bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134791; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Multiple competing RNA structures dynamically control
alternative splicing in human ATE] gene

Marina Kalinina', Dmitry Skvortsov?, Svetlana Kalmykova', Timofei Ivanov!,

Olga Dontsova'-?, and Dmitri D. Pervouchine'>"

ISkolkovo Institute for Science and Technology, Moscow 143025, Russia
2Moscow State University, Moscow 119991, Russia
“d.pervouchine @skoltech.ru

Abstract

The mammalian Azel gene encodes an arginyl transferase enzyme, which is essential for
embryogenesis, male meiosis, and regulation of the cytoskeleton. Reduced levels of Atel are
associated with malignant transformations and serve as a prognostic indicator of prostate can-
cer metastasis. The tumor suppressor function of Atel depends on the inclusion of one of the
two mutually exclusive exons (MXE), exons 7a and 7b. Here, we report that the molecular
mechanism underlying MXE splicing in Atel involves five conserved regulatory intronic ele-
ments R1-R5, of which R1 and R4 compete for base pairing with R3, while R2 and R5 form
an ultra-long-range RNA structure spanning 30 Kb. In minigenes, single and double muta-
tions that disrupt base pairings in R1R3 and R3R4 lead to the loss of MXE splicing, while
compensatory triple mutations that restore the RNA structure also revert splicing to that of the
wild type. Blocking the competing base pairings by locked nucleic acid (LNA)/DNA mixmers
complementary to R3 leads to the loss of MXE splicing, while the disruption of the ultra-long-
range R2RS interaction changes the ratio of mutually exclusive isoforms in the endogenous
Atel pre-mRNA. The upstream exon 7a becomes more included than the downstream exon 7b
in response to RNA Pol II slowdown, however it fails to do so when the ultra-long-range
R2RS5 interaction is disrupted. In sum, we demonstrated that mutually exclusive splicing in
Atel is controlled by two independent, dynamically interacting and functionally distinct RNA
structure modules. The molecular mechanism proposed here opens new horizons for the de-
velopment of therapeutic solutions, including antisense correction of splicing.

Introduction

Arginylation is a widespread post-translational protein modification that transfers an L-arginyl
residue from the Arg-tRNA onto the polypeptide chain (7). It is mediated by the arginyl transferase
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encoded within Azel gene (2). Atel is essential in most eukaryotic systems and is implicated in
regulation of many physiological pathways including proteolysis (3, 4), response to stress and heat
shock (5-7), embryogenesis (8—10), regenerative processes (//—13), and aging (14, 15). Atel has
recently been identified as a master regulator affecting disease-associated pathways (/6—18), and
its knockout results in embryonic lethality and severe developmental defects in mice (9, 10, 19, 20).

Like many other eukaryotic genes, Afel generates several mRNA isoforms through alternative
splicing (27). In mammals, they differ by mutually exclusive choice between two adjacent, homol-
ogous 129-bp exons (7a or 7b), and by alternative choice of the initial exon (1a or 1b) (22). The
two major mRNA isoforms of Atel are Atel-1 (1b7a) and Atel-2 (1b7b), and the isoforms that
contain both exon 7a and 7b are suppressed by mutually exclusive splicing (/8). In mice, Atel-1
and Atel-2 are expressed stably in all tissues, but their ratio varies from 0.1 in the skeletal muscle
to 10 in the testis (21,23,24). While Atel-2 is almost completely cytosolic, Atel-1 localizes in both
cytosol and nucleus (27) and can specifically interact with Liatl, a testis-specific molecule (25).
Furthermore, Atel-knockout cells can form tumors in subcutaneous murine xenograft assays, in
which the tumor growth can be partially rescued by the reintroduction of stably expressed Atel-1,
but not Atel-2 (16). The isoforms Atel-3 (1a7a) and Atel-4 (1a7b) encode a variant of arginyl
transferase that is specific for N-terminal cysteine, with tissue-specific expression, cellular local-
ization, and carcinogenic potential similar to those of Atel-1 and Atel-2, respectively (22). The
ratio of Atel isoforms containing exons 7a and 7b switches substantially during male meiosis in
mice suggesting a role in the mitotic-to-meiotic transition of the germ cell cycle (24). All these
observations suggest that the sequences of amino acids encoded by exons 7a and 7b result in func-
tionally distinct arginyl transferases.

To date, the mechanism of MXE splicing of exons 7a and 7b in Atel has not been studied
in detail (/8). Generally, MXE clusters are believed to evolve through tandem genomic duplica-
tions (26—28), and many of them implement mutually exclusive splicing through a mechanism that
depends on competing RNA structures (29). Transcripts of such genes, of which Dscam (30) is
the most prominent example, contain multiple sites called the selector sequences that are comple-
mentary to a regulatory element called the docking site. Only one of the competing base pairings
can form at a time, which exposes only one exon in a cluster to the spliceosome and eventually
leads to mutually exclusive splicing (29). In complex cases, several groups of docking and selector
sequences can operate on a single gene creating a bidirectional control mechanism (37). A recent
genome-wide study of MXE clusters conjectured that docking/selector systems may evolve spon-
taneously as a natural byproduct of tandem duplications, in which only one of the two arms of an
ancestral stem-loop is duplicated (32, 33).

Since exons 7a and 7b of Afel are homologous (nucleotide sequence identity 45%) and simi-
lar in length, most likely having originated through tandem genomic duplications, we questioned
here whether their splicing is also controlled by competing RNA structures. Using comparative se-
quence analysis, we identified five regulatory intronic elements in Ate/ pre-mRNA and examined
their function in alternative splicing by means of site-directed mutagenesis and locked nucleic acid
(LNA)/DNA mixmers as antisense oligonucleotides (AONSs) that interfere with RNA secondary
structure.
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Figure 1: (A) Atel contains five regulatory intronic elements (R1-R5) that are conserved through the evolution of
vertebrates. (B) The sequences of R1 and R4 are highly similar to each other and both are complementary to R3; R2 is
complementary to RS despite 30 Kb distance. R1 and R4 can compete for base pairing with R3, and together with the
R2R35 they form a pseudoknot. (C) The log fold change of 7b/7a isoforms (the difference of log;,(7b/7a) between
cancer and normal tissue) significantly increases in stomach (STAD), rectum (READ), colon (COAD), and prostate
(PRAD) adenocarcinomas, and in lung squamous cell carcinoma (LUSC); Wilcoxon test FWER < 0.05 (yellow),
P < 0.05 (gray).

Results

Conserved complementary regions in exon 7 cluster

In order to identify the mechanisms responsible for mutual exclusive splicing of exons 7a and 7b,
we used comparative sequence analysis to search for potential regulatory sequences in their in-
tervening and flanking introns (Figure [TA). We found that the regions immediately upstream of
exons 7a and 7b, termed here as R1 and R4, are highly similar to each other and show remarkable
sequence conservation across vertebrate species. The intron between exons 7a and 7b contains two
conserved regions, termed here as R2 and R3, where R3 is complementary to both R1 and R4,
while R2 is complementary to another highly conserved region R5 located ~30 kb downstream in
the intron flanking exon 7b. The pattern of complementarity between these regions suggests that
R1 and R4 could compete with each other for base pairing with R3 and, together with base pairing
of R2 with R5, they form a pseudoknot (Figure [IB).

To test whether exons 7a and 7b are indeed spliced in a mutually exclusive manner, we ana-
lyzed a large compendium of RNA-seq experiments from the Genotype Tissue Expression (GTEX)
project (34) (Figure S1A). Consistent with previous reports (/7), exons 7a and 7b have a broad
range of inclusion levels across tissues (median 33% and 67%, respectively) with the most re-
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markable deviation in testis (median 60% and 39%, respectively). There was almost no evidence of
simultaneous inclusion or simultaneous skip of both exons neither in normal tissues (Figure S1A),
nor in cancer samples from The Cancer Genome Atlas (Figure S1B) (35). However, in agreement
with previous studies (/6), we detected a significant prevalence of isoforms containing exon 7b

as compared to exon 7a in matched samples of prostate adenocarcinomas and normal tissues
(FWER<O0.05) and also in other epithelial tumors including stomach, rectum, colon, and lung
squamous cell carcinoma (Figure[IC).

The occurrence of competing RNA structures in mutually exclusive exons in Atel is remi-
niscent of splicing control mechanisms in other genes (29). We therefore analyzed in detail the
function of these complementary regions using site-directed mutagenesis and antisense oligonu-
cleotides.

Competition between R1R3 and R3R4 controls mutually exclusive splicing

To check whether RNA structure is implicated in the regulation of splicing in Atel, we created a
minigene construct containing its fragment spanning between exons 6 and 8 under the constitutive
CMYV promoter, and quantitatively assessed splice isoforms in transfection experiments using hu-
man adenocarcinoma A549 cells (Figure[2A)). In the minigene, the endogenous intron downstream
of exon 7b was reduced in size to ~2 kb due to obvious limitations of cloning large fragments.

Our strategy was to make point mutations that disrupt RNA structure when introduced alone
and restore it when introduced in different combinations. First, we tested the effect of disrup-
tive and compensatory mutations on double-stranded structures of R1R3 and R3R4 (Figure
and [2C). The mutation disrupting R1R3 base pairing (m2) increases the usage of exon 7a, whereas
the mutation disrupting R3R4 (m11) increases the usage of exon 7b (Figure 2D]and [2E). The mu-
tated R3 (m1), which is unable to base-pair with R1 or R4, increases the proportion of transcripts
containing both exon 7a and 7b. The compensatory double mutation m1m?2, which restores R1R3
but disrupts R3R4, increases the efficiency of exon 7b inclusion up to 85%, which is higher than
that in the wild type (WT), while exon 7a inclusion becomes almost fully suppressed. Conversely,
the compensatory double mutation mIm11, which restores R3R4 while disrupting R1R3, leads to a
more efficient inclusion of exon 7a compared to the WT. Finally, the proportion of splice isoforms
in the triple mutant (mIm2m11), in which both R1R3 and R3R4 are restored, is more similar to
that in the WT than it was in all other mutants. At that, the ratio of exon 7a/7b inclusion changed
proportionally to the difference of thermodynamic stabilities of R1R3 and R3R4 in all mutants ex-
cept m2 and m11 (Figure[2F). Notably, the proportion of isoforms containing both exons 7a and 7b
increased whenever R1R3 base pairing was disrupted.

The cloned fragment of Arel lacks a substantial part of intron 7, which may affect splicing. We
therefore independently examined the role of R1, R3, and R4 in the endogenous Atel transcript us-
ing locked nucleic acid (LNA)/DNA mixmers as antisense oligonucleotides (AONSs) that interfere
with RNA secondary structure (38). Since R1 and R4 overlap with splice sites, we chose to use
AON with specific sequence complementary to R3 (AON1) (Figure2G). RT-PCR analysis revealed
that the transfection of 5 nM or a higher concentration of AONI1 efficiently induced the inclusion
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Figure 2: (A) The intron between exon 7b and exon 8 was reduced in size from ~29 Kb to ~2 Kb in the minigene
(top); QRT-PCR primers for quantitative assessment of alternative splicing (bottom). (B) Disruptive and compensatory
mutations (pink) in R1, R3, and R4. m11m2 mutant is not shown. (C) The predicted hybridization energies of R1R3
and R3R4 for disruptive and compensatory mutations. (D) Exon inclusion changes in single and double mutants; WT
splicing is restored in the m1m2m11 triple mutant. (E) Ternary plot of exon 7a, 7b, and 7a7b inclusion. Colored areas
represent 95% confidence intervals calculated via the Mahalnobis distance using log-ratio transformation (36, 37). (F)
The isoform ratio of exons 7a and 7b depends on the difference of thermodynamic stabilities of R1R3 and R3R4.
(G) AONI1 disrupts R1R3 and R3R4 via base pairing to R3. (H), (I) The inclusion of double exons increases with
increasing AON1 concentration in the endogenous Afel transcript. ‘C’ denotes the control AON. The scales of y-axes
are different between panels.
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Figure 3: (A) Disruptive and compensatory mutations in R2 and R5. (B), (C) The mutations disrupting R2R5 base
pairing (m3 and m4) promote exon 7b inclusion, while the compensatory mutation (m3m4) restores WT splicing.
Ternary plots are as in Figure 2E] (D) Base pairing with AON2-1 and AON2-2 disrupts R2R5 interaction. (E), (F)
Increasing concentration of AON2-1 and AON2-2 suppresses exon 7a and promote exon 7b usage without inducing
double (7a7b) exons in the endogenous Atel transcript. ‘C’ denotes the control AON. The scales of y-axes in (F) are
different between panels.

of both exons 7a and 7b and suppressed the inclusion of individual exons, while the transfection
of the control AON didn’t show any difference from the non-treated cells (Figure 2H)). Quantita-
tive RT-PCR (qRT-PCR) with isoform-specific primers confirmed consistent dose dependence of
AONI1 treatment (Figure [2I). Taken together, the mutagenesis and AONI treatment indicate that
the function of competitive base pairings between R1, R3, and R4 is to control mutually exclusive
splicing of exons 7a and 7b.

The ultra-long-range R2RS base pairing controls isoform bias

To elucidate the function of the other two conserved regions, R2 and R5, we applied a similar
mutation strategy to the minigene carrying a reduced Atel fragment (Figure 3A). When intro-
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duced separately, the disruptive mutations m3 and m4 almost completely abrogated the inclusion
of exon 7a and strongly enhanced the inclusion of exon 7b, while the compensatory double mutant
m3m4 reverted the splicing pattern to that of the WT (Figure 3B). Remarkably, the disruptive mu-
tations affected only the ratio of isoforms carrying mutually exclusive exons, but not the proportion
of transcripts with double exons (Figure [3C).

In the endogenous gene, however, R2 and RS are located ~30 Kb apart from each other, while
in the minigene construct the distance between them is reduced to ~2 Kb. Hence, we used AONs
complementary to R2 and R5 (AON2-1 and AON2-2, respectively) to confirm that the ultra-long-
range base pairing between R2 and R5 also modulates alternative splicing in the endogenous Atel
transcript (Figure 3D). RT-PCR and gRT-PCR analyses revealed that 5 nM or a higher concentra-
tion of AON2-1 was sufficient to decrease exon 7a usage and increase exon 7b usage in comparison
with non-treated cells and cells treated with the control AON, while the proportion of transcripts
with double exons remained low (Figure 3E]and [3F). The efficacy of AON2-2 was lower since the
inclusion of exon 7a decreased to a comparable extent only at higher concentrations of AON2-2
(100 nM). Since the hybridization strengths of AON2-1 and AON2-2 are comparable, the differ-
ence in their efficacy could be due to their exposure to R2 and RS at different times during tran-
scription, i.e., AON2-1 has more time to find its target as R2 is transcribed earlier, while AON2-2
has to compete with R2 to hybridize with RS.

Nonetheless, the effects of AON2-1 and AON2-2 on splicing are concordant with each other
and consistent with the results of the mutagenesis. Taken together, they indicate that the RNA
structure formed by R2 and R5 is functionally distinct from that of R1R3 and R3R4, and it serves
to control the isoform ratio rather than the mutually exclusive choice of exons 7a and 7b.

Crosstalk between competing and ultra-long-range RNA structures

We have demonstrated that the secondary structure of Afel pre-mRNA contains two distinct mod-
ules, R1R3/R3R4 and R2RS, where the former ensures mutually exclusive exon inclusion, and the
latter regulates the respective isoform ratio. To investigate how these modules interact with each
other, we examined the response of alternative splicing in mutants with disruptive and compen-
satory mutations within R1, R3, and R4 to the treatment with AON2-1, which blocks the interac-
tion between R2 and RS.

Towards this end, we treated the minigenes carrying mutations in R1, R3, and R4 with AON2-
1 and measured the changes in alternative splicing with respect to cells treated with control AON
(Figure and non-treated cells (Figure S2). The effect of AON2-1 was equivalent to that of
the point mutations that disrupted the interaction between R2 and RS (Figure regardless of
mutations changing base pairings within RIR3/R3R4, i.e., it suppressed the inclusion of exon 7a
and promoted the inclusion of exon exon 7b without affecting the proportion of double exons
(Figure FA)). This experiment demonstrated that the ultra-long-range RNA structure formed by
R2 and RS plays a dominant role in choosing between exons 7a and 7b, while not being directly
responsible for their mutual exclusivity.

To discern the interplay between R1R3/R3R4 and R2RS5 in the endogenous Afel transcript,
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Figure 4: (A) Treatment with AON2-1 suppresses the inclusion of exon 7a and promotes the inclusion of exon 7b
without affecting the proportion of double exons regardless of mutations in R1, R3, and R4 (Figure2B). (B) The
disruption of R1IR3/R3R4 base pairing in the endogenous ATE] with AONI1 increases the proportion of double exons
without affecting exon 7b. The disruption of R2R5 with AON2-1 changes exon 7a/7b ratio without inducing double
exons. Simultaneous disruption of R1R3, R3R4, and R2RS5 yields an additive result. The proportions are averages of
two bioreplicates. (C) Exon inclusion in response to a-amanitin treatment. The scales of y-axes are different between
panels. (D) Changes of exon inclusion in response to the treatment with AON2-1 and a-amanitin. The addition of
a-amanitin affects exon 7a/7b ratio only when R2RS base pairing is present.

we examined the effect of simultaneous disruption of base pairings with AON1 and AON2-1 on
exon selection. We treated A549 cells with the combination of 25 nM AONI1 and 25 nM AON2-1
and compared the splicing pattern with the effect from single AON treatment and with that of the
control AON (Figure 4B)). Remarkably, the treatment with AON1 alone increased the proportion
of double exons by 28% without changing the rate of exon 7b inclusion, while the treatment with
AON2-1 alone conversely increased the inclusion of exon 7b by 31% without introducing dou-
ble exons. Simultaneous addition of AON1 and AON2-1 led to an intermediate result, in which
exon 7b inclusion increased by 16% and the inclusion of double exons increased by 7%. This effect
was similar to the response of m1 mutant to the treatment with AON2-1, in which the interaction
between R1, R3, and R4 was disrupted by point mutations (Figure 3C).

These results support our hypotheses about functional distinction between two RNA structure
modules in Atel pre-mRNA. The module of competing base pairings (R1R3/R3R4) is responsible
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for mutual exclusivity of exons 7a and 7b, whereas the module of ultra-long-range base pairings
(R2RS5) controls the isoform balance. Since the latter differs across human tissues (Figure S1A)
and disease conditions (Figure [IC)), we next questioned which intrinsic factors may modulate the

isoform ratio in Afel together with RNA structure.

Splicing pattern of Aze/ depends on RNAPII elongation rate

The transcription elongation speed strongly impacts alternative splicing (39). It is currently ac-
cepted that slow transcription elongation opens a window of opportunity for the upstream splice
sites to be recognized, which promotes the inclusion of exons that are otherwise skipped, although
in some cases the effect can be the opposite (40—42). In our experiments, the disruption of the
same RNA structure by AONSs blocking R2 and R5 led to different outcomes, which could be a
result of co-transcriptional AON binding. We therefore evaluated how the transcription elongation
speed influences Atel splicing using a-amanitin, a selective inhibitor that interacts with the core
subunit of RNAPII and switches transcription to the “slow mode” (43, 44).

To assess the efficiency of elongation inhibition by a-amanitin, we used 28S rRNA/GAPDH
ratio measured with qRT-PCR analysis (Figure S3). In the endogenous Ate! transcript, the expo-
sure to 2 ug/mL a-amanitin led to a notable decrease of exon 7b usage, increased exon 7a usage,
and slight elevation of inclusion of double exons (Figure 4C). This pattern was opposite to the
effect of AON2-1 treatment, in which the exon 7a/7b ratio has decreased (Figure . In the mini-
gene construct, however, the ratio of exon 7a/7b isoforms did not change significantly (Figure S4).
This suggests that transcription elongation slowdown could promote the interaction of R2 with RS
by allowing sufficient time for RNA to fold, and that the absence of the effect in the minigene
construct could be related to the shortening of the loop between R2 and RS5.

To dissect the interplay between transcription elongation speed and RNA structure, we tested
the effect of a-amanitin on the endogenous Atel transcript in cells treated with AON2-1 at the
concentration disrupting R2RS5 base pairing. The addition of AON2-1 abolished the effect of a-
amanitin, i.e., the inclusion rate of exon 7a decreased, the inclusion rate of exon 7b increased,
and double exons were not affected by a-amanitin (Figure 4D)). This indicates that the increase of
exon 7a/7b ratio after a-amanitin treatment in the endogenous Ate/ with intact R2RS structure was
not due to a longer opportunity window for the spliceosome to recognize exon 7a, but rather to a
longer time for the RNA structure to fold.

We therefore conclude that the formation of ultra-long-range RNA pairing between R2 and RS
depends on transcript elongation speed, and that the impact from its slowdown on Ate! splicing is
mediated by the ultra-long-range RNA base pairing R2RS.

Discussion

Mutually exclusive splicing is among the top five most abundant alternative splicing classes after
exon skipping, alternative 5°- and 3’-splice site usage, and retained introns (45). Instances of
MXEs have been described in diverse phyla including C. elegans, D. melanogaster, and plants
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(28,29,46,47). Pre-mRNAs of many essential human genes such as glutamate receptor subunits 1-
4 (GluR1-4) and voltage-gated sodium channels (SCN genes) undergo mutually exclusive splicing
(48, 49). MXE clusters often have tissue- and developmental stage-specific expression (28), and
mutations in them have been linked to hereditary diseases (50-53) and cancer (54, 55).

Mutually exclusive splicing can be regulated by several distinct mechanisms including spliceo-
some incompatibility (56), steric hindrance of splice sites (47), or frame shifting coupled with
degradation by nonsense-mediated decay (57), but competing RNA secondary structure represents
the major mechanism reported in most documented cases (29). Here, we demonstrate for the first
time an example of MXE in a human gene with two independent structural modules, which have
distinct functions: a competing RNA structure module that controls mutually exclusive splicing,
and an ultra-long-range base pairing module that spans over 30 kb and regulates the ratio of tran-
script isoforms. The latter makes Atel a gene with the longest such RNA structure known to date.

The competing base pairings in RIR3 and R3R4 regulate MXE choice by the hindrance of
one of the two 3’-splice sites that mediates exposure of only one of them to the spliceosome. On
one hand, the relative abundances of these two structures, and consequently the ratio of exon 7a
and 7b transcript isoforms, must be proportionate to the difference of their folding energies. On the
other hand, mutations in R1 and R4 affect the polypyrimidine tracts and decrease the recognition
of exon 7a and 7b by the spliceosome. In all mutants except m2 and m11, the sequences of R1
and R4 either become obstructed by RNA structure or concordantly decrease their affinity to the
spliceosome. Consequently, the ratio of exon 7a and 7b isoforms linearly depends on the difference
of RIR3 and R3R4 hybridization energies in all mutants except m2 and m11 (Figure 2F). This
agrees with the previous findings, in which the rate of exon inclusion inversely correlated with the
thermodynamic stability of the surrounding RNA structure in CFTR minigene system (58). The
incomplete reversal of the exon 7a/ 7b ratio in the triple mutant (mlm2m11) is consistent since
the balance between the free energies of RIR3 and R3R4 in it was restored to a different level
compared to the WT (Figure 2F).

Extensive evidence indicates that speed of transcription elongation may affect the choice of
splice sites by changing timing in which they are presented to the spliceosome (42, 59, 60). For in-
stance, a DNA-binding factor CTCF can promote inclusion of weak upstream exons by mediating
local RNA polymerase II pausing (6/). Here, we observed that exon 7a/7b ratio responds to the
slowdown of RNA Pol II in the presence of R2R5 long-range base pairing, but fails to do so when
the base pairing is disrupted. This indicates that beyond co-transcriptional recognition of splice
sites, slow transcription elongation also can affect splicing through RNA structure by opening a
longer opportunity window for it to fold. In bacterial organisms, kinetic mechanisms that involve
RNA structure represent a commonly used strategy of regulating premature transcription termina-
tion, in which an RNA element typically senses specific molecules (62). In eukaryotes, the kinetics
of RNA folding could be influenced by many other factors including changes in the composition of
RNA-binding proteins and environmental signals, thus adding to the already complex and dynamic
regulatory landscape of alternative splicing.

MXEs within a cluster often share high similarity at the sequence level indicating that some of
them could have emerged through tandem genomic duplications (26). Furthermore, this mecha-

10


https://doi.org/10.1101/2020.06.04.134791
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.04.134791; this version posted June 5, 2020. The copyright holder for this preprint (which

was not certified by peer review) is the ag?g{;%gdfr:&grhggg?sgﬂgi glcl)rﬁélr\:] sltil(i)cnearlls”eC é?] Sol(i:play the preprint in perpetuity. It is made
nism could also generate competing RNA structures by duplicating one of the two arms of an an-
cestral stem-loop resulting in two selector sequences that compete for the same docking site (32).
In the case of exons 7a and 7b in Afel, the duplication likely happened after the radiation of Chor-
data since a homolog of where exon 7a, but not exon 7b is present in invertebrates. Still, it is not
possible to track the origin of R1, R3, and R4 since competing RNA secondary structures are usu-
ally not conserved across long evolutionary distances (28). Interestingly, the length of the intron
downstream of exon 7b is decreasing with increasing the evolutionary distance from human (Fig-
ure S5), which suggests that the base pairing between R2 and RS pairing has evolved after exon
duplication to counteract the expansion of the intron downstream of exon 7b.

The fact that the ratio of exon 7a/7b is proportional to the difference of hybridization ener-
gies of R1R3 and R3R4 despite the former has a larger loop than the latter indicates that Azel/
pre-mRNA is a highly folded molecule with many more complementary interactions than we have
identified here. Chemical RNA structure probing methods are insufficient to determine long-range
base pairings since they can only reveal which bases are single-stranded, but cannot identify the
interacting partners (63—67). Other rapidly emerging technologies such as RNA in sifu confor-
mation sequencing (RIC-seq) can be used instead to profile long-range RNA structures (68—71).
The published RIC-seq data for HeLa cells confirm R1R3 and R3R4 base pairings as well as over
50 other base paired regions in exon 7a/7b MXE cluster with a potential impact on splicing (68)
(Figure S6). Therefore, the regulation of Atel alternative splicing could, in fact, be much more
complex than it is described here.

Conclusion

We demonstrated that the mutually exclusive choice of exons 7a and 7b in the human Atel gene
is regulated by a complex RNA structure composed of two modules: a competing RNA structure
module that ensures that one and only one exon is included in the mature mRNA, and an ultra-
long-range RNA structure that determines the proportion of transcripts with exons 7a and 7b. The
latter can be adjusted using LNA-based antisense oligonucleotides, which opens a broad spectrum
of possibilities for targeting alternative splicing of this gene therapeutically.
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Materials and Methods

Minigene construction and mutagenesis

Whole genomic DNA was isolated using Quick-gDNA MiniPrep kit (Zymo Research). Atel
minigene was assembled from three fragments: the first one was inserted into pRKS vector us-
ing restriction-free cloning (protocol from (72)), and the next two fragments were inserted into
resulting plasmid using NEBuilder® HiFi DNA Assembly Cloning Kit (New England Biolabs).
Fragments were amplified with primers (Table S1) and Q5 High-Fidelity DNA polymerase (New
England Biolab). Minigene mutagenesis was performed using either protocol from (73) or using
phosphorylated primers that introduced the desired changes with subsequent ligation using Rapid
DNA ligation kit (Thermo Scientific). All primers for mutagenesis are listed in Table S1; all PCR
reactions were performed using Phusion High-Fidelity PCR Master Mix (Thermo Scientific). All
mutants were verified by sequencing.

Antisense oligonucleotides

LNA/DNA mixmers were designed based on (38). Synthesis of LNA/DNA mixmers was carried
out by Syntol JSC (Moscow, Russia). The sequences of used AONs are listed in (Table S3).

Cell culture, transfections and treatments

Human A549 lung adenocarcinoma cell line was maintained in DMEM/F-12 medium containing
10% fetal bovine serum, 50 U/ml penicillin, and 0.05 mg/ml streptomycin (all products from
Thermo Fisher Scientific) at 37°C in 5 % CO..

Minigene plasmids were transfected using Lipofectamin 3000 (Invitrogen) with reverse trans-
fection protocol for 24 hours followed by cells harvesting by trypsin-EDTA (Thermo Fisher Sci-
entific). AONSs treatment was performed using Lipofectamine RNAIMAX (Invitrogen) on 50-70%
confluent cells. It took 48 hours of treatment before cells were harvested. c-amanitin (Sigma) was
added at concentrations 1 and 2 ug/mL to 50-70% confluent cells. After 24 hours of treatment,
cells were harvested.

In experiments when cells were transfected with minigenes and AONs together, conditions
were as follows. Plasmids and AONs were mixed together prior to transfection, and then these
mixtures were transfected using Lipofectamin 3000 (Invitrogen) to 50-70% confluent cells. After
24 hours of treatment cells were harvested.

Experiments with c.-amanitin and AONs/minigenes treatments were performed next way. Cells
were transfected with AONs/minigenes using reverse transfection. After 12—14 hours of transfec-
tion media was changed and c-amanitin was added. After 24 hours of a-amanitin treatment cells
were harvested.
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RT-PCR experiments

Total RNA was extracted using PureLink RNA mini kit (Invitrogen) and treated with RNase-Free
DNase I (Thermo Scientific) at 37°C for 60 min with following inactivation at 75°C for 10 min.
First-strand cDNA was synthesized using Maxima First Strand cDNA Synthesis Kit for RT-qPCR
(Thermo Scientific) according to the manufacturer’s instructions. All primers for the following
PCR analysis are listed in (Table S2).

We used competitive RT-PCR analysis for the assessment of the ratio between different splice
isoforms in one PCR tube. For each PCR reaction, 20-30 ng of cDNA was used. Reactions were
carried out using PCR MM (Thermo Scientific). RT-PCR was carried out under the following
conditions: denaturing at 95°C for 3 min, 35 cycles of denaturing at 95°C for 30 sec, annealing at
54°C for 30 sec, and extension at 72°C for 1 min, followed by extension at 72°C for 5 min. The re-
sulting products were analyzed on a 3% agarose gel stained with ethidium bromide and visualized
using ChemiDoc XRS+ (Bio-Rad). The proportion of each splice isoform was quantified using the
Imagel] software.

For RT-qPCR experiments, we used 20-30 ng of cDNA and the reaction mixture with SYBR
Green nucleic acid staining (Invitrogen) on a CFX96 of CFX384 Real-Time systems (Bio-Rad).
Minus-RT controls without RT enzyme in the cDNA synthesis reaction were performed in every
RT-gPCR analysis. For each mutant and/or treatment experiments, at least 2 biological replicates
in PCR triplicates were analyzed. The PCR cycle parameters were as follows: 95°C for 10 min
and 35 cycles with denaturation at 95°C for 10 s, annealing at 54°C for 20 s and extension at 72°C
for 30 s. For each pair of primers in RT-qPCR analysis, the primer efficiencies were estimated
using a calibration curve. The expression of isoforms was calculated by the efficiency method (74)
with primers efficiencies more than 90% in all cases. The expression levels of all isoforms were
normalized to the expression of the constitutive exon in the corresponding sample. Then, the sum
of all isoform expression levels was taken as 100% to enable comparative analysis of different
biological replicates. We additionally checked the sum of expression levels of all isoforms, and it
was not statistically different from the expression level of the constitutive exon in all cases.

Free energy calculation

The hybridization free energies of the WT and mutant sequences of R1-R5 were computed by the
RNAup program from Vienna RNA package with the default settings (75).

Percent-Spliced-In (PSI) calculation

RNA-seq data of poly(A)T RNA were downloaded in BAM format from Genotype-Tissue Expres-
sion (GTEX) project (34) and The Cancer Genome Atlas (35) (8,555 samples from v7 release of
GTEXx; 731 pairs of samples from TCGA). RNA-seq experiments were processed by IPSA pipeline
to obtain split read counts supporting splice junctions (76). Split read counts were filtered by the
entropy content of the offset distribution, annotation status and canonical GT/AG dinucleotides at
splice sites. The exon inclusion rate (¥, PSI, or Percent-Spliced-In) was calculated according to
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the equation _

B imnc

~inc+ 2 exc’
where inc is the number of reads supporting exon inclusion and exc is the number of reads sup-
porting exon exclusion. W values with the denominator below 20 were considered unreliable and

discarded.

Statistical analysis

The data were analyzed and visualized using R statistics software version 3.4.1 and ggplot2 pack-
age (77). Ternary diagrams were constructed using the ggtern package (37). Confidence intervals
(regions) in ternary diagrams were constructed using the Mahalanobis distance (36). The statisti-
cal significance of log fold change of 7a/7b isoform ratio in TCGA samples was assessed by the
Wilcoxon signed rank test with Bonferoni-Holm correction for multiple testing (F'W ER < 0.05).
Error bars in the plots and numbers after the =+ sign represent 95% confidence intervals. One-sided
P-values are reported throughout the paper.
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