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Abstract: RUNX1 is frequently mutated as chromosomal translocations in a variety of hematological malignancies.
Recent studies show that RUNX1 is also mutated somatically in many solid tumors. We have recently identified a
260 kb un-spliced intragenic overlapping long noncoding RNA RUNXOR in the RUNX1 locus, yet its role as an epi-
genetic regulator in tumors remains to be characterized. To delineate this RUNXOR-RUNX1 regulatory interplay in
breast cancer cells, we devised a novel “gene in situ cis-activation” approach to activate the endogenous RUNXOR
gene. We found that the in situ activation of RUNXOR IncRNA upregulated RUNX1 in cis from the P1 promoter. The
preferred activation of the P1 promoter caused a shift to the RUNX1c isoform expression. Using a chromatin con-
formation capture (3C) approach, we showed that RUNXOR IncRNA epigenetically activated the RUNX1 P1 promoter
in cis by altering the local chromatin structure. The binding of RUNXOR IncRNA triggered DNA demethylation and in-
duced active histone modification markers in the P1 CpG island. Changes in RUNX1 isoform composition correlated
with a trend to cell cycle arrest at GO/G1, although cell proliferation rate, apoptosis, and migration ability were not
significantly changed. Our results reveal an underlying epigenetic mechanism by which the IncCRNA regulates in cis
the RUNX1 promoter usage in breast cancer cells, thereby shedding light on potential genetic therapies in malignan-
cies in which RUNX1 loss-of-function mutations frequently occur.
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Introduction dence supporting both tumor suppressor and
oncogenic roles [18-26].

The RUNX1 gene encodes a high-affinity DNA
binding protein that heterodimerizes with CBFf3
to form a core binding factor complex (CBF).
This gene is commonly disrupted by chromo-

some translocations in acute myeloid leukemia

The RUNX1 gene is regulated by two promoters,
the distal promoter (P1) and the proximal pro-
moter (P2), which are separated by 150 kb [16,
27, 28]. Transcription from each promoter gen-

(AML) [1-11]. The classic t(8;21) translocation
juxtaposes a fragment of the RUNX1 gene on
chromosomal 21 with a fragment of the RU-
NX1T1 gene on chromosome 8, resulting in the
production of a RUNX1-RUNXAT1 chimeric pro-
tein in 12% of AML patients [5, 12]. Moreover,
RUNX1 is also commonly mutated in the ab-
sence of chromosome translocation [13, 14].
The role of RUNX1 mutations in epithelial
tumors [15-17] has recently been recognized.
In breast cancers, however, RUNX1 seems to
work in a context-dependent manner, with evi-

erates transcripts with different amino termini.
Together with alterative splicing and posttrans-
lational modifications [29, 30], activation of dif-
ferent promoters can finally lead to RUNX1 pro-
teins with varied structure and interaction pro-
files. There are three common RUNX1 isoforms
(Figure S1) [4]. RUNX1c, transcribed from pro-
moter P1, is the largest RUNX1 protein and is
primarily expressed in hematopoietic tissues.
RUNX1a and RUNX1b, which are transcribed
from promoter P2, are the predominant iso-
forms in non-hematopoietic tissues. All three
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isoforms contain a conserved DNA binding
domain (Runt domain). Several elements have
been identified within the RUNX1 locus that
presumably regulate the expression of RUNX1
in a cis manner [31-34]. Varying promoter
usage and alternative splicing give rise to a
mixed pool of RUNX1 proteins with different
amino or carboxyl termini; however, the corre-
sponding mechanisms of which are currently
unknown [31, 35, 36].

To delineate the transcriptional regulation of
RUNX1, we recently identified an intragenic
long noncoding RNA RUNXOR that overlaps
with the entire RUNX1 RNA sequence [37].
RUNXOR is a 260 kb un-spliced noncoding RNA
that is widely expressed in numerous cell lines.
Using a reverse transcription-associated trap
(RAT) assay [38], we showed that the 3'-frag-
ment of RUNXOR interacted with multiple sites
within the RUNX1 locus [37]. However, the spe-
cific role of this RUNXOR-RUNX1 regulatory axis
in breast cancer remains elusive. As a 260 kb
un-spliced IncRNA, RUNXOR is very hard to be
studied using conventional vectors. In this
study, we devised a novel “gene in situ cis-ac-
tivation” approach to activate the huge RUN-
XOR IncRNA gene in breast cancer cells. Using
this approach, we examined the role of RUN-
XOR IncRNA in the regulation of RUNX1 and
tumor phenotypes in cultured breast cancer
cells. Because of the flexibility of gene-specific
gRNAs, this in situ activation approach may be
used broadly to activate other endogenous
genes in tumor studies and basic research.

Materials and methods

Overexpression of RUNXOR by endogenous
gene in situ activation

It was assumed that RUNXOR and RUNX1 were
co-regulated based on their spatial proximity
and sequence overlapping. Due to the difficulty
of overexpressing the 260 kb RUNXOR in a len-
tiviral vector, we devised a novel “endogenous
gene in situ activation” (EGIA) approach to over-
express this IncRNA in breast cancer cells.
Specifically, we utilized the CRISPR Cas9 gene
editing system to insert a potent CMV promoter
in front of RUNXOR. Using this approach, the
endogenous RUNXOR IncRNA was overex-
pressed under the control of the inserted CMV
promoter.
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To precisely target the RUNXOR promoter region
for homologous recombination, we constructed
a Cas9-gRNA-RUNXOR promoter targeting vec-
tor and a RUNXOR Arm-pCMV-puromycin donor
vector. The primers used for vector construc-
tion was listed in Table S1. The RUNXOR gRNAs
were selected using online resources (http://
crispr.mit.edu). To increase the efficiency of the
CRISPR system, we jointed the pU6G-gRNA1-
pH1-gRNA2 cassette that contained two target
gRNAs in a Cas9 expression vector [39]. RUN-
XOR gRNA1 was 5-GGAACAGAAGTTACCAGG-
AG-3’, and gRNA2 was 5-GAGCCAGTGATGGCT-
TTATG-3'.

The donor vector was constructed by PCR
amplification of two arm fragments from the
RUNXOR locus, and cloned into a targeting vec-
tor containing both the pCMV-loxP-puromycin-
GFP-loxP positive selection cassette and the
pPGK-thymidine kinase negative selection
marker [39]. The two arm fragments were
amplified from the genome and the primers
used are listed in the supplementary materials
Table S1. They were cloned into the donor vec-
tor using Clal/Nhel and BsrGl/Swal, respec-
tively. The targeting plasmids were confirmed
by DNA sequencing.

RUNXOR targeting

Human breast cancer MCF7 cells, purchased
from ATCC, were co-transfected with cas9-
gRNA vector and donor vector simultaneously
using Lipofectamine 3000 Reagent. Two days
after transfection, we collected the cells and
reseeded them at low density in puromycin-
containing medium (4 ug/ml). Ganciclovir were
added to the medium seven days after reseed-
ing when individual clones had formed. The
addition of ganciclovir eliminated those clones
in which the vectors were randomly inserted
into the genome [39]. After selection, stable
clones were collected, and the genomic DNA
was extracted for screening using primers list-
ed in Table S1.

Quantitative analysis of RUNXOR/RUNX1 ex-
pression

Total RNA was extracted from cell pellets by
TRI-REAGENT (Sigma, CA), and was reverse
transcribed following the protocol as previously
described [40]. The resulting cDNA was used
for quantitative PCR to determine the relative
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expression of RUNXOR, RUNX1 and other genes
using the primers listed in Table S2. For com-
parative analysis, the mRNA levels of the tested
genes were quantified by normalizing the Ct
value of the target gene over that of B-Actin as
previously described [32].

Western blotting analysis of RUNX1

Western blot was performed to validate the
upregulated RUNXZ1 level in the RUNXOR tar-
geted MCF7 cells. Total cell protein was extract-
ed with RIPA buffer (PO013B, Beyotime) sup-
plemented with 1xProtease Inhibitor Tablets
(Sigma), and protein concentration was deter-
mined using Pierce BCA protein kit. Immunoblot
was incubated with anti-RUNX1 rabbit poly-
clonal IgG antibody (Abcam, ab23980), anti-f-
Actin mouse monoclonal IgG antibody (Abcam,
ab8226) diluted in 5% BSA overnight at 4°C.
For secondary antibodies we used IRDye 680
goat anti-rabbit 1gG and IRDye 800 goat anti-
mouse 1gG (LI-COR). The compatible Odyssey
Infrared Imaging System was used for proper
imaging.

Chromosome conformation capture (3C)

3C analysis was performed as previously de-
scribed [41]. Briefly, chromatin was digested
with Mbol, ligated with T4 DNA Ligase, and the
ligated 3C products were quantitated by Q-PCR.
The amplicon ERCC3 was chosen to serve as
an internal standard accounting for the differ-
ences in the efficiency of crosslinking/restric-
tion digestion/ligation as well as quantities of
DNA samples obtained from different cells. The
primers used was listed in Table S3.

DNA methylation analysis

To assess the DNA methylation status of the
promoters and enhancers of the RUNX1 gene,
sodium bisulfite sequencing was performed
using reagents provided in the EZ DNA Methy-
lation-GoldTM Kit (ZYMO Research Corporation,
D5005), as described elsewhere [39, 42]. PCR
products were cloned into a pJET vector
(Thermo Scientific™ K1231) for sequencing.
After DNA sequencing, comparison between
different samples was achieved by calculating
the T/C+T ratios at selected sites. The primers
used for PCR was listed in Table S4.

ChIP-gPCR

As previously described [43], the chromatin
complex was incubated with anti-H3K4me3, an-
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ti-H3K9me2 and anti-H3K27me3 antibodies
(9727S, 13969S, and 9733S Cell Signaling
Technology) and immunoprecipitated by 20 ul
prewashed protein A/G magnetic beads (88-
802, Thermo Scientific™). The immunopreci-
pitated chromatin DNA was quantitated by
Q-PCR, and calculated as fold enrichment after
normalization over the signals of the I1gG group.
The primers were listed in Table S5.

Cell cycle and apoptosis analysis

Cells cycle was analyzed using the method as
previously described [44]. To measure apopto-
sis, cells were stained with FITC Annexin V and
7-AAD consecutively, and were analyzed using
the FACScan flow cytometer (BD Biosciences,
CA). Data on cell cycle distribution and apopto-
sis were analyzed using ModFit LT 3.0 software
[44] and FlowJo software, respectively.

Cell migration and proliferation assays

Cell migration was examined by transwell
migration assay [32, 40]. Cell proliferation was
measured using the CCK-8 kit [44]. Viable cells
were incubated with 10 pyl CCK-8 reagent and
the absorbance was measured at 450 nm. The
proliferation rate was calculated based on the
ratio of absorbance tested between two time
points of the same well.

Statistical analysis

All experiments were performed in triplicates,
and all experimental data were presented as
mean * S.E.M. Student’s t test was chosen to
compare statistical differences for variables
between different groups using PRISM soft-
ware. Results were considered significant when
P<0.05.

Results

Positive correlation between RUNX1 and its
intragenic IncRNA RUNXOR

RUNXOR is an intragenic IncRNA that is tran-
scribed from a promoter that is 3.8 kb upstream
of the RUNX1 promoter (Figure 1A). RUNXOR
spans the entire RUNX1 locus, including its P1
and P2 promoters, and shares the majority of
its sequence with RUNX1. Despite the spatial
proximity of RUNXOR with the RUNX1 coding
gene, it is unclear if and how they are co-regu-
lated in breast cancer cells.
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Figure 1. The RUNX1-RUNXOR epigenetic interplay in breast cancer cells. A. Structure of the RUNX1/RUNXOR lo-
cus. RUNX1 is controlled by two promoters: distal promoter P1 and proximal promoter P2, which are separated
by 150 kb. RUNXOR is transcribed from a promoter 3.8 kb upstream of the RUNX1 distal promoter P1. These two
genes are transcribed in the same direction and share most of the sequence (colored red and green, respectively).
Black block: RUNX1 exon 1-9; blue ovals: RUNX1 enhancer; purple oval: RUNX1 silencer, RE1, RE2: enhancers 1-2;
pRUNXZ1: RUNX1 promoters; pRUNXOR: RUNXOR IncRNA promoter. B. Positive correlation between RUNX1 mRNA
and RUNXOR IncRNA in cancer cells. Dot plot showed the relative levels of RUNX1 and RUNXOR in cell lines of dif-
ferent tissue origins calculated as (1/ave Ct) x100). Pearson correlation analysis was performed using PRISM 6. C.
RUNXOR IncRNA-mediated epigenetic regulation of oncogenic RUNX1 mRNA gene in breast cancer cells.

To investigate the relation between these two
genes, we compared the expression of RUNXOR
and RUNX1 in a large group of tumor cell lines
of different tissue origins. To distinguish the
RUNXOR IncRNA from the RUNX1 coding RNA,
we performed PCR using primers specific to
each transcript (Table S2). We found that there
was a significant positive correlation between
RUNXOR and RUNX1 expression levels, with
the Pearson correlation coefficient of 0.8790,
P<0.0001 (Figure 1B). We attempted to test
the hypothesis that as a long noncoding RNA,
RUNXOR may participate in the regulation of its
overlapping RUNX1 mRNA gene in cis, which is
involved in chromosome translocations in he-
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matological malignancies and somatic muta-
tions in solid tumors (Figure 1C).

CRISPR Cas9 mediated RUNXOR endogenous
in situ activation

RUNXOR is a 260 kb un-spliced noncoding
RNA. It was difficult to decipher its functions
through overexpression using traditional meth-
ods. We thus devised a novel CRISPR cas9-
mediated gene in situ cis-activation system to
activate the endogenous RUNXOR (Figure 2A).
With the aid of the CRISPR-Cas9 gene editing
system, we inserted a strong cytomegalovirus
promoter (pCMV) in front of RUNXOR. Using this
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A RUNXOR overexpression strategy
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Figure 2. The cis-overexpression of RUNXOR by CRISPR Cas9 knock-in system. Activation of the endogenous RUNX-
OR IncRNA gene by the “gene in situ cis-activation” system. A. Schematic diagram illustrating the gene in situ
cis-activation strategy. Cas9: CRISPR Cas9; gRNA: Cas9 guiding RNA; pCMV: CMV promoter; pEF1: EF1 promoter;
pRUNXOR: RUNXOR promoter; pH1: RNA polymerase Il H1 promoter; Cre: Cre recombinase; loxP: the locus of X-over
P1 recombination site recognized by Cre; Arm 1, Arm2: the genomic sequences used for Cas9-mediated recombina-
tion. Under the guidance of gRNA, Cas9 mediated genomic recombination at the RUNXOR promoter loci, resulting
in the insertion of the strong CMV promoter in front of RUNXOR. After transfection, cell clones positive for puromycin
and negative for ganciclovir were selected and validated by sequencing. The chosen clones were then transiently
transfected with a vector expressing Cre recombinase to eliminate the puromycin/GFP selection cassette. B. Initial
screening of targeted clones by PCR. Positive clones were selected by targeting primers located in the targeting
vector and the RUNXOR region beyond Arm 1 and Arm 2, respectively. Primers were designed from the RUNXOR
arm, selection marker, and genomic regions. Arm 1: JH5859/JH5860; Arm 2: JH745/JH5826. Using these pairs of
primers, only the targeted clones can be amplified. Different lanes represent different clones. C. Cis-overexpression
of RUNXOR IncRNA in the selected knock-in clones. Total mMRNAs extracted from the aforementioned clones were
subjected to RT-gPCR. The control was set as 1 for standardization. The data were shown as mean + S.E.M of three
independent experiments. Results were considered significant if P<0.05. *P<0.05, **P<0.01; ***P<0.001.

approach, we hoped to achieve the endoge- to target the region in front of RUNXOR and a
nous overexpression of RUNXOR in situ. donor vector that contains a strong pCMV-puro-

mycin/GFP selection markers cassette flanked
To achieve this goal, we constructed a targeting by two arm sequences from the targeting region
vector by inserting two gRNAs in a Cas9 vector of RUNXOR [39]. Both vectors were co-trans-
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Figure 3. Cis-overexpression of RUNXOR specifically activates the RUNX1 P1
transcripts. A. Expression of RUNX1 mRNAs in the RUNXOR cis-overexpress-
ing cell clone. Total mRNA was extracted for RT-qPCR. Ctrl: MCF7 control
cells; C2: MCF7 clone cells with CMV/puromycin/GFP random insertion; A3:
The RUNXOR knock-in MCF7 clone cells. Note the activation of RUNX1 in the
RUNXOR-overexpressing A3 cells. B. Western blot analysis of RUNX1. The
protein level of RUNX1 was measured by Western blot. Beta-ACTIN was used
as the loading control. C. Distinct expression of RUNX1 isoforms. The ex-
pression of RUNX1 isoforms was quantitated by gPCR using primers specific
for each promoter. RUNX1 P1 represents the transcripts from the P1 pro-
moter. RUNX1 P2 represents the transcript from the P2 promoter. All results
were performed in triplicates and were shown as mean + S.E.M of three
independent experiments. The values of the control (Ctrl) were set as 1 for
standardization. Results were considered significant if P<0.05. *P<0.05,

We then used qRT-PCR to ex-
amine the expression of RU-
NXOR in selected knock-in cl-
ones. Two groups of controls
were used for comparison, in-
cluding an untreated control
(Ctrl) and a random insertion
control (C2), in which the pC-
MV-puro/GFP cassette was
randomly inserted in the ge-
nome of MCF7 cells. Com-
pared with these two controls,
all 7 clones expressed high
levels of RUNXOR, with clone
A3 showing the highest RUN-
XOR level (Figure 2C). Thus,
clone A3 was chosen for the
subsequent studies.

RUNXOR IncRNA preferen-
tially upregulates RUNX1 P1
transcription

We then evaluated if the ov-
erexpressed RUNXOR could
affect the expression of its
overlapping coding gene RU-
NX1. Notably, we found that

**P<0.01.

fected into breast cancer MCF7 cells. With the
guidance of gRNAs, Cas9 nuclease introduced
a genomic break at the targeting site in front of
RUNXOR. Through the donor vector dependent
homologous recombination repair (HDR), the
pCMV-puromycin/GFP cassette was inserted in
front of the RUNXOR promoter. Puromycin was
used to select the positive recombination
clones. Ganciclovir selection was used to re-
duce the possibility of random integration of
the donor vector into the genome (Figure 2A).

After puromycin and ganciclovir double selec-
tion, stable cells clones were collected, and
genomic DNA was isolated to confirm the prop-
er knock-in using PCR sequencing. The primer
pairs were designed to cover the 5-upstream
genomic arm or the 3’-downstream genomic
arm and the inserted CMV-puro/GFP cassette
(JH5860/JH5859 for the 5-arm; JH5826/JH-
745 for the 3’-arm). In total, seven positive
clones were selected (Figure 2B). DNA sequenc-
ing was used to confirm the homologous inser-
tion of the pCMV-puro/GFP cassette (Figure
S2).
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compared with the Ctrl and
the randomly-inserted C2 co-
ntrols, RUNXOR IncRNA in si-
tu overexpression significantly upregulated RU-
NX1 coding mRNA abundance (Figure 3A). Us-
ing western blotting, we confirmed the upre-
gulation of RUNX1 at the protein level (Figure
3B). The multiple bands in western blot repre-
sents distinct RUNX1 isoforms which are gener-
ated through transcription from different pro-
moters and alternative splicing.

We then sought to determine which promoter
accounted for the elevated RUNX1 mRNA. By
using forward primers specific to P1- and
P2-derived transcripts and a common reverse
primer located in the second exon of the Runt
domain (exon 5), we were able to distinguish
between different RUNX1 transcripts. We found
that the transcripts from the RUNX1 P1 promot-
er were significantly increased upon RUNXOR
elevation, while the transcripts derived from
RUNX1 P2 promoter remained unchanged
(Figure 3C).

We also tested the correlation between the
abundance of different RUNX1 transcripts with
RUNXOR in cancer cell lines (Eigure S3). Con-
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sistent with the aforementioned experiments,
these results showed that RUNXOR was po-
sitively correlated with RUNX1 transcripts fr-
om promoter P1. No correlation was found
between RUNXOR and RUNX1 transcribed from
promoter P2. Together, these data suggested
that RUNXOR IncRNA upregulated RUNX1 prim-
arily through the activation of the RUNX1 P1
promoter.

RUNXOR alters the spatial chromatin structure
of the RUNX1 gene

Previous studies have demonstrated the exis-
tence of a common transcription hub at the
RUNX1 locus composed of P41, P2, two enhanc-
ers RE1 and RE2. This functional three-dimen-
sional organization was believed to be impor-
tant for the regulation of RUNX1 transcription
and alternative promoter usage. To explore the
possible roles of RUNXOR in orchestrating the
RUNX1 chromosome structure, we used chro-
matin conformation capture (3C) to assess the
potential DNA interactions (Figure 4A).

The cells were fixed with formaldehyde, digest-
ed with restriction enzyme Mbol, and re-ligated
with T4 DNA ligase. The ligated 3C products
were quantitated with 3C PCR primers that are
located at two remote regions. The 3C data
were quantitated by normalizing over that of
the house-keeping control gene ERCC3 as pr-
eviously reported [45]. We observed decreas-
ed interaction between the P1/P2 promoters
in the RUNXOR-overexpressing cells. On the
other hand, more interactions were observed
between P1 and RE2. The interaction between
P1 and RE1 was also decreased (Figure 4B).
The 3C interactions were confirmed by DNA
sequencing (Figure 4C). These data suggested
that RUNXOR altered the local 3D chromatin
structure of RUNX1.

RUNXOR induces DNA demethylation in the
RUNX1 P1 promoter

We further examined whether the altered
RUNX1 promoter preference was related to
DNA methylation in the locus. Sodium bisulfite
sequencing was used to determine the status
of DNA methylation in the RUNX1 promoters
and enhancers (Figure 5A). CpG islands near
the promoter P1 were heavily methylated in
control groups Ctrl and C2. The RUNXOR in situ
overexpression group A3, however, shifted to a
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relatively hypomethylated status in the P1 pro-
moter (Figure 5B). Similar patterns of DNA
demethylation were also observed at the CpG
sites in enhancer RE1, in parallel with the
increased transcriptional activity of promoter
P1 (Figure 5B). In contrast, the CpG islands in
promoter P2 were hypomethylated in control
cells and were not affected by RUNXOR overex-
pression (Figure 5B).

RUNXOR increases histone H3K4me3 epigen-
etic marks in promoter P1

To examine if histone modification is involved in
the RUNX1 promoter usage regulation, we per-
formed chromatin immunoprecipitation qPCR
(ChIP-gPCR) to quantify the changes of histone
methylation marker in promoter P1, including
H3K4me3, H3K9me2, and H3K27me3. We
found that the H3K4me3 mark was increased
more than twentyfold in RUNXOR overexpre-
ssing cells (Figure 6A). However, no significa-
nt changes were seen in H3K9me2 and H3-
K27me3 (Figure 6B, 6C).

Targeted overexpression of RUNX1 isoform
failed to alter the phenotype of MCF7 breast
tumor cells

We then asked whether the elevated RUNX1,
specifically the RUNX1c transcript, could affect
the tumor phenotype of MCF7 cells. First, we
compared apoptosis by Annexin V labeling, but
failed to detect any differences in the RUNXOR-
overexpressed cells (Figure 7A). However, cell
cycle analysis revealed that there was a trend,
towards the arrest of cells at GO/G1 phase in
the treated group where RUNXOR was overex-
pressed (Figure 7B).

RUNXOR overexpression-induced upregulation
of RUNX1, specifically RUNX1c, did not affect
cell proliferation rate in MCF7 breast cancer
cells (Figure S4A). In addition, a transwell mi-
gration assay did not show any significant dif-
ferences in the RUNXOR over-expressing cells
compared with control groups (Figure S4B).

Discussion

RUNX1 is a master regulator of hematopoiesis
and its spatiotemporal expression plays a cru-
cial role in normal hematopoietic development.
Mutations of RUNX1 are frequently involved in
malignant diseases. In this study, using a novel

Am J Cancer Res 2019;9(8):1635-1649
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Figure 4. Changes of RUNX1 local chromatin structures upon RUNXOR overexpression. RUNXOR triggers the altera-
tion of RUNX1 local chromatin structures. A. Location of the 3C PCR primer sets used to quantitate the intrachro-
mosomal loop between the cis-regulating elements within the RUNX1 locus. B. Quantitation of the 3C products by
gPCR. ERCC3, a housekeeping gene, was used as the 3C internal control for normalization of the discrepancies of
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licate and shown as mean = S.E.M. C. Confirmation of the 3C products by DNA sequencing. Red arrows: the site of
ligated Mbo1 restriction enzyme site flanked by genomic DNAs from two remote areas, respectively.

CRISPR cas9 mediated endogenous in situ acti- east cancer MCF7 cells. LncRNA RUNXOR ov-
vation approach we demonstrate that intragen- erexpression increases the transcription of
ic IncRNA RUNXOR plays a key role in the epi- RUNX1 from the distal promoter P1, while the
genetic regulation of RUNX1 expression in br- activity of the proximal promoter P2 is not
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Figure 5. RUNXOR overexpression changes the methylation status of RUNX1. RUNXOR changes the methylation sta-
tus of RUNX1. A. Schematic diagram of the RUNX1/RUNXOR locus and the primers used for methylation analysis. B.
DNA CpG methylation status of the RUNX1 P1 promoter, RE1 and P2 promoter. P1 promoter: DNA methylation was
decreased from 75% to 36.7% in the RUNX1 P1 promoter after RUNXOR overexpression. RE1: There was a signifi-
cant demethylation in the A3 group (46.7%) as compared with the control group (95%). P2 promoter: Genomic DNA
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Figure 6. Alteration of histone methylation in the RUNX1 distal promoter P1. RUNXOR alters histone methylation in
the RUNX1 distal promoter P1. The chromatin complex was fixed with formaldehyde and was immunoprecipitated
with antibodies targeting H3K4me3 (A), H3K9me2 (B) and H3K27me3 (C), respectively. DNA from the pulled down
chromatin was purified and subjected to qPCR using primers that targeted the RUNX1 P1. Results are shown as
relative to control for standardization. P<0.05 was regarded as significant. **P<0.01.
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Figure 7. Phenotypic characterization of MCF7 cells upon RUNXOR cis-overexpression. A. Apoptotic analysis. Cells stained by Annexin V and 7-AAD were subjected
for analysis using flow cytometer. Apoptotic cells were characterized as Annexin V positive/7-AAD negative (marked as Q3 at the fourth quadrant), and comparisons
made were in triplicates. B. Cell cycle analysis. Cells stained with propidium iodide were analyzed using flow cytometry and data processing was performed using
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affected. We further show that RUNXOR func-
tions through a cis epigenetic mechanism, pri-
marily by altering the local chromatin structure
and epigenotypes in the promoter. This study
suggests a close epigenetic interplay between
the IncRNA RUNXOR and the oncogenic RUNX1
in breast cancer cells.

The RUNX1 gene is transcriptionally controlled
by two promoters [27]. The two promoters and
their corresponding transcripts are thought to
be non-redundant, and transcription is trig-
gered at varying developmental stages [2].
However, the mechanisms controlling the alter-
native promoter usages are unknown. Although
several cis-regulating elements have been
located in the RUNX1 locus, for example, a
highly conserved enhancer within the first
intron has been found to be responsible for
enhancing transcription activities of the RUNX1
gene during hematopoiesis [31, 34]. Besides,
Cheng et al recently reported a P2-specific
silencer near the P2 within the intron 1 [33].
Currently, few studies related to the P1 promot-
er have been published.

The long intragenic INcRNA RUNXOR we recent-
ly discovered, is transcribed 3.8 kb upstream of
the RUNX1 promoter and overlaps the whole
RUNX1 transcripts [37]. Reverse transcription-
associated trap (RAT) experiment demonstrat-
ed multiple interactions between the 3’ seg-
ment of RUNXOR and the RUNX1 locus, indicat-
ing its possible role in regional transcription
regulation. Thus, we made the assumption that
RUNXOR might interfere with RUNX1 transcrip-
tion in cis through mechanisms, such as “tran-
scription interference” [41, 46-49], judging by
their spatial propinquity [49]. Using Pearson
correlation analysis, we found that there was
indeed a positive correlation between RUNX1
and RUNXOR transcript levels (r=0.879,
P<0.0001). This positive relationship led us to
wonder whether RUNXOR was responsible for
the transition between RUNX1 promoter chang-
es. We performed gRT-PCR using the afore-
mentioned isoform specific primers in a series
of cell lines of different origins. We found that
RUNXOR was positively correlated with RUNX1
transcribed from promoter P1 but not from pro-
moter P2. These results suggest that RUNXOR
could be a crucial element in charge of P1/P2
switch during hematopoiesis and potentially
tumorigenesis.
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To test our hypothesis, we decided to further
explore the roles of RUNXOR in cell models.
However, given its enormous length, it is hard
to investigate RUNXOR using traditional loss/
gain of function strategies, such as RNA inter-
ference or overexpression. Particularly, it would
be impossible to construct a vector containing
the 260 kb long sequence. In addition, we
recently demonstrate that the trans-expressed
IncRNA may function differently from the cis-
expressed IncRNA [39]. Thus, we used a Cas9-
gRNA mediated homology recombination meth-
od to insert a strong promoter in front of
RUNXOR, so that RUNXOR overexpression can
be achieved by transcription from a potent pro-
moter. Most importantly, this overexpression
happens in situ, which can better mimic the
endogenous environment [50].

In accord with the aforementioned correlation
analysis, both RUNX1 RNA and protein were
significantly elevated after RUNXOR overex-
pression in situ. To further clarify where the
“extra” RUNX1 was originated, we used isoform
specific primers to distinguish between tran-
scripts from different promoters. Results indi-
cated that transcripts from P1 were elevated
while transcription from P2 remained uninflu-
enced. This was in accordance with the west-
ern blot results in which a band of a larger size
were detected in the RUNXOR overexpressing
cells. Together, these results indicate that
IncRNA RUNXOR could elevate the expression
of RUNX1 specifically through increasing tran-
scription from the promoter P1, suggesting its
possible roles in the regulation of the alterna-
tive RUNX1 promoter usages.

Mechanisms through which RUNXOR favors P1
over P2 were further explored. Chromosome
conformation capture assay showed a change
of RUNX1 chromatin spatial organization after
RUNXOR overexpression. The crosslinking fre-
quency was decreased between P1/P2 and
P1/RE1, and increased between P1 and RE2.
No crosslinking ligation product could be de-
tected between the newly reported silencer
with any promoters [33]. The RUNX1 gene locus
is quite interesting since reports have shown
that both promoters and enhancers were
assembled into an active chromatin hub [34],
which was supposed to be important for its
regulation. The enhancer RE1 has hematopoi-
etic enhancer activities yet has no promoter
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specificity. On the contrary, RE2 lacks any
enhancer activity and appears to be essential
for the assembly of these hubs [34]. The local
changes of chromatin interactions we observed
here indicate a possible role of RUNXOR in the
maintenance and regulation of functional chro-
mosome structures, which might be responsi-
ble for the observed promoter switch.

DNA methylation is a major epigenetic means
of transcriptional regulation of the RUNX1 locus
[28, 51]. Promoter P2 is nested in an evolution-
ally conserved CpG enriched region, which was
shown to remain unmethylated among all cells
tested. This is consistent with our results here,
thus provided little contributions in the obser-
ved promoter switch. Promoter P1, however, is
comparatively CpG poor, and a higher degree of
methylation was observed in the cells tested.
Overexpression of RUNXOR led to a significant-
ly lower levels of methylation, consistent with
the higher level of transcription upon RUNXOR
elevation. Besides, there was also a clear trend
of demethylation at the enhancer REL.
Together, these data suggested that RUNXOR
activated RUNX1 distal promoter P1 by DNA
demethylation of the P1 promoter and enhanc-
er REZ.

A group of researchers recently developed a
new class of RNA named DNMTZ1-interacting
RNA. The DNA methylation levels of CEBPA pr-
omoter were inversely correlated with a IncRNA
ecCEBPA that encompassed the entire CEBPA
MmRNA sequence in the same sense orien-
tation, and further studies demonstrated that
the IncRNA ecCEBPA had higher affinity with
DNA methyltransferase 1 (DNMT1) than the
DNA sequence of its overlapping coding gene
CEBPA, and could function in cis as a decoy by
sequestering DNMT1 from the CEBPA promoter
[41]. There is no reason to doubt that the
IncRNA RUNXOR we described here could work
in a similar way as ecCEBPA, and our results is
a critical support to the hypothesis that RNA
can participate in the establishment of genom-
ic methylation patterns in a site-specific man-
ner, although further experiments such as anti-
DNMT1 RNA Immunoprecipitation (RIP) and
electrophoretic mobility shift assay (EMSA) are
essentially needed.

Methylation modifications of histones are
another kind of epigenetic regulation critical to
development. We also show that more H3K4-
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me3 appeared at the P1 promoter, leading to a
more open chromatin structure that favors
active transcription. Together, we showed that
IncRNA RUNXOR selectively increased RUNX1
transcription from the distal promoter P1
through demethylation of the P1 CpG island
and increasing H3K4me3 modifications. This is
the first article describing a possible mecha-
nism for the involvement of noncoding RNA in
the regulation of alternative RUNX1 promoter
usage. The LncRNA RUNXOR we discussed
here is enormous long, and is supposed to
overlap the two RUNXOR promoters. The fact
that only the distal promoter was activated
makes us wonder if the regulatory role of
RUNXOR in RUNX1 promoter switch was more
of a local function than an actual sequence
dependent event. Further experiments are
needed to dissect the details.

RUNX1 plays its part in a context dependent
manner [15], and it can switch from a tumor
suppressor to an oncogene depending upon its
environment. Estrogen receptor status [23, 52,
53], intact p53 [54, 55] or Rb1 [20], homeost-
asis of other related signaling factors [22, 56],
and even proper expression of other RUNX fam-
ily members are important in determining its
activity [25]. We are the first ones to study the
effect of different RUNX1 isoforms on ER+
breast cancer malignancies which is an impor-
tant supplement to the current studies. Using
our in situ overexpression approach, we showed
that RUNXOR IncRNA mediated alteration in
RUNX1 isoform composition, which subse-
quently induced cell cycle arrest at GO/G1.
However, other tumor phenotypes seemed
unaltered in this breast cancer cell model,
including cell proliferation rate, apoptosis, and
migration ability. This also reminds us of the
somehow contradictory results concerning the
roles of RUNX1 in solid tumors that have been
published so far.

In conclusion, our study demonstrates a novel
IncRNA RUNXOR-oncogenic RUNX1 epigenetic
interplay mechanism in breast cancers. No-
tably, the IncRNA RUNXOR epigenetically acti-
vates the oncogenic RUNX1 mRNA selectively
from the promoter P1. Mechanistically, RUNXOR
IncRNA regulates the RUNX1 mRNA gene by
altering the local chromatin structure, trigger-
ing DNA demethylation, and inducing active his-
tone modification markers in the P1 CpG island.
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The activation of this RUNXOR-RUNX1 epigen-
etic axis induced a block in GO/G1 phase in
MCF7 breast cancer cells. Our studies may
shed light on potential genetic therapies in
malignancies in which RUNX1 loss-of-function
mutations frequently occur.
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Figure S1. Structure of RUNX1 locus and isoforms.
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Table S1. Primers for RUNXOR Arm donor/cas9 plasmid construction, and verification

Gene ID Oligo Number Sequence Product size
RUNXOR 5’ Arm JH5623 CAAAATTTTATCGATGTATCTCAGATACAAGCCTTGTG 542 bp
JH5624 CATAAGGTCATGTACTGGGCATAATGCTAGCATGTATCCTTCCATG-
GCTGACT
RUNXOR 3’ Arm JH5629 AGCCCGGTGCCTGAATAACTTCGTATAGCATACATTATACGAAGT- 533 bp
TATTGTACACAATCAGCCCCAAATGCTTGA
JH5630 TCCCCTACCCATTTAAATCTGAGAGGACCCAGTAGGATC
pCMV JH5625 ATTATGCCCAGTACATGACCTTATG 394 bp
JH5626 ATGGTGGCGTCTAGAATAACTTCGTATAATGTATGCTATACGAAGT-
TATATCTTCTATGGAGGTCAAAACAGC
GFP-puromycin JH5627 GAAGTTATTCTAGACGCCACCATGGAGAGC 1437 bp
JH5628 AGTTATTCAGGCACCGGGCTTGCGGGTCA
Sequencing JH5860 GCTTTAGTTCTGCTAATGCTTGCTA 653 bp
JH5859 TGCCAAAACCGCATCACCATG
JH745 CGCAACCTCCCCTTCTACGAG 846 bp
JH5826 ACTTCTTTTCCCTGGGGTAGGCA
P6-gRNAL JH5088 AATGGACTATCATATGCTTACCGTA 104 bp
JH5619 ACCTCCTGGTAACTTCTGTTCCGGTGTTTCGTCCTTTCCACAAG
pH1-gRNA2 JH5620 CGGAACAGAAGTTACCAGGAGGTTTTAGAGCTAGAAATAGCAAGTT 459 bp
JH5621 CATAAAGCCATCACTGGCTCGGATCCAAGGTGTCTCATACAG
gRNA2 JH5622 CGAGCCAGTGATGGCTTTATGGTTTTAGAGCTAGAAATAGCAAGTT 121 bp
JH5093 CTCAAGATCTAGAATTCAAAAAAAGCACCGACTCGGTGCCAC
Sequencing JH5094 CTATTCTTTCCCCTGCACTGTAC
Table S2. Oligonucleotide primers used for gPCR
Gene ID (qPCR) Oligo Number Oligo sequences Product size
RUNXOR JH448 ATCCACATCCTGTCGGAGCA 122 bp
JH447 TCGGCTCCTGTTGTTATTTGTG
RUNX1 JH4325 AGCCCCAACTTCCTCTGCTC 134 bp
JH4326 TCATCATTGCCAGCCATCAC
RUNX1 P1 JH6239 TCCTTCGTACCCACAGTGCT 386 bp
JH4326 TCATCATTGCCAGCCATCAC
RUNX1 P2 JH395 GCCGTCTGGTAGGAGCTGTT 383 bp
JH4326 TCATCATTGCCAGCCATCAC
B-actin J880 CAGGTCATCACCATTGGCAATGAGC 135 bp
J881 CAGGTCATCACCATTGGCAATGAGC
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Table S3. Primers for RUNX1 3C: Mbol Digestion

P1 promoter Oligo number Sequence Distance to Mbol site
1t PCR, F1 JH6265 CCATGATAGACGTTACCAAGGACT 64 bp
2" PCR, F2 JH6266 AACTCTCCCGGAGCTGATGC 39 bp
1t PCR, R1 JHB6267 ATTCAACGCTGGCATCAAGC 44 bp
2" PCR, R2 JH447 TCGGCTCCTGTTGTTATTTGTG 123 bp
P2 promoter Oligo number Sequence Distance to Mbol site
15t PCR, F1 JH6268 TGCAGGCAGGCGCAGT 68 bp
2" PCR, F2 JH6269 GCTCCCGAACCGGGCT 40 bp
1stPCR, R1 JHB6270 TCCGAGGCGAGCCGTGAAG 79 bp
2 PCR, R2 JHB271 CAGTGTGCGTGGCAGGAT 46 bp
Enhancer Silencer Oligo number Sequence Distance to Mbol site
RE1 1% PCR, F1 JHB272 GCCGTTTCTGGCTGTTGCT 68 bp
RE1 2™ PCR, F2 JHB6273 TTCTGCGTCGCTCTTTCAGT 40 bp
RE2 1%t PCR, F1 JHB274 GGGAACCGTCTGACAGTGCTA 79 bp
RE2 2" PCR, F2 JHB275 CTGACAGTGCTAATGAGGAATTGCA 46 bp
Silencer 1%t PCR, F1 JHB276 GAGCATGTAGCCAGTTGCTGA 80 bp
Silencer 2" PCR, F2 JHB277 ATTTGAGGGGAGCGGGCTGCTGA 47 bp
ERCC3 Oligo Number Sequence Distance to Mbol site
1t PCR, F1 JHB6278 AGCAAGTGGACAGCTCAGCT 62 bp
2" PCR, F2 JHB279 GCTCAGCTCCAGCCTGCTTAC 50 bp
1t PCR, R1 JH6280 CTGCTGTGCTGGAAATAGACTGA 82 bp
2" PCR, R2 JH6281 ACAGAAGCGGTGAGGTGAGT 49 bp

Table S4. Primers for DNA methylation analysis

Oligo Number Sequence Product Size
P1-F JHB6326 ATGTTTAGTATTTTAAATGATGGGATT 268 bp
P1-R JH6328 ACCTACCCTCCCCCAAACTATAC
P2-F JH5967 CCGCATCCAAACCTACATACTAACCC 220 bp
P2-R JH5968 CGACCGAAAAAATTCCATTCCCTCAA
RE1-F JH6329 TTGGGATGTTGATAGTTTTAGATGGAGGT 315 bp
RE1-R JH6331 AATAAATCCATCCCTCATAACRA

Table S5. Primers for ChIP

Oligo Number Sequence Product Size
P1-F JHB05 GAGTGCCTGGAAATGAACGTG 157 bp
P1-R JHB06 GCGGGCCAATTCCAGGAG
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Figure S2. Representative sequencing confirms the proper Knocin-in clone. Conformation of the CRISPR Cas9
knock-in by DNA sequencing.
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Figure S3. The correlation between the RUNX1 and RUNXOR transcripts.
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Figure S4. Phenotypic changes upon RUNXOR cis-overexpression.



