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Aberrant insulin-like growth factor I receptor (IGF1R)
signaling pathway serves as a well-established target for can-
cer drug therapy. The intragenic antisense long noncoding
RNA (lncRNA) IRAIN, a putative tumor suppressor, is
downregulated in breast cancer cells, while IGF1R is overex-
pressed, leading to an abnormal IGF1R/IRAIN ratio that
promotes tumor growth. To precisely target this pathway,
we developed an “antisense lncRNA-mediated intragenic cis
competition” (ALIC) approach to therapeutically correct the
elevated IGF1R/IRAIN bias in breast cancer cells. We used
CRISPR-Cas9 gene editing to target the weak promoter of
IRAIN antisense lncRNA and showed that in targeted clones,
intragenic activation of the antisense lncRNA potently
competed in cis with the promoter of the IGF1R sense
mRNA. Notably, the normalization of IGF1R/IRAIN tran-
scription inhibited the IGF1R signaling pathway in breast
cancer cells, decreasing cell proliferation, tumor sphere for-
mation, migration, and invasion. Using “nuclear RNA reverse
transcription-associated trap” sequencing, we uncovered an
IRAIN lncRNA-specific interactome containing gene targets
involved in cell metastasis, signaling pathways, and cell
immortalization. These data suggest that aberrantly upregu-
lated IGF1R in breast cancer cells can be precisely targeted
by cis transcription competition, thus providing a useful
strategy to target disease genes in the development of novel
precision medicine therapies.

INTRODUCTION
The insulin-like growth factor (IGF) signaling axis plays a critical role
in development, growth, and maintenance of many tissues.1,2 The
mitogenic ligands IGF-I and IGF-II interact with the cell membrane
IGF-I receptor (IGF1R), which belongs to the tyrosine kinase receptor
family. Increased activity of the IGF axis has long been recognized as a
critical factor in tumor growth and progression.3–5 IGF1R is dysregu-
lated in a variety of human malignancies, including breast cancer.6–8

Activation of this pathway leads to stimulation of downstream
mitogen-activated protein kinase (MAPK) and/or phosphatidylinosi-
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tol 3-kinase (PI3K)/protein kinase B (AKT) signaling cascades,9 re-
sulting in increases in cell proliferation, antiapoptosis, and drug resis-
tance through autocrine, paracrine, and endocrine pathways.10–13

As a result, IGF1R has been recognized as a promising target for
the development of precision tumor therapy.14,15

In the past decade, numerous extensive cancer trials have been
performed using a variety of agents that are specifically directed
against the IGF1R signaling pathway.16–18 Unfortunately, the vast
majority of therapies using monoclonal antibodies and tyrosine
kinase inhibitors to target IGF1R failed in late clinical trials.17,19

Thus, other novel approaches are urgently needed to target this
pathway in tumors.

Approximately 50% of breast tumors show increased transcription of
IGF1R,14 but little is known about how IGFIR becomes dysregulated
in tumors. Using a novel R3C (RNA-guided chromatin conforma-
tion capture) method, we recently identified IRAIN, an intragenic
antisense long noncoding RNA (lncRNA), that arises within the
IGF1R promoter complex.20 IRAIN was expressed in a monoallelic
manner, with the expression of the lncRNA exclusively from the
paternal chromosome, and it appeared to serve as a tumor suppres-
sor in hematopoietic tumors20. IRAIN was also aberrantly regulated
in breast cancer, exhibiting a pattern of allele-switch: the allele
expressed in normal tissues was suppressed, while the normally
silenced allele was expressed.21 Recent studies have shown that this
lncRNA is also dysregulated in non-small-cell lung cancer22 and
pancreatic cancer.23
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Figure 1. Targeting the IGF1R Pathway by Antisense

lncRNA IRAIN-Mediated cis Competition

(A) The orientation of IGF1R and IRAIN. The antisense

IRAIN lncRNA is transcribed from an intronic promoter of

the IGF1R gene. (B) Schematic diagram of the antisense

lncRNA-mediated cis competition in the IGF1R signaling

pathway. In normal tissues, the transcription of the IGF1R/

IRAIN locus is balanced. In breast cancer cells, however,

IGF1R is upregulated while IRAIN is downregulated. This

unbalanced expression leads to increased activation of

the IGF1R signaling pathway. An ALIC targeting approach

is used to reverse this unbalance. A strong CMV promoter

is inserted in front of the IRAIN lncRNA to induce increased

production of IRAIN, which then competes in cis with the

overlapping IGF1R promoter and dampens the IGF1R

signaling pathway in tumor cells. This provides a molec-

ular basis for the development of the precision therapy

against breast cancer. (C) ALIC targeting of IGF1R

by CRISPR Cas9-guided recombinant knockin. Cas9,

CRISPR Cas9; gRNA, Cas9 guiding RNA; pCMV, CMV

promoter; pH1, RNA polymerase III H1 promoter; Cre, Cre

recombinase; pA, SV40 poly(A) signal; loxP, the locus of

X-over P1 recombination site recognized by Cre; Arm 1-2,

the genomic sequences used for recombination.

Under the guidance of gRNAs, Cas9-mediated genomic

recombination at the IRAIN locus, resulting in the insertion

of the CMV promoter-puro cassette in front of the IRAIN.

After puromycin selection, the cells were treated with Cre

to remove the selection marker Puro+. In the selected cell

clones, IRAIN is under the control of the strong promoter

pCMV. The upregulated transcription of this antisense

lncRNA will compete in cis with that of the sense IGF1R

mRNA. (D) Initial screening of targeted cell clones by PCR.

Primers were designed from the IRAIN arm, selection

marker, and vector sequences. PCR was used to identify

the wild-type, targeted DNA, and vector DNAs. RIC,

control cells that were generated in parallel with ALIC

targeting by transfecting the cells with only the donor

vector DNA and selected with puromycin. As the control,

RIC cells carry the randomly inserted donor vector DNA.

Clones 1–12, cell clones that were generated by co-

transfection with Cas9 target vector-donor vector DNAs

and selected by both puromycin and ganciclovir.

Targeting cell clones not only carry the IGF1R targeting allele, but also contain some amount of the randomly inserted donor vector DNA in the genome. Among them,

clone 7 contains a minimum amount of randomly inserted vector DNA and was thus used for subsequent studies.
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IRAIN is transcribed in an antisense orientation using a promoter
located in intron 1 of IGF1R. By overlapping with the IGF1R pro-
moter in antisense, IRAIN lncRNA directly competes with IGF1R
in cis for transcriptional machinery.20 In cancer cells, however, IRAIN
is downregulated, and the decrease in this cis competition control
leads to upregulation of IGF1R, increasing the activation of the IGF
signaling pathway.20,21 In this communication, we attempted to target
the IGF1R pathway in tumors by increasing the transcription of
the downregulated IRAIN antisense suppressor lncRNA, thereby
enhancing the cis competition mechanism. The rebalanced produc-
tion of the oncogenic IGF1R and tumor suppressor IRAIN should
decrease the signaling cascades that stimulate the growth of breast
cancer cells.
106 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
RESULTS
Targeted Activation of IRAIN Antisense Tumor Suppressor

lncRNA

IRAIN is transcribed in an antisense direction to IGF1R from an
intronic promoter (Figure 1A). In normal tissues, expression of the
sense IGF1R coding mRNA and the antisense IRAIN are regulated
reciprocally. Breast cancer cells, however, are characterized by upre-
gulated IGF1R and downregulated IRAIN (Figure 1B, top). The acti-
vated IGF1R pathway in tumors is associated with tumor growth and
metastasis. To precisely target the IGF1R pathway, we devised an
“antisense tumor suppressor lncRNA-mediated intragenic cis compe-
tition” (ALIC) approach (Figure 1B, bottom). Specifically, the aber-
rant IGF1R expression in tumors was targeted by increasing the
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IRAIN antisense suppressor lncRNA, which competes with the IGF1R
promoter in cis.

As a proof-of-concept study to target the IGF1R pathway, we used the
CRISPRCas9 gene-editing system to insert a strong cytomegalovirus
(CMV) promoter in front of IRAIN that would increase the expres-
sion of the IRAIN lncRNA (Figure 1B). We hypothesized that IRAIN
competes in ciswith the overlapping IGF1R promoter and thus down-
regulates the IGF1R pathway. We co-transfected the targeting and
donor vectors into MDA-MB-231 breast cancer cells (Figure 1C).
With the aid of the guide RNAs (gRNAs) (Figure S1), Cas9 induced
homologous recombination at the IRAIN locus. Puromycin was
used to select the positive cells, and ganciclovir was then added to
the cell medium to reduce cells that had random integration of the
donor vector in the genome. After targeting, IRAIN would be under
the control of an introduced strong promoter that drives the high
expression of the lncRNA that would compete with sense IGF1R-
coding mRNA (Figure 1C).

After co-transfection with the Cas9 targeting vector and the donor
vector, we selected cells using puromycin and ganciclovir. We
collected stable cells (clones 1–12) and confirmed the knockin
targeting using a series of PCR primers located in the donor vector,
arms, and genomic DNAs (Figure 1D). In selected clones, we
detected the specific target DNAs (Figure 1D, top), although
some cell clones also contained some random insertion of the
donor vector (Figure 1D, middle). As a control, MDA-MB-231
cells were transfected with donor vector DNA and were selected
with puromycin in parallel with IGF1R targeting. As expected,
these random insertion cell (RIC) control cells did not carry the
targeting DNA sequence. Instead, only the randomly inserted
donor vector DNA was detected (Figure 1D, middle, lane 1).
Because cell clone 7 contained a minimum amount of randomly
inserted vector DNA in the genome, we focused on this clone
for the subsequent studies.

Targeted Activation of IRAIN Inhibits IGF1R Expression

To examine the targeting of IGF1R by the ALIC approach, we
first examined the expression of IGF1R and IRAIN in selected
cell clones. As predicted, IGF1R was upregulated and IRAIN
was downregulated in RIC control cells. In targeted clones, how-
ever, we detected a dramatic increase of the IRAIN antisense
lncRNA, in parallel with a significant downregulation of IGF1R
(Figure 2A).

The puromycin selection marker was removed from cell clone 7 by
transfecting the cells with CMV-Cre-Neo vector DNA. Ultimately,
two cell clones were used for subsequent studies (ALIC1, ALIC2).
As a control, RIC cells were also treated with CMV promoter
(pCMV)-Cre-Neo DNA (CTL1, CTL2). Two ALIC clones showed
clear targeting to the IGF1R region as compared with the control
cells (CTL) (Figure 2B). We amplified the whole targeting region,
cloned it into a pJet vector, and performed DNA sequencing for the
recombination sites (Figure S2). DNA sequencing confirmed the
correct targeting of IGF1R/IRAIN by Cas9-mediated homologous
recombination.

Using qPCR, we showed that IRAINwas increased by ALIC targeting,
while IGF1R was significantly downregulated in ALIC1-2 cells
(Figure 2C), presumably due to the antisense lncRNA cis competition.
Using western blotting, we confirmed that the IGF1R protein was also
downregulated in targeted cells (Figure 2D).

Rescue of IGF1R by IRAIN siRNAs in ALIC-Targeted Cells

To further delineate the role of ALIC targeting, we examined whether
the cis inhibition of IGF1R could be rescued by IRAIN knockdown
using small interfering RNAs (siRNAs). The CMV-IRAIN knockin
ALIC cells were treated with three IRAIN siRNAs and were collected
for quantitation of IGF1R and IRAIN. siRNA treatment decreased
IRAIN lncRNA in ALIC-targeted cells (Figure S3). As expected,
IGF1R was inhibited in cis by IRAIN in scramble control (siCT) con-
trol cells (ALIC + siCT). In siRNA-treated cells (ALIC + IRAIN-
siRNA [siIRAIN]), however, the siRNA-induced IRAIN knockdown
partially rescued the downregulated IGF1R (Figure 2E). These data
suggest the siRNA-induced post-transcriptional knockdown of
IRAIN lncRNA cannot fully release the cis inhibition of IGF1R-
induced by ALIC targeting.

In a separate study, we also examined whether lentivirus-overex-
pressed IRAIN was able to affect the IGF1R. We used a lentivirus
to overexpress the IRAIN 5K cDNA in MDA-MB-231 tumor cells.
The copGFP lentiviral vector was used as the negative control
(vector). After selection by puromycin, cells were collected for gene
expression analysis. As seen in Figure 2F, tumor cells overexpressed
IRAIN after lentiviral transfection. However, the trans overexpression
of IRAIN did not reduce the expression of the endogenous IGF1R as
originally expected. As a matter of fact, the IGF1RmRNA was slightly
increased in these cells, although the specific mechanism is currently
unknown.

Targeted Inhibition of IGF1R Alters the Phenotypes of

MDA-MB-231 Tumor Cells

After the ALIC targeting of IGF1R, we examined the phenotypes of
the MDA-MB-231 breast cancer cells. First, we measured cell prolif-
eration in targeted cells. As shown in Figure 3A, the rebalance of the
IGF1R/IRAIN ratio was associated with reduced proliferation in two
MDA-MB-231 cell clones.

We also examined if ALIC targeting of the IGF1R pathway affected
the formation of tumor spheres. After IGF1R knockdown, MDA-
MB-231 cells exhibited a significant reduction in tumor spheres as
compared with CTL control cells (Figures 3B and 3C).

We then tested the activity of ALIC targeting in altering cell migration
and invasion. Using the Transwell assay, we showed that ALIC target-
ing significantly decreased cell migration in both cell clones (Figures
3D and 3E). For cell invasion, MDA-MB-231 cells were seeded on a
Matrigel-coated Transwell chamber after the ALIC knockdown of
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 107
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Figure 2. Downregulation of IGF1R by cisCompetition of the Active

IRAIN Antisense RNA

(A) Reciprocal transcription competition between the sense IGF1RmRNA

and the antisense IRAIN lncRNA. RIC, random insertion control cells.

Clones 1–12, cells that carry the IGF1R targeting allele in the genome. The

abundance of IGF1R/IRAIN transcripts was measured by qPCR. The data

shown are mean ± SD of three independent PCR reactions. Note the

downregulated IGF1R in clone cells. (B) ALIC targeting of IGF1R in two

selected cell clones. ALIC1 and ALIC2, ALIC-targeted cells that were

transfected with Cre-Neo vector DNA and selected by G418 to remove

the puromycin selection marker in the genome. CTL, control cells that

carry the random insertion of donor vector were transfected with Cre-Neo

vector DNA and selected by G418. ALIC1-2 clone cells carry the targeting

allele. (C) Downregulation of IGF1R by cis competition in two selected cell

clones (ALIC1 and ALIC2). Real-time PCR was performed to quantitate

the expression level of IGF1R and IRAIN. All data shown are mean ± SD.

**p < 0.01 as compared with the control cells (CTL). (D) Western blot of

IGF1R in targeted cell clones. **p < 0.01 as compared with the control

cells (CTL). All data shown are mean ± SD. (E) IGF1R rescue assay. The

CMV promoter-IRAIN knockin (ALIC) cells were treated with IRAIN siRNA

(siIRAIN) and control siRNA (siCT) using lipofectamine RNAiMax. Forty-

eight hours after transfection, cells were collected for the measurement of

IGF1R using qPCR. The PCR value was standardized by setting the CTL

control as 1. Error bars represent the SE of the average of three inde-

pendent PCR reactions. All data shown are mean ± SD. *p < 0.05 as

compared with the siCT control. (F) IRAIN overexpression assay. MDA-

MB-231 tumor cells were infected with lentiviruses carrying the 5K IRAIN

cDNA insert or the copGFP vector control. After viral infection, cells were

selected by puromycin and were collected for the quantitation of IRAIN

and IGF1R using qPCR. The copGFP vector control was set as 1 for

standardization. Error bars represent the SE of the average of three

independent PCR reactions. All data shown are mean ± SD. **p < 0.01,

*p < 0.05 as compared with the vector control.
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B C Figure 3. Correction of the Abnormal IGF1R/IRAIN

Production Alters the Phenotypes of Tumor Cells

(A) Cell proliferation. After ALIC targeting, two cell clones

were collected for analysis of cell proliferation using the

MTT assay. Cell growth was measured as the relative

absorbance by setting 0 hour as 1. All experiments were

performed in triplicate. The data shown are mean ± SD.

(B) Tumor sphere colonies as measured by the soft

agar assay. MDA-MB-231 cell colonies were stained on

day 15. (C) Quantitation of tumor sphere colonies. Tumor

spheres were stained by 0.005% crystal violet and

quantitated as the average sphere colonies per micro-

scope field. All data shown are mean ± SD. *p < 0.05,

**p < 0.01 as comparedwith the CTL control. (D) Migration

of MBA231 cells. Cell migration was measured by insert

plate assay. (E) Quantitation of migrated cells. Cell growth

was measured as absorbance at 590 nm. All data shown

are mean ± SD. ***p < 0.001 as compared with the CTL

control. Note the decreased cell migration in the two

targeted cell clones. (F) Cell invasion. Cells that invaded

through the collagen-coated membrane of the Transwell

were stained with crystal violet 24 hr after cell seeding. (G)

Quantitation of invaded cells. Cell growth was measured

as absorbance at 590 nm. All data shown are mean ± SD.

***p < 0.001 as compared with the CTL control.
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IGF1R. The number of cells that passed through the Matrigel to the
bottom of the insert was quantified. The CTL control cells exhibited
the malignant phenotype of invading across the Matrigel membrane.
However, ALIC targeting of IGF1R resulted in significantly decreased
invasion activity (Figures 3F and 3G; p < 0.01).

Downregulation of the IGF1R Pathway Results in S Phase Cell

Cycle Arrest

We used flow cytometry to analyze cell cycle in ALIC-targeting clone
cells (Figure 4). After IGF1R knockdown by ALIC targeting, there was
an increase in the number of cells in S phase (23.3% in CTL cells
versus 32.20% in clone #1 and 40.1% in clone #2). In parallel, there
was a decrease in the number of cells in G2 phase in the targeted
breast cancer cells.

CpG Methylation in the IGF1R Promoter

We examined if the ALIC targeting altered the epigenotype in the
overlapping IGF1R promoter. Sodium bisulfite sequencing was used
to compare the status of DNA methylation in the IGF1R promoter
(Figure 5A).

In CTL control cells that were transfected with the Cre-Neo control
vector in parallel with theALIC cells, there wasminimal DNAmethyl-
ation of CpG islands at region #1 near the proximal promoter region.
Molecular Therap
In two targeted cell clones, we did not detect any
changes in DNA methylation at the CpG sites
(Figure 5B). Similarly, there were no changes
in the level of CpGmethylation in the distal pro-
moter region (Figure 5C). Thus, the antisense
tumor suppressor lncRNA-induced suppression of IGF1R is not asso-
ciated with the epigenetic modification in the promoter region.20

Identification of Genome-wide Targets of IRAIN lncRNA

To examine if IRAINmight also target other genes, we used a “nuclear
lncRNA reverse transcription-associated trap” (RAT) method20,24 to
identify a gene network associated with IRAIN lncRNA (Figure S4).
After crosslinking the chromatin, IRAIN lncRNA was first reverse
transcribed in situ in the nucleus using IRAIN-specific complemen-
tary primers (Table S1) in a reaction mixture containing biotin-deox-
ycytidine triphosphate (dCTP). The IRAIN-interacting chromatin
complex was pulled down with streptavidin beads, and target gene
DNAs were purified for library construction and DNA sequencing.
By RAT-Seq, we found that in addition to IGF1R, IRAIN lncRNA
also bound to many gene targets that are closely related to tumor pro-
gression (Figure 6A). The Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis revealed that IRAIN lncRNA might be
involved in many signal pathways that are related to tumor growth
(Figures 6B and S5). IRAIN binds to its gene targets with consensus
motif sequences containing poly(A)s and poly(G)s (Figure 6C).

We then used qPCR to measure the mRNA abundance of several
IRAIN target genes (Figure 6D) in ALIC-targeted cells, including
NM23, RHOG, PID1, IGF2R, and FKBP2. Although the ALIC
y: Nucleic Acids Vol. 12 September 2018 109
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B Figure 4. Cell Cycle Analysis

(A–C) FACS analysis ofMDA-MB-231 cells after the IGF1R

cis competition targeting by upregulating IRAIN. ALIC1

(B), ALIC2 (C), targeting clones; CTL (A), control cells.

(D) Quantitation of the cell cycle.
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targeting did not significantly affect all target genes examined, NM23
and FKBP3 were dramatically upregulated in ALIC cells. Similarly,
the lentivirus-overexpressed IRAIN also affected these target genes
in MDA-MB-231 breast cancer cells (Figure S6). NM23 is a well-
established metastasis suppressor.25,26 Thus, IRAINmay affect tumor
cell growth by regulating its downstream gene targets.

DISCUSSION
The increased activation of the IGF1R pathway is a well-established
target for breast cancer drug therapy. We have recently identified
IRAIN, an intragenic antisense lncRNA in the IGF1R locus. IRAIN
is s tumor suppressor that may function as a “cis regulatory compet-
itor” to compete with the overlapping promoter of IGF1R.20 In breast
cancer, IRAIN lncRNA is downregulated.21 Lack of antisense cis
competition releases the suppression of the IGF1R promoter. The
activated IGF1R is associated with breast cancer metastasis. We
have developed an ALIC strategy to correct the aberrant IGF1R/
IRAIN pathway. In this approach, the weak promoter of IRAIN in
tumors is activated by CRISPR Cas9 gene editing. The increased
transcription of IRAIN competes in cis with the overlapping IGF1R
promoter, leading to a rebalance of IGF1R/IRAIN transcription.
Thus, this study may present a useful strategy to precisely target the
aberrantly upregulated IGF1R pathway in breast cancer cells.

CRISPR-Cas9 technology has been employed as a simple, efficient,
and relatively inexpensive technology to precisely edit genes for
various applications, including transcriptional regulation, epigenetic
control, and chromosome translocation.27–29 Recently, this editing
system has been harnessed to correct disease genes in human embryo
110 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
genomes.30–32 By tethering the C terminus of
the catalytically inactive dCas9 to three epige-
netic suppressor domains, we found that the
synthetic dCas9 epi-suppressor gRNAs induced
significant decreases in the transcription activity
of the GRN target gene promoter in Hep3B hep-
atoma cells.33 In this study, we have successfully
applied the Cas9 system to introduce a powerful
promoter in front of the IRAIN lncRNA. The
Cas9-mediated ALIC approach leads to an
increase in IRAIN antisense lncRNA, which in-
duces the downregulation of the sense IGF1R
coding RNA through the cis transcription
competition over the overlapping promoter.

It is known that several lncRNAs regulate their
target genes in cis by directly binding to their
promoters and enhancers.34–36 Airn is expressed on mouse chromo-
some 17 from a paternal promoter located in intron 2 of the Igf2r
gene, which is expressed exclusively from the maternal allele. Airn
transcriptionally overlaps the Igf2r promoter. Airn expression is
necessary to initiate the cis paternal-specific silencing of the Igf2r
gene.37,38 In developing ventral forebrain, Evf2 lncRNA controls
expression of Dlx5, Dlx6, and Gad1 in both trans and cis by recruiting
DLX and MECP2 transcription factors to important DNA regulatory
elements in the intergenic region.39 Expression of lncRNAs is
required for initiating X chromosome inactivation.40–43 For example,
the spreading of Xist lncRNA along one X chromosome in cis initiates
chromosome-wide silencing. The X (inactive)-specific transcript,
antisense (Tsix) overlaps with the entire Xist gene in an antisense
orientation and silences Xist on the active X chromosome. Previously,
we demonstrated that Kcnq1ot1 lncRNA uses its 50 region RNA as a
scaffold to orchestrate a long-range intrachromosomal loop between
the imprinting control region KvDMR1 and the Kcnq1 promoter.
With this spatial proximity, the imprinting signal in the KvDMR1

can be directly delivered to the Kcnq1 promoter in cis.44 Additionally,
many enhancer DNA elements can encode unpolyadenylated
enhancer RNAs (eRNAs) that tightly regulate neighboring coding
genes.45,46 However, these eRNAs function primarily as activators
rather than repressors when targeting promoters.47,48

In the current study, using the CRISPRCas9 gene-editing system, we
also show that the actively transcribed IRAIN antisense lncRNA is
able to downregulate in cis the expression of the overlapping
IGF1R. These data suggest a useful approach to modulate gene activ-
ity efficiently using a cis competitionmechanism. This is in contrast to
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Figure 5. The Status of DNA Methylation in the IGF1R Promoters

(A) Schematic diagram of the IGF1R/IRAIN gene locus and the location of PCR

primers. (B) CpG DNA methylation of site 1. Genomic DNAs were extracted from

breast cancer cells. After treated with sodium sulfite, the IRAIN promoter DNA was

amplified and sequenced. Open circles, unmethylated CpGs; solid circles, meth-

ylated CpGs. All the CpG islands were unmethylated in both the CTL control and

ALIC-targeted cells. (C) CpG DNA methylation of site 2. Note the equal DNA

hypomethylation in both the CTL control and ALIC-targeted cells.
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siRNA and locked nucleic acids (LNA) oligo techniques, which func-
tion at the posttranscriptional level. siRNAs bind to the target RNA
and induce RNA degradation by the Dicer-Ago2 pathway, inducing
the inhibition of gene expression or translation. The data from our
rescue assay also demonstrate that the IRAIN siRNA rescue experi-
ment only shows a minor restoration in IGF1R mRNA levels, while
IRAIN levels are almost back to normal levels. The siRNA-mediated
post-transcriptional knockdown of IRAIN cannot fully counteract the
cis inhibition of IGF1R induced by ALIC targeting. This suggests that
it is not the sequence of IRAIN but the cis transcription competition
that is most important of the effect on IGF1R. Future studies are
needed to address whether the siRNA-mediated knockdown in the
rescue assay or the trans overexpressed IRAIN is able to alter the
phenotypes in breast cancer cells, including xenograft tumor studies
in vivo.

Using nuclear RNA RAT sequencing (RAT-Seq), we have identified a
gene network associated with IRAIN lncRNA. We found that IRAIN
bound to many target genes that are closely related to tumor progres-
sion. We used qPCR to quantitate target genes in ALIC-targeted cells,
including NM23, RHOG, PID1, IGF2R, and FKBP3. Among them,
NM23 and FKBP3 were significantly upregulated in ALIC cells.
NM23 has been extensively studied for its role as ametastasis suppres-
sor.25,26 In humans, at least eight NM23 family genes that encode for
nucleoside diphosphate kinases or for homologous isoforms have
been identified. NM23 participates in the regulation of a broad spec-
trum of cellular pathways involved in development, differentiation,
proliferation, endocytosis, and apoptosis.49,50 Ectopic expression of
NM23 has been shown to reduce metastasis in several tumor
models.51 The molecular mechanisms for the role of NM23 as a
metastasis suppressor have so far remained unclear. There is a sugges-
tion that NM23 and its interacting partner STRAP may physically
interact with p53 and positively regulate p53-induced apoptosis and
cell cycle arrest.52 In addition, NM23 may regulate many genes with
relevance to breast cancer, including MET, EDG2, L1CAM, SMO,
and PTN.53 FKBP3 (FK506-binding protein 3), a member of the
immunophilin protein family, plays a role in immunoregulation
and basic cellular processes involving protein folding and trafficking
by binding to the immunosuppressants FK506 and rapamycin.54

We found that ectopic expression of the IRAIN 5K cDNA also
significantly upregulated FKBP3 (Figure S6). Thus, IRAIN may also
directly affect tumor metastasis by affecting its downstream gene
targets, like NM23 metastasis suppressor.

In summary, the IGF1R-IRAIN locus is dysregulated in breast cancers
due to the upregulated IGF1R growth signal and the downregulated
IRAIN lncRNA tumor suppressor. We show that targeted activation
of IRAIN by ALIC targeting suppressed IGF1R using a cis competition
mechanism. Rebalance of the IGF1R pathway provides a molecular
basis for the development of precision therapy against breast cancer.
Thus, ALIC targeting may provide a useful strategy to target IGF1R in
precision tumor therapy. Future studies are needed to learn if ALIC
can be used to develop novel therapies against other cancer target
genes that may not have an antisense lncRNA.

MATERIALS AND METHODS
Construction of the IGF1R Targeting and Donor Vectors

In breast cancer cells, IGF1R is upregulated in parallel with the down-
regulated IRAIN tumor suppressor lncRNA. To precisely target this
unbalanced IGF1R/IRAIN pathway, we used a CRISPRCas9 gene-edit-
ing system to activate the weak IRAIN promoter in breast cancer cells
(Figures 1A and1B).We constructed theCas9-IRAIN-gRNA-targeting
vector by cloning two IRAIN promoter gRNAs into the lenti-CRISPR-
EGFP-gRNA vector (Addgene Plasmid #51761). A U6-gRNA1-T5-
H1-gRNA2 cassette was synthesized by joining the H1 promoter
with gRNA oligonucleotides from the IRAIN promoter: IRAIN-
gRNA1, 50-GCCCCAGTCCGCGTCCCACT-30; IRAIN-gRNA2,
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50-CATTTCTTACCAGACGTTTA-30; IRAIN-gRNA3, 50-CCACCT
AAACGACTTAGTAA-30; IRAIN-gRNA4, 50-GCCCAGATCTGTG
GAAGGTC-30; respectively (Figures S1A and S1B). The expression
cassette was inserted downstream of the U6 promoter in the vector
using Pme I and Not I.

The donor vector was constructed by PCR amplification of two arm
fragments from the IRAIN locus and cloned into a targeting vector
containing both the pCMV-loxP-puromycin-loxP positive selection
cassette and the pPGK-thymidine kinase (TK) negative selection
marker (Figure 1C).55 Two arm fragments were amplified from the hu-
man genome DNA using the following primers: SJ016F, 50-TCAA
AATTTTATCGATATTATCTGGCTATCACTCAGAACCT-30, and
SJ017, 50-GCGTATATCTGGCCCGTACATCTTCGAAGATAAGT
ACGGTTTAGAAGACACG-30 for the Arm 1 fragment; and
SJ022, 50-CTGAGTCGACTCTAGACAGCCTTTCTGAATTGCCCC
GGT-30, and SJ023, 50-TTAAATCGACGCTAGCCCTCGGCTGT
GACCTTCAGCGAGC-30 for the Arm 2 fragment. They were cloned
into the Cas9 donor vector using Cla1/BsrG1 and Xba1/Nhe1 sites,
respectively. The pCMV-controlled puromycin in the vector was
used as the positive selection marker and the pPGK-TK cassette as
the negative selection marker.

Targeting the IGF1R/IRAIN Pathway in Breast Cancer Cells

IGF1R targeting was accomplished by introducing a strong CMVpro-
moter immediately upstream of IRAIN using the CRISPRCas9 gene-
editing system. First, the IGF1R locus was targeted by Cas9 using four
IGF1R gRNAs in two targeting vectors. Second, a donor vector that
contains a strong CMV promoter was used to target the IGF1R locus
through homologous recommendation. After targeting, the CMV
promoter drove the overexpression of the antisense IRAIN lncRNA,
which in turn competes with the transcription of the sense IGF1R
coding mRNA (Figure 1C).

Breast cancer cell line MDA-MB-231 was purchased from American
Type Culture Collection (ATCC). Cells were grown in RP1640 media,
supplemented with 10% fetal bovine serum (FBS), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. Both the targeting vector and
the donor vectors were co-transfected into MDA-MB-231 cells using
Lipofectamine 2000 (Invitrogen, CA) following the protocol provided
by the kit. Two days after co-transfection, cells were positively
selected using 1 mg/mL puromycin for 3 days and then were nega-
tively selected using 250 mM ganciclovir55 (Figure S1C). Treatment
of cells with ganciclovir should reduce the random insertion of the
donor vector in the genome. A total of twelve stable cell clones
were collected, and genomic DNA was purified to screen for homol-
ogous knockin recombination, using primers located in the genomic
DNA and vectors (Table S1). As the study control, MDA-MB-231
Figure 6. IRAIN lncRNA Binding Targets

(A) The IRAIN lncRNA interactome. The IRAIN RNA interaction was drawn based on th

IRAIN lncRNA targets. (C) The consensus binding motifs of IRAIN lncRNA. (D) Quantitatio

qPCR. The values were standardized by setting the CTL control as 1. Error bars repres

mean ± SD. *p < 0.05, **p < 0.01 as compared with the CTL control.
cells were transfected with only the donor vector DNA and were
selected with puromycin. These control cells contained randomly
inserted donor vector DNA in the genome (RIC cells).

Removal of Puromycin Selection Marker in Targeting Cells

Among targeted cells, clone 7 cells that contained the minimum
randomly integrated vector DNA were selected for the study. The
cells were transfected with a pCMV-Cre-Neo vector DNA using
Lipofectamine 2000 (Invitrogen, CA) and were treated with G418
(1 mg/mL, Invitrogen, CA). The expression of the Cre recombinase
removed the puromycin marker gene at the targeted IGF1R and
IRAIN loci and generated the pCMV-IRAIN knockin cells (ALIC tar-
geting). As a control, RIC cells that carry the random insertion of the
donor vector DNA were also transfected with pCMV-Cre-Neo DNA
and were treated with G418 in parallel with the ALIC cells (CTL cells).

Validation of ALIC Targeting by DNA Sequencing

ALIC targeting produced cell clones that contain some randomly
inserted donor vector DNA, which may interfere with the signal in
Southern blotting. Thus, we used PCR to amplify the entire targeted
region and confirmed ALIC targeting by DNA sequencing. The tar-
geted region was amplified by primers SJ131 and JH583 (Table S1)
and was cloned into a pJet vector for sequencing. The regions
covering the donor arms and the inserted promoter were validated
by DNA sequencing.

Quantitation of IGF1R/IRAIN Expression

Total RNA was extracted from tissues by TRI-REAGENT (Sigma,
CA), and cDNA was synthesized with RNA reverse transcriptase as
previously described.56,57 The resulting cDNA was used to quantitate
the expression of IGF1R coding RNA and IRAIN lncRNA using
primers listed in Table S1. In brief, PCR was performed under liquid
wax in a 6 mL reaction containing 2 mL of 3 � Klen-TaqI Mix, 2 mL
cDNA, and 1 mL of each 2.5 mM primer. After incubation at 95�C
for 2 min, IGF1R and IRAIN cDNAs were amplified by 32 cycles of
95�C for 30 s, 65�C for 30 s of annealing, and 72�C for 35 s of exten-
sion, and finally with extension at 72�C for 5 min. Amplified PCR
products of the expected size were quantified by densitometric mea-
surements and normalized to b-actin values. For qPCR analysis,
cDNA samples were amplified using CFX96 real-time system (Bio-
Rad) by SYBR PrimeScript RT-PCR Kit (Takara). mRNA levels
were quantitated by normalizing Ct value over b-actin (housekeeping
gene) as previously described.58

The IGF1R-Targeting Rescue Assay

To further test the role of ALIC targeting, we determined whether
the phenotypes of the IGF1R-targeted cells could be rescued by
knockdown of IRAIN using siRNAs. Three IRAIN-specific RNAi
e enrichment of the top RAT-Seq pathway target genes. (B) The KEGG pathway of

n of IRAIN target genes in ALIC1-targeted cells. Gene expression was measured by

ent the SE of the average of three independent PCR reactions. All data shown are
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oligonucleotides were chemically synthesized by Wiewsolid Biotech
(Beijing, China). Cells were plated in 6-well plates at 5 � 105 per
well. Twenty-four hours after plating, 40 pmol of siIRAIN and
scramble controls siCTs (Table S1) were transfected into cells using
Lipofectamine RNAiMax (Invitrogen, CA) following the manufac-
turer’s protocol. Forty-eight hours after transfection, cells were
collected and total RNA was isolated using Trizol (Sigma, MO).
The expression of IGF1R and IRAIN was measured by qPCR.

IRAIN Overexpression Assay

To examine whether a virally expressed IRAIN lncRNA would affect
IGF1R in trans, we overexpressed IRAIN in MDA-MB-231 tumor
cells. As previously reported,20 a 5.4-kb full-length IRAIN cDNA
was cloned into pCMV-copGFP/Puro vector to construct the IRAIN
5K cDNA vector (IRAIN5K). Lentiviruses were packaged in 293 cells
and were used to infect MDA-MB-231 cells. As a control, MDA-MB-
231 cells were infected with the CMV-copGFP/Puro empty vector
(Vector). After puromycin selection, cells that stably expressed IRAIN
or the control vector were collected for gene analysis. qPCR was used
to measure the expression of IGF1R and target genes.

Western Blot Analysis of IGF1R in ALIC-Targeted Cells

Total cell protein was extracted with radioimmunoprecipitation assay
(RIPA) buffer supplemented with cocktail protease inhibitor (Roche),
and the protein concentration was determined by a Pierce BCA pro-
tein assay kit as previously described.59 Twenty micrograms of total
cell protein were separated on 12% SDS-PAGE and electrophoreti-
cally transferred to polyvinylidene fluoride (PVDF) membranes
(0.45 mm, Millipore, Billerica, MA, USA). After blocking with 5%
skim milk, the membranes were incubated with monoclonal anti-
bodies against IGF1R (Santa Cruz Biotechnology, CA) and were
detected with the enhanced chemiluminescence system (ECL,
Thermo). Protein expression levels were determined semiquantita-
tively by densitometric analysis with the Quantity One software
(Bio-Rad, CA).60,61

RAT Assay

A nuclear lncRNA RAT assay20,62 was used in this study to determine
the genome-wide targets that interact with IRAIN lncRNA (Fig-
ure S4). In brief, stable MDA-MB-231 clone cells were cross-linked
with 2% formaldehyde and lysed with cell lysis buffer (10 mM Tris
[pH 8.0], 10 mM NaCl, 0.2% NP-40, 1� protease inhibitors). The
nuclei were centrifuged and suspended in 1� reverse transcription
buffer, and gene strand-specific reverse transcription was performed
in situ in the nucleus with biotin-dCTP. The cells were incubated for
50 min with Maxima Reverse Transcriptase (Thermo Fisher Scienti-
fic, CA) at 60�C, and the reaction was stopped by heating at 85�C for
5 min. The nuclei were lysed by adding 0.3% SDS at 37�C for 1 hr.
Triton X-100 was then added to a final concentration of 1.8% to
sequester the SDS. The biotinylated-IRAIN cDNA/chromatin DNA
complex was purified by streptavidin magic beads (Invitrogen, CA).
After washing, the pulled-down sample was treated with 10 mg/mL
proteinase K at 65�C overnight to reverse the cross-links. Following
incubation with 0.4 mg/mL RNase A for 30 min at 37�C, the IRAIN
114 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
cDNA/DNA was extracted and sonicated on ice using a Branson
sonicator. The sonicated DNAs were further digested by Mbo1 into
small fragments and ligated with the NEBNext adaptors (NEBNext
ChIP-Seq Library Prep Master Mix Set for Illumina) to construct
the library. The library DNAs were subjected to Illumina sequencing
by Shanghai Biotechnology (Shanghai, China).

RAT-Seq Data Analysis

The RAT-Seq reads were mapped to the human genome (hg38) using
Bowtie2.63 MACs2 was used to identify the DNA regions that inter-
acted with the IRAIN lncRNA. Target genes were obtained from
GENCODE64 and the upstream 2 kb and downstream 1 kb of the
transcription start sites were defined as the gene promoter regions.
The peaks were visualized using the Integrative Genomics Viewer
(IGV) tools.65,66

Functional Enrichment Analysis and GSEA

The GseaPreranked tool in GSEAv2.067 was used to perform gene set
enrichment analysis (GSEA) on gene promoters that were bound by
IRAIN. We obtained the gene sets from the Gene Set Knowledgebase
(GSKB) (https://bioconductor.org/packages/release/data/experiment/
html/gskb.html) for pathways and functional categories. The genes
that interacted with IRAIN were sorted by the qValue (�log10) of the
peak signal. Statistical significance was assessed by comparing the
enrichment score to enrichment results generated from 1,000 random
permutations of the gene sets to obtain p values.

Tumor Sphere-Forming Assay

The tumor clonogenic assay was performed using the method as pre-
viously described.56,68 Cells were digested, centrifuged, and re-sus-
pended in DMEM to form single-cell suspensions. Cells were diluted
to 2� 103 cells/mL in 0.25 mLDMEM-agarose. The plates were incu-
bated at 37�C, 5% CO2. After �2 weeks, colonies were visualized by
staining with 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT; Sigma, MO) for 3 hr. Cloning forming
efficiency (CFE) was defined as the number of colonies/number of
inoculated cells � 100%.

Cell Proliferation Assay

Cell survival was measured using the MTT assay as previously
described.58,69 In brief, cells (1 � 104/well) were plated onto 96-well
plates and were incubated with 20 mL 5 mg/mL MTT (Sigma, MO)
per well at 37�C for 4 hr. The absorbance was measured at 490 nm.
Cell viability (%) was calculated based on the following equation:
Cell viability (%)1/4(Asample/Acontrol) � 100%, where Asample and
Acontrol represent the absorbance of the sample and control wells,
respectively.

Cell Migration and Invasion Assay

Cell migration and invasion assays were carried out using Transwell
membrane filters inserted in 24-well tissue culture plates (6.5-mm
diameter, 8-mm pore size) (Corning, MA) following the method as
previously described.70,71 For the migration assay, 4 � 104 cells sus-
pended in serum-free medium were seeded on the top chamber of
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Transwell filters. Serum-containing medium was added to the bottom
chamber and incubated for 16 hr at 37�C. The nonmigrating cells
were removed by wiping the upper side of the filter, and the migrating
cells on the bottom side of the filter were fixed with 4% formaldehyde
and stained with crystal violet.

Cell invasion was measured using a similar protocol except that cells
were seeded in Transwell chambers coated with Matrigel (Invitrogen,
CA, USA). Each assay represents the average of three independent
experiment.56

Cell Cycle Analysis by Flow Cytometry

Cells were washed twice with PBS, pelleted, and fixed with cold 70%
ethyl alcohol for at least 30 min. After being washed twice with cold
PBS, cells were incubated with 200 mg/mL RNase A for 30 min at
37�C. The cells were stained with 100 mg/mL propidium iodide for
30 min at room temperature. The samples were immediately analyzed
by flow cytometry. Cell cycle phase distribution was determined using
Cell Quest Pro software.56,59

Statistical Analysis

The experimental data are expressed as mean ± SD. Data were
analyzed using SPSS software (version 16.0; SPSS, IL). Student’s
t test or one-way ANOVA (Bonferroni test) was used to compare
statistical differences for variables among treatment groups. Results
were considered statistically significant at p < 0.05.
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