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Abstract: UBR5 is an E3 ubiquitin ligase and an oncogene in a panel of human cancers. However, little is known on its
impacts in triple-negative breast cancer (TNBC) and even less on its relationship to circUBR5 (hsa_circ_0001819), a
circular RNA derived from exons 2, 3, 4, and 5 of UBR5 gene. In this study, we detected higher expressions of both
circUBR5 and UBR5 in TNBC tissues, which were associated with worse prognosis, and also in a panel of breast
cancer cells, particularly in TNBC cells. Functionally, circUBR5 was crucial for sustaining the malignant growth and
metastasis of TNBC cells both in vitro and in vivo. Mechanistically, the oncogenic phenotypes of circUBC5 were
mediated through sponging miR-1179 and up-regulating UBR5. Concomitant silencing circUBR5 and miR-1179
abolished the anti-tumor effects of targeting circUBR5 alone. Therefore, targeting circUBR5/miR-1179/UBR5 axis

may benefit the treatment of TNBCs.
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Introduction

Triple-negative breast cancer (TNBC), featuring
absent expressions of estrogen, progesterone,
and Her2 receptors, comprises approximately
10-15% of all breast cancer cases [1]. Among
different breast cancer subtypes, TNBC repre-
sents the most malignant subtype, associated
with aggressive metastasis, early relapse, and
poor prognosis. Despite the availability of ther-
apeutic strategies including surgery, radiother-
apy, and chemotherapy, the current treatment
for TNBC remains unsatisfactory, mainly due to
the lack of effective drug targets [2]. Therefore,
identifying molecules critically regulating the
pathogenesis of TNBC will help to reveal novel
diagnostic or prognostic biomarkers and devel-
op potential therapies.

In recent years, accumulating evidence has
revealed the importance of circular RNAs (cir-
cRNAs) in cancer development and progression
[3]. Derived from exons and/or introns of par-

ent genes that normally also produce linear iso-
forms, circRNAs are generally highly conserved
across species and carry a loop structure with-
out free ends. Consequently, circRNAs usually
present superb structural stability and may act
via multiple mechanisms in different subcellu-
lar compartments, including nucleus, cyto-
plasm, as well as exosomes [4]. A most com-
mon mechanism for circRNAs is by acting as
the competitive endogenous RNAs (ceRNAs) to
sequester or sponge miRNAs from their target
MRNAs, thereby regulating various pathological
processes [5-8]. Besides, circRNAs may also
regulate the expression of their parent genes,
although the functional significance of such
regulation has not been extensively explored
[9]. To date, the research on circRNAs in TNBC
is still in its infancy, with less than 35 studies
published by far.

The E3 ubiquitin ligase UBR5 is overexpressed
in a panel of human cancers and associated
with poor patient prognosis [10-13]. In TNBC,
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however, only one study has reported that
UBR5 gene is amplified and essentially drives
the growth, metastasis, angiogenesis, and epi-
thelial-mesenchymal transition (EMT) of TNBC
cells, supporting its value as a therapeutic tar-
get [14]. To further characterize the significance
of UBR5 in TNBC, to explore other mechanisms
that may lead to UBR5 up-regulation, and to
understand the crosstalk between a circRNA
and its parent gene in a disease paradigm,
here we examine whether a circRNA derived
from exons 2, 3, 4, and 5 of UBR5 gene, circU-
BR5 (hsa_circ_0001819), regulates UBR5
expression in TNBC, and if so, what underlying
mechanisms are involved.

The innovative findings from this study are on
several levels. First, it corroborates the onco-
genic role of UBR5 in TNBC; second, by ex-
amining the regulation between circUBR5 and
UBRYS5, it reveals a novel mechanism by which
circUBR5 controls its parent gene and pro-
motes the malignancy of TNBC; third, it pro-
vides preclinical evidence that targeting circU-
BR5 may benefit the management of TNBC.
Therefore, this study suggests novel therapeu-
tic strategies for TNBC.

Materials and methods

Declaration of ethics and collection of human
samples

Experiments involving human samples and
experimental animals were designed following
the guidelines of and approved by the Re-
search Ethics Committee of Inner Mongolia
University for the Nationalities (Inner Mongolia,
China). Fifty TNBC patients with a median age
of 48 years receiving surgical excision were
recruited into this study. Inclusion criteria:
female aged 20-80 years old; did not receive
any treatment related to breast cancer before
admission; improved relevant examination
after admission, unilateral primary breast can-
cer was diagnosed for the first time and no
bone, lung, liver, brain metastasis or other
metastasis was found by CT, bone scan,
B-ultrasound and other imaging examination;
postoperative pathology after puncture or mini-
mally invasive breast biopsy; invasive breast
cancer; breast cancer after breast conserving
or modified radical mastectomy. The postoper-
ative survival time was more than 6 months,
and 6-8 cycles of neoadjuvant chemotherapy
or adjuvant chemotherapy were performed.
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Exclusion criteria: history of bilateral or pre-
hospital breast cancer; breast cancer during
pregnancy or lactation; intraductal carcinoma
or lobular carcinoma in situ; bone, lung, liver,
brain metastasis or other metastasis when
diagnosed breast cancer; present or previous
suffering from other malignant tumors; compli-
cated with coronary heart disease, hyperten-
sion, cerebrovascular disease and other seri-
ous systemic diseases; patients with mental
and neurological diseases unable to cooperate
with treatment. The clinicopathological data
were incomplete. A written consent was signed
by each participant. Paired tumor and adjacent
non-tumor (ANT) breast tissues were acquired
during surgery and confirmed by pathological
examinations. All dissected breast tissues
were partially frozen in liquid nitrogen and par-
tially fixed in formalin and prepared into paraf-
fin sections till further analysis. All patients
were followed up for 150 months (from August
2007 to March 2020) after the surgery.

Cell culture and transfection

The non-tumorigenic breast epithelial cell line
MCF10A, non-TNBC cell lines (MCF-7 and SK-
BR-3), and TNBC cell lines (BT549, MDA-
MB-231, and MDA-MB-468) were ordered from
ATCC (Manassas, VA, USA). MCF10A cells were
cultured in DMEM/F12 medium supplemented
with 5% horse serum, 0.5 mg/mL hydrocorti-
sone, 10 pg/mL insulin, 100 ng/mL cholera
toxin, 20 ng/mL epidermal growth factor, and
1x penicillin/streptomycin. All breast cancer
cells were cultured in RPMI1640 medium with
10% fetal bovine serum (FBS) and 1x penicillin/
streptomycin. Reagents used for cell culture
were purchased from Invitrogen (Carlsbad, CA,
USA).

Two different siRNAs specifically targeting cir-
cUBR5 (si-circUBR5S #1: 5-UAUCACUUUCUGU-
UUCAGCUG-3’; and #2: 5-UACUUUCACUAUC-
ACUUUCUG-3’, 50 nM for each) and the non-
targeting control siRNA (si-NC) were custom
designed by GenePharma (Shanghai, China).
MiR-1179 mimics (miR-1179), control mimics
(MiR-NC), miR-1179 inhibitor (LNA-miR-1179),
and control inhibitor (LNA-NC) were ordered
from Qiagen (Valencia, CA, USA). Sequence of
oligonucleotides used in this study, MiR-1179
mimics (miR-1179): 5-AAGCAUUCUUUCAUUG-
GUUGG-3’, control mimics (miR-NC): 5-UCA-
CAACCUCCUAGAAAGAGUAGA-3’; miR-1179 in-
hibitor (LNA-miR-1179): 5-5-CCAACCAAUGA-
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Table 1. Sequences of primers used for RT-PCR

expression was analyzed using

228t method and normalized

Gene Forward (5’-3’) Reverse (5’-3) ; .

GircUBR5 GTAGGACAAGCGACTCTCCA  TCCTCAAGAAGAAAGGCAGC to UG (for circRNAs or miRNAs)
or GAPDH (for mRNAs).

UBRS  CGTGTTCTACAGGACTGGAATGC AACAGTCCAGCCGAATTGTGCC

MiR-1179 AGCATTCTTTCATTGGTTG GAACATGTCTGCGTATCTC Fluorescence in situ hybridiza-

GAPDH  GTCTCCTCTGACTTCAACAGCG  ACCACCCTGTTGCTGTAGCCAA tion (FISH)

U6 CTCGCTTCGGCAGCACAT TTTGCGTGTCATCCTTGCG

185 ACCCGTTGAACCCCATTCGTGA  GCCTCACTAAACCATCCAATCGG FITC-labeled RNA FISH probe

AAGAAUGCUU-3’, control inhibitor (LNA-NC):
5-UCUACUCUUUCUAGGAGGUUGUGA-3". Trans-
fection of siRNA, miRNA mimics, or miRNA
inhibitor was performed following the instruc-
tions of Lipofectamine RNAIMAX (Invitrogen).

We used stable cells for in vivo assays.
Lentivirus expressing the non-targeting control
shRNA (sh-NC) and sh-circUBR5 (a mixture of
two distinct sh-circUBR5). #1: 5-CACCGCAACC-
AAGATAATGCTAGTGCGAACACTAGCATTATCTTG-
GTTGC-3’; #2: 5-ACCGTTGCTGCAGTGACAAC-
GCTTCAACGGAAGCGTTGTCACTGCAGCAA-3’,
sh-NC: 5-UUCUCCGAACGUGUCACGUUU-3". (1
ug for each) together with puromycin selection
gene, and that expressing miR-NC inhibitor and
miR-1179 inhibitor together with neomycin
selection gene were custom produced by
Genomeditech (Shanghai, China) and trans-
duced into MDA-MB-231 cells in the presence
of polybrene (Solarbio, Beijing China). Stable
cells were obtained by culturing the lentivirus-
transduced cells in puromycin (3.5 pg/mL)
and/or G418 (400 ug/mL, Solarbio) for 10
more days.

RNA stability and real-time PCR (RT-PCR)

For RNase R treatment, total RNA was extract-
ed from MDA-MB-231 cells with Trizol (Invi-
trogen) and then treated with RNase R (10 U;
BioVision, Mountain View, CA, USA) at 37°C for
30 min. To measure the RNA stability, MDA-
MB-231 cells were treated with actinomycin D
(2.5 pg/mL; Sigma, St. Louis, MO, USA) to block
de novo gene transcription for 0, 4, 8, 12, and
24 h, respectively, before total RNA was ex-
tracted. RNA fractionation was performed us-
ing RNA Subcellular Isolation Kit (Active Motif,
Carlsbad, CA, USA). Reverse transcription was
performed using PrimeScript RT Reagent Kit
(Takara, Dalian, China) and gPCR using SYBR
Premix Ex Taq Il Kit (Takara). Quality primers for
RT-PCR analysis (Table 1) were synthesized by
GeneChem (Shanghai, China). Relative gene

2541

detecting human circUBR5 was
custom produced by Biosearch
Technologies (Shanghai, China) and FISH assay
was performed on MDA-MB-231 cells following
the instructions from Stellaris FISH Kit (Bio-
search Technologies). Cell nuclei were stained
with DAPI, and images were taken under a fluo-
rescence microscope (Olympus IX-51, Tokyo,
Japan).

Cell viability and proliferation assays

Cell Counting Kit-8 (Beyotime, Jiangsu, China)
was used to measure cell viability. To measure
the long-term proliferation of TNBC cells, target
BT549 or MDA-MB-231 cells were seeded in
triplicate at 200 cells/well into 24-well plates
and cultured at 37°C for 10 days. The formed
cell colonies were stained with 1% crystal vio-
let. For short-term proliferation, Click-iT EdU
Alexa Fluor 488 Imaging Kit (Thermo Fisher,
Waltman, MA, USA) was used following the
manufacturers’ instructions. Cell nuclei were
stained with DAPI. Cell images were taken
under an Olympus IX-51 microscope.

Transwell invasion assay

Target cells resuspended in serum-free medi-
um were seeded into the Matrigel-coated
Transwell insert (8.0 ym; Corning, Lowell, MA,
USA). Serum-containing medium was added to
the lower chamber. After 24 h, we used cotton
swabs to clear non-invading cells from the top
of the insert membrane and stained the invad-
ing cells with 1% crystal violet. The invading
cells were counted and photographed under an
Olympus IX-51 microscope.

Migration assay

Wound healing was performed as described
earlier to assess cell migration [15]. In brief, a
scratch was made with a pipette tip across the
confluent layer of target cells. Immediately (O h)
and after 24 h, respectively, pictures were ta-
ken of the scratch at an identical location and
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the width (W) of the scratch was measured. The
percentage (%) wound closure was determined
as (W,,-W,, /W, *x100%.

In vivo xenograft growth and experimental me-
tastasis

Six-week-old female BALB/c nude mice were
ordered from Shanghai SLAC Laboratory Ani-
mal Co. (Shanghai, China) and housed in an
SPF animal facility. To establish xenografts,
2x10° MDA-MB-231 cells with altered expres-
sions of circUBR5 and/or miR-1179, or corre-
sponding controls were subcutaneously inject-
ed into the left flanks of nude mice (N=5/group).
Starting from day 6, the length and width of
xenografts was measured every four days,
with volume calculated as 1/2x lengthxwidth?.
On day 30, mice were euthanized with carbon
dioxide, and xenografts were isolated, imaged
and weighed. The experimental metastasis
model was established as described previou-
sly [16]. In short, 2x10° target MDA-MB-231
cells was injected into the tail vein (N=5/
group). After 30 days, all mice were sacrificed
by CO, exposure and lungs were dissected,
photographed, and processed into formalin-
fixed paraffin-embedded sections. Hematoxylin
and eosin (HE) staining was performed using
the H&E Staining Kit (Abcam, Cambridge, MA,
USA) according to the instructions from the
manufacturer. The quantification of metastatic
area was performed using Image J software.

Luciferase reporter assay

Dual-luciferase reporter assay was performed
as described earlier [17]. Briefly, wild-type (WT)
or mutated (MUT) miR-1179-binding sequence
from circUBR5 or UBR5 was cloned into pmiR-
GLO vector (Promega, Madison, WI, USA), down-
stream of the firefly luciferase reporter gene.
Then the luciferase reporter construct was co-
transfected into MDA-MB-231 or BT549 cells
together with miR-NC, miR-1179, LNA-NC, or
LNA-miR-1179, as well as the control Renilla
luciferase vector (Promega) using Lipofecta-
mine 3000 (Invitrogen). After 48 h, firefly and
Renilla luciferase activities were measured
using Dual-Lumi Luciferase Assay Kit (Beyo-
time).

RNA immunoprecipitation (RIP)

The interaction between circUBR5 and miR-
1179 was examined by Flag-MS2bp-MS2bs-
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based RIP assay as described previously [18].
In brief, WT or MUT miR-1179-binding sequen-
ce from circUBR5 was cloned into MS2bs vec-
tor, and co-transfected into BT549 and MDA-
MB-231 cells with Flag-MS2bp vector using
Lipofectamine 3000. MS2bs-Renilla was used
as the negative control. After 48 h, cell lysate
was prepared and IP was performed using anti-
Flag M2 magnetic beads (Sigma, St. Louis, MO,
USA). The co-precipitated RNA was detected by
RT-PCR.

To examine the association of Argonaute 2
(Ago2) with circUBR5, miR-1179, or UBR5
mRNA, cell lysates were prepared from target
BT549 and MDA-MB-231 cells and incubated
with either anti-Ago2 antibody (ab186733,
Abcam) or control IgG (@b109489; negative
control) followed by protein A magnetic beads.
Both input and precipitated samples were then
treated with proteinase K and examined by
RT-PCR.

Western blot

Cell lysates were prepared from xenograft tis-
sue or cell lines using RIPA buffer (Beyotime)
supplemented with protease and phosphatase
inhibitors. Equal amounts of total proteins were
separated on SDS-PAGE gel and transferred
onto polyvinylidene fluoride membranes. After
blocking in TBST buffer containing 5% non-
fat milk for 1 h, the membrane was incubated
at 4°C overnight with anti-UBR5 (1:1000;
ab134089) and anti-GAPDH (1:3000; ab-
9485; Abcam). After the incubation with HRP-
conjugated secondary antibodies, signals were
developed with enhanced chemiluminescence
substrate and imaged using LAS400 imaging
system (Fujifilm, Tokyo, Japan).

Statistical analysis

Data analysis was performed using SPSS soft-
ware (version 22.0; IBM, Armonk, NY, USA). In
vitro experiments were performed in triplicate
and repeated three independent times. Data
were presented as mean + standard deviation
(X£sd) and compared using Student’s t test
between two groups and ANOVA followed by
Tukey’s post hoc test among multiple groups.
Linear association analysis between different
target genes was performed using Pearson
correlation test. Statistical significance was
defined as P<0.05.
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Results
Characterization of circUBR5

By far, little is known on circUBR5 (hsa_
circ_0001819). Analysis on its genetic infor-
mation showed that it is derived from human
UBR5 gene located in the long arm of chromo-
some 8 (chr8: 103,372,298-103,373,854;
Figure 1A). Specifically, circUBR5 is an ex-
onic circRNA generated by the back splicing of
exons 2, 3, 4, and 5 from human UBR5 pre-
mRNA (Figure 1B). Conforming to its circular
nature, circUBR5 was more stable than the lin-
ear UBR5 mRNA, as evidenced by the signifi-
cant reduction of UBR5 mRNA, but not circU-
BR5 upon treating total RNA from MDA-MB-
231 cells with RNase R (Figure 1C). In addition,
the degradation of circUBR5 was drastically
slower than that of UBRS5 mRNA when the de
novo gene transcription in MDA-MB-231 cells
was blocked by actinomycin D (Figure 1D).

Higher expression of circUBR5 is detected in
TNBC tumors and correlates with shorter pa-
tient survival

To understand the clinical importance of circU-
BR5 in TNBC, we first compared its expression
in 50 pairs of TNBC tissues and ANT breast tis-
sues. As shown in Figure 2A circUBR5 level
was significantly up-regulated in TNBC tissues,
when compared to the matched ANT tissues.
Survival analysis showed that a higher expres-
sion of circUBR5 in TNBC tissues was associ-
ated with shorter overall survival of patients
(Figure 2B). When comparing its expression
among the normal breast epithelial cells
(MCF10A) and a panel of BC cell lines, including
two non-TNBC (MCF7 and SK-BR-3) and three
TNBC cell lines (BT549, MDA-MB-231, and
MDA-MB-468), we detected the significant up-
regulation of circUBR5 in all BC cell lines than
in MCF10A cells. In particular, circUBR5 expres-
sion was robustly higher in TNBC than that in
non-TNBC lines (Figure 2C). Therefore, we
focused on BT549 and MDA-MB-231 cells in
this study. Fractionation analysis showed that
in both cells, the majority of circUBR5 was
localized in the cytoplasm (Figure 2D), which
was corroborated by RNA FISH assay (Figure
2E), suggesting that sponging miRNAs could
be a potential mechanism mediating its func-
tions. To assess its functional significance, we
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generated two siRNAs targeting circUBR5 (si-
circUBR5 #1 and #2). Compared to siNC, single
si-circUBR5 sequence (100 nM) achieved an
approximately 50%-55% knockdown efficiency
in both MDA-MD-231 cells and BT549 cells.
However, the co-transfection of si-circUBRb5 #1
and si-circUBR5 #2 (50 nM for each) reduced
circUBRS expression by nearly 85% (Figure
2F). Due to this obvious synergistic effect, a
mixture of si-circUBR5 #1 and #2 (50 nM for
each) was used for silencing circUBR5 in the
following experiments.

Knocking down circUBRS inhibits in vitro as
well as in vivo malignancy of TNBC cells

To assess the effects of circUBR5 in regulating
the malignant phenotypes of TNBC cells, we
performed analyses on in vitro cell viability (by
CCK-8 assay), proliferation (by both colony for-
mation and EdU proliferation assays), motility
(by Transwell invasion and wound healing
assays), as well as on in vivo tumor growth (by
xenograft growth) and metastasis (by experi-
mental metastasis assay). When compared to
si-NC TNBC cells, si-circUBR5 cells showed sig-
nificantly reduced in vitro viability (Figure 3A),
long-term proliferation (Figure 3B), short-term
proliferation (Figure 3C and 3D), invasion
(Figure 3E), and migration (Figure 3F; all P<
0.01). In addition, we generated MDA-MB-231
cells stably expressing sh-NC or sh-circUBRb5.
When injected subcutaneously into nude mice,
sh-circUBR5 MDA-MB-231 cells grew much
slower in vivo (Figure 3G), forming significantly
smaller and lighter xenografts than the corre-
sponding sh-NC cells (Figure 3H and 3l). Si-
milarly, when injected intravenously, sh-circU-
BR5 cells generated significantly fewer meta-
static foci in lungs than sh-NC cells (P<0.01;
Figure 3J). HE staining showed that the area
of metastatic foci in lung tissue from sh-circU-
BR5 group was much smaller than that in the
sh-NC group (Figure 3K). Collectively, these
data suggest that circUBR5 essentially main-
tains multiple malignant phenotypes of TNBCs
both in vitro and in vivo.

CircUBR5 serves as a miRNA sponge for miR-
1179

Since a key mechanism by which cytoplasmic
circRNAs function is through the circRNA/
miRNA/mRNA network, and the majority of cir-
cUBR5 is localized in the cytoplasm rather than

Am J Cancer Res 2022;12(6):2539-2557
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Figure 1. Characterization of circUBR5. A: The genom-
ic loci of circUBR5; B: A schematic diagram showing
that circUBR5 is formed by exons 2, 3, 4, and 5 from
UBR5 pre-mRNA; C: Detection of circUBR5 and UBR5
MRNA by RT-PCR in MDA-MB-231 cells after cells
were treated with RNase R or vehicle control (Mock);
D: After treating MDA-MB-231 cells with actinomycin
D for indicated time periods, the RNA stability of cir-
cUBR5 and linear UBR5 mRNA was examined by RT-
PCR. ""P<0.001. RT-PCR: real-time PCR.
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MS2bs-Rluc was used as a negative control; D: Expression of miR-1179 from indicated breast epithelial cells was ex-
amined by RT-PCR; E: Expression of miR-1179 was examined by RT-PCR and compared between 50 matching pairs
of ANT and TNBC tissues; F: The correlation between circUBR5 and miR-1179 levels in TNBC tissues was analyzed
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the nucleus (Figure 2D), we explored the miR- 1179 was significantly down-regulated in all BC
NAs that may interact with circUBR5 using cells examined when compared to MCF10A
StarBase (http://starbase.sysu.edu.cn/) and cells, and the most robust reduction was ob-
identified miR-1179 as a candidate (Figure 4A). served in TNBC cell lines (Figure 4D). In addi-
By a luciferase reporter assay, we found that tion, miR-1179 expression was significantly
miR-1179 mimics specifically inhibited the lower in TNBC than in ANT tissues (Figure 4E).
reporter activity regulated by WT-, but not in Further analysis revealed a negative correlation
MUT-circUBR5 (in which miR-1179-binding se- between circUBR5 and miR-1179 levels in
quence was mutated; Figure 4B), suggesting TNBC tissues (P<0.001, R?=0.719; Figure 4F),
this site is critical for the interaction between supporting that circUBR5 acts as a sponge for
circUBR5 and miR-1179. Consistently, MS2- miR-11709.

based RIP assay showed that the WT sequence

specifically interacted with endogenous miR- Targeting miR-1179 mediates the oncogenic
1179 in both BT549 and MDA-MB-231 cells. In activities of circUBR5 in TNBC

contrast, MUT sequence or negative control

sequence (MS2bs-Rluc) failed to do so (Figure To evaluate the significance of miR-1179 in cir-
4C). Expressional analysis showed that miR- cUBR5-induced malignancy of TNBC cells, we
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concomitantly silenced both circUBR5 and
MiR-1179 (si-circUBR5+LNA-miR-1179) in TN-
BC cells. As shown earlier, si-circUBR5 alone
significantly reduced the viability (Figure 5A),
long-term proliferation (Figure 5B), invasion
(Figure 5C), and migration (Figure 5D) of both
BT549 and MDA-MB-231 cells. However, all
these phenotypes were completely reversed
(i.e., to the level comparable to that observed
in si-NC cells) in si-circUBR5+LNA-miR-1179
cells, suggesting that sponging miR-1179 medi-
ates the oncogenic activities of circUBR5 in
TNBC cells. As expected, miR-1179 expression
was significantly up-regulated in si-circUBR5
cells (P<0.05, when compared to si-NC cells),
but not in si-circUBR5+LNA-miR-1179 cells
(P>0.05, when compared to si-NC cells; Figure
5E).

MIR-1179 directly targets UBR5

In addition to predicting the potential binding
between circUBR5 and miR-1179, StarBase
analysis also revealed that the same sequence
in miR-1179 may interact with the 3’ untrans-
lated region (3'UTR) of UBR5 mRNA (Figure 6A),
suggesting UBR5 could be a direct target for
miR-1179. Luciferase reporter assay using the
UBR5 3’'UTR-WT and -MUT sequence showed
that miR-1179 mimics specifically inhibited,
while LNA-miR-1179 activated the luciferase
activity controlled by UBR5 3’UTR-WT, but not
UBR5 3’UTR-MUT sequence (Figure 6B). Si-
milarly, miR-1179 mimics reduced, while LNA-
miR-1179 boosted the expression of endoge-
nous UBR5 at both mRNA (Figure 6C) and pro-
tein (Figure 6D) levels in BT549 and MDA-
MB-231 cells. RIP assay using anti-Ago2 anti-
body, the central component in RNA-induced
silencing complex (RISC) showed that when
compared to anti-IgG, circUBR5, miR-1179,
and UBR5 mRNA were all associated with RISC
in both BT549 and MDA-MB-231 cells (Figure
6E and 6F). However, when endogenous circU-
BR5 was knocked down in both cells by si-cir-
cUBR5, the association of RISC with UBR5
MmRNA was potently boosted (Figure 6G).
Consistently, si-circUBRS effectively reduced
UBR5 level in both BT549 and MDA-MB-231
cells, while the concomitant silence of circU-
BR5 and miR-1179 recovered UBR5 expression
(both mRNA in Figure 6H and protein in Figure
6l) to the level comparable to that in si-NC-
transfected cells. When profiling UBR5 expres-
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sion in different BC cells, we found that similar
to circUBR5, UBR5 expression was significantly
up-regulated in all BC cells when compared to
that in the normal MCF10A cells, and the high-
est expression was observed in all three TNBC
cells (Figure 6J). The expressional difference
was also noted between TNBC tissues and ANT
tissues (Figure 6K). Collectively, these findings
suggest that miR-1179 directly targets UBR5
MRNA to RISC-induced degradation. By spong-
ing miR-1179, circUBR5 up-regulates UBR5
expression.

UBRS5 critically mediates the tumor-regulating
activities of circUBR5 and miR-1179

To assess the importance of UBR5 in circUBR5-
and miR-1179-regulated malignancy of TNBC
cells, we either overexpressed UBR5 in si-cir-
cUBCbH-transfected TNBC cells (si-circUBR5+
UBR5) or simultaneously silenced miR-1179
and UBR5 in TNBC cells (LNA-miR-1179+si-
UBRD). Expressional analysis showed that si-
circUBR5 significantly reduced endogenous
UBR5 level, which was recovered in si-
circUBR5+UBRD cells (Figure 7A). Functionally,
knocking down circUBR5 alone inhibited malig-
nant behaviors, including viability (Figure 7B),
long-term proliferation (Figure 7C), invasion
(Figure 7D), and migration (Figure 7E) in both
BT549 and MDA-MB-231 cells. Overexpressing
UBR5 in these cells, however, negated all anti-
cancer benefits of si-circUBR5. On the other
hand, the expression of endogenous UBR5 was
markedly increased in LNA-miR-1179 cells but
returned to the basal level in LNA-miR-1179+si-
UBR5 cells (Figure 7F). Correspondingly, LNA-
miR-1179-transfected TNBC cells demonstrat-
ed enhanced malignancy, as represented by
increased viability (Figure 7G), long-term prolif-
eration (Figure 7H), invasion (Figure 71), and
migration (Figure 7J), when compared to LNA-
NC cells, which were all rescued by knocking
down UBR5 in these LNA-miR-1179-transfect-
ed TNBC cells. Together, these data suggest
the essential role of UBR5 in circUBR5- and
miR-1179-regulated malignant phenotypes of
TNBC.

CircUBR5/miR-1179 axis regulates the in vivo
growth and metastasis of TNBC cells

Lastly, to examine whether the in vitro effects

of circUBR5/miR-1179 can be translated in
vivo, we measured the xenograft growth and
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Figure 5. Targeting miR-1179 mediates the oncogenic phenotypes of circUBR5. BT549 and MDA-MB-231 cells were
transfected with si-NC, si-circUBR5, or si-circUBR5+LNA-miR-1179 inhibitor. A: Cell viability was examined by CCK-8
assay and compared between indicated cells; B: Long-term proliferation was examined by colony formation assay
(left panels) and the colony formation number was compared between indicated cells (right bar graph); C: Cell inva-
sion was examined by transwell assay (left), with the average number of invasive cells per field compared between
indicated cells. Scale bar =25 pym, magnification =200x%; D: Cell migration was examined using wound healing
assay (left) and the % wound closure was compared between indicated cells (right). Scale bar =50 um, magnifica-
tion =100x; E: Expression of miR-1179 was examined by RT-PCR in indicated group of cells. "P<0.05, **P<0.01,

“*P<0.001. RT-PCR: real-time PCR.

metastasis of MDA-MB-231 cells stably ex-
pressing sh-circUBR5, with or without simulta-
neous targeting miR-1179. First, levels of cir-
cUBR5 and miR-1179 were assessed in xeno-
graft tissues, which showed the efficacy of sh-
circUBR5 in down-regulating circUBR5 while
up-regulating miR-1179, and that of miR-1179
inhibitor in reducing miR-1179 only (Figure 8A
and 8B). As shown earlier, sh-circUBR5 signifi-
cantly inhibited xenograft tumor growth (Figure
8C-E) and lung metastasis (Figure 8F) of MDA-
MB-231 cells when compared to sh-NC cells. In
contrast, miR-1179 inhibitor abolished the in
vivo tumor suppressive activities of sh-circU-
BR5, restoring both the xenograft growth and
lung metastasis to the levels generated by
sh-NC cells, suggesting that sponging miR-
1179 mediates the in vivo oncogenic pheno-
types of circUBRb.

Discussion

In this study, we expand our understanding by
showing that circUBR5 (hsa_circ_0001819)
presents oncogenic activities in TNBC. Circ-
UBR5 expression was not only up-regulated in
TNBC tissues or cells, but also associated with
shorter overall survival of TNBC patients. In
vitro, circUBR5, by sponging miR-1179 and up-
regulating UBR5, was essential for sustaining
the proliferation and motility of TNBC cells.
Similarly, silencing circUBR5 led to the impair-
ed xenograft growth and metastasis in vivo
(Figure 8G). Consequently, this study highlights
the potential of targeting circUBR5 in treating
TNBC.

CircRNAs act through distinct mechanisms
depending on their subcellular localizations. In
the nucleus, circRNAs may directly regulate
gene transcription or ribosomal RNA matura-
tion [19, 20]. In the cytoplasm, circRNAs could
decoy proteins to influence their functions [21-
23]. However, the most common mechanism of
action for circRNAs is serving as miRNA spong-
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es in the cytoplasm and modulating the cir-
cRNA/miRNA/mRNA network [24]. This is also
the most frequently identified mechanism
responsible for the pro- or anti-tumor activities
of circRNAs in TNBC. For example, circANKS1B
sponged miR-148a-3p and miR-152-3p to up-
regulate the expression of transcription fac-
tor USF1 and promoted TNBC metastasis; cir-
CEPSTI1 acted as a sponge for miR-4753 and
miR-6809 to elevate BCL11A expression and
stimulated TNBC growth; the circAGFG1/miR-
195-5p/CCNE1 axis aggravated tumorigenesis
and metastasis in TNBC [25-27]. In contrast,
some other circRNAs act as tumor suppressors
in TNBC, such as the circTADA2A-E6/miR-203a-
3p/SOCS3 axis and the circFBXW7/miR-197-
3p/FBXW?7 axis [28, 29].

By far, the only study on the biological signifi-
cance of circUBR5 (hsa_circ_0001819) is
reported by Luan et al., who found the up-regu-
lated circUBR5 expression in lupus nephritis
[30]. Our present work is therefore the first
study demonstrating the oncogenic activities of
circUBR5 in human cancer. The up-regulation
of circUBR5 in TNBC tissues and its negative
association with patient survival suggest its
potential as a prognostic biomarker. In addi-
tion, we detected an elevated expression of cir-
cUBR5 in non-TNBC breast cancer cells (MCF-7
and SK-BR3) than in normal breast epithelial
MCF10A cells, despite a more robust increase
in TNBC cell lines. Therefore, further studies
should be performed to examine whether cir-
cUBRb5 serves as a unique prognostic biomark-
er for TNBC or for breast cancer in general. The
predominant distribution of circUBR5 in the
cytoplasm is consistent with its miRNA-spong-
ing function. Interestingly, another circUBR5
derived from exon 35-36 of UBR5 gene was
mostly found in the nucleus, down-regulated in
non-small cell lung cancer, and not associated
with the expression of parent gene UBR5, sug-
gesting that the same parent gene may gener-
ate structurally and functionally distinct cir-
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Figure 6. UBR5 is a direct target of miR-1179; circUBR5, by sponging miR-1179, up-regulates UBR5 in TNBC cells. A:
StarBase analysis revealed a potential binding site between miR-1179 and UBR5; B: WT or MUT miR-1179-binding
sequence in UBR5 3’UTR was cloned into luciferase construct, co-transfected into BT549 and MDA-MB-231 cells
with miR-1179 vs. miR-NC or LNA-miR-1179 vs. LNA-NC, and examined for luciferase activity; C and D: Expression
of UBR5 on mRNA and protein levels were examined by RT-PCR and Western blot, respectively; E and F: RIP assay
examined the association of Ago2 with endogenous circUBR5, miR-1179, and UBR5 mRNA, respectively; G: Upon
transfecting BT549 and MDA-MB-231 cells with si-NC or si-circUBR5, the association of Ago2 with circUBR5 and
UBR5 mRNA was examined by RIP assay; H: BT549 and MDA-MB-231 cells were transfected with si-NC, si-circUBR5,
or si-circUBR5+LNA-miR-1179 inhibitor; I: Relative expression of UBR mRNA and protein was examined by RT-PCR
and Western blot, respectively; J: Expression of UBR5 from indicated breast epithelial cells was examined by RT-PCR;
K: Expression of UBR5 was examined by RT-PCR and compared between 50 matching pairs of normal and TNBC
tissues. “P<0.05, *"P<0.01, *"*P<0.001. RT-PCR: RNA stability and real-time PCR; WT: wild-type; MUT: mutated.

cRNAs [31]. Considering the limited information
available for these two circUBRD, further stud-
ies should be performed to examine regula-
tions on their expressions, intracellular localiza-
tions, and potential crosstalk with each other.

In contrast to the limited information available
for circUBR5, miR-1179 has been extensively
studied and characterized as a tumor suppres-
sor in various human cancers. The downstream
mechanisms mediating the anti-cancer activi-
ties of miR-1179, however, seem to vary greatly.
For example, miR-1179 was reported to target
HMGBL1 in gastric cancer and thyroid cancer,
suppress E2F5 in pancreatic cancer, inhibit
PI3K/Akt signaling in ovarian cancer and oral
cancer, and CDK2 in cervical cancer [32-37].
The upstream regulators of miR-1179 are
equally diversified. Therefore, miR-1179 may
serve as a signaling hub connecting various
upstream stimuli with a repertoire of down-
stream effectors. MiR-1179 has been report-
ed to target Notch signaling and inhibit breast
cancer metastasis [38]. In this study, we
revealed that sponging miR-1179 mediated the
positive regulation of circUBR5 on its parent
gene UBR5. This mechanism was further sup-
ported by the negative correlation between cir-
cUBR5 and miR-1179 expression in TNBC tis-
sues. Functionally, this signaling mediated the
oncogenic activities of circUBR5 since the con-
comitant silencing of miR-1179 abolished the
in vitro and in vivo phenotypes of si-circUBR5.
The parent gene for circUBR5 also encodes a
protein product UBR5, a E3 ubiquitin ligase that
is highly conserved across metazoan species.
UBR5 regulates multiple biological processes,
and is frequently overexpressed in cancer [39].
Functionally, UBR5 promotes a variety of malig-
nancy-related phenotypes, including growth,
metastasis, angiogenesis, immune escape,
and drug resistance [10-13]. In breast cancer,

2553

gene amplification has been identified as a
mechanism responsible for the up-regulation of
UBR5 [14, 40, 41]. Here we revealed a novel
mechanism that circUBR5-induced sponging of
miR-1179 up-regulated UBR5. Consequently,
the circUBR5/miR-1179/UBR5 axis provides a
positive feedback loop to further boost UBR5
expression in TNBC cells. Employing dual and
positive feedback mechanisms to ensure the
overexpression of UBR5 is a strong indicator for
its biological significance in TNBC, which justi-
fies the strategies to target this signaling in
suppressing TNBC progression, as corroborat-
ed by our in vitro and in vivo findings. In addi-
tion, given the variety of cancer-related pheno-
types regulated by UBRS, it is interesting for
future studies to explore the biological process-
es critical for TNBC malignancy and regulated
by circUBR5, other than those examined here.

In this study, we mainly focused on the growth
and motility of TNBC cells. However, consider-
ing that many other biological processes such
as angiogenesis, immune responses, cancer
stemness, and drug resistance all contribute
to the malignancy of TNBC, it would be criti-
cal to examine whether circUBR5 may also
impact these phenotypes and if so, whether the
miR-1179/UBR5 axis is involved [42-45].
Furthermore, we focused on miR-1179 and
UBR5 in this study. It would be interesting to
explore other miRNAs that might be regulated
by circUBR5, which will help to determine if cir-
cUBRS5 is a regulatory hub driving the malignan-
cy of TNBC.

In summary, we reveal the elevated expression
of circUBR5 in TNBC and its association with
poor prognosis. By acting as a ceRNA for miR-
1179, circUBR5 up-regulates its parent gene,
UBR5, an oncogene in TNBC as well as other
cancers. This study provides the first evidence
that circUBR5 serves as a prognostic biomark-
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Figure 7. UBR5 critically mediates circUBR5- and miR-1179-regulated oncogenic phenotypes of TNBC cells. BT549 and MDA-MB-231 cells were transfected with
si-NC, si-circUBRD5, or si-circUBR5+UBRS5 (A through E), or with LNA-NC, LNA-miR-1179, or LNA-miR-1179+si-UBR5 (F through J). A and F: Expression of UBR5 was
examined by RT-PCR; B and G: Cell viability was examined by CCK-8 assay; C and H: Long-term proliferation was examined and the number of colonies was compared
between indicated cells; D and I: Cell invasion was examined by transwell assay, with the average number of invasive cells per field compared between indicated
cells. Scale bar =25 pm, magnification =200x%; E and J: Cell migration was examined using wound healing assay and the % wound closure was compared between
indicated cells. Scale bar =50 ym, magnification =100x; **P<0.01. RT-PCR: real-time PCR.
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Figure 8. The circUBR5/miR-1179 axis essentially
G W controls growth and metastasis of TNBC cells in vivo.
f {3 A and B: Expressions of circUBR5 and miR-1179 were
Circ-UBRS = detected in indicated xenograft tissues; C and D: Pic-
E“ ; o : tures (left panel) and growth curves (right panel) of
i /) xenografts derived from sh-NC, sh-circUBR5, and sh-
e 2 PR feonaton CICUBR5+MIR-1179 inhibitor MDA-MB-231 cells (N=5/
\ group), and the growth curve of xenografts in vivo (right
panel); E: Weight of xenografts derived from indicated
S MDA-MB-231 cells; F: After intravenous injection of in-
\ dicated MDA-MB-231 cells (N=5/group), the number
Proliferation of lung metastasis was compared between indicated
Migration group; G: A schematic diagram showing the major find-
| ing of this study: circUBR5, by acting as a sponge for
l miR-1179, up-regulates UBR5 and promotes malignant
TNBC tumorigenicity behaviors of TNBC cells. **P<0.01.

er as well as a candidate therapeutical target
for TNBC. Considering that UBR5 is an onco-
gene for a panel of human cancers, future stud-
ies may also assess the significance and the
therapeutic potential of circUBR5/miR-1179/
UBRS5 in other cancers.
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