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RNF144A functions as a tumor suppressor in breast cancer through
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Abstract

Deregulation of E3 ubiquitin ligases is intimately implicated in breast cancer pathogenesis and progression, but the
underlying mechanisms still remain elusive. Here we report that RING finger protein 144A (RNF144A), a poorly
characterized member of the RING-in-between-RING family of E3 ubiquitin ligases, functions as a tumor suppressor in
breast cancer. RNF144A was downregulated in a subset of primary breast tumors and restoration of RNF144A suppressed
breast cancer cell proliferation, colony formation, migration, invasion in vitro, tumor growth, and lung metastasis in vivo. In
contrast, knockdown of RNF144A promoted malignant phenotypes of breast cancer cells. Quantitative proteomics and
biochemical analysis revealed that RNF144A interacted with and targeted heat-shock protein family A member 2 (HSPA2),
a putative oncoprotein that is frequently upregulated in human cancer and promotes tumor growth and progression, for
ubiquitination and degradation. Notably, the ligase activity-defective mutants of RNF144A impaired its ability to induce
ubiquitination and degradation of HSPA2, and to suppress breast cancer cell proliferation, migration, and invasion
as compared with its wild-type counterpart. Moreover, RNF144A-mediated suppression of breast cancer cell proliferation,
migration, and invasion was rescued by ectopic HSPA2 expression. Clinically, low RNF144A and high HSPA?2 expression
in breast cancer patients was correlated with aggressive clinicopathological characteristics and decreased overall and disease-
free survival. Collectively, these findings reveal a previously unappreciated role for RNF144A in suppression of breast
cancer growth and metastasis, and identify RNF144A as the first, to our knowledge, E3 ubiquitin ligase for HSPA2 in human
cancer.

Introduction
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cancer [2]. The specificity of protein degradation by UPS is
determined by E3 ubiquitin ligases, which catalyze the
transfer of ubiquitin from an E2 enzyme to a target protein
[3]. The human genome encodes ~600 putative E3 ligases,
which are classified into two main families based on their
structure and catalytic mechanism, including homologous to
the E6-AP C terminus (HECT) and really interesting new
gene (RING) finger [3-5]. More recently, another
mechanistically distinct family of E3 ligases has been
identified, termed RING-in-between-RING (RBR) E3 liga-
ses, which are characterized by the presence of three con-
secutive structural domains (known as the RBR feature),
including a typical N-terminal RING finger domain
(RING1) and a structurally unique C-terminal RING2
domain, separated by an in-between RING domain [6]. In
contrast to the HECT- and RING finger-type E3 ligases [7],
the RBR E3 ligases employ a RING/HECT hybrid
mechanism to conjugate ubiquitin to target proteins [6].
The RBR ubiquitin ligases comprise 14 members in the
human genome and are highly conserved in all eukaryotes
[8]. To date, the biological functions and physiological
substrates for the vast majority of the RBR family ligases
remain undefined. A case in point is the RING finger pro-
tein 144A (RNF144A), a poorly characterized member of
the RBR E3 ligase family [9, 10]. Two recent studies
showed that RNF144A possesses intrinsic ubiquitin ligase
activities and promotes apoptosis in response to DNA
damage through inducing ubiquitination and degradation of
cytosolic DNA-dependent protein kinase, catalytic subunit
(DNA-PKcs) [11, 12]. In line with these observations, we
recently demonstrated that RNF144A is epigenetically
silenced in breast cancer cells by promoter hypermethyla-
tion [13], and that RNF144A targets poly(ADP-ribose)
polymerase 1 (PARP1), a critical DNA repair protein, for
proteasomal degradation and regulates the sensitivity of
breast cancer cells to PARP inhibitor [14]. However, the
functional and mechanistic role of RNF144A in breast
cancer development and progression remains unexplored.
Heat-shock protein family A member 2 (HSPA?2), also
known as heat-shock 70 kDa protein 2 (HSP70-2), is a
member of the evolutionarily conserved heat-shock protein
superfamily [15]. HSPA2 was originally recognized as a
testis-specific chaperone protein with a fundamental role in
spermatogenesis [16]. Subsequent studies demonstrated that
HSPA?2 is upregulated in various types of human cancers
and promotes cancer cell growth, angiogenesis, migration,
invasion, and metastasis through distinct mechanisms
[17-26]. Consequently, elevated levels of HSPA2 in human
cancers are associated with disease progression and poor
prognosis [18, 24-26]. A recent work showed that hypoxia-
inducible factor la (HIFla) directly binds to the HSPA2
promoter and transcriptionally upregulates its expression in
response to hypoxia [27]. HSPA2 is also subjected to
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proteasome-dependent degradation in human and mouse
germ cells [28-30]. However, the mechanism for regulating
HSPA2 stability in human cancers is unclear.

In this study, we report that RNF144A is downregulated
in a subset of primary breast tumors and suppresses breast
cancer growth and metastasis through, at least in part, tar-
geting HSPA?2 for ubiquitination and degradation in an
ubiquitin ligase activity-dependent manner. Moreover, the
expression levels of RNF144A and HSPA2 are inversely
correlated with the prognosis and clinicopathologic char-
acteristics of breast cancer patients. These findings uncover
a previously unknown role for the RNF144A-HSPA2 axis
in breast cancer growth and metastasis.

Materials and methods
Cell culture and reagents

The well-characterized human breast cancer (MCFE-7, T47D,
BT474, SK-BR-3, Hs578T, HCC1937, MDA-MB-231,
MDA-MB-436, MDA-MB-468), colon carcinoma HCT116,
lung carcinoma A549, hepatocellular carcinoma HepG2, and
human embryonic kidney 293T (HEK293T) cell lines were
obtained from the Cell Bank of Chinese Academy of Sciences
(Shanghai, China). MDA-MB-231-derived LM2-4173 and
LM2-4175 cells were kindly provided by Guohong Hu
(University of Chinese Academy of Sciences, Shanghai,
China). Both cell lines have increased metastatic activity to
the lungs compared with parental MDA-MB-231 cells [31].
All of cell lines were authenticated by short tandem repeat
profiling. Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) or RPMI1640 medium containing
10% fetal bovine serum (FBS; ExCell Biol, Shanghai, China)
and 1% penicillin/streptomycin. Culture media and supple-
ments were obtained from BasalMedia (Shanghai, China).
MG-132 and cycloheximide (CHX) were purchased from
Selleck (Houston, USA) and Cell Signaling Technology
(Danvers, USA), respectively. Other chemicals and regents
were purchased from Sigma-Aldrich (St. Louis, USA) unless
otherwise noted.

Tissue samples

A total of 60 pairs of primary breast tumor tissues and adja-
cent normal breast tissues and 166 primary breast cancer
specimens were obtained from breast cancer patients who
underwent surgery at Shanghai Cancer Center, Fudan Uni-
versity. No patients had received chemotherapy or radio-
therapy before surgery. Adjacent normal breast tissues were
histologically confirmed as cancer free. Characterization of
clinicpathological features of these breast cancer patients was
described in Supplementary Tables S1-3. Samples were
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collected with written informed consent from all patients
under Institutional Review Board-approved protocols. All
procedures were conducted in accordance with the Declara-
tion of Helsinki and International Ethical Guidelines for
Biomedical Research Involving Human Subjects.

DNA constructs, transfection, and viral transduction

Myc-DDK-tagged-RNF144A cDNA, RNF144A short hair-
pin RNA (shRNA) lentiviral constructs (shRNF144A #1),
and corresponding control constructs were purchased from
Origene (Rockville, USA). Flag-His-tagged human HSPA2
cDNA was obtained from Vigene Biosciences (Rockville,
USA). HSPA2 shRNA (shHSPA2) and RNF144A shRNA
(shRNF144A #2) lentiviral constructs were obtained from
GenePharma (Shanghai, China). To generate HA-HSPA2
construct, HSPA2 cDNAs were amplified by PCR and then
subcloned into the lentiviral vector pPCDH-CMV-MCS-EF1-
Puro (System Biosciences, Mountain View, USA). Expres-
sion vectors encoding Flag-RNF144A (wild-type, C20A/
C23A, and C198A), GST-RNF144A (full-length and deletion
constructs), and V5-ubiquitin have been described pre-
viously [14]. All constructs were verified by DNA sequen-
cing (HuaGene Biotech, Shanghai, China). The detailed
information of DNA constructs and the primers used for
molecular cloning is provided in Supplementary Tables S4
and S5. Transfections were performed using Lipofectamine
2000 (Invitrogen, Carlsbad, USA) or Neofect DNA trans-
fection reagents (TengyiBio, Shanghai, China). Viral pro-
duction and infection were done as described previously
[32, 33]. To generate stable cell lines, cells were selected
with 2 pug/ml puromycin (Cayman, Ann Arbor, USA) for
1-2 weeks.

Cell proliferation, apoptosis, cell cycle analysis, and
colony-formation assays

Cell proliferation assays were performed using Cell
Counting Kit-8 (CCK-8) (Dojindo, Shanghai, China)
according to the manufacturer’s instructions. For detection
of apoptosis, cells were collected and fixed in 75% ethanol
overnight. After phosphate-buffered saline (PBS) wash,
cells were stained with Annexin V-PE/7-AAD Apoptosis
Detection Kit (Yeasen, Shanghai, China) and analyzed on a
BD FACSCanto II flow cytometer (BD Bioscience,
San Jose, USA). Apoptotic cells (Annexin V-PE-positive
and 7-AAD-negative for early apoptosis and both Annexin
V-PE and 7-AAD positive for late apoptosis) were quanti-
fied. Cell cycle progression was analyzed by fluorescence-
activated cell sorting (FACS) as described previously [32].
For colony-formation assays, cells were grown onto six-
well plates for 14 days with media replacement every
3 days. Cells were stained with 1% crystal violet staining

solution and the number of colonies formed in each well
was counted under a microscope.

Wound-healing and Transwell migration and
invasion assays

Wound-healing assays were performed as described pre-
viously [33-35]. Briefly, cells were seeded in six-well
plates. When cells were grown to confluency, the wound
was created by 200 ul tips, the floated cells were removed
through PBS washing, and the culture medium were
replaced by DMEM containing 0.1% FBS. Images were
taken at the indicated time points and the wound-closure
ratios were calculated. Transwell migration and invasion
assays were carried out as described previously [32, 33].
Cells were resuspended in DMEM medium containing
0.1% FBS and then loaded onto the upper well of transwell
chambers in the absence (migration) or presence (invasion)
of precoated Matrigel (Corning Biocoat, Tewksbury, USA).
The lower side of the separating filter was filled with
complete medium containing 10% FBS as a source of
chemoattractant. Cells were stained with 1% crystal violet
staining solution at the indicated times. All assays were
conducted in triplicate and repeated at least three times.

In vivo tumor growth and lung metastasis

All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Fudan Uni-
versity and animal care was in accordance with institutional
guidelines. For subcutaneous inoculation, cells (1 x 107 and
2 x 10° cells for RNF144A-overexpressing and RNF144A-
depleted MDA-MB-231 cells, respectively) in 200 ul PBS
were injected directly into the mammary fat pad of 6-week-
old female BALB/c athymic nude mice (State Key
Laboratory of Oncogenes and Related Genes, Shanghai,
China). As RNF144A is emerging as a tumor suppressor
gene in breast cancer cells, knockdown of RNF144A was
supposed to enhance xenograft tumor growth. If the same
number of cells (1 x 107 cells) was used for both RNF144A-
overexpressing and RNF144A-depleted experiments, the
size of tumors formed by MDA-MB-231-shRNF144A cells
would exceed the maximum size (15 mm in any dimension)
permitted by the IACUC of Fudan University Shanghai
Cancer Center. Therefore, we reduced cell number for
RNF144A-knockdown xenograft experiments. The tumors
were measured twice a week after appearance of tumors and
the tumor volume was calculated by the formula of
(Iength x width?)/2. Mice were killed by cervical dislocation
after 8 weeks of the inoculation. The tumors were excised
and weighed. For experimental lung metastasis assays, 2 x
10° cells were resuspended in 0.1 ml of PBS and were
injected into tail veins of nude mice. The number of lung
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metastatic foci was quantified after 6 weeks of injection.
The lungs were then excised and fixed in formalin over-
night. Paraffin-embedded sections were subjected to
hematoxylin-eosin staining to examine the presence of
micrometastases.

Quantitative real-time PCR

Total RNA was isolated from cell lines and tissue samples
using TRIzol reagent (Invitrogen), and cDNA was synthe-
sized using PrimeScript RT Master Mix (Takara, Dalian,
China) according to the manufacturer’s protocol. The
resultant cDNA was subjected to quantitative real-time PCR
(qPCR) using SYBR Premix Ex Taq (Tli RNaseH Plus)
(Takara) on an Eppendorf Mastercycler ep realplex4
instrument. The values for specific genes were normalized
to actin housekeeping controls and data were present as
mean + SE. qPCR primers were synthesized in HuaGene
Biotechnology (Shanghai, China) and sequences are
described in Supplementary Table S6.

Quantitative proteomics

Isobaric tags for relative and absolute quantitation iTRAQ)
coupled with liquid chromatography-tandem mass spectro-
metry (LC-MS/MS) was employed to identify the differ-
entially expressed proteins as described previously [36].
Briefly, proteins were digested and labeled using the 8-plex
iTRAQ reagents (AB SCIEX, Shanghai, China) according
to the manufacturer’s instructions. The labeled peptides
were fractionated with high pH reversed-phase LC on a
UPLC system (Waters, Milford, USA), followed by ana-
lysis using Nano-LC-MS/MS system [36]. Protein identifi-
cation and quantification analysis were performed with
Proteome Discovery (v.1.3, Thermo Fisher Scientific) and
ProteinPilot (version 4.5, AB SCIEX). All data were sear-
ched against the Swiss-Prot human database. Proteins with a
fold change >1.5 or <0.7 with a Student’s #-test p-value <
0.05 were selected as differently expressed proteins.

Antibodies, immunoblotting, immunoprecipitation,
and immunofluorescence

The information for primary antibodies used in this study is
summarized in Supplementary Table S7. Immunoblotting,
immunoprecipitation (IP), and indirect immunofluorescence
(IF) staining were performed as described previously
[32, 33]. Briefly, protein extracts were prepared using RIPA
buffer containing 1 x protease inhibitor cocktail and 1 x
phosphatase inhibitor cocktails (Bimake, Houston, USA).
Quantification of protein concentrations was performed
using the BCA Protein Assay Kit (Yeasen). Cellular
extracts were resolved by SDS-polyacrylamide gel
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electrophoresis (PAGE), transferred to polyvinylidene
difluoride membranes (Millipore), and incubated with the
indicated antibodies. Antibody signals were detected using
the electrochemiluminescence reagents (Yeasen). For IP
analysis, total 1-2mg of protein extracts was incubated
with the indicated antibodies overnight at 4 °C, followed by
addition of 30 ul of protein A/G magnetic beads (Bimake)
and incubation for another 2h. Immunoprecipitates were
collected by centrifugation at 4000 r.p.m. for 5 min, washed
with lysis buffer for three to five times, and then dissolved
in a sample buffer for SDS-PAGE. For indirect IF staining,
cells were fixed in 4% paraformaldehyde, permeabilized in
0.1% Triton X-100, and blocked in 10% normal goat serum
in PBS. Cells were incubated with primary antibodies,
washed three times in PBS, and then incubated with sec-
ondary antibody conjugated with 555-Alexa (red) or 488-
Alexa (green) (Cell Signaling Technology), respectively.
The blue DNA dye 4°, 6-diamidino-2-phenylindole
(DAPI; Abcam, Shanghai, China) was used as nuclear
staining. Microscopic analyses were performed using a
LEICA SP5 confocal microscope (Leica Microsystems,
Buffalo Grove, USA).

Immunohistochemistry

Immunohistochemistry (IHC) staining was carried out using
EnVision Detection Systems Peroxidase/DAB (DAKO, Santa
Clara, USA) following the manufacturer’s recommendations.

The primary antibody against human RNF144A (Life-
span, #LS-C162648) or human HSPA2 (Proteintech,
#12797-1-AP) was diluted at dilution of 1:100 and then
incubated at 4 °C overnight in a humidified container.
Interpretation of the IHC results was performed by two
independent pathologists who were blinded to the clin-
icopathological information. Slides were evaluated using
light microscopy and a standard semiquantitative immu-
noreactivity score as described previously [37]. By record-
ing the percentage of positive staining (0 = negative, 1<
10%, 2 = 10-50%, 3 > 50%) and staining intensity (0 = no,
1 =weak, 2= moderate, 3 =strong) for each sample,
immunoreactivity score (IRS) (0-9) was calculated by
multiplying positive staining percentage with staining
intensity. Low and high expression were defined as IRS of
<6 and 2 6, respectively [37].

GST pull-down assay

GST and GST-RNF144A were expressed in Escherichia
coli strain BL21 (DE3) (Tiangen Biotech, Beijing, China)
and purified using the Glutathione Sepharose 4B batch
method (GE Healthcare, Piscataway, USA) as described
previously [14]. Equal amounts of GST and GST-
RNF144A proteins were incubated with an equal aliquot
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of cellular lysates from MCF-7 cells in 500pl of
GST-binding buffer (150 mM NaCl, 50 mM Tris-HCI, pH
8, 1% Nonidet P-40, 1 x phosphatase, and protease inhibitor
cocktails) at 4 °C overnight. After washing three to five
times with the binding buffer, proteins were eluted in 2 x
SDS loading buffer and subjected to SDS-PAGE. The
interaction was detected by immunoblotting using the
indicated antibodies.

In vivo ubiquitination and cycloheximade analyses

In vivo ubiquitination assays was performed as described
previously [33]. Briefly, cells were transfected with
expression plasmids encoding HA-HSPA?2, V5-ubiquitin,
and Flag-RNF144A alone or in combination. After 48 h of
transfection, cells were treated with 10 uM MG-132 for 6 h
and then total cellular lysates were subjected to IP and
immunoblotting analyses with the indicated antibodies.
For CHX-chase assays [32, 33], cells were treated with
100 pg/ml of CHX and collected at the indicated times for
immunoblotting.

Statistical analysis

All data are presented as the mean + SE from at least three
independent experiments, unless otherwise indicated. The
unpaired two-tailed Student’s #-test was used to compare
data between two groups. The correlation between
RNF144A/HSPA2 expression and clinicopathologic factors
of breast cancer patients was analyzed by the y’>-test or
Fisher’s exact test. Survival curves were obtained using the
Kaplan—Meier method and statistics analysis was performed
using the log-rank test. Cox proportional hazards regression
model was performed for univariate and multivariate sur-
vival analyses. Correlation coefficients were calculated
using the Pearson’s test. P-values of <0.05 were considered
statistically significant.

Results

RNF144A is downregulated in primary breast
tumors

To examine the relevance of RNF144A to breast cancer
pathogenesis and progression, we first analyzed the
expression levels of RNF144A in 30 pairs of primary breast
tumors and matched normal breast tissues (Supplementary
Table S1) by qPCR. Results showed that the mRNA levels
of RNF144A were downregulated in 20 out of 30 (66.7%)
breast tumor samples as compared with normal breast tis-
sues (Supplementary Fig. S1A). To substantiate our results,
we next analyzed RNF144A mRNA levels in Oncomine

and The Cancer Genome Atlas (TCGA) databases. In the
Curtis et al. [38] dataset, RNF144A mRNA levels were
downregulated by 2.131-fold in mammary carcinomas
relative to normal breast tissues (Supplementary Fig. S1B).
TCGA database analysis showed that RNF144A mRNA
levels were reduced in 72 out of 113 (63.7%) breast tumors
compared with normal breast counterparts (Supplementary
Fig. S1C). A meta-analysis of recently published ten gene
expression profiling studies also showed a widespread
downregulation of RNFI144A in breast cancer tissues
(Supplementary Fig. S1D). To verify whether reduced
RNF144A expression in primary breast tumors was reflec-
ted at the protein level, we analyzed the expression status of
RNF144A protein in another 30 pairs of human breast
tumors and matched normal breast tissues (Supplementary
Table S2) by IHC staining. Results showed that RNF144A
expression levels were downregulated in 23 out of 30
(76.6%) breast cancer tissues when compared with their
normal breast tissues (Supplementary Fig. SIE and S1F).
These results suggest that RNF144A is downregulated in a
subset of primary breast tumors.

RNF144A suppresses breast cancer cell proliferation
and colony formation in vitro and xenograft tumor
growth in vivo

Breast cancer is a highly heterogeneous disease, which is
clinically divided into three major molecular subtypes
according to the expression status of estrogen receptor o
(ERw), progesterone receptor (PR), and human epidermal
growth receptor 2 (HER2), including luminal, HER2-posi-
tive, and triple-negative breast cancer (TNBC) [33, 39].
TNBC is the most aggressive type of breast cancer with
high recurrence and metastasis rates [40]. To delineate the
functional role of RNF144A in breast cancer, we first ana-
lyzed the protein levels of RNF144A in nine representative
breast cancer cell lines by immunoblotting. As shown in
Fig. la, luminal (MCF-7 and T47D) and HER2-positive
(BT474 and SK-BR-3) breast cancer cell lines expressed
relatively higher levels of RNF144A than TNBC cell lines
did. We next stably expressed RNF144A in MDA-MB-231
and Hs578T cells by lentiviral infections (Fig. 1b) or
depleted RNF144A in MCF-7 and MDA-MB-231 cells
using shRNF144A (Fig. 1c and Supplementary Fig. S2A).
CCK-8 assays showed that overexpression of RNF144A in
MDA-MB-231 and Hs578T cells suppressed cell pro-
liferation (Fig. 1d). Although RNF144A has been shown to
regulate apoptosis following DNA damage [12], FACS
analysis using Annexin V-PE/7-AAD Apoptosis Detection
Kit revealed that there was no significant difference in the
percentage of apoptotic cells between empty vector- and
RNF144A-expressing cells under basal conditions (Sup-
plementary Fig. S2B and S2C). Cell cycle analysis and
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Fig. 1 RNF144A suppresses breast cancer cell proliferation and col-
ony formation in vitro and tumor growth in vivo. a Expression of
RNF144A, ER, PR, and HER? in nine representative breast cancer cell
lines analyzed by immunoblotting. Vinculin was used as a loading
control. b MDA-MB-231 and Hs578T cells stably expressing pCDH
and Flag-RNF44A were subjected to immunoblotting analysis with the
indicated antibodies. ¢ Immunoblotting analysis of RNF144A
expression in MCF-7 and MDA-MB-231 cells stably expressing shNC
and shRNF144A. d MDA-MB-231 and Hs578T cells stably expres-
sing pCDH and Flag-RNF144A (1 x 10* cells per well) were subjected
to cell proliferation assays using CCK-8. e, f Colony-formation assays
of MDA-MB-231 and Hs578T cells (1000 cells per well) expressing
pCDH and Flag-RNF44A. Images were obtained using an EPSON
V370 scanner. Representative images of the colonies (e) and quanti-
tative results (f) are shown. g Cell proliferation assays of MDA-MB-

colony-formation assays showed that overexpression of
RNF144A in MDA-MB-231 and Hs578T cells arrested cell
cycle in the G1/S phase (Supplementary Fig. S2D) and
decreased the number of formed colonies (Fig. le, f),
respectively. Conversely, knockdown of RNF144A in
MCEF-7 and MDA-MB-231 cells enhanced cell proliferation
(Fig. 1g), promoted G1/S phase transition (Supplementary
Fig. S2E), and enhanced the ability of cells to form colonies
(Fig. 1h, i) as compared with shNC-infected cells.

To investigate whether RNF144A could regulate
tumorigenic capacity of breast cancer cells in vivo,
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231 (2% 10? cells per well) and MCF-7 (1 x 10* cells per well) stably
expressing shNC and shRNF144A using CCK-8. h, i Colony-
formation assays of MCF-7 (1000 cells per well) and MDA-MB-231
(500 cells per well) cells stably expressing shNC and shRNF144A.
Images were obtained using an EPSON V370 scanner. Representative
images of the colonies (h) and quantitative results (i) are shown.
In d, f, g, and i, the quantified results are presented as means + SE
(n=3). j, k Stable MDA-MB-231 cells expressing pCDH and Flag-
RNF144A (1 x 107 cells) were subcutaneously injected into mammary
fat pads of 6-week-old female BALB/c nude mice (n = 8). Images of
the xenografted tumors (j) and tumor weight (k) are shown. 1, m
MDA-MB-231 cells stably expressing shNC and shRNF144A (2 x 10°
cells) were subcutaneously injected into mammary fat pads of 6-week-
old female BALB/c nude mice (n=7). Images of the xenografted
tumors (I) and tumor weight (m) are shown

MDA-MB-231 cells stably expressing pCDH and Flag-
RNF144A were subcutaneously injected into mammary
fat pads of 6-week-old female BALB/c nude mice. In
support of in vitro findings, tumors from RNF144A-
overexpressing MDA-MB-231 cells grew much slower
than their control cells (Fig. 1j, k). Conversely, knock-
down of RNFI144A in MDA-MB-231 cells increased
tumor growth in xenograft mouse models (Fig. 11, m).
These results suggest that RNF144A suppresses breast
cancer cell proliferation and colony formation in vitro and
xenograft tumor growth in vivo.
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RNF144A suppresses breast cancer cell migration
and invasion in vitro and lung metastasis in vivo

As an important property of breast cancer cells is their inva-
sive and metastatic behavior, we next examined whether
RNF144A could modulate the invasive and metastatic phe-
notype of breast cancer cells. Transwell migration assays
revealed that overexpression of RNF144A in MDA-MB-231
and Hs578T cells resulted in a significant reduction in the
number of migrated cells through insert membrane compared
with empty vector (Fig. 2a, b). Consistently, wound-healing
assays showed that RNF144 A-overexpressing MDA-MB-231
cells had lower closure of the wound area compared with
their control cells (Supplementary Fig. S3A). Moreover,
RNF144A-expressing MDA-MB-231 and Hs578T cells

showed a reduced invasion through Matrigel-coated invasion
chambers as compared with empty vector-expressing controls
(Fig. 2c, d). In contrast, shRNF144A-infected MCF-7 and
MDA-MB-231 cells exhibited an enhanced migratory
(Fig. 2e, f and Supplementary Fig. S3B) and invasive
(Fig. 2g, h) phenotype as compared with shNC-infected cells.
These results indicate that RNF144A suppresses breast cancer
cell migration and invasion in vitro, two key events in tumor
metastasis.

To examine whether RNF144A affects the metastatic
potential of breast cancer cells in vivo, MDA-MB-231 cells
stably expressing pCDH and Flag-RNF144A were injected
into nude mice through tail veins and the number of lung
metastatic foci was determined after 8 weeks of injection
[41]. As shown in Fig. 2i-k, more lung metastatic colonies
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Fig. 2 RNF144A suppresses migratory and invasive potential of breast
cancer cells in vitro and lung metastatic capacity in vivo. a—d MDA-
MB-231 and Hs578T cells stably expressing pCDH and Flag-
RNF144A were subjected to Transwell cell migration assays (a, b;
1% 10° cells per well) and Matrigel invasion assays (c, d; 2 x 10° cells
per well). After the indicated times (24 h and 48 h for MDA-MB-231
and Hs578T cells, respectively), migrated and invaded cells were fixed
and stained with 1% crystal violet. Cells were counted under an
inverted microscope at x200 magnification. Representative images of
migration and invasion are shown in a and ¢, respectively. Quantitative
results of migration and invasion are shown in b and d, respectively.
The quantified results are presented as means + SE (n = 3). e-h MCF-
7 and MDA-MB-231 cells stably expressing shNC and shRNF144A

(1% 10° cells per well) were subjected to Transwell migration assays
(e, f) and Matrigel invasion assays (g, h). After 24 h, migrated and
invaded cells were fixed and stained with 1% crystal violet. Cells were
counted under an inverted microscope at X200 magnification. Repre-
sentative images of migration and invasion are shown in e and g,
respectively. Quantitative results of migration and invasion are shown
in f and h, respectively. The quantified results are presented as means
+SE (n=3). i-k MDA-MB-231 cells stably expressing pCDH and
RNF144A (2 x 10° cells) were injected into nude mice (n = 6) through
the tail vein and lungs were collected after 8 weeks of injection.
Representative images of metastatic lung tumors (i) and of HE-stained
sections of lung tissues (j), and quantitative results of metastatic lung
nodules (k) are shown

SPRINGER NATURE



Y.-L. Yang et al.

were observed in mice bearing MDA-MB-231-pCDH
tumors than that in mice bearing MDA-MB-231-
RNF144A tumors. Collectively, these results establish that
RNF144A suppresses breast cancer cell migration and
invasion in vitro and the formation of lung metastases in
xenograft mouse models.

RNF144A targets oncoprotein HSPA2 for
proteasome-dependent degradation

To reveal the molecular mechanisms by which RNF144A
suppresses breast cancer growth and metastasis, we first
examined whether RNF144A could affect the expression
levels of ER, PR, and epidermal growth factor receptor
family members, which are putative drivers of breast cancer
pathogenesis and progression [42, 43]. Results showed that
overexpression of RNF144A in MCF-7, SK-BR-3, and
MDA-MB-231 cells had no remarkable effects on the
expression levels of these proteins (Fig. 3a). Given that
RNF144A contains a conserved RBR domain architecture
(Supplementary Fig. S4A) and possesses intrinsic E3 ubi-
quitin ligase activities [11, 12, 14], we next sought to
identify the bona fide substrates of RNF144A using
iTRAQ-based quantitative proteomics [36]. To do this,
RNF144A-overepxressing MCF-7 and SK-BR-3 cells and
its corresponding control cells were treated with or without
10 uM of proteasome inhibitor MG-132 for 6 h and then
subjected to iTRAQ labeling and LC-MS/MS analysis
(Supplementary Fig S4B). Using this approach, we identi-
fied HSPA2 as a common potential substrate for RNF144A
in both MCF-7 and SK-BR-3 cell lines (Fig. 3b). HSPA2
attracted our attention, because it has been documented that
HSPAZ2 is overexpressed in human breast cancer tissues and
is essential for breast cancer cell growth, migration, and
invasion [19, 22, 44].

To demonstrate whether RNF144A regulates HSPA2
expression levels, HEK293T cells were transfected with
HA-HSPA?2 expression vector alone or in combination with
increasing doses of Flag-RNF144A. As shown in Fig. 3c,
ectopic expression of Flag-RNF144A led to a reduction in
the protein levels of HA-HSPA2 in a dose-dependent
manner. In agreement with these results, stable expression
of RNF144A in MDA-MB-231 cells downregulated endo-
genous HSPA?2 levels in vitro (Fig. 3d) and in xenograft
tumors in mice (Supplementary Fig. S4C). The specificity
of HSPA2 antibody was verified by immunoblotting in
HSPA2-deficient and HSPA2-overexpressing cell lines [45]
(Supplementary Fig. S4D). Moreover, an inverse correla-
tion of protein expression levels between RNF144A and
HSPA?2 was observed in isogenic MDA-MB-231 sublines
and in other breast cancer cell lines (Fig. 3e).

Recent work shows that HSPA2 is regulated by the
ubiquitin—proteasome pathway in human and mouse germ
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cells [28-30]. In agreement with these results, we found that
HSPA?2 protein levels were increased in MDA-MB-231 cells
following MG-132 treatment in a time-dependent manner
(Fig. 3f). RNF144A-mediated HSPA2 downregulation
in MDA-MB-231 cells was restored following MG-132
treatment (Fig. 3g, compare lane 4 with 2), indicating
that RNF144A induces HSPA2 degradation through the
proteasome-dependent pathway. In support of these results,
knockdown of RNF144A in MCF-7 and MDA-MB-231 cells
resulted in an accumulation of endogenous HSPA2 protein
(Fig. 3h, 1). In contrast, there was no significant change in
HSPA2 mRNA levels following RNF144A knockdown in
both cell lines (Fig. 3j, k). Moerover, CHX chase assays
demonstrated that knockdown of RNF144A in MCF-7 cells
extended the half-life of HSPA2 protein (Fig. 31). Collec-
tively, these findings demonstrated that RNF144A targets
HSPA?2 for proteasome-mediated degradation.

RNF144A interacts with HSPA2 and promotes its
ubiquitination

To gain mechanistic insights into how RNF144A regulates
HSPA2 degradation, we next examined whether RNF144A
interacts with HSPA2. To this end, HEK293T cells were
transfected with Flag-RNF144A, HA-HSPA?2 expression
vector alone or in combination, and immunoprecipiated
with either anti-Flag or anti-HA antibody. Immunoblotting
analysis showed that Flag-RNF144A and HA-HSPA2 were
co-immunoprecipiated when co-expressed (Fig. 4a, lane 4),
indicating that those two proteins can interact with each
other in vivo. Immunofluorescent staining showed that
Flag-RNF144A and HA-HSPA?2 colocalized mainly in the
cytoplasm in co-transfected HEK293T cells (Fig. 4b).
Moreover, there was an interaction between HSPA2 and
RNF144A at the endogenous level in MCF-7 and MDA-
MB-231 cells (Fig. 4c). GST pull-down assays showed that
endogenous HSPA?2 interacted with GST-RNF144A but not
GST (Fig. 4d, compare lane 2 with 1) and this interaction
was mediated by the C-terminal region (amino acids
253-292) of RNF144A (Fig. 4d).

As RNF144A is a RBR-type E3 ubiquitin ligase
[11, 12, 14], we next tested whether RNF144A induces
ubiquitination of HSPA2. As shown in Fig. 4e, HA-
HSPA2 was ubiquitinated in the presence of V5-ubiquitin
(compare lane 3 with 2). Moreover, co-expression of
Flag-RNF144A further increased HSPA2 ubiquitination
(compare lane 4 with 3). Next, we generated two E3
ligase-defective mutants by substitution of consensus
cysteine (C) to alanine (A) at the residues 20/23 (C20A/
C23A) and 198 (C198A) within the RING1 and RING2
domains, respectively [12, 14], and tested their effects on
HSPA?2 ubiquitination and degradation. Results showed
that E3 ligase-defective mutants impaired the ability of
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Fig. 3 RNF144A targets oncoprotein HSPA2 for proteasome-
dependent degradation. a Cells stably expressing pCDH and Flag-
RNF144A were subjected to immunoblotting analysis with the indi-
cated antibodies. Vinculin was used as loading control. b MCF-7 and
SK-BR-3 cells stably expressing pCDH and RNF144A were treated
with or without 10 uM MG-132 for 6 h as indicated in Supplementary
Fig. S4B and then subjected to iTRAQ-based quantitative proteomics.
Quantitative results of HSPA2 protein levels are representative of the
mean value of two independent experiments. ¢ HEK293T cells were
transfected with HA-HSPA2 expression vector alone or in combina-
tion with increasing doses of Flag-RNF144A plasmid DNA. After 48 h
of transfection, lysates were subjected to immunoblotting with the
indicated antibodies. d MDA-MB-231 cells stably expressing pCDH
and Flag-RNF144A were subjected to immunoblotting analysis with
the indicated antibodies. e Immunoblotting analysis of RNF144A and
HSPAZ2 in the indicated breast cancer cell lines. f MDA-MB-231 cells

RNF144A to ubiquitinate HSPA2 (Fig. 4f, compare lanes
3 and 4 with 2) and to downregulate HSPA2 expression
(Fig. 4g) compared with its wild-type counterpart. Con-
sistently, wild-type RNF144A, but not by its E3 ligase-
defective mutants, significantly reduced the half-life of
HSPA?2 (Fig. 4h, i). These results suggest that RNF144A
targets HSPA2 for ubiquitination and degradation in a
ubiquitin ligase activity-dependent manner.

were treated with 10 uM of MG-132 for the indicated time points and
subjected to immunoblotting analysis with the indicated antibodies.
g MDA-MB-231 cells stably expressing pCDH and Flag-RNF144A
were treated with DMSO or 10 uM of MG-132 for 6 h and then sub-
jected to immunoblotting analysis with the indicated antibodies.
h, i Lysates from stable MCF-7 and MDA-MB-231 cells expressing
shNC and shRNF144A were subjected to immunoblotting analysis
with the indicated antibodies. j, k qPCR analysis of HSPA2 mRNA
levels in MCF-7 and MDA-MB-231 cells stably expressing shNC and
shRNF144A. 1 MCF-7 cells stably expressing shNC and shRNF144A
were treated with 100 pg/ml of CHX for the indicated times and then
subjected to immunoblotting with the indicated antibodies. Quantita-
tive results of HSPA2 protein levels (HSPA2/vinculin) are repre-
sentative of the mean value of two independent experiments and are
shown in the lower panel

RNF144A suppresses breast cancer cell proliferation,
migration, and invasion partially through HSPA2

Following these observations, we next addressed whether
HSPAZ2 is indeed involved in tumor suppressor functions of
RNF144A in breast cancer cells. First, we generated MDA-
MB-231 cell lines stably expressing wild-type Flag-
RNF144A or its E3 ligase-defective mutants (C20A/C23A

SPRINGER NATURE
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Fig. 4 RNF144A interacts with HSPA2 and promotes its poly-
ubiquitination. a HEK293T cells were transfected with the indicated
expression vectors. After 48 h of transfection, total cellular lysates were
subjected to IP and immunoblotting analysis with the indicated anti-
bodies. b HEK293T cells were transfected with the indicated expres-
sion vectors and indirect IF staining was carried out after 48h of
transfection with the indicated antibodies. DAPI was used as a nuclear
staining. ¢ MCF-7 and MDA-MB-231 cells were treated with 10 uM
MG-132 for 6 h to enhance basal levels of endogenous RNF144A and
HSPAZ2. Then, total cellular lysates were subjected to IP analysis with
control IgG or an anti-HSPA?2 antibody, followed by immunoblotting
with the indicated antibodies. d Lysates from MCF-7 cells were
incubated with purified GST or GST-RNF144A protein and then

and C198A) by lentiviral infections (Fig. 5a). Functional
assays showed that E3 ligase-defective mutants of
RNF144A impaired the ability of RNF144A to suppress
colony formation (Fig. 5b and Supplementary Fig. S5A),
migration, and invasion (Fig. 5c, d) of MDA-MB-231 cells.
Second, we infected MDA-MB-231 cells with lentiviral
vectors encoding Flag-RNF144A, HA-HSPA?2 alone or in
combination (Fig. 5e). As expected, ectopic expression of
HSPA2 could partially rescue RNF144A-mediated sup-
pression of breast cancer cell migration and invasion
(Fig. 5g, h), and colony formation (Fig. 5f and Supple-
mentary Fig. S5B). These results suggest that RNF144A
suppresses breast cancer progression through, at least in
part, antagonizing oncogenic activities of HSPA2.
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subjected to immunoblotting analysis with the indicated antibodies.
e, f HEK293T cells were transfected with the indicated expression
vectors. After 48 h of transfection, cells were incubated with 10 uM of
MG-132 for 6 h and then subjected to sequential IP and immunoblot-
ting analysis with the indicated antibodies. g HEK293T and MCF-7
cells were transfected with the indicated expression vectors. After 48 h
of transfection, cells were subjected to immunoblotting analysis with
the indicated antibodies. h, i HEK293T cells were transfected with the
indicated expression vectors. After 48 h of transfection, cells were
treated with 100 pg/ml of CHX for the indicated times and then sub-
jected to immunoblotting with the indicated antibodies (h). Quantitative
results of HSPA2 protein levels (HSPA2/vinculin) are representative of
the mean value of two independent experiments (i)

RNF144A and HSPA2 are inversely associated with
prognosis and clinicopathological characters of
breast cancer patients

To examine the clinical significance of the RNF144A-
HSPAZ2 axis in breast cancer, we first evaluated RNF144A
expression status in a tissue microarray containing 166 sur-
gical specimens from patients diagnosed with invasive
breast cancer (Supplementary Table S3) by IHC staining
(Fig. 6a). According to the RNF144A expression scores >6
or <6 [37], patients were divided into RNF144A-high and
RNF144A-low subgroups. In this context, 35.5% (59/166)
of patients had high RNF144A expression, whereas 64.5%
(107/166) of patients had low RNF144A expression.
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Fig. 5 RNF144A suppresses breast cancer cell proliferation, migration,
and invasion partially through HSPA2. a Establishment of stable
MDA-MB-231 cell lines expressing empty vector, wild-type, and E3
ligase-defective mutants of Flag-RNF144A by lentiviral infection.
Expression of RNF114A in resultant cell lines was validated by
immunoblotting. b Established MDA-MB-231 stable cells (a) were
subjected to colony-formation assays as described in Fig. 1. Quanti-
tative results are shown (representative images of the colonies are
shown in Supplementary Fig. S5A). ¢, d Established MDA-MB-231
stable cells (a) were subjected to Transwell cell migration and Matrigel
invasion assays as described in Fig. 2. Representative images of

Kaplan—Meier survival analyses revealed that patients with
low RNF144A expression had poorer overall survival (OS,
Fig. 6b) and disease-free survival (DFS; Fig. 6¢). Moreover,
the expression levels of RNF144A were negatively asso-
ciated with larger tumor size, the presence of lymph node
metastasis, and higher clinical stage, but not with age,
menopausal status, and histologic grade of patients with
breast cancer (Supplementary Table S8). Univariate and
multivariate Cox regression analyses showed that
RNF144A was an independent predictor of poor OS and
DFS (Supplementary Tables S9 and S10, respectively).
Accumulating evidence shows that elevated levels of
HSPA2 in human cancer are associated with disease pro-
gression and poor prognosis [18, 24-26]. To confirm these
findings, we next analyzed HSPA2 expression by IHC
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migration and invasion, and quantitative results of migration and
invasion are shown in ¢ and d, respectively. e MDA-MB-231 cells
were infected with the indicated lentiviral expression vectors and their
expression status was verified by immunoblotting with indicated
antibodies. f Established MDA-MB-231 cells (e) were subjected to
colony-formation assays. Quantitative results are shown (representa-
tive images of the colonies are shown in Supplementary Fig. S5B).
g, h Established MDA-MB-231 cells (e) were subjected to Transwell
migration and Matrigel invasion assays. Representative images are
shown in g and the corresponding quantitative results are shown in h.
The quantified results are presented as means + SE (n = 3)

staining in the same tissue microarray used for RNF144A
staining (Fig. 6d). Of the 166 patients studied, 96 (57.8%)
had high HSPA2 expression, whereas 70 (42.1%) showed
low HSPA2 expression. Kaplan—-Meier survival analyses
revealed that patients with high HSPA2 expression had
poorer OS (Fig. 6e) and DFS (Fig. 6f) than those with low
HSPA2 expression. Moreover, HSPA2 expression levels
were significantly correlated with the presence of lymph
node metastasis and clinical stage (Supplementary
Table S11), indicating that high HSPA2 expression is
associated with more aggressive breast cancer. However,
there was no significant association between HSPA2
expression levels and patient age, menopausal status, and
histology grade. Moreover, univariate and multivariate Cox
regression analyses revealed that elevated expression of
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Fig. 6 HSPA2 and RNF144A inversely associate with prognosis and
clinicopathological features of breast cancer patients. a Representative
images showing positive and negative RNF144A immunostaining in
breast cancer tissues. b, ¢ Kaplan—-Meier curves for OS (b) and DFS (c¢)
of breast cancer patients (n=166) with low or high expression of

HSPA2 was an independent predictor of OS (Supplemen-
tary Table S12) and RFS (Supplementary Table S13).
Together, these results suggest that the HSPA2 expression
is associated with poor prognosis of breast cancer patients.
Finally, we examined the correlation between RNF144A
and HSPA2 in those 166 breast tumor samples, and
observed a negative correlation between RNF144A and
HSPA2, as 65.4% (70/107) of RNF44A-low samples had
HSPAZ2-high expression, whereas 55.9% (33/59) RNF44A-
high samples had HSPA2-low expression (Supplementary
Table S14). In summary, our results suggest that RNF144A
is a bona fide E3 ubiquitin ligase for HSPA?2 and suppresses
breast cancer growth and metastasis through, at least in part,
ubiquitination and degradation of HSPA2 (Fig. 7).

Discussion

In this study, we report several key findings concerning the
RNF144A-HSPA2 axis in breast cancer progression and
prognosis. First, it establishes RNF144A as a novel breast
cancer suppressor, which is downregulated in primary
breast tumors, suppresses breast cancer growth and pro-
gression, and correlates with favorable prognosis of breast
cancer patients. One of our earlier studies identified
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RNF144A. d Representative images showing positive and negative
HSPA2 immunostaining in breast cancer tissues. e, f Kaplan—-Meier
curves of OS (e) and DFS (f) according to HSPA?2 expression in 166
human breast tumors

RNF144A as a transcriptional repression target of
metastasis-associated protein 1 (MTAI) gene, a key mole-
cule driving tumor invasion and metastasis, through
microarray-based gene expression profiling analyses of
wild-type and MTAI-knockout mouse embryonic fibro-
blasts [46]. In addition, Ho et al. [12] showed that
RNF144A promotes DNA damage-induced apoptosis, a key
biological process tightly linked to cancer development.
More recently, we demonstrated that RNF144A is epigen-
etically silenced in breast cancer cells by promoter hyper-
methylation [13]. In agreement with these results, we
provide multiple lines of evidence that RNF144A functions
as a novel tumor suppressor in breast cancer. qPCR, THC
staining, and public database analyses showed that
RNF144A is downregulated in primary breast tumors
(Supplementary Fig. S1). Loss- and gain-of-function
experiments further revealed that RNF144A suppresses
breast cancer cell migration, invasion, and colony formation
in vitro, and tumor growth and lung colonization in vivo
(Figs. 2 and 3). More importantly, low expression of
RNF144A is associated with poor prognosis and aggressive
clinicophathological features of breast cancer patients
(Fig. 6a—c and Supplementary Table S8). In support of our
findings, Parkin, the best studied RBR family ligase, has
been shown to be downregulated in breast cancer tissues
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Fig. 7 The proposed working model. Low expression of RNF144A in
breast cancer cells results in enhanced HSPA2 oncoprotein stability,
thus contributing to breast cancer progression. Conversely, high
expression of RNF144A suppresses breast cancer progression through
targeting HSPAZ2 for ubiquitination and subsequent degradation

and to inhibit breast tumor progression through targeting
HIFla for ubiquitination and degradation [37].

Second, it provides mechanistic insights into tumor
suppressor functions of RNF144A in breast cancer through
targeting oncoprotein HSPA2 for ubiquitination and
degradation in a ubiquitin ligase activity-dependent manner.
Accumulating evidence shows that HSPA2 is upregulated
in multiple types of human cancers and its expression levels
are associated with disease progression and poor prognosis
[17-26]. Although it has been shown that HLA-B-
associated transcript 3, also known as BCL2-associated
athanogene 6, negatively regulates the polyubiquitination
and stability of HSPA2 in human and mouse germ cells
[28-30], how the stability of HSPA2 is regulated in human
cancers remains unexplored. In this study, we identified
HSPAZ2 as a novel ubiquitination substrate of RNF144A by
quantitative proteomic and biochemical analyses (Figs. 3
and 4). To our knowledge, RNF144A is the first identified
E3 ubiquitin ligase for HSPA2 ubiquitination and degra-
dation in human cancers. Moreover, HSPA?2, in addition to
DNA-PKcs [12] and PARPI1 [14], is the third identified
ubiquitination substrate for RNF144A ligase. Functional
experiments further demonstrated that HSPA2 is indeed
involved in RNF144A-mediated breast cancer proliferation,
migration, and invasion (Fig. 5). Consistent with its onco-
genic activities [17-26], clinical data showed that
breast cancer patients with elevated HSPA?2 expression had
poor clinical outcome and malignant clinicopathologic

parameters (Fig. 6d—f and Supplementary Table S11). These
findings establish that RNF144A suppresses breast cancer
progression through, at least in part, blocking HSPA2-
mediated oncogenic signaling.

In conclusion, findings presented here suggest that
RNF144A is an E3 ubiquitin ligase for HSPA2 and sup-
presses the aggressive phenotype of breast cancer through
controlling HSPA2-mediated oncogenic activities (Fig. 7).
These results may offer novel therapeutic opportunities in
breast cancer through restoration of RNF144A expression
by DNA methylation inhibitors or suppression of onco-
protein HSPA2-mediated oncogenic signaling by specific
small-molecule inhibitors.
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