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Abstract: Small nucleolar RNAs (snoRNAs) are a highly expressed class of non-coding RNAs 
known for their role in guiding post-transcriptional modifications of ribosomal RNAs and small 
nuclear RNAs. Emerging studies suggest that snoRNAs are also implicated in regulating other vital 
cellular processes, such as pre-mRNA splicing and 3′-processing of mRNAs, and in the development 
of cancer and viral infections. There is an emerging body of evidence for specific snoRNA’s involve-
ment in the optimal replication of RNA viruses. In order to investigate the expression pattern of 
snoRNAs during influenza A viral infection, we performed RNA sequencing analysis of the A549 
human cell line infected by influenza virus A/Puerto Rico/8/1934 (H1N1). We identified 66 that were 
upregulated and 55 that were downregulated in response to influenza A virus infection. The in-
creased expression of most C/D-box snoRNAs was associated with elevated levels of 5’- and 3’-short 
RNAs derived from this snoRNA. Analysis of the poly(A)+ RNA sequencing data indicated that 
most of the differentially expressed snoRNAs synthesis was not correlated with the corresponding 
host genes expression. Furthermore, influenza A viral infection led to an imbalance in the expres-
sion of genes responsible for C/D small nucleolar ribonucleoprotein particles’ biogenesis. In sum-
mary, our results indicate that the expression pattern of snoRNAs in A549 cells is significantly al-
tered during influenza A viral infection. 
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1. Introduction 
Influenza viruses are enveloped single-stranded segmented negative-sense RNA vi-

ruses of the Orthomyxoviridae family, which are classified into four genera: influenza 
virus A–D (IAV, IBV, ICV, and IDV) [1]. The greatest risk to human health is associated 
with two types of influenza virus: A and B. Influenza A virus is the cause of annual sea-
sonal epidemics and global pandemics, such as Spanish flu in 1918 and swine flu in 2009 
[2,3]. At the cellular level, influenza A virus infection activates host viral RNA sensors 
(RIG-I, MDA5, TLRs), which induce downstream signaling pathways and regulate the 
expression pattern of antiviral genes [4]. It was also shown that the expression and func-
tion of long non-coding RNAs (lncRNAs) and microRNAs (miRNAs) are dysregulated by 
influenza virus infection [5,6]. However, the effects of this process on other non-coding 
RNAs (ncRNAs), including small nucleolar RNAs (snoRNAs), are less understood. 

Small nucleolar RNAs are a class of small ncRNA 60–300 nt long that are widely 
present in eukaryotic cells’ nucleolus. In the human genome, snoRNAs are predominantly 
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encoded by intronic regions of both non-coding and protein-coding genes [7]. It is gener-
ally accepted that snoRNAs act as guide molecules for functional small nucleolar ribonu-
cleoprotein particles (snoRNPs) in the post-transcriptional processing of ribosomal RNA 
(rRNA) and small nuclear RNA (snRNA). There are two main groups of snoRNAs: C/D-
box snoRNAs, which are associated with 2′-O-methylation, and H/ACA-box snoRNAs, 
which are associated with pseudouridylation [8]. 

However, recent studies have indicated that some snoRNAs are expressed at differ-
ent levels with regard to the cell type and biological and environmental factors [9–11]. 
Several snoRNAs possess non-canonical functions, for instance, they guide cytosine acet-
ylation and regulate alternative splicing and 3′-processing of mRNAs [12–15]. Addition-
ally, high-throughput sequencing has revealed that snoRNAs can also be processed to 
generate smaller fragments called sno-derived RNAs (sdRNAs), which have important 
functional significance [16,17]. Some sdRNAs mainly derived from H/ACA-box snoRNAs 
(H/ACA-sdRNAs) play miRNA-like roles, interacting with Dicer and AGO complexes, 
whereas sdRNAs mainly derived from C/D-box snoRNAs (C/D-sdRNAs) exert alternative 
functions by binding other specific proteins or RNAs [18–21]. 

Moreover, the accumulated knowledge indicates that the expression of snoRNAs and 
sdRNAs is often changed in pathological conditions such as cancer or viral infection [22–
25]. Several snoRNAs have been proposed as candidates for oncogene or tumor suppres-
sor genes. The expression of short microRNA-like sdRNA-93 derived from SNORD93 con-
tributed to the malignant phenotype of breast cancer [26]. SNORD89 overexpression pro-
moted the proliferation and migration of endometrial cancer cells and inhibited apoptosis 
by downregulating the tumor suppressor gene BIM [27]. SNORD47 acted as a tumor sup-
pressor, inhibiting the proliferation of glioma cells and inducing G2 phase arrest [28]. 
There is also growing evidence for functional interactions between snoRNAs and viruses 
[25]. Knock-down studies revealed that specific H/ACA-box and C/D-box snoRNAs are 
involved in virus–host interactions and virus-induced cell death [29]. Moreover, retrovi-
ruses package ncRNAs, including snoRNAs, into their virions [30,31]. Several nuclear and 
cytosolic RNA viruses use a short capped snoRNA fragment to prime viral mRNA tran-
scription (‘cap-snatching’ strategy) [32,33]. Despite these reports, many questions on how 
snoRNAs interact with pathogens at a molecular level and whether regulation of snoR-
NAs and sdRNAs is an inductor or an indicator in disease progression remain open. 

Here, we performed small RNA sequencing analysis of influenza-A-virus-infected 
A549 cells, which revealed that 121 snoRNAs show a significant change in their expression 
in response to infection. In addition, we showed an association between upregulated ex-
pression of most C/D-box snoRNAs and an increase in the level of 5’- and 3’-short RNA 
derived from these snoRNAs. Based on the parallel analysis of poly (A)+ RNA sequencing 
data, we examined the correlation between the levels of intronic C/D-box snoRNA and 
corresponding host genes and the change in the expression of genes responsible for C/D 
snoRNP biogenesis during influenza A viral infection. 

2. Results 
2.1. Library Preparation: Sequencing and Mapping 

For systematic investigation of small nucleolar RNAs’ regulation during influenza A 
viral infection, we performed RNA sequencing analysis of A/Puerto Rico/8/1934-virus-
infected A549 cells. We generated six small RNA and six poly(A) + RNA libraries using 
two biological replicates of each time point: before infection (0 h) and after infection (24 
and 48 h). The sequencing reactions yielded approximately 6.4 and 11.5 million raw reads 
for the small RNA and poly(A)+ RNA libraries, respectively (Figure 1, Table S2). Raw 
reads were processed and aligned via STAR to a combined genomic reference of the hu-
man genome and the genome of influenza A virus. The percentage of uniquely mapped 
reads ranged from 50% to 68% and from 87% to 91% for the small RNA and poly(A)+ RNA 
libraries, respectively. Extension of the infected cells’ incubation time correlated with an 
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increase in the number of reads mapped to the influenza A virus genome. The majority of 
the annotated reads of the small RNA libraries were mapped to pre-miRNAs (59.6 to 
62.5%) and snoRNAs (35.5 to 39.2%) (Figure S3A). 

 
Figure 1. Summary of RNA sequencing data. Number of retrieved raw reads, reads after filtering 
(trimming of adapters, filtering by quality, removal of ribosomal RNA fragments), and uniquely 
mapped reads to GRCh38 and to the influenza A/Puerto Rico/8/1934 genomes. Sm_0h_1/2, 
Sm_24h_1/2, Sm_48h_1/2—small RNA libraries; pA_0h_1/2, pA_24h_1/2, pA_48h_1/2—poly(A)+ 
RNA libraries. 0h—non-infected cells; 24 and 48h—influenza-A/Puerto Rico/8/1934-infected cells 
after 24 and 48 h of incubation. 

2.2. Differentially Expressed Small Nucleolar RNAs in Response to Influenza A Virus Infection 
Differential analysis of the small RNA expression revealed that large numbers of 

snoRNAs were upregulated or downregulated in response to influenza A virus infection 
(Figure S2). An increase in the incubation time of the infected cells led to an increase in 
both the level of changes and the number of unique differentially expressed C/D-box and 
H/ACA-box snoRNAs (SNORDs and SNORAs) (Figure 2, Table S3). Then, 48 h after in-
fection, 38 and 43 C/D-box snoRNAs and 29 and 13 H/ACA-box snoRNAs were upregu-
lated and downregulated, respectively. The number of differentially expressed snoRNAs 
was even higher than the number of differentially expressed mature miRNAs (Figure S3B; 
Table S4). 
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Figure 2. snoRNAs that are differentially expressed during virus infection. (A) Venn diagrams show 
the number of common and unique upregulated and downregulated snoRNAs 24 and 48 h after 
influenza A virus infection (FDR-adjusted p-value < 0.05, absolute value of a log2 (FC) > 0.58). (B) 
Overview of 121 differentially expressed snoRNAs in A549 cells during influenza A virus infection. 
Colors on the heat map indicate the log2 ratios of the expression level in virus-infected cells relative 
to the expression level in non-infected cells (normalized read counts). Red, upregulation; blue, 
downregulation. Sm_24h vs. Sm_0h, infected cells after 24 h of incubation vs. non-infected cells; 
Sm_48h vs. Sm_0h, infected cells after 48 h of incubation vs. non-infected cells. 

2.3. Upregulated C/D-Box snoRNAs Are Actually Upregulated sno-Derived RNAs 
C/D-box snoRNAs were examined in more detail. Firstly, 99% of all reads mapped to 

snoRNAs were aligned to C/D-box snoRNAs (on average, 1.17 × 106 reads to C/D-box vs. 
7.73 × 10³ reads to H/ACA-box for each sample). Secondly, the selected sequencing proto-
col (75-nucleotide single-end reads) is more suitable for the analysis of the C/D-box 
snoRNA distribution (an average length is 60–90 nucleotides) then for the analysis of 
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H/ACA-box snoRNAs (an average length is about 150 nucleotides). Thirdly, we focused 
on the C/D-box snoRNAs as more structure and function diversity has, up to now, been 
identified among this subclass compared with H/ACA-box [34]. Furthermore, there is an 
emerging body of evidence for functional interactions between C/D box snoRNAs and 
RNA viruses [25]. 

We examined the match length distribution for experimental reads mapped to the 
reference sequence of upregulated and downregulated C/D-box snoRNAs genes. Interest-
ingly, most reads that mapped to upregulated C/D-box snoRNAs had a size distribution 
between 26 and 35 nt while most reads mapped to downregulated C/D-box snoRNAs had 
a size distribution between 65 and 76 nt, more specifically for C/D-box snoRNAs. The 
A549 cells at 48 h post infection were characterized by the most pronounced effect (Figure 
3A). A similar pattern in the case of upregulated and downregulated H/ACA-box snoR-
NAs was also observed. Furthermore, elongation of the infected cells’ incubation time re-
sulted in a redistribution of the forms of upregulated C/D-box snoRNAs from mature 
RNAs to processing fragments of the mature RNAs (Figure S4). 

The reads aligned to C/D-box snoRNAs were also visualized using the Integrative 
Genomics Viewer (IGV) [35]. Visual analysis of the mapped reads revealed once again 
that while a decrease in the full-length forms was typical for downregulated C/D-box 
snoRNAs, an increase in 5’- and 3’-short RNA derived from snoRNAs was common to 
upregulated C/D-box snoRNAs (Figure S5A; Figure 3B). Importantly, these short  
snoRNAs fragments did not likely represent the degradation products as fixed excision 
patterns were characterized for most of them. 

To validate our sequencing data, we tested the expression of upregulated SNORD93, 
SNORD11, SNORD1B, SNORD8, and derived sdRNAs in independent samples of A549 
cells infected with influenza A/Puerto Rico/8/1934 virus by real-time quantitative reverse 
transcription PCR (RT-PCR) with custom stem-loop primers [36]. The RT-PCR analysis 
confirmed the processing patterns for 5’-sdRNAs of the selected C/D-box snoRNAs and 
the influenza-associated upregulation of the corresponding sdRNAs observed in the se-
quencing data (Figure 3C). Furthermore, we also verified the influenza-associated de-
creased expression of some downregulated C/D-box snoRNAs. The results for 
SNORD58A, SNORD42A, and SNORD79 are presented in Figure S5B. 
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Figure 3. (A) Size distribution of reads mapped to upregulated and downregulated C/D-box snoR-
NAs (SNORDs) in infected cells after 48 h of incubation. (B) The coverage tracks of the aligned reads 
for the four snoRNAs that were upregulated in response to influenza A virus infection (SNORD93, 
SNORD11, SNORD1B, and SNORD8) generated with IGV. Green reads, non-infected cells; violet 
reads, infected cells after 24 h of incubation; pink reads, infected cells after 48 h of incubation. (C) 
Expression of full-length SNORD93, SNORD11, SNORD1B, and SNORD8 and their 5′-sdRNAs 
measured by quantitative RT-PCR with custom stem-loop primers. 
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2.4. C/D-box snoRNA Host Genes and C/D snoRNP Biogenesis during Influenza A Viral 
Infection 

In the human genome, most C/D-box snoRNA genes are located within the introns 
of host genes encoding mRNA or long noncoding RNA (Figure 4A). The biogenesis of 
such C/D-box snoRNAs and the assembly of snoRNPs are related to the splicing machin-
ery and require a number of trans-acting factors. Therefore, using the data of the differen-
tial analysis of the expression of poly(A)+ RNAs (virus-infected cells vs. non-infected 
cells), we examined the correlation between the intronic snoRNA genes’ expression and 
the expression of corresponding host genes. Moreover, we looked at the changes in the 
expression of genes encoding proteins involved in C/D snoRNP biogenesis during influ-
enza A virus infection. 

According to our data, the synthesis of most differentially expressed snoRNAs is not 
correlated with the expression of the host genes. Only 25% of all differentially expressed 
C/D-box snoRNAs (18 upregulated and 2 downregulated snoRNAs) and corresponding 
host genes were characterized by significant unidirectional changes 48 h after influenza A 
virus infection (Figure 4B). To note, some host genes (MIG8, RPL7A, SNHG1, SNHG14, 
SNHG32) contain both upregulated and downregulated snoRNAs located in different in-
trons. Recent studies have shown that the expression of individual snoRNAs and their 
cognate spliced RNA can be uncoupled via alternative splicing and nonsense-mediated 
decay [37]. 

 
Figure 4. (A) Intronic organization of snoRNA genes located in small nucleolar RNA host gene 16 
(SNHG16) (RefSeq: NR_038108.1). (B) Relative expression levels of differentially expressed snoR-
NAs and corresponding host genes. Each dot represents one intronic snoRNA. The position on the 
x-axis represents its relative expression in virus-infected cells (48 h after infection) vs. non-infected 
cells (small RNA sequencing), and the position on the y-axis represents the relative expression of 
the corresponding host gene (poly(A)+ RNA sequencing). The data sets with identical y-values cor-
respond to snoRNAs encoded in the same host gene. 
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The differential expression analysis of genes responsible for C/D snoRNP biogenesis 
revealed an imbalance in the mRNA level of genes involved in the major steps of snoRNA 
maturation during influenza A viral infection (Table 1). While the mRNA levels of the 
core proteins SNU13 and NOP56 increased, the mRNA level of the assembly factors 
RPAP3, RUVBL1, and RUVBL2 decreased. Moreover, the mRNA levels of the transcrip-
tion factor MYC, known as the master regulator of snoRNP biogenesis, and the general 
splicing factor AQR, which binds the splicing and snoRNP biogenesis machineries, also 
changed in virus-infected cells compared to non-infected cells. 

Table 1. Differential expression of genes encoding proteins involved in eukaryotic C/D snoRNP 
biogenesis (FDR-adjusted p-value < 0.05, absolute value of a log2 (FC) > 0.58) [34]. 

Function Ensembl ID Gene Symbol log2 (FC) p.adj 

Core proteins 

ENSG00000105202 FBL 0.03 1.0 × 100 
ENSG00000101361 NOP56 1.23 5.4 × 10−46 
ENSG00000055044 NOP58 −0.37 3.8 × 10−4 
ENSG00000100138 SNU13 (15.5 kDa) 0.96 3.4 × 10−18 

Transcription factor ENSG00000136997 MYC 1.01 6.1 × 10−27 
General splicing factor ENSG00000021776 AQR (IBP160) −0.99 5.3 × 10−19 

Formation of a tertiary complex with SNU13 
ENSG00000083635 NUFIP1 0.43 1.1 × 10−1 
ENSG00000273611 ZNHIT3 0.59 1.1 × 10−4 

Formation of the complex R2TP involved in sta-
bilization and the recruitment of NOP58 

ENSG00000096384 HSP90AB1 −0.29 2.0 × 10−5 
ENSG00000104872 PIH1D1 1.01 3.1 × 10−16 
ENSG00000005175 RPAP3 −1.01 2.4 × 10−12 
ENSG00000175792 RUVBL1 −1.37 1.1 × 10−27 
ENSG00000183207 RUVBL2 −1.91 1.7 × 10−65 

Control of the nucleolar localization 
ENSG00000166197 NOLC1 (NOPP140) 0.07 4.4 × 10−1 
ENSG00000164902 PHAX −0.04 8.1 × 10−1 
ENSG00000082898 XPO1 (CRM1) −0.16 4.6 × 10−2 

Formation of a tertiary complex with SNU13 
ENSG00000100697 DICER1 0.62 1.9 × 10−9 
ENSG00000113360 DROSHA −1.45 1.7 × 10−24 

2.5. Modulation of rRNA 2ʹ-O-methylation in Response to Influenza A Virus Infection 
The main function of C/D-box snoRNAs is to guide site-specific 2ʹ-O-methylation of 

rRNA nucleotides [38]. The rRNA modification profile plays an important role in global 
ribosome topology and functions [39]. According to an interactive database of human 
snoRNA snoDB, approximately 80% of detected differentially expressed snoRNAs con-
tain antisense boxes that are complementary to specific target rRNA nucleotides [40,41]. 
Additionally, it is worth noting that in both the case of downregulated and upregulated 
snoRNAs, we observed a decrease in the level of full-length forms of snoRNAs required 
for rRNA modification. 

Using the method based on the termination of reverse transcription, we analyzed the 
changes in the target nucleotides of 2′-O-methylation for some differentially expressed 
snoRNAs (downregulated: SNORD79, SNORD58a; upregulated: SNORD93, SNORD1b). 
All selected nucleotides were characterized by a trend toward decreased 2′-O-methylation 
after 48 h of incubation after influenza A virus infection (Figure 5). 
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Figure 5. Relative level of rRNA 2’-O-methylation in A549 cells 24 and 48 h after influenza A virus 
infection. C/D-box snoRNA—target rRNA nucleotide: SNORD79—28S:Am3809; SNORD58a—
28S:Gm4198; SNORD93—18S:Am576; SNORD1b—28S:Gm4362. Green, non-infected cells; violet, 
infected cells after 24 h of incubation; pink, infected cells after 48 h of incubation. 

3. Discussion 
Influenza A virus (IAV), causing annual seasonal epidemics and global pandemics, 

is of high public health concern. During the process of IAV infection, disturbances are 
observed at the different levels of gene expression, including activation of antiviral gene 
transcription, regulation of alternative splicing, changes in post-transcriptional modifica-
tions, and control of the translational machinery [42–46]. In recent years, it has been shown 
that host ncRNAs also play an important role in the regulation of influenza virus replica-
tion [5,6]. Some inhibit the replication and expression of the viral genome while others 
promote the initiation of the infection and escape from the host antiviral innate immune 
response. 

In this paper, through RNA sequencing analysis of A549 human cells infected with 
influenza A/Puerto Rico/8/1934 (H1N1) virus, we found that a large number of snoRNAs 
are differentially expressed in human cells during influenza infection. Further, 48 h after 
infection, 38 and 43 C/D-box snoRNAs and 29 and 13 H/ACA-box snoRNAs were upreg-
ulated and downregulated, respectively. The main function of snoRNAs is known to 
guide site-specific rRNA modifications required for ribosome biogenesis [38,47]. Recent 
studies have shown that alterations in the rRNA modification profile may regulate and 
adapt the ribosome function in response to environmental changes, and in various dis-
eases [48]. Furthermore, the synthesis of viral proteins and viral replication also depend 
on the host ribosome [49]. According to the experimental data, most of the detected dif-
ferentially expressed snoRNAs have a known rRNA nucleotide as a target for 2′-O-meth-
ylation [40]. Interestingly, a decrease in the full-length forms was also observed in the case 
of upregulated snoRNAs. The analysis of the rRNA modifications revealed a trend toward 
decreased 2′-O-methylation of specific target rRNA nucleotides after 48 h of incubation 
after influenza A virus infection. It can therefore be assumed that specific regulation of 
snoRNA expression in response to influenza virus infection is aimed at changes in the 
rRNA modification pattern and adaptation of the translation apparatus. Such a type of 
control may contribute to the efficient translation of viral mRNAs and at the same time 
the suppression of cellular mRNA translation [42]. 

At present, it is known that the majority of ncRNA expression is dysregulated in re-
sponse to influenza virus infection [5,6]. However, the number of studies focused on the 
regulation of snoRNA expression in infected cells is very limited. Earlier, the analysis of 
deep sequencing of the mouse lung transcriptome revealed 30 small RNAs overlapped 
with annotated snoRNAs, which were differentially expressed in mice during SARS-CoV 
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and influenza A virus infection [50]. A recent study utilizing gene-trap insertional muta-
genesis to randomly inactivate cellular genes found that 83 SNORA and SNORD genes 
are potentially important for viral replication. The silencing of SNORA/Ds encoded within 
RPS11 (SNORD35B), SNHG3 (SNORA73A, SNORA73B), and SNHG1 (SNORD22, 
SNORD25, SNORD26, SNORD27, SNORD28, SNORD29, SNORD30, SNORD31) inhibited 
infection with influenza A virus [29]. Interestingly, in our data, we observed that while 
the relative expression level of SNORD22 increased 4-fold, the level of SNORD26 and 
SNORD28 decreased 2-3-fold in influenza-A-virus-infected cells compared to non-in-
fected cells. The observed changes in the expression of SNORDs indicate that some  
snoRNAs required for viral replication may be partially suppressed in the infected cells. 
Such regulation may be a component of the antiviral response. In addition, according to 
our data, the independently transcribed SNORD13 and SNORD118 were upregulated af-
ter influenza A virus infection. This may be due to the ability of the influenza A virus to 
use short capped snoRNA fragments to prime viral mRNA transcription (‘cap-snatching’ 
strategy), as previously shown by RNA sequencing [32,33]. 

Visual and size distribution analyses of the mapped reads revealed that upregulated 
C/D-box snoRNAs were associated with the increase in the level of 5’- and 3’-short RNA 
derived from snoRNAs. Such fragments of snoRNA processing were discovered in the 
late 2000s and were named sno-derived RNAs [16,17]. Next-generation sequencing tech-
nology has revealed that some sdRNAs are involved in gene expression regulation, and 
increased production of sdRNAs is frequently associated with the response to stress and 
development of various pathologies [51]. However, the mechanisms of the generation of 
smaller fragments from full-length snoRNAs remain poorly understood. 

Despite the fact that most RNA fragments derived from C/D-box snoRNAs are dif-
ferent in size from miRNAs (17–19 nt or > 27 nt for snoRNAs vs. 21–22 nt for miRNAs) 
and are not efficiently incorporated into the Ago2 protein, a small number of sno-RNA-
derived RNAs may carry out miRNA-like functions [18,52]. sdRNA-93 derived from 
SNORD93 could regulate the expression of the PIPOX gene through miRNA-like silenc-
ing, contributing to the malignant phenotype of breast cancer [26]. sdRNA-28 derived 
from SNORD28 could serve an miRNA-like role by changing the p53 protein stability via 
direct regulation of the TAF9B gene [53]. According to our data, SNORD93 (one of the 
most upregulated snoRNAs) and SNORD28 (the level of full-length SNORD28 was de-
creased) were also characterized by an increase in sdRNAs in response to influenza A 
virus infection. 

It is worth noting that both previous studies and our study indicate that non-infected 
cells also contain similar fragments of snoRNA processing. Thus, influenza A virus infec-
tion merely influences the activity of the sdRNA formation process. It is known that vi-
ruses induce host shutoff when the cells begin to produce viral proteins at the expense of 
host proteins. The main cause for host shutoff during influenza A virus infection is selec-
tive degradation of host mRNAs by PA-X endonuclease. The analysis of the RNA-se-
quencing and ribosome profiling of A549 cells infected with A/Puerto Rico/8/1934 (H1N1) 
virus revealed a relative reduction in the RNA (2-4-fold) and translation (2-fold) levels of 
the main genes responsible for C/D-box snoRNA biogenesis: FBL, NOP56, NOP58, and 
NHP2L1 (SNU13), 12 h after infection [42]. In our study, we also observed an imbalance 
in the mRNA level of genes involved in the major steps of C/D-box snoRNA maturation, 
24 and 48 h after infection (Table 1). We hypothesize that snoRNP core proteins can also 
be recruited by viral RNA by binding to secondary structure elements, in particular, K-
turn in viral mRNAs [54,55]. A lack of core proteins of C/D snoRNPs may lead to deregu-
lation of snoRNA biogenesis and the production sdRNAs. Moreover, the snoRNA-pro-
cessing profiles suggest that sdRNAs arise from specific cleavage by ribonucleases at the 
5′ and 3′ ends and protection from further processing by noncanonical co-transcriptionally 
associated proteins. Thus, it is possible that influenza A virus infection contributes to a 
switch between the functions performed by snoRNA or sdRNAs derived from it. 
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In conclusion, we demonstrated the expression pattern of snoRNAs in A549 human 
cells infected with influenza A virus. We also showed that some C/D-box snoRNAs are 
characterized by an increase in the sno-derived RNA level. The regulation of snoRNA 
biogenesis and processing during infection is yet another example of the intricate and 
poorly understood interaction between the host and virus. Further study of the interaction 
between snoRNAs and influenza viruses will likely uncover new functions of snoRNAs 
and possibly unveil new anti-viral strategies. 

4. Materials and Methods 
4.1. Virus and Cell Lines 

A/Puerto Rico/8/1934 (H1N1) influenza virus from the collection of Smorodintsev 
Research Institute of Influenza (Ministry of Health of the Russian Federation) was used. 
A/Puerto Rico/8/1934 influenza virus were propagated in 10-day-old ECE. Virus titers 
were determined by estimating the 50% tissue culture infectious dose (TCID50) in MDCK 
cell culture (IRR #FR-58, Manassas, VA, USA). Virus stocks were stored at −80 °C until 
use. 

A549 cells (ATCC #CCL-185, Manassas, VA, USA) were maintained in DMEM/F12 
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with GlutaMAX (Thermo 
Fisher Scientific, Waltham, MA, USA) and 10% FBS (Thermo Fisher Scientific, Waltham, 
MA, USA) at 37 °C, 5% CO2. 

4.2. Infection of Cells and Growth Kinetics of Influenza Virus 
Cells were grown in T25 cell culture flasks (TPP, Trasadingen, Switzerland) until 90–

100% monolayer. Influenza A/Puerto Rico/8/1934 virus was diluted in culture media (se-
rum-free, 1% Antibiotic-Antimycotic (Thermo Fisher Scientific, Waltham, MA, USA), 1 
μg/mL TPCK-trypsin (Merck, Darmstadt, Germany)) to reach a multiplicity of infection 
of 1 TCID50/cell. Cells monolayers were washed twice by DPBS (Thermo Fisher Scientific, 
Waltham, MA, USA) and subsequently virus inoculum was added (1 mL/flask) and incu-
bated at 37 °C for 1 h, 5% CO2. As absorption passed, the inoculum was removed, and 
fresh media was added. Infected cells were incubated at 37 °C for 24 or 48 h, 5% CO2. At 
24 and 48 h after infection, all the culture media were collected, and the titers were meas-
ured by the TCID50 assay. The growth kinetics of the influenza A/Puerto Rico/8/1934 
(H1N1) virus in the cell lines are presented in Figure S1. Non-infected intact cells without 
incubation (time point 0 h) were included as controls. Following the end of the incubation 
period, the cells were washed twice with DPBS and directly lysed by the addition of phe-
nol reagent LIRA (Biolabmix, Novosibirsk, Russia). 

4.3. RNA Isolation 
Total RNA and small RNA (< 200 nucleotide length) fractions were extracted from 

cells and were purified using the phenol-chloroform extraction method followed by iso-
lation on absorption columns using the LRU-100–50 kit (Biolabmix, Novosibirsk, Russia) 
or analogical mirVana™ miRNA isolation kit (Thermo Scientific, Waltham, MA, USA) and 
diluted with nuclease-free water (Biolabmix, Novosibirsk, Russia). The RNA concentra-
tion was assessed using a Qubit RNA HS Assay Kit (Thermo Scientific, Waltham, MA, 
USA) with a Qubit 2 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The 
quality of total RNA, expressed as the RNA integrity number (RIN), was determined with 
a Bioanalyzer 2100 instrument (Agilent, Santa Clara, CA, USA) using an Agilent RNA Pico 
6000 Kit (Agilent, Santa Clara, CA, USA) [56]. A threshold RIN value greater than 7.0 was 
taken as the cut-off point for the transition to the stage of library preparation. The effi-
ciency of enrichment for small RNA and their length size distribution were evaluated us-
ing 1.5% TAE-agarose gel (Thermo Fisher Scientific, Waltham, MA, USA) and a Bioana-
lyzer 2100 instrument with an Agilent Small RNA kit (Agilent, Santa Clara, CA, USA), 
respectively. For the sequencing libraries’ preparation and RT-qPCR analysis, solutions of 
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the extracted total RNA and small RNA were treated with DNase I (Thermo Fisher Scien-
tific, Waltham, MA, USA) to remove DNA. 

4.4. Library Preparation and Sequencing 
A total of 12 cDNA libraries (6 for small RNA and 6 for poly(A)+ RNA) were prepared 

from 2 biological replicates of each time point: before infection (0 h) and after infection (24 
and 48 h). The construction of cDNA libraries was performed according to a standard 
protocol using a NEBNext Multiplex Small RNA Library Prep Kit for Illumina (New Eng-
land Biolabs, Ipswich, MA, USA) for small RNA fraction, NEBNext Ultra II Directional 
RNA library preparation kit for Illumina (New England Biolabs, Ipswich, MA, USA), and 
NEBNext mRNA Magnetic Isolation Module (New England Biolabs, Ipswich, MA, USA) 
for poly(A)+ RNA fraction. For the prepared sequencing libraries, the fragment size dis-
tribution was analyzed using a Bioanalyzer 2100 instrument (Agilent, Santa Clara, CA, 
USA) with an Agilent High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA) and 
quantification by a Qubit DNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, 
USA) with a Qubit 2 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Libraries 
were sequenced on an Illumina NextSeq 500 instrument (Illumina, San Diego, CA, USA) 
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 
(RTA) software were de-multiplexed and converted into FASTQ format by bcl2fastq2 
Conversion Software (v2.20, Illumina, San Diego, CA, USA). The construction of cDNA 
libraries and massive parallel sequencing were conducted at the Institute of Fundamental 
Medicine and Biology, Kazan Federal University (Kazan, Russia). 

4.5. RNA-seq and Differential Expression Analysis 
The raw data were saved as FASTQ format files. The quality control of the raw and 

trimmed reads was performed using FastQC (v0.11.9, Simon Andrews, Babraham, UK) 
and MultiQC (v1.9, Phil Ewels, Stockholm, Sweden) [57,58]. Trimming of the adapter con-
tent and quality trimming was performed using fastp (v0.21.0, Shifu Chen, Shenzhen, 
China) [59]. The reads complementary to ribosomal RNA were filtered out from the 
trimmed reads using SortMeRNA (v2.1b, Evguenia Kopylova, Villeneuve dʹAscq, France) 
[60]. The filtered reads were aligned via STAR (v2.7.7a, Alexander Dobin, Cold Spring 
Harbor, NY, USA) to a combined genomic reference of the human genome (GRCh38) and 
the genome of influenza A/Puerto Rico/8/1934 (H1N1) [61]. The counting of reads was 
performed with the featureCounts function from the R package Rsubread (v2.4.3, Yang 
Liao, Parkville, Australia) [62]. Differentially expressed RNAs were identified using R 
package DESeq2 (v1.30.1, Michael Love, Heidelberg, Germany) with an FDR-adjusted p -
value < 0.05 and the absolute value of a log2 (FC) > 0.58 [63]. To detect differentially ex-
pressed mature miRNAs, trimmed reads of 18–25 base length were mapped to the human 
genome with Bowtie2 (v2.1.0, Ben Langmead, Baltimore, MD, USA) using the “very-sen-
sitive-local” option [64,65]; reads matched to mature miRNAs from the miRBase database 
were counted by featureCounts [66]; the obtained counts were used for differential anal-
ysis by DESeq2. RNA-seq data were deposited in the ArrayExpress database at EMBL-EBI 
(https://www.ebi.ac.uk/biostudies/arrayexpress, accessed on 1 August 2022) under the ac-
cession number E-MTAB-12088 (small RNA fraction) and E-MTAB-9511 (poly(A)+ RNA 
fraction) [67]. 

4.6. RT-qPCR Analysis 
RT-qPCR reaction was performed with BioMaster RT-qPCR SYBR Blue (Biolabmix, 

Novosibirsk, Russia), and two-step stem-loop RT-qPCR was performed with Reverse 
Transcriptase M-MuLV–RH (Biolabmix, Novosibirsk,Russia) and BioMaster UDG HS-
qPCR (Biolabmix, Novosibirsk, Russia) using LightCycler 96 System (Roche, Basel, Swit-
zerland). The primers employed in this study are presented in Table S1. The levels of 
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snoRNAs or sdRNAs were represented as relative values normalized to the level of U6 
and U11 small nuclear RNAs. Quantitative PCR data analysis was carried out using 
qbase+ software, version 3.1 (Biogazelle, Ghent, Belgium), which includes finding the sta-
ble reference genes with geNORM, quality control, and relative quantification of the 
snoRNA or sdRNA levels [68,69]. The mean values (± s.d.) for three biological samples 
were represented. 

4.7. Analysis of the Relative Level of 2ʹ-O-methylation of the Target rRNA Nucleotide 
Reverse transcription followed by PCR with modification-specific primers was per-

formed using total RNA samples. The primers employed for analysis of the methylation 
status of 28S:Am3809 (SNORD79); 28S:Gm4198 (SNORD58a); 18S:Am576 (SNORD93); 
and 28S:Gm4362 (SNORD1b) are presented in Table S1. Each primer set included a reverse 
primer “R” (located downstream of 2ʹ-O-methylated nucleotide) and two overlapping for-
ward primers: “F” (located upstream of 2ʹ-O-methylated nucleotide) and “In” (covering 
2ʹ-O-methylated nucleotide). For each of the samples, RT reactions with 1.0 (optimal) and 
3.0 mM (suboptimal) dNTP concentrations were performed in parallel. Subsequent qPCR 
reactions were performed with two pairs of primers: “F”/”R” and “In”/”R” for each RT 
point. The relative level of 2’-O-methylation was calculated with the 2^-∆∆Ct method, 
where ∆∆Ct = ∆Ct3,0mM−∆Ct1,0mM; ∆Ct = CtF/R−CtIn/R. The relative change in the modification 
level of the target nucleotide was evaluated based on the difference between the obtained 
values for the study (A549 cells 24 and 48 h after influenza A virus infection) and control 
(non-infected intact A549 cells) samples. This approach is based on the method of identi-
fication of the 2′-O-methylation groups in rRNA by RT-qPCR first presented by Belin et 
al. [70,71]. 

Supplementary Materials: The supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/ijms232213666/s1. 

Author Contributions: Conceptualization, G.S., A.K., and E.Z.; methodology, G.S., M.S., S.M., R.A., 
and E.Z.; software, E.Z. and D.S.; validation, M.S. and E.Z.; formal analysis, E.Z.; investigation, E.Z. 
and G.S.; resources, T.G. and G.S.; data curation, G.S. and A.K.; writing—original draft preparation, 
E.Z.; writing—review and editing, G.S., A.K., M.S., and D.S.; visualization, E.Z.; supervision, G.S.; 
project administration, G.S.; funding acquisition, G.S. and E.Z. All authors have read and agreed to 
the published version of the manuscript. 

Funding: This work was supported by the Russian Foundation for Basic Research (RFBR, project 
number 19-34-90168); the Russian state-funded project for ICBFM SB RAS (grant number 
122022100238-7). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: RNA-seq data have been deposited in the ArrayExpress database at 
EMBL-EBI (https://www.ebi.ac.uk/biostudies/arrayexpress, accessed on 1 August 2022) under ac-
cession number E-MTAB-12088 (small RNA fraction) and E-MTAB-9511 (poly(A)+ RNA fraction). 

Acknowledgments: This research was performed using the equipment of the interdisciplinary cen-
ter for shared use of Kazan Federal University (Kazan, Russia). 

Conflicts of Interest: The authors declare that they have no competing interests. 

References 
1. Krammer, F.; Smith, G.J.D.; Fouchier, R.A.M.; Peiris, M.; Kedzierska, K.; Doherty, P.C.; Palese, P.; Shaw, M.L.; Treanor, J.; Web-

ster, R.G.; et al. Influenza. Nat. Rev. Dis. Prim. 2018, 4, 4. https://doi.org/10.1038/S41572-018-0002-Y. 
2. Reid, A.H.; Taubenberger, J.K.; Fanning, T.G. The 1918 Spanish influenza: Integrating history and biology. Microbes Infect. 2001, 

3, 81–87. https://doi.org/10.1016/S1286-4579(00)01351-4. 
3. Smith, G.J.D.; Vijaykrishna, D.; Bahl, J.; Lycett, S.J.; Worobey, M.; Pybus, O.G.; Ma, S.K.; Cheung, C.L.; Raghwani, J.; Bhatt, S.; 

et al. LETTERS Origins and evolutionary genomics of the 2009 swine-origin H1N1 influenza A epidemic. 2009, 459, 1122–1125. 
https://doi.org/10.1038/nature08182. 



Int. J. Mol. Sci. 2022, 23, 13666 14 of 16 
 

 

4. Flerlage, T.; Boyd, D.F.; Meliopoulos, V.; Thomas, P.G.; Schultz-Cherry, S. Influenza virus and SARS-CoV-2: Pathogenesis and 
host responses in the respiratory tract. Nat. Rev. Microbiol. 2021, 19, 425. https://doi.org/10.1038/S41579-021-00542-7. 

5. Liao, Y.; Guo, S.; Liu, G.; Qiu, Z.; Wang, J.; Yang, D.; Tian, X.; Qiao, Z.; Ma, Z.; Liu, Z. Host Non-Coding RNA Regulates Influenza 
A Virus Replication. Viruses 2022, 14, 51. https://doi.org/10.3390/V14010051. 

6. Zheng, B.; Zhou, J.; Wang, H. Host microRNAs and exosomes that modulate influenza virus infection. Virus Res. 2020, 279, 
197885. https://doi.org/10.1016/J.VIRUSRES.2020.197885. 

7. Dieci, G.; Preti, M.; Montanini, B. Eukaryotic snoRNAs: A paradigm for gene expression flexibility. Genomics 2009, 94, 83–88. 
https://doi.org/10.1016/J.YGENO.2009.05.002. 

8. Bachellerie, J.P.; Cavaillé, J.; Hüttenhofer, A. The expanding snoRNA world. Biochimie 2002, 84, 775–790. 
https://doi.org/10.1016/S0300-9084(02)01402-5. 

9. Rogelj, B. Brain-specific small nucleolar RNAs. J. Mol. Neurosci. 2006, 28, 103–109. https://doi.org/10.1385/JMN:28:2:103. 
10. Cohen, E.; Avrahami, D.; Frid, K.; Canello, T.; Levy Lahad, E.; Zeligson, S.; Perlberg, S.; Chapman, J.; Cohen, O.S.; Kahana, E.; 

et al. Snord 3A: A Molecular Marker and Modulator of Prion Disease Progression. PLoS ONE 2013, 8, e54433. 
https://doi.org/10.1371/JOURNAL.PONE.0054433. 

11. Michel, C.I.; Holley, C.L.; Scruggs, B.S.; Sidhu, R.; Brookheart, R.T.; Listenberger, L.L.; Behlke, M.A.; Ory, D.S.; Schaffer, J.E. 
Small nucleolar RNAs U32a, U33, and U35a are critical mediators of metabolic stress. Cell Metab. 2011, 14, 33–44. 
https://doi.org/10.1016/J.CMET.2011.04.009. 

12. Bratkovič, T.; Rogelj, B. The many faces of small nucleolar RNAs. Biochim. Biophys. Acta Gene Regul. Mech. 2014, 1839, 438–443. 
https://doi.org/10.1016/J.BBAGRM.2014.04.009. 

13. Huang, C.; Shi, J.; Guo, Y.; Huang, W.; Huang, S.; Ming, S.; Wu, X.; Zhang, R.; Ding, J.; Zhao, W.; et al. A snoRNA modulates 
mRNA 3′ end processing and regulates the expression of a subset of mRNAs. Nucleic Acids Res. 2017, 45, 8647–8660. 
https://doi.org/10.1093/NAR/GKX651. 

14. Sharma, S.; Yang, J.; van Nues, R.; Watzinger, P.; Kötter, P.; Lafontaine, D.L.J.; Granneman, S.; Entian, K.D. Specialized box C/D 
snoRNPs act as antisense guides to target RNA base acetylation. PLOS Genet. 2017, 13, e1006804. https://doi.org/10.1371/JOUR-
NAL.PGEN.1006804. 

15. Falaleeva, M.; Pages, A.; Matuszek, Z.; Hidmi, S.; Agranat-Tamir, L.; Korotkov, K.; Nevo, Y.; Eyras, E.; Sperling, R.; Stamm, S. 
Dual function of C/D box small nucleolar RNAs in rRNA modification and alternative pre-mRNA splicing. Proc. Natl. Acad. Sci. 
USA 2016, 113, E1625–E1634. https://doi.org/10.1073/PNAS.1519292113/SUPPL_FILE/PNAS.1519292113.ST03.DOCX. 

16. Taft, R.J.; Glazov, E.A.; Lassmann, T.; Hayashizaki, Y.; Carninci, P.; Mattick, J.S. Small RNAs derived from snoRNAs. RNA 2009, 
15, 1233–1240. https://doi.org/10.1261/RNA.1528909. 

17. Kawaji, H.; Nakamura, M.; Takahashi, Y.; Sandelin, A.; Katayama, S.; Fukuda, S.; Daub, C.O.; Kai, C.; Kawai, J.; Yasuda, J.; et al. 
Hidden layers of human small RNAs. BMC Genom. 2008, 9, 157. https://doi.org/10.1186/1471-2164-9-157. 

18. Falaleeva, M.; Stamm, S. Processing of snoRNAs as a new source of regulatory non-coding RNAs. BioEssays 2013, 35, 46–54. 
https://doi.org/10.1002/BIES.201200117. 

19. Burroughs, A.M.; Ando, Y.; Hoon, M.J.L. de; Tomaru, Y.; Suzuki, H.; Hayashizaki, Y.; Daub, C.O. Deep-sequencing of human 
argonaute-associated small RNAs provides insight into miRNA sorting and reveals argonaute association with RNA fragments 
of diverse origin. RNA Biol. 2011, 8, 158. https://doi.org/10.4161/RNA.8.1.14300. 

20. Scott, M.S.; Avolio, F.; Ono, M.; Lamond, A.I.; Barton, G.J. Human miRNA Precursors with Box H/ACA snoRNA Features. 
PLOS Comput. Biol. 2009, 5, e1000507. https://doi.org/10.1371/JOURNAL.PCBI.1000507. 

21. Kishore, S.; Khanna, A.; Zhang, Z.; Hui, J.; Balwierz, P.J.; Stefan, M.; Beach, C.; Nicholls, R.D.; Zavolan, M.; Stamm, S. The 
snoRNA MBII-52 (SNORD 115) is processed into smaller RNAs and regulates alternative splicing. Hum. Mol. Genet. 2010, 19, 
1153–1164. https://doi.org/10.1093/HMG/DDP585. 

22. Stepanov, G.A.; Filippova, J.A.; Komissarov, A.B.; Kuligina, E.V.; Richter, V.A.; Semenov, D.V.; Tang, T.H. Regulatory role of 
Small nucleolar RNAs in human diseases. Biomed Res. Int. 2015, 2015, 206849. https://doi.org/10.1155/2015/206849. 

23. Pan, X.; Chen, L.; Feng, K.Y.; Hu, X.H.; Zhang, Y.H.; Kong, X.Y.; Huang, T.; Cai, Y.D. Analysis of Expression Pattern of snoRNAs 
in Different Cancer Types with Machine Learning Algorithms. Int. J. Mol. Sci. 2019, 20, 2185. 
https://doi.org/10.3390/IJMS20092185. 

24. Huang, Z.; Du, Y.; Wen, J.; Lu, B.; Zhao, Y. snoRNAs: Functions and mechanisms in biological processes, and roles in tumor 
pathophysiology. Cell Death Discov. 2022, 8, 259. https://doi.org/10.1038/S41420-022-01056-8. 

25. Stamm, S.; Lodmell, J.S. C/D box snoRNAs in viral infections: RNA viruses use old dogs for new tricks. Non-Coding RNA Res. 
2019, 4, 46–53. https://doi.org/10.1016/J.NCRNA.2019.02.001. 

26. Patterson, D.G.; Roberts, J.T.; King, V.M.; Houserova, D.; Barnhill, E.C.; Crucello, A.; Polska, C.J.; Brantley, L.W.; Kaufman, G.C.; 
Nguyen, M.; et al. Human snoRNA-93 is processed into a microRNA-like RNA that promotes breast cancer cell invasion. NPJ 
Breast Cancer 2017, 3, 25. https://doi.org/10.1038/S41523-017-0032-8. 

27. Bao, H.; Chen, X.; Liu, X.; Wu, W.; Li, Q.; Xian, J.; Zhao, Y.; Chen, S. Box C/D snoRNA SNORD89 influences the occurrence and 
development of endometrial cancer through 2′-O-methylation modification of Bim. Cell Death Discov. 2022, 8, 309. 
https://doi.org/10.1038/S41420-022-01102-5. 

28. Xu, B.; Ye, M.H.; Lv, S.G.; Wang, Q.X.; Wu, M.J.; Xiao, B.; Kang, C.S.; Zhu, X.G. SNORD47, a box C/D snoRNA, suppresses 
tumorigenesis in glioblastoma. Oncotarget 2017, 8, 43953. https://doi.org/10.18632/ONCOTARGET.16693. 



Int. J. Mol. Sci. 2022, 23, 13666 15 of 16 
 

 

29. Murray, J.L.; Sheng, J.; Rubin, D.H. A Role for H/ACA and C/D Small Nucleolar RNAs in Viral Replication. Mol Biotechnol. 2014, 
56, 429–437. https://doi.org/10.1007/s12033-013-9730-0. 

30. Eckwahl, M.J.; Sim, S.; Smith, D.; Telesnitsky, A.; Wolin, S.L. A retrovirus packages nascent host noncoding RNAs from a novel 
surveillance pathway. Genes Dev. 2015, 29, 646–657. https://doi.org/10.1101/GAD.258731.115. 

31. Eckwahl, M.J.; Arnion, H.; Kharytonchyk, S.; Zang, T.; Bieniasz, P.D.; Telesnitsky, A.; Wolin, S.L. Analysis of the human immu-
nodeficiency virus-1 RNA packageome. RNA 2016, 22, 1228–1238. https://doi.org/10.1261/RNA.057299.116. 

32. Gu, W.; Gallagher, G.R.; Dai, W.; Liu, P.; Li, R.; Trombly, M.I.; Gammon, D.B.; Mello, C.C.; Wang, J.P.; Finberg, R.W. Influenza 
A virus preferentially snatches noncoding RNA caps. RNA 2015, 21, 2067–2075. https://doi.org/10.1261/RNA.054221.115. 

33. Koppstein, D.; Ashour, J.; Bartel, D.P. Sequencing the cap-snatching repertoire of H1N1 influenza provides insight into the 
mechanism of viral transcription initiation. Nucleic Acids Res. 2015, 43, 5052–5064. https://doi.org/10.1093/NAR/GKV333. 

34. Baldini, L.; Charpentier, B.; Labialle, S. Emerging data on the diversity of molecular mechanisms involving c/d snornas. Non-
Coding RNA 2021, 7, 30. https://doi.org/10.3390/NCRNA7020030. 

35. Robinson, J.T.; Thorvaldsdóttir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, J.P. Integrative Genomics 
Viewer. Nat Biotechnol. 2011, 29, 24-26. https://doi.org/10.1038/nbt.1754 

36. Kramer, M.F. STEM-LOOP RT-qPCR for miRNAS. Curr. Protoc. Mol. Biol. 2011, 95, 15.10.1–15.10.15. 
https://doi.org/10.1002/0471142727.MB1510S95. 

37. Lykke-Andersen, S.; Chen, Y.; Ardal, B.R.; Lilje, B.; Waage, J.; Sandelin, A.; Jensen, T.H. Human nonsense-mediated RNA decay 
initiates widely by endonucleolysis and targets snoRNA host genes. Genes Dev. 2014, 28, 2498–2517. 
https://doi.org/10.1101/GAD.246538.114. 

38. Watkins, N.J.; Bohnsack, M.T. The box C/D and H/ACA snoRNPs: Key players in the modification, processing and the dynamic 
folding of ribosomal RNA. Wiley Interdiscip. Rev. RNA 2012, 3, 397–414. https://doi.org/10.1002/WRNA.117. 

39. Sharma, S.; Lafontaine, D.L.J. ‘View From A Bridge’: A New Perspective on Eukaryotic rRNA Base Modification. Trends Biochem. 
Sci. 2015, 40, 560–575. https://doi.org/10.1016/J.TIBS.2015.07.008. 

40. Bouchard-Bourelle, P.; Desjardins-Henri, C.; Mathurin-St-Pierre, D.; Deschamps-Francoeur, G.; Fafard-Couture, É.; Garant, J.M.; 
Elela, S.A.; Scott, M.S. snoDB: An interactive database of human snoRNA sequences, abundance and interactions. Nucleic Acids 
Res. 2020, 48, D220–D225. https://doi.org/10.1093/NAR/GKZ884. 

41. Taoka, M.; Nobe, Y.; Yamaki, Y.; Sato, K.; Ishikawa, H.; Izumikawa, K.; Yamauchi, Y.; Hirota, K.; Nakayama, H.; Takahashi, N.; 
et al. Landscape of the complete RNA chemical modifications in the human 80S ribosome. Nucleic Acids Res. 2018, 46, 9289. 
https://doi.org/10.1093/NAR/GKY811. 

42. Bercovich-Kinori, A.; Tai, J.; Gelbart, I.A.; Shitrit, A.; Ben-Moshe, S.; Drori, Y.; Itzkovitz, S.; Mandelboim, M.; Stern-Ginossar, N. 
A systematic view on influenza induced host shutoff. Elife 2016, 5, e18311. https://doi.org/10.7554/ELIFE.18311. 

43. Wang, W.; Xu, L.; Su, J.; Peppelenbosch, M.P.; Pan, Q. Transcriptional Regulation of Antiviral Interferon-Stimulated Genes. 
Trends Microbiol. 2017, 25, 573–584. https://doi.org/10.1016/J.TIM.2017.01.001. 

44. Bauer, D.L.V.; Tellier, M.; Martínez-Alonso, M.; Nojima, T.; Proudfoot, N.J.; Murphy, S.; Fodor, E. Influenza Virus Mounts a 
Two-Pronged Attack on Host RNA Polymerase II Transcription. Cell Rep. 2018, 23, 2119–2129.e3. 
https://doi.org/10.1016/J.CELREP.2018.04.047. 

45. Thompson, M.G.; Dittmar, M.; Mallory, M.J.; Bhat, P.; Ferretti, M.B.; Fontoura, B.M.; Cherry, S.; Lynch, K.W. Viral-induced 
alternative splicing of host genes promotes influenza replication. Elife 2020, 9, e55500. https://doi.org/10.7554/ELIFE.55500. 

46. Hu, J.; Zhang, L.; Liu, X. Role of Post-translational Modifications in Influenza A Virus Life Cycle and Host Innate Immune 
Response. Front. Microbiol. 2020, 11, 2156. https://doi.org/10.3389/FMICB.2020.517461/BIBTEX. 

47. Esguerra, J.; Warringer, J.; Blomberg, A. Functional importance of individual rRNA 2′-O-ribose methylations revealed by high-
resolution phenotyping. RNA 2008, 14, 649. https://doi.org/10.1261/RNA.845808. 

48. Sloan, K.E.; Warda, A.S.; Sharma, S.; Entian, K.D.; Lafontaine, D.L.J.; Bohnsack, M.T. Tuning the ribosome: The influence of 
rRNA modification on eukaryotic ribosome biogenesis and function. RNA Biol. 2017, 14, 1138. 
https://doi.org/10.1080/15476286.2016.1259781. 

49. Dong, H.J.; Zhang, R.; Kuang, Y.; Wang, X.J. Selective regulation in ribosome biogenesis and protein production for efficient 
viral translation. Arch. Microbiol. 2021, 203, 1021–1032. https://doi.org/10.1007/S00203-020-02094-5/TABLES/1. 

50. Peng, X.; Gralinski, L.; Ferris, M.T.; Frieman, M.B.; Thomas, M.J.; Proll, S.; Korth, M.J.; Tisoncik, J.R.; Heise, M.; Luo, S.; et al. 
Integrative deep sequencing of the mouse lung transcriptome reveals differential expression of diverse classes of small RNAs 
in response to respiratory virus infection. MBio 2011, 2, e00198-11. https://doi.org/10.1128/MBIO.00198-11/-/DCSUPPLE-
MENTAL/MBO006111194SF06.PDF. 

51. Wajahat, M.; Bracken, C.P.; Orang, A. Emerging Functions for snoRNAs and snoRNA-Derived Fragments. Int. J. Mol. Sci. 2021, 
22, 22. https://doi.org/10.3390/IJMS221910193. 

52. Kishore, S.; Gruber, A.R.; Jedlinski, D.J.; Syed, A.P.; Jorjani, H.; Zavolan, M. Insights into snoRNA biogenesis and processing 
from PAR-CLIP of snoRNA core proteins and small RNA sequencing. Genome Biol. 2013, 14, R45. https://doi.org/10.1186/GB-
2013-14-5-R45. 

53. Yu, F.; Bracken, C.P.; Pillman, K.A.; Lawrence, D.M.; Goodall, G.J.; Callen, D.F.; Neilsen, P.M. p53 Represses the Oncogenic Sno-
MiR-28 Derived from a SnoRNA. PLoS ONE 2015, 10, e0129190. https://doi.org/10.1371/JOURNAL.PONE.0129190. 

54. Lim, C.S.; Brown, C.M. Know Your Enemy: Successful Bioinformatic Approaches to Predict Functional RNA Structures in Viral 
RNAs. Front. Microbiol. 2017, 8, 2582. https://doi.org/10.3389/FMICB.2017.02582. 



Int. J. Mol. Sci. 2022, 23, 13666 16 of 16 
 

 

55. Lee, M.K.; Kim, H.E.; Park, E.B.; Lee, J.; Kim, K.H.; Lim, K.; Yum, S.; Lee, Y.H.; Kang, S.J.; Lee, J.H.; et al. Structural features of 
influenza A virus panhandle RNA enabling the activation of RIG-I independently of 5′-triphosphate. Nucleic Acids Res. 2016, 44, 
8407–8416. https://doi.org/10.1093/NAR/GKW525. 

56. Schroeder, A.; Mueller, O.; Stocker, S.; Salowsky, R.; Leiber, M.; Gassmann, M.; Lightfoot, S.; Menzel, W.; Granzow, M.; Ragg, 
T. The RIN: An RNA integrity number for assigning integrity values to RNA measurements. BMC Mol. Biol. 2006, 7, 3. 
https://doi.org/10.1186/1471-2199-7-3/FIGURES/8. 

57. Andrews, S. Babraham Bioinformatics—FastQC A Quality Control tool for High Throughput Sequence Data Available online: 
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 1 August 2022). 

58. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize analysis results for multiple tools and samples in a single 
report. Bioinformatics 2016, 32, 3047–3048. https://doi.org/10.1093/bioinformatics/btw354. 

59. Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884–i890. 
https://doi.org/10.1093/bioinformatics/bty560. 

60. Kopylova, E.; Noé, L.; Lè Ne Touzet, H. SortMeRNA: Fast and accurate filtering of ribosomal RNAs in metatranscriptomic data. 
Bioinformatics 2012, 28, 3211–3217. https://doi.org/10.1093/bioinformatics/bts611. 

61. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. Sequence analysis 
STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. https://doi.org/10.1093/bioinformatics/bts635. 

62. Liao, Y.; Smyth, G.K.; Shi, W. Sequence analysis featureCounts: An efficient general purpose program for assigning sequence 
reads to genomic features. Bioinformatics 2014, 30, 923–930. https://doi.org/10.1093/bioinformatics/btt656. 

63. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome 
Biol. 2014, 15, 550. https://doi.org/10.1186/s13059-014-0550-8. 

64. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012 94 2012, 9, 357–359. 
https://doi.org/10.1038/nmeth.1923. 

65. Ziemann, M.; Kaspi, A.; El-Osta, A. Evaluation of microRNA alignment techniques. RNA 2016, 22, 1120–1138. 
https://doi.org/10.1261/RNA.055509.115/-/DC1. 

66. Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. miRBase: From microRNA sequences to function. Nucleic Acids Res. 2018, 47, 
155–162. https://doi.org/10.1093/nar/gky1141. 

67. Athar, A.; Füllgrabe, A.; George, N.; Iqbal, H.; Huerta, L.; Ali, A.; Snow, C.; Fonseca, N.A.; Petryszak, R.; Papatheodorou, I.; et 
al. ArrayExpress update—from bulk to single-cell expression data. Nucleic Acids Res. 2019, 47, D711–D715. 
https://doi.org/10.1093/NAR/GKY964. 

68. Hellemans, J.; Mortier, G.; De Paepe, A.; Speleman, F.; Vandesompele, J. qBase relative quantification framework and software 
for management and automated analysis of real-time quantitative PCR data. Genome Biol. 2008, 8, R19. 
https://doi.org/10.1186/GB-2007-8-2-R19/COMMENTS. 

69. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-
time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, RESEARCH0034. 
https://doi.org/10.1186/GB-2002-3-7-RESEARCH0034/COMMENTS. 

70. Belin, S.; Beghin, A.; Solano-Gonzàlez, E.; Bezin, L.; Brunet-Manquat, S.; Textoris, J.; Prats, A.C.; Mertani, H.C.; Dumontet, C.; 
Diaz, J.J. Dysregulation of Ribosome Biogenesis and Translational Capacity Is Associated with Tumor Progression of Human 
Breast Cancer Cells. PLoS ONE 2009, 4, e7147. https://doi.org/10.1371/JOURNAL.PONE.0007147. 

71. Filippova, J.A.; Stepanov, G.A.; Semenov, D.V.; Koval, O.A.; Kuligina, E.V.; Rabinov, I.V.; Richter, V.A. Modified Method of 
rRNA Structure Analysis Reveals Novel Characteristics of Box C/D RNA Analogues. Acta Nat. 2015, 7, 64. 
https://doi.org/10.32607/20758251-2015-7-2-64-73. 


