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SUMMARY

Long non-coding RNAs (IncRNAs) are an emerging class of transcripts that can modulate gene
expression; however, their mechanisms of action remain poorly understood. Here, we
experimentally determine the secondary structure of Braveheart (Bvhi) using chemical probing
methods and show this ~590nt transcript has a modular fold. Using CRISPR/Cas9-mediated
editing of mouse embryonic stem cells, we find that deletion of 11 nucleotides in a 5> asymmetric
G-rich internal loop (AGIL) of Bvht (bvht?AGL) dramatically impairs cardiomyocyte
differentiation. We demonstrate a specific interaction between this motif and cellular nucleic acid
binding protein (CNBP/ZNF9), a zinc finger protein known to bind single-stranded G-rich
sequences. We further show that CNBP deletion partially rescues the HvA28AGIL mutant phenotype
by restoring differentiation capacity. Together, our work shows that Bv/t functions with CNBP
through a well-defined RNA motif to regulate cardiovascular lineage commitment, opening the
door for exploring broader roles of RNA structure in development and disease.
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INTRODUCTION

Long non-coding RNAs (IncRNAs) have emerged as important regulators of development
and disease. These transcripts are typically >200 nucleotides in length and are often
polyadenylated, capped, and alternatively spliced but lack coding potential (Ulitsky and
Bartel, 2013). Although biochemical and biophysical studies of IncRNAs are in their early
stages, proposed mechanisms of action include chromatin scaffolding, Polycomb complex
(PRC?2) recruitment to chromatin, mMRNA decay, and decoys for proteins and miRNAs
(Geisler and Coller, 2013; Quinn and Chang, 2015). Studies have highlighted diverse
cellular roles for INcRNAs across eukaryotes such as X chromosome inactivation, genomic
imprinting, cell-cycle regulation, embryonic stem cell (ESC) pluripotency, and lineage
commitment (Flynn and Chang, 2014; Lee and Bartolomei, 2013). In metazoans, there are a
growing number of IncRNAs that function in lineage commitment and differentiation with
key examples in the cardiovascular system (Grote et al., 2013; Han et al., 2014; Klattenhoff
et al., 2013) including many that show differential expression in cardiac disease (Fatica and
Bozzoni, 2014; Rizki and Boyer, 2015). Thus, it remains a critical goal to understand how
long non-coding transcripts contribute to regulation of cell fate and disease.

Comparative sequence analysis has facilitated RNA secondary structure predictions and has
helped to reveal the functions of ribonuclease P and riboswitches (Gutell et al., 2002; Mian,
1997; Parsch et al., 2000). These structural predictions are also experimentally supported by
chemical probing methods (e.g. inline, SHAPE, DMS), NMR, and X-ray crystallography
(Mondragon, 2013; Noller, 1984; Serganov and Patel, 2007). In contrast, predicting INCRNA
secondary structure has been more complicated because these transcripts appear to be
rapidly evolving and generally display low sequence conservation (Ponting et al., 2009).
Recently, chemical probing methods have been exploited for studying IncRNA secondary
structure. For example, Selective 2” Hydroxyl Acylation analyzed by Primer Extension
(SHAPE) probing of /n vitrotranscripts showed that the IncRNAs SRA and HOTAIR
display a complex structural organization that comprise a variety of elements comparable to
well-folded RNAs like group Il introns and ribosomal RNAs (Novikova et al., 2012;
Somarowthu et al., 2015). Genome-wide probing of RNA secondary structure using DMS-
seq or icSHAPE-seq has also been performed in living cells, revealing active unfolding of
MRNA structures suggesting RNA structures contribute to global RNA processing and
translation (Ding et al., 2014; Rouskin et al., 2014; Spitale et al., 2015). Most IncRNAs,
however, are not sufficiently abundant for detection /in vivo and in vivo secondary structure
studies can be obfuscated in the cell by the binding of proteins to RNA. Overall, detailed
analysis of the native structure of individual IncRNAs is still largely lacking and is necessary
to gain deeper insights into their precise roles.

Our prior work identified the mouse INCRNA Braveheart (Bvhi) that appears to act /n transto
regulate cardiovascular lineage commitment (Klattenhoff et al., 2013). Given that IncRNAs
are generally lowly conserved by sequence and that many of these transcripts are species
specific (Johnsson et al., 2014; Ponting et al., 2009), RNA secondary structure is key for
understanding their broader roles. To investigate the molecular mechanism of Bv/Ataction,
here, we determined the secondary structure of full-length BvAt (~590 nt) using SHAPE and
DMS probing /n vitro and find that the transcript is organized into a highly modular
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structure including a 5” asymmetric G-rich internal loop (AGIL). Using CRISPR/Cas9-
mediated homology directed repair, we deleted this loop (denoted HvAEAGIL) in mouse
ESCs and show that the AGIL motif is necessary for cardiomyocyte (CM) differentiation.
Similar to sShRNA-mediated bvht depletion, key cardiac transcription factors fail to activate
during the transition from nascent mesoderm to the cardiac progenitor state. Using a protein
microarray platform, we demonstrate that the AGIL maotif interacts with a small subset of
factors including the heart-expressed zinc finger transcription factor cellular nucleic acid
binding protein (CNBP/ZNF9) known to bind G-rich single-stranded nucleic acids
(Calcaterra et al., 2010; Chen et al., 2007). Finally, we find that CNBP represses
cardiomyocyte differentiation and that loss of CNBP partially rescues the ovAAAGIL
phenotype, suggesting that these factors function together to specify the cardiovascular
lineage. Our results show how a small RNA motif in BvAtcan direct cell fate and
demonstrate that structural studies combined with genetic perturbation can provide critical
insights into InNcRNA function.

Braveheart is organized into a highly modular structure

RNA can form complex structures that have catalytic activity or that act as scaffolds for the
binding of metal ions, small molecules, nucleic acids, and proteins (Mondragon, 2013;
Noller, 1984; Serganov and Patel, 2007). To obtain the secondary structure of BvAt, we used
the shotgun secondary structure determination strategy (3S) (Novikova et al., 2013), with the
goal of obtaining more detailed mechanistic insight into BvAt function. Here, we performed
SHAPE probing on /n vitro transcribed full-length Bvht (Figure S1). We also performed
DMS (dimethylsulfate) probing of full-length BvAtwhich methylates unpaired adenosine
and cytidine nucleotides (Tijerina et al., 2007) (Figure 1A, lower panel). We next repeated
the SHAPE and DMS probing on shorter fragments to identify sub-domains of BvAt When
a region’s reactivity in shorter fragments shows similarity to the profile in the full-length
RNA, it suggests that this region adopts a modular fold in the context of full-length RNA
structure. As shown in Figure 1B, we generated overlapping fragments and performed
SHAPE probing as above. Detailed comparisons between each fragment and the full-length
transcript revealed several regions of similar reactivity (Figure 1B). For example, the ~55 nt
stretch at the 3’-end of BvAtexhibited high reactivity using both SHAPE and DMS probing
indicating a low probability of being structured and was left out of the analysis. We obtain
the fold for Bvhtby piecing together the modular sub-folds.

The overall secondary structure shown in Figures 1C is most consistent with all of our
experimental data based on SHAPE and DMS analysis of full-length BvAtand of the shorter
fragments. BvAt consists of 12 helices, 8 terminal loops, 5 sizeable (>5 nts) internal loops
and a 5-way junction (5WJ). BvAtappears to be organized into three domains, roughly
corresponding to its three exons: the 5’-domain (H1-H2), central domain (H3-H8) and 3’-
domain (H9-H12) (Figure 1C). The 5’-domain contains an asymmetric G-rich internal loop
structure (AGIL) between H1 and H2, consisting of a large single-stranded region (14 nts)
on the 5’ side and very short single-stranded region (3 nts) on the 3’ side. The central
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domain consists of a 5-way junction (H4, H5, H6, H7, H8) connected to the 5’-domain by
H3. The 3’-domain contains 4 helices (H9, H10, H11, H12).

Braveheart AGIL motif is necessary for proper ESC differentiation

To date, IncRNA function has largely been determined by transcript knockdown or by
genetic deletion of large regions that may encompass regulatory elements confounding
phenotypic interpretation. We focused on dissecting the function of the AGIL region because
it appeared to be less commonly represented in known RNA secondary structure databases
and because G-rich regions often play regulatory roles in the genome (Aguilera and Garcia-
Muse, 2012; Rhodes and Lipps, 2015). For example, after searching the Gutell database of
secondary structures of ribosomal and RNase P RNAs (Cannone et al., 2002), we found that
only 13 of >400,000 asymmetric 5’ internal loops had similar size and asymmetry. The
crystal structure of one such loop was recently solved, forming an intricate tightly packed
configuration of purines (Ren, et al., 2016). Thus, using CRISPR/Cas9 homology directed
repair (HDR), we generated an 11-nucleotide deletion in AGIL (denoted HvAfAGIL) at the
endogenous Bvhtlocus in mESCs to disrupt this loop (Figure 2A, B). We used a dual
selection strategy to facilitate recovery of homozygous clones (~20-50% frequency) and
expanded several clones for experimental evaluation.

SHAPE probing of bvAAG!L RNA shows deletion of the AGIL motif does not destabilize
overall Bvhtstructure (Figures 2C and S2A). Thus, we next examined Bv/it levels in ESCs
and found that the mutant transcript was expressed at comparable levels to wild-type by
Northern blot and gRT-PCR (Figure 2D, E). Similar to sShRNA-mediated depletion of BvAt
(Klattenhoff et al., 2013), bvAFASIL did not affect expression of pluripotency markers such
as Oct4 and Nanog and mutant ESCs showed normal morphology and self-renewal
properties as well as typical cell cycle kinetics (Figures 2E,F and S2B). We then tested
whether bvAFACIL could form embryoid bodies (EBs), which give rise to derivatives of all
three germ layers. Notably, cardiomyocytes can form in EBs and can be visualized as
beating cell clusters. We allowed wild-type and mutant ESCs to aggregate in the absence of
pluripotency growth factors and then measured the percentage of spontaneously beating EBs
at different time points. We found that bvA#ACIL EBs show significantly reduced beating
(~5%) compared to wild-type cells (~25%) at Day 10, similar to our observations in Bvht-
depleted EBs (Klattenhoff et al., 2013).

Helical junctions are often important for the structural and catalytic properties of RNAs
(Bindewald et al., 2008). For example, a four-way junction promotes the functional folded
state of the hairpin ribozyme (Tan et al., 2003). Thus, we also introduced mismatch
mutations into the H4 region (bvAt7#mi5) to destabilize the 5-way junction (5WJ) by
CRISPR/Cas9-mediated HDR and selected clones (Figure S2C—E). In contrast to bvAfACIL
alteration of the H4 region did not significantly affect the percentage of beating EBs (Figure
2G). BvhfACIL EBs also displayed a failure to activate genes associated with the cardiac
contractile apparatus such as cardiac troponin T (¢TnT) and myosin heavy chain genes
whereas byAt4mis EBs showed normal expression comparable to wild-type controls (Figure
2H). In contrast, neuronal and endodermal genes were expressed normally in BvAFACIL EBs
in response to retinoic acid treatment similar to wild-type and svAf4mis EBs (Figure
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S2F,G). These data suggest that the BvAr AGIL motif is specifically necessary for formation
of spontaneously contracting EBs. The results do not preclude a secondary role for the 5WJ.

Braveheart AGIL motif is necessary for cardiovascular lineage commitment

To further dissect AGIL function in the cardiovascular lineage, we employed a directed /in
vitro cardiomyocyte (CM) differentiation assay that permits isolation of cell populations at
well-defined stages (ESCs, precardiac mesoderm (MES), cardiac progenitors (CPs), and
(CMs)) (Kattman et al., 2011; Wamstad et al., 2012) (Figure 3A). At each stage, cells are
subject to FACS using antibodies against specific markers to quantify differentiation
efficiency. Using this approach, we routinely isolate a high percentage of Pdgfra+, FIk1+
(MES), Nkx2.5-GFP+ (CP), and cTnT+ (CM) cell populations (Figure 3B). In contrast,
FACS of buhPAGIL cells showed a striking reduction in the percentage of CP and CM
marked cells during differentiation. We also demonstrate that although bvAEACGIL and wild-
type cells showed similar morphology at Day 4 (MES), immunofluorescence of the cultures
at Day 5.3 (CP) and Day 10 (CM) using antibodies against Nkx2.5-GFP or ¢cTnT
respectively, showed no staining in the mutant cells (Figure 3C). These results are highly
reproducible among multiple independent bvA#AGIL ESC clones and similar to ShRNA
depletion of Bvht (Figure S3A,B,E), suggesting that the differentiation defects are not due to
off-target effects.

We next analyzed the expression of a set of cardiac transcription factors (TFs) that failed to
activate upon shRNA-mediated depletion of BvAr (Figure S3C,D) (Klattenhoff et al., 2013).
The mesodermal marker Brachyury showed higher expression at Day 4 in bvAfAGIL cells
and sustained expression at Day 5.3 compared to wild-type controls (Figure 3D). MesP1 is
one of the earliest known markers of a common multi-potent cardiovascular progenitor
(Bondue et al., 2008; Lindsley et al., 2008) and showed decreased expression at Day 4
(MES) in bvAt-shRNA depleted cells (Klattenhoff et al., 2013). Although MesP1 expression
showed no change in the bvAFASIL mutant, we observed a failure to activate the cardiac
transcription factors downstream of this factor including Nkx2.5, Gata4, Gata6, Hand1,
Hand2, Thx5, and Mef2c compared to wild-type cells suggesting that distinct regions of
Bvht contribute to its total activity (Figure 3E). These data are highly reproducible using
multiple independent ESC clones (Figure S3F). Moreover, expression of wild-type BvAt
from the ROSA26 locus in the bvARACGIL background (Figure S3G) rescued the
cardiomyocyte differentiation defect indicating that the phenotype is due to loss of AGIL
function (Figure S3H-K). Together, our data point to a central role for the BvAt AGIL motif
in specifying the cardiovascular lineage.

Braveheart AGIL interacts with factors that bind G-rich nucleic acids

A prevailing model suggests that InNcRNAs act as molecular scaffolds, mediating interactions
with proteins (Geisler and Coller, 2013; Quinn and Chang, 2015; Rinn and Chang, 2012).
Although genome-wide studies support binding between IncRNAs and proteins, few studies
have identified RNA structural motifs responsible for these interactions (Chu et al., 2015).
To identify proteins that potentially interact with the BvAt AGIL motif, we used a human
protein microarray platform that has successfully identified IncRNA-binding proteins (Kretz
et al., 2013; Siprashvili et al., 2012). Full-length BvAtand bvAt?AG!L transcripts were
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generated by /n vitro transcription and labeled with Cy5 (Figure S4A and Table S2). Equal
concentrations of labeled transcript were then individually incubated with the protein
microarray containing approximately ~9,400 recombinant human proteins (Human
ProtoArray). Using a stringent cut-off (z-score >3), we identified 12 candidates that strongly
interacted with the wild-type transcript (Figures 4A and S4B and Table S2). Notably, four of
these candidates (CNBP, HNRNPF, SFRS9, KCNAB?2) showed dramatically decreased
binding when the array was probed with the AvA%AG/L transcript (Figure 4B, C). These
proteins are conserved between mouse and human and are highly expressed across the
differentiation time course except for KCNAB2 (Figure S4C). We previously showed that
Bvht interacts with the Polycomb Repressive Complex (PRC2) (Klattenhoff et al., 2013),
however, we did not detect any change in the interaction with PRC2 in the mutant ESCs by
RIP (data not shown) suggesting that this motif is not required for this interaction and that
cooperation between BvAtand PRC2 may be a later event in regulating CM differentiation.

We next validated the interaction between BvAtand mouse CNBP, HNRNPF, and SFRS9 by
expressing mouse Flag-tagged versions of these factors in both wild-type and bvA@AG/L
ESCs followed by immunoprecipitation using an anti-Flag antibody (Figure 4D). We found
that all three candidates co-purified with wild-type BvAtbut not bvAt?AGIL as shown by qRT-
PCR. Upon analysis of ProtoArray results available for ~20 noncoding RNAs (Kretz et al.,
2013; Marques Howarth et al., 2014; Siprashvili et al., 2012), CNBP and HNRNPF binding
appeared to be highly specific to BvAitwhereas SFRS9 interacted broadly with other
noncoding RNAs. HNRNPF, a member of ubiquitously expressed heterogeneous nuclear
ribonucleoproteins family, is a RNA-binding protein with roles in mRNA splicing, mMRNA
metabolism and transport and can bind G-rich sequences (Matunis et al., 1994; Reznik et al.,
2014; Wang et al., 2012). CNBP (ZNF9) is a zinc finger transcription factor containing
seven CCHC-type zinc fingers and one RNA recognition motif (RGG) (Figure 5A), that also
binds G-rich single stranded DNA and RNA (Armas et al., 2008; Calcaterra et al., 2010).
CNBP has roles in neural crest cell expansion and null mice die around E10.5 (Chen et al.,
2003; Weiner et al., 2007; Weiner et al., 2011), however, its overall function is poorly
characterized. Notably, CNBP is highly expressed in heart and skeletal muscle, and animals
exhibit severe dilated cardiomyopathy in heterozygous cnbp™~ mice (Chen et al., 2007).
Moreover, CNBP is currently the only known gene linked to myotonic dystrophy type 2 in
human, and patients often display severe heart defects (Jones et al., 2011; Lee et al., 2012;
Liquori et al., 2001). Thus, given its binding preference for single-stranded G-rich nucleic
acids and its understudied roles in the heart, we focused on further characterization of
CNBP.

CNBP represses cardiomyocyte differentiation

To test the function of CNBP in our system, we introduced small indels using CRISPR/Cas9
genome-editing in both wild-type and bvA#AAGIL ESCs, generating cnbp© and
cnbpO,bvht?AGIL ESCs (Figures 5A and S5A). Clones were sequenced for the presence of
the mutations and immunoblot confirmed loss of CNBP in both crbp© and
cnbp<O,bvht?AGIL ESCs (Figure 5B). Importantly, neither disruption of the BvAt AGIL
motif nor cnbpXC affected the expression of either CNBP or B/, respectively (Figures 5B
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and S5B). Moreover, loss of CNBP did not affect the expression of ESC pluripotency
markers Oct4 and Nanog, similar to bvAFACIL (Figure S5B).

We next tested two independent crbp’<C ESC clones for their ability to differentiate into
cardiomyocytes. As shown in Figure S5C, cnbp’<© cells show similar morphologies to wild-
type cells at both Day 2 and Day 4 of differentiation and are fully capable of differentiating
into CPs at Day 5.3 and CMs at Day 10 as shown by immunofluorescence analysis of
Nkx2.5-GFP and cTnT respectively. In fact, cnbp/<C cells generate significantly higher
percentages of Nkx2.5-GPF+ cells (CP) at Day 5.3 and ¢cTnT+ cells (CM) at Day 10 by
FACS when compared to wild-type cells (Figure 5C). Moreover, gRT-PCR analysis showed
that cardiac transcription factors (e.g. Nkx2.5, Gata4, Gata6, Hand2, Thx5) at Day 5.3 and
CM marker genes (e.g. cTnT, Myh6, Myh7) at Day 10 exhibit higher expression levels in
cnbp’<© cells compared to wild-type cells (Figure 5D, E).

To further test CNBP function, we constitutively over-expressed Flag-tagged CNBP in wild-
type ESCs, which did not affect the expression levels of BvAtand ESCs pluripotency
markers Oct4 and Nanog (Figure S5D). In contrast to the cnbp/©, cells expressing higher
levels of CNBP produced significantly lower percentages of Nkx2.5-GPF+ cells (CP) at Day
5.3 and cTnT+ cells (CM) at Day 10 compared to control cells by FACS (Figures 5G and
S5E). Consistent with these data, cardiac transcription factors and CM marker genes showed
decreased expression levels upon CNBP overexpression (Figure 5H,1). Together, our data
suggests that CNBP functions, in part, as a negative regulator of cardiovascular lineage
commitment.

Loss of CNBP partially rescues the bvhtdAGIL phenotype

Based on the above results, we hypothesized that BvAt may functionally antagonize CNBP
to promote cardiovascular lineage commitment predicting that loss of CNBP would rescue
the byhPAGIL mutant phenotype. To test this idea, we first performed EB differentiation of
cnbp’<C-byhtPAGIL ESCs compared to wild-type ESCs. At Day 12 of EB differentiation, the
expression levels of cardiomyocyte marker genes including cTnT, Myh6, and Myh7 were
significantly restored in the cnbpC, bvht?AGIL double mutant cells (Figure S6A). We then
performed the cardiomyocyte differentiation assay and found that the crnbpC bvht?AGIL
double mutants produced significantly increased percentages of CP and CM cells compared
to the bvAPAG/L mutant alone (Figure 6A). Nkx2.5 is expressed throughout the CP to CM
stages (Ma et al., 2008; Wamstad et al., 2012). Markedly, cnb’<C:bvha®RHT mutant cells
generated a comparable percentage of Nkx2.5-GFP+ cells at Day 10 (CM) to wild-type
cells. Coinciding with FACS analysis, the cnbp O, bvht?AGIL cells also showed significant
levels of Nkx2.5 and ¢cTnT by immunofluorescence staining (Figure 6B,E) whereas levels
were undetectable in bvA%AG/L mutant alone (Figure 3C).

We then analyzed the expression of the mesodermal marker Brachyury and key cardiac
transcription factors by gRT-PCR (Figure 6C,D). Brachyury levels in cnbpC bvmAGIL
double mutants showed comparable expression levels to wild-type cells. Expression of
Nkx2.5, Gata4, Gata6, Hand2, and Mef2c was also partially restored at both Day 5.3 and
Day 10. Moreover, we observed that the cardiomyocyte-specific genes cTnT, Myh6, and
Myh7 showed a significant increase in expression (50%~70% relative to wild-type cells) in

Mol Cell. Author manuscript; available in PMC 2019 September 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xue et al. Page 8

cnbpC:byht?AG/L double mutants compared to the AGIL mutant alone (Figure 6E).
Together, our data suggest that CNBP and Bv#t function together to regulate cardiovascular
lineage commitment.

DISCUSSION

Our work establishes that RNA secondary structure determination coupled with genetic
studies can reveal important functional motifs required for INcRNA mechanisms of action.
Our study revealed several important findings regarding the role of BvAtin cardiovascular
lineage commitment. First, we show that BvAtadopts a modular secondary structure /n vitro
that harbors a 5 asymmetric G-rich internal loop, termed AGIL. Remarkably, a small 11 nt
deletion in the AGIL motif (bvA%AG/L) within the ~590 nt non-coding transcript prevents the
transition from nascent mesoderm to the cardiac progenitor state in our /n vitro
differentiation assay. Second, we found that the zinc finger transcription factor CNBP
specifically interacts with BvAt, precisely at the AGIL motif. We also show that CNBP acts
as a negative regulator of the cardiac developmental program and that genetic ablation of
CNBP partially rescues the differentiation defect of bvAAGIL mutant cells. Collectively,
these data suggest that BvAt functionally antagonizes CNBP to promote cardiovascular
lineage commitment (Figure 6F).

In some cases, INcRNAs such as GAS5, PANDA, NF-YA, NORAD have been reported to
function as molecular decays to titrate interacting proteins away from their regulatory targets
through competitive binding (Hung et al., 2011; Kino et al., 2010; Lee et al., 2016).
However, the low abundance of BvAttranscript makes the molecular decoy model unlikely
to explain the mode of action of BvAt. Expression of BvAtfrom the ROSA26 locus using its
endogenous promoter largely rescues the AGIL mutant phenotype suggesting that low copy
number is sufficient to mediate its function /n transin a locus specific manner (Figure S3G-
K). Recently, IncRNAs including Fendrr, PRNA, and PARTICL were found to target specific
genomic loci through directly hybridizing to nascent DNA via sequence complementarity or
DNA:DNA:RNA, (Grote et al., 2013; O’Leary et al., 2015; Schmitz et al., 2010). In
addition, it has been proposed that low abundance RNAs such as the RNA component of
telomerase (TERC), which can perform multiple turnover reactions, could accomplish super-
stoichometric functionalities (Goff and Rinn, 2015; Mozdy and Cech, 2006; Zappulla and
Cech, 2004), providing another potential model for studying the molecular mechanisms of
low abundance IncRNAs such as Bvhtin future studies.

Our results suggest CNBP is a critical component of BvAf's mode of action in cardiovascular
lineage commitment. CNBP is highly conserved among vertebrates and can bind single-
stranded G-rich DNA or RNA (Calcaterra et al., 2010). It has been proposed that CNBP acts
as a nucleic acid chaperone and can promote the formation of G-quadruplex (G4) structures
in which four guanines are assembled in a planar arrangement by Hoogsteen hydrogen
bonding followed by intra- or inter- molecular folding of the tetramers (Armas et al., 2008;
Borgognone et al., 2010; Rhodes and Lipps, 2015). For example, CNBP represses the
expression of heterogeneous ribonucleoprotein K (hnRNPK) in fibrosarcoma cells and c-
Myc in human HeLa cells through its conversion of promoter G-rich sequences into G4
DNA (Chen et al., 2013; Qiu et al., 2014). We found that different algorithms including
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QGRS Mapper, QGRS-H Predictor and TetraplexFinder all predict BvAt AGIL motif forms a
G-quadruplex (Figure S6B) (Kikin et al., 2006; Menendez et al., 2012; Yadav et al., 2008).
Notably, G4 motifs have been identified in the promoters or UTRs of cardiac genes such
Nkx2.5, Gata4, Mef2d (Nie et al., 2015; Zhang et al., 2008). Moreover, the specific
inactivation of the G4 resolving RNA helicase RHAU in either cardiac mesoderm or
progenitors leads to abnormal heart development (Nie et al., 2015). Thus, It is possible that
Bvhtand CNBP function together to regulate cardiac gene expression through control of G4
structures. Our probing studies indicate that the stems that flank the AGIL motif may be
important for maintaining the G-rich loop in a single-stranded conformation which could be
important for facilitating CNBP binding to this region. Thus, detailed mechanistic follow up
of this and other models as well as dissecting the function of additional BvAt AGIL-
interacting proteins will be a focus of future investigation.

Our work suggests that the identification of specific motifs by carefully dissecting individual
IncRNAs is critical for understanding overall IncRNA function and can explain why these
transcripts are overall lowly conserved at the sequence level. Recently, /n vivo DMS and
SHAPE methods were developed to directly probe RNA structure in living cells (Ding et al.,
2014; Rouskin et al., 2014; Spitale et al., 2013), however, the low abundance of many
IncRNAs makes it difficult probe their structures /7 vivo and the complex binding of proteins
to RNAs can make interpretation of probing signals more complicated. Thus, secondary
structure maps of free RNA molecules are necessary to facilitate a complete understanding
of how these structures contribute to INcRNA modes of action under complex conditions.
Together, determination of INcCRNA motifs using both /in vitroand in vivo probing results
could be used to identify motif sequence fingerprints and homologues across species through
phylogenetic sequence alignments and covariance analysis (Sanbonmatsu, 2016). Recent
studies show that INcRNAs make undertake multiple secondary structure conformations in
vivo (Lu, et al., 2016). While our combined 3S and CRISPR analyses give us high
confidence, especially in the AGIL motif, we have not eliminated the possibility of
alternative folds. In some cases, RNA also forms higher-order structures composed of tightly
packed secondary structure elements (Leontis et al., 2006; Weeks, 2010). Thus, dissecting
tertiary structures of IncRNAs under physiological conditions also represents an important
area for future investigation. /n vitro secondary structures of INcRNAs are also an important
first step towards crystallographic and cryo-EM 3-D structures. Ultimately, studies aimed at
mechanistic dissection of INCRNA structures are expected to facilitate a detailed
understanding of how these transcripts contribute to fundamental biological processes and
open the door to exploiting RNA maotifs as biological and therapeutic tools.

EXPERIMENTAL PROCEDURES

Detailed experimental and analysis methods can be found in the Supplemental Materials.

Chemical Probing

SHAPE probing was performed using fast-acting 1M7 reagent (Deigan et al., 2009), and
DMS probing was performed as described (Tijerina et al., 2007).
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ESC Lines and Growth Conditions

Mouse ESCs were cultured on irradiated MEFs using standard conditions as previously
described (Wamstad et al., 2012). NKX2.5-GFP mouse ESCs (Hsiao et al., 2008) were used
as wild-type ESC (WT) in this study.

Generation of ESC Lines with CRISPR/Cas9

CRISPR/Cas9-mediated homology directed repair or non-homologous end joining was
performed as described (Ran et al., 2013) using a bicistronic expression vector expressing
Cas9 and sgRNA (px330, Addgene #42230).

ESC Differentiation

Embryoid body formation and directed differentiation were performed as described
(Klattenhoff et al., 2013; Wamstad et al., 2012).

Immunostaining ESCs and Differentiated Cell Types

Cells were fixed and stained according to our previous studies (Klattenhoff et al., 2013;
Wamstad et al., 2012).

Flag-tagged CNBP, HNRNPF, SFSR9

Flag-tagged CNBP/HNRNPF/SFRS9 cassette was cloned into pEGIP (Addgene #26777).
Lentiviral production and ESC infection were performed using protocols from the RNAI
Consortium (Broad Institute).

RNA Immunoprecipitation

Cells were UV cross-linked and RNA immunoprecipitation was performed as described
(Jeon and Lee, 2011; Lai et al., 2013).

ProtoArray Processing and Analysis

In vitro RNA production and labeling followed by probing the ProtoArray Human Protein
Microarray v5.0 (Life Technologies cat# PAH0525101) were performed as described
(Siprashvili et al., 2012).

ACCESSION NUMBERS

ProtoArray raw data have been deposited to ArrayExpress with accession numbers: E-
MTAB-4995.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bvht secondary structure deter mination by chemical probing.
(A) Normalized SHAPE (Top) and DMS (Bottom) probing reactivity profiles of full-length

Bvht. Horizontal lines indicate normalized dimensionless reactivity. Both traces were
normalized by the reactivities for highly reactive nucleotides. Nucleotides that have a
normalized reactivity >0.5 are considered as highly flexible and likely represent single-
stranded regions. Positions of BvAtexons are labeled below the reactivity profile.

(B) Shotgun secondary structure (3S) analysis of BvAt. Normalized SHAPE probing
reactivity of indicated BvAtfragments is compared to full-length transcript. Full-length (1-
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590), 5’-fragment (1-325), Middle-fragment (155-475), 3’-fragment (300-590), Half H9
(282-349), and Half_H10-H11 (380-457). The sub-regions with highly similar reactivity
patterns to full-length transcript are highlighted in purple under the reactivity profile.

(C) Secondary structure of BvAtwas derived with 3S via SHAPE and DMS chemical
probing experiments. The normalized SHAPE or DMS reactivity is represented by indicated
colors. Circle, SHAPE; Diamond, DMS. The AGIL motif is highlighted by red dashed lines.
H1 to H12 indicates the helices.

See also Figure S1.
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Figure 2. Bvht AGIL motif is necessary for formation of contracting embryoid bodies.
(A) Schematic showing the strategy of introducing mutations in Bv/itendogenous locus.

Two small guide RNAs (sgRNAS) and two repair templates including different selection
cassettes (Puro or Hygro) as indicated are applied for CRISPR/Cas9-mediated HDR. After
dual selection, both alleles will be mutated at designated loci. The selection cassettes are
then removed by Cre recombinase-mediated recombination. Asterisk, mutations; triangle,
loxP site; P1, P2, P3, P4 are primers for PCR-based screening.
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(B) Diagram showing the positions of sgRNAs and d11nt in BvAtendogenous locus. Partial
DNA sequencing trace of the PCR product of bvA?AGIL ESC genomic DNA.

(C) Secondary structure of bvAFACGIL was derived from SHAPE probing experiment. d11nt
indicates the deleted 11nt sequences from AGIL motif.

(D) Northern Blot analysis showing the levels of BvAttranscripts in indicated ESC lines.
Ribosomal RNAs (rRNAs) are used for loading control.

(E) gRT-PCR analysis showing the levels of BvAtand ESCs pluripotency markers Oct4 and
Nanog in indicated ESC lines. Experiments were performed in triplicate and data are
represented as mean values + SD.

(F) Immunofluorescence staining of indicated ESCs using Oct4 antibody. Nuclei were
stained with DAPI. BF, bright field. Scale bar, 100um.

(G) Percentage of spontaneously contracting embryoid bodies (EBs) at Day 12 of
differentiation (n>200) from indicated ESCs. Experiments were performed in triplicate and
data are represented as mean values + SD. ** p<0.01(two-tailed Student’s t-test).

(H) gRT-PCR analysis of EBs at day 12 showing the relative levels of cardiomyocyte
markers from indicated ESC lines.

All experiments were performed in triplicate and data are represented as mean values + SD.
* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 (two-tailed Student’s t-test).

See also Figure S2.
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Figure 3. Bvht AGIL motif is necessary for cardiovascular lineage commitment
(A) Timeline of CM differentiation protocol. Black and gray bars represent the time period

where differentiating cultures were treated with the growth factors listed below each
respective bar.

(B) Cells at indicated time points were analyzed for marker expression by flow cytometry.
Numbers in plots indicate percentage of gated populations.

(C) Immunofluorescence staining of indicated cells using anti-GFP (Day 5.3) and anti-cTnT
(Day 10) antibodies. Nuclei were stained with DAPI. BF, bright field. Scale bar, 100um.
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(D, E) gRT-PCR analysis showing the relative levels of Brachyury (D) and cardiac
transcription factors (E) at Day 4 and Day 5.3 from indicated ESC lines. WT value at Day 4
(D) and Day 5.3 (E) is set to 1 for each gene.

Experiments were performed in triplicate and data are represented as mean values +/- SD.
** p<0.01; *** p<0.001; **** p<0.0001 (two-tailed Student’s t-test).

See also Figure S3.
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Figure 4. Bvht interactswith CNBP, a zinc finger transcription factor
(A) Protein microarray analysis detecting BvAt-interacting proteins. Cy5-labeled BvAtand

bvhPAGIL transcripts were incubated with a human recombinant protein microarray. Z-
Scores of fold changes signal intensity over background are depicted in the scatter plot. The
dashed blue line represents the Z-Score cutoff used to select significant RNA-protein
binding events. The significant BvAr-binding proteins are colored in red. The horizontal axis
is Bvht. and the vertical axis for bvAfACIL A logarithmic scale was used to display both
axes.

(B) Quantification of human protein microarray showing fold changes of signal intensity
over background for indicated proteins. Values are the average of duplicate protein spots.
(C) Image of human protein microarray (left) and enlarged subarray (right) showing that
mutation of AGIL motif dramatically reduces the interaction between BvAtand CNBP,
HNRNPF, SFRS9. Alexa Fluor 647-labelled rabbit anti-mouse 1gG or anti-human IgA2 in
corners and middle edge of each subarray are used for reference.

(D) RNA immunoprecipitation showing the interaction between BvAtand CNBP, HNRNPF
and SFRS9 in ESCs. Flag-tagged CNBP, HNRNPF, or SFRS9 was constitutively expressed

Mol Cell. Author manuscript; available in PMC 2019 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xue et al.

Page 22

in both WT and bvAtAGIL ESCs. Immunoblot analysis using anti-Flag antibody shows equal
expression levels of Flag-tagged CNBP, HNRNPF, SFRS9 in indicated ESCs. Mouse 1gG
was used for negative control.

Experiments were performed in triplicate and data are represented as mean values +/- SD.
** p<0.01; *** p<0.001; **** p<0.0001 (two-tailed Student’s t-test).

See also Figure S4 and Table S2.
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Figure 5. CNBP represses car diomyocyte differentiation
(A) Diagram of CNBP (Uniprot P53996-2) functional domains, including seven CCHC zinc
fingers (aa 4-21, 45-62, 65-82, 89-106, 110-127, 128-145,149-166) and RGG box of
RNA-binding (aa 22-35). The target sequence of CNBP_sgRNA-1 is labeled on the bottom.
(B) Immunoblot analysis with anti-CNBP antibody showing the protein levels of CNBP in
indicated ESC lines. GAPDH was used as loading control.
(C) Cells at indicated time points were analyzed for marker expression by flow cytometry.
Numbers in plots indicate percentage of gated populations.
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(D, E) gRT-PCR analysis showing the relative levels of cardiac marker genes at Day 5.3 and
Day 10 of CM differentiation.

(F) Immunablot analysis with anti-CNBP antibody showing the protein levels of endogenous
CNBP and recombinant CNBP-FLAG in ESCs. GAPDH was used as loading control.

(G) Cells at indicated time points were analyzed for marker expression by flow cytometry.
Numbers in plots indicate percentage of gated populations.

(H, 1) gRT-PCR analysis showing the relative levels of cardiac marker genes at Day 5.3 and
Day 10 of CM differentiation.

Experiments were performed in triplicate and data are represented as mean values +/— SD.
** p<0.01; *** p<0.001; **** p<0.0001 (two-tailed Student’s t-test).

See also Figure Sb.
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Figure 6. L oss of CNBP partially rescuesthe bvht phenotype

(A) Cells at indicated time points during CM differentiation were analyzed for marker
expression by flow cytometry. Numbers in plots indicate percentage of gated populations.
(B) Immunofluorescence staining of indicated cells using anti-GFP (Day 5.3) and anti-cTnT
(Day 10) antibodies. Nuclei were stained with DAPI. BF, bright field. Scale bar is 100um.
(C, D) gRT-PCR analysis showing the relative levels of Brachyury (C) and core cardiac
transcription factors (D). WT value at Day 4 (C) or at Day 5.3 (D) was set to 1 for each
gene.
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(E) gRT-PCR analysis showing the relative levels of cardiomyocyte marker genes at Day 10.
(F) Model of BvAitand CNBP regulating cardiovascular lineage commitment. Bv/it
functionally antagonizes the repression of CNBP on the transition from cardiac mesoderm to
progenitors. Potential additional factors working together with Bv/Atremained to be
elucidated.

Experiments were performed in triplicate and data are represented as mean values +/— SD.
** p<0.01; *** p<0.001; **** p<0.0001 (two-tailed Student’s t-test).

See also Figure S6.

Mol Cell. Author manuscript; available in PMC 2019 September 06.



	SUMMARY
	INTRODUCTION
	RESULTS
	Braveheart is organized into a highly modular structure
	Braveheart AGIL motif is necessary for proper ESC differentiation
	Braveheart AGIL motif is necessary for cardiovascular lineage commitment
	Braveheart AGIL interacts with factors that bind G-rich nucleic acids
	CNBP represses cardiomyocyte differentiation
	Loss of CNBP partially rescues the bvhtdAGIL phenotype

	DISCUSSION
	EXPERIMENTAL PROCEDURES
	Chemical Probing
	ESC Lines and Growth Conditions
	Generation of ESC Lines with CRISPR/Cas9
	ESC Differentiation
	Immunostaining ESCs and Differentiated Cell Types
	Flag-tagged CNBP, HNRNPF, SFSR9
	RNA Immunoprecipitation
	ProtoArray Processing and Analysis

	ACCESSION NUMBERS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

