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Abstract: Recently, a database of human piRNAs has been created, which allows studying the 

binding of many piRNAs to mRNAs of genes involved in many diseases, including cancer. In the 

present work, we investigated what piRNAs can interact with candidate esophageal squamous cell 

carcinoma (ESCC) genes. The binding of 480 thousand piRNAs with mRNAs of 66 candidate ESCC 

genes was studied. Bioinformatic studies found that piRNAs bind only to the mRNAs of nine can-

didate genes: AURKA, BMP7, GCOM1, ERCC1, MTHFR, SASH1, SIX4, SULT1A1, and TP53. It has 

been shown that piRNAs can bind to mRNA by overlapping nucleotide sequences in limited 3'UTR 

and 5'UTR regions called clusters of binding sites (BSs). The existence of clusters of piRNA BSs 

significantly reduces the proportion of nucleotide sequences of these sites in the mRNA of target 

genes. Competition between piRNAs occurs for binding to the mRNA of target genes. Individual 

piRNAs and groups of piRNAs that have separate BSs and clusters of BSs in the mRNAs of two or 

more candidate genes have been identified in the mRNAs of these genes. This organization of 

piRNAs BSs indicates the interdependence of the expression of candidate genes through piRNAs. 

Significant differences in the ability of genes to interact with piRNAs avoid the side effects of 

piRNAs on genes with the lack of binding of such piRNAs. Individual piRNAs and sets of piRNAs 

are proposed and recommended for the diagnosis and therapy of ESCC.  
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1. Introduction 

After the sequencing of the human genome, methods of molecular studies of the 

regulation of gene expression and the human genome began to develop. The piRNAs 

(Piwi-interacting RNAs) were identified more than twenty years ago [1-2]. In addition to 

these small RNAs, siRNAs (small interfering RNAs) capable of regulating gene expres-

sion were created [3, 4]. For many years, due to a number of misconceptions, miRNAs, 

and piRNAs have not yet been widely used for practical purposes [5-9]. However, in vivo 

and in vitro experiments have successfully used siRNAs against undruggable targets for 

treating cancer and other diseases [10-12]. Therefore, candidate genes responsible for the 

development of many diseases have been identified [13-17]. This approach allows us to 

specify disease causes and develop diagnosis and therapies more effectively. The identi-

fication of candidate genes further requires the identification of factors regulating their 

expression. It has been shown that piRNAs found in human and animal cells are associ-
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ated with gene expression, but it has not been established how these molecules can 

modify this process [18-20]. In recent years, interest in the study of piRNAs has grown 

considerably, and results have been obtained demonstrating the essential biological role 

of these molecules [21-23]. Several publications have established piRNAs' role in carcin-

ogenesis [24-26]. An important fact is a possibility of preserving and transporting small 

RNA in the human body as part of exosomes and nanosized vesicles through the blood-

stream [27-30]. After a database of piRNAs was created [31], it became possible to study 

the direct interaction of piRNAs with genes. The more than eight million piRNAs mole-

cules available in the database are difficult and expensive to study in wet experiments, so 

it is necessary to use bioinformatic approaches to identify the biological function of 

piRNAs more efficiently. These studies have shown the promise of this approach in de-

termining the properties of piRNAs and their biological role. It was found that piRNAs 

can interact with mRNA and these interactions can be evaluated by quantitative charac-

teristics [21-23]. This work aimed to identify piRNAs that can interact with candidate 

esophageal squamous cell carcinoma (ESCC) genes and how this information could be 

used to diagnose the disease.   

2. Materials and Methods 

The nucleotide sequence of 66 candidate genes of ESCC (Table S1) was downloaded 

from National Center for Biotechnology Information (NCBI) 

(https://www.ncbi.nlm.nih.gov, accessed on October 5, 2022). The nucleotide sequences 

of 480 thousand piRNAs were taken from Wang et al [31]. The piRNA binding sites (BSs) 

in mRNA were predicted using the MirTarget program [32]. This program predicts the 

following features of piRNA binding to mRNA: (a) the initiation of piRNA binding to the 

mRNA from the first nucleotide of the mRNA; (b) the localization of the piRNA BSs in 

the 5′-untranslated region (5′UTR), coding domain sequence (CDS), and 3′-untranslated 

region (3′UTR) of the mRNAs; (c) the schemes of nucleotide interactions between piR-

NAs and mRNA; (d) the free energy of the interaction between piRNAs and the mRNA 

(ΔG, kJ/mol); and the ratio ΔG/ΔGm (%) is determined for each site. ΔGm equals the free 

energy of piRNA binding with its fully complementary canonical nucleotide sequence. 

Only piRNAs whose nucleotides interacted with mRNA using canonical (G-C and A-U) 

and noncanonical (G-U and A-C) nucleotides with a given ΔG value were selected from 

the calculated data. The MirTarget program finds hydrogen bonds between piRNAs and 

mRNA according to the physicochemical characteristics of nucleotide interactions 

[35-38]. MirTarget differs from other programs in terms of finding piRNA BSs on mRNA 

in the following: it takes into account the interaction of piRNA with mRNA over the en-

tire piRNA sequence; it considers noncanonical pairs G–U and A–C; and it calculates the 

free energy of the interaction of the piRNAs with mRNA. Note that the G, A, C, and U 

nucleotides, which comprise the RNA structure of microorganisms, plants, and animals, 

interact identically under equal conditions. Therefore, the physicochemical properties of 

canonical and noncanonical nucleotide pairs given above do not require additional proof 

of the previously established physicochemical characteristics of their interaction [33-36]. 

3. Results 

In examining the interaction of piRNAs with mRNA genes, criteria were established 

for the following characteristics. The interaction of piRNAs and mRNA nucleotides must 

be along the entire length of the piRNAs. The free energy of the interaction must be at 

least 90% of the maximum ΔG/ΔGm. Splitting piRNAs into three groups based on the 

value of ΔG and ΔG/ΔGm of the interaction of piRNAs with mRNA will determine 

whether the values of ΔG and ΔG/ΔGm within the selected limits can reflect the basic 

properties of the interaction of piRNAs with mRNA. The property of candidate genes to 

interact with different numbers of piRNAs is acquired by selecting interrelated genes 

whose expression should be regulated by piRNAs as universal controllers of ge-
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nome-wide expression. Determine whether piRNAs interact with mRNAs specifically to 

individual mRNA sites. Clarify the role of clusters of piRNAs BSs as a necessity for co-

ordinated regulation of gene expression with a requirement for compactness of gene 

regulatory sites. Bioinformatic technologies greatly facilitate the characterization of as-

sociations between piRNAs and mRNA interactions. 

A study of 480 thousand piRNAs binding to the mRNAs of 66 candidate ESCC 

genes showed that the mRNAs of only nine genes could interact with piRNAs. The 

number of interacting piRNAs for each gene differed significantly. To elucidate the in-

teraction of piRNAs with mRNAs, the interacting piRNAs were divided into three 

groups according to the free energy of interaction: piRNAs interacting with ΔG value of 

-170 kJ/mol or higher (group 1), with ΔG value of -160 kJ/mol to -169 kJ/mol (group 2), 

with ΔG value of -150 kJ/mol to -159 kJ/mol (group 3). This approach allowed us to clarify 

how the interacting groups of piRNAs may vary. 

 

3.1. Characteristics of the interaction of piRNAs with the mRNA of the AURKA gene 

The mRNA of the AURKA gene consists of 566 nt of 5'UTR, 1212 nt of CDS, and 770 

nt of 3'UTR regions. The start of the piRNAs group 1 BSs are localized only in the 5'UTR 

from 410 nt to 533 nt (Table S2). The BSs of 43 piRNAs from piR-38326 to piR-479539 were 

located with overlapping nucleotide sequences, that is, they formed a cluster of BSs and 

were localized at the end of the 5'UTR. The BSs cluster was 157 nt long and contained BSs 

piRNAs with lengths of 33 nt and 34 nt. Group 2 consisted of 38 piRNAs whose BSs were 

localized in the BSs cluster from 414 nt to 534 nt in the length of 153 nt (Table S2). The 

piRNAs of group 2 varied in length from 31 nt to 34 nt. In this cluster of BSs located also 

in the 5'UTR, 38 piRNAs from piR-49581 to piR-363915 were bound. The piRNAs from 

group 3 were from 27 nt to 33 nt in length. Group 3 consisted of 60 piRNAs whose BSs 

were localized in a cluster of BSs 410 nt to 536 nt long by 156 nt. Consequently, this clus-

ter of BSs also ended at the 5'UTR before the CDS. The piRNAs from this group were 27 

nt to 33 nt long. Group 3 included piRNAs in the range from piR-30739 to piR-480279. 

The BSs of 141 piRNAs of the three groups were in a cluster 156 nt long and 1.1 nt per 

piRNA, indicating a high density of BSs for piRNAs. Figure 1 shows the nucleotide se-

quences of four piRNAs that interact with a cluster of BSs located in the 5'UTR mRNA of 

the AURKA gene with overlapping nucleotide sequences. From these data, we can see 

how piRNAs will compete for binding in the BS cluster. 

 

 
 

Figure 1. Nucleotide sequences of piRNAs and the AURKA mRNA BS in a region from 522 nt to 

560 nt. Note: The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form canonical 

pairs with mRNA are highlighted in violet and noncanonical pairs are highlighted in green. The names 

of the piRNAs are followed by the beginning of their BSs. 

 

3.2. Characteristics of the piRNAs interaction with the mRNA of the BMP7 gene  

The mRNA of the BMP7 gene includes a 5'UTR of 529 nt, a CDS of 1296 nt, and a 3'UTR 

of 2207 nt. piRNAs from all three groups bound only in the 3'UTR (Table S3). In group 1, the 

BSs of 40 piRNAs started 2756 nt to 2889 nt and the length of the BSs cluster was 166 nt. The 

length of the binding piRNAs was 33 nt and 34 nt. Forty piRNAs from piR-43404 to 

piR-440219 were bound in the cluster. Within the large cluster was a 56 nt BSs cluster for 

eight piRNAs with a ΔG/ΔGm value of 98% to 99% and a free energy value of -170 kJ/mol to 

-178 kJ/mol (Figure 2). This corresponds to the formation of predominantly canonical 
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nucleotide pairs except for two noncanonical pairs in the interaction of piR-121964 and 

piR-265442, and one noncanonical pair each of the remaining piRNAs. Group 2 included 67 

piRNAs of length 31 nt to 34 nt that bound in a cluster 2729 nt to 2970 nt of length 273 nt. 

Group 3 included 111 piRNAs 28 nt - 34 nt long and the beginning of the BSs were located 

from 2733 nt to 2981 nt and the BSs cluster length was 279 nt. The BSs of the piRNAs were 

unevenly distributed in the clusters, with a total of 1.3 nt per piRNA in the cluster from 2729 

nt to 3012 nt for 218 piRNAs of the three groups. 

 
Figure 2. Nucleotide sequences of piRNAs and characteristics of their interaction with mRNA of 

BMP7 gene. The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form canonical 

pairs with mRNA are highlighted in violet and noncanonical pairs are highlighted in green. The names 

of the piRNAs are followed by the beginning of their BSs. 

 

3.3. Characteristics of the piRNAs interaction with the mRNA of the ERCC1 gene 

The mRNA of the ERCC1 gene consists of 146 nt of 5'UTR, 822 nt of CDS, and 2343 nt of 

3'UTR in length. The start of the BSs of 47 piRNAs of group 1 with ΔG values varying from 

-170 kJ/mol to -180 kJ/mol were located in the 3'UTR from 2597 nt to 2794 nt in a 228 nt cluster 

length (Table S4). The length of the piRNAs varied from 32 nt to 34 nt. Forty-nine piRNAs of 

group 2 bind to the mRNA. The BSs of these piRNAs are also localized in the 3'UTR from 

2592 nt to 2796 nt. The BSs cluster of 49 piRNAs was 235 nt long, accounting for 10% of the 

3'UTR length, in this cluster of BSs, piRNAs with numbers from piR-41630 to piR-365910 

bind. The beginning of piRNAs BSs in group 3 were 2595 nt to 2785 nt and the length of the 

cluster of BSs was 221 nt. Consequently, the clusters of BSs of the three groups of piRNAs 

were close and each of the 158 piRNAs averaged 1.5 nt. The piR-289349, piR-298414, and 

piR-436360 bound with mRNA of the ERCC1 gene fully complementary, forming canonical 

nucleotide pairs only, and the ΔG/ΔG value was 100% (Table S4). An example of a very 

compact arrangement of piRNAs BSs to the mRNA of the ERCC1 gene is shown in Figure 3. 

In the 35 nt cluster, seven piRNAs were bound through predominantly by canonical 

nucleotide pairs. 

 
Figure 3. Nucleotide sequences of piRNAs and the ERCC1 mRNA BS in a region from 2674 nt to 

2710 nt. Note: The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form 

canonical pairs with mRNA are highlighted in violet and noncanonical pairs are highlighted in green. 

The names of the piRNAs are followed by the beginning of their BSs. 
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3.4. Characteristics of the interaction of piRNAs with the mRNA of the GCOM1 gene 

The nucleotide sequence of the GCOM1 gene consists of 131 nt of 5'UTR, 1653 nt of CDS, 

and 2879 nt of 3'UTR in length. Analysis of the interaction parameters of the 16 piRNAs of 

group 1 with the mRNA of the GCOM1 gene shows that these piRNAs bind from 2458 nt to 

2466 nt in the 3'UTR only (Table S5). The beginning of the BSs cluster of these piRNAs with a 

length of 33-34 nt begins at 2458 nt and ends at position 2499 nt, i.e., its length is 41 nt. This 

cluster of BSs binds piRNAs with numbers from piR-56610 to piR-465348. All of the starts of 

the BSs of the 20 piRNAs of group 2 are localized by mRNA in the site from 2453 nt to 2486 nt 

in the 3'UTR with a BSs cluster length of 66 nt. In this cluster of BSs, piRNAs with numbers 

from piR-34813 to piR-458324 bind. The length of the interacting piRNAs varied from 30 to 34 

nt. The 14 piRNAs of group 3 bound from 2456 nt to 2488 nt in a cluster of 61 nt length. In this 

cluster of BSs piRNAs bind with numbers ranging from piR-117518 to piR-468536. On 

average, 1.3 nt of the 50 piRNAs interact with the mRNA of the GCOM1 gene in the 66 nt 

cluster. piRNAs less than 30 nt in length can also interact with the GCOM1 gene (Figure 4). 

The ΔG/ΔGm value was above 92%, indicating the preferential formation of canonical 

nucleotide pairs. 

 
Figure 4. Nucleotide sequences of piRNAs and characteristics of their interaction with mRNA of 

GCOM1 gene. The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form 

canonical pairs with mRNA are highlighted in violet and noncanonical pairs are highlighted in green. 

The names of the piRNAs are followed by the beginning of their BSs. 

 

3.5. Characteristics of the interaction of piRNAs with the mRNA of the MTHFR gene   

The mRNA of the MTHFR gene has a long 3'UTR of 4951 nt, unlike the mRNA of the 

other candidate ESCC genes studied. The 5'UTR and CDS consist of 229 nt and 1971 nt, 

respectively. Group 1 piRNAs bound to the 3'UTR in two clusters of BSs (Table S6). The first 

cluster of BSs contained BSs from 6182 nt to 6385 nt, and the second from 6849 nt to 7051nt. 

The distance between the second cluster's beginning and the first cluster's end was 464 nt. 

Accordingly, 16 and 29 piRNAs were bound in these clusters of BSs. The length of both 

clusters was 235 nt. The first cluster bound piRNAs from piR-47672 to piR-456736 and the 

second cluster from piR-36604 to piR-475473. Group 2 piRNAs are also bound in two clusters 

of BSs: the beginning BSs of the first cluster were from 6190 nt to 6383 nt and the second 

cluster was from 6849 nt to 7062 nt. The interval between the end and beginning of the 

clusters was 466 nt. In the first and second clusters, 12 and 53 piRNAs were bound, 

respectively. Group 3 piRNAs are also bound in two clusters of BSs (Table S6). The first 

cluster of BSs began at 6177 nt and ended with piRNAs binding at 6388 nt position. It bound 

25 piRNAs and the second cluster bound 78 piRNAs. The second cluster started at 6848 nt 

and the last piRNAs were bound at position 7056 nt. As a result, 53 piRNAs of the three 

groups were bound in the first cluster and 160 piRNAs were bound in the second cluster. The 

total length of the first cluster for the three groups of piRNAs was 240 nt and the second 

cluster 246 nt. As a result, the first cluster had 4.5 nt per piRNAs and the second cluster had 

1.5 nt. Both clusters of BSs are localized at the end of the 3'UTR mRNA of the MTHFR gene. 

Figure 5 shows one of several clusters of BSs formed from the BSs of four competing piRNAs 

located one to three nucleotides apart. 
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Figure 5. Nucleotide sequences of piRNAs and the MTHFR mRNA BS in a region from 6861 nt to 

6893 nt. Note: The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form 

canonical pairs with mRNA are highlighted in violet and noncanonical pairs are highlighted in green. 

The names of the piRNAs are followed by the beginning of their BSs. 

 

3.6. Characteristics of the interaction of piRNAs with the mRNA of the SASH1 gene   

The mRNA of the SASH1 gene in the 5'UTR, CDS, and 3'UTR contained 475 nt, 3744 nt, 

and 3491 nt, respectively. The 63 piRNAs of group 1 had the beginnings of BSs only in the 

3'UTR from 5490 nt to 5741 nt (Table S7). The piRNA interval from piR-26543 to piR-459543 

indicates the participation of piRNAs from the entire studied range of 480 thousand piRNAs. 

The 61 piRNAs in group 2 had the beginnings of BSs in the 3'UTR from 5507 nt to 5747 nt. 

The piRNAs from piR-40007 to piR-355919 were associated in this cluster. The piR-50295 

bound to the mRNA of the SASH1 gene is fully complementary with a ΔG/ΔG value of 100%. 

The 73 piRNAs of group 3 had the beginnings of BS in the 3'UTR from 5491 nt to 5741 nt. In 

this cluster, piRNAs from piR-21000 to piR-466023 were bound. The length of the cluster 

common to the three groups of piRNAs from 5490 nt to 5777 nt was 287 nt in which 197 

piRNAs were bound, hence 1.5 nt per piRNAs. Figure 6 shows diagrams of the interaction of 

several piRNAs with the mRNA of the SASH1 gene, indicating their binding using canonical 

and noncanonical nucleotide pairs. 

 
Figure 6. Nucleotide sequences of piRNAs and characteristics of their interaction with mRNA of 

SASH1 gene. The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form 

canonical pairs with mRNA are highlighted in violet and noncanonical pairs are highlighted in green. 

The names of the piRNAs are followed by the beginning of their BSs. 

 

3.7. Characteristics of the interaction of piRNAs with the mRNA of the SIX4 gene   

The mRNAs of the SIX4 gene in 5'UTR, CDS, and 3'UTR contain 60 nt, 2346 nt, and 3870 

nt, respectively. There are 86 piRNAs in group 1 whose beginning of the BSs are located only 

in the 3'UTR from 4026 nt to 4266 nt (Table S8). In this interval, piRNAs from piR-38669 to 

piR-479539 bind to mRNAs. The 83 piRNAs of group 2 bound from 4021 nt to 4259 nt. The 

corresponding piRNAs were between piR-40921 and piR-414045. There are 105 piRNAs in 

group 3 with the beginning of their BSs also located in the 3'UTR from 4013 nt to 4269 nt. The 

length of this BSs cluster was 287 nt. The 105 piRNAs included from piR-20572 to piR-480249. 

The number of three groups of piRNAs was 274, which were bound in a 287 nt cluster with a 

high density of 1.1 nt per piRNA. Figure 7 shows the nucleotide sequences of the piRNAs 

and mRNA of the SIX4 gene in one of the clusters clearly indicating a fully complementary 
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interaction between their nucleotides. These results clearly indicate a high competition of 15 

piRNAs for binding in this cluster. If any piRNA is present in concentrations an order of 

magnitude higher than the others, it will dominate in the suppression of mRNA translation. 

 
Figure 7. Interaction nucleotide sequences of BSs cluster in the 3'UTR of mRNA SIX4 gene from 

4114 nt and nucleotide sequences of 15 piRNAs. Note: The mRNA nucleotides are highlighted in red. 

The piRNA nucleotides that form canonical pairs with mRNA are highlighted in violet and 

noncanonical pairs are highlighted in green. The names of the piRNAs are followed by the beginning of 

their BSs. 

 

3.8. Characteristics of the interaction of piRNAs with the mRNA of the SULT1A1 gene   

The nucleotide sequence of the SULT1A1 gene consists of 473 nt 5'UTR, 888 nt CDS, and 

231 nt 3'UTR in length. Analysis of the interaction of the eight piRNAs from group 1 with the 

mRNA of the SULT1A1 gene shows that these piRNAs begins binding from 1483 nt to 1510 nt 

in the 3'UTR alone (Table S9). In this cluster of BSs, piRNAs with numbers ranging from 

piR-10749 to piR-475473 bind. All of the starts of the ten piRNAs BSs of group 2 are localized 

by mRNA in a site starting from 1482 nt to 1521 nt in the 3'UTR with a BSs cluster length 72 

nt. In this cluster of BSs, piRNAs with numbers from piR-200742 to piR-472871 bind. The 11 

piRNAs of group 3 were bound from 1489 nt to 1517 nt in a cluster of 69 nt in length. In this 

cluster of BSs, piRNAs with numbers ranging from piR-104710 to piR-447258 bind. On 

average, one of the 29 piRNAs interacting with the mRNA of the SULT1A1 gene in the 71 nt 

cluster is 2.4 nt. The BSs cluster of all piRNAs was located at the end of the 3'UTR. The small 

number of piRNAs that bind to the mRNA of the SULT1A1 gene is probably due to the short 

length of the 3'UTR. The low density of piRNAs BSs in the mRNA of the gene revealed only 

one cluster for the binding of three piRNAs, with a significant shift in the beginning of the 

BSs (Figure 8). 

 
Figure 8. Nucleotide sequences of piRNAs and the SULT1A1 mRNA BS in a region from 1507 nt to 

1543 nt. Note: The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form 

canonical pairs with mRNA are highlighted in violet and noncanonical pairs are highlighted in green. 

The names of the piRNAs are followed by the beginning of their BSs. 

 

3.9. Characteristics of the interaction of piRNAs with the mRNA of the TP53 gene   

The mRNAs of the TP53 gene mRNAs in the 5'UTR, CDS, and 3'UTR contain 197 nt, 

1041 nt, and 1409 nt, respectively. In group 1 there are 19 piRNAs whose beginning BSs are 

located only in the 3'UTR from 2293 nt to 2512 nt (Table S10). In this interval, mRNAs bind 
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piRNAs from piR-44059 to piR-455123. The 30 piRNAs of group 2 bound from 2292 nt to 2516 

nt. The corresponding piRNAs were between piR-40367 and piR-291404. Group 3 had 42 

piRNAs beginning with their BSs in the 3'UTR from 2290 nt to 2533 nt. The 42 piRNAs 

included piR-32165 through piR-365438. The number of piRNAs of the three groups was 91, 

bound in a cluster 274 nt long with a density of 3.0 nt per piRNA. It should be noted that 

there are portions of the cluster that do not bind piRNAs between 2301 nt and 2382 nt length 

81 nt and between 2390 nt and 2456 nt length 66 nt, minus which the cluster is reduced by 147 

nt and the working part of the cluster is 127 nt where 1.4 nt are per piRNAs, which is 

comparable with the results obtained for other candidate genes. Two BSs at 163 nt intervals 

of ten piRNAs binding at positions 2293 nt and 2456 nt were identified in the mRNA of the 

TP53 gene. These are piR-101480 and piR-69443 from group 1 piRNAs; piR-106322, piR-53597 

and piR-62868 from group 2 piRNAs; piR-32165, piR-37715, piR-52128, piR-57508, piR-32194 

from group 3. This is explained by the presence of two sites in the 3'UTR mRNA of the TP53 

gene with identical nucleotide sequences binding these piRNAs. The relatively small number 

of piRNAs interacting with the mRNA of the gene (Table S10) is reflected in the absence of 

large clusters of BSs in the mRNA of the TP53 gene. However, the binding of piRNAs to the 

mRNA is efficient (Figure 9). 

 
Figure 9. Nucleotide sequences of piRNAs and characteristics of their interaction with mRNA of 

TP53 gene. Note: The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form 

canonical pairs with mRNA are highlighted in violet and noncanonical pairs are highlighted in green. 

The names of the piRNAs are followed by the beginning of their BSs. 

 

3.10. piRNAs that bind to the mRNA of two or more candidate genes 

It is essential to know which piRNAs bind to which genes and how this knowledge can 

be adequately used to regulate gene expression with piRNAs. We analyzed the interaction 

of piRNAs in nine candidate ESCC genes. Finding BSs of piRNAs in the mRNAs of 

alternative candidate genes was considered positive when the ΔG value was -160 kJ/mol or 

higher and the ΔG/ΔGm value was 90% or higher.  

Table S11 shows the search results for piRNAs that bind to the mRNAs of the AURKA, 

ERCC1, SASH1, and SIX4 genes. Only piR-55670 and piR-93385 are bound to the mRNA of 

the AURKA and BMP7 genes. Only piR-55670, piR-93385, piR-89432, piR-218175, piR-55670, 

and piR-93385 bound to mRNA of the AURKA and MTHFR genes. The piR-67883, 

piR-200086, and piR-306330 bind to mRNAs of the AURKA and TP53 genes. An example of 

the interaction between piRNAs in AURKA and SIX4 genes is shown in Figure 10. 
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Figure 10. Schemes of the interaction of identical piRNAs with the mRNAs of the AURKA and SIX4 

genes. Note: The mRNA nucleotides are highlighted in red. The piRNA nucleotides that form canonical 

pairs with mRNA are highlighted in violet. 
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The piRNAs interacting with mRNAs of AURKA and SIX4 genes bind in the clusters of 

BSs having similar nucleotide sequences in the mRNA of both genes. In the mRNA of the 

AURKA gene piRNAs bind in 5'UTR from 523 nt to 534 nt, and in the mRNA of the SIX4 

gene piRNAs bind in 3'UTR from 4115 nt to 4126 nt with the same difference of BS 

beginning is about 11 nt. The value of the free binding energy of each piRNA in both 

mRNAs was close and high. The results demonstrate that one of the functions of the 5'UTR 

and 3'UTR is the binding of piRNAs regulating mRNA translation. 

As a result, the mRNAs of all candidate genes binding piRNAs had BSs in two or more 

mRNAs. These data indicate the interconnection of candidate genes through the interaction 

of piRNAs, which should be considered both in developing diagnostic methods for ESCC 

and in creating therapeutic drugs using piRNAs. For using piRNAs as markers of ESCC, it 

is logical to use the genes that are targeted with the highest free energy of interaction 

between their mRNA and piRNAs, as well as the genes whose mRNAs bind mainly due to 

canonical nucleotide pairs. Figure 11 shows the interaction schemes of such associations of 

piRNAs and mRNA candidate genes. The piR-289349, piR-298414, and piR-436360 can 

completely block protein synthesis at a concentration equal to or greater than that of the 

mRNA of ERCC1. Similarly, piR-50295 can completely inhibit the translation of the mRNA 

of the SASH1 gene. 

 
Figure 11. Schemes of interaction between piRNAs and mRNAs of candidate genes with 

ΔG/ΔGm equal from 92% to 100% and ΔG value equal to -180 kJ/mol and more. 

 

4. Discussion 

The free energy value of the interaction of piRNAs with mRNA determines the 

probability of its interaction with mRNA. Depending on the free energy of interaction of 

piRNAs with the mRNA of a gene, groups of piRNAs differ little in the BS interval and 

their position in the mRNA region, which is due to the selection during the evolution of the 
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site for binding different in length and nucleotide composition of piRNAs. Therefore, 

changing piRNAs' length and nucleotide composition leads to the selection of optimal 

piRNAs for the desired effect in regulating the expression of one or more genes. The 

piRNAs that we identified regulating two or more candidate genes form, respectively, both 

single bonds in regulating the expression of these genes and associations of several genes 

regulated by a group of piRNAs. When studying the interaction of piRNAs with mRNA 

genes, criteria were established for the following characteristics. 1. The interaction of 

piRNAs and mRNA nucleotides occurs along the entire length of piRNAs. 2. The free 

interaction energy (ΔG) must be at least 90% of the maximum ΔGm value. 3. The division of 

piRNAs into three groups according to the value of ΔG and ΔG/ΔGm of the interaction of 

piRNAs with mRNA allowed us to determine that these characteristics do not 

fundamentally change the basic properties of the interaction of piRNAs with mRNA within 

the chosen limits.  

The above results indicate non-random binding of piRNAs in a narrow interval of 

mRNA length only in the 3'UTR. This allows the human genome to control gene expression 

by many piRNAs, keeping only a small portion of the gene conserved. Another property of 

piRNAs is the presence of BSs of some piRNAs in the mRNA of more than one gene. This 

fact indicates the general dependence of a group of candidate genes on the regulatory 

influence of the same piRNAs. This important property must be known for each piRNA 

when using them as disease markers and a therapeutic agent. Ignorance of this property 

can lead to side effects of using piRNAs.     

The organization of BSs into clusters reduces the mRNA region responsible for 

regulating expression by piRNA molecules, which must be kept conservative to preserve 

the regulation of genome expression balanced during evolution. The binding of piRNAs in 

clusters leads to competition between them for the ability to exert a regulatory effect on the 

expression of candidate genes. At the same time, the competition between piRNAs ensures 

the stability of their regulation of the target gene expression because an increase or decrease 

in the concentration of any piRNA will have a compensatory effect on other piRNAs. That 

is, a significant effect of one piRNA requires considerable increases in its concentration to 

exceed the total impact of other piRNAs.  

Using piRNAs for disease diagnosis requires compliance with several criteria that will 

ensure the validity of the proposed piRNAs as markers. These are as follows: 1. piRNAs 

must bind to mRNAs with sufficiently high free energy to affect the expression of one or 

more candidate genes; 2. piRNAs must be expressed ordinarily comparable to the 

expression of candidate target genes; 3. Measurements of piRNAs and candidate gene 

concentrations should be made simultaneously, directly indicating which piRNAs correlate 

with the target gene's expression level. The studies conducted show specific associations of 

piRNAs and target genes that need to be studied. The findings contribute to determining 

the expression level of piRNAs and their target genes in normal and disease for the 

diagnosis and therapy of diseases. 
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downloaded at the website of this paper posted on Preprints.org. Table S1: List of candidate genes 

for ESCC; Table S2: Characteristics of piRNA interaction with mRNA of the AURKA gene; Table S3: 

Characteristics of piRNA interaction with mRNA of the BMP7 gene; Table S4: Characteristics of 

piRNA interaction with mRNA ERCC1 gene; Table S5: Characteristics of piRNA interaction with 

mRNA GCOM1 gene; Table S6: Characteristics of piRNA interaction with mRNA MTHFR gene; 

Table S7: Characteristics of piRNA interaction with mRNA SASH1 gene; Table S8: Characteristics 

of piRNA interaction with mRNA SIX4 gene; Table S9: Characteristics of piRNA interaction with 

mRNA SIX4 gene; Table S10: Characteristics of piRNA interaction with mRNA TP53 gene; Table 

S11: piRNAs that bind to the mRNA of AURKA, ERCC1, SASHA and SIX4 genes. 
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