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Abstract
Long non-coding RNAs are a kind of endogenous ncRNAs with a length of more than

200bp. Accumulating evidence suggests that long non-coding RNAs function as pivotal

regulators in tumorigenesis and progression. However, their biological roles in breast

cancer remain largely unknown. Here, we found that IGF2 antisense RNA (IGF2-AS)

was significantly decreased in breast cancer tissues, cell lines, and plasma. Patients with

low IGF2-AS were more likely to develop larger tumor size and later clinical stage.

Overexpression of IGF2-AS evidently inhibited the proliferation and induced apoptosis of

MCF-7 and T47D cells in vitro, as well as retarded tumor growth in vivo. Further investigation

revealed that IGF2-AS inhibited the expression of its sense-cognate gene IGF2 in an epi-

genetic DNMT1-dependent manner, resulting in the inactivation of downstream oncogenic

PI3K/AKT/mTOR signaling pathway. Enforced expression of IGF2 could significantly block

the tumor inhibitory effect of IGF2-AS. Importantly, we found that IGF2-AS could be used

as an effective biomarker for breast cancer diagnosis and prognosis. Taken together,

our study indicates that IGF2-AS is a tumor suppressor in breast cancer, restoration of IGF2-AS may be a promising treatment

for this fatal disease.

Keywords: Long non-coding RNAs, epigenetic modification, breast cancer, PI3K/AKT/mTOR signaling

Experimental Biology and Medicine 2021; 246: 371–379. DOI: 10.1177/1535370220966253

Introduction

Breast cancer is the most commonly diagnosed cancer and
the leading cause of cancer-related death worldwide. In
2018, 2.1 million new cases of breast cancer will be diag-
nosed in women globally, accounting for almost a quarter
of all female cancer cases.1 The incidence of breast cancer
has been on the rise due to the insufficient understanding of
its pathogenesis and the lack of effective means of preven-
tion and control.2 Although progress has been made in
early-stage screening, detection and combined therapy
strategies of breast cancer, the mortality rate continues to
rise, claiming 181,004 lives and resulting in 17.7 million
disability-adjusted life years,3 making it one of the most
serious burdensome cancers in the world. Therefore, it is
urgently needed to identify the key regulators in breast

cancer, which may provide new strategies for breast
cancer diagnosis, treatment, and prevention.

In the human genome, 98% of DNA sequences belong to
non-coding sequences, and their transcription products are
called as non-coding RNAs (ncRNAs). As a major member
of ncRNAs, long non-coding RNAs (lncRNAs) are charac-
terized by a length longer than 200 bp, most of which
are transcribed by RNA polymerase II with strong tissue
and cell specificity.4,5 Emerging evidence indicates that
lncRNAs are frequently deregulated in various human can-
cers, and tightly control cancer initiation, development, and
progression by regulating different genes and signaling
pathways.6 Recently, a novel lncRNA, IGF2 antisense
RNA (IGF2-AS), was identified as a critical player in
human disease. IGF2-AS was proposed to be closely
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associated with high-glucose-induced apoptosis in diabetic
retinopathy 7and angiogenesis in type 2 diabetes.8

Moreover, IGF2-AS was shown to be activated by STAT3,
and increased hepatitis C virus replication.9 A very recent
study revealed that IGF2-AS was frequently overexpressed
in gastric adenocarcinoma, and promoted BGC823 and
SGC7901 cell proliferation and motility by regulating the
miR-503/SHOX2 axis.10 Nevertheless, an in-depth investi-
gation of its role in breast cancer has never been
undertaken.

In the current study, we explored the expression level,
biological function, and clinical implication of IGF2-AS in
breast cancer. Furthermore, we elucidated the underlying
mechanism of its inhibition of breast cancer as a protein
binding partner.

Materials and methods

Breast cancer samples and cell lines and transfection

This study was approved by the Ethics Committee of Benxi
Central Hospital. A total of 95 paired breast cancer and
adjacent normal tissues were collected from Benxi Central
Hospital. The clinical data of these patients are shown in
Table 1, and the follow-up interval began on the date of
surgery and ended on the date of death or the last clinical
investigation. We obtained informed consent from all
patients. Four breast cancer cell lines including MCF-7,
SK-BR-3, T47D, and MDA-MB-231 and one normal MCF-
10A were all purchased from ATCC and maintained in
DMEM medium supplemented with 10% fetal bovine
serum (FBS) and 100U mL�1 penicillin and streptomycin.

For cell transfection, siRNAs targeting IGF2-AS (si-IGF2-
AS#1: 50-GCUCCCUCUUUCAAAGUAU-30; si-IGF2-AS#2:
CAAAGUAUAAGGGAGGGAA) and DNMT1 (si-
DNMT1: 50-CUCAACUUGAACCGCUUCA-30) were trans-
fected into BC cells using Lipofectamine 3000 (Invitrogen,
CA, USA) based on standard protocol.

RNA isolation and qRT-PCR analysis

Total RNAwas extracted from tissues and cell lines by using
Trizol solution (Invitrogen) in accordance with manufac-
turer’s instructions, followed by assessment of sample qual-
ity using 1.5% agarose gel and concentration testing using
NanoDrop microspectrophotometer with 1mL RNA sample
and reverse transcription into cDNA. Then, cDNA was
amplified and relatively quantified by using SYBRVR Green
qPCR SuperMix (Invitrogen). The 2�DDCt method was
applied to calculate gene expression level normalized to
GAPDH.

Generation of stable IGF2-AS-overexpressing breast
cancer cell lines

The full-length sequence of IGF2-AS (ENST00000381361.4)
was inserted into the pSinGFP vector. Then, the pSinGFP-
IGF2-AS plasmid was cotransfected with pMD2G and
psPAX2 packaging plasmids into 293 T cells by using
Lipofectamine 2000 (Invitrogen) as per manufacturer’s pro-
tocol. Subsequently, the supernatants were collected and
infected into MCF-7 and T47D cells for 24 h with 8 mg/mL
polybrene, followed by selection of stable IGF2-AS-
overexpressing cells in the presence of 1.5 mg/mL

Table 1. Correlations between IGF2-AS expression and clinical characteristics in breast cancer patients (n¼ 95).

Clinicopathologic

parameters Total (n595)

IGF2-AS expression

P valueLow (n5 48) High (n5 47)

Age (years)

�40 20 9 11 0.578

>40 75 39 36

Menopausal status

Premenopausal 53 26 27 0.748

Postmenopausal 42 22 20

Tumor size (cm)

�2 51 18 33 0.001

>2 44 30 14

TNM stage

I–II 60 24 36 0.007

III–IV 35 24 11

ER status

Negative 38 20 18 0.738

Positive 57 28 29

PR status

Negative 55 25 30 0.246

Positive 40 23 17

HER2 status

Negative 63 30 33 0.426

Positive 32 18 14

Ki-67 status

�14% 29 9 20 0.012

>14% 66 39 27

ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor receptor 2.
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puromycin for two weeks. The infection efficiency was
evaluated by qRT-PCR analysis.

Cell phenotype assays

For the colony formation assay, control or IGF2-AS-
overexpressing MCF-7 and T47D cells were seeded on the
6-well plate and routinely cultured for two weeks, then the
cells were washed by PBS and stained by crystal violet dye.
For the CCK-8 assay, control or IGF2-AS-overexpressing
MCF-7 and T47D cells were plated on 96-well plate and
cultured for 24 h, 48 h, and 72 h, followed by incubation
with 10 mL CCK-8 reagent (Dojindo Laboratories,
Kumamoto, Japan), and the absorbance at 450 nm was
recorded an automatic microplate reader. Besides, the apo-
ptotic analysis was performed by using the Annexin V-PE/
7-AAD double staining kit purchased from BD Biosciences
(San Jose, CA, USA) as per the manufacturer’s protocols.

Western blot

Total protein was extracted by using RIPA lysis buffer and
separated on 10% SDS-PAGE gels, followed by transfer
onto PVDF membrane (Millipore, Schwalbach, Germany)
and blockade with 5% skimmed milk powder. Then,
the membrane was incubated with primary antibodies
and corresponding secondary antibodies, followed by visu-
alization by using enhanced chemiluminescence (ECL
kit, Santa Cruz, USA). The primary antibodies used are as
follows: anti-IGF2 (1: 500 dilution, #sc-515805, Santa Cruz),
anti-p-PI3K (1: 2000 dilution, #17366, CST), anti-PI3K

(1: 2000 dilution, #4255, CST), anti-p-AKT (1: 1000 dilution,
#66444–1-Ig, Proteintech), anti-AKT (1: 3000 dilution,
#10176–2-AP, Proteintech), anti-p-mTOR (1: 2000 dilution,
#5536, CST), anti-mTOR (1: 2500 dilution, #20657–1-AP,
Proteintech), and anti-GAPDH (1: 2000 dilution, #sc-
47724, Santa Cruz).

RNA pull-down and immunocoprecipitation (RIP)
assays

IGF2-AS and its anti-sense were in vitro transcribed
with the MEGAscriptTM T7 Transcription Kit (Invitrogen)
and biotinylated with the Pierce RNA 30-End
Desthiobiotinylation Kit (Thermo Fisher Scientific, MA,
USA) as per manufacturer’s protocols. Then, the above
biotin-labeled probes were incubated with MCF-7 and
T47D cell lysates at 4�C overnight, followed by incubation
with M-280 streptavidin magnetic beads (Invitrogen)
at room temperature for 2 h. The probe-bound proteins
were eluted and subjected to Western blot analysis of
DNMT1 levels (#ab13537, Abcam). The RIP assay was car-
ried out by using the Magna RIPTM RNA-binding Protein
Immunoprecipitation Kit (Millipore, Massachusetts, USA)
according to the manufacturer’s instructions.

Chromatin immunoprecipitation assay

The ChIP assay was conducted by using the EpiQuik
Chromatin Immunoprecipitation Kit with magnetic beads
(Epigentek, NY, USA) according to the manufacturer’s
manual. In short, MCF-7 and T47D cell lysates were treated

Figure 1. IGF2-AS is lowly expressed in breast cancer. (a, b) The expression of IGF2-AS in breast cancer and normal tissues from GEPIA database and our own

cohort. (c, d) The overall survival curves of patients with low (n¼ 48) or high (n¼ 47) IGF2-AS expression from our own cohort and KM plotter database. (e) qRT-PCR

analysis of plasma IGF2-AS expression in breast cancer patients (n¼ 26) and healthy controls (n¼ 26). (f) The ROC curve testing the diagnostic utility of plasma IGF2-

AS. (A color version of this figure is available in the online journal.)
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Figure 2. Overexpression of IGF2-AS inhibits breast cancer cell proliferation and induces apoptosis. (a) qRT-PCR analysis of IGF2-AS expression in breast cancer cell

lines. (b) qRT-PCR analysis confirming the infection efficiency of IGF2-AS-overexpressing lentiviral vector. (c, d) The colony formation and CCK-8 assays testing the

proliferation of MCF-7 and T47D cells after IGF2-AS overexpression. (e) The annexin V-PE/7-AAD double staining testing the number of apoptotic MCF-7 and T47D

cells after IGF2-AS overexpression by flow cytometry. **P< 0.01.
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with 1% formaldehyde for 10min and subsequently treated
with glycine for 5min, followed by digestion using a micro-
coccal nuclease for 30min and addition with anti-DNMT1
antibody (#ab13537, Abcam). Lastly, the DNA fragments
enriched by DNMT1 were washed and eluted for qPCR
analysis.

Tumor xenografts in vivo and immunohistochemistry

The animal studies were authorized by the Animal Ethic
Review Committees of Benxi Central Hospital; 1� 107 control
or IGF2-AS-overexpressingMCF-7 cells were subcutaneously
injected into the right axillas of nude mice (n¼ 6 per group),
which were grown under the specific-pathogen-free condi-
tions. Tumor volume was weekly measured with a caliper
and was calculated as length�width2� 0.5. In the fourth
week, all mice were euthanized and tumor tissues were col-
lected for IHC staining by using the Mouse and Rabbit
Specific HRP/DAB (ABC) Detection IHC kit (#ab64264,
Abcam) based on the manufacturer’s instructions.

Statistical analysis

The comparison between the two groups was performed by
Student’s t test or Chi-square test. The survival curves were
plotted by Kaplan–Meier method and were analyzed by
log-rank test. The ROC curve was used tomeasure the diag-
nostic value of plasma IGF2-AS. Two-sided P value less
than 0.05 was considered statistically significant.

Results

IGF2-AS is significantly downregulated in breast cancer

We analyzed the expression of IGF2-AS in TCGA database
containing 1085 breast cancer and 291 normal tissues
through using the GEPIA online tool (http://gepia.
cancer-pku.cn/). As shown in Figure 1(a), IGF2-AS was
dramatically decreased in breast cancer, and its downregu-
lation was confirmed in our 95 paired breast cancer and
adjacent normal tissues (Figure 1(b)). Low IGF2-AS was
positively correlated with larger tumor size, advanced clin-
ical stage, and more Ki-67-positive cells (Table 1).
Importantly, patients with high IGF2-AS had longer surviv-
al time than patients with low IGF2-AS (Figure 1(c)), which
was also confirmed by analyzing the KM plotter database
(http://kmplot.com/analysis/) (Figure 1(d)). Further, we
collected plasma samples from breast cancer patients and
healthy controls and detected IGF2-AS expression. The
qRT-PCR results showed that the expression of plasma
IGF2-AS was evidently downregulated in breast cancer
compared with that of healthy controls (Figure 1(e)), and
the receiver operating characteristic (ROC) curve displayed
that the area under curve (AUC) was 0.8003 (95% CI: 0.6831
to 0.9175) (Figure 1(f)). These data suggest that IGF2-AS
may be a promising biomarker for the diagnosis and prog-
nosis of breast cancer.

IGF2-AS inhibits breast cancer cell proliferation and
induces apoptosis

To explore the functional role of IGF2-AS, we first tested its
expression in breast cancer cell lines, and the qRT-PCR

Figure 3. IGF2-AS decreases IGF2 expression. (a) qRT-PCR analysis of IGF2 expression in IGF2-AS-overexpressing MCF-7 and T47D cells. (b, c) Western blot

analysis of IGF2, p-PI3K, PI3K, p-AKT, AKT, p-mTOR, and mTOR protein expression in IGF2-AS-overexpressing MCF-7 and T47D cells. GAPDH was used as loading

control. (d) CCK-8 assay detecting the proliferation of IGF2-AS-overexpressing MCF-7 and T47D cells transfected with IGF2 expressing vector. **P< 0.01.
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results showed that IGF2-AS was lowly expressed in four
breast cancer cells in comparison to normal MCF-10A cells
(Figure 2(a)). Due to the relatively low level of IGF2-AS in
MCF-7 and T47D cells, we thus chose them to generate
stable IGF2-AS-overexpressing cell lines and performed a
series of functional assays (Figure 2(b)). As shown in Figure
2(c), overexpression of IGF2-AS resulted in a significant
decrease in the number of cell clones. Likewise, the CCK-
8 results showed that cell viability was evidently decreased
after exogenous expression of IGF2-AS (Figure 2(d)). In
addition, more apoptotic cells were observed in IGF2-AS-
overexpressing MCF-7 and T47D cells as compared to their
respective control cells, as illustrated by flow cytometry

(Figure 2(e)). Moreover, we also designed two siRNAs to
silence IGF2-AS (Figure S1(a)) in SK-BR-3 and MDA-MB-
231 cells, and found that IGF2-AS knockdown promoted
cell proliferation (Figure S1(b)). These results indicate that
IGF2-AS is negative regulator of breast cancer malignant
phenotype.

IGF2-AS dampens IGF2/PI3K/AKT/mTOR signaling in

breast cancer cells

Emerging evidence shows that lncRNA is involved in
cancer cell biology through regulation of its natural anti-

Figure 4. IGF2-AS directly bins to DNMT1 and enhances the occupation of DNMT1 on IGF2 promoter. (a) qRT-PCR analysis of the location of IGF2-AS1 in MCF-7 and

T47D cells. U6 and GAPDHwere used as nucleus and cytoplasmic reference fractions, respectively. (b) qRT-PCR analysis of IGF2 expression in MCF-7 and T47D cells

after DNMT1, DNMT3a, and DNMT3b overexpression. (c) The interaction possibility between IGF2-AS and DNMT1 predicted by RPISeq online tool. (d, e) RNA pull-

down and RIP assays confirming the interaction between IGF2-AS and DNMT1 using biotinylated IGF2-AS probe and DNMT1 antibody, respectively. (f) ChIP assay

analyzing the occupation of DNMT1 on IGF2 promoter in MCF-7 and T47D cells after IGF2-AS overexpression. (g) qRT-PCR analysis of IGF2 expression in IGF2-AS-

overexpressing cells after DNMT1 knockdown. **P< 0.01.
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sense linear transcript.11 We then tested whether IGF2-AS
affected IGF2 expression. As shown in Figure 3(a), over-
expression of IGF2-AS significantly decreased IGF2
mRNA expression. Consistently, less protein levels of
IGF2, p-PI3K, p-AKT, and p-mTOR were observed in
IGF2-AS-overexpressing MCF-7 and T47D cells as com-
pared with their respective control cells, while total protein
levels of PI3K, AKT and mTOR remained unchanged
(Figure 3(b) and (c)). Functionally, ectopic expression of
IGF2 could evidently rescued the decreased cell prolifera-
tion caused by IGF2-AS overexpression (Figure 3(d)). These
results suggest that IGF2-AS is a negative regulator of its
sense-cognate gene IGF2.

IGF2-AS reduces IGF2 expression in a DNMT1-
dependent manner

To determine how IGF2-AS affected IGF2 expression, we
first tested the subcellular localization of IGF2-AS, and the
qRT-PCR results showed that IGF2-AS was mainly located
in the nucleus of both MCF-7 and T47D cells (Figure 4(a)).
Given that IGF2 is frequently overexpressed due to the
hypomethylation of its promoter,12 we then tested which
DNA methyltransferases were involved in this process in
breast cell lines. As shown in Figure 4(b), overexpression of
DNMT1, not DNMT3a and DNMT3b, could evidently
decrease IGF2 expression. Further, we found that
IGF2-AS1 are likely to directly interact with DNMT1 by
analyzing the RPISeq online tool (http://pridb.gdcb.ias
tate.edu/RPISeq)13(RF classifier¼ 0.86, SVM classi-
fier¼ 0.91) (Figure 4(c)). As expected, the RNA pull-down
assays showed that DNMT1 protein was abundantly

enriched by IGF2-AS1 probe in both MCF-7 and T47D
cells (Figure 4(d)). Likewise, IGF2-AS1 was evidently
immunoprecipitated by DNMT1 antibody as compared
with IgG antibody (Figure 4(e)). Importantly, more
DNMT1 was occupied on IGF2 promoter which was
observed in IGF2-AS1-overexpressing cells in comparison
to control cells (Figure 4(f)), as demonstrated by ChIP assay.
And the downregulation of IGF2 by IGF2-AS was blocked
in the absence of DNMT1 (Figure 4(g)). These indicate that
DNMT1 is responsible for the regulation of IGF2-AS
on IGF2.

Restoration of IGF2-AS delays tumor growth in vivo

To test whether IGF2-AS also functioned in vivo, we estab-
lished a xenograft model by inoculating control or IGF2-AS-
overexpressing MCF-7 cells into nude mice. The results
showed that the tumor volume and weight of IGF2-AS-
overexpressing group were significantly smaller than those
of control group (Figure 5(a) and (b)). Moreover, less Ki-67-,
IGF2-, and p-AKT-positive cells were observed in IGF2-AS-
overexpressing tumor tissues in comparison with control
tumor tissues (Figure 5(c) and (d)). These in vivo data suggest
that IGF2-AS is a suppressor of breast cancer growth, which
is consistent with the findings in vitro.

Discussion

Recent studies suggest that lncRNAs are emerging as
important regulators of cancer initiation, maintenance,
and progression, attracting great attention.14 Many dysre-
gulated lncRNAs have been identified in human cancers,

Figure 5. IGF2-AS inhibits tumor growth in vivo. (a, b) The volume and weight of tumor of nude mice in control and IGF2-AS-overexpressing groups (n¼ 6 in each

group). (c, d) IHC staining of Ki-67, IGF2, and p-AKT in control and IGF2-AS-overexpressing tumor tissues. Scale bar¼ 20 mM. (e) The proposed model showing the

tumor-inhibiting role of IGF2-AS in breast cancer by acting as DNMT1 protein binding partner and dampening oncogenic IGF2/PI3K/AKT/mTOR signaling. **P< 0.01,

***P<0.001. (A color version of this figure is available in the online journal.)
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such as the well-characterized MALAT1,15 H1916,
HOTAIR,17 and ANRIL18 and so on. In the present study,
we found a breast cancer-related lncRNA, IGF2-AS, which
was significantly decreased in human breast cancer tissues,
cells, as well as plasma. Ectopic expression of IGF2-AS evi-
dently inhibited breast cancer cell aggressive phenotype
in vitro and tumor growth in vivo. Stepwise investigation
revealed that IGF2-AS could directly bind to methyltrans-
ferase DNMT1 and facilitate the occupation of DNMT1 on
the promoter of oncogenic IGF2, resulting in decreased
IGF2 expression and subsequently inactivation of
PI3K/AKT/mTOR signaling pathway, thereby repressing
breast cancer malignancy and progression (Figure 5(e)).
Importantly, we also confirmed this regulatory axis
in vivo. Thus, our results highlight the crucial regulatory
role of IGF2-AS in breast cancer, meanwhile advance our
understanding of epigenetic regulation of IGF2.

Accumulated evidence demonstrates that lncRNAs are
closely linked with cancer development and progression
through regulation of its sense-cognate genes.11 For exam-
ple, lncRNA ZNF667-AS1 was reported to be frequently
downregulated in esophageal squamous cell carcinoma,
and inhibited cancer cell viability, migration, and invasion
by epigenetic activation of ZNF667.19 LIN28B-AS1 was
shown as an oncogene in lung adenocarcinoma, and it acti-
vated LIN28B by directly interacting with IGF2BP1.20

Similarly, in this study, we found that overexpression of
IGF2-AS could significantly reduce the expression of natural
anti-sense linear transcript IGF2. IGF2 is a well-documented
tumor driver that can bind to IGF1R and activate down-
stream PI3K/AKT/mTOR signaling pathway via a series
of phosphorylation cascades.21 And overexpression of
IGF2 evidently rescued the impaired malignant phenotype
of breast cancer cells caused by IGF2-AS overexpression,
suggesting that IGF2-AS functions as a negative regulator
in breast cancer through its sense-cognate gene.

Extensive research suggests that lncRNAs participate in
various cell biological processes including transcriptional
activation/interference, chromatin remodeling, RNA proc-
essing, and mRNA translation, through acting as a protein
binding partner.22 The most well-known is HOTAIR, its 50

domain could bind PRC2, while its 30 domain bound the
LSD1/CoREST/REST complex, thus regulating the pattern
of histone modifications on target genes.23 Herein, we
found that IGF2-AS was able to directly interact with
DNMT1 (a methyltransferase that induces both de novo
and maintenance of methylation24) and increase the bind-
ing of DNMT1 to IGF2 promoter. Importantly, the reduction
of IGF2 induced by IGF2-AS almost disappeared in the
absence of DNMT1, implying that DNMT1 is required for
the silencing effect of IGF2-AS on IGF2. Further studies are
needed to explore which regions are necessary for the inter-
action between IGF2-AS and DNMT1.

Collectively, our findings clearly indicate that IGF2-AS
inhibits breast cancer tumorigenesis by negatively regulat-
ing IGF2/PI3K/AKT/mTOR signaling axis via binding to
DNMT1, which provides a potential diagnostic and prog-
nostic indicator as well as therapeutic target for breast
cancer patients.
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