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Abstract: The GAS5 gene encodes a long non-coding RNA (lncRNA) and intron-located small
nucleolar RNAs (snoRNAs). Its structure, splice variants, and diverse functions in mammalian cells
have been thoroughly investigated. However, there are still no data on a successful knockout of
GAS5 in human cells, with most of the loss-of-function experiments utilizing standard techniques
to produce knockdowns. By using CRISPR/Cas9 to introduce double-strand breaks in the terminal
intronic box C/D snoRNA genes (SNORDs), we created monoclonal cell lines carrying continuous
deletions in one of the GAS5 alleles. The levels of GAS5-encoded box C/D snoRNAs and lncRNA
GAS5 were assessed, and the formation of the novel splice variants was analyzed. To comprehensively
evaluate the influence of specific SNORD mutations, human cell lines with individual mutations in
SNORD74 and SNORD81 were obtained. Specific mutations in SNORD74 led to the downregulation
of all GAS5-encoded SNORDs and GAS5 lncRNA. Further analysis revealed that SNORD74 contains
a specific regulatory element modulating the maturation of the GAS5 precursor transcript. The
results demonstrate that the maturation of GAS5 occurs through the m6A-associated pathway in a
SNORD-dependent manner, which is a quite intriguing epitranscriptomic mechanism.

Keywords: snoRNA; lncRNA; GAS5; box C/D snoRNA; RNA modification; genome editing;
CRISPR/Cas9; alternative splicing; epitranscriptomics

1. Introduction

The GAS5 (Growth Arrest-Specific 5) gene has been discovered to be among the six
specific genes expressed in G0-cells (cells in the pre-replicative phase) [1]. While the five
other genes are transcribed into mRNAs, GAS5 produces a long non-coding RNA. The
human GAS5 transcription unit is 4 kb long and quite complex due to the large numbers of
exons, alternative promoters, and alternative splicing events. The GAS5 locus itself exhibits
a peculiar structure, comprising 12 exons that can generate up to 24 varying mature lncRNA
isoforms through alternative splicing. It also includes 10 intron-encoded box C/D small nu-
cleolar RNAs (box C/D snoRNAs), a 3′-exon-encoded riborepressor, and several conserved
small open reading frames (smORFs; Figure 1) [2–4]. Such a diverse structure allows for a
wide range of functions. GAS5 lncRNA expression has been shown to be decreased in vari-
ous cancer types, suggesting its putative tumor-suppressing role [2,5–7]. Although smORFs
are detected in the GAS5 locus, there are still no data on the corresponding peptides. In ad-
dition, the only known interaction of GAS5 transcripts with protein partners occurs through
the 3′-located riborepressor. Its stem structure resembles DNA targets for glucocorticoid
receptor (GR), thus enabling the interaction between GAS5 and GR [8,9]. GAS5 lncRNA
is capable of interacting with multiple miRNAs as well as regulating their levels [10–12].
Among other suggested functions are the regulation of gene expression through promoter
binding and exosomal cell-to-cell communication [13–15]. The question of whether GAS5
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lncRNA regulates multiple genes, thereby contributing to its tumor-suppressive phenotype,
remains unanswered, leaving a wide area for investigation [3].
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Figure 1. Human GAS5 locus structure. The chromosome localization is presented, as is the exon-
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Although many studies have applied various techniques, such as the use of small 
interfering RNAs and short-hairpin RNAs, to create GAS5 lncRNA knockdowns, there 
are no data on the knockout of this gene in human cells [16–21]. The lack of data might 
indicate that standard genome-editing approaches fail to delete the whole gene, from the 
first to the last exon. An interesting alternative approach could involve editing the GAS5 
introns specifically at the points where small nucleolar RNA genes localize. 

Small nucleolar RNAs represent a class of small non-coding RNAs that participate in 
the post-transcriptional modification of ribosomal RNA (rRNA) in eukaryotes. Two sub-
classes exist, box C/D and box H/ACA snoRNAs, and these subclasses provide 2′-O-meth-
ylation (2′-O-Me) and pseudouridylation of rRNA, respectively [22]. Both of these modi-
fications are abundant throughout eukaryotic rRNA, with a specific snoRNA “assigned” 
to modify a particular nucleotide [23]. Box C/D snoRNAs (also referred to as SNORDs) 
can facilitate up to two modifications, as their structure includes one or two 10–21-nucle-
otide guide sequences. These structural elements are complementary to the specific region 
of rRNA where the modification occurs. Essential structural C (RUGAUGA, where R = 
purine) and D (CUGA) boxes participate in the formation of functionally active ribonucle-
oprotein complexes. The stem-bulge-stem “kink-turn” structure (K-turn) is formed by 
boxes C and D and terminal regions of snoRNA (Figure 2A) [24]. Further, core snoRNA 
proteins (Snu13, NOP56, NOP58, and fibrillarin) recognize the K-turn and initiate the for-
mation, processing, and localization of a mature small nucleolar ribonucleoprotein 
(snoRNP), all of which is required for its proper functioning in cells (Figure 2B) [25]. 
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intron structure with 10 intronic SNORDs and the riborepressor mimicking the GR response element.

Although many studies have applied various techniques, such as the use of small
interfering RNAs and short-hairpin RNAs, to create GAS5 lncRNA knockdowns, there
are no data on the knockout of this gene in human cells [16–21]. The lack of data might
indicate that standard genome-editing approaches fail to delete the whole gene, from the
first to the last exon. An interesting alternative approach could involve editing the GAS5
introns specifically at the points where small nucleolar RNA genes localize.

Small nucleolar RNAs represent a class of small non-coding RNAs that participate
in the post-transcriptional modification of ribosomal RNA (rRNA) in eukaryotes. Two
subclasses exist, box C/D and box H/ACA snoRNAs, and these subclasses provide 2′-O-
methylation (2′-O-Me) and pseudouridylation of rRNA, respectively [22]. Both of these
modifications are abundant throughout eukaryotic rRNA, with a specific snoRNA “as-
signed” to modify a particular nucleotide [23]. Box C/D snoRNAs (also referred to as
SNORDs) can facilitate up to two modifications, as their structure includes one or two
10–21-nucleotide guide sequences. These structural elements are complementary to the
specific region of rRNA where the modification occurs. Essential structural C (RUGAUGA,
where R = purine) and D (CUGA) boxes participate in the formation of functionally ac-
tive ribonucleoprotein complexes. The stem-bulge-stem “kink-turn” structure (K-turn) is
formed by boxes C and D and terminal regions of snoRNA (Figure 2A) [24]. Further, core
snoRNA proteins (Snu13, NOP56, NOP58, and fibrillarin) recognize the K-turn and initiate
the formation, processing, and localization of a mature small nucleolar ribonucleoprotein
(snoRNP), all of which is required for its proper functioning in cells (Figure 2B) [25].
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While snoRNA’s role as a “guide” for rRNA 2′-O-methylation and pseudouridylation
has long been recognized, many novel functions are still being discovered [27]. Among
those are rRNA acetylation [28], regulation of alternative splicing [28–31], complex autoreg-
ulatory events [32], regulation of intracellular cholesterol trafficking, exome recruitment
and chromatin remodeling, modulation of metabolic and oxidative stress, and memory
consolidation and learning [25,33–40]. In eukaryotes, snoRNAs that lack a guide sequence
or have no characteristic complementary rRNA region have been termed ‘orphan’ snoR-
NAs [41]. Such orphan snoRNAs can participate in tRNA methylation [41], modulation of
the 3′-processing of mRNA [42,43], post-transcriptional mRNA silencing [44,45], and the de-
velopment of disorders [46,47]. It is now well known that some snoRNAs can be processed
into stable short RNA forms named snoRNA-derived snoRNAs (sdRNAs) [48]. Several
sdRNAs possess microRNA-like gene-silencing activity [49,50] and regulate alternative
splicing [51,52]. So-called sno-lncRNAs—long RNA species that contain snoRNA—have
been observed as well [53].

Among many varying RNA modifications in eukaryotes, N6-methyladenosine (m6A)
is the most abundant in mRNA [54]. It is added by the methyltransferase complex con-
sisting of m6A-methyltransferases METTL3, METTL14, METTL16 (“writers”) and their
partners, WTAP, VIRMA, ZC3H13, and RBM15. The modification can be removed by m6A
demethylases (“erasers”, FTO and ALKBH5) and recognized by m6A-binding proteins
(“readers”, YTHDF1/2/3, YTHDC1/2, IGF2BPs, hnRNPA2B1, hnRNPC, hnRNPG, etc.).
Various stages of RNA metabolism are m6A-dependent, indicating its role as an important
fine-tuner of cellular processes [54–59]. Studies on m6A involvement in various molecu-
lar mechanisms revealed interesting crosstalk between m6A modification and alternative
splicing [60–62]. Splicing can be modulated through either recruiting specific RNA-binding
proteins (RBPs) or disrupting the interaction of the modified pre-mRNA with its corre-
sponding RBP. On the other hand, studies have shown that alternative splicing events can
regulate the addition or recognition of m6A modifications [62]. Further research on the
mechanisms behind this interplay can contribute to both fundamental knowledge and the
development of therapeutic strategies.

GAS5 introns encode ten box C/D snoRNAs, allowing for the manipulation of their
genes without frameshift or disruption to the host-gene structure (Figure 1). Several
studies have demonstrated the feasibility of employing genome-editing tools, particularly
CRISPR/Cas9, to deplete a specific SNORD gene [63–66]. The effect of CRISPR-induced
point mutations in GAS5-encoded SNORDs on the maturation of host-gene lncRNA has
been described previously [67]. Given that it is possible to obtain a viable human cell
line carrying a single depleted or modified SNORD gene, we targeted CRISPR/Cas9 at
two terminal SNORD genes (SNORD74 and SNORD81), aiming to fully deplete cells of
10 GAS5-encoded SNORDs and most of the GAS5 gene itself.

In this study, we obtained viable 293FT-derived human cell lines lacking the greater
part of a GAS5 allele. The suggested strategy enabled complete suppression of GAS5
lncRNA and all intron-encoded box C/D-snoRNAs, which has not been achieved pre-
viously. Further analysis revealed that the structure of the second GAS5 allele (without
the deletion) affected the degree of downregulation of the GAS5 transcript. To assess the
influence of target SNORD mutations, we created human cell lines carrying point mutations
in either SNORD74 or SNORD81. The analysis of GAS5 and snoRNA expression suggested
the presence of a regulatory structure in SNORD74 that modulates the processing of the
GAS5 precursor transcript. A meta-analysis using RNA-modification databases suggested
that the observed regulation may be m6A-dependent. Overall, our data supported the
hypothesis that maturation of the GAS5 lncRNA precursor is SNORD-dependent.

2. Results
2.1. Selection and Design of Single Guide RNAs Targeted at snoRNAs

To obtain human cell lines with the depleted GAS5 gene, CRISPR/Cas9 was targeted
at the gene’s two terminal points. SNORD74 and SNORD81 are snoRNA genes located in
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GAS5 introns 1 and 11, respectively. Although SNORD74 contains multiple protospacer
adjacent motifs (PAMs, 5′-NGG) necessary for CRISPR/Cas9-mediated editing, the PAM
located close to the essential D-box was selected, as the corresponding single guide RNA
(sgRNA) had previously demonstrated sufficient editing efficacy [67]. SNORD81, on the
contrary, has not yet been tested as a genome-editing target. A single PAM located near
the predicted recognition region was selected for the design of the guide RNA protospacer
(Figure 3). Two sgRNAs were constructed to target the cleavage of either SNORD74 or
SNORD81. Each sgRNA can produce a double-strand break (DSB), so their use as a pair
should thus generate a large deletion. The protospacers were cloned separately into pX458
plasmids encoding the sgRNA scaffold and Cas9.
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generated by Cas9.

2.2. CRISPR-Mediated Large Deletions in the GAS5 Gene Are Present in Only One Allele and
Result in the Downregulation of the Target lncRNA

In this experiment, 293FT cells were transfected with a pair of plasmids. GFP-positive
cells were then sorted, and viable monoclonal cell lines carrying deletions of interest in the
target gene were selected. Two of the cell lines had large deletions covering the region from
SNORD74 to SNORD81 (clones 74-81-8 and 74-81-12; Figure 4A). The deletion was detected
by PCR using flanking primers, with further analysis on agarose gel.

To test whether the deletion occurred in one or both alleles, another PCR was per-
formed using a set of primers (GAS5-U76-F/R) flanking the region within the deletion area
(Figure 4A). The wild-type product was present in all of the obtained cell lines, indicating
that the modified cell lines were heterozygous, with no deletion in the second allele. Sanger
sequencing confirmed the formation of the desired junction (Figure 4B).

However, it was still unclear whether any point mutations occurred in the second
allele of the target SNORD genes. To test for point mutations, we amplified the target
SNORD gene region and performed Sanger sequencing, which was followed by data analysis
using TIDE and ICE tools (Figure 4C,D). In the 74-81-8 cell line, the second SNORD74 allele
remained unaltered, while the SNORD81 gene carried a 6 bp deletion partially covering the
complementarity region. In the 74-81-12 cell line, mutations were observed in both SNORD74
and SNORD81. A 245 bp deletion upstream of the predicted DSB was present in the SNORD74
gene, resulting in almost complete loss of the gene. In SNORD81, a 40 bp deletion covering
the guide region and the D′- and C′-boxes was detected. Thus, two monoclonal cell lines
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were obtained, each carrying the desirable large deletion in one GAS5 allele and either a point
mutation or no mutation in a target SNORD gene in the second allele.
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Figure 4. CRISPR/Cas9-induced genome alterations. (A) PCR-based screening for the expected deletion
“74-81”. PCR products were analyzed using electrophoresis in 1.5% agarose gel (performed indepen-
dently three times). The region of intron 4 covering the SNORD76 gene was amplified to test for the
presence of a second allele without the large deletion. Products were analyzed in 1.5% agarose gel
(performed independently three times). (B) Sanger sequencing of the deletion region was performed to
confirm the formation of a novel junction. Asterisks denote the target DSB sites. (C,D) Sanger sequencing
of the GAS5 regions covering target SNORD genes was performed to identify point mutations in the
second alleles of SNORD74 (C) and SNORD81 (D). PCR products of the target SNORD74 region were
analyzed in a 1.5% agarose gel to visualize the short product from the 74-81-12 cell line.
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We next sought to assess the levels of the target host-gene lncRNA GAS5, as well as
snoRNAs encoded by genes located within the deletion area. qRT-PCR with primer pairs
covering various regions of GAS5 lncRNA demonstrated a decrease in levels of the mature
RNA in both “74-81” cell lines (Figure 5A). The analysis of qRT-PCR products in agarose gel
revealed both wild-type and shortened variants (Figure 5B). Subsequent Sanger sequencing
of the shortened product showed that mature lncRNA forms from the depleted allele with
a non-canonical exon 1-12 junction (Figure 5C). Whole-transcriptome RNA-Seq analysis of
the obtained clones supported these findings (Figure 5D, Supplementary Figure S1).
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Figure 5. Analysis of mature GAS5 lncRNA in the modified cell lines. (A) Real-time quantitative
RT-PCR, using primer pairs covering various GAS5 regions, was performed to measure the level of
lncRNA. Relative ratios were additionally normalized to the level of the product in control cells. Data
are presented as means ± standard deviation (SD) from three independent experiments performed
in triplicate, with colored dots marking individual data points. The differences were considered
statistically significant at p-values < 0.05 (*), < 0.01 (**), and p < 0.001 (***). (B) RT-PCR products were
analyzed with 1.5% agarose gel electrophoresis (performed independently three times). The lengths
of the products corresponded to the predicted lengths of mature lncRNA GAS5 variants, including
novel variants. (C) Sanger sequencing of the shortened GAS5 confirmed the formation of the novel
exon-exon junction. (D) RNA-Seq of the polyA-RNA fraction demonstrated the decrease in the total
level of GAS5 lncRNA, as well as a partial loss of exons in modified cell lines and the formation of
novel exon-exon junctions, as seen in the Sashimi plot.
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RNA-Seq data for the small RNA fraction demonstrated the downregulation of snoR-
NAs encoded in the introns within the deletion region (Figure 6A). qRT-PCR using primers
covering GAS5-encoded snoRNA ends supported these findings (Supplementary Figure S2).
Notably, mature chimeric U74-U81 snoRNAs were present in small quantities (Figure 6B,C).
These novel forms were short and contained the canonical box pairs. The 74-81-8 cell line
expressed a mutant SNORD81 lacking 6 nt in the complementary region (SNORD81-del-6)
as a result of maturation of the second GAS5 allele without the continuous “74-81” deletion.
It is worth noting that this mutation seems to stabilize the functional snoRNA structure, as
the total SNORD81 was upregulated. In the 74-81-12 cell line, SNORD81-del-40, which was
shortened by 40 nt, was also identified as a mature small RNA. However, its expression
was particularly low, likely due to the significant alterations in its structure. Interestingly,
a wild-type SNORD81 was detected in the 74-81-12 cell line (Figure 6B) as a short, 28-nt
snoRNA-derived RNA (“SNORD81-short” sdRNA; Figure 6C).
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The results obtained demonstrate that CRISPR/Cas9-mediated depletion of GAS5 can
be produced in only one allele, and stable human cell lines exhibit downregulation of target
lncRNA and snoRNAs from the region with the deletion. Remarkably, the downregulation
patterns of snoRNAs differ between “74-81” cell lines, even though both carry a large GAS5
deletion in one allele. The 74-81-12 clone demonstrates the complete downregulation of
all ten snoRNAs and the mature GAS5 lncRNA. In contrast, the 74-81-8 cell line does not
exhibit this pattern, indicating that it is not the allele with the deletion that influences GAS5
lncRNA maturation, but rather the second allele. Rigorous analysis of the CRISPR/Cas9-
mediated genome alterations suggests that such diverse downregulation patterns can be
caused by point mutations in target SNORD genes within the second GAS5 allele. To test
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this hypothesis, we created and analyzed human cell lines with individual SNORD74 or
SNORD81 mutations.

2.3. Individual SNORD Mutations Affect GAS5 and snoRNAs Maturation

It has previously been shown that mutations in individual GAS5-encoded SNORD
genes affect the splicing of GAS5, potentially via an m6A-dependent mechanism [67]. In
this sense, the above-mentioned human cell lines that carry a large GAS5 deletion provide
quite an interesting and promising model, with one GAS5 allele being knocked out and
the other bearing point mutations in SNORD genes. To investigate how specific mutations
influence GAS5 maturation, we obtained human cell lines with mutations in individual
SNORD genes, namely SNORD74 and SNORD81. One of these cell cultures has already
been described [67].

In this experiment, 293FT cells were subjected to a routine CRISPR/Cas9 editing
protocol using individual pX458 plasmids to generate large GAS5 deletions (Figure 3). The
obtained cell lines were analyzed for mutations in SNORD genes using Sanger sequencing
of PCR products amplified with primer pairs flanking target SNORD regions. Two cell
lines with SNORD74 mutations and one cell line with a SNORD81 mutation were selected
for further analysis (Figure 7A,B).

In cell line 74-4-3, one SNORD74 allele carried a 5 bp deletion and the second contained
an 11 bp deletion, with both mutations covering the 3′-end and thus leading to the loss of the
D-box [67]. Cell line 74-4-4 was heterozygous as well. One of its SNORD74 alleles contained
an 18 bp deletion covering the 3′-end, which resulted in the loss of D-box. The second allele
contained a large deletion that led to the loss of the 5′-end of GAS5 (including exon 1 and
the greater part of the first intron), as well as an insertion of a small sequence derived from
the pX458 vector, probably as a result of recombination during repair (Figure 7A).

Cell line 81-6 was heterozygous, with both SNORD81 mutations being deletions. One
allele contained a 15 bp deletion partially covering the C-box and its 3′-adjacent area. The
second SNORD81 allele of the 81-6 cell line carried a 41 bp deletion covering the D- and
C′/D′-boxes, as well as the functional guide region (Figure 7B).

A “reference” cell line pX-74 was transfected with the plasmid pX458-74 but had no
mutations in the SNORD74 gene. It was included in the analysis to eliminate any effects
caused by the plasmid treatment or CRISPR/Cas9 activity.

Selected cell lines were further analyzed for changes in the expression of GAS5-
encoded SNORDs and lncRNA. qRT-PCR of SNORD74 in the 74-4 cell lines demonstrated
a significant decrease, up to complete downregulation, likely due to the 3′-end deletions
causing structural perturbations. qRT-PCR of SNORD81 in the 81-6 cell line revealed no
differences in the level of target snoRNA, which indicates that mutations do not prevent
the maturation of the mutant snoRNA. qRT-PCR of mature GAS5 lncRNA demonstrated a
slight decrease in the levels of the transcripts in the 74-4 cell lines and an upregulation in
the 81-6 cell line (Figure 7C).

RNA-Seq results supported some of these findings, adding new data (Figure 7D). The
levels of target snoRNAs were confirmed by two independent methods, and the distribution
of different mutant SNORD81 forms in the 81-6 cell line was estimated by RNA-Seq. The
form constituting the greatest percentage of mature SNORD81 was found to be the 15-nt
depleted form (U81_del15—90.1%). Interestingly, 9.9% of the mature SNORD81 was made
up of a shortened SNORD81 (U81_short), which had already been observed as the 28 nt
“short” sdRNA in the control cell line and partially GAS5-depleted cells (Figure 6B). The
15 bp depleted allele appeared to produce this form. The levels of other GAS5-encoded
SNORDs were assessed as well (Figure 7D). Interestingly, while SNORD81 mutations in
the 81-6 cell line did not affect the maturation of snoRNAs, SNORD74 mutations in the
74-4 cell lines led to varying degrees of downregulation in all 10 snoRNAs. Additionally,
levels of the mature GAS5 lncRNA were confirmed to be decreased to different extents in
the 74-4 cell lines and the 81-6 cell line.
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Figure 7. Individual snoRNA-knockout cell lines were utilized as a model for studying GAS5
maturation and splicing. Single-cell clones were obtained from 293FT cells. CRISPR/Cas9-induced
point mutations in SNORD74 (A) or SNORD81 (B) were analyzed using Sanger sequencing of target
genome regions. (C) The levels of mature target SNORDs and mature lncRNA GAS5 were assessed
by quantitative RT-PCR. U1 and U6 snRNA genes were used as reference genes, as were 18S and
GAPDH. Data are presented as means ± standard deviation (SD) from three (for SNORDs) and two
(for GAS5) independent experiments performed in triplicate, with colored dots marking individual
data points. The differences were considered statistically significant at p-values < 0.05 (*), <0.01 (**),
and <0.001 (***). (D) RNA-Seq data revealed alterations in the levels of all 10 GAS5-encoded SNORDs
and GAS5 lncRNA. The distribution of mature mutant SNORD81 forms was also assessed. Data are
presented as RPKM normalized to the control 293FT cell line. “NA” refers to the quantification that
failed to provide the data. (E) The analysis of splicing identified a novel GAS5 variant expressed by
the 81-6 cell line. The relative decrease in the levels of exons 8-12 is presented alongside the Sashimi
plot for the same region, indicating the formation of a novel exon-exon junction.
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Overall, the upregulation of GAS5 in the 81-6 cell line, as indicated by qRT-PCR, might
actually imply the formation of novel splice variants, and further analysis of RNA-Seq data
supported this hypothesis. While SNORD74 mutations had no effect on GAS5 splicing in
the 74-4 cell lines, SNORD81 mutations in the 81-6 cell line seemed to cause the formation of
a novel variant lacking exons 10 and 11 and demonstrating a non-canonical exon9-exon12
junction (Figure 7E).

Taken together, these data confirm that SNORDs contain regulatory regions affecting
the maturation and splicing of GAS5. Expression patterns in the 81-6 cell line support
the existing hypothesis regarding m6A-dependent GAS5 splicing. Results obtained from
cell lines carrying the individual SNORD74 knockout indicate that SNORD74 contains a
specific regulatory region modulating maturation of the GAS5 precursor.

2.4. Differential Gene-Expression Analysis Sheds Light on the Molecular Mechanisms behind the
Functioning of GAS5 lncRNA in Human Cells

Based on analysis of RNA-Seq data, we created lists of differentially expressed genes
(DEGs) for each of the above-mentioned cell lines (Materials and Methods, Section 4.7).
Top-20 DEGs (Figure 8A) displaying statistically significant (q-value < 0.05) upregulation
(log2(FC) > 2, where FC stands for fold change) or downregulation (log2(FC) < −2) were
analyzed with DAVID and ENRICHR tools (accessed on 7 December 2023) [68–71]. Result-
ing clusters, annotations, processes, and pathways were filtered for statistical significance
(p-value < 0.05; Tables S1 and S2). Filtered DEGs were also used to generate Venn diagrams
in order to demonstrate the putative similarity in the upregulation and downregulation
patterns for all of the obtained cell lines (Figure 8B,C).
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Figure 8. Differential expression analysis. (A) The top-20 upregulated (“UP”, green) and downregu-
lated (“DOWN”, orange) DEGs were identified for each cell line obtained in the study. (B,C) The top
DEGs were used to generate Venn diagrams of the upregulated and downregulated DEGs in 293FT
cell lines with varying degrees of GAS5 suppression.

Upregulated DEGs displayed no direct association with any major cellular processes
or pathways in any of the clones, with most annotations relating to cell adhesion, signal
transduction, and cell-membrane structures (Table S1). The analysis of associations with
transcription factors (TFs), on the other hand, yielded interesting findings. Both “74-81”
cell lines and the 74-4-4 clone demonstrate a connection between the most-upregulated
DEGs and SUZ12. The 81-6 clone DEGs demonstrate a relationship to SOX2 and EZH2. The
downregulated DEGs in the described clones provided a slightly clearer functional picture.
The annotations ranged from signal transduction and extracellular regions to DNA binding
and transcription regulation (Table S2). Cell lines “74-81”, 74-4-4, and 81-6 stood out as
those in which the downregulated DEGs demonstrated associations with transcriptional
gene networks, regulation of apoptosis and TFs CEBPB, SUZ12, NELFE, SRF, NR2F2, EZH2.
Venn diagrams for both gene pools (“UP” and “DOWN”) revealed that there is not a large
number of intersecting DEGs (Figure 8B,C).

3. Discussion

Our study demonstrated that multiple snoRNA and GAS5 knockouts in human cells
can be generated using CRISPR/Cas9. The efficient and almost complete depletion of
the host gene was accomplished by targeting two terminal introns in the SNORD regions
simultaneously. This approach enabled the generation of human cell lines with varying
downregulation of both the wild-type GAS5-encoded snoRNAs and GAS5 lncRNA itself.

Interestingly, only heterozygous cell lines bearing a continuous deletion in a single
GAS5 allele were obtained. This result might indicate that a complete loss of the GAS5 gene
cannot be achieved in human cells due to its crucial role as a snoRNA host in the genome.
Nonetheless, the question of whether GAS5 RNA itself is essential remains open because
viable cell lines with GAS5 knockdown have been obtained previously [21,72–77]. Given
the fact that the experiments on siRNA- or shRNA-mediated knockdown are typically
carried out in order to investigate the tumor-suppressing role of GAS5 in varying cancer
types and result in the partial downregulation of GAS5 lncRNA (to the levels comparable
with those in cell lines “74-4” and 74-81-8) we briefly compared the strategies and the
effects detected.

The differential-expression analysis supports the observation regarding the viability
of GAS5-depleted cells, as there was no drastic activation of pathways associated with cell
death; however, a few remarks can be made. First, the association of downregulated DEGs
with the transcriptional activation and, most importantly, the regulation of apoptosis is
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consistent with the existing data showing that GAS5 acts as a tumor suppressor through
p53-induced apoptosis and downregulation of E2F1 [75,78]. Second, both up- and down-
regulated DEGs were found to be connected with SUZ12 transcription factor, which is
known to be a part of polycomb repressive complex 2 (PRC2) (Tables S1 and S2). GAS5 is
able to epigenetically suppress gene expression through recruitment of another component
of PRC2—EZH2, which provides H3 lysine 27 trimethylation (H3K27me3) [79–81]. On
the other hand, GAS5 overexpression was shown to increase the amount of PRC2 in
glioma cells, with the direct binding of GAS5 to EZH2 resulting in reduced promoter
methylation and the induction of miR-424 expression [82]. Thus, the observed upregulation
and downregulation of genes associated with SUZ12 in the obtained human cell lines
support the idea of a tight connection between GAS5 and PRC2. While we were not able to
discover any new interactions or pathways involving GAS5 lncRNA, we firmly believe that
our results might be useful for future research on generating model cell lines with GAS5
downregulation as an alternative to knockdown techniques. We suggest that it is not only
large deletions generated through the simultaneous editing of the first and last introns, but
also local disruptions resulting in the loss of SNORD74 gene that are effective for partial
GAS5 knockdown.

Cell lines with large deletions in a GAS5 allele provide a useful model for mechanistic
studies on the maturation of the snoRNA host gene. Their single functional allele can be
further modified to assess the influence of specific gene regions on the maturation process.
The fact that the degree of downregulation varied among clones carrying a deletion in only
one allele is quite peculiar. The second allele was modified less dramatically by two-point
SNORD mutations in some cases; still, the maturation of GAS5 lncRNA and snoRNAs
was partially or completely inhibited. Based on the results from the 74-81-8 cell line, the
alterations in GAS5 do not depend on individual snoRNA levels. This result implies that
it is not the transcription that is affected, but rather the maturation stages, particularly
splicing. It is intriguing that specific point mutations in SNORD cause such an effect, thus
suggesting that corresponding regions are responsible for the splicing and maturation
tuning. While there are a number of studies devoted to non-canonical snoRNA functions,
such as alternative mRNA splicing and its regulation or the modulation of cellular pathways
with miRNA-like snoRNA derivatives, little is known about the universal mechanisms
underlying the initial stages of host-gene maturation [26,83].

Taken together, our experimental data suggest that SNORD74 is responsible for the
fine-tuning of GAS5 splicing. Indeed, the cell line with individual SNORD81 mutations
displayed no significant decrease in the levels of GAS5-encoded snoRNAs or GAS5 lncRNA,
whereas cell lines with individual SNORD74 mutations showed downregulation of all
10 box-C/D-snoRNAs and GAS5 RNA (Figure 9A).

In our previous study, we proposed a mechanism by which GAS5 splicing is regu-
lated [67], suggesting the involvement of N6-methyladenosine (m6A) in mRNA metabolism.
Although most research focuses on the role of m6A in mRNA stability, degradation, and
translation, recent studies have revealed the crosstalk between m6A modification and
RNA splicing [60,84,85]. Early m6A deposition at splice junctions correlates with consti-
tutive kinetics, whereas the presence of m6A within introns is associated with alternative
splicing events, which highlights the role of m6A modification as a tool for fine-tuning
maturation precursor [61]. Previously, we carried out a bioinformatical analysis using
the POSTAR2 database to identify binding sites for the m6A-associated proteins within
GAS5 introns, specifically, in SNORDs (Figure 9B). We suggested that the loss of these sites
upon CRISPR/Cas9 editing might disrupt the binding of m6A-interacting factors with the
transcript and cause alternative splicing events, leading to the formation of novel GAS5
isoforms [67]. The present study supports this idea, as SNORD81 contains binding sites for
m6A-associated factors and the cell line with individual mutations in this gene produces a
GAS5 lncRNA variant lacking exons 10 and 11 (Figure 7E).

We further analyzed data from RMBase v3.0 (RMBase v3.0: Decode the Landscape,
Mechanisms and Functions of RNA Modifications) to identify target nucleotides for m6A
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modification in the GAS5 structure. Eight SNORDs were found to contain such sites,
including the gene of interest, SNORD74 (Figure 9B). The target m6A-nucleotide is located
in the canonical guide region, next to the nucleotide determining the 2′-O-methylation
target in rRNA (Figure 9C). It is known that m6A modification in snoRNA might lead to
the disruption of its structure and the loss of mature snoRNA in cells. Nevertheless, we can
state that the SNORD74 site does not cause the same effects, as it is located outside of the
K-turn motif [86]. Moreover, we suggest that the presence of m6A acts as a signal for the
splicing machinery to “slow down” during the excision of the first intron [61]. This slowing
allows for other splicing factors to become involved to support the proper maturation of
the GAS5 transcript.
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Figure 9. SNORDs contain regions regulating the maturation of the GAS5 precursor transcript.
(A) Combined RNA-Seq data on all human cell lines containing mutations in SNORD74 or SNORD81.
“NA” refers to the quantification that failed to provide the data. (B) GAS5-encoded SNORDs con-
tain target nucleotides for m6A modifications, as well as binding sites for m6A-associated factors.
(C) Small point mutations in SNORD74 do not result in the loss of the nucleotide targeted by m6A
modification; however, the 245 bp deletion observed in the 74-81-12 line depletes the modifica-
tion area.

When studying cell lines containing any SNORD74 mutations, several observations can
be made (Figure 9C). The region that appears to regulate GAS5 maturation is determined
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by its sequence: evidently, the loss of the greater part of SNORD74 (as in the 74-81-12 line)
leads to a drastic downregulation of GAS5 lncRNA and all 10 snoRNAs. In contrast, clones
with mutations in the 3′-region of SNORD74 not involving the m6A site directly (both
74-4 clones and the 74-81-8 line) do not demonstrate the same degree of decrease in RNA lev-
els. Observed variations in RNA levels could result from the loss of the optimal secondary
structure in the SNORD74 transcript region, which is necessary for the correct interaction
with m6A-associated proteins. Thus, the hypothesis regarding the m6A-dependency of
GAS5 splicing regulation can be extended to include SNORD74. We propose that m6A mod-
ification in SNORD74 is responsible for the maturation of the whole GAS5 RNA precursor,
consequently determining the fate of the mature GAS5 lncRNA and intron-encoded snoR-
NAs. This hypothesis is supported by the maturation of a short GAS5 lncRNA comprised
of exons 1 and 12 in cell lines “74-81” (Figure 5B–D). The continuous deletion of GAS5
does not affect the m6A site in SNORD74 (Figure 4B), thus allowing for the maturation of
the GAS5 precursor. While other m6A sites in SNORDs can be responsible for alternative
splicing of GAS5, as seen in the 81-6 line, the localization of SNORD74 specifically in the
first intron makes it a convenient “switch”. We assume that such a mechanism might be
implemented universally for other snoRNA host genes (SNHGs), as the database analy-
sis revealed similar patterns of m6A-site deposition in their respective intronic SNORD
genes. Analogous studies on the point editing of SNHGs introns, as well as generation of
cell lines depleted of SNHGs in a similar manner, are promising as a foundation for the
characterization of this novel epitranscriptomic mechanism.

The presence of novel short snoRNAs in the obtained cell lines also sparks significant
interest (Figure 6B). We named these snoRNA variants “chimeric” (chisnoRNA), as they
are derived from the fragments of two naturally occurring SNORDs. The formation of such
snoRNAs indicates that it is possible to obtain human cell lines stably expressing novel non-
natural snoRNAs. This finding is intriguing in terms of generating cell lines that express
artificial snoRNAs to study the pathways regulating the expression of various mammalian
genes, as well as to develop tools for its modulation. For example, one appealing strategy
would be to make a cell line stably expressing the naturally occurring snoRNA with a
modified guide region in order to re-target its activity at an RNA of choice.

4. Materials and Methods
4.1. Materials

Plasmids were generated using BstV2I restriction endonuclease (SibEnzyme, Novosi-
birsk, Russia) and T4 DNA ligase (Thermo Fisher Scientific, Waltham, MA, USA). Routine
amplification and clone testing were performed using the BioMaster HS-Taq PCR-Color
(2×) mix (Biolabmix Ltd., Novosibirsk, Russia). Oligonucleotide primers were synthesized
by the Laboratory of Synthetic Biology (ICBFM SB RAS) or Biosset Ltd. PCR products were
isolated using the DR Kit (Biolabmix Ltd., Novosibirsk, Russia). Sanger sequencing was
carried out using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Sci-
entific), and products were further analyzed on the ABI 3130XL Genetic Analyser at the SB
RAS Genomics Core Facility. Plasmid constructs were isolated with the Plasmid Mini and
EndoFree Plasmid Maxi kits (both QIAGEN GmbH, Hilden, Germany). Genomic DNA was
isolated using the Genomic DNA Isolation Kit (Biolabmix Ltd., Novosibirsk, Russia). Total
RNA and small RNA fractions were isolated using the LIRA reagent and the LRU RNA
Isolation Kit (Biolabmix Ltd., Novosibirsk, Russia). Quantitative RT-PCR was performed
using the BioMaster RT-PCR SYBR Blue reaction mix (Biolabmix Ltd., Novosibirsk, Russia)
and a LightCycler 96 thermocycler (Roche, Switzerland).

4.2. Generation of CRISPR/Cas9 Constructs

Two protospacer sequences were selected for the specific cleavage of snoRNA genes
encoded within GAS5 introns. The protospacers were tested for possible off-target effects
using the Benchling tool (Benchling, RRID:SCR_013955). Plasmid pSpCas9(BB)-2A-GFP
(pX458; Addgene, #48138) was used as an expression vector [87]. Guide-determining
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oligonucleotides for the SNORD74 target (74-4-t 5′-CACCGATGAATGCCAACCGCTCTGA-
3′ and 74-4-b 5′-AAACTCAGAGCGGTTGGCATTCATC-3′) and the SNORD81 target (81-1-t
5′-CACCGATCAGTGAGAGAGTTCAATG-3′ and 81-1-b 5′-AAACACTTGAACTCTCTCA
CTGATC-3′) were annealed and cloned into the pX458 vector using BstV2I restriction
endonuclease (SibEnzyme, Russia) and T4 DNA ligase (Thermo Fisher Scientific) according
to the standard protocol [87]. Competent TOP10 E. coli cells were transformed with the
obtained constructs, spread onto LB agar plates supplemented with ampicillin at a concen-
tration of 10 mg/mL, and incubated overnight at 37 ◦C. Colonies containing the pX458
plasmid with sgRNA insertion were selected by colony PCR and Sanger sequencing, and
CRISPR/Cas9 expression vectors were then isolated using the EndoFree Plasmid Maxi
Kit (Qiagen).

4.3. Cell Culture and Transfection

A human 293FT cell line (Thermo Fisher Scientific) was used in the study. Cells were
maintained in a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium and Ham’s F12 media
(DMEM/F12, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% MEM
NEAA, sodium pyruvate, GlutaMax, and antibiotic–antimycotic (all Gibco) at 37 ◦C with
5% CO2. Cells were seeded in 6-well plates at a density of ~0.4 × 106 cells per well 24 h
prior to transfection. Transfection of the cells with 2 µg of a single expression vector or the
pair of expression vectors in a 1:1 ratio was performed in the serum-free full DMEM/F12
medium using the Lipofectamine 3000 reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Cells transfected with the pX458 plasmid carrying a sgRNA
sequence lacking the spacer region were used as the transfection control.

4.4. Individual Clone Selection and the Identification of Mutations

GFP-positive cells were selected and seeded (1 cell per well) into a 96-well plate by
FACS (SH3800 Cell Sorter, Sony Biotechnology) 48 h after transfection. After they reached
~80–90% confluency, cells were divided equally between two 96-well plates. One of the
plates was then used for the PCR-based mutation screening. Genomic DNA was isolated
using a genomic DNA isolation kit (Biolabmix, Novosibirsk, Russia). To test for large dele-
tions in the GAS5 gene, PCR was performed using sets of specific primers (GAS5-U74-F 5′-
AGCCTTTGTCTGCTAAGGTCA-3′ and GAS5-U74-R 5′-GTTGCCATTAACCGATGTCGA-
3′ for the SNORD74 region; GAS5-U81-F 5′-CTGAGAAGGAAATTGAGTAGG-3′ and
GAS5-U81-R 5′-TCAAAGGCCACTGCACTCTAG-3′ for the SNORD81 region). The primers
flanked the expected deletion region (GAS5-U74-F and GAS5-U81-R) or an individual target
SNORD gene. PCR products were then analyzed in a 1.5% agarose gel. To test whether one
or both alleles contained the large deletion, PCR was performed using primers (GAS5-U76-F
5′-TGGTCTCAGCCTGTGATGCT-3′ and GAS5-U76-R 5′-CTGTGTGCCAATGGCTTGAG-
3′) flanking the SNORD76 region within the area of deletion, and the products were
subsequently analyzed in a 1.5% agarose gel. Heterozygous modified cell lines and indi-
vidual SNORD-knockout lines were analyzed for the presence of point mutations in the
target genes. PCR products were isolated and subjected to Sanger sequencing. Mutations
were analyzed using the TIDE and ICE assays [88] (Synthego Performance Analysis, ICE
Analysis. 2019. v3.0. Synthego).

4.5. Isolation of Total Cell RNA

Total RNA and small RNA (<200 nucleotide length) fractions were extracted from
cells using the phenol-chloroform method followed by isolation on absorption columns
using the LRU-100-50 kit (Biolabmix, Novosibirsk, Russia). Following RNA elution in
nuclease-free water, RNA concentration was assessed using the Qubit RNA HS Assay Kit
(Thermo Fisher Scientific, USA) with Qubit 2 fluorometer (Thermo Fisher Scientific, USA).
The quality of total RNA, expressed as the RNA Integrity Number (RIN), was determined
using Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) and the Agilent RNA Pico 6000 Kit
(Agilent, USA) [89]. A threshold RIN value greater than 7.0 was taken as the cut-off point
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for the transition to library preparation. The efficiency of enrichment for small RNAs and
their length distribution were evaluated using 1.5% TAE-agarose gel and the Bioanalyzer
2100 instrument with the Agilent Small RNA kit (Agilent, USA). For sequencing, library
preparation, and RT-qPCR analysis, solutions of extracted total RNA and small RNA were
treated with DNase I (Thermo Fisher Scientific, USA) to remove DNA.

4.6. Library Preparation and Sequencing

A total of 22 cDNA libraries (11 for small RNAs and 11 for poly(A)+ RNAs) were
prepared from two biological replicates. cDNA libraries were constructed according to a
standard protocol using the NEBNext Multiplex Small RNA Library Prep Kit for Illumina
(New England Biolabs, UK) for the small-RNA fraction, the NEBNext Ultra II Directional
RNA library preparation kit for Illumina (New England Biolabs, UK), and the NEBNext
mRNA Magnetic Isolation Module (New England Biolabs, UK) for the poly(A)+ RNA
fraction. Fragment size distributions were analyzed using a Bioanalyzer 2100 (Agilent,
USA) with the Agilent High Sensitivity DNA Kit (Agilent, USA), and the fragments were
quantified with the Qubit 2 fluorometer (Thermo Fisher Scientific, USA) and the Qubit
DNA HS Assay Kit (Thermo Fisher Scientific, USA). Libraries were sequenced on the
Illumina NextSeq 500 instrument in 75-base-pair-single-end mode (NextSeq 500/550 High
Output v2.5 Kit (Illumina, San Diego, CA, USA)). Binary Base Call files provided by the
Illumina Real-Time Analysis RTCA Software version 1.2 software (ACEA Bioscience, United
States) were de-multiplexed and converted into FASTQ format using bcl2fastq2 Conversion
Software (v2.20). The construction of cDNA libraries and massive parallel sequencing were
carried out at the Institute of Fundamental Medicine and Biology, Kazan Federal University
(Kazan, Russia).

4.7. RNA-Seq and Differential Expression Analysis

The raw data were saved as FASTQ files. Quality-control analysis of the raw and
trimmed reads was performed using FastQC (v0.11.9) and MultiQC (v1.9) [90,91]. Trimming
of the adapter content and quality trimming were performed using fastp (v0.21.0) [92]. The
reads complementary to the ribosomal RNA were filtered out using SortMeRNA (v2.1b) [93].
The filtered reads were aligned to the human genome (GRCh37) in STAR (v2.7.7a) [94]. The
CuffDiff program was used for the comparative analysis of the differential gene and small-
RNA expression [95]. Sashimi plots for the RNA-Seq analyses of the isoform expression
were generated by IGV [96,97]. RNA-seq data were deposited in the ArrayExpress database
at EMBL-EBI (https://www.ebi.ac.uk/biostudies/arrayexpress, accessed 27 October 2023)
under the accession number E-MTAB-13515 [98].

4.8. Real-Time RT-PCR

Prior to quantitative RT-PCR, total RNA and small-RNA fractions were isolated from
cells and treated with DNase I (Thermo Fisher Scientific), as mentioned in Section 4.5. After
the concentration measurement, quantitative RT-PCR was performed.

To assess the total level of GAS5-encoded snoRNAs, the following primers were used:
U74 RNA (U74-F 5′-CTGCCTCTGATGAAGCCTGTG-3′ and U74-R 5′-GAGCGGTTGGCAT
TCATC-3′); U75 RNA (U75-F 5′-AGCCTGTGATGCTTTAAGAG-3′ and U75-R 5′-AGCCTC
A GAATAGAATTTCAG-3′); U76 RNA (U76-F 5′-TGCCACAATGATGACAGT-3′ and U76-
R 5′-GCCTCAGTTAAGATAATGGTG-3′); U77 RNA (U77-F 5′-AGATACTATGATGGTTGC-
3′ and U77-R 5′-GATACATCAGACAGATAG-3′); U44 RNA (U44-F 5′-CCTGGATGATGATA
AGCA-3′ and U44-R 5′-AGTCAGTTAGAGCTAATTAAG-3′), U78 RNA (U78-F 5′-GTGTAA
TGATGTTGATCA-3′ and U78-R 5′-TTCTTCAGTGTTACCTTTG-3′), U79 RNA (U79-F
5′-CTGTTAGTGATGATTTAA-3′ and U79-R 5′-CTGTTTCAGTTTAAGATT-3′), U80 RNA
(U80-F 5′-ACAATGATGATAACATAG-3′ and U80-R 5′-GATAGGAGCGAAAGACT-3′),
U47 RNA (U47-F 5′-AACCAATGATGTAATGATTC-3′ and U47-R 5′-AACCTCAGAATCAA
AATGG-3′), U81 RNA (U81-F 5′-CAGAATACATGATGATCTC-3′ and U81-R 5′-CAGAATA
TCAGATATTTTATTG-3′). The expression levels were presented as values normalized to the
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endogenous level of U1 (U1-F 5′-CAGGGGAGATACCATGATCACGAAG-3′ and U1-R 5′-
CGCAGTCCCCCACTACCACAAAT-3′) and U6 (U6-F 5′-TCGCTTCGGCAGCACATATA
CTAAAAT-3′ and U6-R 5′-GAATTTGCGTGTCATCCTTGCG-3′) snRNAs.

To assess the level of mature GAS5 lncRNA, the following primers were used: GAS5
exons 1-5 (GAS5_exon1-F 5′-GAGGTAGGAGTCGACTCCTGTGA-3′ and GAS5_exon5-R
5′-CATTTCAACTTCCAGCTTTCTGT-3′); GAS5 exons 1-12 (GAS5_exon1-F and GAS5_exon
12-R 5′-TTGGAGACACTGTTTTAATCTTCT-3′). The expression levels were presented as
values normalized to the endogenous level of 18S rRNA (18S-F 5′-GATGGTAGTCGCCGTG
CC-3′ and 18S-R 5′-GCCTGCTGCCTTCCTTGG-3′) and GAPDH mRNA (GAPDH-F 5′-
GAAGATGGTGATGGGATTTC-3′ and GAPDH-R 5′-GAAGGTGAAGGTCGGAGT-3′).
RT-PCR products resulting from the assessment of GAS5 levels were also analyzed in 1.5%
agarose gel to detect the formation of potentially novel splice variants.

The mean values (± standard deviation, SD) from three independent experiments
were calculated. Statistically significant differences were identified using paired Student’s
t-test and denoted as p-values < 0.05 (*), <0.01 (**), or <0.001 (***).

5. Conclusions

This study characterized the maturation of the GAS5 transcript in human cells.
CRISPR/Cas9 editing of the first and the last intron simultaneously or independently
allowed us to create a collection of human cell lines carrying various GAS5 alleles. Cell
lines with one depleted GAS5 allele provided a promising model, allowing for the study of
individual mutations in SNORD genes in order to shed light on the specifics of transcript
maturation. Individual mutations in SNORD81 were shown to promote the formation of a
novel GAS5 lncRNA variant lacking exons 10 and 11. Mutations in SNORD74 led to the loss
of the target nucleotide for m6A modification, which hindered GAS5 lncRNA maturation
and resulted in its downregulation and the downregulation of all of the intron-encoded
box C/D snoRNAs. These findings suggest a novel, SNORD-dependent mechanism of
snoRNA host-gene maturation that involves m6A-associated pathways.
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