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In addition to protein-coding genes, the human genome makes a large amount of noncoding RNAs, including microRNAs and long

noncoding RNAs (lncRNAs). Both microRNAs and lncRNAs have been shown to have a critical role in the regulation of cellular

processes such as cell growth and apoptosis, as well as cancer progression and metastasis. Although it is well known that

microRNAs can target a large number of protein-coding genes, little is known whether microRNAs can also target lncRNAs. In the

present study, we determine whether miR-21 can regulate lncRNA expression. Using the lncRNA RT-PCR (reverse transcription-

polymerase chain reaction) array carrying 83 human disease-related lncRNAs, we show that miR-21 is capable of suppressing the

lncRNA growth arrest-specific 5 (GAS5). This negative correlation between miR-21 and GAS5 is also seen in breast tumor

specimens. Of interest, GAS5 can also repress miR-21 expression. Whereas ectopic expression of GAS5 suppresses, GAS5–siRNA

increases miR-21 expression. Importantly, there is a putative miR-21-binding site in exon 4 of GAS5; deletion of the miR-21-binding

site abolishes this activity. Experiments with in vitro cell culture and xenograft mouse model suggest that GAS5 functions as a

tumor suppressor. We further show that the biotin-labeled GAS5–RNA probe is able to pull down the key component (AGO2) of the

RNA-induced silencing complex (RISC) and we subsequently identify miR-21 in this GAS5–RISC complex, implying that miR-21 and

GAS5 may regulate each other in a way similar to the microRNA-mediated silencing of target mRNAs. Together, these results

suggest that miR-21 targets not only tumor-suppressive protein-coding genes but also lncRNA GAS5.
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MicroRNAs are naturally occurring small noncoding RNAs

capable of regulating target mRNAs at the post-transcriptional

level.1–3 Overwhelming evidence suggests that in cancer,

microRNAs are often dysregulated and they may serve as

oncogenes or tumor suppressors.4 Among them, miR-21 is

probably one of the most studied microRNAs and has been

shown to function as an oncogene in various types of cancers.

For example, miR-21 is upregulated in a variety of tumors

including breast, prostate, colon, liver and lung cancer

types,5,6 squamous cell carcinoma7,8 and cholangiocarcinoma.9

As an oncogene, miR-21 targets a number of genes involved

in cell growth, proliferation and apoptosis as demonstrated in

cell culture and animal models. Knockdown of miR-21 in

cultured glioblastoma cells triggers the activation of caspases

and leads to increased apoptotic cell death.10 Our previous

studies showed that miR-21 not only promotes tumor growth11

but also enhances cell invasion and tumor metastasis.12

Furthermore, cell-specific modulations of miR-21 provides

direct evidence that miR-21 functions as an oncogene in

development of lymphoma.13

The fundamental consequence of miR-21 action may have

to do with its ability to regulate numerous genes. The first

experimentally validated miR-21 target was PTEN14 in human

hepatocellular cancer cell lines. Given the role of PTEN in

suppression of tumor growth, identification of PTEN as an

miR-21 target may highlight the significance of miR-21 as an

oncogene because as a repressor for PI3K, suppression of

PTEN would promote Akt-mediated cell growth and prolifera-

tion. We have identified tropomyocin 1 (TPM1) as a direct

target for miR-21 by proteomic approach combined with

luciferase reporter and western blot.15 Both PTEN and TPM1

are known tumor suppressors. There are also other tumor

suppressors such as PDCD4, maspin, RECK and TIMP3 that

were shown to be targets for miR-21.12,16–18 Of considerable

interest, miR-21, similar to many other microRNAs, is able

to simultaneously silence multiple genes involved in cell

growth and apoptosis. To date, at least 42 experimentally

validated targets have been reported based on miRecord

(http://mirecords.biolead.org/) and it appears that the number

of miR-21 targets is still growing.

However, all of these miR-21 targets are limited to protein-

coding genes. It is well known that protein-coding genes

account for only B2% of the human genome, whereas the

vast majority of transcripts are noncoding RNAs. Among them

are long noncoding RNAs (lncRNAs), with molecular weight of

4200 bases in length. For example, both noncode database
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(http://www.noncode.org/NONCODERv3) and LNCipedia

(http://www.lncipedia.org/) list over 30 000 human lncRNAs.

Evidently, this number is even larger than the number of

protein-coding genes and is expected to grow. Therefore, a

question is whether microRNAs can also target lncRNAs,

given their important role in cancer.19,20,21

The growth arrest-specific 5 (GAS5) is a noncoding gene

that hosts a number of small nucleolar RNAs (snoRNAs).

It was originally isolated from mouse NIH 3T3 cells using

subtraction hybridization.22 GAS5 is induced by stress such

as serum starvation and cell–cell contact inhibition. Human

GAS5 has also been identified (NR_002578 and AF141346);

at the primary sequence level, there is not much homology

between human and mouse counterparts. However, it

appears that their functions are conserved. Although GAS5

has been suggested to have a tumor-suppressive role,23 the

underlying mechanism of GAS5-mediated gene expression

having an impact on tumorigenesis is still elusive.

In the present study, we show that the human GAS5 is a

direct target of miR-21 through interaction with the putative

miR-21-binding site at exon 4 of GAG5. Moreover, GAS5

sensitizes tumor cells to UV or anticancer drug doxorubicin

(doxo); GAS5 also suppresses cell invasion and tumor

growth. Furthermore, we detect a negative correlation

between GAS5 and miR-21 in clinical breast cancer speci-

mens. Finally, GAS5 negatively regulates miR-21 possibly

through the RNA-induced silencing complex (RISC), suggest-

ing that there is a reciprocal repression feedback loop

between miR-21 and GAS5.

Results

Identification of miR-21-regulated lncRNAs by the

lncRNA RT-PCR array. As master gene regulators, micro-

RNAs often have multiple targets of protein-coding genes.

Among them, miR-21 has been implicated in the regulation of

variety of cellular processes, in particular cancer develop-

ment and metastasis. A number of tumor-suppressor genes

have been identified as miR-21 targets; however, all of them

are protein-coding genes. Therefore, in this study we asked

whether miR-21 can target lncRNAs. Although there is an

overwhelming number of lncRNAs that can be transcribed

from the human and mouse genomes,24,25 so far only a

relatively small number of lncRNAs have been chara-

cterized and shown to be associated with human diseases

(www.lncRNAdb.com), in particular human cancer. To focus

on this group of lncRNAs, we chose a commercially available

qRT-PCR (reverse transcription-polymerase chain reaction)-

based array (Human Disease Related LncRNA Profiler, no.

RA920D-1 from SBI) for lncRNA profiling.

As miR-21 is often overexpressed in tumor specimens as

well as in cancer cell lines, we knocked downmiR-21 in breast

cancer MCF-7 cells by anti-miR-21 and then determined the

effect of anti-miR-21 on lncRNA expression. As shown in

Supplementary Figure S1, suppression of miR-21 by anti-

miR-21 caused over 80% reduction in miR-21 expression in

breast cancer MCF-7 cells. Thus, total RNA extracted from

these transfected cells was used for lncRNA profiling. From

initial profiling, we found that five lncRNAs were induced by

over a two-fold (Figure 1a). We were particularly interested in

GAS5 because analysis with the RNA22 program

(http://cbcsrv.watson.ibm.com/rna22.html) identified a com-

plementary region with miR-21 (Figure 1b). To further confirm

this finding, we designed a new set of primers. GAS5

transcripts are subjected to complex processing and several

human isoforms were reported, and all carry exon 12.26 Thus,

the new primer set (GAS5-RT-5.1 and GAS5-RT-3.1) was

derived from exon 12 to cover all known isoforms. RT-PCR

confirmed the profiling results. In addition, we also designed

another set of primers (GAS5-RT-5.2 and GAS5-RT-3.2) for

the measurement of GAS5 levels by qRT-PCR. As these two

sets of primers provided similar results in multiple samples,

only one set was used in the following experiments. We found

that whereas anti-miR-21 increased GAS5 (Figure 1c),

ectopic expression of miR-21 suppressed GAS5 (Figure 1d).

To further demonstrate this upregulation of GAS5 by anti-

miR-21, we performed in situ hybridization (ISH). As shown

in Figure 1e, it is evident that the GAS5 signal was much

stronger in the anti-miR-21 cells than in scrambled control

cells in both breast cancer MCF-7 and MDA-MB-231 cells.

These results suggest that, similar to protein-coding genes,

lncRNA GAS5 can also be targeted by miR-21.

Reciprocal repression of miR-21 and GAS5. As a stress-

inducible gene, GAS5 is expressed in response to cellular

stress such as cell–cell contact inhibition and serum

starvation. Hence, we characterized this negative correlation

between GAS5 and miR-21 under these two stresses.

As showed in Figure 2a, the GAS5 level at a high cell

density (full confluence) was about 50% higher than that at a

low cell density (B40% cell confluence). In contrast, the miR-21

level at the high cell density was about 50% of the low cell

density (Figure 2b). Similarly, serum starvation induced

GAS5 by almost three-fold (Figure 2c), whereas miR-21

was downregulated by over 50% under the same condition

(Figure 2d).

This negative correlation between GAS5 and miR-21 was

also detected in clinical specimens. For example, ISH showed

that whereas GAS5 was downregulated in breast tumors,

miR-21 was upregulated in the same breast tumors

(Figure 3a). Consistent with cell-culture staining, GAS5 was

localized predominantly in the cytoplasm. Statistical analysis

of breast cancer tissue microarray (TMA) revealed a

significant negative correlation between GAS5 and miR-21

(Supplementary Figure S2). Moreover, we found that GAS5

was differentially expressed in breast cell lines and the GAS5

level in the non-malignant breastMCF-10Acellswashigher than

in breast cancerMCF-7 orMDA-MB-231 cells as detected using

qRT-PCR; the lowest level of GAS5 was seen in aggressive

MDA-MB-231 cells (Figure 3b). In contrast, miR-21 level was in

opposite trend in these cell lines (Figure 3c).

A previous report showed that human GAS5 is expressed

as two alternative isoforms, GAS5a and GAS5b in addition to

five GAS5 EST sequences.26 The only difference between

GAS5a and GAS5b was at exon 7. Whereas GAS5b

(NR_002578) has 77 nt, GAS5a has only 45 nt, missing

32 nt at the 30 end. To determine which isoform is

predominantly expressed in cancer cells, we designed a set

of primers covering exon 7 (GAS5-RT-5.2 and GAS5-

RT-3.1A). RT-PCR revealed that GAS5b was a major isoform
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in three cell lines (Figure 4a), which was confirmed by DNA

sequencing. Therefore, we cloned the entire sequence of this

isoform b (GAS5b) into pCDH-MSCV-MCS-EF1-GFP-T2A-Pu,

but it was still simply called GAS5 in this study. Ectopic

expression of this construct was confirmed using qRT-PCR.

Our recent studies showed that whereas miR-211 can

negatively regulate lncRNA loc285194, at the same time,

loc285194 can also repress miR-211 expression.27 There-

fore, we asked whether this is also the case for miR-21 and

GAS5. GAS5–siRNAs significantly reduced the endogenous

GAS5 (Supplementary Figure S3); at the same time, GAS5–

siRNAs increased the miR-21 level (Figure 4b). In contrast,

ectopic expression of GAS5 suppressed miR-21 (Figure 4c).

To determine whether this suppression is through the

potential interaction at the putative miR-21-binding site, we

generated a GAS5 mutant (Figure 4d). This mutant GAS5

clone revealed no significant suppression of miR-21 com-

pared with the wild-type GAS5 (Figure 4c). To further

determine whether this reduction in GAS5 is specific to

miR-21, we generated a mutant with changes of eight

nucleotides in miR-21 (Figure 4d). As expected, whereas

wild-type miR-21 was able to suppress GAS5 by over 50%,

the mutant miR-21 lost this activity (Figure 4e), demonstrating

the importance of this binding site for the reciprocal repression

of GAS5 and miR-21.

GAS5 functions as a potential tumor suppressor. Having

demonstrated the reciprocal negative regulation between

miR-21 and GAS5, we then examined the functional effect of

GAS5. We first determined whether GAS5 has any effect on

miR-21 targets and found that GAS5–siRNA suppressed

both PTEN and PDCD4 – two well-known miR-21 targets14,17

(Figures 5a and b). As a control, ectopic expression of miR-

21 also suppressed both PTEN and PDCD4. These results

suggest that GAS5-mediated suppression of miR-21 has

functional consequences. To further determine the effect of

GAS5 on cell growth, we performed both MTT and colony-

formation assays after the transfection of GAS5. Although

GAS5 did not significantly affect cell growth under normal

culture conditions (not shown), GAS5 was able to enhance

the UV-induced cell growth inhibition (Figure 5c), in agree-

ment with the previous report.23 Moreover, GAS5 also

increased doxo-induced cell growth inhibition (Figure 5d),

which might be through GAS5-regulated apoptosis. For

example, GAS5–siRNA suppressed, whereas anti-miR-21

enhanced doxo-induced apoptosis (Figure 5e). Of interest,

GAS5 significantly suppressed cell invasion in MDA-MB-231

cells (Figure 5f). Matrigel chamber assays revealed that

GAS5–siRNA was able to increase cell invasion by over 60%

in MDA-MB-231 cells. Together, these results suggest that

GAS5 serves as an important miR-21 target to impact the
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stress-induced cell growth inhibition, apoptosis and tumor

cell invasion.

To further demonstrate the tumor-suppressive role of

GAS5, we injected MCF-7 cells infected with GAS5 into

female nude mice. As shown in Figures 6a and b, tumors

derived from the GAS5 cells grew much more slowly than the

vector control, and the tumor weight was also significantly

lesser than the vector control. Similar to GAS5, anti-miR-21

also suppressed tumor growth and reduced tumor weight

(Figures 6c and d). To determine whether there is a negative

correlation between GAS5 and miR-21 in these tumors, we

isolated total RNA from three tumors separately. Although

ectopic expression of GAS5 only yielded a moderate increase

in the GAS5 level, we were able to detect a significant

reduction in miR-21 (Supplementary Figure S4).

Association of both miR-21 and GAS5 with the RISC

complex. To better characterize this reciprocal negative

regulation, we first examined whether miR-21 affects the

level of U77 and U44, both of which are imbedded between

exons 4 and 5, and exons 5 and 6 of the GAS5 gene26

(Supplementary Figure S5). As shown in Figure 7a, although

we detected significant upregulation of GAS5 by anti-miR-21,

no such upregulation of U44 or U77 was seen, suggesting

that this negative regulation of GAS5 by miR-21 might be

through a post-transcriptional mechanism, consistent with a

previous report suggesting that GAS5 can be controlled at

the post-transcriptional level.28 We then determined the

effect of GAS5 on levels of pri-miR-21, pre-miR-21 and

mature miR-21. Ectopic expression of GAS5 caused a

significant reduction in mature miR-21 in GAS5-transfected

cells (Figure 7b). However, GAS5 had no effect on

pri-miR-21 and pre-miR-21 (Figure 7b). On the other hand,

GAS5–siRNA caused the upregulation of mature miR-21 but

not of pri-miR-21 or pre-miR-21 (Figure 7c), suggesting that

this GAS5-mediated regulation of miR-21 is also likely

through a post-transcriptional mechanism. Thus, we

reasoned that microRNAs may regulate the expression of

lncRNAs possibly through RNAi pathways, which would

imply that both GAS5 and miR-21 might be in the RISC

complex. Therefore, we performed RNA immunoprecipitation

using antibody against AGO2 – a key component of the RISC

complex. We first confirmed that the AGO2 antibody

precipitated the AGO2 protein from our cellular extract

(Figure 7d, left panel). As expected, we detected both

miR-21 and GAS5 in the AGO2 pellet (Figure 7d, right panel).

Both miR-21 and GAS5 had over a two-fold enrichment
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(AGO2 antibody versus IgG). However, the identification of

the association of AGO2 with miR-21 and GAS5 cannot rule

out the possibility that miR-21 and GAS5 are in a separate

AGO2 complex. Therefore, we synthesized a GAS5 RNA

probe, labeled it with biotin and then mixed it with cellular

extract (Figure 7e). After precipitation with streptavidin

beads, we detected AGO2 by western blot (Figure 7f, top

panel), suggesting that GAS5 RNA interacts with AGO2.

Importantly, we also detected a significant amount of miR-21

in this GAS5-pulled down pellet carrying AGO2 (Figure 7f,

bottom panel), whereas there was only a slight increase in

the miR-21 when loc285194 RNA was used as a probe.

Thus, these results suggest that both GAS5 and miR-21 are

likely in the same AGO2 complex.

Discussion

As an oncogenic microRNA, miR-21 has been well character-

ized for its role in cancer. For instance, miR-21 has been

experimentally shown to target a large number of protein-

coding genes that have a critical role in tumor growth and

metastasis. We present evidence here that miR-21 targets

not only protein-coding genes but also noncoding lncRNAs

such as GAS5, which is a putative tumor suppressor. Thus,

identification of GAS5 as an miR-21 target expands the

repertoire of miR-21 targets. Furthermore, GAS5 is also able

to repress miR-21, thus forming a reciprocal repression-

regulatory loop. These results provide further supporting

evidence for the endogenous competitive RNA (ceRNA)-

regulatory network.29

GAS5 is a stress-inducible gene, and it is differentially

expressed in normal and tumor tissues, as well as in various

cell lines. We show a negative correlation between GAS5 and

miR-21 in breast tumor specimens and cell lines. For instance,

GAS5 is downregulated and miR-21 is upregulated in the

breast tumors; in contrast, GAS5 is highly expressed butmiR-21

is underexpressed in the normal breast tissues. Further-

more, the non-malignant MCF-10A cells express the highest

level of GAS5 among the three cell lines tested, whereas the

aggressive breast cancer MDA-MB-231 cells express the

lowest level of GAS5 among them. Ectopic expression of

GAS5 sensitizes tumor cells to UV and doxo treatment.

Finally, the suppression of GAS5 with RNAi is able to increase

the invasiveness of MDA-MB-231 cells. Together, these

results support the notion that GAS5 is a tumor suppressor.

A previous report with the mouse GAS5 (BC004622

IMAGE:3585621) clone has suggested its tumor-suppressive

role in breast cancer cells.23 However, it was not clear about

the role of the human GAS5 in this aspect. Our data suggest

that, similar to the mouse GAS5, the human GAS5 also has a
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tumor-suppressive role. Importantly, our study may provide a

possible mechanism for GAS5 as a tumor suppressor, which

may be attributed to its ability to suppress the oncogenic

miR-21. For example, we show that similar to miR-21, GAS5–

siRNA is able to suppress both the well-known tumor

suppressors PTEN and PDCD4. There is overwhelming
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evidence that these two tumor suppressors are major miR-21

targets in various types of cancer, including breast cancer.

Therefore, demonstration of the ability of GAS5 to regulate

PTEN and PDCD4 can at least in part explain why GAS5 can

sensitize tumor cells to UV and doxo, as well as suppress cell

invasion.

Our study further provides a possible regulation of miR-21.

It is well known that microRNAs are regulated by several

mechanisms. At the transcriptional level, several important

transcription factors such as c-Myc and p53 have been shown

to have a key role in the regulation of microRNA expression.

Early studies indicate that the miR-17B92 cluster has been

shown to be induced by c-Myc.30,31 The p53 status can also

affect the expression of many microRNAs in colon cancer

cells, leading to differential expression of many potential

microRNA target genes.32Moreover, p53 is a key regulator for

expression of the miR-34 family.33 At the transcriptional level,

miR-21 has been shown to be regulated by several transcrip-

tion factors including Stat3 and AP-1. For instance, miR-21

can be induced by IL-6 in a STAT3-dependent manner

wherein the miR-21 promoter carries two putative STAT

3-binding sites.34 Subsequently, a study identified a double-

negative feedback mechanism regarding miR-21 promoter

involving NFI and AP-1.35 In addition, miR-21 is upregulated

via the MAPK (ERK1/2) pathway upon stimulation of HER2/

neu signaling in breast cancer cells, and the overexpression of

other ERK1/2 activators such as RASV12 is sufficient to

induce miR-21 upregulation in HER2/neu-negative breast

cancer cells.36 Whereas transcriptional activators can lead to

an increased level of miR-21, transcriptional repressors can

suppress miR-21 expression. For example, the neuronal

repressor REST (RE1-silencing transcription factor) tran-

scriptionally represses miR-21 and this repression of miR-21

appears to be critical to maintain self-renewal and pluri-

potency in mouse ES cells.37

In addition to transcription regulation, epigenetic factors,

such as acetylation andmethylation,38,39 or factors involved in

microRNA biogenesis or processing40–43 can also have a

regulatory role in microRNA expression. The most character-

ized factor is probably lin-28 that can bind to the loop region of

let-7 to block its processing.40–43 Similarly, the expression of

miR-21 is also subjected to post-transcriptional regulation. For

example, TGFb and BMP signalings have been implicated in

the processing of pri-miR-21 into pre-miR-21 by Drosha.

Specifically, TGFb- and BMP-specific SMAD signal transdu-

cers are recruited to pri-miR-21 in a complex with the RNA

helicase p68, suggesting the importance of ligand-mediated

post-transcriptional regulation of miR-21 biogenesis.44
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Furthermore, a recent study suggests that PTEN negatively

regulates the expression of miR-21 at the post-transcriptional

level.45 Of interest, the RNA-regulatory protein RNH1 directly

interacts with the Drosha complex and PTEN blocks this

interaction through which PTEN suppresses miR-21 proces-

sing. Our present study suggests another possible post-

transcriptional regulation mechanism for miR-21. In addition

to targeting both protein-coding and noncoding genes,miR-21

itself is also subjected to regulation by lncRNAs, such as

GAS5. Therefore, this reciprocal repression of miR-21 and

GAS5 may highlight the significance of RNA–RNA interaction

involving microRNAs and lncRNAs in tumorigenesis, adding

another piece of puzzle to the microRNA regulatory network.

We have recently shown that lncRNA loc285194 sup-

presses tumor cell growth in part through the suppression

of miR-211. Ectopic expression of loc285194 reduces the

miR-211 level and the miR-211-binding sites are critical for

this loc285194-mediated repression.27 This is similar to the

reciprocal repression between GAS5 and miR-21. Evidently,

GAS5 may function as the endogenous sponge. It has been

reported that ncRNA UC34A,46 HULC47 and linc-MD148 can

interact with corresponding microRNAs, in which microRNA

response elements (MREs) may serve as letters of a new

language.29 Furthermore, recent studies suggest that the

tumor suppressor PTEN is a key component of the CeRNA

regulatory system.49–51 Given that GAS5 can also regulate
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PTEN through miR-21, this would serve as another layer

of regulation. Finally, our study also suggests that this

reciprocal repression of miR-21 and GAS5 is likely through

the pathway involving the RISC complex. Accordingly, a

better understanding of the microRNA–lncRNA interaction

and their regulation will provide new insight into mechanisms

underlying various aspects of tumorigenesis including

tumor growth, invasion and metastasis, and tumor-drug

resistance.

Materials and Methods
Reagents. Primary antibodies Ago2 and PTEN were purchased from Cell
Signaling (Danvers, MA, USA); PDCD4 from Epitomics (Burlingame, CA, USA);
GAPDH from Protein Tech (Chicago, IL, USA) and b-actin from Sigma (St. Louis,
MO, USA). Secondary antibodies conjugated with IRDye 800CW or IRDye 680
were purchased from LI-COR Biosciences (Lincoln, NE, USA). PCR primers were
purchased from IDT (Coralville, IA, USA) (Supplementary Table S1). GAS5–siRNAs
and control siRNA were purchased from ThermoFisher Scientific (Waltham, MA,
USA). Biotin-labeled GAS5-LNA probe and control oligos for ISH, and anti-miR-21
LNA were purchased from Exiqon (2950 Vedbaek, Denmark). Breast cancer TMAs
were purchased from US Biomax (Rockville, MD, USA).

Cell culture. Breast cancer MCF-7 and MDA-MB-231 cells (both from ATCC)
were grown in RPMI 1640 (Lonza, ThermoFisher Scientific) supplemented with
10% FBS (Sigma-Aldrich), 2 mM glutamine, 100 units of penicillin/ml and 100 mg of
streptomycin/ml (Lonza). MCF-10A cells were grown in the serum-free MEGM
medium (Lonza). Cells were incubated at 37 1C and supplemented with 5% CO2 in
the humidified chamber.

LncRNA profiling. We used Human Disease Related LncRNA Profiler
(CAT no. RA920D, System Biosciences, Mountain View, CA, USA) consisting of
83 lncRNAs, which were selected from the lncRNA database (www.lncRNAdb.org)52

or RNA database (http://www.ncrna.org/frnadb/). Total RNA was isolated from MCF-
7 cells transfected with either scrambled siRNA or anti-miR-21, which was described
previously.12 Reverse transcription was carried out by using RevertAid Reverse
Transcriptase (Fermentas, ThermoFisher Scientific) and random primer mix (New
England BioLabs). The values for scrambled control after normalization by the
internal controls served as a basal level of expression of GAS5; delta–delta Ct
values (scrambled control versus anti-miR-21) were used to determine their relative
expression as fold changes, as previously described.11

Transfection. Cells were transfected with siRNAs using RNAfectin reagent
(Applied Biological Materials) or plasmid DNA using DNAfectin (Applied Biological
Materials) following the manufacturer’s protocol.

Plasmid construction. PCR reactions for cloning purpose used Phusion
enzyme (New England BioLabs, Ipswich, MA, USA). The entire GAS5 sequence
was amplified with RT-PCR using primers GAS5-R1-5.1 and GAS5-Not1-3.1,
and then cloned into the expression vector pCDH-MSCV-EF1-GFP-T2A-Pu
(System Biosciences) using Cold Fusion kit (SBI). The same strategy was used to
generate other constructs in this study, otherwise stated. Construction of miR-21
has been described previously.12 For the cloning of GAS5 with mutations at the
putative miR-21-binding site, two-step PCR procedure was used as described
previously.53 Briefly, we used two sets of primers (GAS5-R1-5.1 and
GAS5-miR21-BS-M-3.1; GAS5-miR21-BS-M-5.1 and GAS5-Not1-3.1) along with
the wild-type GAS5 as a template to generate two overlapped PCR products. We
then used these two products as templates along with primers GAS5-R1-5.1 and
GAS5-Not1-3.1 to generate a single but mutated product and subsequently cloned
it into pCDH-MSCV-EF1-GFP-T2A-Pu. To construct an miR-21 carrying a
mutant binding site to GAS5, we used the same two-step PCR approach
along with primers miR-21-pCDH-R1-5.1 and miR-21-GAS5-mt-3.1; miR-21-
GAS5-mt-5.1 and miR-21-pCDH-Not1-3.1. The final PCR product was cloned
into pCDH-MCV-EF1-copGFP (SBI). All PCR products were verified by DNA
sequencing.

qRT-PCR. LncRNA profiling by qRT-PCR was performed according to the
manufacturer’s protocol. To specifically detect the expression levels of GAS5,

pri-miR-21 and pre-miR-21, we used the SYBR Green method, with primers listed in
Supplementary Table S1. b-actin or U6 was used as an internal control. To detect
the expression of mature miR-21, we use the poly A polymerase-based SYBR
Green method (SBI). U6 RNA was used as an internal control. In both cases,
delta–delta Ct values were used to determine their relative expression as fold
changes, as previously described.11

Western blot. Cells were harvested, and protein was extracted from
transfected cells and quantified as previously described53 using pre-casted gels
(ThermoFisher Scientific).

RNA precipitation. To determine whether GAS5 is associated with the RISC
complex, we performed an RNA precipitation assay using synthesized GAS5 as
a probe and then detected AGO2 from the pellet using western blot and miR-21
using qRT-PCR. In brief, the DNA fragment covering the entire GAS5 sequence
was PCR-amplified using T7-containing primers (T7-GAS5-5.1 and T7-GAS5-
Not1-3.1) and then cloned into pCR8 (Invitrogen, Carlsbad, CA, USA). In addition,
another lncRNA, loc285194, was also cloned as a negative control and used in
precipitation experiments for comparison. The resultant plasmid DNA was
linearized with restriction enzyme NotI, which was introduced from the reverse
PCR primer, and then used to synthesize RNA by T7 polymerase. The rest of the
procedure was same as previously described.54 The pellets were used either for
the extraction of RNA for RT-PCR or for western blot according to the standard
procedures.

RNA immunoprecipitation. RNA immunoprecipitaion used the Magna RIP
RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA) and
the AGO2 antibody according to the manufacturer’s protocol. After the antibody
was recovered by protein AþG beads, qRT-PCR was performed to detect GAS5
and miR-21 in the precipitates.

In situ hybridization. ISH was used to detect GAS5 in clinical specimens
and cancer cell lines after doxo treatment based on a previously described
method55 with some modifications. A biotin-labeled antisense LNA probe was
derived from nt 241–267 of GAS5 (Supplementary Table S1). For paraffin-
imbedded tissue, after deparaffinization and rehydration, the samples were treated
with peroxidase-quenching solution; proteinase K was added to digest tissues
before prehybridization and hybridization, which were carried out at 55 1C for
30min and 4 h, respectively. Then streptavidin–HRP was used to react with the
bound biotin-labeled probe. The signal was further amplified using TSA
amplification kit (Perkin Elmer). Finally, the signal was revealed with Ultra Vision
One polymer and AEC chromogen (ThermoFisher Scientific). To detect GAS5
induction by anti-miR-21, we first transfected MCF-7 cells with scrambled siRNA or
GAS5–siRNA and then seeded them on coverslips overnight before fixing the cells
with 2% formaldehyde for 15min at room temperature.

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) assay. MCF-7 cells were transfected with control siRNA,
GAS5–siRNA or anti-miR-21 and then treated with doxo at 1mg/ml for 24 h.
The rest of the procedure has been previously described.56

MTT assay. MTT assay was performed to determine the effect of GAS5 in cell
growth in response to dox as described previously.57 The measurement was
carried out 3 days after doxo treatment.

Clonogenic assay. Long-term survival of cells transfected with GAS5-
expressing constructs or vector alone was assessed by the ability of the cells to
form colonies in culture dishes for 14 days. Colonies were fixed and stained with
0.05% crystal violate before counting.

Invasion assay. Invasion assays were carried out using matrigel chambers
(BD Biosciences, San Jose, CA, USA) as per the manufacturer’s protocol. In brief,
transfected MDA-MB-231 cells were harvested, resuspended in serum-free
medium and then transferred to the hydrated matrigel chambers (B25 000 cells
per well). The chambers were then incubated for 24 h in culture medium with 10%
FBS in the bottom chambers before examination. The cells on the upper surface
were scraped and washed away, whereas the invaded cells on the lower surface
were fixed and stained with 0.05% crystal violet for 2 h. Finally, invaded cells were
counted under a microscope and the relative number was calculated.
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Animal work. Female nude (nu/nu) mice (4–5 weeks old) were purchased
from Charles River (Wilmington, MA, USA). All animal studies were conducted in
accordance with the NIH animal use guidelines and a protocol was approved by
the UMMC Animal Care Committee. MCF-7 cells were transfected with scrambled
control (100 nM) and anti-miR-21 (100 nM), respectively, or infected with vector
control and GAS5, respectively. The cells at exponential stage were harvested
and were then mixed with 50% matrigel (BD Biosciences). Tumor-cell injection
was performed as described previously.11 Freshly frozen tumors were used for the
extraction of total RNA and RT-PCR.

Statistical analysis. Statistical analysis of data was performed using
the Student’s t-test. Tissue microarray data were analyzed using the McNemar’s
Test method.
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