundation of China (Grants 81874167 and 
82073064 to LYL), Haihe Laboratory of Cell Ecosystem Innovation Fund 
(22HHXBSS00020 to LYL), and The Ministry of Education of China 111 Project 
(B20016 to LYL).

Data availability
The data generated during the current study are available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Breast tissue samples were collected from the full information database 
of breast cancer patients in the Breast Cancer Pathology and Research 
Laboratory of Cancer Hospital of Tianjin Medical University (Tianjin, China), 
including para-cancerous tissue and breast cancer tissue diagnosed as 
invasive breast cancer by two senior pathologists of six patients. The research 
procedure of this work is in line with the ethical standards of Tianjin Medical 
Oncology Institute and Hospital Ethics Committee. This study was approved 
by the Evaluation Committee of Cancer Hospital of Tianjin Medical University 
and all breast cancer patients were fully informed and signed the informed 
consent form.

Conflict of interest
The authors declare no conflict of interest.

Consent to participate and consent to publish
All authors consent to the publication of the data.

Received: 19 April 2024 / Accepted: 4 November 2024

References
1. Burzenski LM, Low BE, Kohar V, Shultz LD, Wiles MV, Hosur V. Inactive 

rhomboid proteins RHBDF1 and RHBDF2 (iRhoms): a decade of research in 
murine models. Mammalian Genome: Official J Int Mammalian Genome Soc. 
2021;32(6):415–26.

2. Freeman M. Rhomboid proteases and their biological functions. Annu Rev 
Genet. 2008;42:191–210.

3. Zhou Z, Liu F, Zhang ZS, Shu F, Zheng Y, Fu L, Li LY. Human rhomboid family-1 
suppresses oxygen-independent degradation of hypoxia-inducible factor-1α 
in breast cancer. Cancer Res. 2014;74(10):2719–30.

4. Yan Z, Zou H, Tian F, Grandis JR, Mixson AJ, Lu PY, Li LY. Human rhomboid fam-
ily-1 gene silencing causes apoptosis or autophagy to epithelial cancer cells 
and inhibits xenograft tumor growth. Mol Cancer Ther. 2008;7(6):1355–64.

5. Li J, Bai TR, Gao S, Zhou Z, Peng XM, Zhang LS, Dou DL, Zhang ZS, Li LY. 
Human rhomboid family-1 modulates clathrin coated vesicle-dependent 
pro-transforming growth factor α membrane trafficking to promote breast 
cancer progression. EBioMedicine. 2018;36:229–40.

6. Zou H, Thomas SM, Yan ZW, Grandis JR, Vogt A, Li LY. Human rhomboid 
family-1 gene RHBDF1 participates in GPCR-mediated transactivation of 
EGFR growth signals in head and neck squamous cancer cells, FASEB journal: 

https://doi.org/10.1186/s40659-024-00566-2
https://doi.org/10.1186/s40659-024-00566-2


Page 11 of 11Zhao et al. Biological Research           (2024) 57:90 

official publication of the Federation of American Societies for Experimental 
Biology 23(2) (2009) 425 – 32.

7. Gao S, Zhang LS, Wang L, Xiao NN, Long H, Yin YL, Yang YM, Xi Z, Li LY, Zhang 
ZS. RHBDF1 promotes AP-1-activated endothelial-mesenchymal transi-
tion in tumor fibrotic stroma formation. Signal Transduct Target Therapy. 
2021;6(1):273.

8. Peng XM, Gao S, Deng HT, Cai HX, Zhou Z, Xiang R, Zhang QZ, Li LY. Perturba-
tion of epithelial apicobasal polarity by rhomboid family-1 gene overex-
pression, FASEB journal: official publication of the Federation of American 
Societies. Experimental Biology. 2018;32(10):5577–86.

9. Khursheed M, Bashyam MD. Apico-basal polarity complex and cancer. J 
Biosci. 2014;39(1):145–55.

10. Otani T, Furuse M. Tight Junction structure and function revisited. Trends Cell 
Biol. 2020;30(10):805–17.

11. González-Mariscal L, Tapia R, Chamorro D. Crosstalk of tight junction compo-
nents with signaling pathways. Biochim Biophys Acta. 2008;1778(3):729–56.

12. Giepmans BN, van Ijzendoorn SC. Epithelial cell-cell junctions and plasma 
membrane domains. Biochim Biophys Acta. 2009;1788(4):820–31.

13. Riga A, Castiglioni VG, Boxem M. New insights into apical-basal polarization in 
epithelia. Curr Opin Cell Biol. 2020;62:1–8.

14. Hong Y. aPKC: the kinase that phosphorylates cell polarity, F1000Research 7 
(2018).

15. Suzuki A, Ohno S. The PAR-aPKC system: lessons in polarity. J Cell Sci. 
2006;119:979–87.

16. Moreira S, Osswald M, Ventura G, Gonçalves M, Sunkel CE. Morais-de-Sá, PP1-
Mediated dephosphorylation of lgl controls apical-basal polarity. Cell Rep. 
2019;26(2):293–e3017.

17. Hayase J, Kamakura S, Iwakiri Y, Yamaguchi Y, Izaki T, Ito T, Sumimoto H. The 
WD40 protein Morg1 facilitates Par6-aPKC binding to Crb3 for apical identity 
in epithelial cells. J Cell Biol. 2013;200(5):635–50.

18. Feldman GJ, Mullin JM, Ryan MP. Occludin: structure, function and regulation. 
Adv Drug Deliv Rev. 2005;57(6):883–917.

19. Schwayer C, Shamipour S, Pranjic-Ferscha K, Schauer A, Balda M, Tada M, Mat-
ter K, Heisenberg CP. Mechanosensation of tight junctions depends on ZO-1 
phase separation and Flow. Cell. 2019;179(4):937–e95218.

20. Coopman P, Djiane A. Adherens Junction and E-Cadherin complex regulation 
by epithelial polarity. Cell Mol Life Sci. 2016;73(18):3535–53.

21. Whyte J, Thornton L, McNally S, McCarthy S, Lanigan F, Gallagher WM, Stein 
T, Martin F. PKCzeta regulates cell polarisation and proliferation restriction 
during mammary acinus formation. J Cell Sci. 2010;123Pt 19:3316–28.

22. Zhou Q, Dai J, Chen T, Dada LA, Zhang X, Zhang W, DeCamp MM, Winn RA, 
Sznajder JI, Zhou G. Downregulation of PKCζ/Pard3/Pard6b is responsible for 
lung adenocarcinoma cell EMT and invasion. Cell Signal. 2017;38:49–59.

23. Zhao Y, Han Y, Wang Z, Chen T, Qian H, He J, Li J, Han B, Wang T. Rosma-
rinic acid protects against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced dopaminergic neurotoxicity in zebrafish embryos. Toxicol Vitro. 
2020;65:104823.

24. White WO, Seibenhener ML, Wooten MW. Phosphorylation of tyrosine 
256 facilitates nuclear import of atypical protein kinase C. J Cell Biochem. 
2002;85(1):42–53.

25. García-Astrain C, Henriksen-Lacey M, Lenzi E, Renero-Lecuna C, Langer J, 
Piñeiro P, Molina-Martínez B, Plou J, Jimenez D, de Aberasturi LM. Liz-
Marzán, A Scaffold-assisted 3D Cancer cell model for surface-enhanced 
Raman Scattering-based real-time sensing and imaging. ACS Nano. 
2024;18(17):11257–69.

26. Silvestri VL, Henriet E, Linville RM, Wong AD, Searson PC, Ewald AJ. A tissue-
Engineered 3D Microvessel Model reveals the dynamics of Mosaic Vessel 
formation in breast Cancer. Cancer Res. 2020;80(19):4288–301.

27. Wu MJ, Kim MR, Chen YS, Yang JY, Chang CJ. Retinoic acid directs breast can-
cer cell state changes through regulation of TET2-PKCζ pathway. Oncogene. 
2017;36(22):3193–206.

28. Narasaki S, Noguchi S, Urabe T, Harada K, Hide I, Tanaka S, Yanase Y, Kaji-
moto T, Uchida K, Tsutsumi YM, Sakai N. Identification of protein kinase C 
domains involved in its translocation induced by propofol. Eur J Pharmacol. 
2023;955:175806.

29. Noguchi S, Kajimoto T, Kumamoto T, Shingai M, Narasaki S, Urabe T, Imamura 
S, Harada K, Hide I, Tanaka S, Yanase Y, Nakamura SI, Tsutsumi YM, Sakai N. 
Features and mechanisms of propofol-induced protein kinase C (PKC) trans-
location and activation in living cells. Front Pharmacol. 2023;14:1284586.

30. Lu B, Qiu R, Wei J, Wang L, Zhang Q, Li M, Zhan X, Chen J, Hsieh IY, Yang 
C, Zhang J, Sun Z, Zhu Y, Jiang T, Zhu H, Li J, Zhao W. Phase separation of 
phospho-HDAC6 drives aberrant chromatin architecture in triple-negative 
breast cancer. Nat cancer (2024).

31. Lu X, An L, Fan G, Zang L, Huang W, Li J, Liu J, Ge W, Huang Y, Xu J, Du S, Cao Y, 
Zhou T, Yin H, Yu L, Jiao S, Wang H. EGFR signaling promotes nuclear translo-
cation of plasma membrane protein TSPAN8 to enhance tumor progression 
via STAT3-mediated transcription. Cell Res. 2022;32(4):359–74.

32. Bayerl F, Meiser P, Donakonda S, Hirschberger A, Lacher SB, Pedde AM, 
Hermann CD, Elewaut A, Knolle M, Ramsauer L, Rudolph TJ, Grassmann 
S, Öllinger R, Kirchhammer N, Trefny M, Anton M, Wohlleber D, Höchst B, 
Zaremba A, Krüger A, Rad R, Obenauf AC, Schadendorf D, Zippelius A, Buch-
holz VR, Schraml BU, Böttcher JP. Tumor-derived prostaglandin E2 programs 
cDC1 dysfunction to impair intratumoral orchestration of anti-cancer T cell 
responses. Immunity. 2023;56(6):1341–e135811.

33. Trinh HKT, Pham DL, Choi Y, Kim HM, Kim SH, Park HS. Epithelial fol-
liculin enhances airway inflammation in aspirin-exacerbated respira-
tory disease. Clin Experimental Allergy: J Br Soc Allergy Clin Immunol. 
2018;48(11):1464–73.

34. Ducarouge B, Pelissier-Rota M, Powell R, Buisson A, Bonaz B, Jacquier-Sarlin M. 
Involvement of CRF2 signaling in enterocyte differentiation. World J Gastro-
enterol. 2017;23(28):5127–45.

35. Buckley CE, Johnston DS. Apical-basal polarity and the control of epithelial 
form and function, Nature reviews. Mol cell Biology. 2022;23(8):559–77.

36. Ando-Akatsuka Y, Yonemura S, Itoh M, Furuse M, Tsukita S. Differential behav-
ior of E-cadherin and occludin in their colocalization with ZO-1 during the 
establishment of epithelial cell polarity. J Cell Physiol. 1999;179(2):115–25.

37. Cereijido M, Contreras RG, Gonzalez-Mariscal L. Development and alteration 
of polarity. Annu Rev Physiol. 1989;51:785–95.

38. Martin TA, Jiang WG. Loss of tight junction barrier function and its role in 
cancer metastasis. Biochim Biophys Acta. 2009;1788(4):872–91.

39. Ozawa M, Hiver S, Yamamoto T, Shibata T, Upadhyayula S, Mimori-Kiyosue Y, 
Takeichi M. Adherens junction regulates cryptic lamellipodia formation for 
epithelial cell migration. J Cell Biol 219(10) (2020).

40. Debnath J, Muthuswamy SK, Brugge JS. Morphogenesis and oncogenesis of 
MCF-10A mammary epithelial acini grown in three-dimensional basement 
membrane cultures. Methods (San Diego Calif ). 2003;30(3):256–68.

41. Du Y, Wang T, Jiang N, Ren R, Zhao D, Li C. F.J.H. Fu, e. toxicology, protective 
effect of sodium aescinate on lung injury induced by methyl parathion, 
30(10) (2011) 1584–91.

42. Lei Y, Yu T, Li C, Li J, Liang Y, Wang X, Chen Y, Wang X. Expression of CAMK1 
and its association with clinicopathologic characteristics in pancreatic cancer. 
J Cell Mol Med. 2021;25(2):1198–206.

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


	Perturbation of mammary epithelial cell apicobasal polarity by RHBDF1-facilitated nuclear translocation of PKCζ
	Abstract
	Introduction
	Results
	RHBDF1-overexpression in mammary epithelial cells leads to elevated-invasion and downregulated TJ/AJ markers
	RHBDF1 facilitates PKCζ activation and accumulation in cell nucleus
	Blocking PKCζ phosphorylation leads to suppression of RHBDF1-facilitated disruption of cell polarity and TJ/AJ functions
	RHBDF1-importin β1 interaction is needed for PKCζ nuclear translocation

	Discussion
	Materials and methods
	Cell culture and establishment of stable overexpressed RHBDF1 MCF-10 A cell lines
	3D cell culture
	Human breast tissue samples
	Bioinformatics mining methods
	Cell lines
	Cell invasion assay
	RNA isolation and qPCR
	Western blot analysis
	Co-immunoprecipitation (co-IP)
	Immunofluorescence staining (IF)
	Statistical analysis

	References


