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LncRNA ANRIL promotes multiple myeloma progression and bortezomib 
resistance by EZH2-mediated epigenetically silencing of PTEN 
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Multiple myeloma (MM) is a plasma cell malignancy of bone marrow. In the present study, we aimed to study the 
function and potential mechanism of the antisense non-coding RNA in the INK4 Locus (ANRIL) in MM. The expression 
levels of ANRIL in MM patients and healthy donors were evaluated by quantitative real-time polymerase chain reaction 
(qRT-PCR). The effects and mechanisms of ANRIL in MM were evaluated by cell viability assay, BrdU incorporation assay, 
tumor xenograft model, flow cytometry, western blot, RNA immunoprecipitation (RIP), transcriptome RNA sequencing, 
and chromatin immunoprecipitation (ChIP). We found that ANRIL was upregulated in MM patients and cell lines, and 
associated with advanced international staging system (ISS) stage and poor overall survival. Enforced ANRIL expression 
promoted proliferation and tumor xenograft growth of MM cells, while knockdown of ANRIL exhibited opposite effects. 
Moreover, ANRIL overexpression increased the half-maximal inhibitory concentration (IC50) of bortezomib and reduced 
bortezomib-induced apoptosis in MM cells. ANRIL was found to accumulate in the nuclei of MM cells, and interact with 
EZH2 by RIP assay. Transcriptome RNA sequencing identified PTEN as a target of ANRIL in MM cells. In the ChIP assay, 
knockdown of ANRIL reduced EZH2 occupancy and H3K27me3 binding to the promoter region of PTEN. Furthermore, 
EZH2 knockout or PTEN restoration abrogated the effects caused by ANRIL overexpression in MM cells. Our results 
indicated that ANRIL exerted oncogenic functions and conferred chemoresistance of MM cells by EZH2-mediated epige-
netically silencing of PTEN.
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Multiple myeloma (MM) is the second most common 
hematologic malignancy arising from the plasma cells of 
bone marrow. It takes up 1% of all cancers and 10% of all 
hematological malignancies [1]. The age-adjusted incidence 
rate for MM is about 4/100,000 [2]. The average age of MM 
patients at the time of diagnosis is >65, with less than 2% 
of patients younger than 40 [3]. Diagnosis of MM requires 
evidence for either 10% or more clonal plasma cells in bone 
marrow or a biopsy proved plasmacytoma and the existence 
of one or more myeloma-related end-organ damages [4]. 
Survival of MM patients reached a great improvement over 
the past decades, which increases from less than 3 years to 
5–7 years now [5]. However, MM is a highly heterogeneous 
disease, and the survival of MM patients largely depends on 
host factors such as tumor burden and response to therapy. 
For example, a small subgroup of MM patients (approxi-
mately 15%) exhibit really poor outcomes (median survival 
<2 years) [6]. The initial treatments for MM patients consist 
of high-dose therapy of bortezomib, lenalidomide, and 

dexamethasone (VRD) following autologous stem cell trans-
plantation (ASCT) if eligible. Despite these aggressive treat-
ments, almost all MM patients will eventually relapse. Thus, 
there is an emerging needing to understand the molecular 
mechanism of MM tumorigenesis and find new targets for 
MM treatment.

Long non-coding RNAs (lncRNAs) are a wide class of 
RNA transcripts longer than 200 nucleotides in length but 
without any protein-coding potential. There are increasing 
proofs that lncRNAs are involved in the tumorigenesis, 
metastasis, and chemoresistance of cancers [7].

For example, cytosolic lncRNA P53RRA induces cell-cycle 
arrest, apoptosis, and ferroptosis by interacting with G3BP1 
and regulating p53 [8]. In lung cancer, LINC00336 regulated 
by ELAVL1 inhibits ferroptosis by sponging miR-6852 and 
regulating CBS [9]. Dysregulation of lncRNAs is found in 
MM patients [10, 11]. Moreover, a variety of lncRNAs are 
reported to enroll in the initiation and progression of MM. 
For example, MALAT1 is upregulated in MM patients and 
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forced MALAT1 expression promotes proliferation, migra-
tion, and survival of MM cells [12]. ST3GAL6-AS1 is high 
expressed in MM patients compared with normal plasma 
cells [13]. Silencing ST3GAL6-AS1 reduces cell proliferation 
and induces apoptosis of MM cells by regulating the MAPK 
pathway. Furthermore, dysregulation of lncRNAs is a poten-
tial prognostic biomarker for MM patients. For example, 
Zhou et al. found a four-lncRNA-based prognostic signature 
to divide MM patients into high- and low-risk groups [10]. In 
the present study, we are aimed to identify lncRNAs that play 
a role in the tumorigenesis of MM.

The antisense non-coding RNA in the INK4 Locus 
(ANRIL, also known as CDKN2B-AS1) is a 3.8 kb long 
non-coding RNA located at 9p21.3 of the human genome. 
ANRIL attracts much attention because it lies at the 
opposite direction of three important tumor suppressor 
genes (p19ARF, p15INK4b, and p16INK4A) at the INK4b-ARF-
INK4a cluster. These three tumor suppressors are vital for 
cellular functions and frequently dysregulated in cancer 
cells [14]. Though the INK4b-ARF-INK4a cluster is deleted 
or silenced in nearly 40% of human cancers, a variety of 
studies demonstrate that ANRIL has pro-oncogenic proper-
ties [15]. For example, ANRIL is found to overexpress in 
acute myeloid leukemia (AML) patients [16]. Knockdown 
of ANRIL leads to a reduction of glucose uptake and 
suppression of AML cell maintenance by regulating the 
AdipoR1/AMPK/SIRT1 pathway. In T-cell acute lympho-
blastic leukemia (T-ALL), ANRIL is apparently upregulated 
in T-ALL samples and regulates cell proliferation, migra-
tion, and invasion of T-ALL cells by sponging miR-7-5p 
and increasing TCF4 expression [17]. Notably, ANRIL is 
reported to upregulate in MM patients, and polymorphism 
of ANRIL is connected with tumor relapse of MM patients 
after autologous stem cell transplant, however, the exact 
role of ANRIL is to be elucidated [18, 19].

In the present study, we evaluated the possible role of 
ANRIL in MM and potential underlying molecular mecha-
nisms. We found that ANRIL was elevated in MM patients 
and cell lines, and associated with advanced ISS stage and 
poor overall survival. Enforced ANRIL expression promoted 
proliferation and tumor xenograft growth of MM cells, while 
ANRIL knockdown exhibited opposite effects. Further-
more, ANRIL activated Akt signaling by EZH2-mediated 
epigenetically silencing PTEN. Silencing EZH2 or restoring 
PTEN expression abolished the effects caused by ANRIL 
overexpression. Our results indicated that ANRIL exerted 
oncogenic functions and promoted chemoresistance of MM 
cells. ANRIL might be a novel prognostic marker and thera-
peutic target for MM.

Patients and methods

Patient samples. Written informed consents were 
obtained from all patients or healthy donors who partici-
pated in the study. The study protocol involving human 

subjects was approved by the ethics committee of the Beijing 
Chao-Yang Hospital (SYSK (Jing) 2018-0012). Bone marrow 
aspirate samples from 80 newly diagnosed MM patients and 
20 healthy donors were collected from March 2014 to May 
2016 in Beijing Chao-Yang Hospital. These samples were 
fresh frozen by liquid nitrogen and maintained at –80 °C for 
use. Follow-up continued for 5 years after the patients were 
diagnosed with MM.

Cell culture. MM cell lines RPMI-8226, U266, MM.1S, 
and NCI-H929 were purchased from the American Type 
Culture Collection (ATCC). Human MM cell line MOLP-8 
was obtained from DSMZ (Braunschweig, Germany). 
Human MM cell lines KMS-20, KMS-11, and KMS-27 were 
recently obtained from the JCRB Cell Bank (Osaka, Japan). 
Cells were cultured in RPMI-1640 medium containing 10% 
fetal bovine serum (Hyclone, USA), 100 U/ml penicillin, and 
100 μg/ml streptomycin. Cells were maintained in a humid 
atmosphere supplemented with 1% CO2 at 37 °C. Subculture 
of cells was realized by adding fresh medium or centrifuging 
and reseeding.

Plasmid constructs, lentivirus packaging, and infection. 
Forced expression of ANRIL was achieved by cloning the full 
length of ANRIL into the pCDH lentivirus vector (System 
Biosciences #CD510B-1). Empty pCDH vector was used as EV 
control. Short hairpin RNAs (shRNAs) specifically targeting 
ANRIL (sh-ANRIL-1 and sh-ANRIL-2) were inserted into 
the pLKO.1 lentiviral vector and a non-targeting sequence 
was cloned into the pLKO.1 vector as sh-NC control. Short 
guide RNAs targeting EZH2 (sgEZH2-1 and sgEZH2-2) were 
constructed by introducing into the lentiCRISPRv2 vector 
(Addgene, plasmid #52961). A non-targeting sequence was 
cloned into the lentiCRISPRv2 vector as sgNC control. For 
lentivirus packaging, lentiviral plasmids were introduced 
into HEK293T cells with helper plasmids by Lipofectamine 
3000 (Invitrogen, USA). The virus was harvested at 24, 
48, and 72 h post-transfection and stored at –80 °C for 
use. Transient transfection was realized according to the 
protocol of Lipofectamine 3000 (Invitrogen, USA). DNA 
sequences for shRNAs and sgRNAs were displayed as below: 
sh-ANRIL-1,  5’-TCGAAAGTCTTCCATTCTTCAAA-3’, 
sh-ANRIL-2, 5’-ATGAAAAAGGAAGAAAGGAAAGC-3’, 
sgEZH2-1, 5’-CATCATCATTATATTGACCA-3’, sgEZH2-2, 
5’-TTTACATAACATTCCTTATA-3’.

Quantitative real-time polymerase chain reaction 
(qRT-PCR). Total RNA was extracted by TRIzol reagent 
(Invitrogen, USA). Exosomal RNA was extracted by 
miRNeasy Micro kit (Qiagen, USA). The first strand of cDNA 
was synthesized by HiScript 1st Strand cDNA Synthesis Kit 
(Thermofisher, USA). RT-PCR was conducted according to 
the protocol of SYBR Premix Ex Taq kit (Takara, Japan) on 
a Real-time PCR Detection System (CFX96, Bio-Rad). The 
expression of ANRIL was normalized to GAPDH. The primer 
sequences for ANRIL were: forward, 5’-AGCAGAAGGT-
GGGCAGCAGAT-3’; reverse, 5’-GCAGGCAGGTAGTC-
CAGTGGTT-3’.
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Cell viability assay. CellTiter-Glo Viability Assay kit 
(Promega #G7572) was used to measure cell viability. The cells 
and CellTiter-Glo reagents were placed at room temperature 
for 30 min. Next, cells and CellTiter-Glo reagents were mixed 
together at a ratio of 1:1. Then, cells were lysed on an orbital 
shaker for 5 min and placed at dark for 15 min avoiding light. 
The luminescence signal at 490 nm was recorded on a micro-
plate reader. All samples were repeated in triplicates.

BrdU incorporation assay. Cells were incubated with 
20 µM BrdU for 3 h at 37 °C. Then cells were washed with 
PBS once and incubated with BrdU antibody (Cell Signaling 
#5292, 1:1000) for 1 h at room temperature. After washing 
the cells with PBS once, incubation with Alexa Fluor 488 
mouse IgG (Cell signaling #4408, 1:1000) followed for 1 h at 
room temperature avoiding light. DAPI was used to stained 
the cells for 10 min at room temperature. The BrdU incorpo-
rated cells were viewed under the fluorescence microscope.

Tumor xenograft model. The protocol of animal studies 
was reviewed and approved by the ethics committee of 
the Beijing Chao-Yang Hospital (SYSK (Jing) 2018-0012). 
RPMI-8226 cells (2×106) transduced with ANRIL or EV 
control, or U266 cells (2×106) transduced with sh-ANRIL-1, 
sh-ANRIL-2, or sh-NC were subcutaneously implanted into 
8-week-old nude mice. Tumor xenografts were allowed to 
grow for 4 weeks, and tumor volume was measured every 
four days. The mice were sacrificed at last, then tumor 
xenografts were dissected out and weighed. Tumor volume 
was calculated according to the formula: (length × width2)/2.

Flow cytometry. Cells were dispersed as single cells, then 
1×106 cells were incubated with Annexin V-FITC at 4 °C for 
30 min, and DAPI at 4 °C for 15 min in a dark. The fluores-
cence at 488/530 nm was measured using flow cytometry 
(BD Biosciences).

Western blot. Protein lysates were extracted from tissue 
samples and cultured cells by RIPA buffer (Beyotime, 
China) containing protease inhibitors (Roche, USA). Protein 
concentration was measured using a BCA kit (Thermo 
Fisher, USA). Protein was separated by 10% SDS-PAGE, then 
transferred to nitrocellulose membranes. The membranes 
were blocked with 5% non-fat milk for 1 h at room tempera-
ture, then stained with primary antibody at 4 °C overnight 
and secondary antibody for 1 h at room temperature. The 
specific primary antibodies were listed below: Cleaved 
Caspase-3 (Cell Signaling #9664, 1:1000), GAPDH (Cell 
Signaling #5174, 1:1000), p-Akt (Ser473) (Cell signaling 
#9271, 1:1000), Akt (Cell Signaling #9272, 1:1000), PTEN 
(Cell Signaling #9188, 1:1000), EZH2 (Cell Signaling #5246, 
1:1000). The second antibody was anti-rabbit IgG HRP (Cell 
Signaling #7074; 1:4000).

RNA immunoprecipitation (RIP). RIP was conducted 
according to the protocol of the Magna RIP RNA-Binding 
Protein Immunoprecipitation Kit (Millipore, USA). In brief, 
cell extracts were incubated with beads for 6 h, then washed 
with RIP wash buffer 5 times. Then the beads were stained 
with EZH2 antibody (Cell Signaling #5246, 1:50) or IgG (Cell 

Signaling #3900, 1:50) at 4 °C overnight. Then RNA pulled 
down was evaluated by qRT-PCR.

Transcriptome RNA sequencing. Total RNA from 
RPMI-8226 cells transducing with ANRIL and EV was 
extracted using TriPure (Roche, USA). The cDNA library was 
synthesized and sequenced at Beijing Novel Bioinformatics 
(https://en.novogene.com/) following the Illumina standard 
protocol. Fastp, Fastqc (v0.11.5), and HTSeq V0.6.1 were 
used to analyze data. The differences between the two groups 
were evaluated by DESeq R package (1.10.1). A p-value <0.05 
and |log2 Fold Change| ≥2 were used to select genes different 
expressed.

Chromatin immunoprecipitation (ChIP). ChIP assay 
was performed using the EZ-ChIP kit (Millipore, USA). In 
brief, DNA-protein crosslinks were produced by treating cells 
with formaldehyde for 10 min. Then cells were sonicated to 
DNA fragments and incubated with EZH2 antibody (Cell 
Signaling #5246, 1:50) or H3K27me3 (Cell Signaling #9733, 
1:50). The precipitated DNA was evaluated by qRT-PCR.

Statistical analysis. GraphPad Prism 8.0 was used to 
analyze data. A two-tailed Student’s t-test was used to evaluate 
the difference between the two groups. One-way ANOVA 
was used to compare the difference between multiple groups 
followed by Bonferroni’s post hoc test. The half-maximal 
inhibitory concentration (IC50) of bortezomib was calculated 
using the nonlinear regression model of GraphPad Prism 8.0. 
A p-value ≤0.05 was considered statistically significant.

Results

LncRNA ANRIL was upregulated in MM patients and 
predicted poor prognosis. To disclose the potential function 
of ANRIL in MM, we first evaluated the expression of ANRIL 
in MM patients. The levels of ANRIL in 80 newly diagnosed 
MM samples and plasma cells of 20 healthy controls were 
measured by qRT-PCR. We found that ANRIL was signifi-
cantly upregulated in MM patients compared with healthy 
controls (Figure 1A). Furthermore, the MM patients were 
divided into different groups according to the international 
staging system (ISS). We found that ANRIL expression was 
apparently increased in MM patients with advanced ISS 
stage (Figure 1B). Besides, the association between ANRIL 
and prognosis of MM patients was evaluated by Kaplan-
Meier analysis. High expression of ANRIL was closely corre-
lated with shorter overall survival (Figure 1C). The expres-
sion of ANRIL in MM cell lines was further evaluated by 
qRT-PCR. Compared with plasma cells from healthy control, 
ANRIL was dramatically overexpressed in U266, MM.1S, 
and KMS-20 cells (Figure 1D). Taken together, our results 
indicated that ANRIL was upregulated in MM patients and 
cell lines, and predicted a poor prognosis.

Enforced ANRIL expression promoted proliferation and 
tumor xenograft growth MM cells. The possible functions 
of ANRIL in MM were tested by overexpression of ANRIL 
in two MM cell lines (RPMI-8226 and NCI-H929), which 
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Knockdown of ANRIL suppressed proliferation and 
tumor xenograft growth of MM cells. ANRIL was found 
to overexpress in MM patients and cell lines in our study 
(Figures 1A, 1D). To elucidate the influence of ANRIL 
overexpression in MM, we also knocked down ANRIL 
in a MM cell line (U266) which showed high endog-
enous expression of ANRIL. Two short hairpin RNAs 
(shRNAs) specifically targeting ANRIL (sh-ANRIL-1 and 
sh-ANRIL-2) were introduced into U266 cells by lentiviral 
infection. A non-targeting control (sh-NC) was used as a 
control. Our results indicated that ANRIL expression was 
successfully downregulated by these two shRNAs, though 
to a different extent (Figure 3A). In cell viability assay, 
we found that knockdown of ANRIL by sh-ANRIL-1 or 
sh-ANRIL-2 evidently reduced the viability of U266 cells 
at day 4 and 6 compared with sh-NC (Figure 3B). In the 
BrdU incorporation assay, knockdown of ANRIL in U266 
cells reduced BrdU incorporation (Figures 3C, 3D). These 
results indicated that knockdown of ANRIL suppressed the 
proliferation of MM cells. In the tumor xenograft model, 
U266 cells transduced with sh-ANRIL-1 or sh-ANRIL-2 
showed decreased tumor growth, volume, and weight 
(Figures 3E–3G). Collectively, our results demonstrated 
that knockdown of ANRIL suppressed proliferation and 
tumor xenograft growth of MM cells. 

showed low endogenous ANRIL expression. The full length 
of ANRIL was cloned into a lentiviral expression vector, then 
introduced into RPMI-8226 and NCI-H929 cells. We could 
observe that ANRIL was obviously overexpressed in MM cell 
lines (Figure 2A). To evaluate the influence of ANRIL on cell 
proliferation of MM cells, cell viability assay and BrdU incor-
poration assay were conducted. Compared with empty vector 
(EV)-transduced cells, ANRIL overexpressed RPMI-8226 
and NCI-H929 cells exhibited an apparently increased cell 
viability at day 6 (Figure 2B). In the BrdU incorporation 
assay, the overexpression of ANRIL in RPMI-8226 and 
NCI-H929 cells facilitated BrdU incorporation compared 
with EV control (Figures 2C, 2D). These results indicated 
that ANRIL overexpression promoted the proliferation of 
MM cells in vitro. In order to verify this in vivo, RPMI-8226 
cells transduced with ANRIL expression lentiviral or EV 
control were injected into nude mice and assayed for tumor 
xenograft growth. We found that enforced ANRIL expression 
dramatically promoted the growth of RPMI-8226 xenografts 
in nude mice (Figure 2E). After implantation for 4 weeks, 
tumor xenografts of ANRIL overexpressing RPMI-8226 cells 
showed larger tumor volume and increased tumor weight 
(Figures 2F, 2G). Taken together, our results suggested that 
enforced ANRIL expression promoted proliferation and 
tumor xenograft growth of MM cells.

Figure 1. LncRNA ANRIL is upregulated in MM patients and predicted poor prognosis. A) relative expression of ANRIL in bone marrow aspirate 
samples from 80 MM patients and 20 healthy donors was evaluated by qRT-PCR. B) Relative expression of ANRIL in MM patients according to the 
international staging system (ISS) stage. C) Kaplan-Meier analysis of overall survival in MM patients according to ANRIL expression. D) Relative 
expression of ANRIL in MM cell lines and normal plasma cells was evaluated by qRT-PCR. *p≤0.05, **p<0.001
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ANRIL overexpression increases bortezomib toler-
ance of MM cells. Bortezomib (BTM) is an FDA-approved 
drug used for treating newly diagnosed MM. Resistance to 
bortezomib-based therapy is frequently observed in MM 
patients [20]. To explore if ANRIL was involved in the 
resistance of bortezomib, we overexpressed ANRIL in MM 
cells and measured the IC50 of bortezomib by cell viability 
assay. Our results indicated that ANRIL overexpression 
evidently increased bortezomib tolerance of RPMI-8226 
and NCI-H929 cells (Figure 4A). The IC50 of bortezomib 
increased approximately twofold after cells were introduced 
with ANRIL. In addition, RPMI-8226 and NCI-H929 cells 
were treated with 10 or 20 nM bortezomib for flow cytom-
etry. We found that ANRIL overexpression obviously reduced 
the percentages of Annexin-V and PI double-positive 

subsets in RPMI-8226 and NCI-H929 cells treated with 
bortezomib, suggesting a decrease in apoptosis (Figures 4B, 
4C). In western blot analysis, the levels of apoptosis marker 
cleaved caspase-3 were evaluated. Our results indicated that 
RPMI-8226 and NCI-H929 cells introduced with ANRIL 
showed lower levels of cleaved caspase-3 when treated with 
bortezomib (Figure 4D). Above all, our results suggested that 
ANRIL increased bortezomib tolerance of MM cells, and this 
might due to the suppressing of cell apoptosis.

ANRIL epigenetically silences PTEN by interacting 
with EZH2. To elucidate the underlying molecular mecha-
nism of ANRIL in MM, we detected the subcellular location 
of ANRIL in RPMI-8226 and NCI-H929 cells by qRT-PCR. 
We found that ANRIL was mainly existed in the nuclei of 
RPMI-8226 and NCI-H929 cells, indicating that ANRIL 

Figure 2. Enforced ANRIL expression promotes proliferation and tumor xenograft growth of MM cells. A) RPMI-8226 and NCI-H929 cells were 
introduced with ANRIL or EV control, then the relative expression of ANRIL was evaluated by qRT-PCR. B) RPMI-8226 and NCI-H929 cells (2,500/
well) transduced with ANRIL or EV control were seeded in 96-well plates, then cell viability was evaluated at day 0, 2, 4, and 6. C, D) RPMI-8226 and 
NCI-H929 cells (5×105/well) transduced with ANRIL or EV control were seeded in 6-well plates for the BrdU incorporation assay. Represent images 
(C) and percentage of BrdU positive cells (D) are shown. Scale bar = 50 μm. E-G, RPMI-8226 cells (2×106) transduced with ANRIL or EV control were 
implanted into nude mice for 4 weeks. Tumor growth (E), volume (F), or weight (G) are shown. *p≤0.05, **p<0.001
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might be involved in the regulation of gene transcription 
(Figure 5A). Indeed, ANRIL is demonstrated to regulate gene 
transcription by interacting with polycomb group proteins 
such as CBX7, SUZ12, and EZH2 [15, 21]. In the RIP assays, 
we found that ANRIL was successfully pulled down by 
EZH2, indicating that ANRIL could bind to EZH2 directly 
in RPMI-8226 and NCI-H929 cells (Figure 5B). In addition, 
RPMI-8226 cells transduced with ANRIL expression lenti-
virus or EV control were subjected to transcriptome RNA 
sequencing. The 20 most significantly downregulated genes 
after ANRIL overexpression were depicted in the heatmap 
(Figure 5C). We were surprised to find that PTEN, a well-
characterized tumor suppressor, was significantly downreg-
ulated by ANRIL. Notably, ANRIL is reported to regulate 
gene transcription in trans through interacting with EZH2, 
thus mediates trimethylation of lysine 27 of histone H3 
(H3K27me3) of targeted genes [22, 23]. We speculated that 
ANRIL might regulate PTEN expression by EZH2-mediated 
epigenetically silencing. Our results indicated that ANRIL 
overexpression evidently suppressed PTEN expression 
and increased downstream phosphorylation of Akt in 
RPMI-8226 and NCI-H929 cells (Figure 5D). In the ChIP 
assays, we found that the knockdown of ANRIL reduced 
the occupancy of EZH2 to the promoter region of PTEN as 

well as H3K27me3 binding levels (Figure 5E). Besides, two 
short guide RNAs (sgRNAs) specifically targeting EZH2 
(sgEZH2-1 and sgEZH2-2) were constructed and introduced 
into U266 cells. EZH2 was successfully knocked out by these 
two sgRNAs (Figure 5F). Furthermore, we found that the 
levels of PTEN were increased after EZH2 knockout. Taken 
together, our results indicated that ANRIL epigenetically 
silenced PTEN by interacting with EZH2.

EZH2 knockout or PTEN restoration abrogates the 
effects of ANRIL in MM cells. To determine if the effects 
of ANRIL in MM were associated with EZH2-mediated 
epigenetically silencing of PTEN, we knocked out EZH2 or 
restored PTEN expression in RPMI-8226 and NCI-H929 
cells, then evaluated for cell viability and IC50 of bortezomib. 
In cell viability assay, we found that overexpression of ANRIL 
showed no additional effects on EZH2 knockout or PTEN 
overexpressed RPMI-8226 and NCI-H929 cells (Figures 6A, 
6B). Furthermore, the IC50 of bortezomib had no signifi-
cant changes in EZH2 knockout or PTEN overexpressed 
RPMI-8226 and NCI-H929 cells after ANRIL overexpres-
sion (Figures 6C, 6D). These results indicated that EZH2 
knockout or PTEN restoration abrogated the effects of 
ANRIL overexpression on proliferation and bortezomib 
resistance of MM cells.

Figure 3. Knockdown of ANRIL suppresses proliferation and tumor xenograft growth of MM cells. A) U266 cells were introduced with sh-ANRIL-1, 
sh-ANRIL-2, or sh-NC, then the relative ANRIL expression was evaluated by qRT-PCR. B) U266 cells (2,500/well) introduced with sh-ANRIL-1, sh-
ANRIL-2, or sh-NC were seeded in 96-well plates, then cell viability was evaluated at day 0, 2, 4, and 6. C-D, U266 cells (5×105/well) introduced with sh-
ANRIL-1, sh-ANRIL-2, or sh-NC were seeded in 6-well plates for the BrdU incorporation assay. Represent images (C) and percentage of BrdU positive 
cells (D) are shown. Scale bar = 50 μm. E-G, U266 cells (2×106) introduced with sh-ANRIL-1, sh-ANRIL-2, or sh-NC were implanted into nude mice for 
4 weeks. Tumor growth (E), volume (F), or weight (G) are shown. *p≤0.05, **p<0.001
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Discussion

ANRIL has a broad spectrum of cellular functions, 
including influence on proliferation, senescence, apoptosis, 
and extracellular matrix remodeling [15, 21]. Moreover, the 
lncRNA ANRIL is frequently dysregulated in cancers, such 
as prostate cancer [24], ovarian cancer [25], hepatocellular 
carcinoma [26], and colorectal cancer [27]. Furthermore, 
polymorphisms of ANRIL are correlated with the risk of 
many cancers, including prostate cancer [28], gastric cancer 
[29], and glioma [30]. In MM, polymorphism in ANRIL 
is connected with poor progression-free survival [19]. In 

addition, upregulation of ANRIL is correlated with advanced 
ISS stage, decreasing complete response, and shorter progres-
sion-free survival of MM patients [31]. Though one study 
indicates that high ANRIL expression promotes malignant 
proliferation and cancer stemness properties of MM cells by 
sponging miR-411-3p and regulating HIF-1α [18], we specu-
lated that this should not cover all the underlying molecular 
mechanism of ANIRL in MM. In our study, we found that 
ANRIL promoted proliferation, tumor xenograft growth, 
and bortezomib tolerance of MM cells via EZH2-mediated 
epigenetically silencing of PTEN. ANRIL was found to 
mainly accumulate in the nuclei of MM cells, recruit EZH2 

Figure 4. ANRIL overexpression increases bortezomib tolerance of MM cells. A) RPMI-8226 and NCI-H929 cells (2,500/well) transduced with ANRIL 
or EV control were seeded in 96-well plates, then treated with 0, 1.25, 2.5, 5, 10, 20, 40, 80, 160, and 320 nM bortezomib for 6 d and evaluated by cell 
viability assay. B-D) RPMI-8226 and NCI-H929 cells transduced with ANRIL or EV control were treated with 10 and 20 nM bortezomib or an equal 
volume of DMSO for 72 h, then cells were stained with Annexin V-FITC and DAPI for flow cytometry (B, C) or protein lysates were collected for west-
ern blot (D). Annexin V-FITC and DAPI double-positive apoptotic cell subsets are shown (C). *p≤0.05, **p<0.001
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Figure 5. ANRIL epigenetically silences PTEN by interacting with EZH2. A) Relative ANRIL expression in the cytoplasm or the nuclei of RPMI-8226 
and NCI-H929 cells were evaluated by qRT-PCR. B) Relative ANRIL levels pulled down by EZH2 or IgG in RIP assay were evaluated by qRT-PCR. 
C) Heatmap showed the top 20 downregulated genes in transcriptome RNA sequencing. D) Lysates from RPMI-8226 and NCI-H929 cells transduced 
with ANRIL or EV control were collected for western blot. E) ChIP-PCR analysis of EZH2 occupancy and H3K27me3 binding in the PTEN promoter 
in U266 cells transduced with sh-ANRIL-1, sh-ANRIL-2, or sh-NC. F) Lysates from U266 cells transduced with sgEZH2-1, sgEZH2-2, or sgNC were 
collected for western blot. **p<0.001

Figure 6. EZH2 knockout or PTEN restoration abrogates the effects of ANRIL in MM cells. A) RPMI-8226 and NCI-H929 cells (2,500/well) transduced 
with EV, ANRIL, sgEZH2-2, or sgEZH2-2+ANRIL were seeded in 96-well plates, then cell viability was evaluated at day 0, 2, 4, and 6. B) RPMI-8226 
and NCI-H929 cells (2,500/well) transduced with EV, ANRIL, PTEN, or PTEN+ANRIL were seeded in 96-well plates, then cell viability was evaluated 
at day 0, 2, 4, and 6. C) RPMI-8226 and NCI-H929 cells (2,500/well) transduced with EV, ANRIL, sgEZH2-2, or sgEZH2-2+ANRIL were seeded in 96-
well plates, then treated with 0, 1.25, 2.5, 5, 10, 20, 40, 80, 160, and 320 nM bortezomib for 6 d and evaluated by cell viability assay. D) RPMI-8226 and 
NCI-H929 cells (2,500/well) transduced with EV, ANRIL, PTEN, or PTEN+ANRIL were seeded in 96-well plates, then treated with 0, 1.25, 2.5, 5, 10, 
20, 40, 80, 160, and 320 nM bortezomib for 6 d and evaluated by cell viability assay. n.s., not significant. *p≤0.05
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to the promoter region of PTEN, and ultimately increase the 
H3K27me3 level. Our study provided a novel explanation for 
the effects of ANRIL overexpression in MM.

ANRIL is reported to be predominately located in the 
nucleus, especially the linear isoforms of ANRIL that 
containing the proximal and distal exons [15]. In our study, 
we demonstrated that ANRIL mainly existed in the nuclear 
fraction of RPMI-8226 and NCI-H929 cells, indicating that 
ANRIL resided predominately in the nuclei in MM. Subcel-
lular location is vital for ANRIL to execute its functions. In 
general, ANRIL can regulate gene transcription in cis and in 
trans by interacting with polycomb repressive complex (PRC) 
histone modifiers or sponging microRNAs [15]. In our study, 
we found that ANRIL interacted with EZH2, a key compo-
nent of the PRC2 complex. The PRC2 complex can catalyze 
trimethylation of H3K27, thus regulating gene transcription 
in trans [22]. Indeed, our transcriptome sequencing analysis 
identified PTEN as a target of ANRIL. ANRIL regulated PTEN 
expression via EZH2-mediated trimethylation of H3K27 at 
the promoter region of PTEN. PTEN is a well-known tumor 
suppressor in cancers, and it is also frequently inactivated via 
different mechanisms. Furthermore, PTEN is an important 
inhibitor of the PI3K/Akt signaling pathway. In our study, we 
found that ANRIL overexpression decreased PTEN expres-
sion and activated Akt phosphorylation, which might explain 
the oncogenic functions of ANRIL in MM cells.

Though the survival of MM patients has improved a lot in 
recent years, most of the MM patients will exhibit resistance 
to chemotherapy drugs and relapse over time [3]. Bortezomib 
is the first-line chemotherapy drug used for treating newly 
diagnosed MM. Intrinsic or acquired resistance to bortezomib 
frequently occurs during the course of treatment [20]. There 
is evidence that lncRNAs are also participating in the chemo-
resistance to bortezomib. For example, upregulation of 
lncRNA H19 promotes bortezomib resistance of MM cells 
by sponging miR-29b-3p and increasing MCL-1 expression 
[32]. LncRNA PRAL is downregulated in primary MM cells 
and cell lines and correlated with the advanced ISS stage [33]. 
Moreover, overexpression of PARL suppresses proliferation, 
induces apoptosis, and enhanced bortezomib sensitivity of 
MM cells. In our study, overexpression of ANIRL was found 
to increase bortezomib resistance of MM cells. Bortezomib 
treatment significantly increased cell apoptosis, but this was 
diminished by ANRIL overexpression. Our results pointed 
out the role of ANRIL in the chemoresistance of MM.

In summary, we found that lncRNA ANRIL was upregu-
lated in MM patients and cell lines, and correlated with the 
advanced ISS stage and poor overall survival. Overexpres-
sion of ANRIL promoted proliferation and tumor xenograft 
growth of MM cells, while knockdown of ANRIL exhibited 
the contrary effects. In addition, enforced ANRIL expression 
increased bortezomib tolerance and reduced bortezomib-
induced apoptosis in MM cells. ANRIL was mainly distrib-
uted in the nucleus and interacted with EZH2, thus increasing 
the H3K27me3 level of PTEN. Downregulation of PTEN 

by ANRIL increased the phosphorylation of Akt, while the 
EZH2 knockout or PTEN restoration abrogated the effects 
of ANRIL in MM cells. Our results suggested that ANRIL 
exerted oncogenic functions and conferred chemoresistance 
of MM cells, thus it might be a novel prognostic marker or 
therapeutic target for MM.
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