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ABSTRACT

Background: Ring finger protein 135 (RNF135) is an E3 ubiquitin ligase that has been implicated in the tumorigenesis of mul-
tiple human malignancies. However, whether RNF135 plays a role in the development of human osteosarcoma (OS) remains
unknown.

Methods: RNF135 expression in 20 human OS and 20 human osteochondroma specimens were evaluated by means of immu-
nohistochemistry staining. The effects of shRNA-mediated RNF135 knockdown on human OS cell growth and apoptosis were
evaluated through a panel of in vitro studies on cell proliferation, colony formation, exposure of phosphatidylserine on the cell
surface, and caspase 3/7 activation. The protein levels of PI3K, AKT, and p-AKT were determined by western blot analysis.
Results: We detected significantly higher RNF135 levels in human OS tissues than human osteochondroma tissues. In in vitro
studies, shRNA-mediated RNF135 knockdown in human OS cells inhibited proliferation and induced apoptosis. In addition,
RNF135 knockdown reduced PI3K and p-AKT protein levels and activated caspase 3 and 7.

Conclusions: These results supported that RNF135 contributes to human OS development through PI3K/AKT-dependent
mechanisms. Targeting RNF135 may provide a new therapeutic approach for treating this human malignancy.

1 | Introduction treatment for certain cancers has prompted the evaluation of

immune checkpoint inhibitors as potential therapies for OS.

Human osteosarcoma (OS) is a common, highly malignant
bone tumor that mostly occurs in children and adolescents. It
is characterized by rapid progression, early lung metastasis, and
frequent postoperative recurrence. As such, OS patients suffer
a high risk of morbidity and mortality, especially those with
metastasis or recurrence [1]. Thanks to decades of advances in
surgical techniques and combination chemotherapy, its 5-year
survival rate has increased from below 20% to about 70% in the
absence of metastases and 30% if metastases are present at di-
agnosis [2, 3]. The emergence of immunotherapy as an effective

Nonetheless, recent clinical trials have shown limited improve-
ment over conventional treatment modalities [4]. In addition,
treatment strategies specifically targeting AURKB, CCNE1/
CDK2, CDK4/CDK6/FOXM1, MYC/CDK9, PTEN/PI3K/AKT1/
mTOR, and VEGFA/VEGFR have been evaluated in OS patients
[5]. However, current targeted therapy has not brought signifi-
cant improvement in patient clinical outcome.

Protein ubiquitination is a tightly regulated, highly spe-
cific posttranslational modification that regulates protein
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activation, localization, and degradation. It is involved in al-
most all aspects of eukaryotic biology [6]. In a three-enzyme
ubiquitination cascade, E3 ubiquitin ligases work together with
E1 ubiquitin activating enzymes and E2 ubiquitin conjugating
enzymes to catalyze the ubiquitination process and transfer
and attach ubiquitin to specific lysine residues of targeted pro-
teins. Dysregulation of the ubiquitination process may lead to
carcinogenesis [7]. Notably, E3 ligases are recognized as the
second most common functional family associated with car-
cinogenesis [8]. Really interesting new gene (RING) E3 ligases,
the major type of E3 ligases, are frequently upregulated in vari-
ous tumors and are considered potential therapeutic targets for
cancer [9, 10].

RING finger protein 135 (RNF135), a RING E3 ligase, was first
identified by Oshiumi et al. as a novel component of the RIG-I
pathway responsible for type I interferon induction during early
immune response to RNA virus infection [11]. RNF135 contains
a N-terminal RING domain and C-terminal SPRY and PRY mo-
tifs, and both the RING domain and the SPRY and PRY motifs
are important for its biological function. Subsequent studies
have linked RNF135 to carcinogenesis. In a pan-cancer analy-
sis, RNF135 was found to be dysregulated in many human can-
cers, and its expression level correlated with disease progression
and prognosis [12]. In addition, various studies have shown
that RNF135 plays a significant role in the proliferation and
dissemination of multiple cancers such as tongue cancer [13],
glioblastoma (GBM) [14, 15], hepatocellular carcinoma [16], and
breast cancer [12]. However, RNF135 expression and function in
human OS remain unknown.

In this study, we evaluated the expression of RNF135 in human
OS tissues and investigated the effects of short hairpin RNA
(shRNA)-mediated RNF135 knockdown on human OS cell
growth and apoptosis. The possible molecular mechanisms by
which RNF135 influences human OS were also investigated.

2 | Methods
2.1 | Patients and Specimens

Tumor specimens were collected from 20 OS patients who were
admitted to the Fourth Medical Center of PLA General Hospital
(Beijing, China) between 2012 and 2016. Osteochondroma
specimens collected from 20 osteochondroma patients admit-
ted during the same period served as control. We used osteo-
chondroma specimens as control because osteochondroma is
the most common benign bone tumor, and it resembles OS in
terms of age of onset and tumor origin and anatomic locations
[17, 18]. The 20 OS patients included 14 males and 6 females
aged 6-34, with a median age of 16.2years. Eight patients had
the disease in the distal femur, nine in the proximal tibia, and
three in other bone locations. The 20 osteochondroma patients
included 12 males and 8 females aged 7-41, with a median age of
19.6years. Patients who received radiotherapy or chemotherapy
before surgery were excluded. The study protocol was approved
by the Ethics Committee of PLA General Hospital. All partici-
pants gave informed consent.

2.2 | Immunohistochemistry

RNF135 was detected using immunohistochemistry (IHC)
staining with an anti-RNF135 antibody (1:100; Proteintech,
USA, Cat# 25061-1-AP) and an IHC Kit (Zhongshan Jingiao
Biotechnology, Beijing, China, Cat# ZK-9600). Sample prepara-
tion and THC staining were conducted by a senior pathologist.
After staining, the slides were examined and graded by two
highly trained pathologists as previously described [17]. The
staining was categorized into four levels as follows: negative (-),
weak (+), moderate (++), and strong (+++).

2.3 | Cell Culture

The U20S, Saos-2, MG-63, and HOS OS cell lines were ob-
tained from National Collection of Authenticated Cell Cultures
(Shanghai, China). U20S and Saos-2 human OS cells were
grown in McCoy's 5A (modified) Medium (Hyclone, USA, Cat#
SH30200.01) containing 15% and 10% fetal bovine serum (FBS,
Hyclone, Cat# SV30208.03), respectively. MG-63 and HOS
human OS cells were grown in Eagle's Minimum Essential
Medium (Hyclone, Cat# SH30024.01) containing 10% FBS. All
cell cultures were maintained at 37°C in a humidified atmo-
sphere containing 5% CO,.

2.4 | Quantitative Reverse Transcription PCR

To determine RNF135 mRNA expression, total RNA was ex-
tracted using Trizol reagent (Pufei, China, Cat# 3101-100) and
sent to Sangon Biotech Company (China) for quantitative reverse
transcription PCR (QRT-PCR) analysis. The primer sequences for
human RNF135 were 5-GGAGCTGTGAGAGGTTTTCTAC-3'
(forward) and 5-CATTCCACACAACAAGAGTCC-3" (re-
verse). The primer sequences for human GAPDH were 5-TG
ACTTCAACAGCGACACCCA-3" (forward) and 5-CACCCT
GTTGCTGTAGCCAAA-3' (reverse). The 2722C¢t method
was employed to determine RNF135 mRNA levels relative
to GAPDH.

2.5 | Western Blot Analysis

The cells were lysed in RIPA lysis buffer in the presence of pro-
tease and phosphatase inhibitors (Roche, Cat# 04693159001 and
04906845001). The lysates were centrifuged at 12000rpm for
20min. The proteins in the supernatants (50ug of each sample)
were separated by SDS-PAGE, transferred to PVDF membranes,
and probed with antibodies toward RNF135 (1:1000; Proteintech,
USA, Cat# 25061-1-AP), AKT (1:3000; Cell Signaling Technology,
USA, Cat# 4691S), p-AKT (1:1000; Proteintech, USA, Cat# 66444-
1-Ig), PI3K (1:1000, Cell Signaling Technology, USA, Cat# 4249),
and GAPDH (1:30000; Proteintech, USA, Cat# 60004-1-Ig), re-
spectively. After incubation with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:3000; Beyotime, China,
Cat# A0208 and A0216), the protein bands were detected with
Immobilon HRP Substrate (Millipore, USA, Cat# RPN2232) on a
Bio-Rad gel imager. Data were normalized to GAPDH.
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2.6 | ShRNA-Mediated RNF135 Knockdown

Lentiviral vectors carrying a shRNA targeting human RNF135
(shRNF135-1, -2, or -3) or a negative control shRNA (shNC)
were obtained from Shanghai Genechem (Shanghai, China).
The RNF135 knockdown efficiencies in HOS cells were eval-
uated with qRT-PCR as well as western blot analysis. The
shRNF135 showing the greatest knockdown efficiency in HOS
cells was used for RNF135 knockdown in U20S cells. Stable
RNF135 knockdown U20S and HOS cells and their respective
controls were generated and used for subsequent experiments.

2.7 | Cell Proliferation Assay (Celigo Cell Counting
Assay)

Stable RNF135 knockdown HOS and U20S cells and their re-
spective controls were seeded into 96-well plates (2x 103 cells
per well, day 0). The 96-well plates were scanned on a Celigo
imaging cytometer (Nexcelom, USA) once daily from day 1 to
day 5 to obtain cell counts, which were used to create a cell pro-
liferation curve.

2.8 | Colony Formation Assay

Stable RNF135 knockdown HOS and U20S cells and their
respective controls were seeded into 6-well plates (800 cells
per well) and incubated for 15days. After washing with PBS,
the cells were fixed in 4% polyoxymethylene and stained
with 4% crystal violet. The cell colonies were counted and
photographed.

2.9 | Annexin V-APC Apoptosis Assay

Stable RNF135 knockdown HOS and U20S cells and their re-
spective controls were seeded into 6-well plates (8x10° cells
per well). After a 24-h incubation, the cells were trypsinized
and collected by centrifugation at 1300rpm for 5min. The cell
pellets were washed and placed in precooled D-Hanks buffer,
and apoptosis was determined on a FACSCalibur flow cytom-
eter (BD Biosciences, USA) using the eBioscience Annexin V
Apoptosis Detection Kit APC (Invitrogen, USA, Cat# 88-8007).
The percentage of apoptotic cells was calculated using CellQuest
version 3.3 (BD Biosciences).

2.10 | Caspase Assay

Caspase 3/7 activities were determined using the Caspase-Glo
3/7 Assay Kit (Promega, USA, Cat# G8091). The luminescent
signals were recorded on a microplate reader.

2.11 | Statistical Analysis

All data are presented as the means=standard deviation
(SD). All data analyses were conducted using the SPSS 12.0
Software. The IHC data were compared using the y? test
with Yates' correction. All other data were compared using

a two-sided Student's t-test or one-way analysis of variance
(ANOVA). A p value less than 0.05 was deemed statistically
significant.

3 | Results
3.1 | RNF135is Upregulated in Human OS Tissues

THC and H&E staining of human OS and osteochondroma tis-
sues revealed that RNF135 was mainly localized in the cell mem-
brane and cytoplasm, with OS tissues showing markedly higher
staining signal than osteochondroma tissues (Figure 1A-D).
Semiquantitative immunoreactivity evaluation showed that 90% of
the cell population in OS tissues were RNF135 positive while only
15% were positive in osteochondroma tissues (Table 1, p<0.001).
These data indicated that RNF135 is upregulated in human OS.

3.2 | RNF135is Expressed in Human OS Cell Lines

Next, we evaluated the mRNA expressions of RNF135 in human
OS cell lines including MG-63, Saos-2, HOS, and U20S using
gRT-PCR. As shown in Figure 2A, RNF135 expression followed
the order of U20S>HOS > Saos-2>MG-63. We selected U20S
and HOS cells, which showed the highest and second highest
RNF135 expression of the four cell lines, for subsequent RNF135
knockdown experiments to investigate the role of RNF135 in
human OS cell growth and apoptosis.

3.3 | RNF135 Knockdown Inhibits Human OS Cell
Growth and Colony Formation

HOS cells were transfected with sShRNF135-1, -2, -3, and shNC,
respectively. qRT-PCR and western blot analysis showed that
all three shRNF135s downregulated RNF135 expression,
with shRNF135-1 exhibiting the greatest silencing efficiency
(Figure S1A,B). Therefore, shRNF135-1 was used for RNF135
knockdown in U20S cells (Figure 2B,C). Fluorescence imag-
ing revealed a greater than 80% shRNA transfection efficiency
(Figure 2D). To evaluate the effects of RNF135 knockdown on
human OS cell growth, stable RNF135 knockdown and shNC
control U20S cells were cultured for 5days in 96-well plates.
Cell proliferation at days 1-5 was evaluated under a microscope
and quantitatively determined on a Celigo imaging cytometer.
Compared with control cells, the RNF135 knockdown cells ex-
hibited a significantly slower growth rate (Figure 3A,B). In addi-
tion, after 15days of incubation in 6-well plates, the knockdown
cells formed fewer colonies than control (Figure 3C,D). Similarly,
RNF135 knockdown in HOS cells inhibited cell proliferation and
colony formation (Figure S1C-F). Together, these data demon-
strated the proliferative function of RNF135 in human OS cells.

3.4 | RNF135 Knockdown Activates Caspase 3/7
and Induces Human OS Cell Apoptosis

To evaluate the effects of RNF135 knockdown on human OS
cell apoptosis, stable RNF135 knockdown and shNC control
U20S cells were cultured in 6-well plates for 24h. Apoptosis
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FIGURE1 | RNF135is upregulated in human OS tissues. (A, B) Representative images of IHC staining for RNF135 in human osteochondroma
(A) and OS tissues (B) at 400x magnification. Both tissues were counterstained with hematoxylin. (C, D) Representative images of H&E staining of
human osteochondroma (C) and OS tissues (D) at 200X magnification. (n =20, Scale bar =200 um).

TABLE1 | IHC staining for RNF135 in human osteochondroma and OS tissues.

Tissue n - + ++ +++ Percent positive (%)
Osteochondroma 20 17 3 0 0 15
Osteosarcoma 20 2 5 6 7 9Q***

Note: —, negative; +, weak; ++, moderate; and +++, strong.
*k%p <0.001.

was detected by flow cytometry with Annexin V straining.
The knockdown cells exhibited an apoptotic index of 15.5%,
markedly greater than that of control cells, which was 3.9%
(Figure 4A,B). Similarly, RNF135 knockdown increased apop-
tosis in HOS cells (Figure S2A,B). Compared with control cells,
RNF135 knockdown U20S cells showed significantly increased
activity of caspase 3/7 (Figure 4C), which are critical mediators
of mitochondrial apoptosis [19].

3.5 | RNF135 Knockdown Downregulates
PI3K/AKT in Human OS Cells

The PI3K/AKT signaling is a master regulator of apoptosis. To
investigate the molecular mechanisms underlying the effects
of RNF135 knockdown on apoptosis, we evaluated the protein
levels of PI3K, AKT, and p-AKT using western blot analysis.
Although showing no effects on total AKT, NRF135 knockdown
reduced PI3K, and p-AKT protein expression in both U20S and
HOS cells (Figure S2C,D), indicating that NRF135 knockdown
induces apoptosis at least partially by downregulating the PI3K/
AKT pathway.

4 | Discussion

In this study, we detected drastically higher RNF135 expres-
sion in human OS tissues than human osteochondroma tis-
sues. ShRNA-mediated RNF135 knockdown inhibited human
OS cell growth and colony formation and promoted apoptosis.
Mechanistically, RNF135 knockdown downregulated the PI3K/
AKT pathway and activated caspase 3/7. These findings sug-
gested that RNF135 contributes to human OS tumorigenesis by
upregulating the PI3K/AKT pathway.

Although OS is a common primary bone malignancy in chil-
dren and young adults, its etiology and molecular pathology
have not been fully elucidated. Ubiquitination, a posttransla-
tional modification that regulates protein function and deg-
radation, has been closely linked to the development of OS
in research over the past decades [20]. Many ubiquitination-
related enzymes have been implicated in human OS, and the
majority of these enzymes are E3 ubiquitin ligases, especially
RING E3 ubiquitin ligases [20]. For example, the oncoprotein
MDM?2 is a RING E3 ligase that ubiquitinates and antagonizes
p53 to promote OS development [21, 22]. The TRIM family of
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FIGURE 2 | RNF135 expression in human osteosarcoma cell lines and shRNA-mediated RNF135 knockdown in U20S cells. (A) RNF135
mRNA expression in MG-63, Saos-2, HOS, and U20S human osteosarcoma cell lines by qRT-PCR. n=3, *p <0.05, ***p <0.001. (B, C) U20S cells
were transfected with shRNF135-1 or shNC. RNF135 mRNA (B) and protein (C) levels were determined by qRT-PCR and western blot analysis,
respectively. n =3, ***p <0.001. (D) U20S cells were transfected with shRNF135-1 or shNC. Representative bright-field (left panels) and fluorescence
(right panels) cell images are shown.
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FIGURE3 | RNF135knockdown inhibits U20S cell proliferation and colony formation. (A, B) Stable RNF135 knockdown and shNC control U20S
cells were cultured in 96-well plates for 5days. Representative fluorescence cell images (A) and cell growth curve (B) are shown. n=3, ***p <0.001.
(C, D) Stable RNF135 knockdown and shNC control U20S cells were cultured in 6-wells plates for 15days. Representative cell images (C) and the
number of colonies formed (D) on day 15 are shown. n=3, ***p <0.001.

proteins is defined by N-terminal B-box and coiled-coil motifs in human OS and can promote OS cell growth by activating the
and a RING finger region that has E3 ubiquitin ligase activity. ERK1/2 and NF-xB signaling pathways, respectively [23, 24].
Studies have shown that TRIM11 and TRIM46 are upregulated TRIM?7 is also upregulated in human OS and can enhance OS
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FIGURE 4 | RNF135 knockdown activates caspase 3/7 and induces U20S cell apoptosis. Stable RNF135 knockdown and shNC control U20S
cells were cultured in 6-well plates for 24 h. (A, B) Flow cytometric analysis of apoptosis using Annexin V staining. Representative flow cytometry
histograms (A) and quantified apoptotic cell percentages (B) are shown. n =3, ***p <0.001. (C) Caspase 3/7 activity determined by the luminescence

Caspase-Glo assay. n=3, ***p <0.001.

cell migration, invasion, and chemoresistance through ubig-
uitination of BRMS1 [25]. Cullin-RING E3 ubiquitin ligase
(CRL)is the largest E3 ligase family [26]. The CRL family mem-
ber CRL4B has been shown to promote cell cycle progression
and proliferation of human OS cells through ubiquitination
of PTEN [27, 28]. Interestingly, while most OS-related RING
E3 ubiquitin ligases have been reported to be upregulated in
tumor tissues and enhance OS development, TRIM58 and
RNF180 were found to be downregulated in human OS and in-
hibit OS progression through ubiquitination of pyruvate kinase
M2 and chromobox homolog 4, respectively [29, 30]. These
findings indicate that RING E3 ubiquitin ligases regulate OS
development through complex cellular and molecular mecha-
nisms, and they can either promote or curb OS tumorigenesis.
Pharmaceutical intervention of RING E3 ubiquitin ligases may
provide a new therapeutic modality to treat human OS.

Since its identification in 2009 [11], RNF135 has been linked
to many human cancers [12]. For example, Liu et al. found

that RNF135 can activate the ERK pathway in human GBM
cells to promote cell proliferation and migration, and RNF135
downregulation can curb human GBM xenograft growth in
nude mice [15]. Beta-elemene is a herb-derived terpene that
exhibits antiproliferative properties in many cancer cells
through cell cycle arrest and apoptosis induction [31]. Alizada
et al. discovered that beta-elemene inhibits human GBM tu-
morigenesis in vitro and in vivo by downregulating RNF135
[14]. MiR-485-3p is a biomarker for poor prognosis in GBM
patients [32]. Zhang et al. reported that miR-485-3p downreg-
ulates RNF135 to inhibit GBM cell proliferation and migration
[33]. Together, these findings have demonstrated that RNF135
plays an oncogenic role in human GBM. In addition to GBM,
RNF135 has been linked to increased risk of malignant pe-
ripheral nerve sheath tumors (MPNSTSs) in neurofibroma pa-
tients with NF1 microdeletion [34]. Controversially, Jin et al.
found that RNF135 can inhibit tongue cancer tumorigenesis
in vitro and in vivo by upregulating PTEN and TP53 [13]. In
addition, RNF135 is downregulated in human hepatocellular
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carcinoma (HCC) and its expression is positively associated
with tumor infiltration of immune cells and patient survival.
Also, RNF135 knockdown in HCC cells leads to increased cell
migration [16]. Therefore, the current literature suggests that
RNF135 may exhibit oncogenic or antitumor effects, depend-
ing on the specific type of tumor involved.

In this study, we evaluated RNF135 expression in 20 human
OS and 20 human osteochondroma specimens by means of
THC staining. We detected RNF135 expression in 90% of the
cell population in OS specimens, but only 15% of the cell pop-
ulation in osteochondroma specimens stained positive for
RNF135, showing drastic RNF135 upregulation in human
OS. In both OS and osteochondroma specimens, RNF135
protein was localized to the cytoplasm and cell membrane.
Subsequent in vitro studies with shRNA-mediated RNF135
knockdown demonstrated the proliferative and antiapoptotic
function of RNF135 in U20S and HOS human OS cells. As
such, findings from this study supported that RNF135 plays
an oncogenic role in human OS and hence, it may serve as
a new therapeutic target for this hard-to-treat malignancy.
Notably, the THC results from this study revealed significant
heterogeneity in RNF135 expression among human OS spec-
imens. This heterogeneity may have resulted from genetic
and epigenetic variations between individual patients [35, 36].
Future studies are required to investigate whether RNF135
expression is linked to clinical manifestations and prognosis
in human OS.

Mechanistically, we identified the PI3K/AKT pathway and
caspase 3/7 as downstream mediators of RNF135. The PI3K/
AKT pathway is a very complex cell signaling pathway com-
posed of numerous molecular components [37]. The detailed
molecular mechanisms by which RNF135 upregulates this
pathway in human OS awaits further investigation. Inhibitor
of apoptosis proteins (IAPs) can function as E3 ubiquitin li-
gases that bind to and ubiquitinate caspases to inhibit cancer
cell apoptosis [38]. Whether RNF135 inactivates caspase 3/7
through direct ubiquitination or indirect mechanisms, for ex-
ample, through PI3K/AKT, remains to be investigated. Co-
localization immunofluorescence of RNF135, PI3K/AKT, and
caspases in human OS cells, as well as immunoprecipitation
and co-immunoprecipitation studies may be performed in the
future to answer these questions. Another limitation of this
study was that the effects of RNF135 knockout were not investi-
gated. Completely knocking-out RNF135 in OS cells could fur-
ther enhance caspase-mediated apoptosis, leading to massive
cell death. We may evaluate the effects of RNF135 knockout in
human OS cells in future research. Also, studies utilizing in vivo
xenograft models are required to confirm the oncogenic effects
of RNF135 in human OS.

5 | Conclusions

In summary, we found that RNF135 is upregulated in human
OS tissues. RNF135 knockdown can inhibit human OS cell
growth and colony formation and induce apoptosis by downreg-
ulating the PI3K/AKT pathway. Therefore, RNF135 contributes
to human OS tumorigenesis and hence, it may serve as a new
target for this malignant disease.
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