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PANCR, the PITX2 Adjacent Noncoding RNA, Is Expressed
in Human Left Atria and Regulates PITX2c Expression
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Background—Genome-wide studies reveal that genetic variants at chromosome 4q25 constitute the strongest locus
associated with atrial fibrillation, the most frequent arrhythmia. However, the mechanisms underlying this association are
unknown. Our goal is to find and characterize left atrial–expressed transcripts in the chromosome 4q25 atrial fibrillation
risk locus that may play a role in atrial fibrillation pathogenesis.
Methods and Results—RNA sequencing performed on human left/right pairs identified an intergenic long noncoding RNA
adjacent to the PITX2 gene, which we have named PANCR (PITX2 adjacent noncoding RNA). In a human tissue screen,
PANCR was expressed specifically in the left atria and eye and in no other chambers of the heart. The levels of PANCR
and PITX2c RNAs were highly correlated in 233 human left atrial appendage samples. PANCR levels were not associated
with either atrial rhythm status or the genotypes of the chromosome 4q25 atrial fibrillation risk variants. Both PANCR and
PITX2c RNAs were induced early during differentiation of human embryonic stem cells into cardiomyocytes. Because
long noncoding RNAs often control gene expression, we performed siRNA-mediated knockdown of PANCR, and this
treatment repressed PITX2c expression and mimicked the effects of PITX2c knockdown on global mRNA and miRNA
expression. Cell fractionation studies demonstrate that PANCR is primarily localized in the cytoplasm.
Conclusions—PANCR and PITX2c are coordinately expressed early during cardiomyocyte differentiation from stem cells.
PANCR knockdown decreased PITX2c expression in differentiated cardiomyocytes, altering the transcriptome in a manner
similar to PITX2c knockdown.  (Circ Arrhythm Electrophysiol. 2016;9:e003197. DOI: 10.1161/CIRCEP.115.003197.)
Key Words: atrial appendage ◼ atrial fibrillation ◼ gene expression
◼ long intergenic noncoding RNA ◼ RNA sequencing

A

trial Fibrillation (AF), the most common sustained
arrhythmia, is associated with a 2-fold increase in mortality and 4- to 5-fold increased risk for stroke worldwide.1,2
Genome-wide association studies have consistently identified
single nucleotide polymorphisms (SNPs) in the chromosome
4q25 locus as having the strongest association with AF.3–5
Within this locus, 4 independent linkage disequilibrium blocks
contain multiple SNPs associated with AF risk.6,7 These SNPs
are located in an intergenic region from 26 to 217 kb distal
to the closest gene on the chromosome, PITX2. Previously,
we demonstrated that 4 strongest independent AF-associated
SNPs at this locus are not associated with expression of PITX2c
in a large cohort of human adult left atrial appendages.6 In
a prior study, we performed RNA sequencing (RNAseq) on
4 pairs of left–right human atrial appendages and identified
numerous transcripts with strong expression bias in the left
or right atria. These included PITX2c, which is expressed
only in the left atria.8 We also found many unannotated novel
spliced transcripts that were differentially expressed between

the left and right atria which met our in silico criteria as long
noncoding RNAs (lncRNAs).8 Here we report the characterization of PANCR, a PITX2 adjacent noncoding RNA. Like
PITX2c, PANCR is expressed specifically in the left atria.
Intergenic lncRNAs are located between genes and typically have their own transcriptional machinery.9,10 LncRNAs
are characterized as transcripts >200 nucleotides in length
that are 5′ capped and 3′ polyadenylated, similar to mRNA;
although they do not code for a functional protein, they may
contain short open reading frames.10 Many lncRNAs evolved
recently and are conserved within lineages but not between
lineages, with many lncRNAs conserved among primates that
are not conserved with rodents.10–12 However, lncRNAs play
important functional roles, and they have been implicated in
numerous biological processes, such as epigenetic regulation, imprinting, cell-cycle control, cellular differentiation,
splicing, nuclear/cytoplasmic trafficking, and transcription/
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WHAT IS KNOWN

•
•

Genome wide association studies have identified
the chromosome 4q25 locus as the strongest locus
associated with atrial fibrillation.
The PITX2c gene resides in this locus, but its
expression in human adult left atrial appendages
is not associated with the chromosome 4q25 genetic variants discovered in the atrial fibrillation
genome wide association study.

WHAT THE STUDY ADDS

•
•
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•

RNA sequencing of human left atrial appendages
identified a gene for a long noncoding RNA adjacent to the PITX2c gene, named PANCR.
PANCR is expressed highest in the left atrium and
eye, tissues that also express PITX2c highly.
PANCR and PITX2c were coordinately up regulated during cardiomyocyte differentiation from
stem cells, and PANCR knockdown down regulated PITX2c mRNA levels in these cardiomyocytes, illuminating a novel mechanism to control
PITX2c expression and its downstream targets.

(CAD) or mitral valve disease (MVD). AF rhythm status was determined by review of electrocardiograms obtained before surgery.
Samples were snap-frozen in liquid nitrogen and kept at −80°C until
RNA extraction.

RNA Isolation and cDNA Preparation
Left atrial appendage tissue was homogenized in TRIazol (Invitrogen).
RNA was isolated from the homogenate following the manufacturer’s protocol. One microgram of RNA was reverse-transcribed using
Superscript Vilo mastermix (Invitrogen).

Quantitative Reverse Transcriptase–Polymerase
Chain Reaction
Expanded methods for quantitative reverse transcriptase–polymerase
chain reaction (qRT-PCR) are found in the Data Supplement. Delta
C(t) values for PANCR and PITX2c expression levels were calculated
relative to ACTC1 or PPIA expression, and the ΔΔCT method was
used to compare expression among samples,25,26 yielding log2-based
expression values, which were converted to linear values when indicated by calculating 2−ΔΔCT. To calculate PANCR expression in human
atrial samples, relative log2 gene expression levels were corrected for
plate and batch effects using 3 standardized atrial RNA samples on
each plate. Relative expression levels were fit to an additive linear
model, including age, sex, donor/surgical sample, AF history, and
preoperative rhythm status, using the R statistical program. SNP genotyping and expression quantitative trait loci (eQTL) analyses were
performed as previously described.6

PANCR and PITX2c Tissue Panel Expression Assay
translation. Thus, lncRNAs may explain lineage differences in
development.12–18 Recently, several lncRNAs associated with
regulatory functions have been described in the heart and vascular system, including Braveheart, Fendrr, CHRF, MALAT1,
LIPCAR, and SENCR.13,19–24 Because the AF-associated SNPs
on chromosome 4q25 are intergenic, we hypothesized that
they may alter AF susceptibility by regulating atrial gene
expression. As we already found that PITX2c expression in
human adult left atrial appendages is not associated with these
AF risk SNPs,6 we explored all transcripts in this region by
RNAseq. We identified PANCR, a 2 exon lncRNA adjacent
to PITX2 on chr 4q25. PANCR appears to be functional in
cardiomyocytes differentiated from human embryonic stem
cells, in that its knockdown has widespread effects on gene
expression. However, similar to PITX2c, PANCR expression was not associated with the 4 independent AF-associated
SNPs in the 4q25 locus. Therefore, the mechanisms by which
the AF-associated SNPs on chromosome 4q25 modify AF susceptibility remain enigmatic.

Materials and Methods
Human Left Atrial Tissue
Left atrial appendage tissues were obtained from a biorepository of
human atrial tissues from patients who underwent cardiac surgery
at the Cleveland Clinic and who consented to have discarded tissue used for research under a protocol approved by the Cleveland
Clinic Institutional Review Board (IRB). Before 2008, verbal consent was obtained and documented in the medical records in a process approved by the IRB. From 2008 onward, patients provided
IRB-approved written informed consent. AF history, type of AF,
structural heart disease, demographics, and other clinical data were
collected in a research database and a prospectively collected database of all cardiac surgeries. Subjects were categorized as lone AF
if they had a history of AF and did not have coronary artery disease

A human total RNA master tissue panel was purchased from Clontech
(cat 636643). Additional ventricular samples from anonymous discarded tissue were obtained under an IRB-approved protocol. IRBexempt anonymous eye samples were obtained from the National
Disease Research Interchange (Philadelphia, PA). The custom designed PANCR or PITX2c TaqMan assays (described above) were
used with PPIA as the endogenous control. Reactions were run in
triplicate, and the results were presented after conversion of log2 values into linear measures by applying a 2−ΔΔCT transformation.

Differentiation of H9 Cells to Cardiomyocytes
A monolayer protocol was used to differentiate H9 human embryonic
stem (ES) cells into cardiomyocytes as previously described27 with
the following minor modifications. Cells were plated in 12-well
dishes that were coated with diluted growth factor–reduced matrigel
(BD). The cells were cultured in mouse embryonic fibroblast media
(R&D systems) for 3 days before growth factors were added as previously described.27 The cells were maintained in RPMI 1640 with B27
supplements (Invitrogen 17504-044) until experimentation. Beating
foci of cardiomyocytes were first seen between days 11 and 14.

siRNA Knockdown of PANCR and PITX2
100 pmol of a custom PANCR siRNA (Ambion silencer select; Table
I in the Data Supplement), 33 pmol of each of 3 PITX2c siRNAs
(Ambion silencer select cat no 4392420; ids: S10557, S10558, and
S10559), or 100 pmol of a control scramble siRNA (Ambion silencer
select cat No 4390843) were transfected in differentiated H9-induced
cardiomyocytes using the RNAiMax (Invitrogen) transfection reagent
according to manufacturer’s specifications. The siRNA complexes
were incubated with cells for 48 hours followed by RNA isolation,
cDNA preparation, and qRT-PCR as described earlier.

RNAseq and Analysis
Expanded methods for RNAseq and analysis are found in the data
Supplement. Gene expression data for these studies are available at
GEO accession number GSE67844. The search of miRNA target sites
in PITX2 using 11 algorithms was performed using miRecords.28
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Statistical Methods
All data are shown as the mean±SD, unless indicated otherwise.
Patient membership in gender or disease status classes was subjected
to chi-square tests. Patient body mass index (BMI) and age were not
normally distributed and were analyzed by Krusakal–Wallis nonparametric analysis of variance. Human atrial PITX2c and PANCR RNA
levels were adjusted for by the factors listed in the table or figure
legends, used as linear covariates. The P values for the association
of SNPs with PANCR expression was performed by linear regression using the R statistical software, with or without correction using
sex, age, BMI, hypertension, CAD, MVD, and AF history/rhythm as
linear covariates. Left–right atrial PANCR gene expression was compared using a paired t-test. Gene expression data from the H9 cell
line were assumed to be normally distributed; thus, parametric T-test
and analysis of variance were used, along with post-tests indicated
in figure legends. All column-based and correlation analyses were
performed using Prism 6.0 software (GraphPad). RNAseq statistical
analyses and false discovery rate P value adjustments are described
in the Data Supplement.
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Results
Discovery of a lncRNA Adjacent to the PITX2 Gene
in Human Left Atria
RNAseq was previously performed in 4 pairs of human left–
right atrial samples.8 We detected a left atrial–expressed RNA
adjacent to PITX2, with a 1937 bp intergenic region, which
corresponds to Ensembl transcript RP11-380D23.2-002
(ENST00000513690, release 74), which is classified as a long

intergenic noncoding RNA (Figure 1). This transcript will be
referred to as PANCR. The most common transcript isoform
was 446 nucleotides long, encoded by 2 exons derived from a
gene of ≈20 kb (ENSG00000250103). We excluded the possibility that PANCR could be as a result of read through transcription of the PITX2c gene; in the 4 left atrial samples, we
found 94 RNAseq reads spanning the 2 exons of PANCR and
0 reads spanning the last exon of PITX2c and the first exon of
PANCR. Our analysis confirmed the lncRNA annotation, with
the longest open reading frame encoding only 35 amino acid
residues, typical for lncRNAs.29 Other minor splice junctions
were observed and confirmed upon sequencing additional
left atrial appendages, yielding a second 4-exon transcript
that corresponds to Ensembl transcript ENST00000503456.1
(RP11-380D23.2), but the read coverage for this alternate
transcript was low (Figure 1). Our exon-spanning reads also
detected a novel alternatively spliced version of the 4-exon
ENST00000503456.1 transcript that contained only the first
and last exons. Overall, 90.8% of the junctional reads spanned
the 2 major exons in PANCR, with the first exon and second
exons comprising 152 and 294 bp, respectively. The entire
second exon of PANCR is composed of a long terminal repeat
in the ERVL-MaLR retrotransposon family. This open reading
frame and the entire PANCR transcript sequence are well conserved in chimpanzee with 100% and 98.9% identity, respectively. However, the mouse shares only a small 55 bp region

Figure 1. RNAseq identification of PITX2 adjacent noncoding RNA (PANCR). The top panel shows aggregate read counts from a human
left atrial appendage in a portion of the chr.4q25 region. The second panel shows a nonrepresentational set of the individual reads that
span exon junctions (horizontal lines). The third panel shows the Ensembl annotated transcripts, the 3-exon PITX2c transcript, the major
2-exon PANCR transcript, and the minor 4-exon transcript. The fourth panel shows the locations of long terminal repeats (LTRs) in this
region, which overlaps with the second exon of PANCR. The bottom panel shows the mouse–human alignment (in blue), with only a
55 bp fragment of PANCR exon 1 conserved.
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of identity in exon 1 (54/55 nucleotides conserved) located
in the orthologous region on mouse chromosome 3 between
the Enpep and Pitx2 genes, with only the first 19 nucleotides
of the open reading frame conserved perfectly. We performed
RNAseq of mouse left atria and did not find any detectable
expression overlapping the 55 bp region of identity with
human PANCR.

Left Atrial PANCR Expression Is Not Associated
With AF Rhythm Status
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We obtained left atrial appendage specimens from 223 cardiac surgery patients of European ancestry. Samples were
subdivided into 3 groups based on their history of AF and
their preoperative rhythm status: no history of AF (No AF,
N=24); history of AF in sinus rhythm at time of sample
collection (AF/sinus rhythm, N=78); and history of AF in
AF rhythm at time of sample collection (AF/AF, N=121;
Table 1). AF/rhythm status was examined for association
with sex, age, BMI, and history of hypertension, CAD, and
MVD. The only significant characteristic associated with
AF rhythm status was age, with the no AF group being the
oldest and the AF/sinus rhythm group being the youngest
(P value =0.0035). There were also trends for association
with BMI, history of hypertension, and history of MVD.
Among the 199 AF subjects, there were 35 subjects with
lone AF equally represented in the AF/sinus rhythm and AF/
AF groups. PANCR RNA levels in the left atrial appendages, normalized to ACTC1, were measured by qPCR. There
was no association of PANCR levels with AF rhythm status,
either before or after adjusting for age, sex, BMI, hypertension, CAD, and MVD (Figure 2).

PANCR and PITX2c Expression in Human Tissues
Using RNA from the same 223 human left atrial appendage
subjects described above, we also measured the levels of
PITX2c mRNA because PITX2c is the only isoform of the
adjacent gene expressed in left atria. Overall, there was a
robust and significant positive correlation between PANCR
and PITX2c RNA levels (r=0.40; P<0.0001; Figure 3A).
Analysis of our left/right atrial RNAseq data demonstrated
that PANCR expression was left atrial–specific with an
Table 1.

average of 13.0 reads per million mapped reads, whereas
no reads above background mapped to this transcript in the
right atria (P value =0.05; Figure 3B). To determine the
tissue distribution of the PANCR expression, qPCR was
performed on 33 human tissue samples, including the left
atrium as a positive control. Expression was highest in the
left atrium, with ≈10-fold lower expression in the eye and
lower levels detected in fetal heart, total heart, placenta, and
small intestine (Figure 4A). PANCR was not detected in
adult right atrium, left or right ventricle, or any other tissue
examined. We also evaluated PITX2c expression in these
same tissue samples. PITX2c was most highly expressed
in skeletal muscle (≈5.6-fold greater than left atrium),
followed by eye (≈1.8-fold versus left atrium) and left
atrium (Figure 4B). PITX2c expression was also detected
in placenta>>colon, small intestines, fetal and adult total
heart, prostate, and adipose tissue. In agreement with our
prior studies, PITX2c expression was much higher in the
left versus right atrial appendage.6,8

Lack of Identification of Common cis Variants
Associated With PANCR Expression in Left Atria
Previously, we determined that common SNPs in the 4q25
region are not associated with PITX2c expression in human
adult left atrial appendages.6 To determine whether common
genetic variants in this locus were associated with PANCR
expression, we performed a cis-expression quantitative trait
(cis-eQTL) analysis by calculating the association of PANCR
expression with SNP genotypes obtained from microarrays
(±500 kb from PANCR). First we examined the 4 independent AF-associated SNPs on chromosome 4q25 for association with PANCR expression. These 4 SNPs (Table 2) were
identified from the Cleveland Clinic Lone AF genome-wide
association studies,6 and, the independent association of
these SNPS with AF, or proxies in perfect linkage disequilibrium (HapMap 22), was recently confirmed in a large metaanalysis.7 None of these SNPs was associated with PANCR
expression, normalized to ACTC1, before or after adjustment for sex, age, BMI, hypertension, CAD, MVD, and AF
history/rhythm (P≥0.25; Table 2). A simulation using our
log2 PANCR expression data, with a coefficient of variation

Left Atrial Appendage Surgical Patient Characteristics

Patient Characteristics
Sex, female, %
Age,† y
BMI,† kg/m2

Total N=223

No History of AF
n=24, 11%

History of AF/SR
n=78, 35%

History of AF/AF
n=121, 54%

P Value

22%

27%

25%

19%

0.45*

62 (55, 69)

68 (62,75)

59 (52, 65)

64 (55, 70)

0.0035‡

27.8 (24.7, 31.6)

26.5 (23.4,28.3)

27.0 (24.0, 31.4)

28.2 (25.2, 32.2)

0.064§

Hypertension, %

51%

60%

41%

56%

0.085*

CAD, %

34%

50%

29%

34%

0.17*

MVD, %

49%

70%

53%

43%

0.076*

Lone AF, %

16%

0%

17%

18%

0.78§

AF indicates atrial fibrillation; ANOVA, analysis of variance; BMI, body mass index; CAD, coronary artery disease; MVD, mitral valve disease; and SR,
sinus rhythm.
*P value by chi-square test.
†Median (interquartile range).
‡P value by Kruskal–Wallis nonparametric ANOVA.
§P value by chi-square comparing only AF/SR and AF/AF groups.
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Figure 3. PITX2 adjacent noncoding RNA (PANCR) expression
correlated with PITX2c expression in human left atrial appendages. A, PANCR and PITX2c levels, measured by quantitative
polymerase chain reaction (qPCR) normalized to ACTC1, are
significantly and positively correlated in human adult left atrial
appendages from 233 subjects of European ancestry (r=0.40;
P<0.0001). B, RNAseq demonstrated that PANCR was expressed
in the left atria but not in the right atria in 4 left/right atrial pairs
(paired t-test P=0.05).
Downloaded from http://circep.ahajournals.org/ by guest on October 28, 2016

differentiated cardiomyocytes into nuclear and cytoplasmic
fractions and determined that >95% of both PANCR RNA and
PITX2c mRNA were located in the cytoplasm (Figure 5D).

PANCR and PITX2c Knockdowns in H9-Derived
Cardiomyocytes

Figure 2. PITX2 adjacent noncoding RNA (PANCR) expression
not associated with atrial fibrillation (AF). Unadjusted (A) and
sex- and age-adjusted (B) PANCR expression levels, normalized
to ACTC1 expression are not significantly associated with AF
history and rhythm status in 223 human left atrial appendages.
Sex and age were used as linear covariates for adjusting PANCR
expression. SR indicates sinus rhythm.

of 14.32% in 223 subjects, and a minor allele frequency of
0.10 (the lowest frequency of these 4 AF-associated SNPs)
demonstrates that we were powered to observe a 7% allele
effect on PANCR expression at P<0.05. Thus, we were well
powered to observe cis-effects on gene expression. Extending this analysis to 169 genotyped SNPs in this region, none
were found to be associated with the expression of PANCR
at a Bonferroni corrected P value threshold of 0.05. Thus,
the AF-associated SNPs do not appear to regulate PANCR
expression in adult human left atrial appendages.

PANCR and PITX2c Are Coordinately Expressed
During Cardiomyocyte Differentiation of Human
H9 Embryonic Stem Cells
H9 embryonic stem cells were differentiated into cardiomyocytes as described in the Methods section. Cells were
harvested before the addition of each new factor to determine when PANCR, PITX2c, and the cardiomyocyte-specific
marker Troponin T2 were induced during differentiation.
Expression levels were measured by qPCR, normalized to
PPIA. PANCR and PITX2c were both induced at day 2–3,
whereas cardiac troponin was not induced until day 8 (Figure 5A–5C), indicating that PANCR and PITX2c were coordinately induced during differentiation before the expression
of this cardiomyocyte structural protein. We fractionated these

We demonstrated above that the expression of PANCR and
PITX2c were positively correlated in human adult left atrial
appendages. We further hypothesized that PANCR and the
adjacent transcription factor, PITX2c, might regulate each
other’s expression, and both might also regulate expression of
other genes in trans. PANCR and PITX2c were knocked down
in H9-differentiated cardiomyocytes (3 biological replicates)
using siRNA transfection, and global gene expression was
ascertained by RNAseq. We first evaluated regulation of the
expression of the 2 adjacent genes (Figure 6A and 6B). PITX2c
knockdown reduced its own expression by 40%, but expression
of PANCR was not affected. In contrast, PANCR knockdown
decreased expression of both itself and PITX2c (42% and 44%,
respectively). These effects of PITX2c and PANCR knockdown
were confirmed and found significant in an independent experiment where the expression of PITX2c and PANCR were measured using qPCR (Figure I in the Data Supplement). There is
no sequence similarity between PITX2c and PANCR RNAs, as
determined using blast2n; thus, the siRNA to PANCR cannot
directly interact with PITX2c mRNA.
An analysis of the expressed genes detected by RNAseq
showed that PANCR knockdown resulted in changes in gene
expression that were remarkably similar to those mediated
by PITX2c knockdown. There were 2029 genes regulated
by PANCR knockdown and 760 gene regulated by PITX2c
knockdown at P<0.05, but this difference in number is simply
because of slightly higher variability in the PITX2c knockdown. Thus, instead of looking at overlap of P<0.05 threshold
genes in both sets that would arbitrarily exclude many potentially coregulated genes, we examined the 2029 genes that
were regulated by PANCR knockdown and found that their
direction and fold change effects of PANCR or PITX2c knockdown were highly conserved (Figure 6C; r2=0.85). Thus, we
conclude that the major activity of PANCR is to positively
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Figure 4. Tissue-specific expression of PITX2
adjacent noncoding RNA (PANCR) and PITX2c.
RNA from 33 different human tissue samples
was used to determine specific tissue expression of PANCR and PITX2c by quantitative
polymerase chain reaction (qPCR) normalized
to PPIA expression. A, PANCR was most highly
expressed in the left atria and in the eye.
B, PITX2c was most highly expressed in skeletal
muscle, left atria, and the eye.

regulate PITX2c mRNA. Gene ontology searches for the set
of genes regulated by PANCR or PITX2c knockdown also
showed agreement and revealed that cell adhesion was the top
biological process, extracellular region was the top cellular
compartment, and calcium ion binding was the top molecular
function for both knockdowns (all <0.03 false discovery rate).
The top 20 genes (by fold change) altered by each knockdown
are shown in Tables II and III in the Data Supplement.
We also performed small RNAseq on the H9-differentiated
cardiomyocytes after PANCR or PITX2c knockdown to
Table 2. Chr.4 AF Risk SNPs Not Associated With PANCR
Expression
Location

PANCR P Value
Uncorrected

PANCR P Value
Phenotype Corrected*

rs2200733

111929618

0.87

0.80

rs3853445

111980936

0.60

0.68

rs1448818

111789672

0.26

0.25

rs10033464

111940210

0.35

0.31

SNP

AF indicates atrial fibrillation; BMI, body mass index; CAD, coronary artery
disease; MVD, mitral valve disease; PANCR, PITX2 adjacent noncoding RNA; and
SNP, single nucleotide polymorphism.
*Corrected for sex, age, BMI, hypertension, CAD, MVD, and AF history/rhythm
as linear covariates.

assess their effects on the miRNA transcriptome. Many miRNAs were significantly up- or downregulated after PANCR
or PITX2c knockdown. The top 20 miRNAs (by P value)
altered by each knockdown are shown in Tables IV and V in
the Data Supplement. We compared the fold change effects of
the 386 expressed miRNAs in the PANCR knockdown data
set with the fold change effects after PITX2c knockdown and
again found good conservation in the direction and effect size
(Figure 6D; r2=0.40). Similar to the RNAseq analysis, this
miRNAseq analysis shows that the effects of PANCR knockdown on miRNA expression may be largely mediated by its
effect on PITX2c expression.

Discussion
Multiple genome-wide association studies have identified the
chromosome 4q25 region as the strongest AF susceptibility
locus.3,5 Our earlier RNAseq study of 4 left/right atria pairs
revealed an uncharacterized lncRNA, which we have now
named PANCR, located just 2 kb 3′ of the PITX2 gene near
the chromosome 4q25 AF susceptibility region.8 Here we
report that PANCR is most highly expressed in human left
atria and eye; although PITX2c is also highly expressed in
the left atria and eye, its highest expression level is in skeletal muscle. The left atria–eye connection has been previously
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Figure 5. PITX2 adjacent noncoding RNA
(PANCR) and PITX2c coordinately induced
during cardiomyocyte differentiation. A–C,
During differentiation of H9 embryonic stem
cells to cardiomyocytes, PANCR and PITX2c
were coordinately induced at day 2–3, preceding the induction of cardiac troponin, a
cardiomyocyte-specific structural protein
(N=3, mean±SD; *P<0.05; **P<0.001 compared with Day 0 by ANOVA with Dunnett
posttest). D, Nuclear and cytoplasmic
RNAs were prepared and quantitative
reverse transcriptase–polymerase chain
reaction (qRT-PCR) demonstrated that both
PANCR and PITX2c RNAs were predominantly cytoplasmic (N=2, mean±SD).

noted in Axenfeld–Rieger syndrome, which is attributed to
mutations in the PITX2 gene. These patients are characterized by abnormal development of the anterior eye and of the
heart, among other malformations.30,31 Complete knockout of
the PITX2 gene in mice leads to developmental lethality with
malformation of several organs, while hemizygous mice have
eye abnormalities and are susceptible to pacing-induced atrial
arrhythmia.31–35
We previously found that AF susceptibility SNPs in the
4q25 region were not associated with PITX2c expression in

human adult left atrial appendages from 239 subjects.6 Thus,
we were excited by the possibility that these AF susceptibility
SNPs might be associated with PANCR expressions. However,
we report here that these SNPs in the 4q25 region were not
associated with expression of PANCR. Another group recently
looked for association of chr 4q25 SNPs with PITX2 expression in 122 right and 12 left atrial appendage patient samples;
the only significant association found was for the PITX2a isoform in right atrial appendages, where the AF risk alleles were
associated with higher PITX2a expression.36 Thus, there is

Figure 6. siRNA knockdown of PITX2 adjacent
noncoding RNA (PANCR) and PITX2c in differentiated
cardiomyocytes. After differentiation H9 human
embryonic stem cells to cardiomyocytes, siRNA
was used to knock down PANCR and PITX2c RNAs,
and changes in gene expression were determined
by RNAseq. A, PANCR expression was significantly
decreased only by PANCR siRNA. B, PITX2c expression was significantly decreased when either PITX2c
or PANCR siRNA (expression calculated in reads per
million per kb transcript size, rpkm; N=3, ±SD). C,
Fold changes in RNA expression were significantly
correlated after PANCR vs PITX2c knockdown. Only
RNAs whose expression was significantly altered by
PANCR knockdown are plotted. D, Fold changes in
miRNA expression were significantly correlated after
PANCR vs PITX2c knockdown.
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still no evidence in human adult atrial appendages that expression of the PITX2c isoform is associated the AF risk alleles
at 4q25. However, this region of 4q25 does contain histone
marks (H3K4me1) in human fetal heart that are associated with
enhancer activity.37 One small region near the AF risk SNPs was
identified to have weak enhancer activity, albeit not tissue specific to atrial-like cells or to the heart, tested in reporter gene
transfection studies and transgenic mice, respectively.37 We
still suspect that these SNPs may regulate PITX2c and PANCR
expression, but perhaps at an earlier time in development, and
in a different region of the heart. In fact, a lacZ PITX2c knockin
is expressed highest during development and in the early postnatal period compared with older mice.34 In addition, isoformspecific knockout of PITX2c in mice alters the pulmonary vein
connections to the left atrium, and the atrial appendage tissue
samples we studied have a different embryological origin from
the secondary heart field where PITX2c is expressed during
early development,38 and thus, gene regulation may be different
in these regions.
LncRNAs are still an enigma. In contrast to miRNAs that
function by binding directly to target mRNAs to decrease
their translation and stability, lncRNAs do not have a single
mechanism of action.9 Some lncRNAs reside in the nucleus,
others are in the cytoplasm, and still others are found in
both compartments. Among the many reported functions of
lncRNAs, they may modulate gene expression via recruitment of histone-modifying proteins to alter epigenetic regulation, recruitment of transcription activators or repressors,
alteration of nuclear structure, acting as antisense transcripts
to overlapping or partially complementary mRNAs, acting
as sponges to bind to RNA-binding proteins or miRNAs.
Some lncRNAs are actually misidentified and are actually mRNAs that code for small proteins detected by mass
spectrometry.39 In addition, many lncRNAs are not wellconserved between mice and humans; however, even some
of these nonconserved lncRNAs have been shown to have
significant functions.40,41 In our human left atrial samples, we
found a striking correlation between the levels of PANCR
lncRNA and PITX2x mRNA. Additionally, during human
ES cell cardiomyocyte differentiation, PANCR and PITX2c
were coordinately induced before cardiac troponin, suggesting that these genes are expressed before the cells are fully
differentiated into cardiomyocytes. This finding, combined
with mouse data showing reduced, but present, PITX2c levels in adult versus postnatal heart,34 suggests that PANCR
and PITX2c may play a larger role during development and
in childhood than in adult heart.
Our co-expression data suggest that PANCR may regulate PITX2c expression or, alternatively, that PITX2 may
regulate the expression of PANCR. To test these hypotheses,
we separately performed siRNA knockdown of PANCR and
PITX2 in cardiomyocytes differentiated from H9 human ES
cells. We found that although PANCR knockdown reduced
PITX2c levels, PITX2c knockdown did not reduce PANCR
levels. This suggests that PANCR may act as a positive regulator of PITX2c. However, cell fractionation studies found
that PANCR is localized in the cytoplasm of induced cardiomyocytes; thus, PANCR is less likely to increase PITX2c
transcription via either epigenetic modifier or transcription

factor recruitment in the nucleus. The transcription of an
lncRNA in itself could act to promote transcription of an
adjacent gene.9 Because PANCR siRNA knockdown would
not be expected to alter PANCR transcription in the nucleus
but its turnover in the cytoplasm, it seems likely that just
the transcription of PANCR is not sufficient to positively
regulate the expression of PITX2c in-cis. Rather, we speculate that it is more likely that PANCR stabilizes PITX2c
mRNA in the cytoplasm. However, this mechanism would
need to work despite our RNAseq finding that PANCR
is expressed at lower levels than PITX2c in our ES cell–
derived cardiomyocytes.
Our RNAseq study with the induced cardiomyocytes
revealed that PANCR knockdown yielded similar changes in
mRNA levels as PITX2c knockdown, indicating that the other
effects of PANCR knockdown were probably mediated indirectly via modulation of PITX2c mRNA levels. Likewise, the
PANCR and PITX2c knockdowns had similar overall effects
on the miRNA transcriptome; however, changes in miR-143
and miR-501 both caught our attention. We had previously
noted that miR-143 was the most abundant miRNA in human
atria, accounting for ≈30% of all mapped small RNA reads.8
Here, we also observed that miR-143 was the most abundant
miRNA in the H9 differentiated cardiomyocytes. Knockdown
of either PANCR or PITX2c led to significant ≈2-fold upregulation of miR-143 (Tables IV and V in the Data Supplement).
The Miranda and RNAhybrid miRNA target algorithms predict
that PITX2c contain an miR-143-binding site, although several
other algorithms fail to detect this site. In zebrafish studies,
miR-143 has been shown to alter cardiac chamber morphogenesis and play a role in retinoic acid signaling and cardiac outflow
tract development.42,43 In addition, knockout of the miR143145 gene cluster in mice leads to impaired vascular function.44
miR-501 was induced 3.2-fold after PANCR knockdown and
1.6-fold after PITX2c knockdown (Tables IV and V in the Data
Supplement). miR-501 is predicted to bind to PITX2c by the
Miranda, miRTarget, Pita, and RNAhybrid algorithms. Thus,
one potential mechanism for the cytoplasmic PANCR lncRNA
to regulate PITX2c mRNA is by acting as an miRNA sponge
and protecting the binding of specific miRNAs to PITX2c
mRNA that would otherwise increase its degradation.
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SUPPLEMENTAL MATERIAL
Supplemental Methods
Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
For left atrial and differentiated cardiomyocyte knockdown samples, 12.5 µl of the TaqMan®
gene expression master mix (Applied Biosystems), 1.25 µl of the custom designed PANCR or
PITX2c primer/probe set (Supplemental Table 1, obtained from IDT) and the primer limited
cardiac actin (ACTC1) primer/probe mix (assay number Hs00606316_m1 from Applied
Biosystems) were mixed to create a master mix to be added to each sample. For the time
course of H9 cell differentiation into cardiomyocytes and tissue array comparison, a similar qRTPCR assay was done, but normalized to cyclophilin A (PPIA, assay number Hs04194521_s1
from Applied Biosystems) instead of ACTC1, since the latter gene is not expressed in
undifferentiated H9 cells or most other tissues. This 15 µl master mix was pipetted into
individual wells of a 96-well working plate. 10 µl of the diluted cDNA was added to each well. 5
µl of this working mixture was pipetted in triplicate to a 384-well assay plate. Real time PCR
was performed in a Bio-RAD CRX thermocycler that had been calibrated for FAM and VIC
fluorescent probes. Thermal cycling was performed with a hot-start at 95°C for 10 minutes,
followed by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds.

RNAseq and analysis
RNAseq library preparation and sequencing for differentiated H9 cardiomyocytes was
completed at the University of Chicago using the Illumina HiSeq platform. The 100 bp pairedend reads were aligned to hg19 using STAR aligner 1 and the Ensembl 71 transcript
annotation.2 Read counts were summed using htseq-counts. Gene ontology searches for the
genes regulated by PANCR or PITX2c knockdown was performed using DAVID.3, 4 Differential
gene expression analyses after PANCR and PITX2c knockdown was performed using the

edgeR5 package in R/Stats. Small RNAseq of differentiated H9 cardiomyocytes was performed
at the Cleveland Clinic on the Illumina MySeq platform. Sequences were aligned to the genome
using STAR aligner1 and the transcript counts were determined using FeatureCounts.6 miRNA
families were collapsed to a single miRNA family identifier using the miRbase annotations, thus
discarding sequences that were not annotated miRNAs. Differential miRNA gene expression
was determined using DEXSeq software.7 False discovery rates were determined by the
Benjamini Hochberg method8 in the DEXSeq package.
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Supplemental Table 1: PANCR TaqMan primers/probe and siRNA sequences
Identifier

Sequence

PANCR Forward Primer

5' AAT TCT CCA TAG GAC TGC ATG AG-3'

PANCR Reverse Primer

5'-CAC CTC GGT TCC ACT CAA C-3'

TaqMan Probe

5'-/56-FAM/CGG TTG TCT /ZEN/TCT CCC AGA ATG AGT GA/3IABkFQ/-3'

PANCR siRNA sense

5’ CGG UUC CAC UCA ACC GAU UUU 3’

PANCR siRNA
antisense

5’ AAU CGG UUG AGU GGA ACC GUU 3’

* FAM fluorophore with internal ZEN and 3’ IOWA BLACK FQ quencher modification

Supplemental table 2. Top 20 differentially expressed genes after PANCR knockdown, by
fold change.
Gene symbol
SERPINA7
FGFBP2
PLG
PRODH2
EMX1
ENSG00000233639
ENSG00000248362
ANGPT4
ITIH1
OR51E2
FABP1
SCNN1G
RPSAP56
CD300E
ENSG00000258123
SST
PHOX2A
ENSG00000261286
OR51E1
ST3GAL6-AS1

Chromosome
X
4
6
19
2
2
5
20
3
11
2
16
16
17
12
3
11
16
11
3

log2FC*
5.86
4.87
3.44
-2.89
-2.80
2.69
2.69
-2.65
2.65
-2.58
2.53
-2.47
2.47
-2.41
2.41
-2.37
2.29
2.29
-2.28
2.28

logCPM†
-1.91
-1.52
-0.68
-1.25
-1.46
-1.47
-1.07
-0.01
-0.96
-0.40
-1.40
2.03
-0.60
-1.81
-1.76
0.80
-1.67
-1.47
-1.10
-1.65

P value‡
2.19E-04
5.99E-04
6.53E-03
2.27E-04
4.45E-03
7.71E-02
2.53E-05
1.51E-03
4.40E-02
1.82E-03
1.23E-02
1.18E-02
1.61E-02
3.69E-02
1.26E-04
5.04E-03
1.26E-03
5.31E-04
1.99E-02
9.34E-04

*, Log2 fold change relative to scramble siRNA
†, log read counts per million
‡, t-test p-value determined by edgeR software comparing PANCR knockdown vs. scrambled siRNA

Supplemental table 3. Top 20 differentially expressed genes after PITX2c knockdown, by
fold change
Gene symbol
CST1
KRT6A
EOMES
SERPINA7
CHRDL2
OR51E1
PLG
LINC00461
CD300E
ENSG00000228741
CER1
SCGB3A2
TMPRSS3
SST
ENSG00000261286
FAM179A
ANGPT4
POU5F1
HOXB8
CMKLR1

Chromosome log2FC*
20
8.44
12
-4.47
3
3.28
X
3.16
11
-3.15
11
-3.02
6
2.92
5
-2.90
17
-2.60
13
-2.43
9
2.42
5
2.40
21
2.39
3
-2.38
16
2.35
2
-2.30
20
-2.30
6
2.30
17
-2.29
12
-2.26

logCPM†
-1.414
-1.270
-0.845
-1.911
0.790
-1.097
-0.677
1.675
-1.812
-1.481
-0.178
-1.901
-1.656
0.800
-1.470
-1.695
-0.009
-1.371
-0.967
2.585

P value‡
1.94E-05
9.97E-03
8.54E-03
7.22E-02
1.43E-04
3.15E-03
2.01E-02
1.31E-01
2.65E-02
3.60E-03
2.24E-03
1.30E-03
1.32E-03
4.83E-03
3.73E-04
9.55E-03
5.12E-03
1.48E-01
5.38E-03
1.00E-03

*, Log2 fold change relative to scramble siRNA
†, log read counts per million
‡, t-test p-value determined by edgeR software comparing PITX2c knockdown vs. scrambled siRNA

Supplemental table 4. Top 20 differentially expressed miRNA families after PANCR
knockdown, by p-value
miR family
MIR423
MIR501
MIR500A
MIR191
MIR589
MIR126
MIR29A
MIR151B
MIR99A
MIR140
MIR720
MIR542
MIR143
MIR490
MIR532
MIR194-1
MIR301A
MIR194-2
MIR30B

Read counts*
4481
169
1313
31516
154
2116
44
124
1116
1003
4
320
307561
1767
1593
176
1896
186
2873

log2FC†
1.42
1.68
1.64
-0.94
1.19
-1.10
1.86
1.14
-1.22
0.80
3.94
-0.69
1.14
-0.58
1.02
-0.96
-1.03
-0.93
-0.55

P value‡
3.28E-10
1.34E-09
1.65E-08
1.75E-08
3.99E-08
1.38E-07
2.57E-07
1.26E-06
2.10E-06
3.24E-06
7.60E-06
1.81E-05
1.88E-05
3.01E-05
1.12E-04
1.17E-04
1.29E-04
1.52E-04
1.54E-04

FDR§
4.41E-08
1.35E-07
1.17E-06
1.17E-06
2.29E-06
6.96E-06
1.15E-05
4.61E-05
6.50E-05
9.33E-05
2.04E-04
4.47E-04
4.47E-04
6.74E-04
2.35E-03
2.35E-03
2.48E-03
2.71E-03
2.71E-03

*, Read counts per group, quantile normalized
†, Log2 fold change relative to scramble siRNA
‡, t-test p-value determined by DESseq software comparing PANCR knockdown vs. scrambled siRNA.
6, 7
§, false discovery rate for testing multiple miRNA families (type II error) implemented in DEXSeq .

Supplemental table 5. Top 20 differentially expressed miRNA families after PITX2c
knockdown, by p-value
miR family
MIR301B
MIR302A
MIR328
MIR941-1
MIRLET7F1
MIRLET7F2
MIR301A
MIR126
MIR143
MIR30B
MIRLET7G
MIR182
MIR140
MIR302D
MIR589
MIR222
MIR191
MIRLET7I
MIR423

Read counts*
933
566
178
33
1494
1519
1896
2116
307561
2873
476
44768
1003
279
154
1099
31516
159
4481

log2FC†
-1.23
-0.74
-0.80
2.03
0.86
0.86
-1.04
-0.75
0.96
-0.52
0.85
1.37
0.57
-0.77
0.69
0.89
-0.52
0.88
0.68

P value‡
2.34E-05
8.81E-05
9.77E-05
5.90E-05
9.23E-05
9.24E-05
1.11E-04
3.14E-04
3.03E-04
3.57E-04
4.85E-04
7.92E-04
8.51E-04
1.36E-03
1.35E-03
1.74E-03
2.03E-03
2.47E-03
2.76E-03

FDR§
1.90E-03
3.53E-03
3.53E-03
3.53E-03
3.53E-03
3.53E-03
3.59E-03
8.50E-03
8.50E-03
8.93E-03
1.13E-02
1.72E-02
1.73E-02
2.32E-02
2.32E-02
2.84E-02
3.15E-02
3.65E-02
3.80E-02

*, Read counts per group, quantile normalized.
†, Log2 fold change relative to scramble siRNA.
‡, t-test p-value determined by DESseq software comparing PITX2c knockdown vs. scrambled siRNA.
6, 7
§, false discovery rate for testing multiple miRNA families (type II error) implemented in DEXSeq .
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Supplemental Figure 1: siRNA knockdown of PANCR and PITX2c in differentiated
cardiomyocytes. qPCR was used to measure PANCR (A) and PITX2c (B) expression levels
after indicated siRNA treatments (N = 4 + SD, different numbers above bars indicate p < 0.05 by
ANOVA with Newman-Keuls posttest). ACTC1 qPCR was used for internal normalization, the
2-CT method was used for adjusting values to a linear scale, and expression was then shown
relative to expression in the scramble KD control.

