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ARTICLE INFO ABSTRACT

Keywords: Endogenous retroviruses (ERVs) comprise 10% of the genome, with many of these transcriptionally silenced post
Endogenous retroviruses, Interferon Regulatory early embryogenesis. Several stimuli, including exogenous virus infection and cellular transformation can re-
Factor activate ERV expression via a poorly understood mechanism. We identified Interferon Regulatory Factor 1 (IRF-
Cancer

1), a tumor suppressor and an antiviral host factor, as a suppressor of ERV expression. IRF-1 decreased ex-

pression of a specific mouse ERV in vitro and in vivo. IRF-3, but not IRF-7, also decreased expression of distinct
ERV families, suggesting that suppression of ERVs is a relevant biological function of the IRF family. Given the
emerging appreciation of the physiological relevance of ERV expression in cancer, IRF-1-mediated suppression of
specific ERVs may contribute to the overall tumor suppressor activity of this host factor.

1. Introduction

Endogenous retroviruses (ERVs) are the proviral remains of ancient
exogenous retroviral infections of mammalian ancestors’ germline. ERV
sequences represent 8% and 10% of the human and mouse genomes,
respectively (Harris et al., 2001; Waterston et al., 2002) and are clas-
sically composed of gag, pro, pol, and env genes, which are flanked by
long terminal repeats (LTRs). ERVs are generally subdivided into three
classes (I, I, III) based on the class of exogenous retroviruses they most
closely resemble (reviewed in (Kurth and Bannert, 2010; Stocking and
Kozak, 2008)). While ERVs are abundant in mammalian genomes, very
few have maintained the ability to form infectious viral particles, as the
overwhelming majority have accumulated mutations and deletions over
evolution. Additionally, host cells have adapted to suppress ERV tran-
scription. This suppression occurs globally during early embryogenesis,
via several mechanisms, such as histone modifications and DNA me-
thylation (Karimi et al., 2011; Rowe et al., 2013).

Although transcription of many ERVs is suppressed beyond early
embryogenesis, it has recently become clear that expression of certain
ERVs can be reactivated in response to a number of stresses, such as
exogenous infection or transformation. Specifically, infection with
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human cytomegalovirus (HCMV) activates transcription of several
human ERVs in vitro (Assinger et al., 2013). In vivo, high HCMV load in
kidney transplant patients correlates with higher ERV gene expression
(Bergallo et al., 2015) and metagenome analysis of colon tissues from
inflammatory bowel disease patients indicates a positive correlation
between abundance of herpesvirus sequences and ERV transcripts
(Wang et al., 2015). Importantly, the mechanism responsible for re-
activation of ERVs following exogenous virus infection remains poorly
understood.

ERVs are also reactivated in diverse cancer types, including leu-
kemia, B cell follicular lymphoma, melanoma, and breast cancer (Attig
et al., 2017; Bergallo et al., 2017; Buscher et al., 2005; Wang-Johanning
et al., 2008). The limited studies that explored the physiological re-
levance of ERVs in cancer cells showed that genetic targeting of specific
transcriptionally active ERVs led to decreased proliferation, increased
apoptosis, and/or increased immune-mediated elimination of tumors in
xenograft models (Mangeney et al., 2005; Oricchio et al., 2007). Con-
versely, forced expression of select ERV genes induces epithelial to
mesenchymal transition in non-tumorigenic cell lines (Lemaitre et al.,
2017). While transcriptionally active ERVs may contribute to trans-
formation, including via insertional mutagenesis, the molecular
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mechanisms responsible for increased expression of these elements in
cancer remain mostly unknown or are poorly understood.

Interferon Regulatory Factor-1 (IRF-1) is a transcription factor that
attenuates replication of multiple RNA and DNA viruses (Brien et al.,
2011; Mboko et al., 2014; Pflugheber et al., 2002; Schoggins et al.,
2014, 2011) and is also a tumor suppressor (Connett et al., 2005;
Kuroboshi et al., 2003; Nozawa et al., 1999, 1998; Tanaka et al., 1996;
Wang et al., 2007). In spite of its given name (Miyamoto et al., 1988),
IRF-1 is not involved in the induction of type I interferon (IFN) re-
sponses following viral infections (Brien et al., 2011; Kimura et al.,
1994; Maloney et al., 2012; Mboko et al., 2014, 2016) and thus, the
mechanism behind the broad antiviral activity exerted by this tran-
scription factor remains unclear. While some of the molecular me-
chanisms responsible for IRF-1 tumor suppressor functions have been
identified, the extent to which the antiviral and tumor suppressor me-
chanisms overlap is not known.

In this study we identify a novel role of IRF-1 as a suppressor of a
specific mouse ERV. The ability of IRF-1 to suppress ERV expression
was evident in several primary mouse cell types cultured in vitro and in
animal organs ex vivo. This capacity to attenuate ERVs was found to be
shared by related transcription factor IRF-3, but not IRF-7, suggesting
that suppression of diverse ERVs may be a relevant biological function
of the IRF family.

2. Results
2.1. IRF-1 suppresses endogenous reverse transcriptase (RT) activity

Many of the recently integrated ERV families retain an intact RT
gene. Due to the genetic diversity of the ERV landscape, a sensitive, real
time PCR-based, RT activity assay was adapted from a previous pub-
lication (Pyra et al., 1994) to comprehensively detect expression of
retroelements that encode an enzymatically active RT gene. In this
assay, a commercially available RNA from MS2 phage is used as a
template to preclude the presence of the DNA template version in
mammalian cell lysates. The level of the detection of this assay is de-
fined by both the linear limits of the standard curve of RT activity
generated in each assay as well as the signal produced by real time PCR
of the phage RNA template in the absence of exogenous or endogenous
RT, with a typical limit of detection of 10°® units of RT/microgram of
protein.

Given previous reports that demonstrated increased expression of
ERVs following HCMV infection (Assinger et al., 2013), we wanted to
determine if an infection with a cancer-associated gammaherpesvirus
increases endogenous RT activity indicating increased expression of
retroelements. Gammaherpesviruses, such as mouse gammaherpesvirus
68 (MHV68), are ubiquitous exogenous pathogens that establish life-
long infection and are associated with a number of malignancies
(Cesarman, 2014; Tarakanova et al., 2008, 2005). Interestingly, MHV68
infection of primary macrophages failed to alter low levels of en-
dogenous RT activity at both high (Fig. 1A) and low multiplicity of
infection (Darrah et al., 2017), in contrast to published HCMV studies.

Due to the profoundly antiviral nature of primary macrophages, we
next tested the hypothesis that type I interferon (IFN) signaling or ex-
pression of IRF-1, a broadly antiviral host factor, could suppress ex-
pression of enzymatically active RT encoded by endogenous retro-
elements. Macrophages isolated from mice genetically deficient in type
I IFN receptor (IFNAR”") showed a slight (~ two-fold, no statistical
significance) increase in the endogenous RT activity (Fig. 1B). Ac-
cordingly, treatment of naive macrophages with recombinant IFN-f
failed to significantly alter endogenous RT activity. In contrast, mac-
rophages derived from IRF-17" mice displayed a substantial (~10-fold)
increase in endogenous RT activity, an increase that was not further
modulated by treatment with IFN-f (Fig. 1B).

IRF-1 can manifest its antiviral activity in a cell type and organ-
dependent manner, as evidenced by enhanced replication of West Nile
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Fig. 1. IRF-1 suppresses endogenous reverse transcriptase (RT) activity.
(A, B) Primary macrophages were derived from bone marrow of mice of in-
dicated genotypes. A. Macrophages were mock-treated or infected with
MHV68. Reverse transcriptase activity was measured in cell lysates isolated at
indicated time post infection. B. Macrophages were mock treated or incubated
in the presence of recombinant IFNP for 8 h and reverse transcriptase activity
measured in cell lysates. C. Mouse embryonic fibroblasts of indicated genotypes
were mock-treated or treated with IFNf as in B. Reverse transcriptase activity
was measured in cell lysates collected at 8 h post treatment. Data were pooled
from 2 to 4 independent experiments. In this and other figures the mean is
shown with error bars representing standard error of mean (SEM). *p < 0.05;
**p < 0.01, ****p < 0.0001. Only those differences that have reached sta-
tistical significance are defined as such in all figures.

virus in IRF-17" macrophages, but not in IRF-17~ mouse embryonic fi-
broblasts (MEFs), and enhanced tropism of West Nile virus for the
central nervous system in the absence of IRF-1 (Brien et al., 2011). In
order to determine whether IRF-1-dependent suppression of en-
dogenous RT activity was cell type specific, RT activity was measured in
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Table 1
Sequences of primers used in this study.
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Primer name Sequence

RT1 CATAGGTCAAACCTCCTAGGAATG
RT2 TCCTGCTCAACTTCCTGTCGAG
Emv (Emv2) For TTCTGCTCCTCTTCTGCCCT

Emv (Emv2) Rev GAGGACCCTGGGCAAGAAAC
pMLV For CCGCCAGGTCCTCAATATAG
PMLV Rev AGAAGGTGGGGCAGTCT

xMLV For TCTATGGTACCTGGGGCTC

xMLV Rev GGCAGAGGTATGGTTGGAGTAG
Xmv43 For GGGCAGCAGTGACGACT

Xmv43 Rev TTCGGCACTGTCTCCTTTCT
Xmv45 For GGGATGGCGACAGAGAAGAG
Xmv45 Rev GTCAGCAGAGTCCCCAACAA
mMERV-K For CAAATAGCCCTACCATATGTCAG
mMERV-K Rev GTATACTTTCTTCTTCAGGTCCAC
IAP For AAGCAGCAATCACCCACTTTGG
IAP Rev CAATCATTAGATGCGGCTGCCAAG

Citation Gene detected
(Pyra et al., 1994) MS2 phage
Pyra et al. (1994) MS2 phage
Collins et al. (2015) gag

Collins et al. (2015) gag
Yoshinobu et al. (2009) env (gp70)
Yoshinobu et al. (2009) env (gp70)
Yoshinobu et al. (2009) env (gp70)
Yoshinobu et al. (2009) env (gp70)
This study pol

This study pol

This study gag

This study gag

Rowe et al. (2013) gag

Rowe et al. (2013) gag

Collins et al. (2015) gag

Collins et al. (2015) gag

MEFs. Endogenous RT activity was substantially elevated in IRF-17-
MEFs and this increase was not affected by IFN-3 treatment (Fig. 1C).
Of note, IFNp treatment of wild type, but not IRF-17~ MEFs resulted in
~2-fold decrease in RT activity that was not statistically significant. In
summary, exogenous gammaherpesvirus infection failed to alter en-
dogenous RT activity. In contrast, IRF-1 deficiency of the host resulted
in increased endogenous RT activity in primary mouse macrophages
and fibroblasts.

2.2. IRF-1 selectively suppresses Emv2 expression

Several families of ERVs are known to encode an enzymatically
active RT and reactivation of such ERVs could be responsible for in-
creased endogenous RT activity observed in IRF-1 deficient cells. In
order to identify ERV families that may be contributing to increased
endogenous RT activity, pan-specific consensus primers were utilized
(Table 1). These primers were directed towards three ERV families: the
Class I Murine Leukemia Virus (MLV) family, the Class II Mus musculus
ERVs that use tRNA"® type-10C (mMERVK-10C), and the Class III In-
tracisternal-A Particle (IAP) family. All three families are present in
multiple copies within the C57BL/6 J (BL6) genome, have the potential
to be transpositionally active, and contain a functional RT gene
(Dewannieux et al., 2004; Fasching et al., 2015; Jern et al., 2005;
Kozak, 2015). For the MLV family, three separate consensus primer sets
were utilized (Emv, XMLV, and pMLV) in order to detect three different
variants (ecotropic, xenotropic, and polytropic) present within the
genome. Of note, in contrast to XMLV and pMLV, Emv is present as a
unique locus in the C57BL/6J genome (Emv2) (Jenkins et al., 1982)
and encodes a mutated RT enzyme with a significantly attenuated RT
activity (King et al., 1988).

Intriguingly, expression of Emy2 was significantly increased in IRF-
17~ macrophages as compared to BL6 controls (Fig. 2A). Similar to the
RT activity, this increase was not significantly altered by IFNf treat-
ment, nor was Emv2 expression increased in IFNAR”~ macrophages,
regardless of experimental conditions (Fig. 2A). In contrast to that ob-
served for Emv2, no other ERV family that was analyzed showed dif-
ferential expression in IRF-17~ macrophages (Fig. 2B, C; data not shown
for XMLV and IAP). Similarly, IFN-f treatment did not affect low levels
of expression of these ERVs, in either wild type or IRF-17" conditions.
(Fig. 2B, C).

In order to determine if IRF-1 similarly regulates expression of select
ERV families in vivo, expression of ERVs was measured in lungs and
spleens harvested from naive BL6 or IRF-17" mice. Similar to that ob-
served in primary macrophages, expression of Emv2 was elevated in
lungs and spleens of IRF-17" mice as compared to BL6 controls
(Fig. 2D). Interestingly, in contrast to that observed in primary mac-
rophages, expression of pMLV appeared to be elevated in IRF-17"

54

spleens, albeit the difference did not reach statistical significance
(p = 0.11, Fig. 2E). Finally, expression of mMERVK-10C and IAP re-
mained at the level of no RT control in all tested organs (data not
shown). In summary, IRF-1 selectively suppressed expression of Emv2 in
primary macrophage cultures and in lungs and spleens in vivo.

2.3. Direct IRF-1 association with ERV sequences is not necessary to repress
ERV expression

IRF-1 regulates gene expression via direct interaction of its DNA
binding domain with the IFN stimulated response element that is si-
milar for all members of the IRF family (Fujii et al., 1999). Association
of IRF-1 with other cellular transcriptional factors determines the spe-
cificity of genes that are directly regulated by IRF-1. Having observed
increased Emv2 expression in the absence of IRF-1, it was possible that
IRF-1 suppressed Emv2 via direct binding. While ecotropic MLV pro-
viruses can be present in multiple copies in other mouse strains, only a
single copy (Emv2) is present on chromosome 8 of C57BL/6J mice
(Jenkins et al., 1982). Since this provirus is not repetitive in the BL6
genome, it is identifiable by next generation sequencing data, even if
repetitive sequences are removed prior to analyses. To determine if IRF-
1 directly bound to the Emv2 genetic locus, data were mined from a
published IRF-1 ChIP seq study that utilized primary BL6 macrophages
(Langlais et al., 2016). Interestingly, IRF-1 was not associated with the
Emv2 provirus, indicating that another cellular protein that is expressed
in an IRF-1-dependent manner is responsible for the silencing of Emv2
expression.

Using the same dataset (Langlais et al., 2016) in combination with
the Endogenous Retroviral Element (ERE) database (Kao et al., 2012)
we identified two additional related ERVs, commonly known as Xmv43
(Bxv1) and Xmv45 (XmvIV) (see genomic coordinates in Table 2) with
the former ERV genome bound by IRF-1, and the latter not. Interest-
ingly, expression of either Xmv43 or Xmv45 was not increased in IRF-
17" macrophages (Fig. 2F, G), supporting the conclusion that direct
binding of IRF-1 to ERV sequences is neither necessary nor sufficient to
suppress ERV expression.

2.4. IRF-3 suppresses expression of several ERV families

IRF-1 is the founding member of the IRF family, which comprises 9
members in humans and mice (reviewed in (Tamura et al., 2008)).
While all IRF transcription factors have a similar DNA binding domain,
each regulates a distinct group of genes and biological processes, a
regulation that is frequently modified in a cell type-specific manner.
IRF-3 and IRF-7 are most relevant members of the family with respect
to viral infection: both of these transcription factors (in contrast to IRF-
1) are important in induction of type I IFN expression in infected cells
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Fig. 2. IRF-1 selectively suppresses Emv2 expression. (A-C, F, G). Primary macrophages of indicated genotypes were mock-treated or treated with IFN for 8 h.
Levels of indicated transcripts were measured by RT-qPCR. Data were pooled from at least two independent experiments. Dotted line in F and G indicates level of
detection (no RT controls). (D, E). RNA was isolated from lungs and spleens harvested from naive animals of indicated genotypes. Levels of indicated transcripts were
measured by RT-qPCR. Each symbol represents an individual animal.
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Table 2
Genomic coordinates (NCBI37/mm9) of specific mouse ERV loci analyzed in
this study.

Virology 526 (2019) 52-60

(Sato et al., 2000). Importantly, in addition to indirect regulation of
cellular gene expression via induction of type I IFN, both IRF-3 and IRF-
7 can directly regulate specific cellular genes (Barnes et al., 2004;
Freaney et al., 2013). In order to determine the extent to which IRF-3 or
IRF-7 regulate ERV expression, endogenous RT activity was measured
in IRF-37" and IRF-7”" primary macrophages. IRF-7 deficiency had no
effect on the endogenous RT activity (Fig. 3A). In contrast, IRF-37"
macrophages displayed a significant increase in RT activity (Fig. 3A),
suggesting that IRF-3 may suppress ERV expression.

To test this hypothesis, expression of specific ERV families was

Primary Macrophages

ERV chr Start End Coding direction
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Fig. 3. IRF-3 suppresses expression of several ERV families. A. Endogenous RT activity was measured in cell lysates harvested from bone marrow derived
macrophages of indicated genotypes. (B-D). Macrophages of indicated genotypes were treated as in Fig. 2. Levels of indicated transcripts were measured by RT-qPCR.
Data were pooled from at least two independent experiments. (E, F). RNA was isolated from lungs and spleens harvested from naive animals of indicated genotypes.
Levels of indicated transcripts were measured by RT-qPCR. Each symbol represents an individual animal.
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assessed. Unlike IRF-17~ macrophages, IRF-3”~ macrophages displayed
only a modest increase in the expression of Emv2 (~3-fold, Fig. 3B). In
contrast, expression of pMLV family of ERVs was robustly increased in
IRF-3”" macrophages (Fig. 3C, ~ 7 fold). Similar to that observed for
IRF-1, IRF-3 deficiency had no effect on the expression of mMERV-K
ERV family (Fig. 3D). Further, type I IFN treatment had very little effect
on the expression of ERVs in IRF-3”" macrophages (Fig. 3B-D). In
summary, IRF-3 deficiency led to selective expression of pMLV and, to a
lesser extent, Emv2 in primary macrophages.

To determine the extent to which IRF-3 regulates transcription of
select ERVs in vivo, transcription of Emv2 and pMLV was analyzed in
organs of IRF-3”" mice. Expression of Emv2 remained elevated in IRF-
37" as compared to BL6 spleens (Fig. 3E). Expression of pMLV in lungs
and spleens of IRF-37" mice was more heterogenous, with only half of
the IRF-37" animals displaying increased expression (Fig. 3F). Thus,
IRF-3 deficiency led to a modest elevation in expression of Emv2 and
PMLYV in lungs and spleens and this phenotype was not always fully
penetrant in the analyzed animal cohorts. In summary, repression of
select ERV expression was not a unique function of IRF-1, but was,
instead, shared with at least one other member of IRF family, IRF-3.

3. Discussion

In this study we identified IRF-1 as a novel suppressor of Emv2 ex-
pression. This suppression was evident in diverse somatic cells and
organs of adult mice, suggesting that IRF-1 is an important host factor
that controls expression of Emv2 post embryogenesis. Interestingly, IRF-
3, a related IRF family member, also suppressed expression of select
type I family ERVs, including Emv2, suggesting that attenuation of ERV
expression may be a biologically relevant function of the IRF family
members.

3.1. Mechanism of ERV suppression

While our studies identify a novel role of IRF-1 in suppression of
Emv2, other immune mechanisms were previously shown to suppress
ERVs past early embryogenesis. One of such immune mechanisms is
mediated via toll like receptor 7 (TLR7) (Yu et al., 2012). TLR7”" mice
lack class switched ERV neutralizing antibodies, a deficiency that was
proposed to be responsible for the ERV viremia (Yu et al., 2012). This
was further supported by the Kassiotis group that demonstrated in-
creased Emv2 expression in several mouse models of B cell deficiency
and defined the requirement for Myd88, a critical adaptor downstream
of TLR7, for the control of Emv2 expression in vivo (Young et al., 2012).
In contrast, IRF-1 deficiency does not interfere with efficient generation
of class-switched neutralizing antiviral antibodies against exogenous
DNA and RNA viruses (Brien et al., 2011; Mboko et al., 2015), making
this an unlikely mechanism by which IRF-1 suppresses Emv2 expres-
sion. Intriguingly, increased Emv2 expression in TLR7”" and B cell de-
ficient mice was ablated when mice were given acidified water, sug-
gesting microbiome effects on the observed phenomenon (Young et al.,
2012). In contrast, despite receiving acidified water in our animal fa-
cility, IRF-17" mice maintained increased Emv2 expression, suggesting
that microbiome does not affect IRF-1-mediated Emv2 suppression.

We found that type I IFN was neither sufficient nor necessary to
significantly alter expression of examined ERVs, including in the ab-
sence of IRF-1. This is consistent with the reports demonstrating that
IRF-1 is not involved in the induction of type I IFN responses following
viral infections (Brien et al., 2011; Kimura et al., 1994; Maloney et al.,
2012; Mboko et al., 2014, 2016) While IRF-1 expression is stimulated
by both type I and type II IFN, IRF-1 is constitutively expressed in
unstimulated MEFs and primary macrophages. This baseline IRF-1 ex-
pression is sufficient to attenuate exogenous gammaherpesvirus re-
plication even in the absence of type I IFN signaling (Mboko et al.,
2016), supporting the hypothesis that IRF-1-mediated suppression of
Emv2 is IFN-independent. Interestingly, we discovered that IRF-3, a
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related IRF family member with constitutive expression, also suppresses
expression of pMLV family, and to a much lesser extent Emv2 (Fig. 3).
Unlike IRF-1, IRF-3 is important for induction of type I IFN expression
in response to viral infection. However, IRF-3 can also directly regulate
expression of target genes independent of IFN, a potential mechanism
by which ERV suppression is mediated.

Using published ChIP-seq dataset (Langlais et al., 2016) we ruled
out direct association of IRF-1 with the Emv2 locus, indicating that
another transcription factor that is expressed in an IRF-1-dependent
manner is responsible for the observed phenotype. Zfp809 was identi-
fied by the Goff group as a zinc finger protein that suppresses Emv2
expression in embryonic stem cells (Wolf and Goff, 2009). However,
Zfp809 protein is rapidly and constitutively degraded in somatic cells
(Wang and Goff, 2017). Further, Zfp809 was not differentially ex-
pressed in IRF-17" macrophages (Langlais et al., 2016), making it an
unlikely contributor to the observed Emv2 suppression. Future studies
are needed to determine the identity of the IRF-1-dependent cellular
factor that mediates suppression of Emv2.

Emv2 encodes a mutated RT that only maintains a fraction of the
original enzymatic activity (King et al., 1988), which may explain dif-
ferences we observed between the endogenous RT activity and Emv2
expression in IRF-17" cells (~10-fold vs. ~40-fold, Figs. 1B, 2A). It is
possible that depressed expression of other retroelements that were not
detected by the primers used in this study contributes to the en-
dogenous RT activity in IRF-17" cells. Another important future direc-
tion is to determine whether expression of Emv2 in IRF-17" mice is
accompanied by its recombination with other ERVs, leading to a change
in the tropism of the resulting recombinant virus (via envelope switch),
an acquisition of a fully functional RT gene, or other genetic changes.
We detected a similar increase in the expression of Emv2 env and gag
genes in IRF-17" macrophages (data not shown), making the first pos-
sibility unlikely; however, other recombination events cannot be ruled
out.

3.2. Implications of IRF-1-mediated suppression of endogenous
retroelements

IRF-1 is a well-established tumor suppressor; however, the me-
chanisms responsible for tumor suppression are incompletely under-
stood. IRF-1 expression mediates cell cycle arrest and apoptosis of
malignant cells (Armstrong et al., 2012; Bouker et al., 2005; Kroger
et al., 2007) and IRF-1 cooperates with p53 downstream of genotoxic
stress (Tanaka et al., 1996). However, IRF-1 deficiency synergizes with
p53 deficiency to exacerbate tumorigenesis in mouse models (Nozawa
etal., 1999), suggesting that some of tumor suppressor functions of IRF-
1 are p53 independent.

Increased expression of Emv2 in antibody-deficient mice led to the
generation of recombinant infectious virus and subsequent lympho-
magenesis (Young et al., 2012; Yu et al., 2012), with the evidence of
insertional mutagenesis in lymphomas. In contrast, while expression of
ERVs is induced in a number of human cancers, the physiological re-
levance of such induction is mostly unclear. The handful of studies that
explored the physiological relevance of ERVs in transformed cells
showed that increased expression supported proliferation, cell viability
and immune evasion of tumors in xenograft models (Mangeney et al.,
2005; Oricchio et al., 2007). Our findings offer an intriguing possibility
that IRF-1-mediated repression of specific ERVs may contribute to its
tumor suppressor functions. Intriguingly, mice with single IRF-1 defi-
ciency have not been reported to spontaneously develop cancer. How-
ever, increased ERV expression in TLR7”" mice also did not lead to
tumorigenesis and additional deficiencies of TLR3 and TLR9 were re-
quired for spontaneous generation of T cell lymphomas with a very long
latency time (over 12 months) (Yu et al., 2012). Thus, it is possible that
aging of IRF-17" mice or introduction of additional genetic modifica-
tions (such as IRF-3 deficiency) would unveil spontaneous tumorigen-
esis.
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4. Materials and methods
4.1. Animals

C57BL/6 J (BL6) and IRF-17" mice (Matsuyama et al., 1993) were
obtained from The Jackson Laboratory (Bar Harbor, Maine). IFNAR1”
mice on the BL6 background were a gift from Dr. Mitchell Grayson
(Grayson et al., 2007). IRF-3”" and IRF-7”" mice were a gift from Dr.
Michael Diamond (Honda et al., 2005; Sato et al., 2000). All mice
utilized in this study are on the C57BL/6 J background. Organs were
harvested from naive mice between 8 and 12 weeks of age. Mice were
housed and bred in a specific-pathogen-free barrier facility in ac-
cordance with federal and institutional guidelines. All experimental
manipulations of mice were approved by the Institutional Animal Care
and Use Committee of the Medical College of Wisconsin.

4.2. Primary macrophage derivation and treatment

Primary bone marrow derived macrophages were harvested from
mice between 3 and 10 weeks of age, as previously described
(Tarakanova et al., 2007). Macrophages were infected with MHV68
(WUMS) at indicated multiplicity of infection (MOI) for 1 h to allow for
adsorption, and washed three times with PBS prior to media replen-
ishment. Alternatively, recombinant interferon-f (IFN-f) (Biolegend,
San Diego, CA) was added at a concentration of 10 U/mL.

4.3. Mouse Embryonic Fibroblast (MEF) derivation

MEFs were derived on day 12-14 of pregnancy. Embryos were se-
parated from placenta, fetal tissue homogenate was seeded in T175
flask and cultured in DMEM (Corning, Corning, NY) containing 10%
Fetal Calf Serum (Biowest, Riverside, MO), and supplemented with
nonessential amino acids, glutamine, and pen/strep (Thermo Fisher,
Waltham, MA). MEFs were passaged twice before experimental use.

4.4. Reverse transcriptase (RT) activity assay

Reverse transcriptase (RT) activity assay was adapted from pub-
lished study (Pyra et al., 1994). Briefly, cells were harvested in lysis
buffer containing 0.5% triton X-100, Tris-Cl (pH8.3), and protease in-
hibitor cocktail (Sigma-Aldrich, St. Louis, MO). Samples were freeze
thawed (—80 °C) and cleared by centrifugation, to ensure removal of
cellular debris. 5 pL of the precleared cell lysate was added to a master
mix containing MS2 phage RNA (US Biological Life Sciences, Salem,
MA), which acted as an RT template. The master mix also contained
RT1 primer, specific to the phage RNA sequence (Table 1), RNAseOUT™
(Thermo Fisher, Waltham, MA), and salmon sperm DNA (Sigma-Al-
drich, St. Louis, MO) to attenuate endogenous DNAse activity of the cell
lysates. Prior to being added to the master mix, the MS2 phage RNA and
RT1 primer were pre-mixed separately and heated at 60 °C for 2 min to
denature RNA secondary structures and allow for primer binding. Fol-
lowing the addition of the precleared lysate to the master mix, reverse
transcription was allowed to proceed for 45 min at 42 °C. To control for
residual endogenous endonuclease activity in individual cell lysates
that could target the RT-generated cDNA, each cell lysate was run in
duplicate, with one of the duplicate reactions spiked with excess of
recombinant M-MLV reverse transcriptase (20mU/sample, Thermo
Fisher, Waltham, MA). After the reverse transcription reaction, samples
and standards were analyzed by real time PCR using RT1 and RT2
primers (Table 1). For each run a standard curve from 102 to 1077 units
of RT was created using M-MLV reverse transcriptase (Thermo Fisher,
Waltham, MA), providing a typical limit of detection of 10 units of
RT/microgram of protein. RT activity was normalized to protein con-
centration in each sample. Individual endogenous RT activity was fur-
ther corrected based on the level of inhibition of spiked RT activity
observed for each sample. Additional controls performed in each run
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included real time PCR of phage RNA template (in the presence of RT1
and RT2, but in the absence of cell lysate or recombinant RT) to eval-
uate the level of DNA contamination of MS2 RNA that was considered
when defining the sensitivity of the RT assay.

4.5. RT-qPCR analysis

Total RNA was harvested, reverse transcribed, and analyzed by RT-
gPCR as previously described (Mboko et al., 2014). Organs were har-
vested into 1 mL of Trizol (Thermo Fisher, Waltham, MA) containing
1 mm zirconia beads (Biospec, Bartlesville, OK) and disrupted by
Magnalyzer (Roche) prior to RNA isolation. Random hexamer primers
(Thermo Fisher, Waltham, MA) were used during the RT step. cDNA
was assessed in triplicate, along with corresponding minus reverse
transcriptase reactions, by real-time PCR using a CFX Connect system
(Bio-Rad, Hercules, CA). Analysis was performed using previously
published primers for MMERVK-10C (Fasching et al., 2015), pMLV
(Yoshinobu et al., 2009), and Emv (Collins et al., 2015); primer se-
quences are provided in Table 1. Primers used in this study were vali-
dated for sensitivity and specificity using bioinformatic and wet lab
approaches; the slope and linear range was established for each primer
pair, and all primers were utilized within their linear range.

4.6. Statistical analysis

Data were analyzed using GraphPad Prism software (GraphPad
Software, San Diego, CA). All p values were calculated using Student's t-
test. Student's t-test was preformed between each experimental condi-
tion for data pooled from multiple experiments, with only the sig-
nificant p values represented in each figure.
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