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GRAPHICAL ABSTRACT

NEDDA4L/RHOF axis suppresses the malignant phenotypes and lipid metabolism of breast cancer and NEDDA4L is affected by upstream ALKBH5

NEDDA4L/RHOF axis regulates breast cancer progression
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NEDDA4L contributes to the ubiquitination of RHOF to facilitate the
malignant behaviors and lipid metabolism of BC cells, and NEDDAL is
inhibited by ALKBH5-mediated m6A demethylation.
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metabolism were repressed by RHOF knockdown in vivo. NEDD4L impaired RHOF stability by promoting
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Conclusions: These results evidenced that NEDDAL facilitated the malignant progression of breast cancer via
inducing the ubiquitination of RHOF, and NEDDAL was also affected by ALKBH5-mediated m6A demethylation.
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1. Introduction

Breast cancer (BC) is currently the most frequent global malig-
nancy among the women populationand remains the major cause
of cancer-associated mortality [1,2]. Latest cancer statistics show
that over 2.3 million new cases of BC were diagnosed in 2022,
accounting for 11.6% of all cancer cases; and 665,000 deaths
occurred, comprising 6.9% of all cancer deaths [3]. BC incidence is
increased with age, but there are still some cases at a younger age
[4]. BC has different subtypes such as estrogen receptor (ER), proges-
terone receptor (PR), or human epidermal growth factor receptor 2
(HER2), according to the standard diagnosis by immunohistochem-
istry (IHC) results [5]. For ER-positive or PR-positive BC,
endocrinotherapy, chemotherapy and cyclin-dependent kinases
(CDK) 4/6 inhibitors are the main therapies. Target therapy and
chemotherapy, antibody-drug conjugates (ADCs) are usually applied
for HER2-postive BC [6]. However, drug resistance or toxicity may
limit the therapeutic efficacy. BC continues to affect the public health
and long-term survival of women [7]. Under the circumstances,
awareness of the pathological mechanism of BC malignant develop-
ment might provide a new clue for the diagnosis and therapies of BC.

Rho GTPase Rif (RHOF) belongs to Rho GTPase family that is
implicated in regulating different human malignancies and various
biological functions [8]. Rho GTPase signaling can drive cancer ini-
tiation and precipitate malignant progression via affecting cancer
cell growth, apoptosis and metabolism [9]. RHOF plays an onco-
genic role to promote migration, invasion and epithelial mesenchy-
mal transformation in pancreatic cancer [10,11]. RHOF can
accelerate the progression of acute myeloid leukemia and increase
the chemotherapy resistance [12]. RHOF is aberrantly up-regulated
in BC tissues and associated with lymph node metastasis [13]. Nev-
ertheless, the role of RHOF in BC is required to be investigated.

Neural precursor cell-expressed developmentally downregu-
lated gene 4-like (NEDDA4L) is an E3 ubiquitin ligase vital to the
ubiquitination process, and it is capable of regulating cancer cell
functions [14]. NEDDA4L suppresses the proliferation and migration
abilities of clear cell renal cell carcinoma [15], and it inhibits the
malignant phenotypes of esophageal carcinoma through ITGB4
ubiquitination [16]. NEDD4L was evidenced to play an anti-
cancer molecule preventing from the progression of BC [17], and
it exhibited the ubiquitination regulation of CD71 in ER-positive
BC cells [18]. The potential association between NEDD4L and RHOF
is fully unknown. N6-Methyladenosine (m6A) methylation modifi-
cation is widely present in the modification of mRNA by involving
in mRNA processing, maturation, splicing, transport, translation,
and degradation, further affecting cellular behaviors of BC [19].
AlkB homolog 5 (ALKBH5) is a m6A demethylase with great impor-
tance involved in BC development [20,21]. We have predicted the
m6A modification sites in NEDD4L, but it is not clear whether
ALKBH5 can trigger m6A modification regulation for NEDD4L in BC.

Dysfunction of lipid metabolism is an all-important metabolic
alteration in cancers. Cancer cells can obtain energy and compo-
nents for biological membranes and signaling molecules through
harnessing lipid metabolism, then contributing to cancer cell sur-
vival, invasion, and metastasis [22]. NEDD4L has been indicated
to promote cellular lipid peroxidation levels in oesophageal
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squamous cell carcinoma [23], and it can mediate the level of
CREB-regulated transcription coactivator 3 (CRTC3), a regulator of
lipid metabolism [24]. Thus, it is of great importance to explore the
involvement of NEDD4L/RHOF in the lipid metabolism of BC cells.

Currently, this work hypothesized that NEDDA4L could affect BC
progression and lipid metabolism by regulating RHOF in an
ubiquitination-dependent manner. Moreover, ALKBH5 was specu-
lated to affect the m6A modification of NEDD4L.

2. Materials and methods
2.1. Databases

GSE162228 dataset from Gene Expression Omnibus (GEO) data-
base (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi) was used
for expression analysis of RHOF and NEDDAL in BC samples. UAL-
CAN analysis for BC samples from TCGA (https://ualcan.path.uab.
edu/cgi-bin/TCGAExResultNew2.pl?genenam=RHOF&ctype=BRCA)
was employed to exhibit RHOF expression in different pathological
stages of BC. The pancarcinoma analysis of RHOF was indicated by
TCGA database (https://www.cancer.gov/ccg/research/genome-
sequencing/tcga). Ubibrowser website (https://ubibrowser.bio-it.
cn/ubibrowser/) was applied to predict the upstream genes of
RHOF. The m6A methylation sites of NEDD4L were predicted
through SRAMP (https://www.cuilab.cn/sramp). The binding score
of ALKBH5 and NEDDA4L was analyzed by RBPsuite (https://www.
csbio.sjtu.edu.cn/bioinf/RBPsuite/).

2.2. Patients and samples

A total of 35 individuals were diagnosed as BC and under-
went surgical resection without any therapy at the Affiliated
Hospital of Guangdong Medical University. Inclusion criteria of
patients included: (1) Informed consent of patients or their
families; (2) BC was confirmed by pathological or cytological
examination; (3) All patients were female; (4) Immunohisto-
chemistry of tissues was HER2-positive or ER-dependent.
PR-positive samples have not been included because PR is a
target of ER and its expression is dependent on estrogen.
ER-positive/PR-positive breast cancer is usually common [25];
(5) Patients with at least one measurable target lesion. Exclu-
sion criteria included: (1) BC patients during pregnancy or
lactation (estrogen and progesterone are in an abnormally
elevated state); (2) Patients with acute and chronic inflamma-
tion (inflammatory changes have certain overlaps with BC
results); (3) Patients with liver, kidney and heart dysfunction
(the poor overall physical function is difficult to tolerate
surgical treatment); (4) Patients with other systemic malignan-
cies (other malignancies may affect BC); (5) Poor compliance of
patients. The fresh BC tissues and the corresponding para-
cancerous tissues were collected during the surgery, then stably
stored at —80°C for further detection. Each patient has submit-
ted the informed consent for this study. All procedures
involving human samples were in accordance with the
Declaration of Helsinki and ratified by the Ethics Committee of
Affiliated Hospital of Guangdong Medical University.
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2.3. Cell culture and plasmid transfection

SKBR-3 and MCF-7 cells are common cell models for BC
research in vitro [26,27], and they are not polluted. In addition,
SKBR-3 is HER2-positive and MCF-7 is ER-dependent BC cells.
Therefore, research of SKBR-3 and MCF-7 cells can provide more
extensive evidence for BC. Human normal breast cell line MCF-
10A was applied as the normal control group. These cells were
all purchased from BioVector NTCC Inc. (Beijing, China). SKBR-3
and MCF-7 cells were cultured with Dulbecco’s modified eagle
medium (DMEM; Gibco, Carlsbad, CA, USA) including 10% fetal
bovine serum (Gibco) and 1% penicillin-streptomycin solution
(Gibco) in the incubator with 5% CO, at 37°C. MCF-10A cells were
cultivated with the specific MEGM medium (Gibco) with the sup-
plement of 100 ng/mL cholera toxin (Sigma, St. Louis, MO, USA)
under the same condition. For stable transfection, short hairpin
RNA (shRNA) plasmids or pcDNA plasmids were transfected into
BC cells through Lipofectamine™ 3000 kit (Invitrogen, Carlsbad,
CA, USA). ShRNA targeting RHOF (sh-RHOF), shRNA targeting
ALKBH5 (sh-ALKBH5), and shRNA normal control (sh-NC) were
bought from GenePharma (Shanghai, China). The pcDNA plasmid
(0e-NC), pcDNA-NEDDA4L (oe-NEDDA4L), pcDNA-RHOF (oe-RHOF)
were constructed by RIBOBIO (Guangzhou, China).

2.4. Real-time quantitative polymerase chain reaction (RT-qPCR)

Firstly, total RNA extraction from human samples and cells was
carried out using Trizol (Sangon, Shanghai, China). Subsequently,
total RNA was transcribed to obtain ¢cDNA through First Strand
c¢DNA Synthesis Master Mix (Sangon). Then, cDNA was amplified
by SYBR Green PCR Master Mix (Ambion, Carlsbad, CA, USA) utiliz-
ing the specific primers (Table 1). All operations were imple-
mented according to the manufacturers’ instruction books.
Eventually, gene expression was analyzed via the 2722 method.

2.5. Western blot

Radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher
Scientific, Waltham, MA, USA) was applied for the extraction of
protein samples from tissues and cells. A total of 50 pg proteins
of each sample were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes (Thermo Fisher Scien-
tific). To prevent the non-specific protein binding, the membranes
were sealed in blocking solution (Sangon). Then, the incubation
(1:1000) of the primary antibodies (Abcam, Cambridge, UK) target-
ing RHOF (ab101349), NEDDA4L (ab46521), ALKBH5 (ab195377), B-
cell lymphoma-2 (Bcl-2; ab182858), Bcl-2-associated X (Bax;
ab32503), Fatty Acid Synthase (FASN; ab128870), sterol regulatory
element-binding protein 1 (SREBP1; ab28481) was performed at
4°C overnight. These gene levels were normalized by B-actin
(ab8227, 1:2000). Then, the secondary antibody (Abcam,
ab205718, 1:2000) was incubated at room temperature for 1 h.

Table 1
Primer sequences used for RT-qPCR.

Name Primers for PCR (5'-3")

RHOF Forward CTCTTGGCTCCGCTAGTGC
Reverse AGGTTCAGGGTCACCTCCTT

NEDDA4L Forward CTCCTGTGACCTTGTCACCC
Reverse ACGGATCACTGGCTCCAAAG

ALKBH5 Forward TGCAAGCTCATGCAAACACC
Reverse GACCCAACGTGGCAAGTCTA

B-actin Forward GGATTCCTATGTGGGCGACGA
Reverse GCGTACAGGGATAGCACAGC
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ECL Substrate Kit (Abcam) was utilized for the appearance of pro-
tein blots, and the signals were analyzed by Image ] software.

2.6. Cell Counting Kit-8 (CCK-8) assay

Cell viability was detected by CCK-8 assay. SKBR-3 and MCF-7
cells were cultured for 24 h, followed by transfection with plas-
mids for different times (20 h, 40 h, 60 h, or 80 h). Then, the cell
medium was discarded, and cells were added with 10 pL/well
CCK-8 solution (Sangon). The absorbance at 450 nm was examined
under the microplate reader.

2.7. Ethynyl-2'-deoxyuridine (EdU) assay

Transfected cells were seeded into the 96-well plate with 5000
cells/well for 48 h, and then EdU detection was performed by EdU
Imaging Detection Kit (Sangon). Briefly, cells were added with
300 pL 1 x EdU medium for 2 h to label the DNA. After cells were
fixed with 4% paraformaldehyde (Sangon) and infiltrated with Triton
X-100 solution (Sangon), cells were treated with 100 pL EdU detec-
tion solution for 30 min. Then, nuclei were stained with diamidine
phenylindole (DAPI; Sangon) for 20 min, and cell detection was per-
formed under a fluorescence microscope (Olympus, Tokyo, Japan).
Cell proliferation was assessed by EdU-positive (EAU + DAPI) cells.

2.8. Transwell assay

Cell migration and invasion were examined using a transwell
chamber (8 pm pore size of filter membranes, Corning Inc., Corn-
ing, NY, USA). For migration, the upper chamber was seeded
with 1 x 10°> SKBR-3 and MCF-7 cells resuspended in serum-
free medium and complete medium was added into the lower
chamber. After incubation for 24 h, migrated cells were fixed
with 4% paraformaldehyde (Sangon) for 30 min and stained with
0.1% crystal violet (Sangon) for 30 min. For invasion, 50 pL of
matrigel (Corning Inc.) diluted in serum-free medium was pre-
coated to the upper transwell chamber at 37°C for 4 h. To ensure
the uniform coating, the bottom of the upper chamber was com-
pletely covered with matrigel with no air bubbles. The subse-
quent procedures were in accordance with the detection of
migration. Images of cells were observed through the inverted
microscope (Olympus), and then, migrated and invaded cells
were numbered.

2.9. Flow cytometry

Cell apoptosis was measured using the Annexin V-FITC Apopto-
sis Detection Kit (Sigma). BC cells after transfection were added
with Annexin V-FITC and Propidium lodide (PI) as per the supplied
specification. Cell condition was determined via a BD Accuri C6
flow cytometer (BD Biosciences, San Diego, CA, USA). Apoptotic
cells were analyzed using the BD Accuri C6 system (32-bit) soft-
ware (BD Biosciences). Annexin V+/PI- and Annexin V+/PI+ stained
cells were regarded as the apoptotic cells.

2.10. Triglyceride, cholesterol and phospholipid detection

After transfection, cells were lysed with RIPA buffer for
45 min. Cell homogenates were acquired using chloroform and
methanol solution (chloroform: methanol = 2:1), followed by
the extraction of lipid. The levels of triglyceride, cholesterol,
and phospholipid were respectively measured via Triglyceride
Quantification Kit, Cholesterol Quantification Assay kit and
Phospholipid Quantification Kit (Sigma) under the microplate
reader (Thermo Fisher Scientific), in strict line with the users’
guidelines.
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2.11. Tumor xenograft assay

This animal assay was authorized by the Animal Ethical Com-
mittee of Affiliated Hospital of Guangdong Medical University. All
operations on mice were performed in line with the relevant
guidelines and regulations of Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH). Six-week-
old BALB/c female nude mice (Vital River, Beijing, China) were
divided into two groups with 5 mice of each group. The stably
transfected MCF-7 cells with sh-NC or sh-RHOF were subcuta-
neously injected into the flank of mice, with 2 x 10° cells of each
mouse. Tumor volume (length x width?/2) was recorded every
5 d. All mice were euthanized by using the flow rate of CO, to dis-
place the 30% air of cage each minute according to the current
guideline of the American Veterinary Medical Association (AVMA)
after 25 d, and tumors were photographed. The maximal tumor
diameter permitted by the ethics committee was approximately
15 mm, and our maximal tumor diameter was not exceeded. The
protein levels of caspase-3, cleaved caspase-3 and RHOF were
detected by IHC analysis. The mRNA levels of FASN and SREBP1
in tumors from mice were examined to assess lipid metabolism.

2.12. Glutathione S-transferase (GST) pull-down assay

GST fusion proteins were prepared according to the standard
protocol. Briefly, NEDD4L or RHOF cDNA sequence was synthesized
and subcloned to construct the GST-NEDD4L and GST-RHOF plas-
mids, which were then expressed in the E. coli BL21. Then, GST-
NEDDA4L or GST-RHOF fusion proteins were purified using glu-
tathione agarose beads (Thermo Fisher Scientific). Then, the pure
GST-NEDDA4L or GST-RHOF protein was incubated with cell lysates
from HEK293T cells overexpressing RHOF or NEDD4L at 4°C over-
night. GST protein binding to glutathione agarose was used as a
negative control. After washing with binding buffer, the bound
proteins were eluted for western blot detection of RHOF and
NEDDA4L.

2.13. Co-immunoprecipitation (Co-IP) assay

Cell lysates were prepared from SKBR-3 and MCF-7 using RIPA
buffer (Thermo Fisher Scientific) and then incubated with anti-
RHOF/anti-NEDD4L/anti-IgG and Protein A/G Magnetic Beads
(Pierce, Rockford, IL, USA). Afterwards, the protein—protein com-
plexes were washed with 0.5% PBS-Triton X-100 and resuspended
with SDS-PAGE protein loading buffer for western blot analysis of
RHOF and NEDDA4L.

2.14. RHOF protein stability testing

The protein stability of RHOF was examined through cyclohex-
imide (CHX) treatment. SKBR-3 and MCF-7 cells were transfected
with oe-NC or oe-NEDDA4L, followed by incubation with 100 pM
CHX (Sigma). Cells were harvested at different times (0O h, 3 h,
6 h, 9 h and 12 h) for western blot detection of RHOF.

2.15. Ubiquitination assay

HEK293T cells were transfected with oe-NC/oe-NEDD4L, and
then, cell lysates were incubated with anti-RHOF and protein A/G
agarose beads (Beyotime). Then, the immunoprecipitated proteins
were obtained for western blot detection of UB and RHOF.

2.16. NEDD4L mRNA stability assay

SKBR-3 and MCF-7 cells were transfected with sh-NC or sh-
ALKBH5 for 24 h; then, the cell culture medium was treated with
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2 mg/mL Actinomycin D (Sigma) for 0 h, 3 h, 6 h, 9 h, or 12 h. Then,
total RNA was extracted, and NEDD4L mRNA detection was per-
formed using RT-qPCR.

2.17. RNA immunoprecipitation (RIP) assay

The interaction between ALKBH5 and NEDD4L was examined
using Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore, Billerica, MA, USA). SKBR-3 and MCF-7 cells were
lysed in RIP lysis Buffer and then incubated with anti-ALKBH5
or anti-IgG-coated Protein A magnetic beads at 4°C overnight.
The proteinase K was added to remove proteins, and the
immunoprecipitated RNA was used for mRNA detection of
NEDDA4L by RT-qPCR.

2.18. Methylated RNA Immunoprecipitation (MeRIP)

Total RNA was extracted from cells after transfection with sh-
NC or sh-ALKBHS5, followed by treatment with DNase (Sigma) to
remove the genomic DNA. Then, the fragments were incubated
with anti-m6A or rabbit IgG through a Magna MeRIP™ m6A kit
(Millipore). Then mRNA level of NEDD4L was determined via RT-
qPCR.

2.19. Statistical analysis

Assays were implemented for three independent times with
three parallels of each time. Data were then manifested as the
mean + standard deviation (SD), followed by data analysis through
SPSS and GraphPad Prism. For statistical difference, Student’s t-test
was used for difference analysis between two groups, and analysis
of variance (ANOVA) followed by Tukey’s test was applied for that
among multiple groups. In terms of the statistical level, the differ-
ence was significant if p < 0.05.

3. Results
3.1. RHOF was highly expressed in BC samples and cells

Firstly, the aberrant expression of RHOF was discovered by
online databases. GSE162228 dataset has indicated RHOF as
an up-regulated gene in BC tissues (Fig. 1A). Meanwhile, UAL-
CAN database analysis for TCGA samples demonstrated that
RHOF expression was higher in different pathological stages
of BC by comparison with normal patients (Fig. 1B). Then, we
performed RT-qPCR and western blot to examine whether
RHOF expression was consistent with the databases. The
results revealed that RHOF mRNA and protein levels were sig-
nificantly increased in BC tissues contrasted to normal controls
(Fig. 1C-D). Likewise, SKBR-3 and MCF-7 cells revealed the high
expression of RHOF relative to MCF-10A cells (Fig. 1E-F). Addi-
tionally, expression of RHOF across TCGA cancers exhibited a
high tendency of RHOF in BC (Fig. 1G). Our analysis confirmed
RHOF upregulation in BC.

3.2. RHOF knockdown restrained BC cell malignant phenotypes

The abnormal upregulation of RHOF implied its potential
involvement in BC progression, and then, we performed loss-of-
function assays to affirm it. Knockdown efficiency of shRNA
was examined by western blot, and the results showed that RHOF
protein level was evidently decreased in SKBR-3 and MCF-7 cells
with transfection of sh-RHOF (Fig. 2A). CCK-8 and EdU assays
were used to assess cell growth. Silence of RHOF significantly
reduced cell viability (Fig. 2B) and EdU positive cells (Fig. 2C).
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RHOF downregulation suppressed cell migration (Fig. 2D) and
invasion (Fig. 2E) according to the transwell assay. For cell apop-
tosis, flow cytometry demonstrated a promoting effect of RHOF
knockdown on the percentage of apoptotic cells (Fig. 2F). In addi-
tion, RHOF expression reduction inhibited protein expression of
anti-apoptotic Bcl-2 and up-regulated pro-apoptotic Bax in
SKBR-3 and MCEF-7 cells (Fig. 2G). Collectively, our results sug-
gested that RHOF inhibition hindered the malignant develop-
ment of BC cells.

3.3. Silencing RHOF suppressed lipid metabolism in BC cells

Given the impact of RHOF on BC cell malignant phenotypes, and
considering its potential links to cellular metabolism, we next
investigated its role in lipid metabolism. Triglyceride, cholesterol,
and phospholipid are common lipids involved in the lipid metabo-
lism. The levels of triglyceride (Fig. 3A), cholesterol (Fig. 3B) and
phospholipids (Fig. 3C) were all much lower in sh-RHOF group
than those in sh-NC group of SKBR-3 and MCF-7 cells. These results
demonstrated that RHOF deficiency repressed lipid formation in BC
cells. FASN and SREBP1 function as central regulators of lipid meta-
bolism [28]. Transfection of sh-RHOF caused the significant protein
inhibition of FASN and SREBP1, compared with transfection of sh-
NC (Fig. 3D-E). Thus, lipid metabolism was constrained in BC cells
with the silence of RHOF.
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3.4. RHOF promoted BC tumor growth and lipid metabolism in vivo

After affirming the role of RHOF in vitro, we further explored
RHOF function in vivo by establishing a xenograft model to better
elucidate the implication of RHOF in BC. Tumor volume (Fig. 4A)
was obviously declined in xenograft model of sh-RHOF group, by
comparison with sh-NC group. Tumor images were shown in
Fig. 4B. IHC analysis indicated that protein levels of caspase-3
and cleaved caspase-3 (apoptotic markers) were up-regulated,
and RHOF protein level was reduced in sh-RHOF group relative
to sh-NC group (Fig. 4C). In addition, it was observed that RHOF
downregulation suppressed the mRNA levels of FASN and SREBP1,
indicating that RHOF facilitated lipid metabolism in mice (Fig. 4D-
E). These results suggested the promoting effects of RHOF on BC
tumorigenesis and lipid metabolism in vivo.

3.5. NEDDA4L interacted with RHOF to promote its ubiquitination

On the premise that the functions of RHOF have been con-
firmed, it is important to explore the molecular mechanism associ-
ated with RHOF. The upstream genes of RHOF were predicted by
Ubibrowser website, and NEDD4L was one of the targets in the
upstream of RHOF (Fig. 5A). Regarding the expression of NEDDA4L,
GSE162228 dataset identified NEDD4L as a down-regulated gene
in BC (Fig. 5B). In our BC tissues, NEDD4L was also expressed with
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a low level through the detection of RT-qPCR and western blot
(Fig. 5C-D). Similarly, NEDD4L mRNA and protein levels were
prominently decreased in SKBR-3 and MCF-7 cells (Fig. 5E-F). Fur-
ther assays were carried out to validate whether NEDD4L inter-
acted with RHOF. GST pull-down test manifested that RHOF was
pulled down by GST-NEDDA4L protein and NEDDA4L was also pulled
down by GST-RHOF protein (Fig. 5G). By performing Co-IP, the
interaction between NEDD4L and RHOF was further confirmed in
SKBR-3 and MCF-7 cells (Fig. 5H-I). Subsequently, CHX treatment
was performed to examine the protein stability of RHOF. As shown
in Fig. 5]-K, overexpression of NEDD4L limited the protein stability
of RHOF under the treatment of CHX. Moreover, NEDD4L upregula-
tion enhanced the ubiquitination level of RHOF in BC cells (Fig. 5L).
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Taken together, NEDDAL reduced RHOF level by arousing the ubig-
uitination of RHOF.

3.6. RHOF overexpression rescued the effects of NEDD4L on BC cells

Given the target binding between NEDD4L and RHOF, we spec-
ulated that the regulation of NEDDA4L in BC progression was related
to RHOF. The regulatory network between NEDD4L and RHOF was
investigated in BC cells via a series of reverted experiments. Anal-
ysis of western blot manifested that co-transfection with oe-RHOF
reversed oe-NEDD4L-inhibited RHOF level, suggesting the excel-
lent overexpression efficiency of oe-RHOF (Fig. 6A). Overexpres-
sion of NEDD4L repressed cell viability (Fig. 6B) and proliferation
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(Fig. 6C), followed by the restoration after upregulation of RHOF.
Cells with migration (Fig. 6D) and invasion (Fig. 6E) were
decreased by oe-NEDDA4L, whereas oe-RHOF overturned these
impacts. Meanwhile, RHOF overexpression recuperated the
increase of apoptotic cells (Fig. 6F) and the changes of apoptotic
markers (Fig. 6G) caused by oe-NEDDA4L. In combination with these
results, we considered that the anti-cancer function of NEDDA4L in
BC cells was achieved by downregulating RHOF.

3.7. NEDDA4L impeded lipid metabolism in BC cells by mediating RHOF

The interaction between NEDD4L and RHOF has been validated
in regulating malignant phenotypes; then, the effect of NEDD4L/
RHOF on lipid metabolism was further studied. Transfection of
oe-NEDDA4L inhibited levels of triglyceride (Fig. 7A), cholesterol
(Fig. 7B) and phospholipids (Fig. 7C); then, the overexpression of
RHOF eliminated these changes. After RHOF expression was
enhanced, oe-NEDD4L-mediated protein inhibition of FASN and
SREBP1 was ameliorated by a significant level (Fig. 7D-E). All in
all, lipid metabolism in BC cells was impaired by NEDD4L through
the level reduction of RHOF.
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3.8. ALKBH5 inhibited mRNA stability of NEDD4L by m6A modification

RHOF has been verified as a downstream target of NEDD4L, but
the upstream targets associated with NEDD4L remain unclear.
SRAMP website predicted that NEDD4L had multiple m6A methy-
lation modification sites (Fig. 8A), which implied that NEDD4L
might participate in the m6A modification. Subsequently, RBPsuite
website indicated the binding between ALKBH5 and NEDDA4L
(Fig. 8B). Thus, we hypothesized that there was the m6A modifica-
tion between ALKBH5 and NEDDA4L. Expression analysis by RT-
gPCR and western blot identified that ALKBH5 was highly
expressed in BC samples (Fig. 8C) and cells (Fig. 8D). Knockdown
of ALKBH5 promoted NEDDA4L protein level in SKBR-3 and MCF-7
cells, suggesting the negative regulation of ALKBH5 on NEDD4L
expression (Fig. 8E). After actinomycin D treatment, silence of
ALKBH5 enhanced the stability of NEDDA4L in BC cells (Fig. 8F-G).
RIP assay affirmed the high enrichment of NEDD4L by anti-
ALKBHS5 in SKBR-3 and MCF-7 cells (Fig. 8H-I). Further MeRIP anal-
ysis testified that the m6A level of NEDD4L was distinctly
increased after ALKBH5 expression was knocked down (Fig. 8]-
K), suggesting that ALKBH5 induced demethylation of NEDD4L

SKBR-3 MCF-7 SKBR-3 MCF-7
4 oe-NC 4 oe-NC a4 oe-NC a4 oe-NC
v oe-NEDD4L v oe-NEDDA4L v oe-NEDD4L v oe-NEDD4L
= o oce-NEDD4L+oe-RHOF = o oe-NEDD4L+oe-RHOF 5 @ oe-NEDD4L+oe-RHOF 58 oe-NEDD4L+oe-RHOF
815 o 815 - 815 - » 815
= 1 2 i = —r— 2 A
2 10{ 4 210 210 . 2 10] &
N3 R 3" & i =
[} [}
4 o 14 4
So05 - 05 * =05 & =05 E
b=} b=} 2 p
@ @ 2 2
200 200 goo0 g 0.0
2 2 2 2
= [ (&) (@]
C SKBR-3 MCF-7 D SKBR-3
a oe-NC a ce-NC a oe-NC
v oe-NEDDA4L v oce-NEDD4L v oe-NEDD4L ~ 0\5}’
= o oe-NEDD4L+oe-RHOF = 0 oe-NEDD4L+oe-RHOF o oe-NEDD4L+oe-RHOF ob‘ Q/O o<<
£ £ RS N R
= £ X kEE S \\Q, 5 &
8 815 5 S i
L - = * * S o %
Q o —r— S
> 7]
. Sio{ B g FasN D A -
g g = 58
[%2] ;0_5 [ a
sreset N
E % 2
Q. » .
E a o
MCF-7 i %
a 0e-NC Q & «
v oe-NEDD4L L éoo P
o oe-NEDD4L+oe-RHOF & & N &
[$) () o @
* *kk )(0
6 455 ear ¢ A
c . kK >k FASN - -
R d
2E1 o % i
oo
g2 3 T SREBP1 MR S
© 205
2 w
3 B-actin M . -

FASN SREBP1

Fig. 7. NEDD4L impeded lipid metabolism in BC cells by mediating RHOF. Transfection with oe-NC, oe-NEDDA4L, or oe-NEDDA4L + oe-RHOF was performed in SKBR-3 and
MCF-7 cells. (A-C) Triglyceride (A), cholesterol (B) and phospholipids (C) were determined through the corresponding commercial kits. (D-E) FASN and SREBP1 protein levels
were tested using western blot. Detection experiments were performed by three biological repetitions. *p < 0.05, **p < 0.01, ***p < 0.001.

76



T. Liu, X. Lin and R. Liang

A

Prediction Score Distribution along the Query Sequence

B

O

= |{GGACU UAACA
HER E
§ 5 Very high
£ | e
38 &1 1‘| ‘ ‘ I “ ‘ ’
Normal BC

Electronic Journal of Biotechnology 77 (2025) 66-79

14 SU11400653 ome septans IBOB s ED iquiin protan Sgese (MIDDAL HMacrRt eriont | e

& L3 -
.,

o> o2 .1
A 6\(&@ cs

e N\

*%
ALKBHS S — ALKBHS s s amn
- ) 8 ** .
2 B-actin S a— 5 3, B-actin M- S——
- 2. *T —
w
g S S 25 1 OE?2 5 3 il
S0 c : S c —
3T 2820 % s I S <
28 88" 01 8%, I
= = Q15 =g | 5
32 S 52 |1
12 OH 10 == x 0 o@ 1 %
2% > .5 A 2X
305 N g ®<
@ OQ 6‘{' @ o
€ 00 & € 0
Normal BC o) A
!\Q @Q" c‘(f
sh-NC sh-ALKBH5
v sh-ALKBHS & Actinomycin D treatment P
o
*kk o : X - & e v sh-ALKBH5
S 25, — B-actin - e 2Z
s % v % € 1.0
gg20{ T sh-NC sh-ALKBH5 -
8515 ¥ - . £90s ] SKBR-3
T *
s ér 104 & ZB NEDD4L E o *
20 O 0.0+ , , : .
5209 pee = 0 3 6 9 12
€ oo B-actin
SKBR3 MCF-7 Time (h)
G H |
SKBR-3 MCF-7
Actinomycin D treatment -3 -5 P
g ’ 4 sh-NC £E% B g£X 3
28 v sh-ALKBHS 8 2 20 _I_ S 3
g €10 615 5
o3 cir c 10
£80s g ETO o E
$9 ¢ wer £3 s 23 s
0.04 : . . : &g 0 &’; 0
0 3 6 9 12 o » o  »
Time (h) &° R (;\\'\Q &
& T &
L 2>
J SKBR-3 K MCF-7
.8 ok .8
3 — s sh-NC 2 b 4 sh-NC
a) v sh-ALKBH5 a v sh-ALKBHS
a6 & ge I
g, 4 E 4
® ®
é‘ 2 é- 2
0 o0

IgG

anti-m6A

19G anti-m6A

Fig. 8. ALKBH5 inhibited mRNA stability of NEDD4L by m6A modification. (A) SRAMP website predicted the m6A methylation sites of NEDDA4L. (B) The binding between
ALKBH5 and NEDDAL in RBPsuite website. (C-D) RT-qPCR and western blot analysis for ALKBH5 mRNA and protein expression in BC tissues (C) and cells (D). (E) NEDD4L
protein detection was performed by western blot in BC cells transfected with sh-NC or sh-ALKBH5. (F-G) NEDD4L mRNA stability was assessed by RT-qPCR after sh-NC or sh-
ALKBH5 transfection and actinomycin D treatment. (H-I) RIP was conducted to explore the interaction between ALKBH5 and NEDDAL. (J-K) The m6A level of NEDDAL after
knockdown of ALKBH5 was assessed by MeRIP assay. Detection experiments were performed by three biological repetitions. **p < 0.01, ***p < 0.001.

77



T. Liu, X. Lin and R. Liang

mRNA. Hence, ALKBH5 reduced NEDD4L expression via the m6A
modification for NEDDA4L. The hypothesis about the m6A modifica-
tion between ALKBH5 and NEDD4L was affirmed.

4. Discussion

As one of the commonest malignant cancers in women, BC has
serious impacts on patients’ physical and psychological health. It is
becoming urgent and important to probe into the molecular mech-
anism underlying the occurrence and development of BC. Herein,
we mainly certified the oncogenic function of RHOF in BC and its
ubiquitination regulation by NEDD4L.

Aberrant expression of gene has implied the potential function in
cancer progression. RHOF was certified to be aberrantly over-
expressed in pancreatic cancer, and it expedited cell motility and
glycolysis [10]. Similarly, dysregulation of RHOF was important for
promoting esophageal inflammation that further mediated esopha-
geal squamous cell cancer [29]. In BC, we affirmed the abnormal
upregulation of RHOF through online analysis and expression detec-
tion in tissues or cells. Subsequently, loss-of-function assays were
conducted for the function exploration of RHOF in BC. Cell develop-
ment including proliferation, invasion or migration was constrained,
while apoptosis was accelerated after knocking down RHOF in BC
cells. Therefore, RHOF acted as an oncogene to promote the progres-
sion of BC cells. In addition, metabolism alteration is considered as
one of the hallmarks of human cancers. Among metabolisms, lipid
metabolism is significant to support tumorigenesis and progression
by promoting lipid synthesis and providing energy [22,30]. As such,
targeting lipid metabolism is great potential for anti-cancer thera-
pies [31]. Triglyceride, cholesterol and phospholipid are the main
lipids in lipid metabolism. Activated adipocytes by cancer cells can
lead to the lipolysis of the stored triglyceride, and the secreted fatty
acids are subsequently delivered to cancer cells for uptake [32].
Cholesterol is one of the key components of biological membranes,
and the abnormal accumulation of cholesterol can affect signal
transduction events at the membrane by motivating the malignant
cellular behaviors [33]. In addition, phospholipid peroxidation drives
iron-dependent ferroptosis, which is associated with cancer progres-
sion at every stage [34]. Thus, it is of great significance to assess the
lipids. Through the detection by kits, we observed that RHOF knock-
down evoked the suppression of triglyceride, cholesterol and phos-
pholipid, which testifies the promotion of lipid metabolism by
RHOF in BC cells. FASN serves as a central modulator of lipid meta-
bolism, ultimately affecting cancer cell growth and survival [35]. The
previous study has demonstrated that FASN disruption triggered
brain metastasis of BC [36]. Our protein detection for FASN showed
that it was down-regulated by the silence of RHOF, which further
suggested the promoting effect of RHOF on lipid metabolism. SREBP1
is a key transcription factor controlling cholesterol biosynthesis, lipid
homeostasis, and fatty acid synthesis in lipid metabolism [37]. RHOF
downregulation-mediated expression inhibition of SREBP1 also
manifested that RHOF contributed to lipid metabolism to support
BC cell progression. Moreover, RHOF also enhanced BC tumor growth
and lipid metabolism in vivo.

Ubiquitination is the key to protein posttranslational modifica-
tion and plays an indispensable role in the mediation of protein
stability [38]. Ubiquitination is tightly associated with cancer initi-
ation, development, and even metastasis [39]. As an E3 ubiquitin
ligase, NEDD4L has been indicated to catalyze ubiquitination of
Yesl-associated transcriptional regulator (YAP1) in BC [40].
Through the research of protein interaction, we found there was
a significant interaction between NEDD4L and RHOF. As for the
effect of NEDD4L on RHOF, it was observed that NEDDA4L reduced
the protein stability of RHOF and increased the ubiquitination level
of RHOF. In consistent with the previous studies, NEDD4L could
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inhibit RHOF expression via ubiquitination-mediated degradation
of RHOF. Then, we found the reverse of RHOF for the function of
NEDDA4L in BC cells, elucidating that NEDD4L impeded cell progres-
sion through driving ubiquitination and degrading RHOF in BC. The
research of NEDD4L in lipid metabolism is few. Cellular lipid per-
oxidation levels in oesophageal squamous cell carcinoma were
enhanced by NEDDA4L [23] and it exhibited the expression regula-
tion on lipid metabolism-associated CRTC3 [24], implicating the
potential involvement of NEDDA4L in regulating lipid metabolism.
Herein, NEDDA4L reduced the levels of lipids (triglyceride, choles-
terol, phospholipid) and related proteins (FASN, SREBP1) by target-
ing RHOF, validating that the NEDD4L/RHOF axis blocked the lipid
metabolism of BC cells.

In recent years, m6A methylation modification has emerged
as central contributors to the biological processes of cancers
[41]. ALKBH5 is a demethylase with an essential role in a range
of human cancers, by mediating the expression of downstream
targets. Hu et al. testified that ALKBH5 repressed gastric cancer
cell invasion by leading to the expression change of protein
kinase, membrane-associated tyrosine/threonine 1 (PKMYT1)
via the m6A methylation [42]. In colorectal cancer, ALKBH5
aroused immune suppression through m6A modification of Axis
inhibition protein 2 (AXIN2) [43]. We found that NEDD4L had
m6A modification sites and predicted the binding of ALKBH5
and NEDD4L. ALKBH5 could reduce NEDDA4L expression and
m6A level of NEDD4L, which implicated that NEDD4L was
down-regulated by ALKBH5 in an m6A-dependent manner.
However, there are still some limitations in the current condi-
tions. We only explored the interaction relation between
ALKBH5 and NEDDA4L, while the functional analyses of
ALKBH5/NEDD4L in BC cells are lacking. In addition to this,
whether ALKBH5 is associated with RHOF is completely undis-
closed. These issues will provide the direction for our further
research.

In conclusion, NEDD4L knockdown contributed to cell malig-
nant behaviors (increased proliferation, migration, invasion, and
reduced apoptosis) and lipid metabolism of BC via inhibiting
ubiquitination-mediated RHOF degradation, and NEDD4L was
down-regulated by ALKBH5 in an m6A-dependent way. NEDD4L/
RHOF axis was first uncovered as a novel molecular mechanism
targeting cell progression and lipid metabolism. NEDD4L might
be useful in the targeted therapies of BC.
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