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Abstract

The mouse mammary tumor virus (MMTYV) is a well-known causative agent of breast cancer in mice. Pre-
viously, we have shown that MMTV dysregulates expression of the host miR-17-92 cluster in MMTV-
infected mammary glands and MMTV-induced tumors. This cluster, better known as oncomiR-1, is
frequently dysregulated in cancers, particularly breast cancer. In this study, our aim was to uncover a
functional interaction between MMTYV and the cluster. Our results reveal that MMTV expression led to dys-
regulation of the cluster in both mammary epithelial HC11 and HEK293T cells with the expression of miR-
92a cluster member being affected the most. Conversely, overexpression of the whole or partial cluster
significantly repressed MMTV expression. Notably, overexpression of cluster member miR-92a alone
repressed MMTV expression to the same extent as overexpression of the complete/partial cluster. Inhibi-
tion of miR-92a led to nearly a complete restoration of MMTV expression, while deletion/substitution of the
miR-92a seed sequence rescued MMTV expression. Dual luciferase assays identified MMTV genomic
RNA as the potential target of miR-92a. These results show that the miR-17-92 cluster acts as part of
the cell’'s well-known miRNA-based anti-viral response to thwart incoming MMTV infection. Thus, this
study provides the first evidence highlighting the biological significance of host miRNAs in regulating
MMTYV replication and potentially influencing tumorigenesis.
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Introduction

RNA viruses have acquired various evolutionary
advantages, the most important of which is their
capacity to commandeer cellular machinery and
elude host immune responses. These viruses are
among the most common culprits responsible for
clinically significant viral infections in humans,
including influenza, human immunodeficiency
virus (HIV), hepatitis B and C viruses (HBV &
HCV), Ebola, Zika, Nipah, and more recently, the
coronaviruses (SARS, MERS, COVID-19).
Retroviruses are an exceptional class of RNA
viruses with the capability to retro-transcribe their
genomic RNA into double-stranded DNA,
employing reverse transcriptase, an RNA-
dependent DNA polymerase.” The mouse mam-
mary tumor virus (MMTYV) is a betaretrovirus shown
to cause breast cancer and lymphoma/leukemia in
mice. Since its discovery in the 1930s, its antigens
and sequences have been observed in human
breast cancer as well, leading to the highly contro-
versial possibility of a human mammary tumor virus
(HMTV).2® MMTV is a classic example of a slow-
transforming retrovirus that causes breast cancer
via insertional mutagenesis in mice over a period
of 6-9 months where it integrates upstream of host
genes involved in regulating growth and prolifera-
tion, such as Wnt1, Fgf3, Rspo, and Notch4.5’
Additionally, at least two structural genes of MMTV,
gag and env, have also been reported to have onco-
genic potential.> "' Despite extensive research into
understanding MMTYV replication since its discovery
as a ‘milk-borne agent’ in 1936, there continues to
be inadequacies in understanding the dynamics of
viral replication, virus-host interactions, and patho-
genesis, especially how MMTYV interacts with the
cellular RNA Interference (RNAi) machinery.

MicroRNAs (miRNAs) belong to the RNAI
machinery, a class of small non-coding RNAs that
are super-regulators of gene expression.'? '* They
silence gene expression by targeting the 3’ untrans-
lated region (UTR) of mRNAs primarily in a
sequence-specific manner; however, they can also
target the 5 UTR and the coding regions of an
mRNA."® Encoded within the genome, the biogene-
sis of miRNAs begins in the nucleus and closely fol-
lows the typical transcription activation and splicing
steps of any protein-coding mRNA, except that
miRNAs additionally use a unique set of enzymes
and proteins (Drosha, DCGR8, Dicer, etc.) for their
processing; i.e., undergoing multiple cleavages in a
stepwise manner to form the mature miRNA from
the primary RNA."'®"” Thus, processing of the pri-
mary miRNA by these enzymes starts from the
nucleus to the cytoplasm, giving rise to the final
dsRNA effector molecule, the mature miRNA, that
comprises of a guide and a passenger strand. The
guide strand forms a complex with the RNA-
induced silencing complex (RISC), and identifies
target mMRNAs based on complementarity, which

are then routed to cytoplasmic processing bodies
(p-bodies) and marked for degradation. The two
strands of the mature miRNA have distinct “seed”
sequences and either of these have the potential
to be loaded onto RISC to serve as the guide strand.
This is an aspect critical in mRNA targeting and
gene regulation, an area only now being
unraveled.'®

Functioning as a part of the natural cellular RNAI
machinery, miRNAs not only regulate changes in
gene expression during development, but also
serve as an “anti-viral” defense mechanism
against invading viruses, a process that has been
observed in a variety of taxa, including plants,
nematodes, and arthropods.'®?* The “anti-viral”
miRNAs are induced in the presence of exogenous
RNA in the host, which are identified by miRNA-viral
RNA sequence complementarity in which the viral
RNA is subjected to degradation by cellular
enzymes.”*?* While the anti-viral potential of the
RNAi machinery is well known since the 1990s, it
was first clearly demonstrated in C. elegans when
inhibition of the vesicular stomatitis virus (VSV)
was observed in mutant worms with an enhanced
small RNA interference potential.*® Viruses, on the
other hand, can manipulate host miRNAs to prevent
the cell’s anti-viral response or favor virus propaga-
tion.”?° For example, HCV can significantly
enhance levels of miR-373 in hepatocytes, which
leads to attenuation of the JAK/STAT pathway via
JAK1 and IRF9 at the RNA level, thereby counter-
acting interferon-mediated anti-viral responses in
the cell.*° Similarly, the human respiratory syncytial
virus (RSV)-encoded proteins NS1 and NS2 can
up-regulate cellular miR-29a to regulate the sup-
pression of the interferon receg)tor, thus aiding viral
replication stimulated by NS1.%'

While miRNAs normally are expressed from
single genes, nearly 50% of miRNAs in Drosophila
melanogaster and more than one-third of human
miRNA genes are clustered together and
expressed in polycistronic miRNA clusters, where
a single parent transcript produces multiple
mature miRNAs.*?"%° miR-17-92 is the first onco-
genic miRNA cluster (oncomiR-1) to be described
and studied extensively for its role in cell cycle reg-
ulation, differentiation, apoptosis, and tumorigene-
sis. 323541 Amplified in hematopoietic
malignancies and solid tumors, a study of B-cell
lymphomas in an Ep-myc transgenic mice was the
first to point out the cluster and its oncogenic poten-
tial.*>*® The miR-17-92 host gene (MIR17HG) is
located in the non-transcribed region of human
chromosome 13 (13g31.3) and chromosome 14 in
mice (14E4), devoid of protein coding potential.
The cluster is a polycistron, coding for a single
RNA transcript that is processed into six mature
miRNAs: miR-17, miR-18a, miR-19a, miR-20a,
miR-19b-1, and miR-92a-1.*> These mature miR-
NAs are conserved throughout vertebrates and par-
alogues of the cluster exist, namely miR-106a-363
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(Xg26.2) and miR-106b-25 (7g22.1), arising due to
gene duplication events.***> As mentioned earlier,
miRNAs identify their target genes and exert post-
transcriptional modulation via their seed
sequences; i.e., nucleotides 2—8 of the mature form,
to engage in the mRNA recognition/targeting
event.”® Based on their seed sequences, the miR-
17-92 gene cluster and its homologs are catego-
rized into four families: the miR-17 family (miR-17,
miR-20a/miR-20b, miR-106a/miR-106b, and miR-
93), the miR-18 family (miR-18a/miR-18b), the
miR-19 family (miR-19a/miR-19b), and the miR-25
family (miR-25, miR-92a, and miR-363).*’

With extensive research on the miR-17-92 cluster
and its relevance as oncomiR-1 in tumor
development and progression, in comparison, not
much has been explored on the functional
importance of this miRNA cluster in thwarting or
facilitating viral infections. The miR-17-92 cluster
exhibits both anti- and pro-viral roles, making it a
key target in the development of anti-virals and
miRNA-based therapeutics.”®> For example, in
HBYV infection, the cluster’s activation inhibits virus
replication,*® while in enterovirus-71 (EV-71) infec-
tion, the virus disrupts the cluster’s anti-viral effect
via promoter methylation, enhancing replication.*”
Conversely, in Kaposi’'s sarcoma-associated her-
pesvirus (KSHV) infection, the activated cluster pro-
motes tumor growth by down-regulating the TGF
pathway.®' Triboulet et al. first identified the clus-
ter's anti-viral potential against retroviruses, where
it suppresses HIV replication by targeting histone
acetylase PCAF, a key factor in HIV-1 activation
by its Tat protein.> Bioinformatics predicted four
target sites for miR-17 and miR20a on PCAF’s 3
UTR, and therapeutic strategies using multiplex
miRNA technology with engineered conserved
anti-HIV sequences in the miR-17-92 polycistron
have shown promise in combating HIV-1.>°

Viral genomes can also encode miRNAs that can
help facilitate virus replication and manipulate anti-
viral host immune responses, especially in DNA
viruses.”*°” However, we have recently shown that
the MMTV genome does not encode miRNAs;
rather it dysregulates expression of host miRNAs,
especially the miR-17-92 cluster.”® Based on these
observations, the current study was undertaken to
find any functional interaction between MMTV and
the miR-17-92 cluster at the cellular level and its
consequences for virus replication. Since an up-
regulation of several cluster members was
observed in not only mouse mammary tumors that
express one of the highest levels of the virus, but
also infected lactating mammary glands,”® we
hypothesized that the cluster was facilitating MMTV
replication in mammary epithelial cells. However, it
was also possible that early in infection, the cluster
keeps the viral replication in check as an anti-viral
response for which miRNAs are more well-known
for, and later on, the virus somehow overcomes this
suppression. Interestingly, we observed the latter

and found an anti-viral association between miR-
17-92 and MMTYV with the cluster leading to repres-
sion of MMTV expression, despite its high level of
expression in mammary glands and mammary
tumors. Furthermore, we identify miR-92a as one
of the critical anti-viral components of the cluster
that inhibits MMTV gene expression and replication
by targeting its genomic RNA.

Results

The miR-17-92 cluster members are
dysregulated upon MMTV expression

To explore whether MMTYV could interfere with the
expression of the miR-17-92 cluster, we
interrogated our miRNAseq data of a mouse
mammary epithelial cell line HC11 compared to
the same cell line expressing MMTV, HC11-
MMTV.>9€% Mammary epithelial cells are the most
permissive cells for MMTYV infection in vivo, respon-
sible for ensuring the passage of the virus from the
mother to the pups via breast milk; additionally,
these are the main cells targeted for mammary
tumorigenesis in mice.®” Figure 1A reveals the heat
map of the expression of the cluster members in the
two cell lines (two biological replicates, 1 & 2, are
shown for each). As can be seen, a distinct dysreg-
ulation of the cluster member expression could be
observed upon MMTV expression. Fold-change
analysis of differential gene expression between
the two cell lines revealed that while the expression
of some of the cluster members was not much
affected (miR-17-3p and miR19a-3p), a distinct
up-regulation could be observed in the expression
of other cluster members, such as miR-18a and
miR-92a, with miR-92a showing the highest induc-
tion at 4-folds upon MMTYV expression (Figure 1B).
It is to be kept in mind that miRNA gene expression
profiling studies have revealed that even subtle
changes of 1.5-to 2-fold can have significant impact
on target gene expression in cells, depending upon
factors such as the target miRNA under study,
whether it is a cluster or monomeric miRNA, the
level of target gene expression, the number of
mRNA binding sites, etc.®’® Other cluster mem-
bers not shown in Figure 1B, did not demonstrate
any substantial levels of expression in the HC11
cells.

Being of mouse and mammary epithelial origin,
HC11 are the most appropriate cells to study
MMTYV replication in its relevant context; however,
they express endogenous strains of MMTVs that
are found ubiquitously in most mouse species.®’
These endogenous strains of MMTV (specifically
mtv-6, mtv-8, and miv-9 in HC11 since they are of
BALB/c origin) are defective for replication, but are
able to express parts of their genomes that could
have confounded our results.®*®® Therefore, to
study the interaction between MMTV and the miR-
17-92 cluster further, we decided to use the human
embryonic kidney cell line HEK293T. Since this cell



J. Baby, B. Gull, W. Ahmad, et al. Journal of Molecular Biology 436 (2024) 168738

A. HC11 HC11-MMTV B.
HC11-MMTV vs HC11
1 2 1 2
mmu-miR-17-3p 207.00 | 304.00 | 595.00 | 376.00 Normalized mmu-miR-17-3p-
mmu-miR-17-5p 347.00 | 314.00 | 757.00 | 766.00 read counts mmu-miR-17-5p
mmu-miR-18a-3p | 11.00 | 800 | 36.00 | 26.00 010 mmu-miR-18a-3p+
10-50 mmu-miR-19a-3p-
mmu-miR-19a-3p 4.00 6.00 9.00 9.00 50-100
mmu-miR-19b-1-5p
mmu-miR-19b-1-5p 8.00 6.00 18.00 16.00 100-200 N
mmu-miR-20a-3p-
mmu-miR-20a-3p | 4.00 7.00 | 18.00 | 9.00 iﬁ::: mmu-miR-92a-1-5p
mmu-miR-92a-1-5p | 69.00 | 72.00 | 305.00 | 271.00 600-800 00 05 10 15 20 25
Fold change (log2)
C.| &5 &
o N E
~N ~N
X XS
w w
T T2
—_
4 - MMTV Gag (77 kDa)
—— -
T—
“m— wm - GAPDH (37 kDa)
D. E.
4- mm HEK293T 4 mm HEK293T
&l e BN HEK293T-MMTV mm HEK293T-MMTV
D O e
4 o
~ 0 = B
= $8 e
g g g
£ ald 2
&2 32
T e © S
LE: o 2
0' " .
Primer Pair 1 Primer Pair 2 miR-17 miR-19a miR-92a

Figure 1. The miR-17-92 cluster members are dysregulated upon MMTV expression. (A) Heat-map of miR-17-
92 cluster upon small miRNAseq analysis of the normal mouse mammary epithelial cell lines, HC11 and HC11-
MMTV. The miRNAseq was conducted on two biological replicates shown as 1 and 2. The numbers in the table
represent the normalized reads observed upon miRNAseq. (B) Fold-change analysis of mature miR-17-92 cluster
member expression using the miRNAseq data from HC11 cells. The Q-value (equivalent of p-value corrected for
multiple test hypothesis) for each of the miRNA shown was statistically significant (Q < 0.005). (C) Western blot
analysis of HEK293 and HEK293T cells expressing MMTV using an anti-MMTV Gag antibody. An antibody against a
housekeeping gene (GAPDH) was used as a loading control. (D) Quantitative RT-PCRs (RT-gPCRs) to assess
endogenous levels of the primary form of miR-17-92 cluster upon MMTV expression in HEK293T cells. B-Actin was
used as the endogenous control. (E) RT-gPCR analysis of mature miR-17, miR-19a and miR-92a in HEK293T cells.
U6 was used as the endogenous control. All experiments were carried out in triplicates. Statistical significance is

shown as * where *p < 0.05; **p < 0.01, and ***p < 0.001.

line is of human origin, it is devoid of any endoge-
nous strains of MMTV, yet it can express MMTV
efficiently and produce infectious pseudotyped virus
particles upon transfection.®®%°

Towards this end, similar to HC11, the HEK293T
cells were transfected with HYBMTV, a replication-
competent molecular clone of MMTV,’° to establish
an HEK293T-MMTV stable cell line constitutively
expressing the virus (Figure 1C). Quantitative
real-time PCR with two primer sets, primer pair 1
(OFM 446/447) and primer pair 2 (OFM450/451),
that targeted the primary (pri)-form of the cluster,
revealed that MMTYV significantly enhanced expres-
sion of the primary form of the miR-17-92 cluster by

more than 2.5-fold relative to HEK293T cells alone
(Figure 1D). Subsequently, the levels of some of
the mature cluster members (miR-17, miR-19a
and miR-92a) were assessed using TagqMan
miRNA assays to determine if the level of mature
miRNAs followed the same course. Similar to the
HC11 cells, a significant 2.9-fold increase in the
endogenous levels of miR-92a was observed, while
levels of miR-17 and miR-19a were not affected sig-
nificantly (Figure 1E). These data reveal that MMTV
enhanced expression of the primary form of the
miR-17-92 cluster, while its effect on individual
mature cluster members varied with miR-92 being
affected the most. They also confirm that observa-



J. Baby, B. Gull, W. Ahmad, et al.

Journal of Molecular Biology 436 (2024) 168738

tions made in the HEK293T cells recapitulated what
was observed in the more relevant HC11 cells,
making our HEK293T system valid for further inves-
tigation of the interactions between MMTV and the
miR-17-92 cluster members.

MMTYV expression is significantly down-
regulated upon miR-17-92 over-expression

Previously, it has been shown that host miRNAs
can have anti-viral potential where activation of
these miRNAs leads to reduction in virus
expression.”?*?"1°2 Since miR-92a was observed
to be the most affected cluster member upon MMTV
expression in both cell lines, we asked whether
miR-92a could have a negative feedback relation-
ship with viral replication as an anti-viral miRNA.
To test this hypothesis, expression plasmids carry-
ing either the full cluster, a truncated version of the
cluster expressing miR-19a-20a-19b (miR-19/20)
but lacking miR-92a, or miR-92a only were trans-
fected into HEK293T-MMTYV cells to create miRNA
over-expression (OE) stable cell lines along with a
control expressing the empty vector (EV) without
any miRNA insert (Figure 2A and B). The miRNA
over-expression phenotype was confirmed using
TagMan miRNA assays and its effect on MMTV
expression was assessed at the RNA and protein
levels.

As can be seen, the miR-17-92 full cluster OE
cells showed a significant increase in the amounts
of pri-miR-17-92 produced (5-7 folds) compared
to the EV-expressing cells (Figure 2C). Next, we
analyzed the expression of some of the individual
members of the cluster in this cell line. A
statistically significant over-expression of cluster
members miR-17 and miR-19a could be observed
in the 1.3- to 7.7-fold range; however, miR-92a
was upregulated the most (~225-folds)
(Figure 2D). The miR-19/20 cell line expressing
the partial cluster (miR-19a-20a-19b), showed an
unexpected down-regulation in the levels of miR-
19a (Figure 2E), while the miR-92a over-
expression cell line confirmed a clear and
significant 7-fold over-expression of miR-92a
(Figure 2F). Next, the functional consequence of
miR-17-92 cluster over-expression on MMTV
expression was assessed at the protein and RNA
levels. Test of the MMTV Gag structural gene
expression levels were observed to be down-
regulated at the protein level when compared to
the empty vector control in all the three OE cell
lines (Figure 2G). Densitometric analysis on the
same revealed that the level of repression of
MMTV expression by miR-92a alone was
comparable to that of its expression from the full
cluster (Figure 2G). This down-regulation of
MMTYV expression was confirmed at the RNA level
where over-expression of either the full miR-17-92
cluster, the miR-19/20 partial cluster, or miR-92a
only significantly down-regulated MMTV mRNA
expression (Figure 2H). Subsequently, the effect

of the full cluster and miR-92 over-expression on
MMTYV virus particle production and genomic RNA
packaging was assessed using RT-qPCR. As can
be seen, the amount of genomic RNA expressed
in the cells was significantly down-regulated in
both the miR-17-92 full cluster and miR-92a over-
expressing cells (Figure 2l). This decrease was
reflected in reduced amounts of gRNA packaged
into the virus particles with the miR-92a over-
expressing cells showing the most inhibition
(Figure 2l). This observation was confirmed by
western blot analysis of virus particles produced in
each cell line. As can be seen, the level of virions
produced in the miR-17-92 cluster and miR-92a
over-expressing cells was drastically reduced
compared to the control EV-expressing cells
(Figure 2J). Considering that the unspliced, full-
length genomic RNA in retroviruses is used not
only to produce the structural polyprotein such as
Gag, but also for its encapsidation into the newly-
assembling virus particles, this result suggests
that expression of the miR-17-92 cluster, and in
particular its miR-92a component, results in down-
regulation of virus replication, perhaps as an anti-
viral response of the cells to MMTYV infection.

Anti-miRNA oligo-based inhibition of miR-17-
92 and miR-92a rescues MMTV expression

To validate these findings, we took the reverse
approach where modified anti-miRNA oligos were
used to inhibit mature forms of cluster members in
the three different OE cell lines. Results from
these analyses were compared to treatment of the
same cell lines in parallel with control scrambled
oligos specific for each miRNA inhibited (NC). To
inhibit miRNA abundance in the miR-17-92
HEK293T-MMTV OE cell line, we took the
approach of using a combination of anti-miR-17,
-19a and -92a inhibitors at a concentration of
15 pmol each. Similarly, 15 pmol of anti-miR-19a
and 15 pmol of anti-miR-92a were used
individually to suppress miRNA overexpression in
the miR-19/20 and miR-92a OE cell lines,
respectively. TagMan miRNA assays were carried
out to quantify and confirm the inhibition of miR-
17, miR-19a and miR-92a. Interestingly, in the
miR-17-92 OE cell line treated with the anti-
miRNA cocktail, no significant reduction in the
targeted miRNAs was observed (Figure 3A),
while, the miR-19/20 OE cell line treated with anti-
miR 19a showed a downward trend of miR-19a
suppression that was statistically significant
(Figure 3B). The most significant inhibition,
however, was observed in the miR-92a OE cell
line treated with anti-miR-92a where ~80%
decrease in miR-92a population was detected
(Figure 3C). Despite variable levels of respective
miRNA inhibition obtained, we could discern some
rescue of MMTV Gag (Pr77) expression in all the
cell lines treated with the respective anti-miR oligo
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Figure 2. Over-expression of the miR-17-92 cluster down-regulates MMTV expression. (A) An illustration of
the miR-17-92 cluster, its truncated form miR-19a-20a-19b, and miR-92a over-expressed (OE) exogenously in the
HEK293T-MMTYV cells. (B) GFP-positive stably-transfected cells selected in puromycin and visualized using a
fluorescent microscope (10x). (C) Expression of pri-miR-17-92 in miR-17-92 OE cell line quantified using a SYBR
Green gPCR assay. (D) TagMan miRNA assays used to quantify expression of mature miR-17, miR-19a, miR-92a in
the miR17-92 OE cell line, (E) miR-19/20 OE cell line, and (F) miR-92a OE cell line. U6 snRNA was used as the
endogenous control in these assays. (G) Western blot analysis of MMTV Gag expression in cell lysates. (H) MMTV
RNA-specific TagMan assay to quantify all MMTV messages in the three OE cell lines. (I) MMTV genomic RNA was
assessed using gRNA-specific MMTV TagMan assay in the miR-17-92 cluster OE and the miR-92a OE cells and virus
particles isolated from culture supernatants (sup) via ultracentrifugation. The empty vector (EV) was designated as 1
in all analyses. Mean + SD (n = 3). Statistical significance is shown as * where *p < 0.05; **p < 0.01, ***p < 0.001,
****p < 0.0001. (J) Western blot analysis of viral particles harvested from culture supernatants in the respective
miRNA OE stable cell lines.

6



J. Baby, B. Gull, W. Ahmad, et al.

Journal of Molecular Biology 436 (2024) 168738

inhibitors compared to the scramble negative
control (NC1-3) at the protein level (Figure 3D).

To quantitate the effect of the anti-miR oligo
inhibitors on virus expression, total RNA from the
three cell lines was subjected to MMTV-specific
genomic RNA RT-gPCR. As can see seen, a
significant  up-regulation in  MMTV gRNA
expression was observed in the miR-17-92 OE
cell line treated with anti-miR-17 + anti-miR-19a +
anti-miR-92a inhibitor cocktail compared to the
negative scramble control treatment (Figure 3E).
However, no significant rescue of MMTV gRNA
expression could be observed with treatment of
the miR-19/20 OE cells with the anti-miR-19 oligo
(Figure 3F). In contrast, some rescue could be
observed of MMTV gRNA expression with the
anti-miR-92a inhibitor in the miR-92a OE cell line,
though it was not statistically significant
(Figure 3G). To determine whether the effect of
anti-miR-92a was real, the experiment was
repeated in the miR-92a OE cell line with
increasing doses of the anti-miR-92a inhibitor
oligo. Treatment of the miR-92a OE cell line with
increasing concentrations of the scrambled oligo
(NC) did not affect MMTV expression which was
repressed due to the over expression of miR-92a
in this cell line (Figure 3H). However, a significant
rescue of MMTV Gag protein expression could be
observed upon increasing amounts of the anti-
miR-92a inhibitor oligo that could be visualized on
a western blot (Figure 3H). Although not dose-
dependent since probably maximum suppression
had already been achieved at the lowest dose of
15 pmol, these observations are consistent with
the result that the miR-17-92 cluster suppresses
MMTV gene expression via miR-92a. The severe
repression of MMTV in the control (NC) lanes of
miR-92a OE cell line in Figure 3H treated with the
scrambled oligo instead of anti-miR-92a oligo
reconfirms this conclusion.

Plasmid-based miRNA inhibition (PMIS) of
miR-17-92 cluster members up-regulates
MMTV expression

To investigate these findings further, a plasmid-
based approach to miRNA inhibition was used in
which vectors expressing anti-sense miRNAs
were used that repress miRNA functionality by
forming a stable PMIS-miRNA complex.”” Towards
this end, three stable PMIS cell lines were estab-
lished in HEK293T-MMTV cells against miR-17
(PMIS 17), miR-92a (PMIS 92) and empty control
vector (EV) that constitutively expressed the anti-
sense MiRNA or the empty vector as a control.
These cell lines were tested for the expression of
the respective miRNAs inhibited using specific Tag-
Man miRNA assays (Figure 4. Interestingly, these
assays revealed that the PMIS vectors could not
down-regulate the targeted endogenous miRNA
population; i.e., while a slight downward trend could
be observed of miR-17 that was not statistically sig-

nificant, an up-regulation of ~1.5-folds was
observed for miR-92a which was statistically signif-
icant (Figure 4A & 4B). This was surprising and we
wanted to test whether this observation was real or
an artefact of the PMIS vector system. We hypoth-
esized that the miRNA-anti-sense PMIS complex
probably forms a duplex that is stable and was
being detected in these assays. Therefore, despite
a physical lack of inhibition of the test miRNAs, miR-
17 and miR-92a, we tested for a functional loss of
the tested miRNAs. This was achieved by analyzing
the expression of the validated target of miR-17, the
phosphatase and tensin homolog (PTEN) mRNA.
As can be seen, a 2-fold up-regulation of PTEN
transcript was observed in the PMIS 17 cell line that
was statistically significant, confirming the func-
tional inhibition of miR-17 in the PMIS stable cell line
(Figure 4C). Based on these results, we analyzed
MMTYV expression in PMIS 17 and PMIS 92 stable
cell lines. As expected, despite a lack of physical
down-regulation of the targeted miRNAs, we
observed an up-regulation of the MMTV Gag pro-
tein and genomic RNA in a statistically significant
manner (Figure 4D and E). These results confirm
the suppressive role of not only miR-92a, but also
miR-17 in MMTV gene expression.

miR-92a is a critical anti-viral component of the
miR-17-92 cluster

Next, we used a mutational approach to further
study the role of miR-92a as an anti-viral cellular
component against MMTV since its levels were
the most affected in MMTV-expressing HC11 and
HEK293T cells (Figure 1), and also because it
does not share seed sequences with any other
member of the cluster’®’* that could have con-
founded our results. Plasmid vectors carrying the
wild-type miR-17-92 (WT) cluster, miR-17-19b
(A92a)- a miR-92a-deleted version of the whole
cluster, and a substitution mutant of the miR-92a
seed sequence in the cluster, miR-17-92aMUT
(92aMUT), were transiently transfected into
HEK293T-MMTV cell line to determine whether
they could affect MMTV expression.

As expected, expression of the WT miR-17-92
cluster down-regulated MMTV expression at the
protein level compared to the empty vector control
(EV) (Figure 5A). This phenotype was reversed
when the miR-92 seed sequence was either
deleted from the cluster or mutated via a
substitution (Figure 5B). Quantitation of MMTV
expression by the TagMan RT-gPCR assay
confirmed these results where expression of the
wild type cluster resulted in down-regulation of
MMTV genomic RNA expression in a statistically-
significant manner, while either deletion or
mutation of the miR-92a component of the cluster
rescued the levels to wild type levels (Figure 5C).
These results suggest that miR-92a is the major
anti-viral component of the miR-17-92 cluster in
controlling MMTYV replication in the cell.
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Figure 3. Mir-17-92 cluster and miR-92a inhibition rescues MMTV genomic RNA expression. TagMan miRNA
assays were used to quantify: (A) miR-17, miR-19a and miR-92a in miR-17-92 over expression (OE) cell line, (B) miR-19a
in the miR-19a-20a-19b OE cell line, and (C) miR-92a in the miR-92a OE cell line. U6 snRNA was used as the endogenous
control in the miRNA RT-gPCR assays. The error bars represent + SD. NC, negative control scrambled oligo specific for
each miRNA inhibitor used. (D) Western blot analysis of whole cell lysates (40 pg) from the miRNA OE cell lines treated with
miRNA inhibitors for MMTV Gag expression. GAPDH was used as the internal control. Expression of the MMTV genomic
RNA was quantified in the: (E) miR-17-92 OE cells treated with a cocktail of anti-miR-17, -19, & -92a oligos, (F) miR-19a-
20a-19b OE cells treated with anti-miR-19a oligos, and (G) miR-92a OE cells treated with anti-miR-92a oligos. -Actin was
used as the internal control in the MMTV TagMan RT-gPCR assays. The empty vector (EV) was designated as 1 in all
analyses. Mean + SD (n = 3). (H) Western Blot analysis of whole cell lysates (50 ng) from the miR-92a OE cell line treated
with anti-miR-92a oligos at varying concentrations. GAPDH was used as the internal control. Statistical significance is
shown as * where *p < 0.05; **p < 0.01, **p < 0.001, ****p < 0.0001. ns, not significant; ns (P > 0.05).
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The miR-17-92 cluster interacts with the MMTV
genome

Following the demonstration of a repressive role
of miR-92a in MMTV expression, we aimed at
identifying its probable target sites on the MMTV
genome using Sfold STarMir, a crosslinking
immunoprecipitation  (CLIP)-based  prediction
software with combined algorithms of RNAhybrid
and logistic thermodynamic probability.”>”® Bioin-
formatic analysis of the data revealed thousands
of putative binding sites of the miR-17-92 cluster
members on the viral genome. The application of

stringent parameters (AGhybrid: > -20 kcal/mol;
Logistic probability score above 0.7) reduced these
to a total of 74 high probability binding sites that
were spread across the MMTV genome and tar-
geted all the known mRNAs of the virus, including
the genomic RNA that also serves as the mRNA
for the structural genes Gag/Pro/Pol (Figure 6A).
These predicted miR-17-92 cluster binding sites
belonged to specific members of the miRNA cluster,
including miR-17, miR-18a, miR-19b, miR-20a, and
miR-92a, but excluded miR-19a (Figure 6B). Inter-
estingly, roughly two-thirds (62% or n = 46) of all
predicted binding sites belonged to miR-92a, while
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other members such as miR-17 and miR-19b had
the least sites (Figure 6B). The 46 miR-92a binding
sites were observed to be spread throughout the
MMTV genome and targeted different mRNAs of
the virus. Of these 46 miR-92a binding sites, ten
sites were observed within the Gag region of the
MMTV genome; however, one particular binding
site had the highest logistic and thermodynamic
probability of being a functional binding site with
an 8-mer nucleotide seed type (Figure 6C), sug-
gesting that the Gag region was a particular target
of miR-92a. However, this region is found exclu-
sively within the full-length genomic RNA and is
spliced out from all the other spliced mRNAs (the
blue boxed region in Figure 6A). Thus, this sug-
gested that rather than a particular mRNA of the
virus being the target of these miRNAs, it was the
genomic RNA that was being targeted by the cluster
members. Figure 6B highlights all the miRNAs that
targeted the Gag/Pro/Pol regions. As can be seen,
40 of the total 74 miRNA binding sites (54%) were
present within the Gag/Pro/Pol region of which only
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Gag had 16 specific binding sites, 10 of which
belonged to miR-92a, including the functional bind-
ing site shown in Figure 6C.

To test the validity of these predictions and
explore the possibility of a direct interaction
between miR-92a and the MMTV genome, the
Gag region of the MMTV genome present
exclusively in the full-length genomic RNA and
containing the predicted functional binding site, in
addition to the 15 others, was cloned into the
miRNA target plasmid, pmirGLO (Promega),
creating GagGLO (Figure 7A). The Gag region
was inserted in between the firefly luciferase gene
and the SV40 poly A sequences, thus creating a
fused Luciferase-Gag transcript containing the
putative miR-92a target sites. The pmirGLO vector
contains a second luciferase gene, renilla
luciferase, expressed from an independent
promoter that was used to internally normalize the
transfection efficiencies. The GagGLO plasmid
was tested in parallel with the control pmirGLO
vector in the HEK293T and HEK293T-MMTYV cells
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in transient transfection assays to determine
whether presence of enhanced levels of cluster
members in the HEK293T-MMTV cells would
target the hybrid GagGLO mRNA in the MMTV-
expressing cells, resulting in reduction in the
luciferase activity compared to its expression in
the HEK293T cells devoid of MMTV expression.

As can be seen, the levels of normalized firefly
luciferase activity from GagGLO in the HEK293T-
MMTV cells was indeed significantly lower
compared to its expression in the normal
HEK293T cells (Figure 7B). Interestingly, even in
the HEK293T cells lacking MMTVs, there was a
significant down-regulation of GagGLO, most
likely due to the presence of endogenous miRNAs
like miR-92a and others that may target the Gag
region. The luciferase activity of GagGLO was
reduced by 80% in the HEK293T-MMTV cells
compared to HEK293T cells, pointing to the
potential activation of miR-92a expression in the
presence of MMTV (Figure 7C). The same effect
was observed when these two vectors were tested
in the three cell lines that over-expressed either
the whole miR-17-92 cluster, the truncated cluster
(miR-19/20), or miR-92a only, thus mimicking
MMTV infection which up-regulates miR-92a
(Figure 7D). It is critical to note that a specific
miRNA-binding site on Gag can only
accommodate a single miRNA at any given
time,”” thereby making the target gene susceptible
to miRNA-mediated repression regardless of the
amount of exogenous miRNA present. This may
explain why we did not observe a dose response
when anti-miR-92a oligos were used for inhibition
(Figure 3H), and luciferase activity was down-
regulated to about the same extent across the five
cell lines assessed (Figure 7B and D).

Finally, we wanted to confirm that the repression
of luciferase activity in the GagGLO cells being
observed was indeed due indeed to miR-92a
primarily targeting the Gag gene. Therefore, we

transfected pmirGLO and GagGLO in HEK293T
cells in the presence of anti-sense oligo inhibitors
of miR-92a compared to a scrambled control
(NC). As can be seen, transfection of the anti-
miR-92a oligos led to a dose-dependent rescue of
luciferase  activity which was statistically
significant, a rescue that was not observed in the
presence of increasing amounts of the scrambled
oligo control (Figure 7E). To further confirm these
findings, we tested GagGLO in the presence of
our plasmid-based inhibitor against miR-92,
PMIS92a, used earlier in Figure 4. Similar to the
anti-sense inhibitor oligos, expression of the
plasmid-based inhibitor of miR-92a led to a
reversal of inhibition of luciferase activity from
GagGLO which was also dose dependent and
statistically significant (Figure 7F). This reversal
was not observed when the control empty vector
(EV; i.e., pmirGLO) was used at the higher
dosage of 1:5 similar to GagGlo, revealing the
specificity of this rescue (Figure 7F). In both
instances of rescue with anti-sense oligos or
plasmid-based inhibitors, the rescue of luciferase
activity was not quite complete and up to about
75-80%. This is probably due to the effect of
other cluster members that also putatively target
the MMTV genome, such as miR-17, as shown in
our present study (Figure 4). Thus, these two
independent approaches confirm that miR-92a is
the primary member of the cluster that inhibits
MMTV by targeting the Gag sequences of the viral
genomic RNA.

Together, these results suggest that the Gag
region of the MMTV genome, a region that is part
of the full-length RNA since it is removed from the
various spliced mRNAs of MMTV, is a target of
the miR-17-92 cluster members, more specifically
miR-92a. While it would be valuable to mutate the
predicted functional binding site of miR-92a in the
Gag region to definitively confirm our findings,
given the other 15 predicted miR-92a binding sites

<

Figure 7. The miR-92a member of the miR-17-92 cluster targets the MMTV genome. Dual-Luciferase activity-
based interaction assays were conducted to test the interaction of the miR-17-92 cluster in general, and miR-92a in
particular, with the MMTV genome. (A) lllustration of the pmirGLO and GagGLO constructs and the transcripts
produced in the presence or absence of the gag gene cloned downstream of the firefly luciferase gene. The arrows
indicate pmiR-92a binding sites with the red arrow showing position of the most probable binding site. The parental
pmirGLO control vector also has an internal renilla luciferase gene cassette serving as an internal control of
transfection efficiency. The over-expression reporter vectors, pmiRGLO (control) & GagGLO were transfected into:
(B) HEK293T and MMTV-293T cells and dual luciferase activity was determined 48 h post-transfection. (C) A re-
comparison of relative luciferase activity of GagGLO in HEK293T (control) and MMTV-293T cells shown in panel B.
(D) Test of the pmirGLO constructs in the three specific miR-17-92 or their derivative overexpressing (OE) cell lines,
as described earlier. (E) Test of the pmirGLO & GagGLO constructs in the presence of scramble control (NC) and
anti-sense oligo inhibitor against miR-92a. (F) Test of the pmirGLO & GagGLO constructs in the presence of plasmid-
based inhibitor against miR-92a, PMIS92a. Luciferase activity from the empty vector (EV), i.e., was designated as 1
with means represented as + SD (n = 3). Statistical significance is shown as * where *p < 0.05; **p < 0.01,

***p < 0.001, ***p < 0.0001.
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Figure 8. Expression of miR-17-92 cluster members in MMTV-induced tumors. Data representing the mean
expression of miR-17-92 cluster members in MMTV-induced tumors (n = 2) and infected mammary glands (n = 2)

obtained by small RNAseq analysis.>®

in Gag that could also be important, this aspect will
be explored in future studies in a systematic
manner.

miR-92 expression is least among cluster
members in MMTV-induced tumors

While these observations explain how the miR-
17-92 cluster functions an “anti-viral” response to
suppress MMTYV replication in cell lines, they do
not explain our observation of high levels of
MMTV expression in the presence of up-
regulation of the miR-17-92 cluster members in
both the infected mammary glands and mammary
tumors of MMTV-infected mice.”® We speculate
that upon initial MMTV infection, the cells mount
an anti-viral response to suppress MMTV infection
by activating the miR-17-92 cluster, and in particular
miR-92a. However, the virus is able to overcome
this restriction by subverting the expression of
miR-92a, leading to enhanced virus expression that
eventually leads to mammary tumorigenesis. This
speculation suggests that the elevated levels of
MMTV in mammary tumors, despite the up-
regulation of some cluster members, could be due
to lower levels of miR-92a expression in the tumor
samples.

To test this hypothesis, retrospection into the
small RNAseq data from MMTV-induced tumors
conducted earlier®® revealed interesting expression
patterns of the miR-17-92 cluster members which
further gives confidence to our assertion. Intrigu-
ingly, while an increased expression of the onco-
genic miR-17-92 family members (miR-17, miR-
19a, miR-19b, & miR-20a), could be observed,*’
the expression of miR-92a was the least amongst
the expressed cluster members (Figure 8). This

14

suggests that the major anti-viral component of
the miR-17-92 cluster was suppressed in MMTV-
induced mammary tumors compared to uninfected
mammary glands, observations that need to be
investigated further to support our developing
hypothesis.

Discussion

The current study stemmed from our
observations that MMTV disrupts expression of
host miR-17-92 cluster in mice,*® suggesting a pos-
sible interaction between the cluster and the virus to
facilitate virus replication and presumably tumor
induction. Using functional assays that manipulated
endogenous levels of miR-17-92 (Figures 1-4) as
well as mutational analysis (Figure 5), we identify
an anti-viral role of the miR-17-92 cluster in MMTV
replication where the cluster member, miR-92a,
was observed to target the full-length MMTV geno-
mic RNA, thereby drastically suppressing MMTV
replication (Figures 6 and 7). Thus, the miR-17-92
cluster, and especially miR-92a, acts as part of
the cell’s anti-viral response, thwarting incoming
virus infections for which miRNAs are well known
for.’2922 However, MMTV overcomes this sup-
pression with time, to induce the more oncogenic
cluster members, as observed in the tumor environ-
ment (Figure 8).

Context-dependent expression & structure of
miR-17-92 cluster

A similar expression profile has been frequently
demonstrated in different sub-types of breast
cancer, with various members of the cluster, and
especially miR-17, miR-19 and miR-20, implicated
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in tumor induction and/or progression.’®*' The
expression of miRNA cluster members is tightly
controlled in a cell, cluster, and context-dependent
manner where the type of trans factors (proteins &
long non-coding RNAs), the diseased state of the
cell, the position of the member within the cluster,
and the tertiary structure of the cluster, are all are
intricately involved in this regulation.® Our findings
in mammary tumors supports the tertiary structure
model of the pri-miR-17-92 having a dense super-
coiled core rendering miR-92a being the least
accessible by the microprocessor complex.”® This
contrasts with another model in which miR-92a is
the most accessible member for initial processing.®’
These models suggest that miR-17-92 cluster may
adopt a different three-dimensional structure in
infected mammary epithelial cells, facilitating the
expression of miR-92a, but different from that of
the primary breast tumors in which its structure
may be inhibiting miR-92a expression, an aspect
that warrants further study in mice.

Virus infections and the miR-17-92 cluster

Differential regulation of miR-17-92 cluster
members by viral infections has significant
pathological implications. For instance, RSV-

infected infants show reduced levels of miR-92a
and increased levels of miR-20a and paralogue
miR-106b-5p, implying their roles in immune
regulation of RSV infections.®’ As mentioned ear-
lier, miR-92a has complex, cell context-dependent
roles. In B-cell lymphomas driven by an aberrant
expression of c-Myc, miR-92a neutralizes miR-
19’s tumorigenic effect by stabilizing c-Myc.®? With
the acquisition of p53 mutations, impairment of the
delicate balance between miR-92a and miR-19
levels is thought to foster the establishment of these
c-Myc-induced tumors. Similarly, we observed an
unexpected down-regulation of miR-19a in the
miR-19/20 OE cell line (Figure 2E) likely due to
the reported antagonistic interactions between the
miR-19 family and miR-92a.%*%% The significant
up-regulation of miR-92a in HEK293T-MMTV-miR-
19/20 OE cell line (Figure 2E) may affect miR-19a
levels, potentially explaining the observed down-
regulation of MMTV Gag (Figure 2G and H), despite
the lack of over-expression of the tested miRNAs
(Figure 2D).

miR-92a-mediated repression of MMTV

Itis well known that expression levels of individual
mature cluster members varies, depending upon
the infectious agent.®**®>*" In our MMTV-
expressing HEK293T cells, miR-92a expression
significantly increased, while other members, like
miR-17 and miR-19a, were less affected (Fig-
ure 1B). Interestingly, over-expression of the miR-
17-92 cluster in these cells led to a similar observa-
tion with relatively the same expression profile of
miR-17, but an up-regulation of miR-19a by ~8-
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folds and miR-92a by ~250-folds (Figure 2D). In
fact, miR-92a remained the highest expressed
member in all the three OE cell lines (Figure 2D—
F), which is presumably what led to the down-
regulation of MMTV Gag expression in these cell
lines (Figure 2G), equivalent to the levels observed
in miR-92a expressing cells alone (Figure 21 and H).
This was further validated by inhibiting miR-92a that
relieved this suppression, independent of the
approach used (Figures 3 and 4), including muta-
tional analysis where the miR-92a seed sequence
was either substituted or deleted (Figure 5). Finally,
one of the regions of the MMTV genome targeted by
the cluster- Gag, was identified as a direct target of
miR-92a using dual luciferase assays (Figures 6
and 7). These data reveal that miR-92a is the critical
component of the cluster that suppresses MMTV
expression.

Oligo-based inhibition of individual cluster
members and compensatory effects of other
members

By independently suppressing distinct members
of the miR-17-92 cluster, miR-17, miR-19a, and
miR-92a, we established that inhibiting these
miRNAs could restore MMTV gene expression
(Figure 3). This was achieved in our three miRNA
overexpression cell lines by employing anti-miR
inhibitors  specific for each miRNA, while a
combinatorial approach was used in the miR-17-
92 OE cell line. miRNA inhibitors block mature
miRNAs from binding to their targets.®® Interest-
ingly, while we observed a statistically significant
increase in MMTV genomic RNA expression (Fig-
ure 3E) and a modest rescue in Gag protein expres-
sion (Figure 3D) after cluster inhibition, individual
miRNA inhibition was unsuccessful at the miRNA
level (Figure 3A). The lack of significant inhibition
of target miRNAs in miR-17-92 OE and miR-19/20
OE cell lines (Figure 3A and B) is probably due to
compensatory effects by other cluster members.
The notable inhibition of miR-92a in miR-92a OE
cells (Figure 3C) supports this notion since miR-
92a does not share its seed sequence with any
other member of the cluster.”>”* Since the repres-
sive miRNAs were inhibited, no significant variation
was observed in genomic RNA levels between the
miR-19/20 and miR-92a OE cell lines when com-
pared to the control (Figure 3F and G). However,
a statistically significant increase in MMTV genomic
RNA expression was observed in miR-17-92 OE
cells (Figure 3E). We speculate that the miR-92a
suppression of MMTV in miR-17-92 OE cells is
removed upon the addition of the anti-miR cocktail
that contains 15 pmol of anti-miR-92, even though
the reduction in miR-92a was statistically non-
significant (Figure 3A). As seen earlier in Figure 2D,
we know that miR-92a is highly expressed in this
cell line, thereby the inhibitor, even if active partially,
relieves this suppression to a minor extent which
was reflected at the genomic RNA level (Figure 3E).
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This was confirmed by a significant rescue of
MMTV gene expression upon inhibiting miR-92a
at various dosages (Figure 3H). A considerably bet-
ter rescue was observed at 15 pmol of inhibitor than
at 45 or 60 pmol due to possible saturation of the
miRNA binding sites. This notion is in agreement
with the work of Mayya and Duchaine who demon-
strated that only a small fraction of miRNAs, deter-
mined by a combination of expression threshold,
miRISC abundance, and low target site availability,
are vulnerable to competitive effects via miRNA-
binding sites.®” However, the role of other cluster
members in modulating MMTV replication needs
to be explored further since they share seed
sequences which may alter their individual effect
by collaborative interactions among themselves.
This raises the question of how these miRNAs
may be affecting Gag protein expression. We
speculate that this may be due to the effect of
miRNAs targeting Gag mRNA translation. Since
miRNAs are known to target mRNA at both the
RNA (through deadenylation/decapping of mRNA)
and protein levels (translational inhibition through
formation of biomolecular condensates),®®%° we
believe the phenotype observed for the anti-sense
oligo results could be attributed to the removal of
translational repression of MMTV gene expression.

Quirks of the plasmid-based inhibition of
cluster members

Using plasmid-based inhibitor vectors, we
validated our findings in cell lines stably expressing
anti-miRNAs against miR-17 and miR-92a
(Figure 4). Although these PMIS cell lines did not
significantly inhibit target miRNAs (Figures 4A and
B), MMTV expression increased significantly at
both the protein and RNA levels, respectively
(Figures 4D and E). We believe that the limited
inhibition of miR-92a levels by PMIS 92 is likely
due to the inability of the PMIS system to reduce
the high levels of miR-92a previously demonstrated
in Figure 1E, as supported by the antisense oligo-
based inhibition experiment (Figure 3). Despite
this, partial inhibition of miR-92a by the PMIS
system improved MMTV Gag expression
compared to the control EV cell line. We further
confirmed this by examining the downstream effect
of PMIS 17 on the target PTEN levels in the PMIS
17-expressing stable cell line (Figure 4B). The
mechanism of PMIS-based inhibition involves
forming stable complexes with mature miRNAs
through antisense sequences that are flanked by
engineered stem loops, preventing their interaction
with mRNA targets and leading to gene expression
inhibition.”* The flanking hairpins recruit the same
proteins to this complex that facilitate formation of
RISC, such as Dicer, Argonaute, TRBP, and others.
However, while Dicer dissociates from the mature
miRNA-anti-sense miRNA complex, the other pro-
teins remain associated, forming a stable complex
that prevents the mature miRNA from interacting
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with its mRNA target and leads to its degradation,
inhibiting specific gene expression.””

In the PMIS 92 cell line, we observed an up-
regulation of miR-92a rather than its inhibition
(Figure 4A). This unexpected result is likely due to
significant expression of anti-miRNA molecules
being converted into cDNA and measured
alongside miRNAs in RT-qPCR reactions.”® Thus,
despite the inability to show a physical down-
regulation of the targeted miRNAs via PMIS using
RT-gPCR assays, we demonstrate a functional inhi-
bition of miR-17 and miR-92a, as observed by a
substantial rescue of MMTV Gag at both the RNA
and protein levels (Figure 4D and E). Based on
the results presented in Figures 3 and 4, we demon-
strate that miR-92a is a powerful anti-viral compo-
nent that by itself lowers MMTV gene expression
to the same level as the entire cluster.

Potential activators of miR-17-92 cluster upon
MMTV expression

These findings raise the question of how the miR-
17-92 cluster is activated upon MMTV infection.
Literature reports transcription factors and cell
cycle regulators, such as Myc, Stat3, Ccnd1, and
members of the E2f family, such as E2f-1 and
E2f-3 play a role in regulating the cluster
expression.”#%92°* Oyr mRNAseq data from
MMTV-expressing HC11 cells®® point to the poten-
tial role of c-Myc in this process which had a ~3-
fold induction in expression in the presence of
MMTYV, while a ~2-fold down-regulation of Ccnd1
was also observed, a regulator of cell cycle. These
observations suggest that c-Myc may be one of the
factors involved in the activation of the miR-17-92
cluster in our system (Table 1). Further experiments
are needed to validate which factor(s) is/are
involved in this activation.

Working model

Based on the results presented, this study
suggests a negative regulatory interaction between
the host miR-17-92 cluster and MMTV. We
postulate that MMTV infection activates the miR-
17-92 cluster, leading to up-regulation of miR-92a
which targets the MMTV genomic RNA and
downregulates MMTV Gag/Pro/Pol expression and
virus production (Figure 9). Thus, this study
provides the first evidence of miRNAs modulating
MMTYV replication in a biologically relevant manner.
Interestingly, miR-92a was found at lower levels in
MMTV-induced breast tumors, suggesting that
MMTV subverts miR-92a expression to enhance
viral replication during tumorigenesis. This down-
regulation in infected mammary glands and tumors
indicates that MMTV disrupts miR-92a regulation,
possibly by altering the cluster’s tertiary structure,
contributing to tumor development. This highlights
a novel mechanism of tumorigenesis beyond
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Table 1 Expression of miR-17-92 cluster activators in
HC11-MMTYV cells using RNAseq.

S No. Activators of miR-17-92 Fold Change (Log2)
1 Myc* 2.95
2 Stat3 0.41
3 Cend1* -1.92
4 E2f1 -0.27
5 E2f2 —0.51
6 E2f3 0.78
7 p65/RELA 0.57

" Genes dysregulated in a significant manner.

traditional insertional mutagenesis, an aspect that
needs to be explored further experimentally.

While this study establishes the anti-viral role of
the miR-17-92 cluster against MMTV, it raises
important questions for future research into virus-
host interactions. For example, how the different
members of the miR-17-92 cluster and MMTV
interact with each other to facilitate the anti-viral

phenotype observed. With six mature miRNAs
orchestrating a plethora of regulatory functions in
a cell, an in-depth analysis of effector proteins
regulated in MMTV infection should help us better
define the pathways and their functional
consequences in the MMTYV life cycle. It is also
important to understand whether MMTV is a
regulator of miR-17-92 cluster alongside other
potential cellular activators and what the
physiological role of miR-92a-medicated regulation
of MMTV is in vivo, especially its relevance to
tumorigenesis.

Significance

MMTV is a non-acute, slow-transforming
retrovirus that primarily causes breast cancer but
also lymphomas/leukemia in mice. Consequently,
understanding how MMTYV interacts with its host
can offer critical insights into cellular anti-viral
responses and the process of tumorigenesis. Our
study indicates that the host miR-17-92 cluster

miR-17-92 Suppresses MMTV Gene Expression via miR-92a
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acts as an anti-viral agent during MMTYV infection,
but is counteracted by MMTV  during
tumorigenesis. This observation is significant
since MMTV-induced tumors share similarity with
human breast cancer, making the MMTV/mouse
model crucial for studying breast cancer initiation,
progression, and therapy. Therefore,
understanding how hosts use miRNAs to inhibit
MMTV replication and how the virus evades this
response during tumorigenesis can contribute to a
better understanding of human breast cancer.

Materials and Methods

Nucleotide numbering

All nucleotide numbers in this study refer to the
nucleotide positions of the exogenous C3H
proviral strain of MMTV that is 9,895 bp in length
(GenBank accession number AF228552).

Cell lines and culture conditions

The HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium, DMEM (HyClone,
USA), which included 10% fetal bovine serum
(HyClone Laboratories Inc., Logan, UT USA). All
cell lines had their culture medium supplemented
with 1% penicillin and streptomycin (10,000 g/ml;
Life Technologies, Carlsbad, CA USA), as well as
0.1% gentamicin (50 mg/ml; Life Technologies,
USA). All cell lines were maintained at 37 °C and
5% CO, inside a water-jacketed incubator (Forma-
series Il, Thermo Fisher Scientific, USA). HC11
cell culture has been described before.”

MMTYV stable cell lines

An HEK293T stable cell line that constitutively
expressed MMTV was established using
HYBMTV, a molecular clone of MMTV that is
capable of infection and tumorigenesis.”® The cells
were transfected with linearized HYBMTYV plasmid
using Lipofectamine 3000 (Invitrogen, Thermo
Fisher Scientific, USA) according to manufacturer’s

Table 2 List of plasmids used in this study.

instructions. After a period of 48 h post transfection,
the HEK293T-MMTYV stable cells were selected for
positive clones in hygromycin selection media
(200 pg/ml). After four weeks of selection, the iso-
lated colonies were tested for the expression of
MMTV Gag by western blotting analysis. The
HEK293T (control) cell line was maintained in
DMEM and the established HEK293T-MMTV sta-
bles were maintained in DMEM- media containing
hygromycin (200 pg/ml). All MMTV expressing cell
lines were treated with 1076 M Dexamethasone
(Sigma-Aldrich, Saint Louis, Ml USA) 8 h prior to
harvesting to increase MMTV gene expression
through hormonal stimulation of its promoter.”®
HC11 cells expressing HYBMTYV stably have been
described before.””

Plasmids

The miRNA over-expression plasmids and miR-
92a mutation/deletion plasmids were obtained
from Addgene vector repository, USA (Table 2).
The Dual Iluciferase miRNA target vector
(pmirGLO) was purchased from Promega,
Madison, WI, USA. The AK14 plasmid used for
the construction of the MMTV Gag-containing dual
luciferase  construct, GagGLO, has been
described before.®® To test the miR17-92 cluster
target sites predicted within Gag, the MMTV Gag
expression plasmid, AK14, was digested with Xhol
to obtain the complete MMTV Gag region (nt
1485- nt 3258). The gag gene was then cloned into
the Xhol site downstream of the firefly luciferase
gene of pmirGLO to create the Gag target vector,
GagGLO. All constructs used in the study were ver-
ified by restriction enzyme digestion and sequenc-
ing, and are listed in Table 2.

miRNA over-expression and inhibition
experiments

For miRNA over-expression or plasmid-based
inhibition analysis, the HEK293T-MMTYV cells were
transfected with the appropriate plasmids (listed in
Table 2) using Lipofectamine 3000 (Invitrogen,

Plasmid Function

Source Reference

MSCV
MSCV-miR-17-92

Empty vector control with GFP and puromycin selectable markers
MSCYV vector expressing wild type miR-17-92 cluster

Addgene (#24828) 103
Addgene (#64100) 82
( )
)

MSCV-miR-19a-20a-19b MSCV vector expressing miR-19a, miR-20a and miR-19b of the cluster Addgene (#24827 103
MSCV-miR-92a MSCYV vector expressing miR-92a of the cluster Addgene (#64092 103
PMIS NC Control vector with scramble oligo NaturemiRI 72
PMIS17 PMIS vector expressing anti-miR-17 NaturemiRlI 72
PMIS92a PMIS vector expressing anti-miR-92a NaturemiRl 72
MLS-miR-17-92a MLS vector expressing wild type miR-17-92 cluster Addgene (#64090) 103
MLS-miR-17-19b MLS vector expressing truncated miR-17-19b cluster w/o miR-92a Addgene (1#64089) 103
miR-17-92aMUT MLS vector expressing miR-17-92 cluster w/ mutated miR-92a Addgene (#64094) 82
AK14 Gag expression vector Tahir A. Rizvi 68

18
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Thermo Fisher Scientific, USA), as described by the
manufacturer. Briefly, 5 x 10° cells were plated per
well of a 12-well plate the day before transfection.
The plasmid DNA (3 pg/well) was added to the
DNA/lipid cocktail, followed by incubation for
15 min at room temperature. The mixture was
added to the cells dropwise while swirling. The
transfected cells were returned to the incubator
and inspected for GFP positive cells at the 48-
hour time point. If positive, they were selected in
3 ug/ml puromycin or another appropriate
antibiotic selection media for 5 or more days for
stable selection.

To prepare viral particles, cell supernatant was
pre-cleared by low-speed centrifugation followed
by filtering through a 0.2 pum filter. Virus particles
from the clarified cell supernatants were purified
by ultra-centrifugation at 26,000 rpm using the
SW50.1 rotor for 90 min through a 2 ml, 20%
sucrose cushion. The viral pellets obtained were
then scrapped into 300 pl of 1 x TNE buffer
(1 mM EDTA, 10 mM Tris—HCI of pH 7.5, 100 mM
NaCl) and divided for RNA and protein analyses.

miRNA inhibition experiments using Anti-miR
oligos

Functional inhibition of miRNAs in the cluster was
achieved using the potent mirVana oligo-based
inhibitors for miR-17, miR-19a and miR-92a

(Thermo  Fisher Scientific, USA): miR-17
(MIMAT0000070), miR-19a (MIMATO0000073),
and miR-92a (MIMATO0000092) along with

negative control (NEG#1 Cat.No:4464076). The
oligo inhibitors were resuspended in nuclease free
water to make 100 pM inhibitor stock solution,
according to the manufacturer's protocol.
Inhibitors (alongside a negative scramble control)
were used at a final concentration of 15 pmol/well
and were transfected into the specific over-
expression cell line using Lipofectamine 3000. A
combination of miR-17, miR-19, and miR-92a
inhibitors (15 pmol/inhibitor each) was used to
treat the complete miR-17-92 cluster over-
expression cell line with the intention of inhibiting
the three miRNAs in the cell line simultaneously.
The treated cells were harvested 72 h post
transfection and processed for RNA and protein
for further analysis.

RNA sequencing (mMRNAseq and miRNAseq)

Total cellular RNA was extracted from normal
mouse mammary epithelial HC11 cells or HC11
cells expressing MMTV, HC11-MMTV, using the
TRIzol Reagent (Invitrogen, Thermo Fisher
Scientific, Waltham, MA USA). Whole cell RNA
was sequenced for both mRNA and miRNA
expression from two independent biological
replicates of the HC11 and HC11-MMTV cell lines
using the TruSeq library-NovaSeq6000 platform
(for mRNAseq) or TruSeq SBS KIT-HS V3-HiSeq

19

2000 system (for small RNAseq) commercially by
the Beijing Genomics Institute (BGl, Hong Kong).
Data analysis was carried out using BGlI’s online
tool, Dr. Tom. The validated mRNAseq data has
already been published.

RNA extraction and cDNA synthesis

RNA was extracted from cells and viral particles
using the Trizol Reagent (Thermo Fisher
Scientific, USA) and quantified using a Nanodrop
spectrophotometer. To ensure DNA-free
preparations, 6 pg of the extracted RNA was
DNase-treated for 30 min at 37 °C with 2 units (U)
of Turbo DNase | (Invitrogen, Thermo Fisher
Scientific, USA) along with 40 units of
Recombinant RNasin (Promega, USA). After
confirmation of DNA free preparations using PCR,
the RNA was further reverse transcribed to cDNA
using MMLV-RT (Promega, USA) and used for
downstream mMRNA gPCR assays. For miRNA
quantification, 10 ng of isolated total RNA was
converted into cDNA using the TagMan™ miRNA
Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) which was subsequently
used for stem-loop-based real time PCR using
TagMan® miRNA Individual Assays and the
TagMan® Universal PCR Master Mix with
AmpErase® UNG (Applied Biosystems, USA).?”

Quantitation of MMTV by real-time PCR

Real-time quantitation of MMTV full length
genomic and all mRNAs was performed usin
customized TagMan assays (FAM-labelled).®®
Briefly, al MMTV mRNAs were quantified using
an assay specific for the 5 U5 region within the
HYB-MTV genome (nt 1192-1259) and genomic
RNA was quantified using an assay that targeted
the nucleotide region 1729-1791 of MMTV gag.
The experiments were normalized using human f-
Actin as the endogenous control (FAM/MGB probe,
cat. no. 401846; Applied Biosystems, USA).

Quantitation of Pri-miRNAs by SYBR Green
qPCR

The pri-form of miR-17-92 cluster was quantified
using SYBR Green %PCR assay utilizing 5X HOT
FIREPol® EvaGreen® qPCR Mix (Solis BioDyne,
Estonia) with two individual primer sets described
earlier’®®® that were renamed OFM 450/451, OFM
446/447 in this study. The amplification reaction con-
tained template nucleic acid (1 ul of cDNA), 4 pul 5X
HOT FIREPol® EvaGreen® gPCR mix, 0.8 pl per Pri-
mer (400 nM), and nuclease-free water in a total
reaction volume of 20 pl. The gPCRs were per-
formed in triplicates under the following cycling con-
ditions: 50 °C for 2 mins, initial denaturation at 95 °C
for 12 mins, 40 cycles of 95 °C for 15 secs, annealing
at 60 °C for 30 secs, extension 72 °C for 30 secs,
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and a final extension at 72 °C for 10 min. The primers
used for the assays are listed in Table 3.

Quantitation of mature miRNAs by TagMan
assays

The mature miRNA species were quantified using
the previously-validated TagMan miRNA assays for
miR-17 (Assay ID: 002308), miR-19a (Assay ID:
000395) and miR-92a (Assay ID: 000430)
(Applied Biosystems, USA), as per manufacturer’s
protocol. The experiment was normalized using
U6 snRNA (Assay ID: 001973) as the endogenous
small RNA control. The assays were carried out in
a volume of 20 pu in triplicates using
QuantStudio™7 Flex Real-Time PCR System
following the standard conditions: 2 min at 50 °C,
10 min at 95 °C for denaturation, followed by 40
cycles of denaturation at 94 °C for 15 s and
annealing/extension for 1 min at 60 °C. The data
was analyzed using the 222! method.'*°

Western blotting

Whole cell extracts and virus particles were
analyzed by western blotting to quantify MMTV
protein expression. Harvested cells were lysed in
RIPA buffer [1 mM EDTA, 10 mM Tris—HCI (pH
8.0), 0.1% sodium deoxycholate, 1% Triton X-
100,140 mM NaCl and 0.1% SDS] supplemented
with 50 ul B-mercaptoethanol and 1 mM PMSF
(Sigma-Aldrich, USA) per ml of RIPA buffer. For
the analysis of extracellular viral particles, a
volume of 50 pul of 1X TNE solution was used to
resuspended the virions pellet by
ultracentrifugation followed by addition of the 6x
SDS loading buffer to 1x and SDS-PAGE
separation. Extracted cellular proteins were
quantified using the Bradford Reagent (Bio-Rad
Laboratories, Hercules, CA USA) as per
manufacturer's directions. Subsequently, lysates
were separated on 4-12% SDS polyacrylamide
gels and transferred overnight at 4 °C, 30 V or at
90 min, 90 V onto nitrocellulose membranes (GE
Healthcare, Chicago, IL USA). The blocked
membranes were probed with either rabbit
polyclonal MMTV anti-Gag antibody (Rockland
Immunochemicals, Inc, Limerick, PA USA) at a
dilution of 1:1000 in 2% non-fat dry milk overnight
at 4 °C, or anti-GAPDH followed by a 1-hour

incubation at room temperature with the
appropriate secondary antibody conjugated with
horseradish peroxidase. The chemiluminescent
signal was detected using the ECL Plus Western
blotting substrate or SuperSignal™ West Femto
Maximum Sensitivity Substrate (Thermo Fischer
Scientific, USA), as directed by the manufacturer,
and captured using the TyphoonFLA9500 (GE
Healthcare, USA) or an X-ray film. GelQuantNET
software was employed for densitometric analysis.

Dual luciferase assays

For miRNA target analysis, HEK293T and
HEK293T-MMTV cell lines over-expressing miR-
17-92, miR-19a/20a, and miR-92a, or HC11 cells
(1 x 10° cells in 24-well plates) were transfected
with the Dual Luciferase constructs- pmirGLO or
the MMTV-GAG containing, GagGLO using
Lipofectamine 3000, as described by the
manufacturer. The cells were harvested 48 h post
transfection, and whole cell lysates prepared and
assayed for luciferase activity using the Dual
Luciferase Assay System as per manufacturer's
directions (Promega, USA). The Iuminescence
signal was detected using the Promega GloMax
luminometer. The Firefly luciferase activity was
normalized to Renilla luciferase expression and
expressed relative to the experimental control,
pmirGLO. All assays were conducted in triplicates
and independently repeated two times.

miRNA-mRNA target prediction

All potential miR-17-92 binding sites on the
MMTV genome were predicted using Sfold
StarMirDB web server for miRNAs: (https://sfold.
wadsworth.org/starmirDB.php)."°"'%? The following
parameters were followed through the bioinformatic
analysis: Logistic probability >0.75,
AGHybrid < —20 kcal/mol, Preferential Seed type
— 8mer/7mer.”®

Statistical analysis

Statistical analysis was performed using
GraphPad Prism Version 7.0. Statistical
significance was determined using the paired
student’s t test, as the mean = SD. All recorded
data in this study were acquired from at least 2

Table 3 Primers used to quantify pri-miR-17-92 and the endogenous control B-Actin.

Primer Name Primer sequence 3'-5' (F/R) Target Comments
OFM 446 GGGAAACTCAAACCCCTTTCTAC (F) Pri-miR-17/92 Primer set 1°°
OFM 447 CAACAGGCCGGGACAAGT (R)

OFM 450 CTGTCG CCCAATCAAACTG (F) Pri-miR-17/92 Primer set 2°°
OFM 451 GTCACAATCCCCACCAAAC (R)

p-Actin F GGGCATCCTGACCCTCAAG B-Actin H_ACTB_1
p-Actin R TCCATGTCGTCCCAGTTGGT (Sigma-Aldrich)

20
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independent experiments. A p value of 0.05 was
considered to be least significant where *p is
<0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.
ns (not significant), p > 0.05.

To determine significance between groups in
small RNAseq data, Q value was estimated which
is basically the p value adjusted for the false
discovery rate (FDR) using the multiple hypothesis
test. The closer the Q value is to zero, the more
significant is the data (log2 ratio in our case)
between two groups.
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