linc-HOXA1 is a noncoding RNA
that represses Hoxal transcription in cis
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Recently, researchers have uncovered the presence of many long noncoding RNAs (IncRNAs) in embryonic stem
cells and believe they are important regulators of the differentiation process. However, there are only a few
examples explicitly linking IncRNA activity to transcriptional regulation. Here, we used transcript counting and
spatial localization to characterize a IncRNA (dubbed linc-HOXA1) located ~50 kb from the Hoxa gene cluster in
mouse embryonic stem cells. Single-cell transcript counting revealed that linc-HOXA1 and Hoxal RNA are highly
variable at the single-cell level and that whenever linc-HOXA1 RNA abundance was high, Hoxal mRNA
abundance was low and vice versa. Knockdown analysis revealed that depletion of linc-HOXA1 RNA at its site of
transcription increased transcription of the Hoxal gene cis to the chromosome and that exposure of cells to
retinoic acid can disrupt this interaction. We further showed that linc-HOXA1 RNA represses Hoxal by recruiting

the protein PURB as a transcriptional cofactor. Our results highlight the power of transcript visualization to
characterize IncRNA function and also suggest that PURB can facilitate IncRNA-mediated transcriptional

regulation.
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With the advent of tiling microarrays and RNA sequenc-
ing, researchers have discovered that transcription occurs
in many regions of the genome not previously thought to
be transcriptionally active (Carninci et al. 2005; Kapranov
et al. 2005; The ENCODE Project Consortium et al. 2007;
Mercer et al. 2009; Cabili et al. 2011; Rinn and Chang
2012; Derrien et al. 2012). In particular, some of these
regions (thought to number in the thousands) (Cabili et al.
2011; Derrien et al. 2012) encode long noncoding RNA
molecules (IncRNAs) with little apparent coding poten-
tial, despite being spliced and polyadenylated much
like messenger RNA (mRNA). While many IncRNAs
display conservation between species (Ponting et al.
2009), suggesting that they may play some role in cellular
function, the exact role of the vast majority of these
molecules remains unclear, often due to technical diffi-
culties associated with the manipulation of IncRNAs.
However, associative studies show that IncRNAs appear
to be involved in developmental processes (Pauli et al.
2011; Hu et al. 2012) and that they are particularly
prevalent in embryonic stem cells and may be involved
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in the regulation of pluripotency (Dinger et al. 2008;
Hawkins and Morris 2010; Guttman et al. 2011).

The four Hox gene clusters in mammalian genomes
provide an ideal testing ground for studying the function of
IncRNAs given that (1) they contain key developmental
regulators with broad conservation; (2) their genetic orga-
nization is strongly linked to their expression properties,
providing candidates for regulation; and (3) they contain
a very large number of IncRNAs (Petruk et al. 2006;
Mainguy et al. 2007; Rinn et al. 2007; Zhang et al. 2009;
Wang et al. 2011). Indeed, several groups have already
demonstrated that particular IncRNAs in the cluster
appear to regulate some of the Hox genes in the cluster
themselves (Petruk et al. 2006; Rinn et al. 2007; Zhang
et al. 2009; Wang et al. 2011), part of a broader class of
IncRNAs that regulate genetically proximal genes
(Orom et al. 2010; Grom and Shiekhattar 2011; Wang
et al. 2011; Lai et al. 2013). Still, the function (if any) of the
majority of IncRNAs in and around the Hox clusters
remains unknown.

Here, we elucidated the function of a IncRNA, dubbed
linc-HOXA1, located ~50 kb away from the Hoxal gene
in the Hoxa gene cluster in mice through the use of
single-molecule RNA imaging and single-cell analysis.
While bulk assays averaging together many cells treated
with retinoic acid initially suggested that linc-HOXA1
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RNA may activate Hoxal transcription, single-molecule
transcript counting revealed that individual cells can
have high abundance of linc-HOXA1 RNA or Hoxal
mRNA but never both, suggesting instead that linc-
HOXA1 RNA serves to transcriptionally repress Hoxal.
We confirmed this negative regulation by knocking down
linc-HOXA1 RNA at the site of its transcription, demon-
strating that the regulation appears to occur in cis to the
chromosome rather than through a trans mechanism. We
further demonstrated that this effect is due to a particular
region of the RNA that recruits the transcriptional regu-
lator PURB to the site of transcription. We believe our
results highlight the potential for single-cell analysis in
uncovering the gene regulatory roles of IncRNAs.

Results

Identification and characterization of the linc-HOXA1
transcript

Previous studies have found regulatory IncRNAs flanking
the Hoxa locus in mice—one on the 5’ end of the cluster
located beyond Hoxal3 (Zhang et al. 2009; Wang et al.
2011) and one near the 3’ end of the cluster located between
Hoxal and Hoxa2 (Zhang et al. 2009). However, deep
sequencing results in mouse embryonic stem cells (Guttman
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et al. 2010) have revealed the existence of another
IncRNA (linc-HOXA1) located ~50 kb 3' of Hoxal (Fig.
1A). linc-HOXA1 is transcribed in the opposite direction
(5’—3’) of Hoxal, and the gene is ~12 kb long. Cloning of
the linc-HOXAT1 transcripts uncovered the presence of
three different isoforms (Fig. 1A), consistent with RNA
sequencing studies (Guttman et al. 2010).

We then sought to establish that linc-HOXA1 encodes
a noncoding RNA transcript. While the transcript did not
contain any ORFs longer than 151 codons, recent studies
have suggested that several IncRNAs may in fact encode
short peptides (Ingolia et al. 2011). To rule out this
possibility, we analyzed the Ilinc-HOXA1 coding se-
quence using phyloCSF (phylogenetic codon substitu-
tion frequency) (Lin et al. 2011}, a conservation-based
method that estimates whether a multispecies nucleo-
tide sequence alignment in a specific locus is more likely
to represent a protein coding than a noncoding transcript
(Materials and Methods). The low phyloCSF score (9.2) of
linc-HOXA1 is more in line with those of other known
noncoding RNAs than with those of known protein
coding transcripts (Fig. 1B). To further check for coding
potential in linc-HOXA1, we overexpressed each isoform
in HeLa cells at levels considerably higher than GAPDH
and analyzed all of the resulting small peptides via mass
spectrometry (Materials and Methods; Fig. 1C; Supple-
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Figure 1. Identification and characterization of linc-HOXA1 as a noncoding RNA. (A) Illustration of the genomic location and
transcript structure of the linc-HOXA1 gene and its three isoforms. (B) Cumulative probability distribution of coding potential as
measured by phyloCSF score (Materials and Methods) for both noncoding transcripts (RefSeq NR, red) and coding transcripts (RefSeq
NM, black). Dashed lines represent the coding potential of linc-HOXA1 and Hoxal. (C) Protein gel stained with Coomassie blue upon
overexpression of GFP (control) or linc-HOXA1 isoforms 1, 2, and 3 in HeLa cells. Markers at the left of the gel indicate protein size,

and the arrow shows the expected size of the GFP protein.
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mental Fig. 1). We did not find any peptide matches to
those encoded by short ORFs in any of the isoforms we
cloned, indicating that these transcripts do not encode
proteins. We also note here that the subsequent functional
studies we outline below provide further evidence that
linc-HOXA1 does not encode functional small peptides.

Single-molecule detection of linc-HOXAL1 isoforms
in individual cells

In order to detect and quantify the different isoforms of
linc-HOXA1 RNA in individual cells, we generated sets
of oligonucleotide probes for RNA fluorescence in situ
hybridization (RNA FISH) (Raj et al. 2008; Raj and Tyagi
2010) that were specific to each isoform (Supplemental
Table 1). By looking for colocalization of signal from
probes targeting various parts of the different isoforms,
we were able to detect and quantify all the three iso-
forms at the level of single molecules in individual cells
(Fig. 2A). We found that isoform 1 was the dominant

linc-HOXA1

isoform at ~41% of the total, with isoforms 2 and 3
making up the remaining 27 % and 8%, respectively (Fig.
2B). We also observed other partial isoforms, but the
partial isoforms were only ~24% of the total transcripts
detected and may represent partial isoforms undergoing
degradation (Fig. 2B). At the single-cell level, we found
that each of these isoforms correlated very strongly with
each other (Fig. 2C); hence, for simplicity, we used a set
of probes optimized to target all isoforms for the rest of
the analysis in this study.

Differentiation dynamics and single-cell analysis
of linc-HOXA1

The close proximity of linc-HOXA1 to the Hoxa gene
cluster along with the fact that the Hox gene expression is
related to their genetic organization suggested to us that
the transcription of linc-HOXAI may be tied to that of
the nearby Hox genes and may in fact play some regula-
tory role therein (Fig. 3A). We first examined this possi-
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Figure 2. Detection of individual RNA isoforms of linc-HOXA1 in single cells. (A) Raw micrographs of a single cell containing all
three isoforms. (Three left panels) We designed probes specifically targeting exons 3c, 3b, and 3a, each of which revealed single spots
corresponding to individual molecules. The circles represent the computationally identified spot locations (determined in three
dimensions). (Right panel) We then looked for colocalization of the spots and used that to determine which combinations of spots

represented particular isoforms. The unfilled circles in the right panel

represent spots that we were unable to classify as being isoform

1, 2, or 3. (B) Venn diagram showing the relative abundances of the various combinations of exons 3a, 3b, and 3¢ that we detected
through colocalization analysis. Labels indicate the combinations that correspond to the three isoforms identified by sequencing and

cloning. (C) Pairwise scatter plots showing the numbers of exons 3a,

represent a least-squares fit with the indicated parameters (including
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3b, and 3c versus those same exons in individual cells. Lines
95% confidence intervals).
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Figure 3. Ilinc-HOXA1 and Hoxal anti-correlate at the single-cell level. (A) Micrographs of three representative mouse embryonic

stem cells expressing linc-HOXA1 (red) and Hoxal (blue). The arrow points to the location of an active transcription site. (B) Average
numbers of linc-HOXA1 (red) and Hoxal (blue) RNA molecules per cell in embryonic stem cells exposed to retinoic acid for increasing
durations as measured by single-molecule RNA FISH. Error bars represent standard error. The numbers of cells in each condition are
235,313,354, 351, 280, 204, 165, and 189 (0-6 and 9 d retinoic acid, respectively). (C) Single-cell scatter plots of linc-HOXA1 and Hoxal
RNA abundance at 0, 1, and 2 d of exposure to retinoic acid. The red lines represent thresholds that we chose for linc-HOXA1 and
Hoxal RNA levels, set at 10 RNA molecules for each RNA species. The inset tables show the number of cells in the four quadrants
delineated by the thresholds. We computed the P-value for the distribution of cells in the quadrants via the x> test.

bility through the addition of retinoic acid to our em-
bryonic stem cells, which is an agent known to cause
embryonic stem cells to differentiate toward a neural lineage
with concomitant activation of Hoxa genes (Dupé et al.
1997). We found that exposing the cells to retinoic acid over
the course of several days caused a coordinated pulse of
expression of linc-cHOXAI1, Hoxal (Fig. 3B), and Hoxa2
(Supplemental Fig. 2A), peaking at 1 d of exposure. This
population-level analysis initially suggested that linc-
HOXA1 and Hoxal might be coherently regulated by
either each other or a common upstream factor in the
retinoic acid pathway.

We then examined the expression of linc-HOXA1 and
Hoxal RNA in individual cells, reasoning that single-cell
correlations or anti-correlations in expression may reveal
more information about potential regulatory interac-
tions. We first looked at stem cells that had not been
treated with retinoic acid. We found that both Iinc-
HOXA1 and Hoxal showed large cell-to-cell variability
in transcript abundance. Surprisingly, we found that this

variability anti-correlated in the sense that cells with
a high abundance of linc-HOXA1 RNA had low numbers
of Hoxal mRNA and vice versa; i.e., it was very rare to
find individual cells that simultaneously had high levels
of linc-HOXA1 and Hoxal RNA (Fig. 3C). (We also note
that the nearby gene Skap2 did not correlate with Iinc-
HOXA1 [Supplemental Fig. 2B|, showing that correla-
tions and anti-correlations are not generic features of
transcription of this gene. In addition, Oct4 did not
correlate with Hoxal, showing that variability in Hoxal
was not an artifact of partially differentiating cells [Sup-
plemental Fig. 2C].) This anti-correlation disappeared,
however, upon a 1-d exposure to retinoic acid (Fig. 3C),
even though the relative abundance of various isoforms
were similar (albeit with a modest increase in isoform 3)
(Supplemental Fig. 3). Together, these findings demon-
strate that while linc-HOXA1 and Hoxal appear to
correlate in bulk population measurements, our single-
cell measurements raised the possibility that Iinc-
HOXA1 RNA may actually negatively regulate Hoxal
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transcription or vice versa and that the addition of
retinoic acid overrides this negative regulation. More-
over, our single-cell analysis reveals that any putative
regulation appears to behave in a sharp threshold-like
manner rather than a graded response in that expression
of, say, Hoxal drops dramatically once linc-HOXA1
reaches a particular level (in this case, we chose 10 RNA
molecules as a threshold that captures this effect).

Knockdown of linc-HOXA1 RNA reveals repression
of Hoxal

In order to determine whether these correlations were
manifestations of a true regulatory interaction, we used
two different methods to knock down Iinc-HOXA]1 tran-
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script levels and analyzed the results using RNA FISH (Fig.
4A, top left). The first method used modified antisense
oligonucleotides that bind to the RNA and prompt RNA
degradation via RNase H activity (Liang et al. 2011). The
second method used conventional siRNAs via activation
of the RNAi pathway. Both methods resulted in similar
decreases in overall linc-HOXA1 RNA levels (65%, P=2 X
1077; 52%, P = 4 x 107* respectively). Consistent with
linc-HOXA1 RNA repressing the transcription of Hoxal,
we found that knockdown via the antisense oligonucle-
otides resulted in an increase in Hoxal mRNA abun-
dance by an average of 50% (P = 2 X 107*%) (Fig. 4A).
However, we found that knockdown via siRNA did not
result in any change in Hoxal mRNA abundance.
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Figure 4. Knockdown of linc-HOXA1 increases Hoxal levels. (A) Bar graphs showing changes in average number of linc-HOXA1 and
Hoxal RNA molecules per cell upon treatment with siRNA or Isis antisense oligonucleotides targeting either linc-HOXA1 (top row) or
Hoxal (bottom row). In all bar graph pairs, the control condition (targeting with a nonspecific siRNA or Isis antisense oligonucleotides)
is on the left. The inset bar graph shows the average number of active transcription sites in cells treated with control versus linc-
HOXA1 knockdown. All numbers represent counts obtained by single-molecule RNA FISH; all error bars represent standard error of
the mean. (B) Single-cell scatters showing linc-HOXA1 versus Hoxal transcript levels upon treatment of cells with control
(nonspecific) antisense oligonucleotides or antisense oligonucleotides targeting linc-HOXA1. The red lines represent the thresholds
of 10 RNA molecules for each RNA species and are the same as those in Figure 3. The inset tables show the number of cells in the four
quadrants delineated by the thresholds. We computed the P-value for the distribution of cells in the quadrants via the x? test.
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To find the source of this discrepancy, we analyzed the
knockdown of linc-HOXA1 RNA at the subcellular level.
In untreated cells, we found linc-HOXA1 in both the
nuclear and cytoplasmic compartments. The nuclear RNA
appeared primarily as bright foci marking the site of
transcription (Fig. 3A); these foci represent a pileup of
nascent transcripts at the gene locus itself, as verified by
colocalization of these foci with probes targeting the
introns of linc-HOXA1 (Supplemental Fig. 4; Fremeau
et al. 1986; Xing et al. 1993; Levesque and Raj 2013). Most
of the rest of the RNA were in the cytoplasm, as verified
by three-dimensional analysis of spot locations (data not
shown), although it was difficult to make this assessment
rigorously due to the thin layer of cytoplasm in this cell
type. We thus checked whether the knockdown was
effectively knocking down RNA at the site of linc-
HOXAI1 transcription, given that any potential cis regu-
latory effects of linc-HOXA1 (meaning activity of linc-
HOXAT1 on genes located near its site of transcription)
would occur at this physical location. We found that the
number of sites of active transcription of linc-HOXA1 per
cell decreased markedly upon treatment with antisense
oligonucleotides but were relatively invariant to target-
ing via siRNA (Fig. 4A, inset; see Supplemental Fig. 5 for
representative images). These results indicate that re-
pression of Hoxal by linc-HOXA1 RNA depends primar-
ily on the presence of linc-HOXA1 RNA molecules at the
site of transcription rather than the overall cellular
abundance of linc-HOXA1 RNA, strongly suggesting that
linc-HOXA1 regulates Hoxal through a mechanism me-
diated by the genetic proximity of these two genes. We
note, however, that antisense oligonucleotide knockdown
did not affect Hoxa2 expression (1.13 = 0.19 mRNA per
cell in the control condition to 1.20 = 0.16 mRNA per cell
in the knockdown).

To examine the results of our knockdown experiment
at the single-cell level, we grouped our cells into three
populations: those with high levels of linc-HOXA1 (and
low levels of Hoxal mRNA), those with high levels of
Hoxal (and low levels of linc-HOXA1), and those with
low levels of both linc-HOXA1 and Hoxal (Fig. 4B). We
found that the apparent effect of the knockdown with
antisense oligonucleotides was to shift cells from the high
linc-HOXA1/low Hoxal group to the high Hoxal/low
linc-HOXA1 group, with few if any cells moving into the
low linc-HOXA1/low Hoxal group. This result suggests
that the fold increase in Hoxal mRNA levels in those
cells for which linc-HOXA1 levels decreased was consid-
erably higher than the population averages would in-
dicate. In this case, single-cell analysis reveals that both
cellular heterogeneity and the presence of a sharp thresh-
old for repression serve to diminish the amplitude of the
effects of linc-HOXA1 RNA knockdown at the popula-
tion level.

Our correlation results also showed that the correlation
between linc-HOXA1 and Hoxal mRNA levels disap-
peared upon addition of retinoic acid. We tested whether
these correlations were a sign of a change in the func-
tional interaction of these genes by knocking down Iinc-
HOXAT1 after 1 d of retinoic acid exposure. We found that

linc-HOXA1 represses Hoxal in cis

knocking down Ilinc-HOXA1 at this point no longer af-
fected Hoxal levels, showing that activation by retinoic
acid overrides the repressive function of linc-HOXA1
(Fig. 4A). Also, to verify that the anti-correlation between
linc-HOXA1 and Hoxal was not due to the transcription
factor activity of HOXA1, we also knocked down Hoxal
mRNA both with and without addition of retinoic acid,
finding that the knockdown had no effect on linc-HOXA1
RNA abundance (Supplemental Fig. 6).

Overexpression of linc-HOXA1 RNA does not change
Hoxal levels

Our knockdown experiments demonstrate that linc-
HOXA1 RNA negatively affects the transcription of
Hoxal, and our transcription site analysis strongly suggests
that linc-HOXA1 activity takes place in cis—meaning
locally, near its site of transcription. In contrast, a trans
mechanism of action would consist of linc-HOXAI1 RNA
moving within the nucleus to the Hoxal gene regardless
of where linc-HOXA1 was originally transcribed. To
confirm the cis activity and eliminate the possibility of
trans activity, we transiently overexpressed each isoform
of linc-HOXA1 in embryonic stem cells to look for
changes in Hoxal transcription. Despite a ninefold or
greater overexpression of the three linc-HOXA1 isoforms,
we did not observe any changes in Hoxal mRNA abun-
dance (Fig. 5A). At the single-cell level, the anti-correlation
between linc-HOXA1 and Hoxal disappeared (Fig. 5B),
directly revealing that cells with high levels of Hoxal
RNA (and low initial levels of linc-HOXA1) can maintain
those high levels of Hoxal RNA even upon addition of
exogenous linc-HOXA1 RNA to those same cells. Adding
linc-HOXA1 to cells that initially had very little linc-
HOXAT1 precludes the possibility that the lack of change
in Hoxal mRNA levels is due to our merely increasing (to
nonphysiologically relevant levels) linc-HOXA1 RNA
numbers in cells that already had high amounts of linc-
HOXAT1 to begin with.

Combining these results with our linc-HOXA1 knock-
down results, we conclude that the regulation of Hoxal
by linc-HOXAT1 occurs largely due to the local activity of
linc-HOXA1 near its site of transcription. We also note
that these results provide further evidence that the Ilinc-
HOXAT1 transcripts do not encode a protein (including
any short peptides) that mediates its transcriptional ef-
fects: In such a scenario, overexpression would result in
an increase in proteins and thus would have resulted in
a trans repression of the Hoxal mRNA production.

linc-HOXAL exerts its repressive effects through
interaction with PURB

There are several examples of IncRNAs that alter gene
expression via the recruitment of proteins involved in
transcriptional regulation (Rinn et al. 2007; Lee 2012;
Hawkins and Morris 2010; Huarte et al. 2010). To check
what proteins linc-HOXA1 RNA may be associated with,
we biotinylated in vitro synthesized RNA corresponding
to RNA containing a variety of different exons from linc-
HOXAT1 (Fig. 6A) and used them to pull out proteins
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from embryonic stem cell lysate (Fig. 6B). We separated
these proteins by electrophoresis and looked for bands
with differential intensity between the antisense RNA
controls and the various synthetic RNAs used. We found
a prominent band (Fig. 6B) and used mass spectrometry
to identify the proteins that bound specifically to vari-
ous isoforms of linc-HOXA1. Of particular interest was
the protein encoded by Purb, a known modulator of
transcription (Ramsey and Kelm 2009); indeed, experi-
ments show that a related protein, PURA, which often
binds together with PURB, can mediate transcriptional
regulation via IncRNA (Hawkins and Morris 2010).
PURB binds to purine-rich tracts of single-stranded
nucleic acids (Bergemann and Johnson 1992; Gallia
et al. 1999), and mass spectrometry revealed that PURB
was bound only to RNA that contained the long stretch
of guanines and adenosines in the middle of exon 3b
(Fig. 6B).

In order to verify whether this interaction occurred
inside of embryonic stem cells, we wanted to use an
antibody against PURB to pull down all RNA associated
with PURB. Lacking an effective antibody that targeted
PURB directly, we instead overexpressed a version of
Purb in which we incorporated a Myc Flag tag into the
protein coding sequence. We then pulled down the RNA
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and used RT-PCR to check for the presence of linc-
HOXA1 RNA, finding that linc-HOXA1 RNA was indeed
bound to PURB in vivo (Fig. 6C). Together, these results
strongly suggest that linc-HOXA1 RNA interacts with
PURB in mouse embryonic stem cells.

To check whether the interaction of linc-HOXA1 and
PURB is important for linc-HOXA1 to repress the tran-
scription of Hoxal, we knocked down Purb mRNA and
looked for changes in the relationship between Iinc-
HOXA1 and Hoxal. We found that Hoxal mRNA levels
increased upon Purb mRNA knockdown (Fig. 6D) and
that the anti-correlation between linc-HOXA1 RNA and
Hoxal mRNA at the single-cell level disappeared (Fig.
6E), showing that PURB is critical in mediating linc-
HOXA1 RNA’s repressive effects.

Discussion

Here, we showed that the IncRNA Ilinc-HOXA1 acts to
repress the transcription of Hoxal and that this repres-
sion occurs in cis to the chromosome. We discovered
this regulation through the use of single-cell multiplex
transcript counting, which enabled us to see effects
that otherwise may be difficult to observe using bulk
measurements.
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We found that the repression of Hoxal by linc-HOXA1
RNA disappeared upon the addition of retinoic acid,
showing that linc-HOXA1 RNA exerts its regulatory
influence on Hoxal only in the absence of retinoic acid.
These results suggest that the mechanism of action of
linc-HOXA1 RNA is presumably easy to override by the
binding of the retinoic acid receptor to its cognate binding
sites in the Hoxal promoter (Dupé et al. 1997). Also, linc-
HOXA1 is relatively distal from the hoxal gene locus
(~50 kb). One possibility is that in the absence of retinoic
acid, the Hoxa cluster adopts a conformation in which
linc-HOXA1 is physically proximal to the Hoxal locus,
but upon addition of retinoic acid, the binding of the
retinoic acid receptor to its binding site (and subsequent
activation) induces a conformational change that pulls
linc-HOXA1 away from the Hoxal locus, thereby making
that regulatory interaction impossible. Indeed, several
other results have suggested a relationship between cis
regulation by IncRNAs and chromosome structure (Zhang
et al. 2009; Orom and Shiekhattar 2011; Wang et al. 2011;
Lee 2012; Tan-Wong et al. 2012; Lai et al. 2013), and we
further note the excellent work of Petruk et al. (2006) in
which the investigators demonstrate regulation in Dro-
sophila Hox genes by a IncRNA over a distance scale
similar to that which we observed here. Such an in-
terpretation is certainly consistent with our results
showing that upon addition of retinoic acid, the correla-
tion between linc-HOXA1 and Hoxal disappears, and
linc-HOXA1 RNA knockdown produces no effect. We
further note that others have shown that the IncRNA
HOTAIR-M1, located between Hoxal and Hoxa2, serves
to activate Hoxal only upon addition of retinoic acid
(Zhang et al. 2009). Taken together, these results point to
regulation of Hoxal by a pair of IncRNAs—one that
represses it before retinoic acid induction, and one that
activates it upon induction.

Another striking feature of linc-HOXA1 repression of
Hoxal was that it appeared to involve a very sharp
threshold, meaning that linc-HOXA1 had to be below
~10 molecules per cell in order for us to observe
significant Hoxal transcript levels. It is possible that
the manner by which IncRNAs regulate gene expres-
sion lends itself to the generation of such thresholds.
On a technical note, the existence of sharp thresholds
can often obscure the effects of RNA knockdown. For
instance, here we knocked down linc-HOXA1, result-
ing in an increase in Hoxal mRNA abundance, but the
effects on the overall population are seemingly moder-
ate due to the fact that while many (although not all)
cells have some partial reduction in Ilinc-HOXAI
levels, only a few cells are reduced to subthreshold
levels, and thus those are the only ones with an in-
crease in Hoxal mRNA abundance. It is possible that
such thresholds may obscure the potential regulatory
roles of many IncRNAs as measured by conventional
assays. Such thresholds may play an important role in
developmental switches (Maamar et al. 2007; Choi
et al. 2008; Raj et al. 2010).

Interestingly, we also observed that in cells with high
levels of Iinc-HOXA 1, knockdown of linc-HOXA1 resulted
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in those same cells then having relatively high levels of
Hoxal, rather than a mixture of high and low Hoxal
transcript abundances, as in the population overall. These
results suggest that the cells fluctuate between two
general states: one in which the linc-HOXA1/Hoxal
genomic region is transcriptionally inert, and one in
which that region is transcriptionally active. For the
cells that are in the transcriptionally active state, they
have a choice to transcript either linc-HOXA1 or Hoxal
but not both. In that case, a knockdown would result
in those cells with high linc-HOXA1 expression becom-
ing cells with high Hoxal expression, consistent
with our data. It is possible that the transitions between
the region being transcriptionally active and transcrip-
tionally inert reflect the transcriptional changes associ-
ated with widespread phenomenon of transcriptional
“bursts,” which are short but intense periods of tran-
scription interspersed between periods of transcriptional
silence (Golding et al. 2005; Chubb et al. 2006; Raj et al.
2006; Ingolia et al. 2011; Suter et al. 2011). In that case, it
may be that at the onset of a transcriptional burst in the
region, either linc-HOXAI1 or Hoxal may begin tran-
scribing, but if linc-HOXA]1 starts transcribing first, it
will repress Hoxal and prevent it from transcribing
during that burst. It is possible that this population that
is transcriptionally competent at the 3’ end of the Hoxa
gene cluster represents embryonic stem cells that are
transiently primed for differentiation, and that Iinc-
HOXA1 provides some regulation of the differentiation
process.

Together, our findings provide strong evidence that linc-
HOXAT1 represses Hoxal in cis through a sharp threshold.
How might such a threshold arise? One possibility is that
as soon as nascent linc-HOXA1 RNA is transcribed, PURB
binds to it and then represses the transcription of Hoxal
mRNA. In such a scenario, the production of even just
a few transcripts during a burst of linc-HOXA1 transcrip-
tion would be enough to repress Hoxal, thereby resulting
in the sharp repression threshold that we observed. Such
thresholds may serve important roles in digitizing tran-
scriptional output, and if such mechanisms end up being
ubiquitous features of IncRNA function, it may be that
IncRNAs are a class of molecule particularly well suited
for producing such responses. Such responses may also
depend on the nature of the protein cofactor involved
in the transcriptional control, and so it may be worth
searching for other IncRNAs that may act similarly
through interactions with PURB (or its close relative,
PURA) (Hawkins and Morris 2010).

More generally, we believe that our approach of looking
for regulatory interactions by analyzing single-cell corre-
lations in transcript abundance may prove generally use-
ful. In particular, we think such tools may be of particular
utility in the analysis of IncRNAs, which are often hard
to knock down effectively due to nuclear localization
and for which overexpression may not produce effects
if the IncRNA acts in cis. We anticipate that the use of
correlations in combination with genome-wide tech-
niques will provide many new insights into the func-
tional roles of IncRNAs.



Materials and methods

Cell culture

We used the embryonic mouse cell line V6.5 (ThermoFisher
Scientific), which we grew and maintained according to manu-
facturer’s instructions. Briefly, cells were cultured at 37°C
in a 5% (v/v) CO, incubator in KnockOut D-MEM medium
(Invitrogen) supplemented with 10% FBS (GlobalStem), 2 mM
L-glutamine, 1% (v/v) nonessential amino acids (Invitrogen),
10® U/mL LIF (Millipore), and 1 mM 2-mercaptoethanol. We
coated the dishes with gelatin (0.2% [v/v]) and grew the cells
on top of a layer of feeder cells (C57BL/6 mouse embryonic
fibroblasts, GlobalStem). Cells were passaged as needed, and
the growth medium was changed every day. To induce differ-
entiation, cells were grown with no feeder layer in culture
medium devoid of LIF supplemented with 5 pM retinoic acid.
HelLa cells (gift from the laboratory of Phillip Sharp, Massachusetts
Institute of Technology) were grown in Dulbecco’s modified
Eagle’s medium (DMEM) with Glutamax (Life Technologies)
supplemented with penicillin/streptomycin and 10% fetal bovine
serum.

RNA FISH

For RNA FISH, embryonic stem cells were recovered from the
culture dish by trypsin EDTA (0.25%). Feeder cells were removed
from this mixture by incubating all of the cells for 45 min on
gelatin-coated plates, in which time the feeder cells adhered
to the bottom, thereby separating them from the embryonic
stem cells. Nonadherent undifferentiated cells or retinoic acid-
differentiated cells were washed with 1 X PBS and resuspended
in 1X PBS containing 1% BSA and 2 mM EDTA, to which we
added formaldehyde for a final concentration of 4% for fixa-
tion. After 10 min of fixation, cells were washed twice with 1Xx
PBS and stored in 70% ethanol at 4°C until we proceeded with
RNA FISH.

RNA FISH staining followed Raj et al. (2008) with slight
modifications. Fixed cells in suspension were washed with 1X
PBS with 0.1% Triton and were allowed to adhere to poly-L-
lysine-coated coverslip chambers before hybridization. Sam-
ples were imaged on a standard inverted epifluorescence
microscope (Nikon Ti-E) using a 100X 1.43 NA oil immersion
objective and a Princeton Instruments Pixis 1024BR cooled
CCD camera. Thirty-five Z sections with a 0.35-pm spacing
were taken for each field of view. Image analysis was performed
using custom scripts in Matlab. RNA spot counting was
performed as previously described (Raj et al. 2008), and colo-
calization of mRNA spots from different channels was per-
formed as described by Levesque and Raj (2013). The oligonu-
cleotide sequences that we used in our RNA FISH probes are
in Supplemental Table 1, and the binding locations for linc-
HOXA1 exons 3a, 3b, and 3c; the entire linc-HOXA1 tran-
script; and the linc-HOXA1 intron are provided in Supple-
mental File 1. We believe our probes provide specificity based
on previous experiments from our laboratory and others (Vargas
et al. 2005; Raj et al. 2008) and the fact that we observed
colocalization of differently labeled probes targeting different
areas of the same transcript.

RNA knockdown experiments

The DNA oligonucleotides used to knock down linc-HOXA1 were
manufactured by Isis Pharmaceuticals and are thought to target
nuclear as well as cytoplasmic RNA for degradation through the
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activity of RNase H. The following oligonucleotides were used
(5" to 3'): linc-HOXA1, TGCTGCAAGGCTTTACCCGA (Isis, no.
474983) and CCCACTGAAGATAGATCGGA (Isis, no. 474990);
and control (no specific target) CCTTCCCTGAAGGTTCCTCC
(Isis, no. 141923).

Transfections using a 40-nM pool of oligonucleotides were
carried out in 12-well plates with using Lipofectamine as a trans-
fection reagent.

We also targeted both linc-HOXAI1 and Hoxal via conven-
tional siRNAs (Ambion) using pools of oligonucleotides at 50 nM
and Lipofectamine 2000 as a transfection reagent.

siRNAs targeting linc-HOXA1 with the same sequences as
Isis oligos and the siRNAs targeting Hoxal in the embryonic
stem cells had the following sequences (5'-3'): GCAGCGAU
GAGAAAACGGATT and GACCUUUGACUGGAUGAAATT.

Additionally, three 27-mer siRNA duplexes targeting Purb
were purchased from OriGene (catalog no. SR410793) and used
at a final concentration of 10 nM with Lipofectamine 2000
(Invitrogen) as a transfection reagent.

In all cases, cells were harvested after 24 h of transfection,
fixed as described above, and then analyzed by RNA FISH.

Cloning

We cloned the linc-HOXA1 transcripts by amplifying cDNA
from RNA isolated from undifferentiated embryonic stem cells.
Primers to clone the linc-HOXA1 were designed based on the
sequence deduced from RNA sequencing data and bioinformatic
analysis (Guttman et al. 2010). Using the primers in Supplemen-
tal Table 2, we obtained the three different isoforms of linc-
HOXAT1 described in the text. We cloned both sense and an-
tisense constructs into a TOPO vector for the generation of in
vitro RNA from the T7 promoter.

We also cloned the three isoforms and GFP into pcDNA#.1(—)
plasmid (Invitrogen) for overexpression via the CMV promoter
by transfection into both the HeLa and mouse embryonic stem
cells. The GFP sequence was amplified by PCR using the primers
GFPFor and GFPRev (Supplemental Table 2) from pGEMT-GFP
(Clontech).

Coding potential via phyloCSF

We used phyloCSF (Lin et al. 2011) to estimate the degree of
evolutionary pressure on sequence substitutions acting to pre-
serve an ORF in each of the linc-HOXA1 isoforms that we cloned
as well as all coding transcripts and intergenic noncoding
transcripts annotated in RefSeq (Pruitt et al. 2003). Briefly,
phyloCSF determines whether a multispecies nucleotide se-
quence alignment in a specific locus is more likely to represent
a protein coding than a noncoding transcript. It does so by
applying a probabilistic model that examines the overrepresen-
tation of evolutionary signatures characteristic of alignments
of conserved coding regions, such as the high frequencies of
synonymous codon substitutions and conservative amino acid
substitutions.

Coding potential from protein overexpression

The pcDNA vectors expressing the three isoforms and GFP
were transfected into HeLa cells using 20 pg of plasmid and
Lipofectamine 2000 (Invitrogen) as a transfection reagent. Cells
were released from the culture dish by trypsin EDTA (0.05%),
washed with cold 1X PBS, and then lysed using CellLytic M
(Sigma). Lysate was cleared of cell debris by centrifugation at
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13,000 rpm for 20 min. Protein concentration in the lysate was
determined using the BCA protein assay kit (Pierce) with BSA as
a standard. Proteins from each cell lysate were separated by a
10%-20% gradient Tricine SDS-polyacrylamide gel (Invitrogen)
in SDS Tricine buffer. The proteins on the gel were visualized
using the Simply Blue safe stain (Invitrogen). The protein content
of the bottom 1 cm of the gel (corresponding to proteins <18 kDa)
in each sample was analyzed by targeted mass spectrometry. The
samples were digested with trypsin and analyzed with nano-
liquid chromatography/tandem mass spectrometry (nanoLC/
MS/MS) at the University of Pennsylvania Proteomics Core.
The data were analyzed with Sequest and Scaffold software
packages. A database of all possible peptide masses encoded by
the linc-HOXA]1 isoforms (Supplemental Table 3) was included
along with the UniProt Human database in the analysis of the
raw data.

RNA pull-downs

Biotin-labeled RNA of the three isoforms of linc-HOXAI,
along with deletions of these isoforms and antisense versions,
were prepared using the Biotin RNA labeling mix (Roche) and
T7 RNA polymerase (Roche). Biotinylated RNAs were treated
with RNase-free DNase I (Roche) and purified on prepacked
spin columns with Bio-Gel P-30 in 1X saline sodium citrate
(Bio-Rad).

Mouse embryonic stem cell lysate was prepared from 5 x 107
cells that were collected by trypsinization and washed with cold
1Xx PBS. Cell were suspended in 4 mL of RNA immunoprecip-
itation (RIP) buffer (150 mM KCl, 25 mM Tris at pH 7.4, 5 mM
EDTA, 0.5 mM DTT, 0.5% NP40, 1X protease inhibitor cocktail
[Sigmal) (Rinn et al. 2007). Cells were incubated in the buffer for
30 min at 4°C with gentle agitation, after which the lysate was
sonicated for 10 min. Lysate was cleared from the cell debris by
centrifugation at 13,000 rpm for 20 min. Protein concentration
in the lysate was determined using the BCA protein assay kit
(Pierce) with BSA as a standard.

Ten picomoles of biotinylated RNA was heated for 10 min to
60°C and slow-cooled over the course of 40 min to 4°C. RNA was
mixed with 1 mg of precleared embryonic stem cell lysate in RIP
buffer supplemented with tRNA (0.1 wg/uL), 5 mM MgCl,, and
80 U/mL RNaseOut (Invitrogen) and incubated for 2 h at 4°C
with gentle rotation. Twenty-five microliters of washed T1
Streptavidin magnetic Dynabeads (Invitrogen) was added to
each binding reaction and further incubated for 2 h at 4°C.
Beads were washed three times with RIP-supplemented
buffer (each wash carried out for 5 min at 4°C) and then
boiled in SDS buffer loading buffer. The retrieved proteins
were separated by a 4%-12% gradient Bis-Tris SDS—poly-
acrylamide gel (Invitrogen) in MOPS buffer. The proteins on
the gel were visualized using a SYPRO Ruby stain (Invitrogen).
The sample was digested with trypsin and analyzed with nanoLC/
MS/MS at the University of Pennsylvania Proteomics Core.
The data were analyzed with Sequest and Scaffold software
packages.

Cell lysate from 107 embryonic stem cells transfected with
the plasmid MR225874 (Origene) expressing C-terminal Myc-
DDK-tagged Purb under the control of the CMV promoter was
prepared as described above using 1 mL of RIP buffer supple-
ment with 80 U/mL RNaseOut. Antibodies targeting the Myc
epitope (Cell Signaling, no. 2278P) or targeting IgG (Cell
Signaling, no. 2729S) were added to 0.4 mg of the cell lysate
and incubated for 2 h at 4°C with gentle rotation. Twenty-five
microliters of protein G magnetic Dynabeads (Invitrogen) was
added to the mix and incubated for 1 h at 4°C with gentle
rotation. Beads were collected and washed three times with
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800 mL of RIP buffer supplemented with RNaseOut, with
each wash being carried out for 5 min at 4°C. Beads were
resuspended in 700 pL of Qiazol, and RNA was extracted from
the beads using the miRNeasy minikit (Qiagen) and treated
with RNase-free DNase I (Qiagen) according to the manufac-
turer’s instructions. RNA from 50 pL of the total lysate was
extracted simultaneously and used as positive control for
RNA extraction, reverse transcription, and the PCR reaction.
We generated ¢cDNA from the RNA using both poly-dT
oligonucleotide and E5 rev as primers for the reverse tran-
scription reaction. The presence of the noncoding RNA Ilinc-
HOXAT1 in the cDNA samples was detected using PCR using
the primers IncHoxalE3bFor and IncHoxalE3cRev (Supple-
mental Table 2).
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