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Abstract �
�

MicroRNAs (miRNAs) are a group of small non-coding RNAs and suppress the expression ���

of target mRNAs. The seed sequence of miRNA plays a crucial role in recognizing the 3ʹ-���

untranslated region of the target mRNA. It was previously reported that cells infected with ���

a simian foamy virus (SFV) isolated from an African green monkey (Chlorocebus aethiops) ���

(SFVcae) showed high expression of viral miRNAs encoded in the long terminal repeat of ���

SFVcae. In this study, we investigated the roles and expression of miRNAs derived from ���

an SFV isolated from a Japanese macaque (Macaca fuscata) (SFVmfu) using next-���

generation sequencing technologies. As results, SFVmfu also expressed viral miRNAs; ���

however, the seed sequences of most miRNAs derived from SFVmfu were different from �	�

those from SFVcae reported previously. The cells persistently infected with SFVmfu highly �
�

expressed an miRNA that has the same seed sequence with the miR-1 microRNA ���

precursor family. Luciferase reporter assays indicated that this miRNA downregulates the ���

expression of the adenylyl cyclase-associate protein 1, which is upregulated in several ���

solid tumors. Our study suggests that SFVmfu might utilize viral miRNAs to establish long-���

term coexistence with Japanese macaque. ���

 ���
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Simian foamy virus (SFV) is a non-pathogenetic retrovirus that belongs to the genus �	�

Simiispumavirus, sub-family Spumaviridae, family Retroviridae (Khan et al., 2018). The �
�

infection of SFV is commonly observed across the primates (Pinto-Santoni et al., 2017). ���

Compared to the other retroviruses belonging to sub-family Orthoretroviridae, the mutation ���

rate of foamy viruses (FVs) is extremely low (1.7×10-8 substitution/site/year) and the ���

phylogenetic tree of SFVs from various host species is congruent with that of the hosts, ���

which indicates that SFV undergoes co-speciation with the host primate species (Switzer ���

et al., 2005; Liu et al., 2008). The fact that SFVs and host primates have co-existed for ���

millions of years indicates that there might be a symbiotic relationship between them.  ���

MicroRNAs (miRNAs) are a group of small non-coding RNAs that are transcribed by ���

RNA polymerase II or III (Abdelfattah et al., 2014). The processed mature miRNAs will be �	�

incorporated into a series of proteins, such as the Argonaute, to form the RNA-induced �
�

silencing complex (RISC) (Chendrimada et al., 2005). Once incorporated into RISC, one of ���

the miRNA strands (3 prime (p) or 5p) will serve as a “guide” to recognize the ���

complementary sequence present in the 3ʹ-untranslated region (3ʹUTR) of target mRNA, ���

and the expression of target gene will be repressed by RISC via deadenylation-mediated ���

decay (Eulalio et al., 2009). Notably, the seed sequences of miRNAs (nucleotides at 2-7 or ���

8 bases from the 5ʹ-terminal) are perceived as the critical component for miRNA-induced ���

RISC-targeting (Bartel, 2009). ���
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Long terminal repeats (LTRs) are repetitive sequences present in both ends of the ���

proviral DNA of retroviruses. LTR is composed of three regions; U3, R, and U5 (Fig. 1B): �	�

the U3 region contains the enhancer and promoter elements; the R region starts from the �
�

transcription start site (TSS) and contains the polyadenylation signal (Thompson et al., ���

2016). The lengths of LTRs (particularly the U3 region) of FVs are longer than those of the ���

other retroviruses. The U3 region of FVs partially overlaps with an ORF (termed ORF-2) ���

encoding an auxiliary gene of FVs (Fig. 1B). Recently, it was reported that SFV LTR ���

encodes miRNAs, which are expressed upon infection (Kincaid et al., 2014). Not only SFV ���

but also several retroviruses express miRNAs upon infection. These viruses include ���

bovine leukemia virus, avian leukosis virus, human immunodeficiency virus 1, and bovine ���

FV (Klase et al., 2007; Kincaid et al., 2012; Whisnant et al., 2014; Yao et al., 2014). ���

Notably, miRNAs encoded in the LTRs of SFV and bovine FV include unique dumbbell-�	�

shaped pre-miRNAs that are derived from the transcripts that contain two adjacent pre-�
�

miRNAs separated by just a few bases (Kincaid et al., 2014; Whisnant et al., 2014). The ���

dumbbell-shaped miRNAs derived from the LTR U3 region of FVs are shown to repress 	��

the expression of target genes (Cao et al., 2018). Therefore, the miRNAs of FVs are 	��

supposed to play roles in viral replication and persistent infection; however, the functions 	��

of the miRNAs are still unclear at present. 	��
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The miRNAs derived from the LTR of SFV isolated from an African green monkey 	��

(Chlorocebus aethiops) (SFVcae) has been extensively analyzed (Kincaid et al., 2014). 	��

However, the LTR is less conserved than the other viral genes in SFVs (Galvin et al., 	��

2013). Distinct SFVs might express miRNAs with different seed sequences that target 		�

different genes. Here, we report the analyses of the miRNAs of SFV derived from a 	
�

Japanese macaque (Macaca fuscata) (SFVmfu). This virus was previously abbreviated as 	��

SFVjm (Yoshikawa et al., 2014), which was later renamed as SFVmfu (Khan et al., 2018). 
��

We revealed that the miRNAs are also expressed from the LTR of SFVmfu. Nevertheless, 
��

the seed sequences of the miRNAs derived from SFVmfu were different from those of 
��

SFVcae. Notably, an miRNA that was expressed at the highest level in SFVmfu shared the 
��

seed sequence with the miR-1 miRNA precursor family of the host. Transcriptome and 
��

immunoblot analyses and reporter assays indicated that the adenylyl cyclase-associated 
��

protein 1 (CAP1) is one of the targets of the miRNA.  
��
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Materials and Methods 
	�

Cells and viruses 

�

Human embryonic kidney (HEK) 293T (ATCC, CRL-11268) (Graham et al., 1977), 
��

TE671 (derived from human rhabdomyosarcoma) (ATCC, HTB-139) (Stratton et al., 1989), ���

and M. dunni (Clone III8C) cells (derived from skin fibroblasts of Mus terricolor) (ATCC, ���

CRL-2017) (Lander and Chattopadhyay, 1984) were cultured in Dulbecco's modified ���

Eagle's medium (Sigma Aldrich, St. Louis, MO, U.S.A.) supplemented with 10% heat-���

inactivated fetal calf serum, penicillin (100 units mL-1) and streptomycin (100 mg mL-1) ���

(Invitrogen, Carlsbad, CA, U.S.A.) at 37°C in a humidified atmosphere of 5% CO2 in air. An ���

SFVmfu indicator cell line (M. dunni cells encoding b-galactosidase gene driven by the ���

SFVmfu LTR), termed MD(SFVmfu-lacZ) cells, was newly established using the same �	�

approach as previously described (Lambert et al., 2016). The MD(SFVmfu-lacZ) cells were �
�

cultured in the same medium as above, except that puromycin (5 !g mL-1) was added. To ���

prepare stock viruses of SFVmfu strain WK1, Mus dunni cells were transfected with an ����

infectious molecular clone (named pJM356) (Yoshikawa et al., 2014) of the strain using ����

Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, U.S.A.) according to the ����

manufacturer’s instruction. The transfected cells were further cultured until syncytial foci ����

became prominent. Then the cells were freeze-thawed three times and sonicated to ����

release intracellular virus particles. The cell debris was removed by centrifugation at 3,000 ����



	�

�

rpm for 10 min, and the viruses were collected as stock viruses by filtrating with 450 nm ����

membrane filters (GVS, Mellishaw, LA, U.K.). The stock viruses were stored at -80°C until ��	�

use.  ��
�

 ����

Titration of SFVmfu ����

To titrate stock viruses of SFVmfu, the LacZ assay was performed using the ����

MD(SFVmfu-lacZ) cells as the indicator cells. Briefly, 2�104 of MD(SFVmfu-lacZ) cells ����

were plated in each well of a 96-well plate (Thermo Fisher Scientific) one day before the ����

inoculation. On the next day, the stock viruses were serially diluted and immediately ����

inoculated into these cells under the presence of polybrene (8 !g mL-1), and the inoculated ����

cells were incubated for viral absorption for four h at 37°C in a humidified atmosphere of ����

5% CO2 in air. After inoculation, the inocula were replaced with 0.2 mL of fresh medium, ��	�

and further incubated for an additional two days. Cells were then fixed with 1% ��
�

glutaraldehyde and stained with X-Gal (5-bromo-4-chloro-3-indolyl-β-D-����

galactopyranoside), and lacZ-positive foci were counted for titration as described ����

previously (Sakaguchi et al., 2008; Hashimoto-Gotoh et al., 2015). ����

 ����

Establishment of TE671 cells persistently infected with SFVmfu ����
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TE671 cell persistently infected with SFVmfu strain WK1 (clone JM356) was ����

established as described previously (Miyazawa et al., 1995). Briefly, SFVmfu was ����

inoculated into TE671 cells at a multiplicity of infection (MOI) of 0.172. The cells were ����

cultured and passaged several times until severe cytopathic effects (syncytial formation ��	�

and cell death) were observed. After most of the cells were detached from the culture ��
�

plate, surviving cells were co-cultured with uninfected TE671 cells. The co-cultured cells ����

continued to grow, showing mild cytopathic effects. After several passages, the cells were ����

able to be passaged regularly (2-4-fold dilution per 4-5 days). Then we designated the ����

cells as TE671/SFVmfu(PI) cells.  ����

 ����

Construction of plasmids ����

Genomic DNAs were extracted from uninfected TE671 and TE671/SFVmfu(PI) cells ����

using the QIAamp DNA Blood Mini kit (QIAGEN, Hilden, Germany). The genomic DNAs ����

were used as the templates to construct miRNA expression plasmids. All primers used in ��	�

this study are listed in Table S1. PCRs were carried out using KOD-Plus-Neo (Toyobo, ��
�

Osaka, Japan) according to the manufacturer’s instruction. For PCR, we used 200 µL thin-����

walled tubes and a C1000 thermal cycler (Bio-Rad Laboratories, Hercules, CA, U.S.A.). ����

For hsa-mir-1, the amplified fragment was cloned into pcDNA3.1(+) digested with ����

XbaI/XhoI to become pcDNA3.1(+)/hsa-mir-1 (Fig. 3A [top]). For SFVmfu-mir-S6-7, the ����
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amplified fragment was cloned into pUC18 digested with HindIII/BamHI to become ����

pUC18/SFVmfu-mir-S6-7 (Fig. 3A [center]).  ����

A series of firefly luciferase reporter plasmids was constructed with inserts at the 3ʹ-����

end of firefly luciferase. Briefly, the human cytomegalovirus (hCMV) enhancer/promoter ����

was cloned into the NheI/HindIII sites of pGL3-basic (Promega, Madison, WI, U.S.A.) to ��	�

become pGL3-hCMV (Fig. 3A [bottom]). The complementary sequence of each mature ��
�

miRNA (hsa-miR-1 or SFVmfu-miR-S7-5p) was prepared by annealing and extending the ����

synthetic oligo and cloned into the XbaI site of the pGL3-hCMV using NEBuilder HiFi DNA ����

Assembly (New England Biolab, Ipswich, MA, U.S.A.) to become pGL3-hCMV/hsa-miR-1 ����

or pGL3/hCMV/SFVmfu-miR-S7-5p (Fig. 3A [bottom]). Similarly, the 3ʹUTR of human ����

CAP1 was cloned into the XbaI site of the pGL3-hCMV to become pGL3-hCMV/CAP1 ����

3ʹUTR (Wild-type) (Fig. 4A). Using the pGL3-hCMV/CAP1 3ʹUTR (Wild-type) as a ����

template, site-directed mutagenesis was carried out at the hsa-miR-1/SFVmfu-miR-S7-5p ����

recognition sites within the CAP1 3ʹUTR to become pGL3-hCMV/CAP1 3ʹUTR (Single ����

mutant [mut.]) and pGL3-hCMV/CAP1 3ʹUTR (Triple mut.) (Fig. 4A). The recognition sites ��	�

were predicted using an online database miRDB version 6.0 (http://www.mirdb.org/) ��
�

(Wong and Wang, 2015; Liu and Wang, 2019). ����

 ����

Next-generation sequencing analyses ����
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Small RNA sequencing and transcriptome analyses were performed in TE671 and ����

TE671/SFVmfu(PI) cells. Total RNAs were extracted from the cells using RNAzol ����

(Promega), followed by DNase I (Roche, Basel, Switzerland) treatment without a heat ����

inactivation step, and re-extracted using RNAzol. The re-extracted RNAs were further ����

processed by a commercial next-generation sequencing company (Novogene, Beijing, ����

China).  ��	�

For small RNA sequencing, the sequencing libraries were constructed from the total ��
�

RNAs using the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England ����

Biolab) which generates strand-specific small RNA libraries. Size selection of the cDNA �	��

libraries was performed by native polyacrylamide gel (12%)-electrophoresis to isolate a �	��

fraction containing miRNA-derived cDNAs. Then, the single-end 50 bp sequencing was �	��

performed on an Illumina Hiseq 2500 platform. The sequencing adapter sequences were �	��

trimmed from the pre-processed reads using Trimmomatic (ver. 0.38) followed by Fastp �	��

(ver. 0.19.4) (Bolger et al., 2014; Chen et al., 2018). Then, the reads were mapped to the �	��

viral genome of SFVmfu clone JM356 (Yoshikawa et al., 2014) using Bowtie2 (ver. 2.3.4.3) �	��

(Langmead and Salzberg, 2012) and converted to the bam file using Samtools (ver. 1.9) �		�

(Li et al., 2009). The bam files were converted to bed files, and the coverage depth was �	
�

calculated using Bedtools (ver. 2.28.0) (Quinlan and Hall, 2010). The secondary structures �	��

of miRNA were predicted using RNAfold with default parameters (Gruber et al., 2008; �
��
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Lorenz et al., 2011). The coverage depth was visualized using Microsoft Excel (ver. �
��

16.28). �
��

For transcriptome analyses, the sequencing libraries were constructed using the �
��

NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolab) which generates �
��

non-strand-specific cDNA libraries. Then, the paired-end 150 bp sequencing was �
��

performed on an Illumina Hiseq 2500 platform. The reads were mapped to the human �
��

genome (GRCh38.p12) using Hisat2 (ver. 2.1.0) (Kim et al., 2015) and converted to bam �
	�

file using Samtools (ver. 1.9) (Li et al., 2009). The mapped reads were assembled using �

�

Cufflinks (ver. 2.1.1), and expression differences between uninfected TE671 and �
��

TE671/SFVmfu(PI) cells were calculated using Cuffmerge (ver. 2.1.1) and Cuffdiff (ver. ����

2.1.1) (Trapnell et al., 2010; Trapnell et al., 2012). The potential targets of SFVmfu-miR-����

S7-5p were predicted using an online database miRDB version 6 (Wong and Wang, 2015; ����

Liu and Wang, 2019). The calculated expression levels were visualized using Microsoft ����

Excel (ver. 16.28). ����

 ����

Multiple sequencing alignment analyses of CAP1 3ʹUTRs and SFV LTRs from various ����

species ��	�

Genomic DNA of a Japanese macaque was extracted from blood using the QIAamp ��
�

DNA Blood Mini kit (QIAGEN). Extracted DNA was used as a template to amplify 3ʹUTR of ����
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CAP1 by PCR using primers listed in Table S1. The amplified product was cloned into ����

HindIII/EcoRI sites of pcDNA3.1(+). The reverse primer used for the PCR was applied for ����

sequencing. Sequencing analysis was performed by a commercial DNA sequencing ����

company (Fasmac, Kanagawa, Japan). The 3ʹUTR sequences of CAP1 from human ����

(Homo sapiens), African green monkey (AGM), crab-eating macaque (Macaca ����

fascicularis), rhesus macaque (Macaca mulatta) were retrieved from ENSEMBL release 97 ����

(human: GRCh38.p12, vervet AGM: ChlSab1.1, crab-eating macaque: ����

Macaca_fascicularis_5.0, rhesus macaque: Mmul_8.0.1) (Accessed in July 2019).  ��	�

The LTR sequences of the following SFVs were retrieved from the National Center of ��
�

Biotechnology Information: SFVcae_LK3 (NC_010820), SFVmcy_FV34 (KF026286.1), ����

SFVmmu_DPZ9524 (MG051205.1) and SFVmfu_WK1.pJM356 (NC_039026.1), which are ����

derived from AGM, Taiwanese macaque (Macaca cyclopis), rhesus macaque, and ����

Japanese macaque, respectively.  ����

The multiple sequence alignment analyses of CAP1 3ʹUTRs and SFV LTRs were ����

carried out using the MAFFT program (ver. 7.407) with the L-INS-i method (Katoh and ����

Standley, 2013). The aligned sequences were visualized using Seaview (ver. 4.7) (Gouy et ����

al., 2010). ����

 ��	�

Immunoblot analyses ��
�
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At 48 h or 96 h after either mock- or SFVmfu-infection (at an MOI of 0.34), the whole-����

cell lysates of TE671 cells were obtained with RIPA buffer (50 mM Tris-Cl [pH 7.4], 150 ����

mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% sodium dodecyl ����

sulfate, 1% aprotinin, 50 mM NaF, and 0.1 mM Na3VO4). Similarly, the whole-cell lysates ����

of uninfected TE671 and TE671/SFVmfu(PI) cells were obtained with RIPA buffer. The ����

lysates were mixed with Laemmli sample buffer supplemented with 2-mercaptoethanol and ����

boiled at 95°C for 5 min. Each boiled sample was electrophoresed on a sodium dodecyl ����

sulfate-polyacrylamide gel and electrically blotted onto a polyvinylidene difluoride ����

membrane. Each blotted membrane was blocked in 5% milk/Tris-buffered saline with ��	�

Tween 20 and incubated with an anti-CAP1 antibody (Abcam, Tokyo, Japan [catalog ��
�

number: EPR8339(B)]) as the primary antibody or a goat anti-rabbit IgG-horseradish ����

peroxidase antibody (Thermo Fisher Scientific [catalog number: 31466]) as the secondary ����

antibody. Antibody reactions were detected and processed with the SuperSignal West ����

Femto system (Thermo Fisher Scientific) using a Luminescent Image Analyzer LAS4000 ����

mini (Fujifilm, Tokyo, Japan).  ����

 ����

RISC activity assay ����

The RISC activity assay was conducted to verify that the miRNA expression plasmids ����

can produce the intended miRNAs. HEK293T cells in collagen-coated 24 well plates ��	�
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(Iwaki, Shizuoka, Japan) were co-transfected with 40 ng of each firefly luciferase reporter ��
�

plasmid, 4 ng of pRL-TK (Renilla luciferase reporter plasmid) (Promega), and 456 ng of ����

each expression plasmid as indicated in Fig. 3B using Lipofectamine 2000 (Thermo Fisher ����

Scientific) according to the manufacturer’s instruction. The cells were harvested 24 h after ����

transfection and were subjected to the luciferase assay with the Dual-Glo Luciferase ����

Assay System (Promega) using Lumat LB9507 (Berthold, Bad Wildbad, Germany). The ����

statistical significance was assessed using the Student’s t-test. ����

 ����

Host target 3ʹUTR luciferase assays  ����

HEK293T cells in collagen-coated 24 well plates (Iwaki) were co-transfected with 5 ng ��	�

of pGL3-hCMV/CAP1 3ʹUTR (either Wild-type, Single mut., or Triple mut.), 5 ng of pRL-TK ��
�

(Promega), and 790 ng of either empty plasmid (pUC18 or pcDNA3.1[+]) or each miRNA ����

expression plasmid as indicated in Fig. 4B in triplicate using the Lipofectamine 2000 ����

(Thermo Fisher Scientific) according to the manufacturer’s instruction. The cells were ����

harvested 24 h after transfection and were subjected to the luciferase assay with the Dual-����

Glo Luciferase Assay System (Promega) using Lumat LB9507 (Berthold). The statistical ����

significance was assessed using the Student’s t-test. ����

Uninfected TE671 and TE671/SFVmfu(PI) cells in collagen-coated 24 well plates ����

(Iwaki) were co-transfected with 80 ng of pGL3-hCMV/CAP1 3ʹUTR (either Wild-type, ����
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Single mut., or Triple mut.), or pGL3-hCMV, 80 ng of pRL-TK, and 640 ng of the empty ��	�

plasmid (pcDNA3.1[+]) in triplicate using the Lipofectamine 2000 (Thermo Fisher ��
�

Scientific) to the manufacturer’s instruction. The cells were harvested 24 h after ����

transfection and assayed for luciferase activity with the Dual-Glo Luciferase Assay System ����

(Promega) using Lumat LB9507 (Berthold). The statistical significance was assessed ����

using the Student’s t-test. ����

 ����

Accession numbers ����

Illumina Hiseq sequencing data and nucleotide sequences identified in this study were ����

deposited to the database of the DNA Data Bank of Japan with the following accession ����

numbers: DRA008912, DRA008923, and LC498639.  ��	�
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Results ��
�

TE671 cells persistently infected with SFVmfu express viral miRNAs ����

The small RNA sequencing analyses were performed using the total RNAs extracted �	��

from both TE671 and TE671/SFVmfu(PI) cells. Almost all short reads (99.99%) obtained �	��

from uninfected TE671 cells were not mapped to the viral genome of SFVmfu, whereas �	��

approximately one-third of short reads (32.02%) obtained from TE671/SFVmfu(PI) cells �	��

were mapped to the viral genome of SFVmfu (Fig. 1A). As reported previously in SFVcae �	��

(Kincaid et al., 2014), seven pre-miRNAs (S1–S7) and 14 mature-miRNAs were identified �	��

in SFVmfu, all of which are derived from the U3 region of LTR (Figs. 1B and S1, and Table �	��

1). Moreover, pre-miRNAs identified contained A/B-box sequences, which are the �		�

promoter elements essential for initiating the transcription driven by RNA polymerase III �	
�

(Figs.1C and S1) (Kassavetis and Geiduschek, 2006). These promoter elements were also �	��

identified in pre-miRNAs of SFVcae (Kincaid et al., 2014). Among the 14 mature miRNAs �
��

identified, SFVmfu-miR-S7-5p which showed the highest expression was derived from a �
��

dumbbell-shaped pre-miRNA, SFVmfu-mir-S6-7 (Fig. 1C and Table 1). The seed �
��

sequence of the SFVmfu-miR-S7-5p (“GGAAUG”) was different from that of the SFVcae-�
��

miR-S7-5p (“AGAAGG”) (Fig. 1D). Notably, the miR-1 miRNA precursor family of the host �
��

has the same seed sequence with the SFVmfu-miR-S7-5p (Fig. 1D). This data indicates �
��



�	�

�

that the SFVmfu-miR-S7-5p might share the same target genes with human miR-1 (hsa-�
��

miR-1). �
	�

 �

�

CAP1 is downregulated by SFVmfu infection in TE671 cells �
��

To know the function of the SFVmfu-miR-S7-5p, transcriptome analysis was ����

performed in both TE671 and TE671/SFVmfu(PI) cells (Fig. 2A). Among the genes which ����

were predicted to be recognized by the SFVmfu-miR-S7-5p (highlighted with black dots in ����

Fig. 2A), the expression level of CAP1 was relatively high in uninfected TE671 cells but ����

low in TE671/SFVmfu(PI) cells (app. 75% reduction of FPKM). The immunoblot analysis ����

also indicated that the expression of CAP1 is severely downregulated at the protein level ����

by both acute and persistent infections with SFVmfu (Fig. 2B). The 3ʹUTR of CAP1 ����

contains three potential SFVmfu-miR-S7-5p recognition sites, which are conserved across ��	�

and several primate species, including Japanese macaque and human (Fig. 2C). ��
�

 ����

SFVmfu-miR-S7-5p downregulates a reporter gene with its complementary sequence in ����

3ʹUTR ����

To investigate whether the constructed expression plasmids for SFVmfu-mir-S7-5p ����

and hsa-mir-1 (pUC18/SFVmfu-mir-S6-7 and pcDNA3.1(+)/hsa-mir-1, respectively) ����

produce target-specific miRNAs, the RISC activity assay was performed. A small part of ����
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the U3 region of LTR in SFVmfu was used to construct the pUC18/SFVmfu-mir-S6-7 ����

(containing the sequence of SFVmfu-miR-S7-5p) to avoid overlapping with other viral ����

miRNAs (Fig. 3A [center]). Reporter plasmids were also constructed, which contain the ��	�

complementary sequences of hsa-miR-1 and SFVmfu-miR-S7-5p downstream of the firefly ��
�

luciferase gene (Fig. 3A [bottom]). As a result, both miRNA expression plasmids ����

downregulated the expression of the reporter plasmids with complementary sequences ����

(Fig. 3B), indicating that both expression plasmids produce functional miRNAs (hsa-miR-1 ����

and SFVmfu-miR-S7-5p, respectively) which silenced the mRNAs containing the ����

complementary sequences in the 3ʹUTR.  ����

 ����

SFVmfu-miR-S7-5p suppresses the CAP1 expression via recognition sites in 3ʹUTR ����

To investigate whether SFVmfu-miR-S7-5p can recognize and downregulate the ����

expression of a gene bearing the 3ʹUTR of CAP1, we constructed a series of reporter ��	�

plasmids containing either wild-type or modified 3ʹUTR of CAP1 downstream of the firefly ��
�

luciferase gene (Fig. 4A). Both hsa-miR-1 and SFVmfu-miR-S7-5p repressed the ����

expression of the luciferase when the reporter plasmids contained the wild-type 3ʹUTR of ����

CAP1 (Fig. 4B). The level of luciferase expression was restored when the predicted ����

recognition sites were modified (Fig. 4B), suggesting that both�hsa-miR-1 and SFVmfu-����

miR-S7-5p repress the CAP1 expression via the recognition sites.  ����
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An additional reporter assay was carried out in TE671/SFVmfu(PI) cells without using ����

the miRNA expression plasmids. TE671/SFVmfu(PI) cells, the level of luciferase ����

expression was suppressed when the reporter plasmid contained the wild-type 3ʹUTR of ����

CAP1, and the level of luciferase expression was restored when the recognition sites were ��	�

disrupted (Fig. 4C). From these data, we concluded that TE671/SFVmfu(PI) cells express ��
�

SFVmfu-miR-S7-5p which is capable of downregulating the CAP1 expression via the ����

recognition sites.  ����
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Discussion ����

In this study, we showed that the persistent infection with SFVmfu in TE671 cells ����

leads to the high expression of viral miRNAs encoded in the U3 region of SFVmfu LTR, as ����

previously reported in SFVcae (Kincaid et al., 2014) (Fig. 1). Among the miRNAs ����

identified, we focused analyses on SFVmfu-miR-S7-5p, which had the highest read count ����

among the 14 viral miRNAs identified (Fig. 1B). The multiple sequence alignment analysis ����

of SFVs from Macaca species indicated that the U3 region of SFVmfu is distinct but ��	�

comparable to those of SFVs from other macaques (rhesus and Taiwanese macaques ��
�

[SFVmmu strain DPZ9524 and SFVmcy strain FV34, respectively]) (Fig. S2). Notably, the ����

seed sequence (“GGAAUG”) of miR-S7-5p of SFVmfu was the same with those of ����

SFVmmu and SFVmcy, suggesting that they are also able to express the miRNA which ����

harbors the same seed sequence with SFVmfu-miR-S7-5p. On the other hand, the seed ����

sequence (“AGAAGG”) of SFVcae-miR-S7-5p was remarkably different from that of ����

SFVmfu-miR-S7-5p and expressed only moderately (Kincaid et al., 2014). Instead, the ����

cells infected with SFVcae express SFVcae-miR-S6-3p at a high level, which has the ����

same seed sequence (“AACAGUC”) with hsa-miR-132 (Kincaid et al., 2014). Moreover, it ����

was shown that both SFVcae-miR-S6-3p and hsa-miR-132 suppress the expression of ��	�

EP300 (Kincaid et al., 2014), which is the transcriptional coactivator of the type-1 ��
�

interferon response (Lagos et al., 2010). However, the cells infected with SFVmfu express ����
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SFVmfu-miR-S6-3p with a different seed sequence (“CGCUGCG”) only at a moderate ����

level (Figs. 1B and S2). Our transcriptome analyses indicated that the expression of ����

EP300 was not significantly changed by SFVmfu infection (data not shown). These data ����

suggest that the target genes regulated by miRNAs are different between SFVmfu and ����

SFVcae. ����

The expression of CAP1 was severely downregulated by SFVmfu-infection in TE671 ����

cells (Fig. 2). In the luciferase reporter assay using the miRNA expression plasmids, the ����

luciferase activity of reporter plasmid containing CAP1 3ʹUTR was not fully recovered by ��	�

the disruption of all three predicted miRNA recognition sites (Fig. 4B). On the other hand, ��
�

when the reporter plasmids were transfected into TE671/SFVmfu(PI) cells, the luciferase ����

activity was fully recovered by the disruption of the three recognition sites (Fig. 4C). One ����

possible explanation for the discrepancy is that the use of the plasmid (pUC18) without ����

mammalian promoters might cause the non-specific suppression of firefly luciferase ����

protein produced from the pGL3-based reporter plasmids. Such an incomplete recovery by ����

the use of the plasmid without mammalian promoters in the luciferase reporter assay was ����

also observed in the previous report (Kincaid et al., 2014). Nonetheless, the complete ����

recovery of relative luciferase activity, in the reporter assay using TE671/SFVmfu(PI) cells, ����

by the disruption of the three recognition sites indicates that the SFVmfu-miR-S7-5p ��	�

indeed downregulates the CAP1 through the predicted recognition sites in the cells. ��
�
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Physiologically, CAP1 is involved in actin cytoskeleton remodeling in mammalian ����

cells, and knock-down of CAP1 results in impaired cell migration with decreased actin �	��

depolymerization (Bertling et al., 2004). Actin depolymerization plays a crucial role in the �	��

replication of retroviruses such as human immunodeficiency virus 1 (Yoder et al., 2008; �	��

Gladnikoff et al., 2009; Santos et al., 2012; Wen et al., 2014). However, it is not clear at �	��

present whether the downregulation of CAP1 by the SFVmfu-miR-S7-5p benefits the �	��

replication strategy of the SFVmfu.  �	��

One possible hypothesis for the significance of SFV miRNAs is that the viral miRNAs �	��

contribute to the autoinhibitory regulation of the SFV gene expression in the infected cells. �		�

Intriguingly, the deletion of a 5ʹ-portion of the U3 region (a possible miRNA cluster) in a �	
�

chimpanzee-derived SFV leads to the increased viral replication in fibroblasts (Schmidt et �	��

al., 1997). SFV might utilize the miRNAs to optimize the long-term co-existence with the �
��

host, as reported in other viruses such as herpes simplex virus 1 and polyomavirus �
��

(Umbach et al., 2008; Broekema et al., 2013).  �
��

Another hypothesis for the significance of SFV miRNAs is that the miRNAs of SFVs �
��

suppress the expression of genes that are involved in the development of cancers. Among �
��

family Retroviridae, gammaretroviruses preferentially integrate into the vicinity of TSSs of �
��

the host genes (Desfarges and Ciuffi, 2010). Such integration potentially leads to �
��

tumorigenesis when the integration occurred in the promoter/enhancer regions of proto-�
	�
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oncogenes. Similar to gammaretroviruses, FVs also tend to integrate into the vicinity of �

�

TSSs (Trobridge et al., 2006). However, there is no report indicating the development of �
��

cancers by SFV infection. Thus, SFVs might utilize unrevealed mechanisms to avoid the ����

development of cancers in the host primates. The SFVmfu-miR-S7-5p might counter the ����

development of tumors by repressing the expression of CAP1 in the infected cells. It is ����

interesting to note that the expression level of hsa-miR-1, which shares the seed ����

sequence with the SFVmfu-miR-S7-5p, is downregulated in various types of cancers (Liu ����

et al., 2015; Han et al., 2017; Korde et al., 2017). Upregulation of CAP1 is observed in ����

several solid tumors, such as ovarian cancer, breast cancer (Xie et al., 2014, 2018; Hua et ����

al., 2015; Hasan and Zhou, 2019), and rhabdomyosarcoma from which the TE671 cell line ��	�

is derived (Rao et al., 2010). Rhabdomyosarcoma is also known to have a reduced ��
�

expression level of hsa-miR-1, which suppresses the CAP1 expression (Vinther et al., ����

2007; Rao et al., 2010). Interestingly, the SFVcae-miR-S6-3p shares the seed sequence ����

with hsa-miR-132, which is also downregulated in several types of tumors (Formosa et al., ����

2012; Wang et al., 2014; Zhang et al., 2016). SFVs might utilize distinct miRNAs to avoid ����

tumorigenesis by suppressing various onco-related genes.  ����
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Table 1. List of mature miRNA sequences identified in this study 

Name Sequence (5ʹ-3ʹ) 
Length 

(nt) 

Shape of 

 pre-miRNA 

Start 

position 

End 

position 

Number 

of reads 

SFVmfu-miR-S1-5p AGGAAGCAUUUGGUAAAUUCUAC 23 
Dumbbell-shape with S2 

10,476 10,498 121 

SFVmfu-miR-S1-3p UCAUUUACUACCGUGCUUCCGA 22 10,512 10,533 135,125 

SFVmfu-miR-S2-5p UGGAGAACUUAGGGACGAGGCU 22 
Dumbbell-shape with S1 

10,534 10,555 655,144 

SFVmfu-miR-S2-3p UCCUCAUCUCGAGUGUCUCCCUUU 24 10,571 10,594 20,786 

SFVmfu-miR-S3-5p AAGGGAGGGAGUGGAACGUCCUG 23 
Single hairpin 

10,658 10,680 35,207 

SFVmfu-miR-S3-3p UGACGCUCUCCCAUCCCUCCUUUUC 25 10,695 10,719 67,292 

SFVmfu-miR-S4-5p UCAAGAACCCAGGGAGCAAUGUUG 24 
Single hairpin 

10,842 10,865 250,036 

SFVmfu-miR-S4-3p AUAGUGCAUCCUGGUCGUUCUUUA 24 10,881 10,904 55,352 

SFVmfu-miR-S5-5p ACAAAGGGAAAUAGCUAAUGUGCA 24 
Single hairpin 

10,961 10,984 44 

SFVmfu-miR-S5-3p UACUUAGCCGUUCUCCUUUGAUA 23 10,999 11,021 91,370 

SFVmfu-miR-S6-5p AGGUGAAUGGCUCACAGUGAACGA 24 
Dumbbell-shape with S7 

11,120 11,143 57,461 

SFVmfu-miR-S6-3p UACGCUGCGUUGCCACCACCU 21 11,159 11,179 620,914 

SFVmfu-miR-S7-5p AGGAAUGCAGUGGGUAUGGAGUA 23 
Dumbbell-shape with S6 

11,182 11,204 1,014,472 

SFVmfu-miR-S7-3p UUCAUACUAACUACAUUCUUUU 22 11,222 11,243 434 
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Figure legends ����

Fig. 1. Persistent infection of SFVmfu leads to the expression of miRNAs at a high level. �	��

(A) Mapping of small RNAs in TE671 and TE671/SFVmfu(PI) cells to the genomes of �	��

SFVmfu and human. (B) Small RNA profiling of TE671/SFVmfu(PI) cells. The diagram �	��

above the graph shows the location of SFV genes and segments of LTR used for �	��

mapping. Fourteen types of mature miRNAs are indicated with arrows. (C) Predicted �	��

secondary structure of SFVmfu-mir-S6-7 identified in this study. Circles with solid, dashed, �	��

and dotted lines indicate the predicted A-box, B-box, and termination sequences, �	��

respectively. (D) Comparison of seed sequences of miR-S7-5p of SFVmfu and SFVcae �		�

with miR-1 miRNA precursor family (hsa-miR-1 and hsa-miR-206).  �	
�

 �	��

Fig. 2. Reduction of the expression of CAP1 by infection with SFVmfu in TE671 cells. (A) �
��

Total RNAs of uninfected TE671 and TE671/SFVmfu(PI) cells were extracted and �
��

subjected to transcriptome analyses. The gray and black dots indicate the genes that were �
��

predicted to have low and high affinities with SFVmfu-miR-S7-5p, respectively (see also �
��

Table S2.). (B) Immunoblot analyses to detect CAP1. TE671 cells that were either acutely �
��

(left panel) or persistently (right panel) infected with SFVmfu were subjected to the �
��

immunoblot analyses. The numbers on the lanes in the left panel indicate the h post-�
��

infection. Abbreviations: U.I.: uninfected TE671 cells; A.I.: TE671 cells acutely infected �
	�



���

�

with SFVmfu; P.I.: TE671/SFVmfu(PI) cells. (C) Three predicted recognition sites for �

�

SFVmfu-miR-S7-5p present in CAP1 3ʹUTR from five different primate species. The �
��

numbers above the alignment indicate the locations of CAP1 3ʹUTR in the human genome. ����

 ����

Fig. 3. RISC activity assays for the miRNA expression plasmids. (A) Expression plasmids ����

constructed for hsa-mir-1 (top) and SFVmfu-mir-S6-7 (center), and reporter plasmids ����

constructed for hsa-miR-1 and SFVmfu-miR-S7-5p (bottom). The backbone plasmid ����

(pUC18) for SFVmfu-mir-R6-7 does not contain mammalian promoters; however, the pre-����

miRNA sequence contains the internal promoter elements (A/B-box sequences). The ����

reporter plasmids contain complementary sequences of mature miRNAs between the ��	�

firefly luciferase gene and poly(A) signal of the pGL3 vector inserted with the hCMV ��
�

enhancer/promoter. Sections cloned into the backbone plasmids are colored with grey. (B) ����

The RISC activity assays using the expression plasmids of hsa-miR-1 (left panel) and ����

SFVmfu-miR-S7-5p (right panel). Abbreviations: bGH: bovine growth hormone; SV: simian ����

virus 40. ����

 ����

Fig. 4. Suppression of the CAP1 expression by SFVmfu-miR-S7-5p via recognition sites. ����

(A) Reporter plasmids containing the 3ʹUTR of the CAP1 gene. Nucleotides shown in grey ����

characters indicate the mutated miRNA recognition sites. The numbers above the ����



�	�

�

alignment indicate the locations of CAP1 3ʹUTR in the human genome. (B) Luciferase ��	�

reporter assay performed by co-transfection of miRNA expression plasmids with reporter ��
�

plasmids. (C) Luciferase reporter assay performed in TE671/SFVmfu(PI) cells without ����

using miRNA expression plasmids.  ����
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Fig. S1. The predicted secondary structures of pre-miRNA sequences of S1-2, S3, S4, and S5 
identified in this study.  
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�

Fig. S2. The multiple sequence alignment of LTRs from SFVs from four primate species.	The 
locations where the miRNAs were expressed are boxed with dotted and solid lines for SFVcae and 
SFVmfu, respectively. �

Alignment: /Users/AkiraHashimoto_Gotoh/Desktop/LTR_supp2_l.fasta
Seaview [blocks=10 fontsize=10 A4] on Fri Aug 30 18:49:59 2019

                           1
SFV_AGM_LK3                TGTGGCTGAT ATCCACTAAA ATAGTAGGCC CCCAGGAAAA GGATTATTGG
SFV_RhesusMacaque_DPZ9524  -------GGC AGCCACTAAA TGTATTGGTC CCAGGGAAAA GGACTATTGG
SFV_TaiwaneseMacaque_SFV2  TGTGGCAGAC AGCCACTAAA TGTATAGGAC CAAAAGAGGA AAATTACTGG
SFV_JapaneseMacaque_JM356  ---------- AGCCACTAAA TGTATTGGCC CTGGTGAGGG AGATTATTGG

                          51
SFV_AGM_LK3                AGAGACGCAT ACCGTTGGGG ATATTTCCCC TTAGTTCCCA ATAAGCATCA
SFV_RhesusMacaque_DPZ9524  TGTGAATATG ATCACCGAGG GTTTTTTCCT ATAATACCTA ATAAATTATC
SFV_TaiwaneseMacaque_SFV2  TGTGAATATG ATCACCGGGG ATTTTTTCCT ATGGTTCCGG GTAAGCTGTC
SFV_JapaneseMacaque_JM356  TGTGAGTATG ATCACCGTGG GTATTTCCCT ATTATACCTA ACAAGCTATC

                         101
SFV_AGM_LK3                TCCTGGGTGG ACTAGACATT TAACTAAGTT CAAGATTTCT AGATTCGCCA
SFV_RhesusMacaque_DPZ9524  TCCTACCTGG GTAAGACATG CTGCCCCCTA CAGCATACAG AGACTCGCAA
SFV_TaiwaneseMacaque_SFV2  TCCTACTTGG GTGAGACATG CTGCCTCCTA CCAGATTCAG AGGTTCGCAA
SFV_JapaneseMacaque_JM356  TCCTACCTGG GTGAGACATG CTGCCCCCTA TGGTATACAA AGACTCGCAA

                         151
SFV_AGM_LK3                CTCCTGCTGA CATCCAAAAG ATTGTTGATG AACTTCTCCC TAGAGGAGCA
SFV_RhesusMacaque_DPZ9524  CACCATATGA TCTCCAGATG TTTGCAAATG AGCTATTGCC TCCTGGTTTC
SFV_TaiwaneseMacaque_SFV2  CACCATATGA TCTCCAGTAC ATTGCAAATG AGCTTCTACC CCCCGGTTTC
SFV_JapaneseMacaque_JM356  CACCATATGA TCTCCAGATG TTTGCAAATG AGTTGCTGCC ACCTGGTTTC

                         201
SFV_AGM_LK3                AGCATTGTTA CAGCTGATGG AAATAGGTAT GAAAGCACTA GGAAGGTACA
SFV_RhesusMacaque_DPZ9524  AGTATTACCA CTCCTGGTGG AACCTGCTAT ACGAGTGATC GTAGGCTTCA
SFV_TaiwaneseMacaque_SFV2  AGTATAACCA CTCCCAAGGG AGTTAATTAT ACCAGTGATC GTAAGTTCCA
SFV_JapaneseMacaque_JM356  AGTATTAACA CCCCTAGTGG AGCTTGCTAT ATAAGTAGTC GCAGGCTTCA

                         251
SFV_AGM_LK3                TTTAGTTAAT GAAGGAACCC TTGAAGAGTA CCAAGCTAA- AATAAGGAAA
SFV_RhesusMacaque_DPZ9524  CTATGGAAAT GAAGGAACTC TTCAGGAGTA TCAGGAAAAC TGTGATAGAA
SFV_TaiwaneseMacaque_SFV2  TTATGGAAAT GAGGGAACCC TTCAGGAATA TAATGAGAAT TGTGATAAGA
SFV_JapaneseMacaque_JM356  CTATGGAAAT GAAGGAACTC TTCAGGAGTA TCAAGAGAAC TGTGACAGAA

                         301
SFV_AGM_LK3                TAGAAGAAAG ATATGGATGT GGATGTTGTC TTTCTTCAGA TAGTGATGAT
SFV_RhesusMacaque_DPZ9524  TTAAAAGGGG ATT------- ---------- ---------- ------CGAA
SFV_TaiwaneseMacaque_SFV2  TTAAGAGAGG ATA------- ---------- ---------- ------TGAT
SFV_JapaneseMacaque_JM356  TTAAAAGAGG ATA------- ---------- ---------- ------TGAG

                         351
SFV_AGM_LK3                GAGGATTATT CTGAAGATAC CCCTGACACT GAAACTACAA GTGTAGAGGA
SFV_RhesusMacaque_DPZ9524  GAAATTTCCT CTAGTGATTC TTC------- ---------- ----AGATGA
SFV_TaiwaneseMacaque_SFV2  GAAATATCTT CTAGTGATTA CTC------- ---------- ----AGATGA
SFV_JapaneseMacaque_JM356  GATATTTCCT CCAGTGATTC CTC------- ---------- ----AGATGA

                         401
SFV_AGM_LK3                AGATTAAAAC ACAGGGTACA GTGTTATTTA TTTACATAAT CTGCTTAGCA
SFV_RhesusMacaque_DPZ9524  AGATTAAAAG G--------- ---------- ------TATT TTACCTAGCA
SFV_TaiwaneseMacaque_SFV2  AGATTAGTAG A--------- ---------- -------AAT TTACCCAGCA
SFV_JapaneseMacaque_JM356  GGATTAAAAG A--------- ---------- ------AACT TTACCCAGCA

                         451
SFV_AGM_LK3                ACTGCTTATG CTCAAGAATG ATTCAGTATA TTGTTTAGGA ATAAGATATA
SFV_RhesusMacaque_DPZ9524  ACTGCTTATG CTTGTTTATG ATTCATACTT TTGTTTAGGA TAAGAATATA
SFV_TaiwaneseMacaque_SFV2  ACTGCTTATG CTTGCATATG ATTCATGCTT TTGTTTAGGA TAAGGGGAAC
SFV_JapaneseMacaque_JM356  ACTGCTTATG CTTGCTTATG ATTCATGCCT TTGTTTAGGA TAAGGATGCA

                         501
SFV_AGM_LK3                GTTTATAAGA AGTTAATCCT TAGGGAGTAT TTGGTGGAAA CGACTGAGT-
SFV_RhesusMacaque_DPZ9524  -TTTGACTAT AGTTAATCCT TAGGAAGCAT TTGGTAAATT CTACTAAGCA
SFV_TaiwaneseMacaque_SFV2  -TTTAAACAT AGTTAATCCC TAGGAAGCAT TTGGTAAATT CTACTAAGCA
SFV_JapaneseMacaque_JM356  -TTTAACCAT AGTTAATCCT TAGGAAGCAT TTGGTAAATT CTACTAAGCA

                         551
SFV_AGM_LK3                GACATGAAGT TTATTCACCA TACTCTCAAT AG-GAGCCAC TAGTTGAGCC
SFV_RhesusMacaque_DPZ9524  TACCAGTTCA TTTACTACCG TGCTTCCGAT GGAGAACCTA GGGACGAGGC
SFV_TaiwaneseMacaque_SFV2  GACCTGTTCA TTTACTACCG TGCTTCCGAT GGAGAACCTA GGGACGAGGC
SFV_JapaneseMacaque_JM356  AACCTGTTCA TTTACTACCG TGCTTCCGAT GGAGAACTTA GGGACGAGGC

S1-5p

S1-3p S2-5p

                         601
SFV_AGM_LK3                TGTGTGTTCA AATCCATGCT CAGCTAAAGT GACTCCCTTT TAGTTTCACT
SFV_RhesusMacaque_DPZ9524  TGTGAGTTCG ATATCATCCT CCTCTCGAGT GTCTCCCTTT TGCTTTTAGA
SFV_TaiwaneseMacaque_SFV2  TGTGAGTTCA ATATCATCCT CATCTCGAGT GTCTCCCTTT TCCTTTTCTT
SFV_JapaneseMacaque_JM356  TGTGAGTTCG ATGTCATCCT CATCTCGAGT GTCTCCCTTT TGCTTTTATA

                         651
SFV_AGM_LK3                TT-------- ---------- -AGGATAAGT ATAGTATAAG TATCATATAA
SFV_RhesusMacaque_DPZ9524  ATAATTAGGA ATTATGCAAT AAGTTTAAGT ATAAAATAAT ATTAAGTTAA
SFV_TaiwaneseMacaque_SFV2  CTTTATAAAA ATTATGCGAT AGGTTTAAGT ATAGAATTAT AACAAGTTAA
SFV_JapaneseMacaque_JM356  GTAATTAGAA ATTATGCAAT AGGTATAAGT ATAGAATAAT A-TAAGATAA

                         701
SFV_AGM_LK3                TCCTAAGGGA GTATGTGGAC CTTCTTGTTA GGAATTAGTT TAAGATAGTC
SFV_RhesusMacaque_DPZ9524  TCCTAAGGGA GGGAGTGGAA CGTCCTGATA AACAGCAGGC ATGACGCTCT
SFV_TaiwaneseMacaque_SFV2  TCCTAAGGGA GGGAGTGGAA CGTCCTGATA GAAAACAGAC ATGACGCTCT
SFV_JapaneseMacaque_JM356  TCCTAAGGGA GGGAGTGGAA CGTCCTGATA GGAAACAGGC ATGACGCTCT

                         751
SFV_AGM_LK3                CACAGCTCCC TTCTTTTTGA GTTCTAGTCT TTGTTAAGTT TGTTGGCTC-
SFV_RhesusMacaque_DPZ9524  CCCATCCCTC CTTTTCTCAT GTTCAAATCT AAGTAAGACT TATTGACTCC
SFV_TaiwaneseMacaque_SFV2  CCCATCCCTC CTTTTCTCAT GTTCAAATCT AAAGTAAAAT TGTTGACTCT
SFV_JapaneseMacaque_JM356  CCCATCCCTC CTTTTCATAT GTTCAAATCT AAGGTAAAAT TATTGACTCC

                         801
SFV_AGM_LK3                ---------A TACAGATAAA GTGCTCATTA AACAGGAAAC CGCAACCGGG
SFV_RhesusMacaque_DPZ9524  CTGCCAACTA TTAACATAGA AGTTAATTAA AACAGGAAAC CACAAGTAGG
SFV_TaiwaneseMacaque_SFV2  CTGCCAGCTG TTAGCATAGA AGTAAGATAA AACAGGAAAC CACAAGTAGG
SFV_JapaneseMacaque_JM356  TTGCCAGCTG TTAACATAGA AATTAAATAA AACAGGAAAC CACAAGTAGG

                         851
SFV_AGM_LK3                TAAAGGTTAG CACAGTAAAT TAA---GCTA GCAGTTACTC AAGAGCCCGG
SFV_RhesusMacaque_DPZ9524  TGAAGGCTAG CTCACTGCAT AAATTGACTA GTCTTTGCTC AAGAACCCAG
SFV_TaiwaneseMacaque_SFV2  TGAAGGCTGG CTCACTGAAT AAATTGACTA GTCTTTGCTC AAGAACCCAG
SFV_JapaneseMacaque_JM356  TGAAGGCTAG CTCACTGAAT AAATTGACTA GTCTTTGCTC AAGAACCCAG

                         901
SFV_AGM_LK3                TAAGCATTCA AGTA-GTTCG AATCCCTTTA ATGCTGACGG ATTGCTCTTT
SFV_RhesusMacaque_DPZ9524  GGAGCAGTGT TGTGTGTTCA AGTCTCAATA ATGCATCCTG GTCGTTCTTT
SFV_TaiwaneseMacaque_SFV2  GGAGCAGTGT TGTGTGTTCA AGTCTCAATA ATGCATCCTG GTCGTTCTTT
SFV_JapaneseMacaque_JM356  GGAGCAATGT TGTATGTTCA AATCTCAATA GTGCATCCTG GTCGTTCTTT

                         951
SFV_AGM_LK3                AGTGAGGTGA TGTAATTTGT TTTTGTAATC TGAAATGTGT ATTTGTATAG
SFV_RhesusMacaque_DPZ9524  A-TGAAATTA TGTCATTGTA AACAATACCT GAAAGTAAGA AATGACTCTG
SFV_TaiwaneseMacaque_SFV2  A-TAAAATTA TGTCATTGTA AACATCATAT GAAAGCAAGA AATGACTTTG
SFV_JapaneseMacaque_JM356  A-TGAAGTTA TGTCATCATA AACAGTATAT GAAAGTAAGA AATGACTTTG

                        1001
SFV_AGM_LK3                GAAGTTGTAC AAAAAAGGGA ATGGCTAAAC TTGTTACAGC TCGAGCAAAC
SFV_RhesusMacaque_DPZ9524  TAAA--AGCC ACAAAGGGGA ATAGCTGATG TGCAAAGTGA TAGCCTTATA
SFV_TaiwaneseMacaque_SFV2  TAAA---ACC ACAGAGGGAA ATAGCTAATG TGCAAAGTAT CAACCTTGTA
SFV_JapaneseMacaque_JM356  TAAA--AGCC ACAAAGGGAA ATAGCTAATG TGCAAAGTGA TAGTCTTATA

                        1051
SFV_AGM_LK3                ATTTAGCAAT TTCCTTTGCT TTTGAAGTTC GAATCTTGTA ATAATATTTT
SFV_RhesusMacaque_DPZ9524  CTTGGCCGTT CTCCTTTGGT ATTTAAGTTC AAATCCCGTA AACTGTGTTG
SFV_TaiwaneseMacaque_SFV2  CTTGGCCGTT CTCCTTTGAT ATTCAAGTTC AAATCCTGTA AGCTGTGCTA
SFV_JapaneseMacaque_JM356  CTTAGCCGTT CTCCTTTGAT ATTCAAGTTC AAATCCTGTA AATGGTGTTA

                        1101
SFV_AGM_LK3                AAGCACATGA ACTATAAAG- ---------- ----CTTAAG TATGGAAAAA
SFV_RhesusMacaque_DPZ9524  CAGCTAATGT AATGTTGAGT AATAATTTGT TTTCTATATG AGTGTAAAAT
SFV_TaiwaneseMacaque_SFV2  CCACTGATGA AATGTTGTGT AATAATTTGT TTTCTATATG AGTGTGAAAT
SFV_JapaneseMacaque_JM356  CAGCTGATGT AATGTTAAGT AATAACTTGT TTTCTATATG AGTGTAAAAT

                        1151
SFV_AGM_LK3                TCCTCAAGTA TGAGTCACGA GATGTTTGGC TCACTGCGTT GGACGACTGG
SFV_RhesusMacaque_DPZ9524  TAGCTCCTGA TGACTCACGA GGTGAATGGC TCACAGTGAA CGACGACT-G
SFV_TaiwaneseMacaque_SFV2  TAGCTCCTGG TGACTCACGA GGTGAATGGC TCACAGTGAA CGACGACT-G
SFV_JapaneseMacaque_JM356  TAGCTCCTGA TGACTCACGA GGTGAATGGC TCACAGTGAA CGACGACT-G

                        1201
SFV_AGM_LK3                AAAGAAGCTT CAACAGTCGG GACAGCATCT CGAAGAAGGC CTCCGGAATG
SFV_RhesusMacaque_DPZ9524  AGCATTCCTT ACGCTGCGTT GCCACCACCT CCAGGAATGC AGTGGGTATG
SFV_TaiwaneseMacaque_SFV2  AATCTTCCTT ACGCTGCGTT GCCACCACCT CCAGGAATGC AGTGGGTATG
SFV_JapaneseMacaque_JM356  AACAATCCTT ACGCTGCGTT GCCACCACCT CCAGGAATGC AGTGGGTATG

S2-3p

S3-5p

S3-3p

S4-5p S4-3p

Figure S2
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Figure S2 (cont.)

                         601
SFV_AGM_LK3                TGTGTGTTCA AATCCATGCT CAGCTAAAGT GACTCCCTTT TAGTTTCACT
SFV_RhesusMacaque_DPZ9524  TGTGAGTTCG ATATCATCCT CCTCTCGAGT GTCTCCCTTT TGCTTTTAGA
SFV_TaiwaneseMacaque_SFV2  TGTGAGTTCA ATATCATCCT CATCTCGAGT GTCTCCCTTT TCCTTTTCTT
SFV_JapaneseMacaque_JM356  TGTGAGTTCG ATGTCATCCT CATCTCGAGT GTCTCCCTTT TGCTTTTATA

                         651
SFV_AGM_LK3                TT-------- ---------- -AGGATAAGT ATAGTATAAG TATCATATAA
SFV_RhesusMacaque_DPZ9524  ATAATTAGGA ATTATGCAAT AAGTTTAAGT ATAAAATAAT ATTAAGTTAA
SFV_TaiwaneseMacaque_SFV2  CTTTATAAAA ATTATGCGAT AGGTTTAAGT ATAGAATTAT AACAAGTTAA
SFV_JapaneseMacaque_JM356  GTAATTAGAA ATTATGCAAT AGGTATAAGT ATAGAATAAT A-TAAGATAA

                         701
SFV_AGM_LK3                TCCTAAGGGA GTATGTGGAC CTTCTTGTTA GGAATTAGTT TAAGATAGTC
SFV_RhesusMacaque_DPZ9524  TCCTAAGGGA GGGAGTGGAA CGTCCTGATA AACAGCAGGC ATGACGCTCT
SFV_TaiwaneseMacaque_SFV2  TCCTAAGGGA GGGAGTGGAA CGTCCTGATA GAAAACAGAC ATGACGCTCT
SFV_JapaneseMacaque_JM356  TCCTAAGGGA GGGAGTGGAA CGTCCTGATA GGAAACAGGC ATGACGCTCT

                         751
SFV_AGM_LK3                CACAGCTCCC TTCTTTTTGA GTTCTAGTCT TTGTTAAGTT TGTTGGCTC-
SFV_RhesusMacaque_DPZ9524  CCCATCCCTC CTTTTCTCAT GTTCAAATCT AAGTAAGACT TATTGACTCC
SFV_TaiwaneseMacaque_SFV2  CCCATCCCTC CTTTTCTCAT GTTCAAATCT AAAGTAAAAT TGTTGACTCT
SFV_JapaneseMacaque_JM356  CCCATCCCTC CTTTTCATAT GTTCAAATCT AAGGTAAAAT TATTGACTCC

                         801
SFV_AGM_LK3                ---------A TACAGATAAA GTGCTCATTA AACAGGAAAC CGCAACCGGG
SFV_RhesusMacaque_DPZ9524  CTGCCAACTA TTAACATAGA AGTTAATTAA AACAGGAAAC CACAAGTAGG
SFV_TaiwaneseMacaque_SFV2  CTGCCAGCTG TTAGCATAGA AGTAAGATAA AACAGGAAAC CACAAGTAGG
SFV_JapaneseMacaque_JM356  TTGCCAGCTG TTAACATAGA AATTAAATAA AACAGGAAAC CACAAGTAGG

                         851
SFV_AGM_LK3                TAAAGGTTAG CACAGTAAAT TAA---GCTA GCAGTTACTC AAGAGCCCGG
SFV_RhesusMacaque_DPZ9524  TGAAGGCTAG CTCACTGCAT AAATTGACTA GTCTTTGCTC AAGAACCCAG
SFV_TaiwaneseMacaque_SFV2  TGAAGGCTGG CTCACTGAAT AAATTGACTA GTCTTTGCTC AAGAACCCAG
SFV_JapaneseMacaque_JM356  TGAAGGCTAG CTCACTGAAT AAATTGACTA GTCTTTGCTC AAGAACCCAG

                         901
SFV_AGM_LK3                TAAGCATTCA AGTA-GTTCG AATCCCTTTA ATGCTGACGG ATTGCTCTTT
SFV_RhesusMacaque_DPZ9524  GGAGCAGTGT TGTGTGTTCA AGTCTCAATA ATGCATCCTG GTCGTTCTTT
SFV_TaiwaneseMacaque_SFV2  GGAGCAGTGT TGTGTGTTCA AGTCTCAATA ATGCATCCTG GTCGTTCTTT
SFV_JapaneseMacaque_JM356  GGAGCAATGT TGTATGTTCA AATCTCAATA GTGCATCCTG GTCGTTCTTT

                         951
SFV_AGM_LK3                AGTGAGGTGA TGTAATTTGT TTTTGTAATC TGAAATGTGT ATTTGTATAG
SFV_RhesusMacaque_DPZ9524  A-TGAAATTA TGTCATTGTA AACAATACCT GAAAGTAAGA AATGACTCTG
SFV_TaiwaneseMacaque_SFV2  A-TAAAATTA TGTCATTGTA AACATCATAT GAAAGCAAGA AATGACTTTG
SFV_JapaneseMacaque_JM356  A-TGAAGTTA TGTCATCATA AACAGTATAT GAAAGTAAGA AATGACTTTG

                        1001
SFV_AGM_LK3                GAAGTTGTAC AAAAAAGGGA ATGGCTAAAC TTGTTACAGC TCGAGCAAAC
SFV_RhesusMacaque_DPZ9524  TAAA--AGCC ACAAAGGGGA ATAGCTGATG TGCAAAGTGA TAGCCTTATA
SFV_TaiwaneseMacaque_SFV2  TAAA---ACC ACAGAGGGAA ATAGCTAATG TGCAAAGTAT CAACCTTGTA
SFV_JapaneseMacaque_JM356  TAAA--AGCC ACAAAGGGAA ATAGCTAATG TGCAAAGTGA TAGTCTTATA

                        1051
SFV_AGM_LK3                ATTTAGCAAT TTCCTTTGCT TTTGAAGTTC GAATCTTGTA ATAATATTTT
SFV_RhesusMacaque_DPZ9524  CTTGGCCGTT CTCCTTTGGT ATTTAAGTTC AAATCCCGTA AACTGTGTTG
SFV_TaiwaneseMacaque_SFV2  CTTGGCCGTT CTCCTTTGAT ATTCAAGTTC AAATCCTGTA AGCTGTGCTA
SFV_JapaneseMacaque_JM356  CTTAGCCGTT CTCCTTTGAT ATTCAAGTTC AAATCCTGTA AATGGTGTTA

                        1101
SFV_AGM_LK3                AAGCACATGA ACTATAAAG- ---------- ----CTTAAG TATGGAAAAA
SFV_RhesusMacaque_DPZ9524  CAGCTAATGT AATGTTGAGT AATAATTTGT TTTCTATATG AGTGTAAAAT
SFV_TaiwaneseMacaque_SFV2  CCACTGATGA AATGTTGTGT AATAATTTGT TTTCTATATG AGTGTGAAAT
SFV_JapaneseMacaque_JM356  CAGCTGATGT AATGTTAAGT AATAACTTGT TTTCTATATG AGTGTAAAAT

                        1151
SFV_AGM_LK3                TCCTCAAGTA TGAGTCACGA GATGTTTGGC TCACTGCGTT GGACGACTGG
SFV_RhesusMacaque_DPZ9524  TAGCTCCTGA TGACTCACGA GGTGAATGGC TCACAGTGAA CGACGACT-G
SFV_TaiwaneseMacaque_SFV2  TAGCTCCTGG TGACTCACGA GGTGAATGGC TCACAGTGAA CGACGACT-G
SFV_JapaneseMacaque_JM356  TAGCTCCTGA TGACTCACGA GGTGAATGGC TCACAGTGAA CGACGACT-G

                        1201
SFV_AGM_LK3                AAAGAAGCTT CAACAGTCGG GACAGCATCT CGAAGAAGGC CTCCGGAATG
SFV_RhesusMacaque_DPZ9524  AGCATTCCTT ACGCTGCGTT GCCACCACCT CCAGGAATGC AGTGGGTATG
SFV_TaiwaneseMacaque_SFV2  AATCTTCCTT ACGCTGCGTT GCCACCACCT CCAGGAATGC AGTGGGTATG
SFV_JapaneseMacaque_JM356  AACAATCCTT ACGCTGCGTT GCCACCACCT CCAGGAATGC AGTGGGTATG

S5-5p

S5-3p

                        1251
SFV_AGM_LK3                AAAGAGTAAA AATTGAAGTC TCCTCATTCA GAGAGCCTTC TTTTGGAATT
SFV_RhesusMacaque_DPZ9524  GAGCAGTGAA TTCCAGAATC TCTTCATACT AACTACATTC TTTTGTATAC
SFV_TaiwaneseMacaque_SFV2  GAGCAGTGAA TTCCAGAATC TCTTCATACT AACTACATTC TTTTGTATCC
SFV_JapaneseMacaque_JM356  GAGTAGTGAA TTCCAGAATC TCTTCATACT AACTACATTC TTTTGTATCC

                        1301
SFV_AGM_LK3                TTAGGTAGAG AAAAGTTTCT AATAGAATAA ACTTTTGTAT CAGCAGATAG
SFV_RhesusMacaque_DPZ9524  ACAGTTAGGA ATTAG-AAAA GGTAGTTTGG AATTCTGTAT TAGCTTTTAA
SFV_TaiwaneseMacaque_SFV2  AAAGATGAGA GTTAG--GAA AATAGTTTGG AATACTGTAT TAGCTCTTTA
SFV_JapaneseMacaque_JM356  ACAGTTAGGA ATTAG-TAAA GATAGTTTGG AATTTTGTAT TAGCTTTTAG

                        1351
SFV_AGM_LK3                ATAGGATATA TAATCCCTGC TTTAGATTGT ACGGGAGCTC ACCACTGCTC
SFV_RhesusMacaque_DPZ9524  AGAAAGTATA AAAGTATAAT GGTAGATTGT ACGGGAGCTC TTCACTACTC
SFV_TaiwaneseMacaque_SFV2  GAAAGATATA AAAACATAGG AATAGATTGT ACGGGAGCTC TTCACTACTC
SFV_JapaneseMacaque_JM356  AGAAA-TATA AAAGCATAAT GATAGATTGT ATGAGAGCTC TTCACTGCTC

                        1401
SFV_AGM_LK3                GCTGCGTCGA GAGTGTTCGA GTCTCTCCAG GCTTGGTAAG A-----TAGA
SFV_RhesusMacaque_DPZ9524  GCTGCGTCGA GAGTGTTCGA GACTCTCCAG GCTTGGTAAG AAACATTATA
SFV_TaiwaneseMacaque_SFV2  GCTGCGTCGA GAGTGTTCGA GACTCTCCAG GCTTGGTAAG AAATATTATA
SFV_JapaneseMacaque_JM356  GCTGTGCCGA GAGTGTTCGA GACTCTCCAG GCTTGGTAAG AAATATTATA

                        1451
SFV_AGM_LK3                ACTTTGGTAT TCTATGTATT TTTATGATCC AATTATACTC TGCTTATAGA
SFV_RhesusMacaque_DPZ9524  ACTTTGGTAT TCTGATCCTT TCAATGCTCT GCT------- ---ATTTAGA
SFV_TaiwaneseMacaque_SFV2  ATCTTGTTAT TCTGATCCTT T-ATTGCTCT GCT------- ---ACTTAGA
SFV_JapaneseMacaque_JM356  ACTTTGTTAT TCTGATCCTT TTAATGCTCT GCT------- ---ATTTAGA

                        1501
SFV_AGM_LK3                TTGTAATGGG CAATGGCAAT GCTTTATCAA TGAATGATTT TATGGTGAAT
SFV_RhesusMacaque_DPZ9524  TTGTAATGGG TAATGGCAAT GCTTAATCA- ---------- -------GAT
SFV_TaiwaneseMacaque_SFV2  TTGTAATGGG TAATGGCAAT GCTTAATCA- ---------- -------GAT
SFV_JapaneseMacaque_JM356  TTGTAATGGG TGAAGGCAAT GCTTAATCA- ---------- -------GAT

                        1551
SFV_AGM_LK3                TAAGTTCATA TATGTTTAAA GAAGTTTAAC AATAAACCGA CTTAATTCGA
SFV_RhesusMacaque_DPZ9524  TTGATT---- ---------- ---------C AATAAACCGA CTTAATTCGA
SFV_TaiwaneseMacaque_SFV2  TTAATT---- ---------- ---------C AATAAACCGA CGTAATTCGA
SFV_JapaneseMacaque_JM356  TTAACT---- ---------- ---------C AATAAACCGA CTTAATTCGA

                        1601
SFV_AGM_LK3                GAACCAGATT TATTAGTATT GTCTCTTTCT ATACTTTATG CAAAGTGAAA
SFV_RhesusMacaque_DPZ9524  GAACCATACT TATT-TTATT GTCTCTTTCA ATACTTTATG TAAAGTGAAA
SFV_TaiwaneseMacaque_SFV2  GAACCATACT TAT--TTATT GTCTCTTTCA ATACTTTATG CAAAGTGAAA
SFV_JapaneseMacaque_JM356  GAACCATACT TATT-TTATT GTCTCTTTCA ATACTTTATG TAAAGTGAAA

                        1651
SFV_AGM_LK3                GGAGTTGTAT ATTAGCCTTG CTTATAAGAG CCATCTAGTG GTATAAGTGT
SFV_RhesusMacaque_DPZ9524  GGAGTTGTAT ATTAGCCTTG CTTA-GGGAA CCATCTAGTG GGATAAGTGG
SFV_TaiwaneseMacaque_SFV2  GGAGTTGTGT GTTAGCCTTG CTTA-GGGAA CCACCTAGTG GGATAAGTGG
SFV_JapaneseMacaque_JM356  GGAGTTGTGT ATTAGCCTTG CTTA-GGGAA CCATCTAGTG GGATAAGTGG

                        1701
SFV_AGM_LK3                AGATTACACT TATCATAAGA GGTGGAATTC TTTAAGGATA ATCAATATAC
SFV_RhesusMacaque_DPZ9524  GTACTACACT TATCATAAGA GGTGTTAGTT CCTAAGGATA ATCAATATAC
SFV_TaiwaneseMacaque_SFV2  GTACTACACT TGTCATAAGA GGTGTTAGTT CCTAAGGATA ATCAATACAC
SFV_JapaneseMacaque_JM356  GTACTACACT TATTATAAAA GGTGTTAATT CCTAAGGATA ATCAATACAC

                        1751
SFV_AGM_LK3                AAAATTCCAC GACAAT---- ---------- ---------- ----------
SFV_RhesusMacaque_DPZ9524  AATATTCCAT GACAATTGGC GCCCAACGTG GGGCTCGAAT ATAAGTCGAG
SFV_TaiwaneseMacaque_SFV2  AATATTCCAC GACA------ ---------- ---------- ----------
SFV_JapaneseMacaque_JM356  AATATTCCAT GACA------ ---------- ---------- ----------

                        1801
SFV_AGM_LK3                ---------- ---------- ---------- ---------- ----------
SFV_RhesusMacaque_DPZ9524  GCATTATTTA AAGTGCTTAA ATTTATCCCT AGGGACCTTC ACGCACAGCG
SFV_TaiwaneseMacaque_SFV2  ---------- ---------- ---------- ---------- ----------
SFV_JapaneseMacaque_JM356  ---------- ---------- ---------- ---------- ----------

                        1851
SFV_AGM_LK3                ---------- ---------- --------
SFV_RhesusMacaque_DPZ9524  GAAGGTAATT ATCATTGCCT AAATAAAA
SFV_TaiwaneseMacaque_SFV2  ---------- ---------- --------
SFV_JapaneseMacaque_JM356  ---------- ---------- --------
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Table S1. Primers used in this study  

 

  

Name Purpose of PCR Template Target sequence Sequence (5ʹ - 3ʹ)

SFVmiRNA_S67_F CCCAAGCTTGTAATGTTAAGTAATAAGTTG

SFVmiRNA_S67_R CGCGGATCCGCAGAGCATTAAAAGGATCAGAA

hsa-mir-1-F ATCGCTCGAGGGCTGTCCTGCTCACACAGA

hsa-mir-1-R CGATTCTAGAGCGGGGACACGACCGTCCAC 

hCMVenh-Nhe1_F GCGAGCTAGCCAGATATACGCGTTGACATTG

hCMVpro-Hind3_R TTAGAAGCTTAGCTCTGCTTATATAGACCTCCCA

miR1_comp_F GATCGCCGTGTAATTATACATACTTCTTTACATTCCAATCGATCGATACATACTTC 

miR1_comp_R CCGGCCGCCCCGACTTGGAATGTAAAGAAGTATGTATCGATCGATTGGAATGTAAA 

SFV_S7-5'_comp_F GATCGCCGTGTAATTTACTCCATACCCACTGCATTCCTATCGATCGTACTC

SFV_S7-5'_comp_R CCGGCCGCCCCGACTAGGAATGCAGTGGGTATGGAGTACGATCGATAGGAATG

CAP1_pGL3_3UTR_F GATCGCCGTGTAATTGCGAAGTGCCACTGGGTTC

CAP1_pGL3_3UTR_R CCGGCCGCCCCGACTGCAAGTTTGGTATTAACTTTATTC

CAP1mut_F CTAGCAGTAAGGTTACAAAATTGTTTCC

CAP1mut_R TGTAACCTTACCTAGATGGCCAAGCCTCAG

CAP1mut_2nd_F CTATAACGTAAGGTTTTATTCTCTATTC

CAP1mut_2nd_R AAAACCTTACGTTATAGGAAACAATTTTG

CAP1mut_3rd_F AGTCTGCGTAAGGTGAATCCTTCTTCCC

CAP1mut_3rd_R ATTCACCTTACGCAGACTCCTTGAAATC

Puro-InSIN_F CAGGATGAGGATCGTACCATGACCGAGTACAAGCCC

Puro-InSIN_R GATAGAAGGCGATGCTCAGGCACCGGGCTTGCGG

CAP1-F CGCGAAGCTTGTTCAAGACCCTCTGGAATGGGCAG

CAP1-R GGCAGAATTCGGATGTGAAAATAATTTTATGAGGT

To construct luciferase reporter plasmids

No template (annealing and extending primers) Complementary sequences of miRNA-1

No template (annealing and extending primers) Complementary sequences of miRNA SFVmfu S7-5p

genomic DNA of TE671 cells infected with SFVmfu pre-miRNA sequence of miRNA SFVmfu S6-7

genomic DNA of TE671 cells pre-miRNA sequence of miRNA 1

CMV enhancer and promoter

To construct miRNA expression plasmids

pGL3-hCMV/CAP1 3ʹUTR (Wild-type) 3ʹUTR of human CAP1 gene

pGL3-hCMV/CAP1 3ʹUTR (Single mut.)

To sequence 3ʹUTR of CAP1 from Japanese macaque Genomic DNA of Japanese macaque  3ʹUTR of CAP1 from Japanese macaque

pGL3-hCMV/CAP1 3ʹUTR (Double mut.)

3ʹUTR of human CAP1 gene

3ʹUTR of human CAP1 gene

puromycin resistant genepMX-puro To obtain puromycin resistant gene

pcDNA 3.1(+)

genomic DNA of TE671 cells 3ʹUTR of human CAP1 gene



Table S2. Predicted target genes of SFVmfu-miR-S7-5p obtained from miRDB (accessed in August 2019) �

 

�

Target Rank Gene Symbol Target Score

1 44� 100

2 
�7� 100

3 7�78� 99

4 9"�� 99

5 4
�7� 99

6 
804� 98

7 �78��	 98

8 9�2� 98

9 !76� 97

10 !757�7� 97

11 �3

0� 97

12 #�7��3� 97

13 �97�� 97

14 9404�� 97

15 93
�
��� 97

16 �43� 97

17 �7�9� 97

18 
63���� 97

19 �1�� 97

20 �637�� 96

21 56�
�� 96

22 7�
�� 96

23 4�!� 96

24 7��7
� 95

25 2���� 95

26  �8�� 95

27 5
6�� 95

28 99�	 95

29 �57��� 95

30 ����� 95

31 ���8 95

32 #5��	� 94

33 �
3
 94

34 57�9� 94

35 ���� 94

36 �40��� 94

37 �3
� 94

38 �8���7�� 94

39 76�2 93

40 
�BCA�
 93

41 7�75�� 93

42 �7��7� 93

43 93
���� 93

44 �8�� 93

45 93
���� 93

46 �9�8 93

47 93
���� 93

48 38
�� 92

49 7�02�3 92

50 ��4���� 92

51 2��38� 92

52 7�304� 92

53 9�7�9� 92

54 778
� 92

55 9�87� 92

56 �57��� 91

57 ��7����� 91

58 9���� 91

59 
6�� 91

60 5�
�05� 91

61 23��� 91

62 �0���� 91

63 �4�6!� 91

64 7���� 91

65 #5���� 91

66 ��5�� 91

67 �
�8� 90

68 ���� 90

69 
3�
 90

70 �52 90

71 �87
� 90

72 
�
��� 90

73 
3
5� 90

unk zinc finger

transient receptor potential cation channel subfamily C member 7

C2 calcium dependent domain containing 4B

chloride voltage-gated channel 5

Gene Description

zinc finger protein 326

heart and neural crest derivatives expressed 2

activin A receptor type 1

AF4/FMR2 family member 3

clathrin heavy chain

nectin cell adhesion molecule 2

Kruppel like factor 15

HIG1 hypoxia inducible domain family member 1A

homeobox containing 1

piggyBac transposable element derived 5

stress associated endoplasmic reticulum protein 1

glucosamine-6-phosphate deaminase 2

ATPase H+ transporting V1 subunit B2

stromal antigen 2

component of oligomeric golgi complex 3

family with sequence similarity 102 member A

KDEL endoplasmic reticulum protein retention receptor 2

PDZ and LIM domain 2

selenophosphate synthetase 2

peroxisome proliferator-activated receptor gamma, coactivator-related 1

solute carrier family 44 member 1

thyroid stimulating hormone receptor

solute carrier family 10 member 7

leucine rich repeats and calponin homology domain containing 1

PDLIM1 interacting kinase 1 like

chromosome 4 open reading frame 19

protein tyrosine phosphatase, non-receptor type 14

heterochromatin protein 1 binding protein 3

solute carrier family 44 member 2

ADP ribosylation factor 4

transcription factor binding to IGHM enhancer 3

transmembrane and immunoglobulin domain containing 3

glucuronic acid epimerase

Rho GTPase activating protein 32

pogo transposable element derived with KRAB domain

B-TFIID TATA-box binding protein associated factor 1

adenosine deaminase, RNA specific

zinc finger protein 281

glutamate-cysteine ligase catalytic subunit

NPHS1, nephrin

lysine acetyltransferase 6A

WD repeat domain 47

nuclear receptor coactivator 1

SS18, nBAF chromatin remodeling complex subunit

N-acetylglucosamine-1-phosphate transferase subunits alpha and beta

golgi phosphoprotein 3

notch 3

programmed cell death 4

metaxin 1

poly(A) binding protein cytoplasmic 1

solute carrier family 39 member 10

EMAP like 4

adaptor related protein complex 3 subunit sigma 1

collagen type XXV alpha 1 chain

gap junction protein alpha 1

monocyte to macrophage differentiation associated

cyclase associated actin cytoskeleton regulatory protein 1

protein tyrosine phosphatase, receptor type D

synaptotagmin 1

multiple C2 and transmembrane domain containing 1

glucocorticoid induced 1

ZFP36 ring finger protein like 2

ubiquitin specific peptidase 46

small integral membrane protein 14

cysteine rich transmembrane BMP regulator 1

G protein-coupled receptor 158

serum/glucocorticoid regulated kinase 1

exportin 6

X-prolyl aminopeptidase 3


