HNRNPH1-dependent splicing of a fusion oncogene
reveals a targetable RNA G-quadruplex interaction
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ABSTRACT

The primary oncogenic event in ~85% of Ewing sarcomas is a chromosomal translocation that generates a fusion oncogene
encoding an aberrant transcription factor. The exact genomic breakpoints within the translocated genes, EWSR1 and FLI1,
vary; however, in EWSR1, breakpoints typically occur within introns 7 or 8. We previously found that in Ewing sarcoma cells
harboring EWSR1 intron 8 breakpoints, the RNA-binding protein HNRNPH1 facilitates a splicing event that excludes
EWSR1 exon 8 from the EWS-FLI1 pre-mRNA to generate an in-frame mRNA. Here, we show that the processing of distinct
EWS-FLI1 pre-mRNAs by HNRNPH1, but not other homologous family members, resembles alternative splicing of tran-
script variants of EWSR1. We demonstrate that HNRNPH1 recruitment is driven by guanine-rich sequences within
EWSR1 exon 8 that have the potential to fold into RNA G-quadruplex structures. Critically, we demonstrate that an
RNA mimetic of one of these G-quadruplexes modulates HNRNPH1 binding and induces a decrease in the growth of an
EWSR1 exon 8 fusion-positive Ewing sarcoma cell line. Finally, we show that EWSR1 exon 8 fusion-positive cell lines are
more sensitive to treatment with the pan-quadruplex binding molecule, pyridostatin (PDS), than EWSR1 exon 8 fusion-neg-
ative lines. Also, the treatment of EWSR1 exon 8 fusion-positive cells with PDS decreases EWS-FLI1 transcriptional activity,
reversing the transcriptional deregulation driven by EWS-FLI1. Our findings illustrate that modulation of the alternative
splicing of EWS—-FLI1 pre-mRNA is a novel strategy for future therapeutics against the EWSR1 exon 8 containing fusion on-
cogenes present in a third of Ewing sarcoma.
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INTRODUCTION ways of nucleic acid metabolism, it is essential that any
modulation of their function not disrupt transcriptome-
wide RNA processing (Han et al. 2005). To this end, a
more appropriate approach is to selectively target dis-
ease-specific hnRNP interactions, which may limit off-
target inhibition of the global mRNA processing machin-
ery. Compounds that block hnRNP interactions are current-
ly underexplored but are not unprecedented. For example,
the anti-tumor natural product camptothecin was found to
inhibit hnRNP A1-topoisomerase 1 interactions (Manita

Members of the RNA-binding protein family heteroge-
neous nuclear ribonucleoproteins (hnRNPs) are linked to
the development of distinct cancers and neurodegenera-
tive diseases, making these proteins attractive unexploited
therapeutic targets (Han et al. 2013; Geuens et al. 2016).
However, because hnRNPs are involved in numerous path-
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et al. 2011), while a synthetic phenanthrene-based tylo-
phorine derivative was determined to bind to hnRNP A2/
B1 and reduce lung adenocarcinoma growth and metasta-
sis (Chen et al. 2014). Thus, understanding the molecular
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mechanisms of hnRNPs cellular functions may help identify
new therapeutic strategies to combat cancers and neuro-
degenerative diseases.

A subgroup of hnRNPs which includes HNRNPHT1,
HNRNPH2, and HNRNPF, regulate alternative splicing by
binding to poly(G) tracts (Caputi and Zahler 2001; Black
2003; Han et al. 2005; Wang et al. 2007). There is prece-
dent that poly(G) tract sequences have the potential to
fold into stable secondary structures known as RNA G-
quadruplexes and sequester hnRNP H/F proteins
(Decorsiere et al. 2011; Fisette et al. 2012; Smith et al.
2014; Conlon et al. 2016; Huang et al. 2017). The mecha-
nism by which these proteins regulate splicing is multifac-
eted since the hnRNP H/F proteins can mediate both exon
inclusion and exclusion (Katz et al. 2010). For instance,
when HNRNPH1 binds intronic elements in transcripts,
such as BCLX (Garneau et al. 2005; Wang et al. 2007),
GRINT (Han et al. 2005), and PLP1 (Wang et al. 2007),
exon inclusion is enhanced. In contrast, when HNRNPH1
interacts with exonic elements in transcripts, such as a/f-
tropomyosin (Chen et al. 1999; Expert-Bezancon et al.
2004; Crawford and Patton 2006) and human immunode-
ficiency virus type 1 (Jacquenet et al. 2001; Domsic et al.
2003), exon exclusion is enhanced. Furthermore, exon in-
clusion and exclusion for a given pre-mRNA may be inde-
pendently regulated by HNRNPH?1 as seen with different
reported splice variants of ERBB2 (HER2) in breast cancer
(Gautrey et al. 2015).

Ewing sarcoma (EWS) is a cancer of soft tissues and
bones that occurs most frequently in children and young
adults (Hawkins et al. 2011). We recently determined that
HNRNPH1 is required to alternatively splice EWSRT exon
8 fusion transcripts in cell lines representing a subgroup
of EWS (Grohar et al. 2016). Briefly, the pathology in
~85% of EWS is caused by a translocation involving chro-
mosomes 11 and 22, which results in a fusion between
the 5" end of the EWSRT (Ewing sarcoma breakpoint region
1) and the 3’ end of the FLI1 (Friend leukemia virus integra-
tion site 1) genes (Delattre etal. 1992; May etal. 1993). The
generated EWS-FLIT fusion oncogene encodes an aber-
rant transcription factor upon which EWS cells are depen-
dent for proliferation and survival (May et al. 1993; Bailly
et al. 1994). In about a third of EWS cases, the tumors
that harbor EWS-FLI1 fusions must exclude EWSR1T exon
8 from the chimeric pre-mRNA to generate an in-frame
transcript (Hawkins etal. 2011). Our previous study demon-
strated that to facilitate the exclusion of EWSR1 exon 8,
HNRNPH1 binds to G-rich regions within the fusion pre-
mRNA transcripts (Grohar et al. 2016). However, the molec-
ular mechanism that promotes HNRNPH1 binding and
processing of EWS-FLI1, as well as whether HNRNPH1
plays a role in regulating the splicing of EWSR1 necessi-
tates further elucidation.

Herein, we demonstrate using biochemical and cell-
based studies that HNRNPH1 binds to a G-rich region at
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the 3’ end of EWSR1 exon 8 that can fold into RNA G-quad-
ruplexes. Our analysis suggests HNRNPH1 may regulate
the expression of two rare EWSRT transcripts, facilitating
the removal of all, or part, of EWSR1 exon 8. In contrast,
HNRNPH1-mediated splicing becomes dominant and piv-
otal for the processing of EWS-FLIT pre-mRNAs in EWS
cells with EWSRT intron 8 breakpoints. We also show that
a single-stranded RNA oligomer can mimic one of the G-
rich HNRNPH1 binding sites in EWSRT exon 8 and, upon
transfection, decrease EWS-FLIT mRNA and protein ex-
pression in an EWS cell line harboring an EWSRT intron 8
breakpoint. Furthermore, we can phenocopy these bio-
logical effects with a quadruplex-specific compound, pyri-
dostatin (PDS), which blocks the interaction between
HNRNPH1 and a G-rich region within EWSRT exon
8. Critically, PDS treatment also leads to the reversal of tran-
scriptional deregulation driven by EWS-FLI1. To the best of
our knowledge, this is the first demonstration of the target-
ing of a fusion pre-mRNA transcript using a tool compound
that modulates alternative splicing and provides a founda-
tion for the direct targeting of the fusion transcript ex-
pressed in approximately one-third of Ewing sarcomas.

RESULTS AND DISCUSSION

The processing of distinct EWS—FLI1 pre-mRNAs
by HNRNPH1 resembles alternative splicing
of transcript variants of EWSR1

HNRNPH1 mediates the exclusion of EWSRT exon 8 from
EWS-FLIT pre-mRNAs in EWS cells that express fusion
transcripts containing this exon (Grohar et al. 2016). How-
ever, removal of EWSRT exon 8 is atypical because the
inclusion of exon 8 is crucial to express the dominant full-
length, protein-coding transcripts of EWSR1. To better
understand the possible functions of HNRNPH?1 in the pro-
cessing of EWS-FLIT and EWSR1 pre-mRNAs, we per-
formed silencing studies of HNRNPH1 in four different
EWS cells (TC32 and SKNMC—EWSRT1 intron 8 break-
points, TC71 and RD-ES—EWSRT intron 7 breakpoints)
and a non-EWS line, HEK-293T. As expected, silencing
of HNRNPH1 reduces EWS-FLIT mRNA levels in cell lines
expressing EWSR1 exon 8 containing fusion pre-mRNAs
(TC32 and SKNMC; Fig. 1A; Supplemental Fig. S1A), but
not in cell lines that harbor EWSRT1 intron 7 breakpoints
(Supplemental Fig. S1A). gPCR analysis also showed re-
duced EWSRT mRNA levels upon depletion of HNRNPH1
in all cell lines tested (Fig. 1A; Supplemental Fig. STA). An
examination of HNRNPH2 and HNRNPF mRNA levels
upon silencing of HNRNPH1 showed reduced mRNA ex-
pression suggesting that HNRNPH1 may function in the
regulation of the expression of these other family mem-
bers. Critically, however, the silencing of HNRNPH2 or
HNRNPF directly had no significant effects on HNRNPH1
expression, nor EWSR1 or EWS-FLIT mRNA levels (Fig.
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FIGURE 1. HNRNPH1-mediated processing of EWSRT exon 8 containing pre-mRNAs.
(A) qPCR assessment of EWS-FLI1, EWSR1, HNRNPH1, HNRNPH2, and HNRNPF mRNA ex-
pression in HNRNPH1, HNRNPH2, or HNRNPF silenced TC32 EWS cells (48 h). Data are nor-
malized to the geomean of reference genes, ACTB, RPL27, and NACA, and expressed relative
to siNeg-transfected cells (mean + SEM, n=3). (**) P<0.01; (***) P<0.001 compared to siNeg-
transfected cells. For additional experimental details, refer to Supplemental Table S7.
(B) Expression of selected EWSR1 and EWS-FLI1T exon-exon junctions from targeted RNA-
seq data analyzed using splicing junction analysis for HNRNPH1-silenced HEK-293T cells
(top graph) and TC32 EWS cells (bottom graph). Data are expressed relative to siNeg-transfect-
ed cells (48 h, mean = SEM, n = 3). (C) Schematic representation of putative HNRNPH1-depen-
dent regulation of EWSR1 exon 8 containing pre-mRNAs.

pression of EWSRT, consistent with
its role in the regulation of RNA pro-
cessing and metabolism (Uren et al.
2016), we next analyzed the effects
of silencing HNRNPH1 on the expres-
sion of EWSR1 in more detail.

There are over twenty reported
transcript variants of EWSRT (Sup-
plemental Table Sé). To assess the pu-
tative function of HNRNPH1 in the
generation of one or more EWSR1
transcript variants, we used an en-
riched RNA-seq approach. Briefly,
we harvested RNA from control and
HNRNPH1-silenced HEK-293T and
TC32 EWS cells, generated cDNA
libraries, and enriched for EWSR1 se-
quences using a Chr. 22 fosmid clone
containing the entire EWSR1 locus.
Alignment of paired-end reads to
EWSR1 transcripts (human assembly
GRCh37), mapped RNA-seq reads to
20 out of the 21 reported splice vari-
ants (Supplemental Table S6; Supple-
mental Fig. S1C). To filter out the
likelihood for EWSR1 transcript arti-
facts versus lowly expressed EWSR1
transcripts, we retained only those
transcripts that represent at least 1%
of the per-component (IsoPct) expres-
sion level. This analysis resulted in the
detection of eight highly expressed
and ten rare transcripts in both cell
lines (Supplemental Fig. S1D,E), in
which eight out of the 18 transcripts
were protein-coding variants (Supple-
mental Fig. S1F). Consistently, deple-
tion of HNRNPH 1 was associated with
a loss of EWS-FLIT transcripts that
skip only EWSR1 exon 8 and a sub-
stantial increase in an out-of-frame
transcript that retains exon 8 in TC32
EWS cells (Fig. 1B). Analysis of read
counts across exon junctions revealed
that depletion of HNRNPH1 in HEK-
293T and TC32 EWS cells was associ-
ated with loss of a rare transcript—
EWSR1-201—that  excludes both
exon 8 and 9 (Fig. 1B). Also, silencing
of HNRNPH1 had a minor effect on
another rare variant that uses an alter-
native donor site in EWSR1 exon 8

1A). See Supplemental Figure S1B for immunoblot analy- (150 nt) and an alternative acceptor site in exon 11
sis of the siRNAs targeting the HNRNPH/F genes. As our ~ (EWSR1-007). According to RNA expression data depos-
findings also indicate a function for HNRNPH1 in the ex- ited in GTEx, EWSR1-007 is more readily expressed in
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skeletal muscle and different compartments of the brain
where HNRNPH1 levels are decreased compared to other
tissues such as skin (Supplemental Figs. S2, S3). Together
with the targeted RNA-seq results, we hypothesize that
HNRNPH?1 interacts directly at the same binding site in
EWSR1 exon 8 to mediate alternative splicing of EWSR1
and EWS-FLI1 transcripts (Fig. 1C).

Identification and validation of the rG1 oligomer to
investigate HNRNPH1 binding specificity

We previously reported that HNRNPH1 could bind oligo-
nucleotides corresponding to G-rich sequences located
at the 3’ end of EWSR1T exon 8 (Grohar et al. 2016). To
determine the HNRNPH1 recognition sequence required
for binding, we used chemiluminescent electrophoretic
mobility shift assays (EMSA) and a series of 3'biotinylated
single-stranded RNA (ssRNA) oligomers corresponding
to different regions within the 3’ end of EWSRT exon 8
(Fig. 2A; Supplemental Table S1). We observed mobility
shifts for rG1, rG2a, and rG2b in the presence of purified
HNRNPH1. Significantly, no mobility shifts were seen
upon G to A nucleotide mutations (rG1™', rG2a™', and
rG2b™") (Fig. 2B). To confirm HNRNPH1 binding, we per-
formed an antibody-based RNA binding assay with these
biotinylated oligomers and purified HNRNPH1, as illustrat-
ed in Figure 2C. We saw an enrichment of HNRNPH1
binding in the order of rG1>rG2b>rG2a (Fig. 2D). As
expected, mutant RNAs (rG1™', rG2a™', and rG2b™"") ex-
hibited significantly diminished enrichment of HNRNPH1
binding. Notably, we observed little to no HNRNPH1 bind-
ing of the linker sequence using either binding assay.
Next, we tested whether RNA mimetic of the three
EWSR1 G-rich regions (rG1, rG2b, and rG2a) that bind
HNRNPH1 could compete with the EWS-FLIT pre-mRNA
for protein binding in cells. We first used a reporter assay
of the transcriptional activity of EWS-FLI1 (Grohar et al.
2011). This assay makes use of TC32 EWS cells that express
a luciferase reporter protein via either a CMV promoter
(TC32-CMV-luc) or a promoter of the EWS-FLI1 regulated
gene NROBT (TC32-NROB1-luc). We transfected each re-
porter line with increasing concentrations of the rG1,
rG2a, rG2b, or rG1™" ssRNA oligomers used for the bind-
ing studies and compared their effects on the readout of
EWS-FLI1 transcriptional activity observed following trans-
fection of siFLIT or siHNRNPH1. As concentrations of rG1
increase, we observed a selective decrease in the TC32-
NROB1-luc reporter relative to the TC32-CMV-luc reporter,
not seen for the rG2a, rG2b, or rG1™" oligomers (Fig. 2E).
Importantly, transfection of the rG1 ssRNA oligomer at the
higher concentrations (80 and 160 nM) recapitulated the
effects of depleting EWS-FLI1 or HNRNPH1 by RNAI.
Loss of EWS-FLI1 transcriptional activity should alter the
viability of EWS cells. We thus assessed the effect of the
rG1, rG2a, rG2b, or rG1™" ssRNA oligomers on the viabil-
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ity of TC32 and TC71 cells (Fig. 2F). Increasing concentra-
tions of rG1 ssRNA oligomer altered the viability of TC32
cells with minimal decrease in TC71 cells, supporting a
selective growth inhibition of EWS cells harboring
EWSR1 exon 8 fusions.

To confirm that the changes in transcriptional activity
and cell viability mediated by rG1 result from disruption
of the expression of EWS—FLI1 in TC32 cells, we evaluated
fusion transcript and protein levels 48 h posttransfection of
the rG1 or rG1™" ssRNA oligomers. gPCR analysis of
EWS-FLIT mRNA levels showed a significant reduction
by ~50% at 80 and 160 nM rG1 compared to untreated
control (Fig. 2G). Also, at rG1 concentrations >40 nM, im-
munoblot analysis revealed substantial depletion of EWS-
FLI1 protein levels (Fig. 2H). In contrast, transfections of
the negative control oligomer, rG1™', showed no signifi-
cant effects on EWS-FLI1T mRNA or protein.

To establish in cells that the rG1 ssRNA oligomer inter-
actswith HNRNPH1, we transfected TC32 cells with varying
concentrations of the biotinylated rG1 or control rG1™"
RNA oligomers for 24 h. We then prepared cell lysates,
UV crosslinked and used streptavidin beads to pull-down
protein associated with the biotinylated rG1 or the rG1™"
RNA oligomers. Western blot analysis using an anti-
HNRNPH1 antibody showed a concentration-dependent
enrichment for HNRNPH1 binding to the rG1 oligomer
not observed for the mutant RNA (Fig. 3A). These results
suggest that the mode of action forrG1 is through direct in-
teraction with HNRNPH1. We further verified rG1 specific-
ity for HNRNPH1 using orthogonal in vitro assays. Using
chemiluminescent EMSA, we observed that the intensity
of the rG1:HNRNPH1 shifted band diminished as we de-
creased the concentration of purified HNRNPH1 (Fig. 3B).
Furthermore, we performed antibody-based RNA binding
assays at constant concentrations of purified HNRNPH1
and biotinylated rG1 with varying concentrations of non-
biotinylated rG1 as the RNA competitor. Nonbiotinylated
rG1 was able to compete with labeled RNA with an ICsg
of 84 nM (Fig. 3C), confirming HNRNPH1 binding
specificity.

The HNRNPH1 protein includes three RNA binding do-
mains known as quasi-RNA recognition motifs (gRRMs), a
glycine-tyrosine-arginine-rich (GYR) domain, and a car-
boxy-terminal glycine-rich (GY) domain (Fig. 3D). To quan-
tify the binding affinity of HNRNPH1 and its different
domains for rG1, we performed SPR experiments with
full-length protein and a series of recombinant proteins
corresponding to different regions of HNRNPH1 (Fig.
3D). Table 1 summarizes the rate and binding constants
for complexes of the different HNRNPH1 recombinant pro-
teins with rG1 (sensorgrams are shown in Supplemental
Fig. S4) compared to full-length HNRNPH1. The binding
data for the full-length HNRNPH1 and rG1 interaction
were fitted to a Langmuir (1:1 binding) model, yielding an
equilibrium dissociation constant (Kp) of 4.8 nM (Table 1;
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FIGURE 2. Identification of the HNRNPH1 binding site, rG1, within the 3" end of EWSRT exon 8. (A) The sequence of the 3’ end of EWSRT exon 8
(top) and the sequences of a series of 3'-biotinylated RNA oligomers corresponding to this exon (bottom). (B) Chemiluminescent EMSA gel for
3'-biotinylated EWSRT exon 8 RNA oligomers shown in (A) in the absence or presence of purified HNRNPH1 protein. Arrowhead indicates mo-
bility shift for each labeled probe. (C) Schematic representation of the antibody-based RNA oligomer binding assay. (D) The fold-enrichment for
HNRNPH1-bound RNA oligomers determined by comparison of chemiluminescent signals from pull-down performed using HNRNPH1 antibody
and an IgG isotype control. Data are shown as the mean = SEM of three technical replicates. (***) P<0.001. Recombinant, purified HNRNPH1 was
used as the protein source. (E) Ratio of the TC32-NROB1-luc and TC32-CMV-luc reporter signals 72 h posttransfection of the stated siRNA (20 nM)
or synthetic RNA oligomer at the concentrations indicated. Data are normalized to control, siNeg (mean normalized, £SEM, n=4). (*) P<0.05; (**)
P<0.01; (***) P<0.001 compared to siNeg. (F) The relative viability of EWS cell lines TC32 (top panel) and TC71 (bottom panel) 72 h posttrans-
fection of the stated siRNA (20 nM) or synthetic RNA oligomer at the concentrations indicated. Data are normalized to control, siNeg (mean nor-
malized, £SEM, n=4). (*) P<0.05; (**) P<0.01; (***) P<0.001 compared to siNeg. (G) qPCR assessment of EWS-FLIT mRNA expression in siRNA
or synthetic RNA oligomer transfected-TC32 EWS cells (48 h). Data are normalized to the reference gene NACA and expressed relative to un-
treated cells (mean = SEM, n=3). (*) P<0.05; (**) P<0.01; (***) P<0.001 compared to untreated cells. For additional experimental details, refer
to Supplemental Table S7. (H) Immunoblot analysis of whole-cell lysates prepared from siRNA or synthetic RNA oligomer transfected TC32 EWS
cells using antibodies against the proteins indicated (48 h). (UTR) Untreated cells.
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FIGURE 3. Specificity of the HNRNPH1 and rG1 oligomer interaction. (A) TC32 cells were transfected with siRNA or synthetic ssRNA oligomer for
24 h and followed by streptavidin pull-down. Interaction between HNRNPH1 and rG1/rG1™" was confirmed by immunoblotting for HNRNPH1.
(UTR) Untreated cells. (B) Chemiluminescent EMSA gel for 3'-biotinylated EWSRT exon 8 rG1 and rG1™" at varying concentrations of purified
HNRNPH1. Wedges indicate decreasing amounts of purified HNRNPH1 (20, 10, 5, 2.5, and 1.25 nM). Arrowhead indicates mobility shift for
each labeled probe. (C) The fold-enrichment for HNRNPH1-bound rG1 at varying concentrations of nonbiotinylated rG1 determined by compar-
ison of chemiluminescent signals from pull-down performed using HNRNPH1 antibody and an IgG isotype control. Data are shown as the mean =
SEM of three technical replicates. (D) A schematic representation of the protein domains of HNRNPH1 and a panel of recombinant His-tagged
HNRNPH1 domains used in this study. All domain annotations are adapted from Van Dusen et al. (2010). Schematic diagrams were constructed
using Domain Graph (DOG), version 2.0 (Ren et al. 2009). (E) The binding of full-length HNRNPH1 protein to a rG1 RNA target surface by SPRis
shown. Black lines represent the binding responses for HNRNPH1 at the indicated concentrations on each sensorgram. HNRNPH1 was exposed
to the surface for 2 min (association phase) followed by 10 min flow of running buffer (dissociation phase). Data were fit globally to a 1:1 binding
model and the respective fits are shown in red. The resulting parameter values are provided in Table 1. (F) The binding of full-length HNRNPH1
proteintoa rG1m RNA target surface by SPRis shown. Black lines represent the binding responses for HNRNPH1 at 15.6, 31.3, 62.5, and 125 nM.
HNRNPH1 was exposed to the surface as described in E; however, no binding was observed.

Fig. 3E). The mutated RNA oligomer, rG1 Mt exhibited no gRRM2 showed the highest affinity for rG1 with Kp values
binding at all HNRNPH1 concentrations tested (Fig. 3F). of 30 and 22 nM, respectively (Table 1). gRRM3 displayed
Out of the three individual gRRM domains, gRRM1 and a 10-fold weaker affinity (Kp =315 nM). Precise Kp values
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TABLE 1. Kinetic and affinity constants for HNRNPH1 domains and rG1 interactions

Protein Ko (nM) k, (x 10° M~ 'sec™") kg (x 1073 sec™") x

Full-length HNRNPH1 4.82+0.11 0.586 +0.00948 0.282+0.0075 1.54
gRRM1 30=10 4.69+0.213 13.9+0.215 6.07
qRRM2 22+59 17.5+0.882 41.8+1.09 3.85
qRRM3 315+ 108 0.126 +0.0101 3.74+0.0686 8.07
gRRM1-22 1.52+0.35 346+53.6 54.0+9.19 26.5
gRRM2-3 97 £17 0.0934 +0.0017 0.886+0.0143 32.3
A1-103 2.39+0.4 6.24+0.088 1.43+0.0169 11.5

Sensorgrams are shown in Figure 3E and Supplemental Figure S4.

“Data for gqRRM1-2 were fit globally to a 1:1 binding model with mass transfer; all other data were fitted using a 1:1 binding model.

were more challenging to determine for proteins consisting
of multiple domains of HNRNPH1 based on the model fit
statistics. Nevertheless, a protein consisting of both the
gRRM1 and gRRM2 domains showed comparable binding
to full-length protein to rG1 (Kp of 1.5 nM). We also detect-
ed weaker binding for the protein consisting of the gRRM2,
GYR, and gRRM3 domains (Kp of 97 nM), while a protein
lacking the gRRM1 domain of HNRNPH1 (A1-103=
gRRM2, GYR, gRRM3, and GY domains) displayed high-af-
finity interactions for rG1 with a Kp of 2.4 nM. The SPR re-
sults show that the three individual gRRM domains and
the multidomain recombinant proteins all bind to rG1.
Overall, our in vitro and cell-based data revealed that
HNRNPH1 displays enhanced binding to the rtG1 sequence
within EWSRT exon 8 in comparison to other G-rich se-
quences within the 3’ end of this exon. More importantly,
we conclude this rG1 sequence is most likely the biologi-
cally relevant HNRNPH1 binding site within EWSR1 exon 8.

The rG1 oligomer forms RNA G-quadruplexes in vitro

DNA and RNA sequences containing G-rich nucleotides
have the potential to self-associate and form quadruplexes
(Gellert et al. 1962; Arnott et al. 1974; Zimmerman et al.
1975; Howard et al. 1977). Quadruplexes are stable struc-
tures formed by Hoogsteen hydrogen bonding of G nucle-
otides around a central cation (Williamson 1994; Davis
2004). Since rG1 contains three successive G-runs in its se-
quence, we assessed the computational likelihood of rG1
forming stable quadruplexes using the quadruplex-form-
ing G-rich sequences (QGRS) Mapper (Kikin et al. 2006).
QGRS mapper predicted 53 quadruplexes in the rG1 se-
quence, in which the highest scoring QGRS comprised
of repeats of two guanines and is consistent with a nonca-
nonical, two-quartet quadruplex structure (Qin et al. 2015).
To confirm RNA G-quadruplex formation, we utilized
thioflavin T (ThT), a probe that is known to fluoresce in
the presence of quadruplex structures (Xu et al. 2016).
The rG1 oligomer generated ThT fluorescence while the
rG1™" had a significantly lower signal than the nonmu-

tated version of the oligomer (Fig. 4A). The linker region
was utilized as a negative control and displayed a compa-
rable fluorescence signal as rG1™". Our data suggest that
rG1 forms RNA G-quadruplexes consistent with QGRS
Mapper prediction.

Next, we evaluated the effects metal cations have on
rG1 folding and stability. It is known that monovalent cat-
ions found in the central cavity of quadruplexes impact
stability, formation, and polymorphism (Bhattacharyya
etal. 2016). Hence, the stability of rG1 was evaluated using
CD spectroscopy in the presence of lithium (Li*), potassi-
um (K%), or no added cations. The CD spectra for rG1
had a positive peak at 262 nm and a negative peak at
240 nm under K* conditions (Fig. 4B), characteristic of par-
allel-stranded RNA G-quadruplexes (Vorlickova et al.
2012; Randazzo et al. 2013). Furthermore, the intensity of
the peak at 262 nm was higher in the presence of K*
than with either Li* or no salt added, confirming that K™ in-
duces a more folded state. Also, the spectra for rG1 mt dif-
fered from rG1 under K* conditions, having a lower
intensity in the positive peak at 262 nm and the negative
peak slightly shifts to 245 nm. Overall, our CD results for
rG1 in the presence of K* are consistent with findings for
RNA G-quadruplexes reported in VEGF, TRF2, BCL-2,
and NRAS transcripts (Xu et al. 2015).

To directly confirm quadruplex formation in the pres-
ence of metal cations, we then compared the folded state
for rG1 in the presence and absence of a quadruplex-spe-
cific antibody (BG4-antibody) using chemiluminescent
EMSA. In the RNA only samples, we observed multiple
bands for rG1 under Li* and K" conditions, suggesting
metal ions induce various structural conformations and/
or multimerization of rG1 (Fig. 4C). Addition of the BG4-
antibody to rG1 led to several mobility shifts in the pres-
ence of K" only, which corroborates quadruplex formation.
The multiple bands observed upon the addition of the
BG4-antibody indicate that various quadruplex structures
could interact with this antibody. Given that there are 53
putative QGRS found in the rG1, it is plausible that this
structure may be polymorphic. Since CD spectra of rG1
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FIGURE 4. HNRNPH1 directly binds to unstructured G-tracts and RNA G-quadruplex structures within EWSRT exon 8 rG1. (A) Fluorescence in-
tensity enhancement (F/Fo) of 6 uM thioflavin T with 2 uM RNA at the excitation and emission wavelengths of 440/487 nm in a buffer containing
20 mM Tris-HCI, pH 7.5, 150 mM KCl at 25°C for the indicated RNA oligomers. (***) P<0.001. (B) Smoothened circular dichroism (CD) spectra for
the 3'-biotinylated EWSRT exon 8 rG1 or rG1™" oligomer (10 uM) at 25°C in a buffer containing 20 mM Tris-HCI, pH 7.5 with either no added salt,
150 mM LiCl, or 150 mM KClI. (C) Chemiluminescent EMSA gel for biotinylated EWSRT exon 8 rG1 and rG1™" incubated in the absence and
presence of the BG4-antibody under different salt conditions at 25°C in 20 mM Tris-HCI, pH 7.5. Arrowheads indicate mobility shifts for each
labeled probe. (D) Smoothened CD melt curve of EWSRT exon 8 rG1 (25 uM) in a buffer containing 20 mM Tris-HCI pH 7.5 and 150 mM KCl.
(E) Fold-enrichment determined using a quadruplex-specific antibody for biotinylated EWSR1 exon 8 rG1 and rG1™" under different salt condi-
tions at 25°C in 20 mM Tris-HCI (pH 7.5), which was determined by a change in the chemiluminescent signal using BG4-antibody and IgG1 isotype
control. Data are shown as the mean = SEM of three technical replicates. ns, not significant; (***) P<0.001. (F) Chemiluminescent EMSA gel for
biotinylated EWSRT exon 8 rG1 and rG1™" incubated in the absence and presence of purified HNRNPH1 under different salt conditions at 25°C
in 20 mM Tris HCI, pH 7.5. Arrowheads indicate mobility shifts for each labeled probe. (G) Fold-enrichment plots for rtG1-HNRNPH1 (black) and
rG1-BG4 (red) immunocomplexes obtained at 30 nM HNRNPH1 and varying concentrations of BG4-antibody. Data are shown as the mean + SEM
of three technical replicates. (H) Fold-enrichment plots for rtG1-HNRNPH1 (black) and rG1-BG4 (red) immunocomplexes obtained at 0.5 nM BG4-
antibody and varying concentrations of HNRNPH1. Data are shown as the mean + SEM of three technical replicates.
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display characteristics of a parallel-stranded G-quadru-
plex, all guanines in a quartet must adopt the same glyco-
sidic bond angle and the groove dimensions must remain
identical (Tran etal. 2013). These distinct features allow for
the possible formation of tetramolecular quadruplexes,
which can resist high temperatures (e.g., 95°C-100°C) in
the presence of potassium. Therefore, we tested the ther-
mal stability of rG1 by CD melting experiments (Fig. 4D).
We observed no distinct melting temperature transition,
possibly confirming tetramolecular interactions.

We continued to assess BG4-antibody binding using the
antibody-based RNA binding assay because this assay can
capture both tight-binding and transient interactions
through UV-crosslinking. Our results show that the binding
affinity of rG1 for BG4-antibody was salt-dependent (Fig.
4E). The BG4-antibody binding was enriched by six- and
14-fold in the presence of Li* and K", respectively, com-
pared to no salt. Overall, these salt-dependent studies
demonstrate that potassium ions induced the most stable
quadruplex formation for rG1.

HNRNPH1 interacts with both rG1 unstructured
G-tracts and G-quadruplexes in vitro

To determine if the formation of rG1 quadruplexes affect
HNRNPH?1 recognition, we evaluated HNRNPH1 binding
to rG1 under different metal cation conditions. Using
EMSA, we observed distinct mobility shift patterns for
rG1 in the presence of purified HNRNPH1 under each con-
dition (Fig. 4F). There are three overall shifted bands with
the highest signal intensity, which may indicate different
conformations for the HNRNPH1-RNA complexes (Fried
1989). In contrast to the no salt and Li* conditions, we de-
tected unbound RNA after the addition of HNRNPH1 in
the presence of K. It is plausible that HNRNPH1 binding
is modulated in the presence of K" because rG1 has the
potential to adopt multiple conformations and multimer-
izes. Moreover, we observed a dominant supershifted
band for one of the HNRNPH1-RNA complexes under
the K condition, compared to the no added salt and Li*
condition. This result suggests that multimerization of
HNRNPH1 itself may be another reason for alteration of
its binding specificity. Heterodimers and homodimers be-
tween members of the hnRNP H/F family have been impli-
cated in modulating RNA binding in other studies (Alkan
et al. 2006). Overall, these studies reveal that HNRNPH1
can interact with rG1 under conditions where the RNA is
unfolded or stably folded into G-quadruplexes.

To further assess HNRNPH1 substrate specificity, we
performed antibody-based binding assays containing
both purified HNRNPH1 and BG4-antibody in the pres-
ence of rG1. To conduct these experiments, we first eval-
uated the apparent dissociation constant (KF*) for each
immunocomplex. We determined KEP constants for the
rG1-HNRNPH1 and rG1-BG4 immunocomplexes of 30 +

2 nM and 0.5 £0.05 nM, respectively (Supplemental Fig.
S5A,B). Then, we performed protein binding assays at
the K& for each immunocomplex while varying the con-
centration of the other protein. As the concentration of
BG4-antibody increased, there was a partial loss of
HNRNPH1 binding to rG1 (Fig. 4G). However, as the con-
centration of HNRNPH?1 increased, there was a complete
loss of BG4-antibody binding to rG1 (Fig. 4H). The loss
of protein binding (BG4 or HNRNPH1) to rG1 in these as-
says is most likely due to substrate sequestration that pre-
vents the other protein from binding to RNA. We conclude
that the differences in the RNA binding patterns observed
are because the BG4-antibody solely recognizes quadru-
plexes, while HNRNPH1 binding is both structural- and se-
quence-dependent.

Insights into global recognition and selectivity
of exonic RNA elements by HNRNPH1

To investigate the broader context of RNA structural
dependency for HNRNPH?1 recognition within exonic ele-
ments, we analyzed the reported transcriptome-wide pro-
files for RNA G-quadruplexes and RNA targets of
HNRNPH?1. First, the RNA G-quadruplex sequencing data
set GSE77282 was used to identify quadruplexes within
polyadenylated-enriched RNA transcriptome-wide (Kwok
et al. 2016). The RNA targets and binding sites of
HNRNPH1 were identified from individual-nucleotide UV
crosslinking and immunoprecipitation (iCLIP) or RNA im-
munoprecipitation (RIP) data sets that utilized total RNA
(Urenetal. 2016). We then generated an enrichment profile
of HNRNPH1 binding sites across different genomic re-
gions and overlapping sequences that form RNA G-quad-
ruplexes using ngs.plot (Shen et al. 2014). This analysis
showed a correlation of 3346 RNA G-quadruplex sites
with nearby sequences bound by HNRNPH1 (Fig. 5A;
Supplemental Fig. S6A). Also, the absolute peak numbers
for HNRNPH1 were four- to fivefold higher than other
hnRNP  family proteins (HNRNPA1, HNRNPK, and
HNRNPU), suggesting that a subgroup of RNA targets
may depend on structural binding specificity for
HNRNPH?1. These trends were confirmed using another
RNA G-quadruplex sequencing data set GSE83617 that
utilized polyadenylated-enriched RNA (Supplemental
Fig. S6B; Guo and Bartel 2016). Our analysis is consistent
with previous studies showing that the hnRNP H/F family
of proteins regulates alternative splicing by binding to
poly(G) tracts that fold into RNA G-quadruplexes
(Decorsiere et al. 2011; Fisette et al. 2012; Smith et al.
2014; Conlon et al. 2016; Huang et al. 2017). Out of the
3346 RNA G-quadruplex sites that correlated with
HNRNPH1 binding sites, 549 sites resided in exonic coding
regions, and 313 sites were neither within the first nor the
last exon. Critically, the EWSR1 gene ranked 1486 out of
3346 genes, and the HNRNPH1 binding site mapped to
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tential RNA guanine quadruplexes.

G-rich regions at the 3’ end of EWSRT exon 8 (last 70 nt),
consistent with our current findings.

To examine sequence context of this identified
HNRNPH1-RNA guadruplex interactome, we used multi-
ple EM for motif elicitation (MEME) analysis to predict
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HNRNPH1 binding sites in the exonic RNA G-quadruplex
regions compared to all RNA G-quadruplex regions.
Briefly, we ranked all RNA G-quadruplex regions by
HNRNPH1 binding (iCLIP-Seq read counts) and subse-
quently performed a motif search analysis of all exonic
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sequences and the highest-ranked 1500 RNA G-quadru-
plex regions overall, binned into sets of 500 (Fig. 5B).
Most of the first 500 regions (483 out of 499) contain a mo-
tif comprising four repeats of three to five guanines (G3.s)4
(Fig. 5B, top panel), which is consistent with the consensus
sequence for canonical RNA G-quadruplex structures
(G3L1.7)3G3 (Huppert et al. 2008). These results indicate a
strong RNA G-quadruplex signal associated with the bind-
ing of HNRNPH1. Interestingly, most of the exonic regions
(405 out of 549) contain repeats of two guanines with a
consensus sequence that is consistent with noncanonical,
two-quartet G-quadruplexes GoNxG,NyG2NzG; (Fig. 5B,
bottom panel; Qin et al. 2015). Thus, two-quartet G-quad-
ruplex configurations, as predicted for rG1 using QGRS
mapper, are overrepresented in these exonic HNRNPH1
binding regions, which may indicate sequence motifs as-
sociated with exon inclusion or exclusion.

Pyridostatin binds to rG1 oligomer and displaces
HNRNPH1

The selective chemical targeting of the HNRNPH1 and
EWS-FLIT pre-mRNA interaction may provide a rational
treatment strategy for a subgroup of Ewing sarcoma pa-
tients. Since there are no known inhibitors of HNRNPH1
function to date, we pursued an alternative approach
and selected to assess the quadruplex-binding compound
pyridostatin (PDS). PDS is a synthetic molecule that stabi-
lizes both RNA and DNA quadruplexes (Mela et al. 2012;
Biffi et al. 2014) and is known to quench the fluorescence
of fluorophore-labeled quadruplexes by proximal ligand
binding at individual G-tetrads (Le et al. 2015). Hence,
we first performed fluorescence titration binding assays
at varying concentrations of PDS with a 5-Alexa Fluor
647 labeled rG1 oligomer. This compound resulted in a
dose-dependent loss of fluorescence emission for the 5'-
Alexa Fluor 647 labeled rG1 oligomer, resulting in a KgP
of 4.6 pM (Fig. 6A). We subsequently performed an anti-
body-based RNA binding assay using the rG1 oligomer
and HNRNPH1 from TC32 cell lysates at varying concen-
trations of PDS. We observed a PDS-induced loss of the
HNRNPH1-rG1 complex, generating an ICsq for PDS of
7.7 uM (Fig. 6B). Our results indicate that a small molecule,
such as PDS, can bind to rG1 and block its interaction with
HNRNPH?1. Since PDS is known to have a planar aromatic
scaffold that can facilitate pi-stacking interactions with the
G-tetrad ends (Le et al. 2015), the loss of HNRNPH1 bind-
ing could be attributed to gain of an unfavorable RNA con-
formation and/or limited substrate accessibility to allow
HNRNPH1 to interact with the G-tetrad ends directly.
Irrespective of the major driver of HNRNPH1 displace-
ment, this mechanism of action differs from another G-
quadruplex binding molecule, TMPyP4. TMPyP4 can
destabilize and unfold RNA quadruplex structures (Morris
et al. 2012; Zamiri et al. 2014), and previous studies have

shown that TMPyP4 enhances HNRNPH1 binding to se-
quences containing G-quadruplexes within p53 RNA
(Decorsiere et al. 2011). However, it is not atypical for
PDS to displace nucleic acid-binding proteins as studies
by Rodriguez and colleagues showed PDS could dissoci-
ate the shelterin component POT1 (protection of telo-
meres 1) and telomeric DNA complex (Rodriguez et al.
2008). To guide our understanding of how molecules like
PDS modulate protein substrate recognition will require
future study of the structure of the binary and ternary com-
plexes comprising HNRNPH1, RNA substrate, and G-
quadruplex stabilizers.

PDS modulates EWS-FLI1 transcriptional activity and
inhibits viability in EWS cell lines harboring EWSR1
exon 8 fusion transcripts

To understand the effect of modulating quadruplex-spe-
cific interactions in cells, we assessed the viability of four
EWS and three non-EWS cell lines treated with PDS. We
observed that relatively low ECsg concentrations of PDS in-
hibited the growth of the EWSRT exon 8 fusion-positive
EWS cell lines TC32 (14 uM) and SKNMC (4.8 uM) com-
pared to the EWS cell lines with different breakpoints
in EWSR1 (>40 uM) (Fig. 6C). The differences in the sensi-
tivity of TC32 and SKNMC cells may be attributed to dif-
ferences in cell line origin and distinctive molecular
characteristics (May et al. 2013). DNA G-quadruplexes
have been assessed as potential molecular targets in
both HCT116 and PC3 cells (McLuckie et al. 2013; Lu
et al. 2016; Chilka et al. 2019) and we found the PDS
ECs values of 10 and 20 uM for these cell lines (Fig. 6D)
to be comparable to that seen in the EWS cells harboring
EWSR1 exon 8 fusions (TC32 and SKNMCQ). In contrast, the
ECsg values observed for RD-ES and TC71 cells were clos-
er to the higher concentrations of PDS treatment needed
to inhibit the growth of HEK-293T cells (EC50>50 uM)
(Fig. 6D). To our knowledge, there is no experimental evi-
dence establishing that targeting DNA or RNA G-quadru-
plexes in this cell line alters the growth of this cell line.

We also examined more prolonged effects of PDS treat-
ment with a clonogenic endpoint (Fig. 6E). Treatment of
TC32, TC71, HCT116, and HEK-293T cells with PDS for
72 h decreased the number of colony-forming cells versus
control in all cell lines to varying percentages up to the
highest PDS concentration tested. Treatment at the lowest
PDS concentration (5 uM) reduced the number of colony-
forming cells for TC32 and HCT116 to ~40%-50% versus
controls, and this reduction was comparable to that ob-
served at the highest PDS treatment (15 uM) for TC71
and HEK-293T cells. Moreover, treatment with 15 uM
PDS drastically reduced the number of colony-forming
cells to ~10% for TC32 and HCT116. These results corrob-
orate the selective growth inhibition of cell lines that have
links to specific G-quadruplex molecular targets.
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of EWS cell lines harboring EWSR1T exon 8 fusion transcripts. (A) PDS-in-

duced fluorescence quenching of 5'-Alexa Fluor 647 labeled EWSRT exon 8 rG1 oligomer. (B) The fold-enrichment for HNRNPH1-bound rG1
at varying concentrations of PDS determined by comparison of chemiluminescent signals from pull-down performed using HNRNPH1 antibody
and an IgG isotype control. HNRNPH1 within TC32 whole cell lysates was used as the protein source. (C) Relative viability of EWS cell lines (TC32,
SKNMC, RD-ES, and TC71) 72 h posttreatment at varying concentrations of pyridostatin normalized to control, 0.1% DMSO (mean normalized, +
SEM, n = 6). (D) Relative viability of non-EWS cell lines (HCT116, PC3, and HEK-293T) 72 h posttreatment at varying concentrations of pyridostatin
normalized to control, 0.1% DMSO (mean normalized, +SEM, n = 6). (E) Colony formation assay using cells pretreated with indicated concentra-
tions of pyridostatin for 72 h and then grown for 7 d in compound-free medium. We imaged and counted colonies using a Celigo microwell image
cytometer (mean normalized, £SEM, n=4). Colonies on plate are pseudocolored in green. (*) P<0.05; (**) P<0.01; (***) P<0.001 compared to

control, 0.1% DMSO. (Cl) confidence interval, (UTR) untreated cells.

To further evaluate the effect of PDS treatment in EWS
cells harboring EWSRT exon 8 fusions, we compared
mRNA and protein levels in PDS-treated TC32 cells with
those transfected with siHNRNPH1 or siFLI1. Analysis of
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gPCR data shows a dose-dependent decrease in EWS-
FLIT mRNA levels following PDS treatment that phenocop-
ied the silencing of HNRNPH1 and FLIT (Fig. 7A). Using
PCR splicing analysis, we also observe an additional PCR
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product for PDS-treated samples compared to control of a
size consistent with the retention of EWSR1 exon 8 (Fig. 7B).
Sanger sequencing confirmed retention of EWSRT exon 8
following PDS treatment, and these results are comparable
with those observed for HNRNPH1 silencing (Fig. 7B;
Supplemental Fig. S7A). The inclusion of EWSRT exon
8 results in the generation of a premature stop codon and
leads to a loss of full-length EWS-FLI1 protein levels
(Supplemental Fig. S7A,C).

We expect lower EWS-FLI1 levels to affect the expres-
sion of genes that are typically deregulated by EWS-
FLI1; thus, we performed two cell-based reporter assays
to examine EWS-FLI1 transcriptional activity. First, we
treated TC32-CMV-luc and TC32-NROB1-luc reporter cells
with PDS, and we assessed luciferase activity 48 h post-
treatment. PDS-treatment induces a selective decrease in
the TC32-NROB1-luc reporter relative to the TC32-CMV-
luc reporter with an ICsg of 5 uM (Fig. 7D). Next, we quan-
tified EWS-FLI1 activity based on the change in fluores-
cence of a mCherry fluorescent reporter gene inserted at
the 3’ end of the NROB1 gene by CRISPR-Cas? gene edit-
ing (TC32-NROB1-mCherry). TC32-NROB1-mCherry cells
were treated with PDS at 0-5 pM to monitor changes in
EWS-FLI1 activity. At these concentrations, fluorescence
signals decreased in a dose-dependent manner with min-
imal effects on cell confluence (Fig. 7E). Both cell-based re-
porter assays demonstrate PDS can modulate EWS-FLI1
transcriptional activity.

To further investigate changes in EWS-FLIT activity
upon PDS-treatment in TC32 cells, we extended our
mRNA expression studies to examine 11 genes that are
deregulated by EWS-FLI1. Analysis of qPCR data 48
and 72 h posttreatment shows the mRNA levels of
EWS-FLI1 target genes are significantly altered after 72
h, which is analogous to the observed trends for
HNRNPH1 silencing (Fig. 7F; Supplemental Fig. S7B).
These results demonstrate that PDS treatment in TC32
cells can reverse the expression of genes deregulated
by EWS-FLIT.

Conclusion

Recent studies have shown an emerging role of HNRNPH1
in atypical splicing in hepatocellular carcinoma (Chettouh
et al. 2013), glioblastoma (LeFave et al. 2011), breast can-
cer (Gautrey et al. 2015), African American prostate cancer
(Jia et al. 2006) and a subgroup of Ewing sarcoma (Grohar
et al. 2016). Thus, understanding the molecular basis for
HNRNPH1 recognition in processing oncogenic fusion
and cancer-related transcripts is imperative to develop
novel RNA-binding small molecules and therapeutics. In
this study, we have rigorously dissected RNA sequence
and structural elements within EWSRT exon 8 that led
to identification and validation of the recruitment of
HNRNPH1 to the rG1 binding site within this exon. Our

studies show that HNRNPH1 can interact with both rG1 un-
structured G-tracts and G-quadruplexes in vitro, though
the conformation of the HNRNPH1-RNA complexes dif-
fers under conditions that can modulate RNA structure. A
bioinformatic enrichment profile of HNRNPH1 binding
sites and overlapping RNA G-quadruplex sites revealed
a subgroup of exonic HNRNPH1 binding sites that contain
sequences with two-quartet G-quadruplex configurations.
However, it is still unclear if the mode of HNRNPH1-medi-
ated exon exclusion is strictly dependent on RNA structure
or sequence, as our studies suggest that both features may
be mechanistically important. Future studies will focus on
investigating this gap in knowledge as it will provide better
insights into whether hnRNP H/F bind G-quadruplexes or
prevent G-quadruplex formation. Furthermore, insights
into the sequence and structural features of rG1 supplied
information that allowed us to exploit a breakpoint-depen-
dent vulnerability in a subgroup of Ewing sarcoma and
modulate EWS-FLIT pre-mRNA processing by both a syn-
thetic RNA substrate mimic and a generic quadruplex-
binding molecule, pyridostatin. Our findings confirm that
HNRNPH1-mediated exon exclusion can be targetable
through alteration of HNRNPH1 substrate recognition for
a specific binding site.

The existence of RNA quadruplexes in vivo is currently
controversial because current methods used to examine
these structures may predispose experimental outcomes
to lean toward a folded or unfolded RNA structure. For ex-
ample, the use of quadruplex-specific antibodies in immu-
nofluorescence studies can be beneficial to detect these
distinct structural motifs in cells (Biffi et al. 2013, 2014,
Henderson et al. 2014). However, it is possible that anti-
body specificity may induce the formation of quadruplexes
not typically folded in a cellular context. Another example
includes the use of chemical probes that can help modify
nucleic acid substituents that are not directly participating
in quadruplex-specific interactions (Guo and Bartel 2016).
However, in vivo chemical modifications could nonspecif-
ically alter the structure and destabilize the quadruplex de-
pending on the concentration of the chemical reagent.
Captivatingly, the processing of both EWSRT and EWS-
FLIT transcripts, via HNRNPH1 recognition, provides a
thought-provoking model system to address the ongoing
debate of quadruplex cellular relevance. The exclusion
of all or part of EWSRT exon 8 within wild-type EWSR1 is
rare; however, once an exon 8-containing segment
of EWSRT fuses to FLI1, this alternative splicing event be-
comes pivotal and supports the recruitment of HNRNPH1.
Thus, future work will focus on understanding additional
cis- and trans-acting elements that alter alternative splicing
decisions for EWSR1 and its fusion transcripts. Overall, our
study provides a glimpse into the molecular mechanisms
of HNRNPH1 that orchestrate transcript fate and provides
a foundation for a novel approach to target fusion
oncogenes.
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FIGURE 7. In TC32 cells, PDS modulates EWS—FLIT mRNA processing, decreases EWS-FLI1 protein levels, and restores mRNA expression of
EWS-FLI1 deregulated targets. (A) gPCR assessment of HNRNPH1 and EWS-FLIT mRNA expression in PDS-treated or siRNA transfected
TC32 EWS cells (48 h). Data are normalized to the geomean of reference genes, ACTB and RPL27, and expressed relative to untreated cells
(mean =SEM, n=3). (*) P<0.05; (**) P<0.01 compared to untreated cells. For additional experimental details, refer to Supplemental Table
S7. (B) PCR analysis of the splicing of EWS—FLI1 using primers corresponding to EWSR1 exon 7 forward and FLIT exon 7 reverse primer pair
for PDS-treated or siRNA transfected TC32 EWS cells (48 h). Arrowhead indicates additional PCR product band. (C) Immunoblot analysis of
whole-cell lysates prepared from PDS-treated or siRNA transfected TC32 cells using antibodies against the proteins indicated (48 h). (D) Ratio
of the TC32-NROB1-luc and TC32-CMV-luc reporter signals 48 h posttreatment at varying concentrations of pyridostatin normalized to control,
0.1% DMSO (mean normalized, #SEM, n = 6). (E) Relative fluorescence units at the excitation and emission wavelengths of 585/635 nm (top) and
phase confluence (bottom) of TC32-NROB1-mCherry cells at varying concentrations of pyridostatin normalized to control, 0.1% DMSO (48 h,
mean normalized, SEM, n = 6). (*) P<0.05; (***) P<0.001 compared to control. (F) gPCR assessment of EWS-FLI1-regulated genes in PDS-treat-
ed (top) or HNRNPH 1-silenced (bottom) TC32 EWS cells (72 h). Data normalized to ACTB are expressed relative to control, 0.1% DMSO or siNeg-
transfected cells (mean = SEM, n=3). (**) P<0.01; (***) P<0.001 compared to control. For additional experimental details, refer to Supplemental
Table S7. (Cl) confidence interval, (UTR) untreated cells.
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MATERIALS AND METHODS

Materials and reagents

All single-stranded RNA oligomers were purchased from Integrat-
ed DNA Technologies or Dharmacon. Supplemental Table S1 de-
tails the sequences and modifications of these oligomers used in
each experiment. Control (siNegative [siNeg]) and gene-specific
siRNAs (siFLI1, siHNRNPH1, siHNRNPH2, and siHNRNPF), and
PCR primers are detailed in Supplemental Tables S2-S4. Antibod-
ies against: HNRNPH1 (A300-511A, Bethyl Laboratories, Inc.),
HNRNPH2 (ab181171, Abcam), HNRNPF (ab50982, Abcam),
FLI1 (ab15289, Abcam), ACTB (sc-47778, Santa Cruz Biotechnol-
ogy), BG4 (Ab00174-1.1, Labscoop), anti-Flag (sc-166355, Santa
Cruz), and anti-6X His-tag (ab9108, Abcam) were used to analyze
protein expression using standard immunoblotting and/or for the
detection of protein—-RNA complexes. See Supplemental Figure
S1B for validation of HNRNPH/F siRNAs and antibodies. Purified
full-length HNRNPH1 was purchased from OriGene Technolo-
gies. We designed DNA sequences for the expression of truncat-
ed HNRNPH1 proteins gRRM1, qRRM2, gRRM3, gRRM1-2, and
qRRM2-3 (Supplemental Table S5) and the recombinant proteins
were expressed and purified (see Supplemental Methods) by the
Protein Expression Laboratory, NCI Frederick. The purified
HNRNPH1 proteins A1-103 and qRRM2-3 were purchased from
Creative BioMart. Pyridostatin (cat# S7444) was obtained from
Selleckchem. The 96-well black plates, polystyrene (cat#
237105) and streptavidin-coated (cat# 15119), were purchased
from ThermoFisher Scientific. The 384-well black, polystyrene
plates (cat# 09-761-86) were purchased from Fisher Scientific.
The 96-well white tissue culture-treated, CulturPlate-96 plates
(cat# 6005680) were purchased from PerkinElmer.

Cell culture and transfection and compound
treatments

All cell lines were grown in RPMI-1640 (Invitrogen) supplemented
with 10% FBS (Invitrogen). The EWS cell lines TC32 (EWSRT intron
8 breakpoint) and TC71 (EWSR1 intron 7 breakpoint) were gifted
from Tim Triche (The Saban Research Hospital, Children's
Hospital of Los Angeles) and we obtained the SKNMC cell line
(EWSR1 intron 8 breakpoint) from Javed Khan (Genetics Branch,
CCR, NCI). We purchased the RD-ES (EWSRT intron 7 break-
point), HEK-293T (human embryonic kidney), PC3 (human pros-
tate cancer), and HCT116 (human colorectal cancer) cell lines
from ATCC. The Pediatric Oncology Branch, CCR supplied the
TC32-NROB1-luc and TC32-CMV-luc reporter lines (Grohar et al.
2011). The generation of mCherry-NROB1 tagged TC32 cells is
described in Supplemental Methods. We confirmed the identity
of cell lines by short tandem repeat analysis (ATCC; November
2015 and February 2018) and in the case of EWS cell lines expres-
sion of the EWS-FLIT fusion transcript. We checked that cell lines
were mycoplasma free twice a year.

For gene expression, splicing, and protein analysis, the follow-
ing number of cells per well of a six-well plate were plated in 2 mL
of growth medium: TC32, 1.35 x 10° cells per well; SKNMC, 2.7 x
10° cells perwell; TC71, 1.8 x 10° cells per well; RD-ES, 1.8 x 10°
cells per well; and HEK-293T, 1.8 x 10° cells per well. For RNAi-
based studies, cells were transfected with 20 nM siRNA com-

plexed with Lipofectamine RNAi-Max (Invitrogen) as follows:
TC32, 4.5 pl/well; SKNMC, 4 plL/well; TC71 and RD-ES, 3.5 ul/
well; and HEK-293T, 5 pL/well. For the synthetic RNA transfection
studies, ssRNA oligomers were first heated and cooled to enable
self-assembly and formation of stable tertiary structures and then
transfected into the cells. We heated 50 uM of ssRNA oligomer in
a buffer containing 20 mM Tris-HCI (pH 7.5) and 150 mM KCl to
95°C for 3 min and then cooled the RNA slowly to room temper-
ature for 1.5 h. The RNA was diluted and complexed with 4.5 pL/
well Lipofectamine RNAi-Max (final concentrations of 20, 40, 80,
or 160 nM). Freshly passaged cells were then added to preplated
transfection complexes. For compound treatment studies, cells
were grown overnight and treated with 5, 10, or 15 pM pyridosta-
tin (0.1% final DMSO). Cells were harvested 48 and/or 72 h post-
transfection or -treatment. For reporter assays of EWS-FLI1
transcriptional activity or assessment of cell viability, cells were
plated in a 96-well plate (cell viability and luciferase assays—
6000 cells per well; mCherry assay—4000 cells per well), grown
overnight, and then treated at varying concentrations of pyrido-
statin (0 to 50 pM; 0.1% DMSO) for 24-72 h.

For clonogenic assays, cells plated in a six-well plate were
grown overnight and followed by 72 h of pyridostatin treatment
(0, 5, 10, or 15 pM; 0.1% DMSO). After compound treatment,
we collected each sample and plated 200-250 cells per well of
a 12-well plate. We then incubated cells for 7 d in compound-
free medium, after which we fixed colonies with 100% ethanol
and stained with crystal violet (0.04% crystal violet, 2% methanol
in PBS). Each experiment was performed in biological quadrupli-
cates. The number of colonies was determined using a Celigo
microwell image cytometer and software (Nexcelom Bioscience).

For the RNA pull-down experiments, transfected TC32 cells
were irradiated, lysed with RNA immunoprecipitation (RIP) buffer
(20 mM Tris HCl pH 7.5, 150 mM KCl, 0.5% Triton X-100, 1 mM
PMSF, protease inhibitor cocktail and RNase inhibitor), sonicated
three times for 5 sec, and centrifuged at 20,000g at 4°C for 30
min. Then, 80 pg of cellular extract was incubated overnight at
4°C with 25 pL Dynabeads M-280 Streptavidin (ThermoFisher
Scientific) that were blocked in RIP buffer containing 0.5 mg/mL
of BSA (ThermoFisher Scientific) and 0.05 mg/mL of tRNA
(Thermo Fisher Scientific) for 4 h at 4°C. Beads were washed
four times with RIP buffer. Bound proteins were eluted by heating
the samples at 95°C for 5 min in 40 pL. SDS-PAGE sample buffer.
Twenty microliters of each sample was then loaded into a 3%-8%
polyacrylamide gel (ThermoFisher Scientific), and a western blot
against HNRNPH1 using anti-HNRNPH1 primary and anti-rabbit
HRP secondary was performed.

Gene expression and splicing analysis

For PCR-based gene expression and splicing analysis, RNA was
purified using Maxwell 16 LEV simplyRNA Kits (Promega) and re-
verse-transcribed using iScript Reverse Transcription Supermix
(Bio-Rad). The synthesized first-strand cDNA was subsequently
assayed by quantitative reverse transcription PCR (qPCR) using
Fast SYBR Green Master Mix and StepOne Plus Real-time PCR
system (Applied Biosystems). The expression of ACTB, RPL27,
and/or NACA was used for normalization. Additional experimen-
tal details regarding each qPCR data set are provided in
Supplemental Table S7. To detect gene splice variants, we
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conducted parallel analysis, synthesizing the first-strand cDNA us-
ing Platinum PCR SuperMix High Fidelity (Invitrogen). For Sanger
sequencing, PCR products were further amplified using T7-for-
ward and T3-reverse tagged primers, and after gel electrophore-
sis, the amplified products isolated utilizing an x-tractra Gel
Extractor tool (LabGadget).

For RNA-sequencing, we collected poly(A)-selected RNA from
three biological replicates, and sequencing libraries were created
using a TruSeq Stranded mRNA LT Sample Preparation Kit as de-
scribed by manufacturer’s instructions (lllumina). To investigate
differential expression of EWSRT and EWS-FLI1, we incorporated
a capture step using fosmid clones (CHORI) of full genomic cover-
age for EWSR1 (WIBR2-3436F12; GRCh37/hg19 chr22:29662
533-29698996) or EWS-FLIT (WIBR2-3436F12 and WIBR2-
152013; GRCh37/hg19 chr11:128640224-128682737). Capture
bait was prepared by Klenow extension of biotinylated random
hexamers priming on a purified fosmid DNA template. The pre-
pared bait was bound to streptavidin-coated Dynabeads C1 (Invi-
trogen) and hybridized to denatured, pooled libraries for48 h. The
enriched library was recovered after a series of stringency washes
by PCR using primers homologous to library end-sequences (For-
ward: 5-AATGATACGGCGACCACC-3/, Reverse: 5-CAAGCA
GAAGACGGCATA-3). Libraries were quantified by gPCR (Kapa
Biosystems) and sequenced on a NextSeq 500 Sequencer
(Ilumina).

Chemiluminescent electrophoretic mobility shift
assays (EMSA)

Gel shift assays were performed using the LightShift chemilumi-
nescent RNA EMSA kit (ThermoFisher Scientific). Briefly, 125
nM biotinylated RNA oligomer was annealed in a buffer contain-
ing 20 mM Tris-HCI (pH 7.5) and 150 mM KClI by heating to 95°C
for 3 min and cooling slowly to room temperature for 1.5 h. In a
total volume of 20 pL, 6.25 nM of annealed biotinylated RNA olig-
omer was incubated in the presence and absence of 0.01 pg of
purified HNRNPH1. The binding buffer contained 2 pg tRNA,
10 mM HEPES (pH 7.3), 20 mM KCI, 1 mM MgCl,, and 1 mM
DTT. For the salt dependency assays, the binding buffer was
modified to contain 2 pg tRNA and 20 mM Tris-HCI (pH 7.5)
with and without 150 mM LiCl or KCI. After 30-min incubation
at room temperature, the samples were resolved on a 6% nonde-
naturing polyacrylamide gel (ThermoFisher Scientific) at 4°C,
electrotransferred onto a 0.45 pm Biodyne B nylon membrane
(ThermoFisher Scientific) at 400 mA for 30 min at 4°C, and cross-
linked to the membrane (120 mJ/cm?, Stratalinker). The blots
were then developed using the Chemiluminescent Nucleic Acid
Detection Module (ThermoFisher Scientific).

Antibody-based RNA binding assays

Each biotinylated RNA oligomer (3 uM) was annealed in a buffer
containing 20 mM Tris-HCI (pH 7.5) and 150 mM KCl by heating
to 95°C for 3 min and cooling slowly to room temperature for
1.5 h. The RNA sample was then diluted to 20 nM in binding buff-
er (SuperBlock T20 PBS Blocking Buffer, ThermoFisher Scientific)
and 100 pL aliquots were added in triplicate to a streptavidin-
coated 96-well plate that was prewashed three times with wash
buffer (Gibco PBS buffer, pH 7.4, containing 0.1% Tween-20).
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Subsequently, the plate was incubated with gentle shaking for 1
h at room temperature and then washed three times with wash
buffer to remove unbound RNA. We then added 100 pL aliquots
of 3 pg/mL TC32 whole cell lysate or 0.35 pg/mL purified
HNRNPH1 in the binding buffer to the respective wells, incubated
for 30 min, and crosslinked the samples by UV light irradiation (250
mJ/cm?, Stratalinker). Unbound protein was removed by washing
three times with wash buffer, and the plate was then incubated
with antibodies against HNRNPH1 (100 pL per well, 0.125 pg/
mL) or rabbit IgG (cat # 02-6102, Invitrogen) as the negative con-
trol for 30 min at room temperature. The plate was washed three
times with wash buffer and bound protein-RNA complexes were
detected using 100 pL HRP-conjugated anti-rabbit IgG (1:200
dilution, cat# 7074, Cell Signaling Technology) per well (20 min,
room temperature). The signal was developed using chemilumi-
nescent reagents (SuperSignal West Dura, ThermoFisher
Scientific), incubated at 37°C for 5 min, and luminescence was
read on an EnSight Multimode plate reader (PerkinElmer). For
compound treatment studies, varying concentrations of pyrido-
statin (0 to 100 uM; 1% DMSO) were added to the wells at the
same step asthe HNRNPH1 protein source. Data were normalized
to DMSO only control and plotted against pyridostatin concentra-
tion. The ICsg value was determined using a dose-response inhibi-
tion model with variable slope (GraphPad Prism software).

To examine RNA salt-dependency and structural conforma-
tions, we modified the above procedure as follows. To evaluate
salt-dependency, we changed the binding buffer to 20 mM
Tris-HCI (pH 7.5) with and without 150 mM LiCl or KCI and the
wash buffer to 20 mM Tris-HCl, pH 7.5, containing 0.1% Tween-
20. BG4-antibody (100 pL per well, 3 ng/mL) or mouse IgG1
(cat# 02-6100, Invitrogen) as negative control were added to
the respective wells following the removal of unbound RNA, incu-
bated for 1 h and crosslinked by UV light irradiation (250 mJ/cm?,
Stratalinker). The plate was washed three times with wash buffer,
and RNA G-quadruplexes were detected using 100 L HRP-con-
jugated anti-mouse IgG (1:200 dilution, cat# 7076, Cell Signaling
Technology) per well (20 min, room temperature). Detection of
the developed signal was as described above.

Circular dichroism spectroscopy

RNA oligomers were prepared at a concentration of 10 or 25 pM
in 20 mM Tris-HCl (pH 7.5) in the presence and absence of either
150 mM LiCl or KCI. The RNA oligomers were folded by heating
to 95°C for 3 min followed by slow cooling to room temperature
for 1.5 h. CD spectra were recorded on an Aviv Biomedical Inc.
Model 420 CD spectrometer at 25°C. The scans were performed
in the wavelength range of 200-320 nm using a 3 sec averaging
time, 1 nm step size, and 1 nm bandwidth. The melting curves
were obtained by recording the change of molar circular dichro-
ism or delta epsilon (Ag) at 262 nm in a range of temperatures
from 25°C to 97°C with 1°C intervals. CD spectra shown were av-
eraged from three individual spectra after subtraction of the buff-
er solution and then smoothened. A 1 mm path length quartz
cuvette was used in all experiments.

Thioflavin T binding assays

In a black polystyrene 96 well-plate, annealed RNA oligomers (2.5
pM) were mixed with 6 pM Thioflavin T in 20 mM Tris-HCl (pH 7.5),
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150 mM KCl in triplicate. The fluorescence emission was collected
at 487 nm with excitation at 440 nm at room temperature using an
EnSight Multimode plate reader (PerkinElmer).

Fluorescence intensity assay

In a black polystyrene 384 well-plate, pyridostatin was diluted to
final concentrations ranging from O to 250 uM in triplicate in 10
mM Tris, 100 mM KCI (5% final DMSO). After shaking for 5 min,
annealed 5'-Alexa Fluor 647-labeled RNA oligomer was added
to a final concentration of 100 nM and the samples equilibrated
for 30 min with shaking. The fluorescence intensity was then mea-
sured on a Synergy Mx microplate reader (BioTek) at an excitation
wavelength of 649 nm and an emission wavelength of 670 nm.
The fluorescence intensity was then normalized to the values ob-
tained for RNA incubated with a DMSO control and was plotted
against pyridostatin concentration. The apparent dissociation
constants were determined using a single site model to fit the
curve (GraphPad Prism software).

Surface plasmon resonance (SPR)

Surface plasmon resonance (SPR) was conducted on the Biacore
3000 platform (Biocore/GE Healthcare). All experiments were per-
formed at 25°C in a SPR running buffer containing 10 mM Tris (pH
7.4), 100 mM KCI, 0.01% Tween-20, and 3% DMSO. A flow rate of
5 pl/min was used to build the Sensor chip. Streptavidin
(ThermoFisher) at a concentration of 200 ug/mL in 10 mM sodium
acetate (pH 5) was immobilized to ~3000 response units (RU) in
each flow cell using EDC/NHS coupling to a CM5 chip (GE
Healthcare). The surface was then blocked with ethanolamine
(50 pL, 1 M, pH 8.4) followed by fast injections at 50 pL/min of
1M NaCl, 50 mM NaOH (25 L) over each flow cell. Next, 250
nM 5’-biotinylated RNA oligomer was annealed in the SPRrunning
buffer by heating at 95°C for 5 min, followed by cooling to room
temperature for over 1 h. The RNA was immobilized on one flow
cell of the Sensor chip at a flow rate of 5 pL/min to a density of
~250 RU. Serial dilutions of either full-length HNRNPH1 protein
or its His-tagged domains were injected at a flow rate of 50 yL/
min for 2 min. Each protein concentration was assessed twice,
and binding data were fit to the Langmuir (1:1 binding) model or
1:1 binding with mass transfer model as indicated. Rate and bind-
ing constants for each RNA-protein complexes were determined
using BlAevaluation software (GE Healthcare).

Phenotypic and functional assays

Cell viability and luciferase reporter expression were assayed on
an EnSight Multimode plate reader (PerkinElmer) using CellTiter
Glo and OneGlo assay systems, respectively (Promega) following
the manufacturer’s instructions. We used an IncuCyte ZOOM
(Accela) system to monitor cell confluence and mCherry fluores-
cence (excitation: 585 nm, emission: 635 nm), taking measure-
ments every 4 h for 2 d.

RNA-sequencing mapping and transcript variant
analysis

RNA-seq reads were aligned to the hg19 reference genome using
TopHat (Kim et al. 2013). Gene expression values were calculated

as Reads Per Kilobase of transcript per Million mapped reads
(RPKM) using Cufflinks (Trapnell et al. 2012) and the UCSC refer-
ence at the gene level. The non-EWS cell line HEK-293T was val-
idated as a suitable model for assessing EWSRT variants by
comparison of RNA expression data deposited in the Genotype-
Tissue Expression (GTEx) portal (http:/www.gtexportal.org/).
RSEM tools were utilized for the analysis of the expression level
of protein-coding EWSR1 transcript variants from targeted RNA-
seq data. Reads counts across the signature junction of each tran-
script variant were extracted and calculated using an in-house
splicing junction analysis tool developed in Python (v 3.6.0).

Bioinformatic analysis of RNA G-quadruplexes
and hnRNP binding sites

We collected RNA G-quadruplex sequencing data from recently
published studies (Guo and Bartel 2016; Kwok et al. 2016). The
RNA targets and binding sites of HNRNPH1 were identified
from iCLIP and RIP (Uren et al. 2016). The RNA targets and bind-
ing sites for the other HNRNP family proteins (A1, K, and U) were
collected from eCLIP data (ENCODE) (Van Nostrand et al. 2016).
The ngs.plot program was used to generate read density heat
maps and the read coverage profiles of HNRNPH1 binding sites
nearby each quadruplex region (Shen et al. 2014). The highest-
ranked 1500 regions and all exonic regions that contained over-
lapping RNA G-quadruplexes and HNRNPH1 binding sites were
submitted for motif discovery analysis by the meme-chip software
(http://meme-suite.org/tools/meme-chip) using default parame-
ters. The most significant motifs and E-values are reported.

Statistical analysis

Statistical analysis was conducted using a Student's t-test in
GraphPad Prism 7. Multiple comparisons were corrected using
the Bonferroni-Dunn method or two-stage linear set-up proce-
dure of Benjamini, Krieger, and Yekutieli. P < 0.05 was considered
significant. Concentration curves, ICsq values, and confidence in-
tervals were generated using GraphPad Prism 7.

DATA DEPOSITION

The data sets containing enriched EWSR1 sequencing reads are
available in the NCBI Gene Expression Omnibus repository (ac-
cession GSE119974).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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