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The human rhomboid-5 homolog-1 (RHBDF1) is a
multi-transmembrane protein present mainly on the endo-
plasmic reticulum. RHBDF1 has been implicated in the acti-
vation of epidermal growth factor receptor (EGFR)–derived cell
growth signals and other activities critical to cellular responses
to stressful conditions, but details of this activation mechanism
are unclear. Here, we report a RHBDF1 mRNA transcript
alternative splicing variant X6 (RHBDF1 X6 or RHX6) that
antagonizes RHBDF1 activities. We found that while the
RHBDF1 gene is marginally expressed in breast tumor-adjacent
normal tissues, it is markedly elevated in the tumor tissues. In
sharp contrast, the RHX6 mRNA represents the primary
RHBDF1 variant in normal breast epithelial cells and tumor-
adjacent normal tissues but is diminished in breast cancer
cells and tumors. We demonstrate that, functionally, RHX6
acts as an inhibitor of RHBDF1 activities. We show that arti-
ficially overexpressing RHX6 in breast cancer cells leads to
retarded proliferation, migration, and decreased production of
epithelial–mesenchymal transition-related adhesion molecules.
Mechanically, RHX6 is able to inhibit the maturation of TACE,
a protease that processes pro-TGFα, a pro-ligand of EGFR, and
to prevent intracellular transportation of pro-TGFα to the cell
surface. Additionally, we show that the production of RHX6 is
under the control of the alternative splicing regulator RNA
binding motif protein-4 (RBM4). Our findings suggest that
differential splicing of the RHBDF1 gene transcript may have a
regulatory role in the development of epithelial cell cancers.

The human rhomboid-5 homolog-1 (RHBDF1) gene is a
member of the rhomboid gene family (1–3). Members of this
gene family can be divided into two categories based on
whether or not they are proteolytically active. Proteolytically
active rhomboid proteins are represented by Drosophila
rhomboid-1, which is required for the processing of pro–
epidermal growth factor (pro-EGF) to yield the mature
ligand of epidermal growth factor receptor (EGFR), the latter
being a known oncogene in epithelial cell cancers (4). Pro-
teolytically inactive rhomboid proteins, referred to as inactive
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rhomboids (iRhoms), include RHBDF1 (5–7). RHBDF1 has
been reported to take part critically in biological activities
involved in cell survival (8), such as the mediation of G-pro-
tein–coupled receptor (GPCR) ligand-induced transactivation
of EGFR-derived growth signals by facilitating the trans-
portation of pro-TGFα, a pro-ligand of EGFR, from the
endoplasmic reticulum to the cell surface (9, 10). RHBDF1 was
also shown to be an essential component of a protein ma-
chinery pivotal to the maintenance of hypoxia-inducible fac-
tor-1α (HIF1α) in breast cancer cells under hypoxic conditions
(11). Other activities of RHBDF1 include promoting the
shedding of the TNF receptor by the protease ADAM17 (12),
disrupting epithelial cell apicobasal polarity (13), as well as a
regulatory role on proteasome activities under endoplasmic
reticulum stress (14). RHBDF1 is also shown to promote
fibrotic stroma growth in tumors by facilitating endothelial–
mesenchymal transition (EndMT) (15). It thus seems plau-
sible that RHBDF1 is a multifaceted protein that functions in
assisting the activation of cell growth signaling pathways.

Alternative splicing is an essential mechanism of gene
expression and function diversification (16, 17). In humans a
great number of multiexon genes are known to produce dif-
ferential splicing variants, often with different functions
(18, 19). Alternative splicing events that occur in cancers may
affect the functions of genes important to cancer disease
development (20, 21). Denotations of the RHBDF1 gene
transcript indicate different variants (22), including changes to
the 50 UTR, the amino terminal region, a segment in the
middle of the protein, the carboxyl terminus, and the 30 UTR
of the transcript. It is unclear, however, whether these variants
actually exist.

In this study, we demonstrate the existence of a RHBDF1
gene splicing variant, namely RHBDF1 transcript variant X6
(RHBDF1 X6 or RHX6). We report that the RHX6 transcript
exists in breast cancer cells and tumors and that it is capable of
inhibiting the functions of RHBDF1 in relation to EGFR acti-
vation. We show that the production of RHX6 is under the
control of the splicing regulator RNA binding motif protein-4
(RBM4). These findings are consistent with the view that the
functions of the RHBDF1 gene are subject to gene splicing
regulations.
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Inhibition of EGFR activation by RHBDF1 X6
Results

Detection of RHBDF1 gene-splicing variant X6 in human
breast cancer cells and clinical specimens

Analysis of database entries indicates that an alternative
splicing variant of the RHBDF1 gene transcript exists (22). The
variant, herein referred to as RHBDF1 X6 (RHX6), is missing
exon 1 and part of exon 2 of the 18 exons in the full-length
transcript. Translation of the RHX6 mRNA begins at exon 7,
resulting in a protein that is 316 amino acid residues shorter at
the N terminus compared to the 855 amino acid residues of
RHBDF1. Additionally, compared with the sequence of the
RHBDF1 mRNA (Fig. S1), four bases (AAGG) are missing in
the RHX6 mRNA (Fig. 1A), providing an opportunity for
specific identification. Note that this sequence is consistent
with that documented previously (22); however, it is different
from that of RHBDF1 (iRhom-1) variant X6 currently recorded
in the NCBI database.

We determined the existence of RHBDF1 and RHX6 in
three different breast cancer cell lines MDA-MB-231, MCF-7,
and T47D in comparison with immortalized but non-
tumorigenic human breast epithelial cell line MCF-10A.
RHBDF1 mRNA levels in MCF-7, MDA-MB-231, and T47D
cells were significantly higher, about 3.5-, 3.1-, and 3-fold,
respectively, than that in MCF-10A cells (Fig. 1B). In sharp
contrast, RHX6 mRNA levels were markedly lowered in the
cancer cells, about 61.1%, 37.5%, and 28.8%, respectively, of
that in MCF-10A cells (Fig. 1C). We then determined RHBDF1
and RHX6 mRNA levels in six pairs of frozen specimens of
breast cancer tissues and the corresponding adjacent normal
tissues. We found that RHBDF1 mRNA levels on average were
higher in the tumor tissues, about 2.8-fold of that in the
adjacent normal tissues (Fig. 1D), whereas RHX6 mRNA levels
were again lower in the tumor tissues, about 54.2% of that in
the adjacent normal tissues (Fig. 1E). We then directly
compared RHBDF1 and RHX6 expression in the same cells
and found that RHX6 mRNA level was 2-fold of RHBDF1
mRNA levels in MCF-10A cells (Fig. 1F), whereas it was 28.4%,
16.1%, and 14.6% of RHBDF1 mRNA levels in MCF-7, MDA-
MB-231, and T47D cells, respectively (Fig. 1G). These findings
suggest that the process of RHBDF1 gene alternative splicing
in normal breast epithelial cells and breast cancer cells give rise
to opposite outcomes: RHX6 is more abundant in normal
breast epithelial cells than in breast cancer cells, whereas
RHBDF1 is more abundant in breast cancer cells than in
normal breast epithelial cells.

Inhibitory effect of RHX6 overexpression on breast cancer cell
migration, colony formation, proliferation, and adhesion
molecule expressions

We linked the RHX6 variant to an enhanced GFP tag
(Fig. S2, A and B) and transiently transfected breast cancer
cells with the construct, which led to an increase of RHX6
mRNA levels to greater than 60 times compared to that in the
empty vector–transfected cells (Fig. 2A). Results from an
in vitro wound healing assay indicated that RHX6 over-
expression led to an about 60% reduction of the wound closure
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rate (Fig. 2B). Additionally, by using an assay that measured
the ability of the cells to infiltrate through polycarbonate-
coated filters, we found that RHX6-overexpression in the
cancer cells resulted in an about 60% reduction in the infil-
tration rates compared to that of the control cells (Fig. 2C).
Moreover, we carried out a colony formation assay to measure
the impact of RHX6 on the ability of the cells to undergo
anchorage-independent growth and found that RHX6 over-
expression in MCF-7, MDA-MB-231, and T47D cells resulted
in substantially decreased extents of colony formation to
61.0%, 43.3%, and 62.9%, respectively, of that of the control
cells (Fig. 2D). Furthermore, we determined the proliferation
rates of RHX6-overexpressing MCF-7, MDA-MB-231, and
T47D cells and found them to have decreased to 59.6%, 68.1%,
and 80.5%, respectively, of that of the control cells (Fig. 2E).
These findings indicate that raising RHX6 levels in breast
cancer cells exerts an inhibitory effect on cell migration, col-
ony formation, and proliferation.

Knowing that RHBDF1 promotes epithelial–mesenchymal
transition (EMT) in colorectal cancer cells (23) and EndMT
in breast cancer cells (15), we determined if raising RHX6
levels in breast cancer cells has any effect on EMT by
measuring changes in cell adhesion molecules such as E-cad-
herin and vimentin. We found that E-cadherin protein levels
increased by 2.3-, 2.1-, and 4.1-fold while vimentin protein
levels decreased by 23.6%, 28.0%, and 40.4%, respectively, in
RHX6-overexpressing MCF-7, MDA-MB-231, and T47D cells
in comparison to that in the control cells (Fig. 2F). These
findings suggest that RHX6 overexpression inhibits the ability
of the cancer cells to undergo EMT.
Splicing regulator RBM4 is involved in the generation of
RHBDF1 variants

Since the splicing regulator RBM4 is known to have a major
role in the regulation of alternative splicing (24), we deter-
mined the expression levels of RBM4 in breast cancer cells by
using quatitative PCR (qPCR) in comparison with that in
MCF-10A cells. We found that RBM4 mRNA levels in MCF-
10A cells were considerably higher by 5-, 6.4-, and 8.7-fold,
respectively, over that in MCF-7, MDA-MB-231, and T47D
cells (Fig 3A). When repeating the experiments with breast
cancer specimens, we found RBM4 levels in adjacent normal
tissues to be 4.3-fold of that in tumor tissues (Fig. 3B). Addi-
tionally, we found that RBM4 overexpression in MCF-7,
MDA-MB-231, and T47D cells (Fig. 3C) resulted in a sub-
stantial decrease of the RHBDF1 mRNA to 54.9%, 66.3%, and
66.7%, respectively, of that in the control cells (Fig. 3D). On the
other hand, RBM4 overexpression led to a marked increase of
the RHX6 mRNA to 1.9-, 1.5-, and 1.7-fold, respectively, in
these cells over that in the control cells (Fig. 3E). Consistently,
raising RBM4 levels in MCF-7, MDA-MB-231, and T47D cells
led to a reduction of the closure rates in the wound healing
assay to 63.2%, 59%, and 66.8%, respectively, of that the control
cells (Fig. 3F). In good agreement, the infiltration assay showed
that RBM4 overexpression caused a decrease of the migration
rate of MCF-7, MDA-MB-231, and T47D cells to 67.3%, 52%,



Figure 1. Detection of variant RHX6 in human breast cancer cells and clinical specimens. A, RHBDF1 pre-mRNA undergoes alternative splicing to yield
RHBDF1 mRNA and RHX6 mRNA. RHBDF1 mRNA contains all of the 1 to 18 exons, whereas RHX6 mRNA is missing exon 1 and part of exon 2. Translation
RHX6 mRNA begins at exon 7. Four bases (AAGG) in the RHBDF1mRNA are missing in the RHX6 mRNA (marked with asterisks ****). The unique sequence at
this site is utilized for PCR primers to detect RHX6 mRNA. B and C, RHBDF1 and RHX6 mRNA levels in MCF-7, MDA-MB-231, and T47D cells compared with
MCF-10A cells (triplicated wells; experiment repeated three times). D and E, RHBDF1 and RHX6mRNA levels in tumor tissues compared with adjacent normal
tissues (number of clinical specimens n = 6; experiment repeated three times). F and G, RHX6 mRNA levels in MCF-10A, MCF-7, MDA-MB-231, and T47D cells
compared with RHBDF1mRNA levels (triplicated wells; experiment repeated three times). Data are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s
t test).
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Figure 2. RHX6 inhibits the migration, proliferation, and EMT in breast cancer cells. A, the mRNA levels of RHX6 in MCF-7, MDA-MB-231, and T47D cells
transfected with RHX6 (triplicated wells; experiment repeated three times). B, the wound closure rate of MCF-7, MDA-MB-231, and T47D cells transfected
with either vector or RHX6; the scale bar represents 100 μm; (experiment repeated three times). C, the number of migrating cells in MCF-7, MDA-MB-231,
and T47D cells transfected with either vector or RHX6; the scale bar represents 100 μm; (experiment repeated three times). D, the percentage of colony
formation of MCF-7, MDA-MB-231, and T47D cells transfected with either vector or RHX6 (Images of the whole plate were shown; experiment repeated three
times). E, the absorbance value of MCF-7, MDA-MB-231, and T47D cells transfected with either vector or RHX6 (experiment repeated three times). F, the
protein levels of E-cadherin and vimentin in MCF-7, MDA-MB-231, and T47D cells transfected with either vector or RHX6 (experiment repeated three times).
Data are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). EMT, epithelial–mesenchymal transition.
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Figure 3. RBM4 increases RHX6 expression and reduced breast cancer cells migration, proliferation and EMT. A, the mRNA levels of RBM4 in MCF-7,
MDA-MB-231, and T47D compared with MCF-10A (triplicated wells; experiment repeated three times). B, the mRNA levels of RBM4 in tumor tissues
compared with adjacent normal tissues. (number of clinical specimens n = 6; experiment repeated three times). C–E, RBM4, RHBDF1, and RHX6 mRNA levels
in MCF-7, MDA-MB-231, and T47D cells transfected with vector or RBM4 (triplicated wells; experiment repeated three times). F, analyzed the wound closure
rate of MCF-7, MDA-MB-231, and T47D cells, which overexpressed vector or RBM4; the scale bar represents 100 μm; (experiment repeated three times).
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and 56.1%, respectively, over the control cells (Fig. 3G).
Moreover, the abilities of colony formation of RBM4-
overexpressing MCF-7, MDA-MB-231, and T47D cells
decreased to 57.1%, 57.6%, and 44.3%, respectively, of that of
the control cells (Fig. 3H). When assessed with proliferation
assays, RBM4 overexpression in MCF-7, MDA-MB-231, and
T47D cells led to a reduction of the net increase of cell
numbers to 49%, 50%, and 45.4%, respectively, compared to
that of the vector-control cells (Fig. 3I). Regarding EMT-
related adhesion molecules, we found that RBM4 over-
expression resulted in marked increased E-cadherin expression
but significantly decreased vimentin expression (Fig. 3J). These
data indicate that raising RBM4 levels is accompanied with the
promotion of RHX6 production and the suppression of
RHBDF1 production simultaneously.

RBM4 gene silencing results in suppression of RHX6 function

We treated the cancer cells with siRBM4 alone or together
with a RHX6-overexpressing plasmid. The siRBM4 treatment
led to an about 90% reduction of RBM4 mRNA compared to
the results from scrambled siRNA treatment and was followed
by a decline of 40 to 60% of RHX6 mRNA (Fig. 4A). Simul-
taneously, overexpressing RHX6, which led to an about 50-fold
increase of RHX6, had little impact on RBM4 levels, however
(Fig. 4A). Interestingly, RBM4 gene silencing gave rise to
increased RHBDF1 levels by 130 to 140% compared to that in
the control cells (Fig. S4). The cancer cells treated with
siRBM4 displayed 1.5-fold increase of cell migration rates
compared to control siRNA-treated cells. On the other hand,
the migration rates of the cells simultaneously treated with
siRBM4 and RHX6 were the same as that of control siRNA-
treated cells (Fig. 4B). Similar effects were observed
regarding the rates of cell infiltration and proliferation (Fig. 4,
C–E), as well as the production of E-cadherin and vimentin
(Fig. 4F). These findings indicate that inhibition of RMB4 gene
expression results in a shift in RHBDF1 gene splicing toward
declined RHX6 production but enhanced RHBDF1 production.

Interaction of RBM4 with the RHBDF1 gene transcript

It has been shown that a nucleotide motif CGGCGG is the
potential binding site for RBM4 on gene transcripts (24, 25).
This motif exists on exon-1 of the RHBDF1 gene transcript.
We thus designed three biotin-labeled single-stranded RNA
molecules resembling RHBDF1 pre-mRNA for RNA immu-
noprecipitation (RIP) experiments. The single-stranded RNA
molecules contained, respectively, the wild-type CGGCGG
sequence (WT), a replacement of the CGGCGG motif with a
random sequence of CTTATA (mut1), and a random
CCCAGA-to-TTCGAT mutation at a position five nucleotides
ahead of the CGGCGG motif (mut2) (Fig. 4G). We then
transfected 293T cells with FLAG-labeled RBM4 and one of
G, analyzed the number of migrating cells in MCF-7, MDA-MB-231, and T47D c
(experiment repeated three times). H, analyzed the percentage of colony forma
RBM4 (Images of the whole plate were shown; experiment repeated three time
which overexpressed vector or RBM4 (experiment repeated three times). J, the
cells after treatment with vector or RBM4 (experiment repeated tree times). Da
epithelial–mesenchymal transition.
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the three RNA molecules. RIP experiments using cell lysates
demonstrated that the RBM4 protein was able to co-immu-
noprecipitate with either WT or mut2 RNA but not mut1
RNA (Fig. 4H). The specificity of RBM4 binding to the
CGGCGG motif was confirmed in a reverse verification
experiment by subjecting the cell lysates of FLAG-RBM4-
transfected 293T cells to immunoprecipitation with magnetic
beads coated with one of the three biotin-labeled single-
stranded RNA (Fig. 4I). These data demonstrate that the
splicing regulator RBM4 is able to interact with the CGGCGG
motif on the RHBDF1 gene transcript.

RHX6 inhibits RHBDF1-mediated activation of the EGFR
signaling pathway

We determined whether RHX6 would compete with
RHBDF1 to inhibit TNFα-converting enzyme (TACE) matu-
ration and pro-TGFα membrane transport. Coimmunopreci-
pitation experiments showed that competition of RHX6 with
RHBDF1 for binding to TACE led to declined production of
mature TACE (Fig. 5A). We then cultured RHX6- or RHBDF1-
transfected MCF-7 cells in the presence or absence of lyso-
somal inhibitor bafilomycin A (BafA). We found that RHBDF1
overexpression was associated with upregulated levels of
mature TACE, whereas RHX6 overexpression resulted in
lowered levels of mature TACE in comparison with that in the
control cells (Fig. 5B). Additionally, BafA treatment gave rise
to a significant enhancement of mature TACE protein pro-
duction in RHX6-transfected cells but not in either RHBDF1-
or mock-transfected cells (Fig. 5B). These findings suggest that
RHX6 may have promoted lysosome degradation of TACE.

Furthering the study, we determined whether RHX6 would
compete with RHBDF1 for binding to clathrin and HSC70, two
proteins that are known to be critical in RHBDF1-facilitated
TACE maturation and pro-TGFα transport (9). We found
that clathrin was able to bind to RHX6 and pro-TGFα, and
that overexpressing RHX6 led to diminished clathrin binding
to RHBDF1 (Fig. 5C). Interestingly, although RHX6 did not
seem to interact directly with HSC70 under the experimental
conditions, we found that the extent of RHBDF1 binding to
HSC70 significantly declined in RHX6-overexpressing cells
(Fig. 5D). Moreover, the amount of pro-TGFα associated with
Na/K-ATPase–marked cell membranes also decreased mark-
edly in RHX6-overexpressing cells (Fig. 5E). Consistently,
Western blotting analyses showed that the activation of the
EGFR signaling pathway represented by EGFR and AKT
phosphorylation was effectively inhibited in RHX6-over-
expressing cells. Furthermore, the amount of total and nuclear
β-catenin protein, which would undergo degradation when
EGFR and AKT was not activated (26–28), also declined in
RHX6-overexpressing cells (Fig. 5F). Consistently, the
expression levels of the c-myc, Cyclin D1, Twist, and Snail
ells, which overexpressed vector or RBM4; the scale bar represents 100 μm;
tion in MCF-7, MDA-MB-231, and T47D cells, which overexpressed vector or
s). I, analyzed the absorbance value of MCF-7, MDA-MB-231, and T47D cells,
protein levels of E-cadherin and vimentin in MCF-7, MDA-MB-231, and T47D
ta are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). EMT,



Figure 4. RBM4 attenuates migration, proliferation, and EMT of breast
cancer cells through RHX6. A, relative mRNA levels of RBM4 and RHX6 in
MCF-7, MDA-MB-231, and T47D cells transfected with control siRNA, siRBM4,
or both siRBM4 and a RHX6-expressing, as determined by qPCR (triplicated
wells; experiment repeated three times). B, the wound closure rate of MCF-
7, MDA-MB-231, and T47D cells treated with control siRNA, siRBM4, or both
siRBM4 and a RHX6-expressing; the scale bar represents 100 μm; (experi-
ment repeated three times). C, the number of migrating cells in MCF-7,
MDA-MB-231, and T47D cells treated with control siRNA, siRBM4, or both
siRBM4 and a RHX6-expressing; the scale bar represents 100 μm; (experi-
ment repeated three times). D, the percentage of colony formation of MCF-
7, MDA-MB-231, and T47D cells treated with control siRNA, siRBM4, or both
siRBM4 and a RHX6-expressing (Images of the whole plate were shown;
experiment repeated three times). E, the absorbance value of MCF-7, MDA-
MB-231, and T47D cells treated with control siRNA, siRBM4, or both siRBM4
and a RHX6-expressing (experiment repeated three times). F, the protein
levels of E-cadherin and vimentin in MCF-7, MDA-MB-231, and T47D cells
treated with control siRNA, siRBM4, or both siRBM4 and a RHX6-expressing
(experiment repeated three times). G, schematic representations of
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genes, signals downstream of EGFR activation that promote
cell migration and proliferation (29, 30), declined in RHX6-
overexpressing cells (Fig. 5G). These findings suggest that
RHX6 interfere with RHBDF1-facilitated TACE and pro-TGFα
maturation and in turn inhibit RHBDF1-mediated activation of
EGFR signals.

Discussion

Our findings indicate that, despite of a deletion of nearly
one-third of the full length of the primary structure at the N
terminus compared to that of the RHBDF1 protein, the RHX6
protein can interfere with the functions of RHBDF1, inhibit-
ing RHBDF1 activities we measured that are associated with
EGFR signal activation. It is expected that the expression
patterns of RHBDF1 and RHX6 be correlated to each other as
the results of alternative gene splicing; however, the specific
patterns of the abundances of the two gene products reveal an
underlying mechanism that may have a role in cancer devel-
opment: RHX6 mRNA levels in breast cancer patients are
higher in tumor-adjacent normal tissues than in tumor tis-
sues, whereas RHBDF1 mRNA is nearly absent in normal
tissues but is prominent in tumor tissues (8). Our study
further reveals that the splicing regulator RBM4 takes part in
the modulation of RHBDF1 gene splicing, with an outcome
leaning toward enhanced RHX6 expression levels. This finding
is of importance because it indicates a possibility that the
RBM4-RHX6 axis be targeted in the development of new
approaches aiming at managing EGFR activities in epithelial
cancers.

We focused on the activation of EGFR for an initial
assessment of RHX6 function (Fig. 6). The maturation of
TACE and the intracellular transportation of pro-TGFα are
critical to the activation of the EGFR signaling pathway. We
reported previously (9) that RHBDF1 is required in clathrin-
coated vesicle (CCV)–dependent pro-TGFα membrane traf-
ficking in breast cancer cells upon stimulation by GPCR ago-
nists. Mechanistically, RHBDF1 interaction with Auxilin-2, a
CCV protein, is required for the recruitment of HSC70 to CCV
in order for clathrin uncoating to take place. Raising RHX6
protein levels in breast cancer cells prevents RHBDF1-assisted
maturation of TACE. High RHX6 levels also lead to an inhi-
bition of RHBDF1-facilitated CCV-dependent transport of
pro-TGFα. In addition to EGFR activation, we and others have
shown previously that RHBDF1 is involved in the maintenance
of the stability of HIF1α in a hypoxic microenvironment (11),
disruption of apicobasal polarity of breast epithelial cells (13),
biotin-labeled single-stranded RNA molecules denoting the WT and the two
mutants concerning RBM4-binding site CGGCGG. H, RIP experiments using
293T cells cotransfected with FLAG-RBM4 and one of the biotin-labeled
single-stranded RNA molecules as indicated. IP: anti-FLAG antibody;
RT-PCR: primers against one of the coprecipitated single-stranded RNA
molecules (experiment repeated three times). I, reverse verification experi-
ments using 293T cells transfected with FLAG-RBM4 and magnetic beads
coated with biotin-labeled single-stranded RNA as indicated; FLAG-RBM4
detected by Western blotting analysis with an anti-FLAG antibody (experi-
ment repeated three times). Data are mean ± SD. *p < 0.05, **p < 0.01,
***p < 0.001 (Student’s t test). EMT, epithelial–mesenchymal transition; RIP,
RNA immunoprecipitation.
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Figure 5. RHX6 inhibits TACE maturation and pro-TGFαmembrane transport. A, co-IP analyses the interaction of RHBDF1 and RHX6 with TACE in empty
vector–transfected or RHX6-transfected MCF-7 cells. (experiment repeated three times). B, mature TACE protein levels in MCF-7 cells transfected with either
empty vector, RHX6, or RHBDF1, and cultured for 4 h in the presence or absence of lysosomal inhibitor in triplicated wells (experiment repeated three times).
C, co-IP analyses the interaction of RHBDF1 and RHX6 with clathrin in empty vector–transfected or RHX6-transfected MCF-7 cells. (experiment repeated
three times). D, co-IP analyses the interaction of RHBDF1 and RHX6 with HSC70 in empty vector–transfected or RHX6-transfected MCF-7 cells. (experiment
repeated three times). E, Western blotting analysis of membrane-associated pro-TGFα in empty vector–transfected, RHX6-transfected, or RHBDF1-trans-
fected MCF-7 cells; Na/K ATPase marks the membrane preparation of the cells (experiment repeated three times). F and G, the protein levels of p-EGFR,
EGFR, p-AKT, AKT, total β-catenin, nuclear β-catenin, c-myc, Cyclin D1, twist, and snail protein levels in MCF-7 cells transfected with either empty vector or
RHX6 (experiment repeated three times). Data are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). co-IP, co-immunoprecipitation; TACE,
TNFα converting enzyme.
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Figure 6. Schematic representation of RHX6-mediated inhibition of the activation of EGFR signaling pathway. RHX6 interference with RHBDF1
binding to TACE and clathrin leads to diminished mature TACE. Clathrin bound to RHX6 is unable to recruit HSC70, thus unable to carry out pro-TGFα
transportation to the cell surface, failing to activate EGFR signaling pathway. TACE, TNFα converting enzyme.
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and promotion of EndMT (15). It would be of interest to find
out if RHX6 has a potential role in competing with RHBDF1 in
modulating these activities.

Our finding that the splicing factor RBM4 takes part in the
regulation of RHBDF1 gene splicing is also of importance in
advancing the understanding of breast cancer development.
RBM4 is reported to have the role of a tumor suppressor
(31–33), whose expression in tumors is subdued (34, 35). In
good agreement with these findings, we demonstrate that
silencing of the RBM4 gene results in downregulation of
RHX6, along with enhancement in cancer cell proliferation,
migration, and possibly EMT. On the other hand, artificially
overexpressing RHX6 leads to marked inhibition of these ac-
tivities. It is thus plausible that one mechanism by which
RMB4 asserts its tumor-suppressing role is through differential
splicing regulation of the RHBDF1 gene.

In summary, our findings are consistent with the view that
RHBDF1 gene differential splicing, controlled by RBM4, re-
sults in a gene variant RHX6, which can inhibit GPCR ligand-
initiated, RHBDF1-mediated EGFR activation. Since a large
N-terminal section, nearly one-third of the full length of
RHBDF1, is missing in RHX6, it is apparent that the struc-
tural moieties permitting RHX6 interference with RHBDF1
are composed by the rest two-third of the RHBDF1 protein.
Further investigations on the relationship between RHX6 and
RHBDF1 may give rise to in-depth insights into the devel-
opment of breast cancer and other epithelial cancers.
Experimental procedures

Reagents and antibodies

Anti-phospho-EGFR (Tyr1068) (D7A5), EGFR (D38B1),
TACE antibody, β-catenin (D10A8) XP rabbit mAb, Snail
(C15D3) rabbit mAb, phospho-Akt (Thr450) (D5G4) rabbit
mAb, Na/K-ATPase antibody #3010, E-cadherin (24E10)
rabbit mAb #3195, and Akt antibody are purchased from Cell
Signaling Technology. Anti-Twist antibody (Twist2C1a),
anti-clathrin heavy chain (ab21679), and anti-IRHOM1 anti-
body are purchased from Abcam. HSC70 polyclonal antibody,
c-myc mAb, cyclin D1 mAb, RBM4 polyclonal antibody, GFP
tag polyclonal antibody, FLAG tag polyclonal antibody, beta
actin mAb, lamin B1 polyclonal antibody, horseradish
peroxidase–conjugated Affinipure goat antimouse IgG(H +
L), horseradish peroxidase–conjugated Affinipure goat anti-
rabbit IgG(H + L) are purchased from Proteintech. pCMV3-
FLAG-RBM4 and pEGFP-C2 plasmids are purchased from
Sino Biological and Clontech, respectively. Human-RBM4-
siRNA is purchased from genepharma. Sulfo-NHS-LC-
Biotin and Lipofectamine 2000 are purchased from Thermo
Fisher Scientific. Magnetic beads are purchased from Bimake.
PrimeSTAR Max DNA Polymerase and pMD 19-T Vector
Cloning Kit are purchased from TaKaRa. FastPure Gel DNA
Extraction Mini Kit is purchased from Vazyme. EndoFree
Plasmid Mini Kit is purchased from CWBIO. XhoI, ACC65I,
and T4 DNA ligase are purchased from NEB. Radio-
immunoprecipitation assay (RIPA) buffer (high), PMSF, and
Cocktail are purchased from Solarbio. Agarose, cell-counting
kit-8, crystal violet staining solution, GelRed, BCA protein
concentration determination kit, Nuclear and Cytoplasmic
Protein Extraction Kit are purchased from Beyotime. Easy-
Script First-Strand complementary DNA (cDNA) Synthesis
SuperMix and PerfectStart Green qPCR SuperMix are pur-
chased from Transgen. Dulbecco’s modified Eagle’s medium
(DMEM)/F-12, RPMI1640 medium, DMEM (high glucose),
fetal bovine serum (FBS), horse serum, and trypsin are pur-
chased from Gibco. Penicillin–streptomycin solution is pur-
chased from Hyclone. Transwell plates of 8 μm pore size are
purchased from Corning. BafA1 (#S1413) is purchased from
J. Biol. Chem. (2022) 298(6) 102033 9
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SelleckChem. The three biotin-labeled single-stranded RNAs
are synthesized by GENEWIZ.

Human breast tissue samples

We select six cases of primary breast cancer in the full in-
formation database of patients in the Department of Breast
Cancer Pathology and Research Laboratory, Tianjin Medical
University Cancer Hospital, Tianjin, China. All the patients do
not undergo neoadjuvant chemotherapy and radiotherapy
before surgical operation. The studies in this work are abide by
the Declaration of Helsinki principles. The studies are
approved by Tianjin Medical University Cancer Hospital of the
review board and all breast cancer patients are fully informed
and signed informed consent. All sections are diagnosed with
invasive breast cancer by two senior pathologists. Pathologic
diagnosis of five patients is invasive ductal carcinoma-no
special type (IDC-NOS), and one patient is invasive ductal
carcinoma-no special type (IDC-NOS) mixed with invasive
micropapillary carcinoma. The detail clinicopathological in-
formation of six breast cancer patients are collected in the
Table S1.

Molecular cloning

RHX6 transcript is obtained from MCF-10A cells by using
PCR. The PCR reaction (94 �C for 2 min, 94 �C for 20 s, primer
melting temperature (60–65 �C) for 15 s, 72 �C for 90 s, 35
cycles, 72 �C for 10 min, and 4 �C forever) is carried out with a
S1000 Thermal Cycler from MCF-10A cDNA (300 ng) using
cloning primers (10 μM). The PCR products are run on an
agarose gel and visualized. The amplified gene is ligated into
the T vector and sequenced. The primer sequences are as
follows: RHX6 forward primer: TTCTTTGCCCGGGTATCC
TCCA; reverse primer: TCAGTGGAGCTGAGCGTCCA.

The RHX6 CDS area is also obtained from MCF-10A cells.
The PCR reaction (94 �C for 2 min, 94 �C for 20 s, primer
melting temperature (60–65 �C) for 15 s, 72 �C for 90 s, 35
cycles, 72 �C for 10 min, and 4 �C forever) is carried out with a
S1000 Thermal Cycler using cloning primers with unique re-
striction enzyme sites. The PCR products are run on an
agarose gel and visualized. PCR products are then digested
with enzymes corresponding to the unique restriction sites
XhoI and ACC65I and ligated into the pEGFP-C2 vectors that
are previously linearized using the same restriction enzymes.
The same plasmid vector, pEGFP-C2 with a GFP tag, is used
for all RHX6 overexpression studies. The primer sequences are
as follows: forward primer: CCGCTCGAGCATGCTGCCC
TTGGAGCGAGG; reverse primer: CGCGGTACCT CAGT
GGAGCTGAGCGTCCAGTT.

Cell culture and transfection

Human MCF-10A, MCF-7, MDA-MB-231, T47D, and 293T
cell lines are purchased from American Type Culture Collec-
tion (ATCC). MCF-10A is cultured in DMEM (F12) medium
containing 20% (v/v) horse serum and penicillin (100 U/ml)–
streptomycin (0.1 mg/ml) with 5% CO2 at 37 �C; MCF-7,
T47D, HEK-293T, and MDA-MB-231 are cultured in
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DMEM and RPMI1640, respectively, containing 10%(v/v) FBS
and penicillin (100 U/ml)–streptomycin (0.1 mg/ml) with 5%
CO2 at 37 �C. The RHX6 and RBM4 overexpression and
RBM4 knockdown cell lines are established by transiently
transfecting the constructed RHX6 plasmids, the purchased
RBM4 plasmids, and siRBM4 into the cells by Lipofectamine
2000. The medium is changed after 6 h, and the follow-up
detection is performed after 24 to 48 h of transfection. The
randomized siRNA sequence is GCGUACGCCUUA-
CACCAUGAGUUAU. The siRBM4 sequence is described
previously (36). Treatment of MCF-7 cells with siRBM4
resulted in an about 74% decrease of the RBM4 protein
(Fig. S3).

Quantitative real-time PCR

Trizol is used to extract RNA from cultured cells or clinical
tissues, then EasyScript First-Strand cDNA Synthesis Super-
Mix kit is used to reverse it into cDNA, and finally PerfectStart
Green qPCR SuperMix for gene amplification is used. The
primer sequences are as follows: RHX6 forward primer:
CCGTTGGGATGGCACCTTT; reverse primer: ATGGAGG
ATACCCGGGCAAA. RHBDF1 forward primer: GCATT
CCCGGGCGGGCCGGACC; reverse primer: AAGCCTGT
CGCCTCAGGG GCTGCAGGA. RBM4 forward primer:
GAGCGCTCGATGCCTACTAC; reverse primer: GGTCGG
CAACAGGTGTCTAT. GAPDH forward primer: GCGATG
CTGG CGCTGAGTAC; reverse primer: ATGATGACCC
TTTTGGCTCCCC.

RT-PCR

The PCR reaction (94 �C for 2 min, 94 �C for 20 s, primer
melting temperature (60–65 �C) for 15 s, 72 �C for 90 s, 35
cycles, 72 �C for 10 min, and 4 �C forever) is carried out with a
S1000 Thermal Cycler from MCF-10A, MCF-7, MDA-MB-
231, and T47D cDNA (300 ng) using qPCR primers
(10 μM). The PCR products are run on an agarose gel and
visualized.

Western blot analysis

Protein lysates are mixed with the loading buffer and heated
at 100 �C for 5 min. The protein is separated by 10% SDS-
PAGE electrophoresis and then transferred to the poly-
vinylidene difluoride membrane, blocked with 5% skimmed
milk powder for 2 h, and incubated with the primary antibody
overnight. The polyvinylidene difluoride membrane is incu-
bated with the secondary antibody for 2 h at room temperature
(RT), and the protein expression is detected by enhanced
chemiluminescence solution. The expression is analyzed by
Chemiluminescence imaging system (Tanon) and Gel-Pro
Analyzer software V.4.0 (Media Cybernetics).

Wound-healing experiment assay

After 48 h of cell transfection, the degree of fusion basically
is reached more than 90%. A 200 μl pipette tip is used to gently
draw a horizontal line and a vertical line at the bottom. The
cells are washed twice with PBS and then observed under a
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microscope. The pictures of scratch are taken at the junction
of the horizontal and vertical lines. After 24 h, the scratch is
observed and pictured at the same position. Analyzing is done
with ImageJ (National Institutes of Health).

Cell migration assay

Cells are transfected as required and then digested 48 h
later. The transwell chamber is placed in a 24-well plate, 200 μl
of serum-free cell suspension is added to the upper chamber,
and 700 μl of culture medium containing 10% FBS is added to
the lower chamber. After 24 h, the culture medium is dis-
carded and then the cells are fixed with 4% paraformaldehyde
for 20 min, washed twice with PBS, and stained with 1% crystal
violet for 30 min. After washing with PBS, the cells are wiped
off in the upper chamber with a cotton swab and counted and
observed under a microscope (Axiovert200M, Zeiss).

Colony formation assay

The cells are taken during the logarithmic growth phase and
transfected as required every 72 h. The culture medium is
discarded after 14 days, the cells are washed twice with PBS,
fixed with 4% paraformaldehyde for 30 min, washed, and
stained with 1% crystal violet staining solution for 30 min.
Finally, the dye solution is washed, and pictures are taken and
counted.

Cell proliferation assay

The cells are plated in a 96-well plate and transfected with
the required plasmid and siRNA. After culturing for 48 h, 20 μl
of cell-counting kit-8 is added to each well, incubated for 4 h in
a cell incubator, and the absorbance value is measured at
450 nm wavelength with a Bio-Rad microplate reader.

RNA immunoprecipitation (RIP)

Thirty-seven percent formaldehyde is added to the cells
transfected with WT RNA, RBM4 and WT RNA, RBM4 and
mutant RNA1, and RBM4 and mutant RNA2 for crosslinking.
After 10 min of slow rotation culture, glycine solution is added
to 0.25 M to terminate the crosslinking. The cells are washed
twice with precooled PBS and collected in a centrifuge tube.
Centrifuge at 3000 rpm for 4 min at 4 �C. The cells are
resuspended in RIPA containing protease inhibitors and
placed on ice for later use. The protein A/G immunoprecipi-
tation magnetic beads and FLAG antibody are rotated and
incubated for 2 h at RT and then the beads are washed twice
with RIPA containing protease inhibitors. Then, the antibody-
coated beads are mixed with the protein lysis solution and
incubated for 2 h with rotation at RT. The beads are washed
three times with RIPA containing protease inhibitors and then
incubated at 70 �C for 45 min to reverse crosslinking, and
Trizol is added to extract RNA for subsequent verification.

RNA pull down

After washing the cells transfected with RBM4 three times
with PBS, the cells are collected in a centrifuge tube.
Centrifuge at 3000 rpm for 4 min at 4 �C. The cells are
resuspended in RIPA containing protease inhibitors and
placed on ice for later use. The Streptavidin Magnetic Beads
are incubated with biotin-labeled WT RNA, mutant RNA1,
and mutant RNA2 for 2 h at RT and then the beads are washed
twice times. The RNA-binding beads are then mixed with the
protein lysis solution and rotated at RT for 2 h. The beads are
washed three times with RIPA containing protease inhibitors,
then the protein loading buffer is added and heated at 100 �C
for 10 min. After centrifugation, the supernatant is taken for
protein detection.

Co-immunoprecipitation

The cells transfected with vector or RHX6 are lysed on ice
with RIPA containing a cocktail of phosphatase inhibitors and
PMSF. Magnetic beads are incubated with TACE, clathrin, and
HSC70 antibodies for 2 h at RT with rotation. The magnetic
beads are incubated and lysate with rotation at RT for 2 h;
protein loading buffer is added and heated at 100 �C for
10 min and then SDS-PAGE and Western blot analysis are
performed.

Biotinylation of cell plasma membrane proteins

The cells are washed with ice-cold PBS and then incubated
with sulpho-NHS-SS-biotin–based Cell Surface Protein
Isolation Kit for 15 min at 4 �C. The reaction is terminated
with 100 mM glycine in PBS. The cells are rinsed with PBS
and lysed in RIPA lysis buffer with added protease inhibitor
cocktail. The lysates are centrifuged for 10 min at 13,000 rpm.
Biotinylated cell membrane proteins are precipitated with
Streptavidin Sepharose solutions. The pellets are gently
rinsed with PBS, dissolved in SDS sample buffer, incubated at
65 �C for 10 min, and analyzed by Western blot.

Statistical analysis

The data are analyzed by analysis of a two-tailed Student’s t
test in GraphPad Prism 5.0 (GraphPad Software). Differences
with p value < 0.05 are considered statistically significant.

Data availability

The data that support the findings of this study are available
in the methods and/or supplementary material of this article.
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