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Supplementary Information Text

Supplementary Materials and Methods

Cell culture. Cells were cultured in high-glucose Dulbecco’s modified Eagle medium (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) supplemented with 10% fetal bovine serum.
Cells were incubated in a COz2 incubator at 37°C. In this study, we used the following cell lines:
HEK293T (human embryonic kidney transformed with SV40 large T antigen), MDTF (Mus dunni
fibroblast tail), HepG2 (human), Cos7 (African green monkey), Vero (African green monkey), CRFK
(cat), BHK-21(hamster), 104C1 (guinea pig), KwDM (dog), and MDBK (cattle) cells, as well as
HEK293T cells persistently infected with feline leukemia virus (FeLV)-D (293T/FeLV-D), FeLV-B
(293T/FeLV-B), endogenous retrovirus of domestic cats (ERV-DC)14TA (293T/ERV-DC14) that
has a thymine-to-adenine mutation in the ERV-DC14 provirus LTR, and ERV-DC10 (293T/ERV-
DC10) (1,2,3). Additionally, GPLac cells harboring a murine leukemia virus (MLV) Gag-Pol
expression vector and a pMXs retroviral vector carrying a LacZ marker were cultured under the
same conditions.

MDTF/feline copper transport protein 1 (feCTR1), MDTF/human copper transport protein 1
(huCTR1), MDTF/pFUAss empty vector, MDTF/human copper transport protein 2 (huCTR2), and
MDTF-pMSCVneo empty vector cell lines were established. Briefly, MDTF cells were transfected
with expression vectors (pFUAss-feCTR1 or pFUAss empty vector as a control) using
Lipofectamine®3000 reagent (Thermo Fisher Scientific, Waltham, MA, USA). Single cells were
cultured in medium containing 200 pg/mL zeocin (InvivoGen, San Diego, CA, USA) in 96-well plates
and single cells were isolated. PLAT-E packaging cells were transfected with expression vectors
(PMSCVneo-huCTR1, pMSCVneo-huCTR2, or pMSCVneo empty vector) using TransIT®-293
reagent and supernatants were used to infect MDTF cells. Cells were cultured in medium
containing 600 pg/mL neomycin. These cells were termed MDTF-feCTR1, MDTF-pFUAss empty,
MDTF-huCTR1, MDTF-huCTR2, and MDTF-pMSCVneo empty.

cDNA cloning and establishment of cell lines expressing CTR1. Feline RNA was extracted
from the feline lymphoma FT-1 cell line using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands).
To obtain the feline CTR1 sequence, 5’ rapid amplification of cDNA ends was conducted using
the 5°-Full RACE Core Set (Takara, Kusatsu, Japan) and the following primers: RT-primer (5’-
CTGCTTCCCACTGC-3', 5'-phosphorylated), S1-primer (5-CAAGATAGCCCGAGAGAGCCTAC-
3’), S2-primer (5-GAGACACACAAAACTGTTGGGCA-3’), A1-primer (5’-
AAAACACTGCCACGAAAGCTCC-3’), and A2-primer (5- ACATCATCATACCGTCCATTCCCC-
3’). We obtained approximately 1.0 kb of feline CTR1 sequence showing 100% homology with the
predicted Felis catus solute carrier family 31 member 1 (SLC31A1) (accession number
XM_023242310.1). Feline CTR1 cDNA was PCR-amplified using cDNA from the FT-1 cell line as
a template with KOD One Master Mix (Toyobo, Osaka, Japan) and the primer pair Fe-652S (5’-
ATTGGTGACGGGTTAAGGTTCCA-3’) and Fe-627R (5-TAAGGCCACACCATGGAGTTGAACG-
3’). The amplicon was cloned into the pCR4 Blunt-TOPO vector (Invitrogen, Carlsbad, CA, USA).
To construct the feCTR1 expression plasmids, the primer pairs Fe-654S (5'-
GAATTCGAATTCGCCGCCACCATGTACCCATACGATGTTCCAGATTACGCTCTCGAGATGGC
TGACAACAGTACAACG-3’) and Fe-628R (5'-
AGATCTAGATCTCTAATGGCAATGCTCTGTGATGTCCAC-3'), as well as Fe-654S and Fe-
629R (5'-GCTAGCGCTAGCCTAATGGCAATGCTCTGTGATGTCCAC-3’), were used to amplify
the feCTR1 ORF. The primers encoded EcoRI and Bglll restriction sites for pMSCVneo (Takara)
and EcoRI and Nhel restriction sites for pFUAss (InvivoGen). The feCTR1 ORF was fused with
an N-terminal hemagglutinin (HA) tag. Human CTR1 was PCR-amplified from the HEK293 cDNA
library using the primers hCTR1-cl-F1 (5-
TCTAGAATTCCTCGAGATGGATCATTCCCACCATATGG-3) and hCTR1-cl-R1 (5'-
TAACAGATCTGAATTCTCAATGGCAATGCTCTGTGATATCC-3'). The amplicon was digested
with Xhol and Bglll, and then replaced with the sequence of the pMSCVneo-feCTR1 plasmid,
producing the pMSCVneo-huCTR1 plasmid. A DNA construct encoding N-terminally c-Myc-



tagged huCTR2 was synthesized (GENEWIZ, Shinagawa, Japan) using the NCBI reference
sequence (accession NP_001851.1). The cDNA was cloned into the pMSCVneo vector using
EcoRl.

Quantitative RT-PCR of feline CTR1. Total RNA was extracted from the tissues of a specific
pathogen-free cat (Kyoto-SPF1) and from the feline cell lines AH927, G355, CRFK, Fet-J, MCC,
3201, and MS4 using an RNAiso Plus kit (Takara), in accordance with the manufacturer's
instructions. Thereafter, cDNA was synthesized using a PrimeScript Il first-strand cDNA synthesis
kit (Takara), in accordance with the manufacturer's instructions. Prior to reverse transcription, RNA
samples were treated with recombinant DNase | (TaKaRa). cDNA was amplified with SYBR Premix
Ex Taq Il (Tli RNaseH Plus; Takara) in a CFX96 Touch real-time PCR detection system (Bio-Rad,
Hercules, CA, USA). Feline CTR1 was amplified using primers Fe-657S (5'-
GCCTACTGCGTAAGTCACAAG-3’) and Fe-632R (5-TGCAGGAGGTGGGGAAAGCTC-3)).
Feline peptidyl prolyl isomerase A (PPIA) was amplified using primers Fe-227S (5-
GTCAACCCCATCGTGTTTTT-3) and Fe-204R (5-CTGCTGTCTTGGGAACTTTGTC-3’).

Quantification of expression levels of truncated env, full-length env, and CTR1 in primate
tissues using publicly available data. The expression levels of truncated env, full-length env,
and CTR1 were analyzed using publicly available RNA-seq data. The RNA-seq data were
downloaded from the NCBI Sequence Read Archive (SRA) database (4) by fasterg-dump (version
2.10.0) (https://github.com/ncbi/sra-tools) and preprocessed by fastp (version 0.20.1) (5) with
options “w 4, “y -3,” and “-x.” Generation of genome indexes and mapping analysis were
conducted by STAR (version 2.7.8a) (6) with the default parameters. The expression levels were

calculated as transcripts per million (TPM) using the formula: TPM = %* 106. Reads per

kilobase of exon per million mapped reads (RPKM) were calculated by featureCounts (version
2.0.1) (7). Mapped patterns of RNA-seq reads were visualized by IGV (version 2.9.4) (8). SRARun
accession, genome file, and gene annotation file for mapping analysis are shown in Dataset S1.
Because RNA-seq data were unavailable, we did not investigate expression levels in the following
tissues: brain (temporal lobe), colon, and lymph node in rhesus macaque; and testes and ovaries
in crab-eating macaque and chimpanzee.

Expression of CTR1 and truncated env in crab-eating macaque. Total RNAs from testis and
ovary in crab-eating macaque were obtained from Fukushima Medical University
Medical-Industrial Translational Research Center (TR Center), and were used for cDNA synthesis.
cDNA was synthesized using a PrimeScript Il first-strand cDNA synthesis kit (Takara), in
accordance with the manufacturer's instructions. CTR1 was amplified with SYBR Premix Ex Taq Il
(Tli RNaseH Plus; Takara) in a CFX96 Touch real-time PCR detection system (Bio-Rad) using
primers hSLC31A1-rtF1 (5-GCCTGCTGCGTAAGTCACAAG-3') and hSLC31A1-tR1 (5-
TGCAGGAGGTGAGGAAAGCTC-3'). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was amplified using primers hGAPDH-F-Tsu (5-CACCACCATGGAGAAGGCTG-3') and
hGAPDH-R-Tsu (5-GCTGATGATCTTGAGGCTGTTGT-3’). The expression of truncated env
gene (CmRV-truncl) was detected by PCR using KOD One PCR Master Mix Blue (Toyobo), using
primers  Cmtr-RT-F1(5'-CCACGCGGACATATGAAACCGCCCG-3) and  Cmtr-RT-R1(5"-
GGACCAACTATAGCAATACAGGTGAGT-3") for a 333bp-amplicon of CmRV-truncl or primers
Cmtr-RT-F1 and Cmtr-RT-R2 (5'-CCAGTAGGATTGGTGGAATCAATGAAT-3") for a 920bp-
amplicon of CmRV-truncl. The thermal cycling conditions were: 35 cycles of amplification,
consisting of denaturation at 96 °C for 10 s, annealing at 63 °C for 5 s, and extension at 68 °C for
1 s for the 333-bp amplicon, and denaturation at 96 °C for 10 s, annealing at 67 °C for 5 s, and
extension at 68 °C for 1 s for the 920-bp amplicon. Agarose gel electrophoresis of the PCR products
was conducted, and the gels were stained by Midori Green Xtra (Nippon Genetics, Bunkyo, Japan).
The PCR products were confirmed by sequencing (Fasmac Co., Ltd., Atsugi, Japan). For
guantitative RT-PCR of CmERV-trunclin testis and ovary, cDNA was amplified with SYBR Premix
Ex Taqg Il (Tli RNaseH Plus; Takara) in a CFX96 Touch real-time PCR detection system. CmRV-



truncl was amplified using primers Cmtr-RT-F1 and Cmtr-RT-R1. Crab-eating macaque GAPDH
was amplified using primers hGAPDH-F-Tsu and hGAPDH-R-Tsu.

Pseudotyped virus preparation. GPLac cells, env-negative packaging cells containing a LacZ-
coding pMXs retroviral vector, were seeded in six-well plates 1 day prior to transfection. Cells were
transfected with env expression plasmids to produce LacZ-carrying Env-pseudotyped virus. After
48 h, cell supernatants were collected, filtered through a 0.22-um filter (Merck, Darmstadt
Germany), and stored at —80°C. The following Env expression plasmids were used for pseudotyped
virus preparations: pFUAss clone33 (FeLV-A clone 33 env), pFUAss GB (FelLV-B Gardner-Arnstein
env) (kindly provided by Dr. Hajime Tsujimoto), pFUAss TG35-2 (FeLV TG35-2 env), pFUAss Ty2.0
(FeLV-D TY26 env), pFUAss ON-T(FeLV-D ON-T env), pFUAss ON-C (FeLV-D ON-C env),
pFUAss 44B (FeLV-D 44B env), pFUAss DC8 (ERV-DC8 env), pFUAss DC14 (ERV-DC14 env),
pFUAss DC19 (ERV-DC19 env), pFUAss DC6 (ERV-DC6 env), pFUAss DC10 (ERV-DC10 env),
and pFUAss 4070A (amphotropic MLV 4070A env) (1, 3, 9). Reconstituted functional ancestral
Envs of ERV-DC7 and ERV-DC16 (i.e., ERV-DC7rec and ERV-DC16rec, respectively) containing
the minimal required back mutations (R407G-1427N-T429A and D431Y, respectively) and missing
the stop codon were previously described (10). ERV-DC7rec and ERV-DC16rec Env-pseudotyped
viruses were prepared using a LacZ-coding pMSCYV retroviral vector, rather than a pMXs retroviral
vector. Previously described primate env genes (chimpanzee CERV1, CERV2, and rhesus
macaque RhERV2-A) (11) were commercially synthesized (GENEWIZ). Genes containing C-
terminal c-Myc tags were inserted into the pFUAss vector. A DNA construct encoding a newly
identified Env (CmRV1, CmRV1_1, CmRV1_2, and RmRV1) in this study from crab-eating
macaques and rhesus macaques was commercially synthesized with a c-Myc tag at the 3’ end
(GENEWIZ). The gene was inserted into the pFUAss vector.

Infection assay. Cells were inoculated with virus in 24-well plates containing 10 pg/mL polybrene
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h. After the addition of fresh medium, cells
were cultured for 2 days post-infection. To conduct the LacZ assay, culture supernatants were
discarded and the cells were fixed with 250 uL of 2% glutaraldehyde for 15 min at room temperature,
and then stained with 250 pL of 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal) solution.
After incubation at 37°C for 2 h, nuclei in LacZ-positive cells were counted using a microscope and
images were saved using a camera.

Viral interference assay. 293T/FelLV-D, 293T/FeLV-B, 293T/ERV-DC14, and 293T/ERV-DC10
cells were used as target cells in interference assays. Target cells were infected with each
pseudotyped virus in the presence of polybrene for 2 days, and then stained with X-Gal, in
accordance with the method described in the “Infection assay” subsection. Single-cycle infectivity
was assessed by counting blue-stained nuclei.

Envelope gene synthesis. The following env genes were commercially synthesized (GENEWI2Z):
CERV1, CERV2, and RhERV2-A (11), and the following env genes with a c-Myc tag at the 3’ end
were CmRV1/RmRV1, CmRV1_1, CmRV1_2, CmRV-truncl, PNRC2-ChRV, PNRC2-BoRYV, and
CERV2 provirus (ChrY); (Eurofins Genomics, Ohta Japan): BoRV-7 and GoRV-truncl (S| Figs. S5
and S15). These env genes were cloned into the pFUAss expression plasmid.

Viral inhibition assay in the presence of truncated ERV Env proteins. The truncated Env
proteins were prepared from the supernatants of HEK293T cells transfected with pFUAss ERV-
DC7 env, pFUAss ERV-DC16 env, pFUAss CmRV-truncl env, pFUAss PNRC2-ChRV env,
pFUAss PNRC2-BoRV env, pFUAss BoRV-7 env, pFUAss GoRV-truncl env, pFUAss CERV2
provirus (ChrY) env, or pFUAss CERV2-trunc env. The supernatants were filtered through a 0.22-
pm filter and stored at —80°C. The pFUAss RmRV-truncl env was constructed by site-directed
mutagenesis based on pFUAss CmRV-truncl env using the following primers; Cmtr-mt-F1 (5’-



CCGTGGCTGTGGGCCCCAACCAAGTGCTGAGCG-3) and Cmtr-mt-
R1(5’- CGCTCAGCACTTGGTTGGGGCCCACAGCCACGG-3)), and Cmtr-mt-F2 (5-
CCTCCCCTCCTCTGATTAGCACCTCCAGCGAGTACAC-3) and Cmtr-mt-R2 (5-
GTGTACTCGCTGGAGGTGCTAATCAGAGGAGGGGAGG-3’). CERV2-trunc (corresponding to
amino acid positions 1 to 188 of CERV2) was artificially constructed from CERV2 by PCR using
the PFU2S primer (5-ACAGATCCAAGCTGTGACCG-3) and CERV2env-tr2-R (5'-
GTAGAATTCTCACAGATCCTCCTCGGAGATCAGCTTCTGCTCGATTAAACCGGTGGTCCATC
TGG-3’). The infection assay was conducted as described above. Briefly, target cells were treated
with 250 pL of cell supernatants containing 10 pug/mL polybrene, in 24-well plates; pseudotyped
viruses were then incubated with target cells in the presence of 10 ug/mL polybrene. After the
addition of fresh medium, the cells were stained with X-Gal at 2 days post-infection. Single-cycle
infectivity was assessed by counting blue-stained nuclei under a microscope and images were
saved using a camera.

RNA interference. MISSION® esiRNA (Sigma-Aldrich, Tokyo, Japan) was used to silence human
CTRL1 expression. Lipofectamine RNAIMAX transfection reagent (Invitrogen) was used to transfect
cells with 400 ng of siRNAs targeting human CTR1 or EGFP as a control. The transfection was
repeated 24 h later. The next day, cells were trypsinized and seeded in 24-well plates. Cells were
infected with pseudotyped viruses the following day and an infection assay was conducted. The
expression of CTR1 was evaluated by the following method. Total RNA was extracted from cells
using an RNeasy Mini Kit (Qiagen), in accordance with the manufacturer's instructions. Thereafter,
cDNA was synthesized using a PrimeScript Il first-strand cDNA synthesis kit (Takara), in
accordance with the manufacturer's instructions. Prior to reverse transcription, RNA samples were
treated with RNase-Free DNase Set (Qiagen). cDNA was amplified with SYBR Premix Ex Taq Il
(Tli RNaseH Plus; Takara) in a CFX96 Touch real-time PCR detection system (Bio-Rad). Human
CTR1 was amplified using primers hSLC31A1-rtF1 and hSLC31A1-rtR1. Human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was amplified using primers hGAPDH-F-Tsu and
hGAPDH-R-Tsu.

Receptor screening. The retroviral HEK293 cDNA library constructed in the pMX retroviral vector
was prepared as described previously (12). Poly(A)* RNA of HEK293 cells was prepared using
FastTrack kit ver. 2.0 (Thermo Fisher Scientific), in accordance with the manufacturer’s protocol.
cDNA was synthesized from the RNA with oligo dT12-18 primers, random hexamers, and Superscript
Il Reverse Transcriptase (Invitrogen). Double-stranded cDNA was then synthesized using DNA
ligase, DNA polymerase I, and RNase H. Blunt-end cDNA was adapted with BstXl adaptor
(Invitrogen) and ligated to the BstXI sites of pMX vector. The ligated DNA was amplified in DH10B
competent cells and plasmid DNA was extracted using the Qiagen plasmid midi kit (QIAGEN).
MDTF cells were transduced with the retroviral HEK293 cDNA library using the Retrovirus
Packaging Kit Ampho (Takara). PLAT-GP cells stably introduced with MLV Gag-Pol were
transfected with FeLV-D Ty2.0 Env (FeLV-D TY26) plasmid and either pMSCV-puro (Clontech,
Mountain View, CA, USA) or pMXs encoding GFP using TransIT®-293 reagent. The supernatants
were collected 2 days later, then filtered (0.22 pum) to prepare viral solutions. FeLV-D Env-
pseudotyped virus was concentrated using Amicon Ultra-15 10K Centrifugal Filter Devices (Merck).
The viruses were stored at —80°C until use. The viral titers were >5x10° IU/mL. The FeLV-D (TY26)
Env-pseudotyped virus was used to challenge MDTF cells transduced with the cDNA library in eight
10-cm culture dishes; cells were selected with 6 pg/mL puromycin (InvivoGen). Cells were then
infected with FeLV-D Env-pseudotyped virus containing a GFP-coding pMXs retroviral vector. The
chromosomal DNAs from GFP-positive cells were extracted with a DNeasy kit (Qiagen) and used
as a PCR template with primers located in the pMXs vector cloning sites (MX-1S: 5'-
GCATCGCAGCTTGGATACAC-3 and MX-1R: 5-TATTTTATCGTCGACCACTGTGC-3). The
PCR products were directly sequenced (Fasmac Co., Ltd.).

Detection of CTR1 expression by flow cytometry. Cells were harvested with Enzyme Free Cell
Dissociation Solution PBS Based (Sigma-Aldrich) and washed with PBS containing 0.5% bovine
serum albumin (0.5% PBSA). Mouse anti-HA antibody conjugated with fluorescein isothiocyanate



(Miltenyi Biotec, Bergisch Gladbach, Germany) was used to detect CTR1. Cells were incubated
with 0.5% PBSA containing antibody on ice for 15 min, then washed with 0.5% PBSA. Finally, cells
were analyzed with a BD Accuri C6 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

Detection of huCTR2 expression by RT-PCR. Total RNA was extracted from cell lines using the
RNeasy Mini Kit (Qiagen) and RNase-Free DNase Set (Qiagen). cDNA was synthesized using the
PrimeScript Il first-strand cDNA synthesis kit (Takara). PCR for detecting huCTR2 in cell lines was
performed using KOD One PCR Master Mix Blue (Toyobo) and primers Myc-HUCTR2 F2 (5'-
AAGCTGATCAGCGAGGAGG-3) and Myc-HUCTR2 R2 (5-AACTTGGTTCAGCAGCTTGG-3').
Thermal cycling conditions were as follows: 30 cycles of 98°C for 10 s, 59.5°C for 5 s, and 68°C
for 1 s. The PCR products were electrophoresed on a 1% agarose gel and stained with ethidium
bromide.

Immunoprecipitation and immunoblotting. HEK293T cells were transfected with plasmids using
TransIT®-293 reagent in six-well plates. The cell supernatants were collected 2 days after
transfection. Cell supernatants were filtered through a 0.22-um filter and immunoprecipitated with
anti-c-Myc monoclonal antibody agarose beads (Takara) at 4°C overnight. Sample Buffer Solution
with Reducing Reagent (6x) (Nacalai Tesque, Kyoto, Japan) was added to the purified protein and
heated at 100°C for 5 min. SDS-PAGE was performed with 10%—-20% gels (Invitrogen) at 100 V
for 2 h. Western blotting was performed with anti-c-Myc monoclonal antibody conjugated with
horseradish peroxidase (FUJIFILM Wako Pure Chemical Corporation). LumiGLO® Reagent (20x)
and 20x peroxide (Cell Signaling Technology, Danvers, MA, USA) were used as the substrate;
blots were imaged using the Lumino Image Analyzer LAS2000 (Fujifilm, Minato city, Japan) or
Amersham ImageQuant 800 (Cytiva, Shinjuku, Japan).

Phylogenetic and sequence analyses.

To identify primate ERV-related viruses, the amino acid sequence of CmRV1 was first used in a
protein BLAST search of the NR- database (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Next,
nucleotide sequences were used to obtain their features via a BLAT search of UCSC primate
genomes including chimpanzee (Clint_ PTRv2/panTro6), bonobo (Mhudiblu_PPA_v0/panPan3),
crab-eating macaque (Macaca_fascularis_5.0/macFas5), rhesus macaque (Mul_10/rheMac10),
and gorilla (Kamilah_GGO_v0/gorGor6). The multiple sequence alignment (MSA) using
gammaretroviral Env proteins was constructed by MAFFT (version 7.475) (13) with the option “--
auto” (Sl Fig. S7).

The MSA using ERV-DC nucleotide sequences (Sl Fig. S1) was constructed by MAFFT with the
option "--auto." MSAs using amino acid sequences of gag, pol, and env genes were constructed
by MAFFT with the options “--add” and “--keeplength.” Phylogenetic trees of gag and pol genes
were constructed by the maximum likelihood method using IQTREE (version 1.6.12) (14).
Substitution models were selected based on the BIC score provided by ModelFinder (15):
TPM2+R3 for ERV-DCs (Sl Fig. S1), JTTDCMut+F+G4 for gag genes (S| Fig. S10A), and
LG+F+R4 for pol genes (Sl Fig. S10B). The branch supportive values were measured using an
ultrafast bootstrap method by UFBoot2 (16) with 1,000 replicates. The env phylogenetic tree was
constructed based on the neighbor-joining method using the JTT model (17). Tree robustness was
evaluated using the bootstrap method (1,000 replicates). The programs used to create the env tree
(SI Fig. S10C) were implemented in MEGA X (18). Sequence accession numbers used for
phylogenetic analyses are shown in Dataset S2. Tree visualization was performed by the ggtree
package (version 2.2.1) (19).

Estimation of the integration timings of primate truncated Envs and full-length Envs. The
integration timings of primate ERVs were estimated by the ortholog-dating method (20). First, env
genes of CERV-related viruses were searched in the NCBI RefSeq genomic database (version:
20210511) by tBLASTnN (version 2.5.0). Next, 10 kbp upstream and downstream genomic regions
of CERV-like viral env genes were extracted by seqgkit (version 0.15.0) (21); sequence similarities
were compared by BLASTN (version 2.5.0) with the option “-evalue 1E-10.” The presence/absence
patterns of orthologous env loci were determined based on alignment coverage between flanked



sequences of env genes. The alignment coverage among orthologous ERVs was 99.87% (PNCR2-
ChRV and PNCR2-BoRYV), 92.38% (CmRV-truncl and RmRV-truncl), and 86.61% (CmRV1_2 and
its ortholog in rhesus macaque) (Sl Fig. S11). The sequence alignment of these orthologs was
constructed by MAFFT (S| Figs. S12—-S14). The species divergence time during primate evolution
was determined using the Timetree database (22).

Ethical approval. Animal studies were conducted in accordance with the Guidelines for the Care
and Use of Laboratory Animals of the Ministry of Education, Culture, Sports, Science and
Technology, Japan. All experiments were approved by the Genetic Modification Safety Committee
of Yamaguchi University, Yamaguchi, Japan.

Data availability. The relevant codes and data are available at https://github.com/Junna-
Kawasaki/Refrex_2021. All other study data are included in the article and/or supporting
information.
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Figure S1. ERV-DC genotypes. The phylogenetic tree was constructed using nucleotide sequences of
ERV-DCs based on the maximum likelihood method. Scale bars indicate the genetic distance
(substitutions per site). The blue labels on branches indicate the bootstrap support values (%) with
1,000 replicates. The colored boxes highlight ERV-DC genotypes | (gray), Il (green), and Il (pink).
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Figure S2. Alignment of the amino acid sequences of CTR1. Dots indicate conserved amino acid
residues, while hyphens indicate gaps in the amino acid sequence. Transmembrane domains are shown in
gray. The MMMMXM copper-coordination motif is shown in blue. The feline CTR1 sequence was
determined by cloning the gene from feline FT-1 cell lines. All other sequences were obtained from the
National Center for Biotechnology Information, with the following gene accession numbers: human
(NM_001859.4), chimpanzee (XM_520197.6), bonobo (XM_003833052.3), gorilla (XM_019033403.2),
rhesus macaque (NM_001257506.1), crab-eating macaque (XM_005581024.2), green monkey
(XM_007968369.2), cat (XM_023242310.1), dog (XM_038682637.1), cattle (NM_001100381.1), mouse
(NM_175090.4), golden hamster (XM_040757395.1), and guinea pig (XM_003463793.4).
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Figure S3. CTR1 expression in feline tissues and cell lines. Quantification of feline CTR1 transcripts

by quantitative RT-PCR in feline tissues and feline cell lines. The y-axis indicates expression level

normalized to the expression of peptidylprolyl isomerase A (PPIA). LN, Lymph node.
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Sample Quantification cycle (Cq) values
CTR1 CmRV-truncl GAPDH
Crab-eating macaque Ovary 22.80 25.05 17.17
Testis 24.24 26.62 17.57
293T cells 19.99 0 13.43

Figure S4. Expression of CTR1, and truncated and full-length env genes in primate tissues. (A)
CTR1 expression levels and (B) expression levels of truncated and full-length env genes were
analyzed using publicly available RNA-seq data from crab-eating macaque (upper), rhesus macaque
(middle), and chimpanzee (lower). The x-axis indicates tissues in which expression levels were
investigated, and the y-axis indicates the normalized expression levels of CTR1 (A) and env genes (B),
as transcripts per million (TPM). N.A.: expression level in the indicated tissue was not investigated
because RNA-seq data were not available. (C) Expression of CTR1 and truncated env (CmRV-truncl)
was analyzed using cDNAs from ovary and testis from crab-eating macaque by quantitative RT-PCR
(qRT-PCR). Quantification of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is also shown.
293T cells were used as a control. The data represent the quantification cycle (Cq) values.
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Figure S5. Predicted RmRV1, CmRV1, CmRV1_1, and CmRV1_2 Env proteins. Primate
ERV Env proteins from crab-eating macaque and rhesus macaque are shown using single-
letter amino acid codes. The names of six ERV Envs are indicated with the gene accession
number or chromosome number, as shown in S| Table S1. Dots, conserved amino acid
residues. The CmRV1/RmRV1, CmRV1 1, and CmRV1_2 env genes encoding the
indicated amino acids were DNA-synthesized. SU/TM and TM/R peptide boundaries and
VRA/NVRB/PRR were predicted based on homology with the RhERV2-A sequence (11). SU,
surface unit; TM, transmembrane domain; VR, variable region; PRR, proline-rich region.



A M 203T W CRFK B & MDTE-feCTR1 ® MDTF-huCTRL ®MDTF
105 105
T 104 T 10% -
P P
'€ 108 1 '€ 108
5 >
2 g
3102 - 3102 1
3 3
2 2
€ 101 - € 101 -
100+ . 100+ N .
K Ky
Q~ A\/ Q\/ Q~ A\/ A\/
S & & N &
€ € S S

Figure S6. Infectivity of primate CmRV1_1, CmRV1 2, and RmRV1 (CmRV1). Infection
of LacZ-coding primate Env-pseudotyped viruses in (A) HEK293T and CRFK cells and (B)
MDTF-feCTR1, MDTF-huCTR1, and MDTF cells. The x-axis indicates the pseudotyped
viruses and the y-axis indicates infectious units per milliliter of virus. Infective titers with
standard deviations are means of three independent infection experiments.
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Figure S7. Alignment of the amino acid sequences of primate ERV Envs, feline ERV Envs, and
feline gammaretrovirus Envs. FeLV-A, FeLV-B, FeLV-D (TY26, ON-T, ON-C, and 44B), ERV-DC10,
ERV-DC14, Refrex-1 (ERV-DC7 and ERV-DC16), CmRV1, CmRV1_1, CmRV1l_ 2, RmRV1, CERV2,
RhERV2-A, GoRV-truncl, CmRV-truncl, RmRV-truncl, PNRC2-ChRV, PNRC2-BoRV, BoRV-7,
CERV2 provirus (ChrY), and CERV2-trunc Envs are shown using single-letter amino acid codes.
Threonine (T) at position 82 in PNRC2-BoRV is highlighted in red. Dots, conserved amino acid
residues; hyphens, gaps in the amino acid sequence; asterisks, stop codons. SU, surface unit; TM,
transmembrane domain; VR, variable region; PRR, proline-rich region.
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Figure S8. Inhibitory effect of GoRV-truncl, CERV2 provirus (ChrY), and CERV2-trunc against
retroviral infection. (A) HEK293T cells were transfected with expression vectors encoding GoRV-
truncl, ERV-DC7 (Refrex-1), or empty vector (Mock) (A, left side). (B) HEK293T cells were transfected
with expression vectors encoding ERV-DC7 (Refrex-1), CERV2 provirus (ChrY; Chromosome Y),
CERV2-trunc (constructed from CERV2 Env), or empty vector (Mock) (B, left side); cells were then
infected with Env-pseudotyped viruses indicated on the x-axis. The y-axis indicates infectious units per
milliliter of supernatant. Infection titers are means of three infection experiments. Differences between
groups were assessed using Student’s t-test (*, p < 0.01). Bars represent standard deviations. Western
blotting (WB) with anti-c-Myc antibody of cell lysates from HEK293T cells transfected with the indicated
plasmids. Arrows shown in the figure indicate specific bands (A and B, right side).
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Rhesus macaque (Thymus: SRR1602572)
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Chimpanzee (Thymus: SRR1758933)
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Figure S9. The mapped pattern of RNA-seq reads to genomic regions encoding truncated
[CmRV-truncl, RmRV-truncl, PNRC2-ChRV, and CERV2 provirus (ChY)] and full-length Env
(CmRV1_1 and RmRV1_2) proteins. Each panel shows mapped patterns in the thymus data of
crab-eating macaque (SRR1758961), rhesus macaque (SRR1602572), and chimpanzee
(SRR1758933). The annotations of host genes (light blue), repetitive elements defined by
RepeatMasker (light green), and primate env genes (blue) are shown. The number shown to the
right of the coverage column indicates the range of RNA-seq read counts. Expression of
truncated env genes (CmRV-truncl, RmRV-truncl, and PNRC2-ChRYV) is found as spliced
transcripts.
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Figure S10. Phylogenetic analyses using gammaretroviruses. Phylogenetic tree using amino
acid sequences of the gag gene (A), the pol gene (B), and the env gene (C). The phylogenetic
trees were constructed based on the maximum likelihood method for the gag, pol and the
neighbor-joining method for the env genes. Scale bars indicate genetic distance (substitutions
per site). Blue labels on branches indicate bootstrap support values (%) with 1,000 replicates.
Colored boxes highlight CERV-related primate ERVs (dark gray) and ERV-DC related viruses in
feline genomes (light gray). The asterisks indicate artificially synthesized sequences.
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Figure S11. Integration timings and orthologous relationships of CERV-related ERVs. (A)
The integration timings of primate ERVs were estimated by the ortholog-dating method. MYA,
million years ago; N.D., orthologs of the env gene were not detected; unknown, integration
timing is unknown. All sequences represent Env proteins from primates including crab-eating
macaque (CmRV1_1, CmRV1_2, and CmRV-truncl), rhesus macaque (RmRV1 and RmRV-
truncl), bonobo (PNRC2-BoRV and BoRV-7), chimpanzee (PNRC2-ChRV and CERV2 provirus
ChrY), and gorilla (GoRV-truncl). Chr, chromosome. (B) Evolutionary history of primate species
with the integration timings of CERV-related ERVs. The arrowheads indicate integration timings
of the ancestor of CmRV-truncl and RmRV-truncl and that of CmRV1_2 (green), and that of
PNRC2-ChRV and PNRC2-BoRYV (blue).
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Figure S12. Alignment of the nucleotide sequence between CmRV-truncl and RmRV-truncl.
The proviral sequences with the flanking sequences, 5’ and 3’ LTRs, gag, pol, and env genes are
shown. Flanking 4-bp target site duplication (TSD) sequences are shown in gray. Dots indicate
identical nucleotide sequences, and dashes indicate the missing nucleotides. Nucleotide

CCCCAGCTGACTCTGGCCGGGTAGAATGTCCAAACGTGCCCAAAGACTCGACTCTTGGCTTCATTGTCTCCCGCGTTCTG

CTGCACCTATTTCATCACTTCCTGAAGCTAGGTTTTTACAATTGCACATTTCTGGARATC 13253
............................................................ 13237

sequences encoding Env are highlighted in green.
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Figure S13. Alignment of the nucleotide sequence between PNRC2-BoRV and PNRC2-ChRV.
The proviral sequences with the flanking sequences, 5’ and 3’ LTRs, gag, pol, and env genes are
shown. Flanking 4-bp target site duplication (TSD) sequences are shown in gray. Dots indicate
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Figure S14. Alignment of the nucleotide sequence between CmRV1_2 and its ortholog in
rhesus macaque. The proviral sequences with the flanking sequences, 5’ and 3’ LTRs, gag,
pol, and env genes are shown. Flanking 4-bp target site duplication (TSD) sequences are
shown in gray. Dots indicate identical nucleotide sequences, and dashes indicate the missing
nucleotides. N indicates nucleotide gaps or not determined. Nucleotide sequences encoding
Env are highlighted in green.



CmRV-truncl
1 METPTLQGPAQDKTLSYLTPCLLLALLPCAAGSNNPRGHMKPPGYIFIDNNPHRPYNLTW
61 QVINFNNHEVLGETSKIAPIGTWFPDLYFNLDKVAGVNEMEGGEWRKQARRVSISRNGFY
121 ACPGFRTGDMEKTCGDITHLYCYSWSCVTNNDGEWKWATKPWYITMSFVQPCTRTRYSKN
181 CNLVRIKFEDAAKSDNSWITGLIWGLYLYQKPLYGIPIQIRLLVDPDIAPVAVGLNQVLS

241 EEKKPPVPIPEKPQPKAPQSTSPPLISASSEYTSSAQNVTR 281

PNRC2-ChRV
1 METSSLQGPPODKTFPCLTPHLLLTLFLPWVVGSSNPHQPYRLTWQITNFKTHEVLNETS
61 HVAPLNTWEPDLYFNLDKIAMIDEMEGGEWRKQARRVSLSRNGEFYVCPGFRTGPMKKTCG
121 EIMSLYCASWSCVTTNDGEWKWKTQPWYLTMSYVQPCTRTRYSATCNLIRVKFEEAAKTD

181 PRWTTGLIWGLNLYQTPAAGLPIQIRLLVNPVSASVPVGPNPVLTGRAPSQ 231

PNRC2-BoRV
1 METSSLQGPPODKTFPCLTPHLLLTLEFLPWVVGSSNPHQPYRLTWQITNFKTHEVLNETS
61 HVAPLNTWEPDLYFNLDKIAMTDEMEGGEWRKQARRVSLSRNGEFYVCPGEFRTGPMKKTCG
121 EIMSLYCASWSCVTTNDGEWKWKTQPWYLTMSYVQPCTRTRYSATCNLIRVKFEEAAKTD

181 PRWTTGLIWGLNLYQTPAAGLPIQIRLLVNPVSASVPVGPNPVLTGRAPSQ 231

BoRV-7
1 METSSLQGPPODKTRPCLTPHLLLALFLPWVIGSSNPHQPYRLTWQITNFETHEVLNETS
61 HVAPLNTWEPDLYFNLDKIAMIDEMEGGEWRKQARRVSLSRNGFYVCPGFRTGPMKKTCG
121 EIMSLYCASWSCVTTNDGEWKWETQPWYLTMSYVQPCTRTRYSATCNLIRVKFEEAAKTD

181 PRWTTGLIWGLNLYQTPASGLPIQIRLLVNPVSASVPVGPNPVLTGRAPS 230

GoRV-truncl

1 METSSLRGPPQDKTLPCLTPHLLLTLALFLPWVTGNGNPYQPYQLTWQVTNFETHEVLNE

61 TSHVAPLNTWFPDLYFNLDQIARINEMEGGEWRKNARRVSLSRNGEFYACPGFRTGPMKKT
121 CGEITSLYCASWSCVTTNDGESKWKTQPWYVTMTYVRPCTRTRYSATCNLIRIKFEEAAK
181 TDSRWTSGLIWGLNLYQTPAFGVPIQIKLIVNPASAPVPIGPNQVLTGKAPPSSRSRQKV
241 PTAAPPTSSPSALPGTTPLPPDPETSNRLFHLIRGAYLALNQTKPESTASCWLCLATGPP
301 YYEGIASVSNFTNSTNHSGCAWERHKKLTLSEVSGSGTCIGKVPPSHQHLCNVTLTVPST
361 SHYLIPSGTDWWACDTGLTPCLPLAYPQLSSTTVKIIVHCYRLCPEFITKLENLSSSSLS

421 KNISLEGRENLFPSPSLLC 439

CERV2 provirus (ChrY)

1 METSSLQGPPODKTLPCLTPHLLLALFLPWVIGSSNPHQPYRLTWQITNFETHEVLNETS
61 HIAPLNTWEPDLYFNLDKIAMINEMEGGEWRKQARKVSLSRNGEFYVCPGFRTGPMKKTCG
121 EIMSLYCASWSCVTTNDGEWKWKTQLWYVTMSYVQPCTRTRYSATCNLICVKFEEAAKTD

181 PRWTTGLI 188
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Figure S15. DNA synthesis of ERV Env genes. All sequences represent truncated Env
proteins from primates including crab-eating macaque (CmRV-truncl), chimpanzee
[PNRC2-ChRYV, CERV2 provirus (ChrY)], bonobo (PNRC2-BoRV, BoRV-7), and gorilla
(GoRV-truncl). Chr, chromosome.



Table S1. Characteristics of primate ERVs used in this study.

ERV Host Chromosome: position ;sq?ggha?:fids Properties Accession no.
PNRC2-BoRV Bonobo chrl: 23161794-23162489 231 Truncated Env NC_048239.1
BoRV-7 Bonobo chr7: 59391503-59392195 230 Truncated Env NC_048246.1
PNRC2-ChRV Chimpanzee chrl: 22537082-22537777 231 Truncated Env XM_016938622.2
CERV2 Chimpanzee 651 Infectious Env (extinct)

CERV2-trunc Chimpanzee 188 Truncated Env (artificial)

(CCiF:\\(/)Z provirus Chimpanzee chrY: 20227411-20227977 188 Truncated Env AY692037.1
CmRV1 Crab-eating macaque 626 Intact full Env Eiggggggi
CmRV1_ 1 Crab-eating macaque chrl3: 2014693-2016573 626 Intact full Env NC_022284.1
CmRV1 2 Crab-eating macaque chrl4: 109894221-109896104 626 Intact full Env NC_022285.1
CmRV-truncl Crab-eating macaque chrl: 104267714-104268559 281 Truncated Env XM_015429990.1
RmRV1 Rhesus macaque chrll: 104718341-104720221 626 Intact full Env NC_041764.1
RmMRV1 Rhesus macaque 626 Intact full Env KT330634.1
RmRV-truncl Rhesus macaque chrl: 103221116-103221961 281 Truncated Env NC_041754.1
RhERV2-A Rhesus macaque 626 Infectious Env (extinct)

GoRV-truncl Gorilla chrl: 45572110-45573429 439 Truncated Env NC_044602.1

PNRC2, proline rich nuclear receptor coactivator 2; trunc, truncated, ChRV, chimpanzee ERV; BoRV,
bonobo ERV; CERV, chimpanzee ERV; CmRYV, crab-eating macaque ERV; RmRV, rhesus macaque ERYV,
RhERYV, rhesus macaque ERV; GoRV, gorilla ERV. CmRV env genes were found in two loci in the crab-
eating macaque genome.



Table S2. Infection tropism of RmRV1/CmRV1, CERV2, and FeLV-D (ON-T) Env-pseudotyped

viruses

Species Cell RmRV1/CmRV1 CERV2 FeLV-D (ON-T)
HepG2 (9.93 * 2.34) x 10? (2.19 * 0.71) x 10° (1.37 £ 0.22) x 10*

Human

(Homo sapiens) 3 ) 4
HEK293T (4.02 * 1.86) x 10 (9.67 * 0.72) x 10 (3.65 £ 0.21) x 10

Cat CRFK (2.56 = 0.15) x 10° (1.24 £ 0.04) x 10° (6.75 £ 0.70) x 10?

(Felis catus) ' ' ' ' ' '

. Vero (7.47 £ 1.64) x 10* (5.00 = 0.20) x 10* (7.60 = 2.40) x 10*

African green monkey

(Chlorocebus aethiops) ) 3 )
Cos7 (2.28 * 0.51) x 10 (1.35 * 0.24) x 10 (1.24 £ 0.20) x 10

Earth-color_ed Mouse MDTE 0 6.40 + 5.20 0

(Mus dunni)

Golden hamster BHK21 0 0 0

(Mesocricetus auratus)

Guinea pig 104C1 (158 + 0.26)x 10°  (5.16 * 0.40) x 102 0

(Cavia porcellus)

Dog KwDM (9.79 + 0.45)x 10° (137 £ 0.02)x10°  (5.99 * 0.03) x 10°

(Canis familiaris) ) ' ' ' ' '

Cattle 3 3 3
MDBK (1.66 = 0.20) x 10 (1.63 = 0.00) x 10 (3.78 £ 0.03) x 10

(Bos taurus)

Titers are expressed in infectious units/mL. Infective titers with standard deviations were means of
three independent infection experiments.



Dataset S1. SRA Run accession, genome file, and gene annotation file used for the mapping
analysis.

Dataset S2. Sequence accession humbers used for phylogenetic analyses.



