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To avoid contamination of adventitious gammaretroviruses in biological products such as vaccines, it is
necessary to check the master seed cells for manufacturing. There are several assays to detect infectious
gammaretroviruses. Among these, sarcoma-positive, leukemia-negative (S+L—) assay is a classical
infectivity assay, which is often recommended in governmental guidelines. The S+L— cells used in S+L—
assay generate unique focus upon the infection of replication-competent gammaretroviruses. Although
S+L— assay is well recognized for the detection, their applicability is questionable in some cases. On the
other hand, LacZ marker rescue (LMR) assay detects infectious gammaretroviruses by transducing LacZ
marker gene to the target cells, which shows lacZ-positive foci if the infectious virus is present. In this
study, we compared LMR and S+L- assays for detection of a variety of endogenous and exogenous
gammaretroviruses. As results, LMR assay could detect all gammaretroviruses examined. On the other
hand, S+L— assay using feline S+L— cells, termed QN10S, could not detect porcine endogenous retrovirus
(PERV) subgroups A/B. Further, S+L— mink cells could not detect feline leukemia virus subgroups B in
addition to PERV-A/B. These data indicate that LMR assay is better suited to detect wider range of

gammaretroviruses.

© 2015 The International Alliance for Biological Standardization. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

The contamination by infectious endogenous retroviruses (ERVs)
is an emerging concern in biologicals, as the source of the viruses
is the cell itself for manufacturing. In 2010, we showed the first
evidence that an infectious endogenous gammaretrovirus, called
RD-114 virus, is contaminated in live attenuated vaccines for com-
panion animals, obtained either from Japan or the U.K. [1]. Although
the potential of this contamination to provoke biohazard is less
likely [1], such contamination needs to be prevented to reduce the
risk of such incident. Therefore, it is important to develop appro-
priate detection methods to avoid ERV contamination.

Although the importance to prevent contamination by infec-
tious ERVs is relatively recent recognition, there is a long history of
incidents that biologicals are contaminated with exogenous
gammaretroviruses. For instance, it was reported as early as 1976
that a Marek's disease vaccine was contaminated with retic-
uloendotheliosis virus (REV) [2]. It was further reported that those
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chickens received this contaminated vaccine developed symp-
toms that resemble reticuloendotheliosis rather than Marek's
disease [3]. This indicates that such contamination by gammare-
trovirus needs to be carefully examined to prevent the outbreak of
unexpected retrovirus infection.

To avoid such contamination of adventitious gammare-
troviruses, it is necessary to check the master seed cells for
manufacturing. In order to carry out inspection, various techniques
are employed to detect gammaretroviral contamination, such as
reverse-transcriptase (RT) activity assay, RT-polymerase chain re-
action (PCR) assay, transmission electron microscopy (TEM), and
infectivity assay. For the gammaretroviruses already known, their
presence can be easily detected by the use of RT-PCR and PCR.
However, the PCR cannot detect the presence of unknown infec-
tious gammaretroviruses. Although highly sensitive RT assays have
been developed [4—6], the interpretation of the results is some-
times controversial due to the background level of the endogenous
RT activity present in the cells. Also, the TEM has limitation, as the
absence of viral particles observed in TEM does not warrant that the
viral particles do not exist. Therefore, as well as these three tech-
niques, the infectivity assay shares the important aspect of the viral
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detection. Infectivity assay detects the virus by applying the
investigating samples to specific cell lines. Usually gammare-
troviruses do not induce any visible cytopathic effects. To visualize
the gammaretroviral infections, several assay systems have been
developed. To date, sarcoma-positive leukemia-negative (S+L—)
assay, one of such assays, is often recommended in governmental
guidelines for quality control of manufactured biological products.
For example, it is recommended in U.S. to monitor the presence of
infectious gammaretroviruses in live attenuated viral vaccines as
well as retrovirus/lentivirus vectors used for gene therapy [7,8].

The S+L— assay was first documented in 1971 by Bassin et al.
describing that a group of murine 3T3 cells containing mouse sar-
coma virus (MSV) genome induced foci when they were infected
with replication-competent murine leukemia virus (MLV) [9]. This
technique was first introduced as specialized assay to detect the
presence of MLV, which does not induce transformation in sus-
ceptible cell lines. Later, it was shown that S+L— cell lines could be
obtained not only in mice, but also in other species, such as QN10S
cell line from cat [10] and S+L— mink cell line from mink [11].
Those S+L— cell lines contain “defective” MSV genome, which
cannot replicate but can transform (r—t+) the host cells. Normally,
this cell line shows flat cell morphology, because the MSV genome
in the cells is marginally expressed below the level to transform the
cells. However, once the MSV genome was “rescued” by the infec-
tion of r-+t— viruses such as MLVs, it initiates transformation of cells
to induce “foci” that can be easily detected under a microscope [12].
Thus, appearance of “focus” in S+L— cells after inoculation with a
sample indicates the presence of infectious MLVs.

On the other hand, marker rescue assay is also recommended
for screening of infectious MLVs in retrovirus/lentivirus vectors [8].
In marker rescue assay, the infectious gammaretrovirus can be
identified by the presence of easily distinguishable marker trans-
genes, such as the lacZ gene for formation of blue-foci by x-gal
staining. This idea was originally developed as a case study in gene
therapy to show the evidence of gene transfer to the target tissues,
by using nis-lacZ gene as a marker [13]. The nls-LacZ contains nu-
clear localization signal upstream from the open reading frame of
the LacZ gene, and can be used as a “marker” to track the viral
infection [14]. Fig. 1 summarizes the basis of LacZ marker rescue
(LMR) assay. Firstly, to introduce nis-LacZ gene, pseudotype virus
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containing nis-LacZ gene as a viral genome is inoculated into
investigating cells which had been persistently infected with in-
fectious gammaretrovirus “X”. In Fig. 1, TELCeB6/FBFeLV-B cells [15]
is used as example to produce virus to transduce nis-LacZ gene into
the cells, which harbors the envelope protein (Env) of feline leu-
kemia virus subgroup B (FeLV-B) and viral core of Moloney MLV as
well as nis-LacZ gene with a packaging signal from MLV. Then the
nis-LacZ gene will be packaged into “X” viral particles, which leads
to the generation of pseudotype virus lacZ(X). The lacZ(X) harbors
the same viral proteins as in “X”, but nis-LacZ gene is packaged
which will show the blue foci formed by expressed B-galactosidase
in nuclei upon B-gal staining. The LMR assay was already shown to
be applicable to detection of infectious gammaretroviruses other
than MLVs. For example, we applied the LMR assay for the detection
of replication-competent RD-114 virus contaminated in live
attenuated vaccines, as mentioned above [1,16].

Both assays have been well studied for the detection of infec-
tious MLVs. For example, a study carried out in 1996 showed that
both S+L- and LMR assays could detect MLV with equal virus titers
[17]. However, the comparative study between these assays to
validate the availability for the detection of other gammare-
troviruses is still missing. As S+L— assay is recommended in many
governmental guidelines, it is important to assess whether it is
truly appropriate in the detection of infectious gammaretroviruses
to avoid viral contamination, especially in many cell lines used to
manufacture biological products. Moreover, availability of the
genome databases and computer programs unveil novel ERVs in
cell lines used in production of biological products, most of which
are not characterized [18]. Among them, mouse cell lines, suscep-
tible to MLVs or other infectious gammaretroviruses, had been used
in a wide range of researches, such as feeder layer cells in culture of
induced pluripotent stem (iPS) cells and embryonic stem (ES) cells.
It is important to evaluate different assays for detection of infec-
tious gammaretroviruses in such feeder layer cells to prevent the
gammaretroviral infection in iPS and ES cells. In this study, we
compared the virus titers as well as the availability of several
different gammaretroviruses to be detected by S+L— and LMR as-
says, using 4 different cell lines: QN10S and S+L— mink cells for
S+L— assay, and human embryonic kidney (HEK) 293T and TE671
cells for LMR assay. Further, we determined the minimal viral copy
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Fig. 1. Schematic illustration of LMR assay to detect infectious gammaretrovirus (here refer to as X virus) as example. (Left) nis-LacZ gene was introduced into cells stably infected
with X virus by inoculating a helper-free LacZ pseudotype virus prepared from the culture supernatant of TeLCeB6/FBFeLV-B cells. (Middle) From the nis-LacZ-transduced cells, the
pseudotyping of X virus termed lacZ(X) is produced. (Right) This pseudotype virus contains the Gag, Pol, Env proteins derived from original X virus, but only nis-lacZ gene as viral
gene. Infection of lacZ(X) to naive cell lines susceptible to the virus causes the formation of the blue-foci in nuclei of infected cells.



A. Hashimoto-Gotoh et al. / Biologicals 43 (2015) 363—368 365

numbers which could be detected by S+L— and LMR assays. Our
study indicated that LMR assays could detect wider range of gam-
maretroviruses than S+L— assays with equal or higher virus titers.

2. Materials and methods
2.1. Cells

Human embryonic kidney (HEK) 293T (ATCC, CRL-11268) [19],
HEK293 (ATCC, CRL-1573), TE671 (human rhabdomyosarcoma)
[20], S+L— mink (RIKEN BRC: RBC 1834) [12], and QN10S (feline
fibroblast cell line) cells [21,10], and a Platinum-E retroviral pack-
aging cell line, termed Plat-E cells [22], were cultured in Dulbecco's
modified Eagle's medium (DMEM) (Sigma—Aldrich, St. Louis, MO,
U.S.A.) supplemented with 10% heat-inactivated fetal calf serum,
penicillin (100 units/ml) and streptomycin (100 pg/ml) at 37 °C in
5% CO; in air using CO; incubators.

2.2. Viruses

Xenotropic MLV (X-MLV), RD-114 virus, FeLV subgroup A (FeLV-
A), FeLV-B, FelV-C, porcine endogenous retrovirus subgroup A
(PERV-A), and PERV-B were obtained from TE671, HEK293T, or
HEK293 cells persistently infected with X-MLV, RD-114 virus
(TE671/X-MLV, RD-114), FeLV-A, FeLV-B, FeLV-C (HEK293T/FeLV-A,
FeLV-B, FeLV-C), and PERV-A, PERV-B (HEK293/PERV-A, PERV-B),
respectively. These cell lines were used to produce the lacZ pseu-
dotyped viruses, which are: lacZ(X-MLV), lacZ(RD-114), lacZ(FeLV-
A), lacZ(FeLV-B), lacZ(FeLV-C), lacZ(PERV-A) and lacZ(PERV-B). For
all but lacZ(FeLV-B), the pseudotype viruses were produced by su-
perinfection of infected cells with the culture supernatant of
TELCeB6/FBFeLV-B cells which produce ‘replication-incompetent’
(helper-free) FeLV-B Env-pseudotyped virus containing nls-LacZ
gene [15]. The lacZ pseudotype virus of FeLV-B, lacZ(FeLV-B), was
obtained by superinfection of infected cell with the supernatant of
Plat-E cells [22] transduced with nis-LacZ gene [Plat-E(LacZ) cells]
transfected with an expression plasmid of vesicular stomatitis virus
G protein using Lipofectamine 2000 (Life Technologies, MA, U.S.A.).
All pseudotype viruses were collected after filtration with 450 nm
membrane filters (PALL, MI, US.A.). The baboon endogenous
retrovirus (BaEV) and its lacZ pseudotyped virus, lacZ(BaEV), were
collected by transfecting HEK293T and HEK293T cells transduced
with nls-LacZ gene [HEK293T(LacZ) cells] with an infectious mo-
lecular clone of M7 strain of BaEV [23] using Lipofectamine 2000
(Life Technologies). The transfected cells were passaged several
times to ensure the cells had been stably infected.

2.3. LMR assay

The LMR assay was performed using TE671 or HEK293T cells as
target cells as described previously [16]. Briefly, 1.6 x 10° of TE671
cells were plated on each well of regular 24-well plate (Thermo
Scientific, MA, U.S.A.), and HEK293T cells were plated on each well
of collagen-coated 24-well plate (Iwaki, Shizuoka, Japan) one day
before inoculation. On the next day, each culture supernatant
containing lacZ pseudotype virus was serially diluted and imme-
diately inoculated into these cells under the presence of polybrene®
(8 pg/ml), and the inoculated cells were incubated for viral
adsorption for 4 h at 37 °C with 5% CO; in air. After inoculation, the
inocula were replaced with 0.5 ml of fresh medium, and further
incubated for additional two days. Cells were then fixed with 1%
glutaraldehyde and stained with 1 mg/ml B-gal, and lacZ-positive
foci were counted to titrate the pseudotype viruses as described
previously [16]. This assay was performed in triplicate

independently, and the statistical significance was assessed by
student's t-test.

2.4. S+L— assay

The S+L— assay was conducted using QN10S or S+L— mink cells
as described previously [12,21]. Briefly, 1 x 10* of QN10S/S+L—
mink cells were plated on each well of regular 24-well plate
(Thermo Scientific, MA, U.S.A.) one day before inoculation. Then
each culture supernatant containing replication-competent virus
was serially diluted and immediately inoculated into naive cells
under the presence of polybrene® (8 pg/ml), and incubated for 4 h
at 37 °C with 5% CO, in air for viral adsorption. Then the inoculum
was replaced with 1 ml of fresh medium, and further incubated for
one week. Cells were then examined under a microscope to observe
the appearance of foci, and positive foci were counted to titrate
pseudotype viruses as described previously [21]. This assay was
performed in triplicate, independently. The statistical significance
was assessed by student's t-test.

2.5. Real-time reverse transcription (RT)-PCR

Real-time RT-PCR was carried out to determine the viral RNA
copy numbers. The culture supernatant of lacZ(X-MLV)-producing
cells was prepared as described in Section 2.2. The supernatant was
treated with recombinant DNase I (Takara, Shiga, Japan) under the
presence of RNase inhibitor (Takara, Shiga, Japan) to remove free
DNA. This reaction was conducted in 37 °C for 60 min and then
75 °C for 10 min. Then, the RNA copy numbers of lacZ(X-MLV) were
measured with ABI7500 (Applied Biosystems, Massachusetts,
US.A.) using One Step SYBR® PrimeScript™ PLUS RT-PCR Kit
(Takara, Shiga, Japan) according to the manufacturer's instruction.
The primer was designed to amplify the nis-LacZ gene (5'-
GCGTGGATGAAGACCAGC-3’ and 5'-CGAAGCCGCCCTGTAAAC-3').
The statistical significance was assessed by student's t-test.

3. Results
3.1. Morphology of foci in each assay

The morphology of foci formed in each assay is shown in Fig. 2.
In S+L— assay, QN10S and S+L- mink cells showed distinctive
morphologies of foci. In LMR assay, the blue stained cell-foci appear
as a cluster of small blue dots (in the web version) which represent
the expression of nis-lacZ gene of cells upon the B-gal staining
(Fig. 2A). This indicates that the lacZ pseudotype virus infected the
target cells, and nlis-lacZ gene is successfully expressed. In QN10S
cells, the focus appeared as a crater-like form, indicating that a
group of cells are possibly peeled off from the plate in round-
shaped fashion (Fig. 2B). On the other hand, the focus in S+L—
mink cells showed the accumulation of cells at a particular site of
plate, forming a random-shaped aggregate of cells (Fig. 2C).

3.2. Difference of virus detection in each assay

Difference was observed between the two assays in terms of
virus detection. In LMR assay, all viruses tested showed the sign of
lacZ-positive foci (Fig. 3). However, in S+L— assay, both QN10S and
S+L— mink cells did not show any signs of transformation upon the
infection by PERV-A and -B (Fig. 4). Moreover, FeLV-B did not show
any foci at all in S+L— mink cells (Fig. 4). Comparison between
S+L— assay and LMR assay showed that LMR assay detects all ERVs
and X-MLV with higher viral titers than S+L— assay (Fig. 5).
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Fig. 2. Distinctive foci appeared in different infectivity assays. (A) Typical lacZ positive-foci formed in HEK293T cells by LMR assay. (B) Typical focus formed in QN10S cells by S+L—

assay. (C) Typical focus formed in S+L— mink cells by S+L— assay.
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Fig. 3. LMR assay. LMR assay could titrate all viruses tested, with slightly higher virus titers in HEK293T cell. Each pseudotype virus was inoculated into either HEK293T (white bars)
or TE671 cells (black bars). Viral titers were expressed as focus-forming units per milliliter (f.f.u./ml). The experiments were repeated independently for three times, and each set of
data was used for calculation of mean standard deviation expressed as error bars. No significant difference was observed between 2 different cell lines used for the assay.
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Fig. 4. S+L— assay. S+L— assay could not titrate PERV-A and B in both QN10S and S+L- mink cells. Moreover, FeLV-B was not detected in S+L— mink cells. Each virus was inoculated
into either QN10S (thick gray bars) or S+L— mink cells (light gray bars). Viral titers were expressed as f.f.u./ml. The experiments were repeated independently for three times, and
each set of data was used for calculation of mean standard deviation expressed as error bars. Apart from FeLV-B, no significant difference was observed between 2 different cell lines

used for the assay.

3.3. Real-time RT-PCR

The real-time RT-PCR revealed that the RNA copy numbers of
lacZ(X-MLV) was more than 108/ml (Fig. 6). As negative control, the
culture supernatant of TE671 cells transduced with nis-LacZ gene
was used.

4. Discussion

Our results showed that LMR assay can detect a wider range of
infectious gammaretroviruses than S+L— assay, at least among the
viruses we examined in this study. For the viruses which both as-
says could detect, both assays showed comparable virus titers, or
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Fig. 6. Real-time RT-PCR of lacZ(X-MLV). The viral RNA copy number of lacZ(X-MLV)
was measured by real-time RT-PCR. The culture supernatant of TE671 cells transduced
with nis-LacZ gene was used as negative control (—). The asterisk indicates that p value
calculated by student t-test was less than 0.0001.

sometimes higher in LMR assay than S+L— assay, correlating with a
previous study conducted for the detection of MLVs [17]. Except
that S+L— assay with QN10S cells showed slightly higher virus ti-
ters in FeLV-B and C than LMR assay, the LMR assay with HEK293T
cell showed the highest virus titers overall, including PERV-A/B
which were only detectable in LMR assay. The RT-PCR result
showed that there are approximately 108 viral RNA copies/ml in the
lacZ(X-MLV) solution (Fig. 6). On the other hand, approximately 10°
f.f.u./ml of infectivity was observed from the same virus solution
when either LMR or S+L— assay was used. This indicates that there
must be approximately 103 viral RNA copies to detect one focus-
forming virus in each assay.

Although RT-PCR requires thousand-fold less viral RNA copy
numbers for detection, it should be noted that RT-PCR detects both
infectious and uninfectious virus particles. In other words, RT-PCR
does not specifically distinguish infectious virus from unin-
fectious virus. Because RT-PCR detects uninfectious ERV particles
which most cells produce, infectious assays should be regarded as
vital assay to monitor the infectious virus contamination in master
seed cells.

PERV-A/B are porcine ERVs which received attention for its
possible production in the transplanted pig organs in xeno-
transplantation. Although there are no reports showing that PERVs
had infected the recipients, the possible recombination of PERVs
and other ERVs or exogenous retroviruses to gain infectivity re-
mains as a risk of xenotransplantation from pigs [24]. The inability
of S+L— assay to detect the presence of PERVs suggests that such
possible production of PERVs in donors cannot be prevented if
S+L— assay was used as the standard of infectivity assay to detect
infectious PERVs.

The other issue with regards to the S+L— assay is that their limit
of virus detection is significantly different between the S+L— cell
lines used. For example, FeLV-B exhibited quite high titer when it
was titrated in the QN10S cells, but completely no activity in S+L—
mink cells. The strain of FeLV-B used in our study is derived from an
infectious molecular clone of FeLV-B strain Gardner-Arnstein. This
difference indicates that the particular type of S+L— cells recom-
mended in governmental guidelines cannot detect certain infec-
tious gammaretrovirus which is detectable in other cell lines. For
example, Ministry of Health, Labor and Welfare of Japan not only
recommends to use S+L— assay, but also specifically states to use
S+L— mink cell line for the infectivity assay in mouse feeder cells
used for tissue engineering in their guideline [25]. As this specif-
ically recommends the use of S+L— mink cell line, possible FeLV-B
contamination could not be detected. This property of S+L— assay
will also need to be reevaluated for the quality control of biological
products to avoid viral contamination.

Although our results showed that LMR assay could detect a
wider range of infectious gammaretroviruses, it is important that
the other types of retroviruses are also potent contaminants. For
example, it is well recognized that avian leukosis virus (ALV),
alpharetrovirus in birds, had been contaminated in the past for
several vaccines for yellow fever, mumps, and measles [26,27]. In
order to detect ALV contamination, LMR is not a good option
because the current LMR assay system cannot detect alphare-
troviruses. This is due to the difference in the packaging signals
between alpharetroviruses and gammaretroviruses. Moreover,
gammaretroviruses are not the only retroviruses which are sup-
posed to be contaminated in biologicals. For example, mice mainly
harbor betaretroviruses as their endogenized retrovirus pop-
ulations [28]. This fact indicates that negative results by LMR assay
in suspicious mouse cell lines cannot exclude the possibility of
contamination by infectious betaretroviruses. Development of
other methods for detection of betaretroviruses is vital to address
the safety in this regard. On the other hand, some other viruses,
such as REV, might be ideal target of LMR assay. It was previously
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reported that a Marek's disease vaccine had been contaminated
with REV and subsequently reticuloendotheliosis-like symptom
had been observed in the recipients [3]. Since REV is a gammare-
trovirus in birds [29], LMR assay should be useful to detect REV in
biological materials.

In this study, LMR assay with HEK293T cells is the best for
detection of infectious gammaretroviruses in terms of wide range
of the viruses to be detected. The reason why so many viruses could
be detected in this assay is that the basis of focus-formation in
S+L— assay is different from that of LMR assay. In S+L— assay, the
virus needs to infect as well as multiply in numbers, so that it can
initiate the focus-formation. By contrast, LMR assay only requires
the infection but not multiplication for the expression of lacZ in
cells, which can be detected as blue foci upon B-gal staining. This
suggests that LMR assay is better suited for the detection and
titration of gammaretroviruses that will not multiply or multiply in
low speed, whereas S+L— assay is not suited to detect such viruses.
Overall, our results indicate that LMR assay should be used for the
detection of infectious gammaretroviruses to prevent the viral
contamination in biological products such as mouse feeder layer
cells used in iPS cell generation.
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Abstract

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

of target mMRNAs. The seed sequence of miRNA plays a crucial role in recognizing the 3'-

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.

Keywords: simian foamy virus, microRNA, miR-1 microRNA precursor family, adenylyl

cyclase associated protein 1
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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 (1.7x108 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 Il or Il (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 3'-untranslated region (3'UTR) 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 5'-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),

TEG671 (derived from human rhabdomyosarcoma) (ATCC, HTB-139) (Stratton et al., 1989),

and M. dunni (Clone IlI8C) 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-') and streptomycin (100 mg mL-")

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

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

SFVmfu LTR), termed MD(SFVmfu-lac2) cells, was newly established using the same

approach as previously described (Lambert et al., 2016). The MD(SFVmfu-/ac2) cells were

cultured in the same medium as above, except that puromycin (5 ug mL') 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
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rom 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-lacZ2) cells as the indicator cells. Briefly, 2 X 10* of MD(SFVmfu-/ac2) 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 ug mL-), and the inoculated

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

5% COzin 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--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(Pl) cells

using the QlAamp 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 pL 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 pcDNAS3.1(+) digested with

Xbal/Xhol to become pcDNAS3.1(+)/hsa-mir-1 (Fig. 3A [top]). For SFVmfu-mir-S6-7, the

8
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amplified fragment was cloned into pUC18 digested with Hindlll/BamHI to become

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

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

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

was cloned into the Nhel/Hindlll 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 Xbal 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 3'UTR of human

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

3'UTR (Wild-type) (Fig. 4A). Using the pGL3-hCMV/CAP1 3UTR (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 3'UTR to become pGL3-hCMV/CAP1 3'UTR (Single

mutant [mut.]) and pGL3-hCMV/CAP1 3'UTR (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(Pl) cells. Total RNAs were extracted from the cells using RNAzol

(Promega), followed by DNase | (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 lllumina (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 lllumina 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;

10
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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 lllumina (New England Biolab) which generates

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

performed on an lllumina 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(Pl) 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 3'UTRs and SFV LTRs from various

species

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

DNA Blood Mini kit (QIAGEN). Extracted DNA was used as a template to amplify 3'UTR of

11
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CAP1 by PCR using primers listed in Table S1. The amplified product was cloned into

Hindlll/EcoRl sites of pcDNAS.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 3'UTR 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: ChiSab1.1, 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 3'UTRs 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

12
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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 NasVOa4). 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

13
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(lwaki, 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 3'UTR luciferase assays

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

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

(Promega), and 790 ng of either empty plasmid (pUC18 or pcDNAS3.1[+]) 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(Pl) cells in collagen-coated 24 well plates

(lwaki) were co-transfected with 80 ng of pGL3-hCMV/CAP1 3'UTR (either Wild-type,

14
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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

lllumina 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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268 Results

269 TEG671 cells persistently infected with SFVmfu express viral miRNAs

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

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

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

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

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

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

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

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

278  promoter elements essential for initiating the transcription driven by RNA polymerase Il

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

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

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

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

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

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

285 has the same seed sequence with the SFVmfu-miR-S7-5p (Fig. 1D). This data indicates
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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(Pl) 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(Pl) 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 3'UTR 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

3UTR

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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305 the U3 region of LTR in SFVmfu was used to construct the pUC18/SFVmfu-mir-S6-7

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

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

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

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

310 downregulated the expression of the reporter plasmids with complementary sequences

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

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

313  complementary sequences in the 3'UTR.

314

315  SFVmfu-miR-S7-5p suppresses the CAP1 expression via recognition sites in 3UTR

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

317  expression of a gene bearing the 3'UTR of CAP1, we constructed a series of reporter

318 plasmids containing either wild-type or modified 3'UTR of CAP1 downstream of the firefly

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

320 expression of the luciferase when the reporter plasmids contained the wild-type 3'UTR of

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

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

323 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(Pl) cells, the level of luciferase

expression was suppressed when the reporter plasmid contained the wild-type 3'UTR 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(Pl) 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 3'UTR 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(Pl) 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(Pl) 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 5'-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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388 oncogenes. Similar to gammaretroviruses, FVs also tend to integrate into the vicinity of

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

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

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

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

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

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

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

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

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

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

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

400 2007; Rao et al., 2010). Interestingly, the SFVcae-miR-S6-3p shares the seed sequence

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

402 2012; Wang et al., 2014; Zhang et al., 2016). SFVs might utilize distinct miRNAs to avoid

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

Length Shape of Start End Number
Name Sequence (5'-3")
(nt) pre-miRNA position  position of reads
SFVmfu-miR-S1-5p ~ AGGAAGCAUUUGGUAAAUUCUAC 23 10,476 10,498 121
Dumbbell-shape with S2
SFVmfu-miR-S1-3p UCAUUUACUACCGUGCUUCCGA 22 10,512 10,533 135,125
SFVmfu-miR-S2-5p  UGGAGAACUUAGGGACGAGGCU 22 10,534 10,555 655,144
Dumbbell-shape with S1
SFVmfu-miR-S2-3p UCCUCAUCUCGAGUGUCUCCCUUU 24 10,571 10,594 20,786
SFVmfu-miR-S3-5p  AAGGGAGGGAGUGGAACGUCCUG 23 10,658 10,680 35,207
Single hairpin
SFVmfu-miR-S3-3p UGACGCUCUCCCAUCCCUCCUUUUC 25 10,695 10,719 67,292
SFVmfu-miR-S4-5p UCAAGAACCCAGGGAGCAAUGUUG 24 10,842 10,865 250,036
Single hairpin
SFVmfu-miR-S4-3p ~ AUAGUGCAUCCUGGUCGUUCUUUA 24 10,881 10,904 55,352
SFVmfu-miR-S5-5p ~ ACAAAGGGAAAUAGCUAAUGUGCA 24 10,961 10,984 44
Single hairpin
SFVmfu-miR-S5-3p UACUUAGCCGUUCUCCUUUGAUA 23 10,999 11,021 91,370
SFVmfu-miR-S6-5p ~ AGGUGAAUGGCUCACAGUGAACGA 24 11,120 11,143 57,461
Dumbbell-shape with S7
SFVmfu-miR-S6-3p UACGCUGCGUUGCCACCACCU 21 11,159 11,179 620,914
SFVmfu-miR-S7-5p  AGGAAUGCAGUGGGUAUGGAGUA 23 11,182 11,204 1,014,472
Dumbbell-shape with S6
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.l.: uninfected TE671 cells; A.l.: TE671 cells acutely infected
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with SFVmfu; P.1.: TE671/SFVmfu(Pl) cells. (C) Three predicted recognition sites for

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

numbers above the alignment indicate the locations of CAP1 3'UTR 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 3'UTR of the CAP1 gene. Nucleotides shown in grey

characters indicate the mutated miRNA recognition sites. The numbers above the
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607 alignment indicate the locations of CAP1 3'UTR in the human genome. (B) Luciferase

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

609 plasmids. (C) Luciferase reporter assay performed in TE671/SFVmfu(Pl) cells without

610 using miRNA expression plasmids.
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Uninfected 10854004 10853382(99.99%) 622(0.01%) 0 0.01%
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Supplementary materials

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



501
SFVcae_LK3: GTTTHETEHEGH
SFVmmu_DPZ9524:

-TTTGHECTAT
SFVmcy_ Fv34: -—TTTASACAT
SFVmfu_WK1l.pJM356: -TTTRACCHT

551

SFVcae_LK3:
SFVmmu_DPZ9524:

SFVmcy_ FV34:
SFVmfu_WK1.pJM356:

601 52-3p

SFVcae LK3: OITGTGTTCH BATCCHIGCT CHGCTRANCT GHCTCCCTTT TEGTTTCECT
SFVmmu DPZ9524: TGTGIGTTCG TATCATCCT CCTCTCGAGT GTCTCCCTTT TGCTTTTAGH

SFVmcy Fv34: TGTGAGTTCH BTATCATCCT CETCTCGHGT GTCTCCCTTT TCCTTTTCTT
SFVmfu_WK1.pJM356: [[GTGEGTTCG BTGTCHTCCT CATCTCGAGT GICTCCCTTT| TGCTTTTHATH

651
SFVcae_LK3: TT---—-———-— —————————— -BGGHT. GT THTCHETHT
SFVmmu DPZz9524: HBTEETTEGGH BTTETGCEET BAGTTT TTEAGTT
SFVmcy Fv34: CTTTHT TTATGCGAT BGGTTT G T CBAGTT
SFVmfu_WK1.pJM356: GTHEETTAG TTATGCEAT AGGTAT G TRAGHT

S3-5p

SFVcae_LK3:
SFVmmu_DPZ9524:

SFVmcy_ FV34:

_ GHC ATGACGCTCT
SFVmfu_WK1.pJM356:

GGC BITGACGCTCT

C
C

GGEATTHEGTT TEECKTEGTC
CHGCAGGC BTGACGCTCT

G

GG

751 53'3p

SFVcae_LK3: |CBCEGCTCCC TTCHTTTTGHE GTTCTAGTCT
SFVmmu_DPZ9524: CCCATCCCTC CTTTTCTCIT GTTCHABTCT

TTGTTAAGTT TGTTGGCTC-
GTEAGECT THTTGECTCC
GT T TGTTGACTCT
GGT T

TjrTcicTCce

SFVmcy_ FV34: CCCATCCCTC CTTTTCTCAT GTTC TCT
SFVmfu_WK1.pJM356: T GTTC TCT

T

SFVcae LK3: ~————————- I THECHGHAT GTGCTCHTT
9 TTERACATAG GTTEATT
TTAGCATAG GTEAGHAT

TTABECATAG TT T

SFVmmu_DPZ9524: CTGCCARCT
SFVmcy Fv34: CTGCCRGCTG
GCTG
851
SFVcae_LK3: GGTTAG

CAGG CGCRACCGGG
CAGG CACBAGTAGG
CAGG CAC

CAGG C

SFVmfu_WK1.pJM356: TTGCC

THE---GCTH GCEGTTHECTC

CHCEGTEEAT
cT

SFVmmu DPZ9524: GGCTHAG CTCACTGCAT TTGECTA GTCTTTGCTC
SFVEcy FV34: GGCTGG CTCACTGAAT TTGACTA GTCTTTGCTC
SFVmfu_WK1.pJM356: GGCTHEG CTCHCTGEAT TTGACTH GTCTTTGHTC |
901 5_4'§_p
SFVcae_LK3: |IMHGCHITC W WGTE-GTTCG EATCCCTIT
SFVmmu_DPZ9524: GCHGTGT TGTGTGTTCH AGTCTCEATA ATGCATCCTG GTCGTTCTTT
SFVmcy Fv34: GGHGCAGTGT TGTGTGTTCA BGTCTCAATA ATGCATCCTG GTCGTTCTTT
SFVmfu_WK1.pJM356: ATGT TQrHTGTTC TCTC

951
SFVcae_LK3: GTGHGGTGH TGTEATTTGT TTTTGTEATC TGEEETGTGT BTTTGTHTHG
SFVmmu_DPZ9524: TGABATTA TGTCATTGT CEATACCT GEAAGTEAG TGECTCTG
SFVmcy_FV34: T TTA TGTCATTGT CATCATAT GARAGCAAG TGACTTTG
SFVmfu_WK1.pJM356: TGBAGTTA TGTCATCHT CAGT TIT GRAAGTEAG TGACTTTG

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.



1001

SFVcae_LK3: G GTTGTHC GGA BTGGCT T TTGrTECAGC TCGHAGC }
SFVmmu_DPZ9524: GTG TEGCCTTAT
SFVmcy_ FV34: —=|cc GTHT CPCCTTGT
SFVmfu_WK1.pJIM356: GTCTT

1051 S5-3p

SFVcae LK3: BITIBGCEAT TTCCTTITGCT TTIGEEGITC G TCTTGTI TEETETTTT

SFVmmu_DPZ9524: CTTGGECGTIT CTCCTTTGGT ETTTAAGTTC TCCCGT CTGTGTTG
SFVmcy Fv34: CTTGGCCGIT CTCCTTTGHT BTTCAAGTTC TCCTGT
SFVmfu_WK1.pJM356: TTHGCCGTT CTCCTTTG I'TCAAGTTC TCCTGT

GCTGTGCT
1101

TGGTGTT

SFVcae_LK3: GCIC TGH CTIT —————————————— CTTEEG THETGG
SFVmmu_DPZ9524: GCT TGT TGT TTTGT TTTCT THTG BEGTGT T
SFVmcy FV34: CCICTG TGH TGTTGTGT TTTGT TTTCTATATG GTGTG T
T

SFVmfu_WK1.pdM356: CHEGCTGATGT TGTT.GT CTTGT TTTCT TATG GTGT

1151

SFVcae LK3: TCCTC.GT GTC
SFVmmu_DPZ9524: GCTCCTG
SFVmcy FV34: GCTCCTGG TG CTC CG GGTGAATGGC T
CTC

SFVmfu_WK1.pJM356: GCTCCTGI TG

1201
SFVcae_LK3:
SFVmmu_DPZ9524:

SFVmcy_FV34:
SFVmfu_WK1.pJM356:

GEBGCTT CHACAGTCGG.

GCETTCCTT BCGCTGCGTT GCC

1251

SFVcae_LK3: 5T BATTGEAGTC
SFVmmu_DPZ9524: G é GTG TTCC GABTC
SFVmcy_FVv34: G GTG TTCCAGAATC
SFVmfu_WK1.pJM356: TG TTCC GRATC

TTCH G GECCTTC TTT
CTHECATTC TTTTGTATHC

1301
SFVcae LK3: TTAGGT GIG GTTTCT CTTTTGT CBGCBGHATEG
SFVmmu DPZ9524: C GTT GG TT GGT GTTTGG TTCTGTAT TAGCTTTT
spvﬁcy FV34: GH TGIG GTT ——G GTTTGG TECTGTAT TAGCTCTTT
SFVmfu_WK1.pJM356: CAGTTHEGGH HTTAG-T GTTTGG TTTTGTAT TAGCTTTTHG
1351
SFVcae LK3: IT GGH T TCCCTGC TTTAGATTGT BCGGGEAGCTC HECCHCTGCTC
SFVmmu DPZ9524: GTAT GGTAGATTGT ACGGGAGCTC TTCACTACTC
SFVEcy FV34: t! I I ‘ 1T GATTGT ACGGGAGCTC TTCACTACTC
SFVmfu_WK1.pJM356: GATAGATTGT HTGEGAGCTC TTCHACTGCTC
1401

SFVmmu_DPZ9524: GCTGCGTCGA GAGTGITCG CTCTCCAG GCTTGGT
SFVmcy Fv34: GCTGCGTCGA GAGTGTTCG CTCTCCAG GCTTGGT
SFVmfu WK1.pJM356: GCTGTGCCGA GAGTGTTCG CTCTCC G GCTTGGT

————T
TTT
TTT

SFVcae_LK3: GCTGCGTCGI GIGTGTTCG GTCTCTCC G GCTTGGT

Fig. S2. (continued)



Table S1. Primers used in this study

Name Purpose of PCR Template

Target sequence

Sequence (5' - 3')

SFVmMIRNA_S67_F
SFVmMIRNA_S67_R
hsa-mir-1-F

genomic DNA of TE671 cells infected with SFVmfu

To construct miRNA expression plasmids genomic DNA of TE671 cells

hsa-mir-1-R
hCMVenh-Nhe1_F
hCMVpro-Hind3_R

PCDNA 3.1(+)

pre-miRNA sequence of miRNA SFVmfu S6-7

pre-miRNA sequence of miRNA 1

CMV enhancer and promoter

CCCAAGCTTGTAATGTTAAGTAATAAGTTG
CGCGGATCCGCAGAGCATTAAAAGGATCAGAA
ATCGCTCGAGGGCTGTCCTGCTCACACAGA
CGATTCTAGAGCGGGGACACGACCGTCCAC
GCGAGCTAGCCAGATATACGCGTTGACATTG
TTAGAAGCTTAGCTCTGCTTATATAGACCTCCCA

miR1_comp_F
miRLcomp_R No template (annealing and extending primers)
SFV_S7-5'_comp_F

SFV_S7-5'_comp_R

CAP1_pGL3_3UTR_F

CAP1_pGL3_3UTR_R

CAPImut_F

CAPImuUt_R

CAPImut_2nd_F

CAPImut_2nd_R

CAPImut_3rd_F

CAP1mut_3rd_R

No template (annealing and extending primers)
genomic DNA of TE671 cells
To construct luciferase reporter plasmids
pGL3-hCMV/CAP1 3'UTR (Wild-type)

PGL3-hCMV/CAP1 3'UTR (Single mut.)

PGL3-hCMV/CAP1 3'UTR (Double mut.)

Complementary sequences of miRNA-1

Complementary sequences of miRNA SFVmfu S7-5p

3'UTR of human CAP1 gene

3'UTR of human CAP1 gene

3'UTR of human CAP1 gene

3'UTR of human CAP1 gene

GATCGCCGTGTAATTATACATACTTCTTTACATTCCAATCGATCGATACATACTTC
CCGGCCGCCCCGACTTGGAATGTAAAGAAGTATGTATCGATCGATTGGAATGTAAA
GATCGCCGTGTAATTTACTCCATACCCACTGCATTCCTATCGATCGTACTC
CCGGCCGCCCCGACTAGGAATGCAGTGGGTATGGAGTACGATCGATAGGAATG
GATCGCCGTGTAATTGCGAAGTGCCACTGGGTTC
CCGGCCGCCCCGACTGCAAGTTTGGTATTAACTTTATTC
CTAGCAGTAAGGTTACAAAATTGTTTCC
TGTAACCTTACCTAGATGGCCAAGCCTCAG
CTATAACGTAAGGTTTTATTCTCTATTC
AAAACCTTACGTTATAGGAAACAATTTTG
AGTCTGCGTAAGGTGAATCCTTCTTCCC
ATTCACCTTACGCAGACTCCTTGAAATC

Puro-InSIN_F ] o o CAGGATGAGGATCGTACCATGACCGAGTACAAGCCC
To obtain puromycin resistant gene PMX-puro puromycin resistant gene

Puro-InSIN_R GATAGAAGGCGATGCTCAGGCACCGGGCTTGCGG

CAPL-F CGCGAAGCTTGTTCAAGACCCTCTGGAATGGGCAG

To sequence 3'UTR of CAP1 from Japanese macaque Genomic DNA of Japanese macaque

CAP1-R

3'UTR of CAP1 from Japanese macaque

GGCAGAATTCGGATGTGAAAATAATTTTATGAGGT




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

Target Rank Gene Symbol Target Score Gene Description
1|MMD 100[{monocyte to macrophage differentiation associated
2|CAP1 100|cyclase associated actin cytoskeleton regulatory protein 1
3|PTPRD 99|protein tyrosine phosphatase, receptor type D
4|SYT1 99|synaptotagmin 1
5[MCTP1 99|multiple C2 and transmembrane domain containing 1
6|CRIM1 98|cysteine rich transmembrane BMP regulator 1
7|GPR158 98|G protein-coupled receptor 158
8|SGK1 98|serum/glucocorticoid regulated kinase 1
9[XPO6 97|exportin 6
10|XPNPEP3 97|X-prolyl aminopeptidase 3
11|GLCCI1 97|glucocorticoid induced 1
12|ZFP36L2 97|ZFP36 ring finger protein like 2
13|USP46 97|ubiquitin specific peptidase 46
14|SMIM14 97|small integral membrane protein 14
15/SLC39A10 97|solute carrier family 39 member 10
16|EML4 97|EMAP like 4
17|AP3S1 97|adaptor related protein complex 3 subunit sigma 1
18|COL25A1 97|collagen type XXV alpha 1 chain
19(GJAL 97|gap junction protein alpha 1
20|GOLPH3 96|golgi phosphoprotein 3
21|NOTCH3 96|notch 3
22|PDCD4 96|programmed cell death 4
23|MTX1 96[metaxin 1
24|PABPC1 95|poly(A) binding protein cytoplasmic 1
25|KATBA 95(lysine acetyltransferase 6A
26|WDR47 95|WD repeat domain 47
27|NCOA1 95|nuclear receptor coactivator 1
28|SS18 95/5518, nBAF chromatin remodeling complex subunit
29|GNPTAB 95|N-acetylglucosamine-1-phosphate transferase subunits alpha and beta
30(BTAF1 95|B-TFIID TATA-box binding protein associated factor 1
31|ADAR 95|adenosine deaminase, RNA specific
32|ZNF281 94|zinc finger protein 281
33|GCLC 94|glutamate-cysteine ligase catalytic subunit
34|NPHS1 94|NPHS1, nephrin
35|/TFE3 94|transcription factor binding to IGHM enhancer 3
36| TMIGD3 94|transmembrane and immunoglobulin domain containing 3
37|GLCE 94|glucuronic acid epimerase
38| ARHGAP32 94[Rho GTPase activating protein 32
39|POGK 93|pogo transposable element derived with KRAB domain
40[C4orf19 93|chromosome 4 open reading frame 19
41|PTPN14 93|protein tyrosine phosphatase, non-receptor type 14
42|HP1BP3 93| heterochromatin protein 1 binding protein 3
43|SLC44A2 93|solute carrier family 44 member 2
44|ARF4 93|ADP ribosylation factor 4
45[SLC44A1 93(solute carrier family 44 member 1
46|TSHR 93|thyroid stimulating hormone receptor
47|SLC10A7 93|solute carrier family 10 member 7
48|LRCH1 92|leucine rich repeats and calponin homology domain containing 1
49|PDIK1L 92|PDLIM1 interacting kinase 1 like
50[FAM102A 92|family with sequence similarity 102 member A
51|KDELR2 92|KDEL endoplasmic reticulum protein retention receptor 2
52(PDLIM2 92|PDZ and LIM domain 2
53|SEPHS2 92|selenophosphate synthetase 2
54|PPRC1 92|peroxisome proliferator-activated receptor gamma, coactivator-related 1
55|SERP1 92|stress associated endoplasmic reticulum protein 1
56|GNPDA2 91|glucosamine-6-phosphate deaminase 2
57|ATP6V1B2 91|ATPase H+ transporting V1 subunit B2
58|STAG2 91|stromal antigen 2
59|COG3 91|component of oligomeric golgi complex 3
60[NECTIN2 91|nectin cell adhesion molecule 2
61|KLF15 91 |Kruppel like factor 15
62|HIGD1A 91|HIG1 hypoxia inducible domain family member 1A
63|HMBOX1 91|homeobox containing 1
64|PGBD5 91|piggyBac transposable element derived 5
65|ZNF326 91|zinc finger protein 326
66|HAND2 91|heart and neural crest derivatives expressed 2
67|ACVR1 90|activin A receptor type 1
68|AFF3 90|AF4/FMR2 family member 3
69|CLTC 90|clathrin heavy chain
70|UNK 90|unk zinc finger
71|TRPC7 90| transient receptor potential cation channel subfamily C member 7
72|C2CD4B 90|C2 calcium dependent domain containing 4B
73|CLCNS 90|chloride voltage-gated channel 5




