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Abstract

Mouse mammary tumor virus (MMTV) induces breast cancer in mice in the absence of known 

virally-encoded oncogenes. Tumorigenesis by MMTV is thought to occur primarily through 

insertional mutagenesis, leading to the activation of cellular proto-oncogenes and outgrowth of 

selected cells. Here we investigated whether MMTV encodes microRNAs (miRNAs) and/or 

modulates host miRNAs that could contribute to tumorigenesis. High throughput small RNA 

sequencing analysis of MMTV-infected cells and MMTV-induced mammary tumors demonstrates 

that MMTV does not encode miRNAs. However, infected tissues have altered levels of several 

host miRNAs, including increased expression of members of the oncogenic miRNA cluster, 

miR-17-92. Notably, similar changes in miRNA levels have been previously reported in human 

breast cancers. Combined, our results demonstrate that virally encoded miRNAs do not contribute 

to MMTV-mediated tumorigenesis, but that changes in specific host miRNAs in infected cells may 

contribute to virus replication and tumor biology.
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Introduction

Mouse mammary tumor virus (MMTV) is an oncogenic, complex retrovirus that causes 

breast cancer and T-cell lymphomas in mice (reviewed in (Dudley et al., 2016; Ross, 2010)). 

MMTV is transmitted both as endogenous proviruses (Mtvs) and exogenous viruses 

(Callahan et al., 1982; Imai et al., 1994; Stewart et al., 2000), yet tumors are induced 

primarily by exogenous viruses transmitted from mothers to progeny through breast milk 

(Bittner, 1936). Large amounts of virus in the milk allow infection of gut-associated 

dendritic cells followed by transmission to T and B cells in the Peyer’s patches (Beutner et 

al., 1994; Courreges et al., 2007; Golovkina et al., 1992; Held et al., 1993). Expression of 

the sag gene product on antigen-presenting cells leads to stimulation and amplification of 

MMTV-expressing lymphocytes, which are required for efficient infection of the mammary 

gland, the most permissive tissue for virus production (Finke and Acha-Orbea, 2001; 

Golovkina et al., 1998; Zhu et al., 2004). MMTV is a known insertional mutagen. High 

levels of virus replication in permissive mammary epithelial cells results in relatively 

random insertions near the vicinity of a specific subset of growth promoting protooncogenes, 

e.g., Wnt1, Fgf3, and Notch4, activating their expression (reviewed in (Dudley et al., 2016)). 

This activation results in clonal expansion of cells carrying proviruses, and ultimately in 

tumor formation (Callahan and Smith, 2000; Dudley et al., 2016; Ross, 2010). Since MMTV 

does not encode a known oncogene, other MMTV-encoded factors may be involved in breast 

cancer induction. MicroRNAs (miRNAs) are small regulatory (~21-24 nucleotide (nt)) non-

coding RNAs that are involved in diverse biological processes, including cancer (reviewed in 

(Di Leva et al., 2014)). Although the non-acute retrovirus bovine leukemia virus (BLV) 

encodes miRNAs that may contribute to their oncogenic capacity (Gillet et al., 2016; 

Kincaid et al., 2012), whether MMTV encodes miRNAs is unknown.

MicroRNAs are generated from structured longer primary transcripts (pri-miRNA) that are 

cleaved via a series of endonucleases (reviewed in (Kim et al., 2009)). The RNA-induced 

silencing complex (RISC) binds the final mature miRNA product and scans mRNAs (Bartel, 

2009). Docking to mRNAs via partial sequence complementarity results in decreased 

translation and steady state levels of targeted transcripts (Bartel, 2004 and 2009). Although 

most miRNAs derive from a monocistronic locus, greater than one-third of human miRNAs 

exist in clusters and are transcribed as polycistrons (Altuvia et al., 2005; Bartel, 2004). A 

single type of miRNA can have numerous mRNA targets (Bartel, 2009). Some miRNAs are 

oncogenic (oncomiRs), act as tumor suppressors, or both, depending on context (Esquela-

Kerscher and Slack, 2006; Hede, 2010; Pekarsky and Croce, 2010; Zeitels et al., 2014). Of 

note, miRNAs also play a role in tumors associated with virus infection (Gillet et al., 2016; 

Gottwein et al., 2007; Linnstaedt et al., 2010; Skalsky et al., 2007; Zhao et al., 2009).
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Viral miRNAs are encoded by diverse DNA virus families, including herpesviruses, 

polyomaviruses, adenoviruses, anelloviruses, ascoviruses, and baculoviruses (Grundohoff 

and Sullivan, 2011; Kincaid and Sullivan,2012). Reported functions for these miRNAs 

include targeting host or viral transcripts to alter immune detection, apoptosis, latency, 

neurovirulence, and virus replication (reviewed in (Grundhoff and Sullivan, 2011; Kincaid 

and Sullivan, 2012; Skalsky and Cullen, 2010)). Although most viruses with RNA genomes 

lack encoded miRNAs, likely to protect their genomes from endonucleolytic degradation, 

some retroviruses, such as BLV and foamy viruses (FVs), encode miRNAs that utilize non-

canonical biogenesis routes that avoid cleaving the genomic RNA (Grundhoff and Sullivan, 

2011; Kincaid et al., 2012, 2014; Kincaid and Sullivan, 2012; Whisnant et al., 2014). 

MicroRNAs from both of these retroviral families encode miRNAs that mimic the seed 

sequence of host miRNAs with known oncogenic activities (Kincaid et al., 2012, 2014). The 

number of retroviral genera that encode viral miRNAs remains unknown.

In this study, we applied high-throughput small RNA sequencing to detect virus-encoded 

miRNAs in MMTV-infected mouse mammary cells as well as primary MMTV-infected 

mammary tumors. These results revealed no evidence for virally encoded miRNAs. In 

contrast, small RNA sequencing and Northern blot analyses demonstrated increased 

expression of a subset of host encoded miRNAs, including members of the oncogenic 

miR-17-92 cluster, in both MMTV-infected breast tumors and normal mammary glands. 

Together, these results suggest that MMTV infection alters host miRNA levels likely to play 

a role in virus replication and tumorigenesis.

Materials and Methods

Tumor Samples:

MMTV-induced mammary tumor RNAs from archived samples were tested in this study. 

The tumors were generated as described previously (Bhadra et al., 2005; Mustafa et al., 

2000). Briefly, a cloned MMTV isolate, HYB-MTV (Shackleford and Varmus, 1988), was 

stably transfected into rat XC cells that are devoid of any endogenous Mtvs. Virus-producing 

cells (2 × 107) were injected intraperitoneally into inbred female BALB/c weanlings. 

Infected mice were subjected to continuous breeding to accelerate mammary tumorigenesis. 

Tumors were observed in most mice within 6 to 12 months following injection of virus-

producing cells. Tumor-bearing mice were subsequently euthanized by CO2 asphyxiation, 

and the tumor tissue or mammary glands from uninfected or MMTV-infected mice were 

harvested for RNA isolation. All mouse handling and experimental procedures were 

approved by the University of Texas at Austin Institutional Animal Care and Use 

Committee.

Mm5MT Virus Stock Preparation:

Approximately 2 × 106 Mm5MT mammary tumor cells (ATCC; USA) were plated into two 

T175 flasks and, after ~24 hours, were induced overnight with 10−6 M dexamethasone 

(Sigma, USA) prepared in molecular biology grade 100% ethanol (Sigma). Supernatants 

from the hormone-induced cells were harvested for virus stock production at 24 hours post 

induction. Cellular debris was removed by centrifugation at 4,000 rpm for 10 min at 4°C 
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followed by filtration through a 0.2 μm syringe filter. Aliquots of the filtered virus stock 

were stored at −80°C for subsequent use.

MMTV Infection of HC11 Cells:

Mouse mammary HC11 cells (passage 40) were plated at a density of 1×106 cells per T75 

flask (Corning, USA). After ~ 24 hours, cells were infected with 2.5 ml of the Mm5MT 

virus stock using 10 mg/ml of DEAE dextran (Sigma). For mock infection, the same volume 

of media lacking virus was added to duplicate flasks. Infection was performed for 4 hours at 

37°C in the presence of 5% CO2 with intermittent shaking every 30 minutes. Infection was 

stopped by the addition of fresh media, and cells were harvested for protein and RNA 

extraction at 48 hours post infection.

RNA Isolation:

RNA samples from normal mammary or tumor tissues and cultured cells were isolated using 

Trizol reagent (Invitrogen, USA) as recommended by the manufacturer. Extracted RNA 

samples were resuspended in nuclease-free buffer, quantitated by absorbance at 260 nm, and 

stored in 70% ethanol at −80°C until further use.

Small RNA Sequencing:

For mammary gland and mammary tumor samples, total RNA (with RNA Integrity Number 

(RIN values of ≥ 8) was processed for Illumina TruSeq small RNA library construction by 

Sengenics (Kuala Lumpur, Malaysia). RIN values (Agilent) are calculated based on the ratio 

of 28S and 18S ribosomal RNA to total RNA with values of 1 (low integrity) to 10 (high 

integrity) (Schroeder et al., 2006). For HC11 cell culture samples, total RNA (RIN values of 

9.8-10.0 as measured by Agilent 2100 Bioanalyzer or 2200 TapeStation) harvested 48 hours 

post infection were processed for Illumina TruSeq small RNA library construction by 

Macrogen Inc. (Seoul, Korea). Briefly, a 3’ adaptor was ligated to the RNA molecules 

followed by hybridization of an RT primer to the adaptor. The 5’ adaptor was then ligated to 

total RNA, followed by reverse transcription of RNA in a first strand synthesis reaction. 

After first-strand cDNA synthesis, adaptor ligated molecules were amplified with adaptor-

specific primers to enrich for the miRNA fraction of total RNA. Amplified material was then 

purified and size selected on a polyacrylamide gel. The mammary gland and mammary 

tumor libraries were sequenced using the Illumina HiSeq 2000 platform and approximately 

20 million single-end reads were sequenced per sample with a 75-bp read length. The HC11 

cell culture samples were sequenced using the Illumina HiSeq 2500 platform and 

approximately 100 million single-end reads were sequenced per sample with a 51-bp read 

length.

MicroRNA (miRNA) Sequencing Analysis:

Small RNA reads were pre-processed by trimming the adapter sequences and removing 

trimmed sequences shorter than 16 nucleotides with Cutadapt (version 1.4.2) (Martin, 2011). 

Reads were mapped with SHRiMP2 (version 2.2.3) (David et al., 2011) to the reference 

sequences consisting of miRBase release 21 annotated mouse miRNAs (Griffiths-Jones et 

al., 2006) and MMTV reference sequences ((HYB MTV (Shackleford and Varmus, 1988) 
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clone sequenced in-house for in vivo samples or C3H provirus sequence AF228552.1 for 

cell culture experiments), MTV-6_X64554.1, MTV-8_M22028.1, MTV-8_X05400.1, 

MTV-8_X74073.1, MTV-8_M74713.1, MTV-9_M29600.1, MTV-9_M21800.1). Novel 

candidate microRNA identification was performed by converting the SHRiMP2 aligned sam 

files to miRDeep2 format, removing reads shorter than 20 nucleotides, and running the 

miRDeep2 pipeline with default parameters (Friedländer et al., 2011). Host microRNA 

quantification was performed using the mirUtils package (version 1.0.0-r27). Student’s t-test 

was performed to test for statistical differences between the tumor and mammary gland 

samples.

Data Availability:

RNA-seq data has been deposited through NCBI GEO (accession no GSE101333).

Northern Blot Analysis:

Northern blot analysis of miRNAs expressed in control (mammary gland RNA from 

pregnant and lactating female BALB/cJ mice), HYB-MTV-infected lactating mammary 

glands, and HYB MTV-induced mammary tumor RNA samples was performed as described 

previously (McClure et al., 2011). Sequences of probes for Northern blot hybridization are 

listed in Table S1.

Results

Virus-encoded miRNAs are undetectable in both an in vitro cell culture model and in vivo 
MMTV-induced mammary tumors.

To determine whether MMTV expresses viral miRNAs during replication in an in vitro cell 

culture model, we infected mouse mammary cell line HC11 cells with C3H-MMTV and 

harvested total protein and RNA at 48 hours post infection. Western blot analysis confirmed 

expression of viral gene products, which verified active viral replication (Figure S1). Small 

RNA sequencing libraries were prepared using RNA harvested from infected and uninfected 

cells. Greater than 80 million single-end reads were produced with a modal insert length of 

22 nucleotides after adaptor removal for both libraries, consistent with the expected size for 

libraries enriched for miRNAs (Figure 1A). We mapped the reads to miRBase release 21 as 

well as the exogenous C3H-MMTV provirus and the three endogenous proviruses of 

BALB/c mice (Mtv 6, 8, and 9). Although sporadic reads mapped to the C3H-MMTV 

provirus reference sequence, we did not observe any enrichment for reads in the size class of 

miRNAs as observed for the annotated miRBase host miRNAs (Figure 1B, 1C). We 

observed a distinct peak of reads mapping antisense to the viral genome at the position of 

the primer binding site with a modal length of 17 nucleotides. Because this region is 

complementary to host-specific transfer RNAs (tRNAs), we propose that these reads 

represent fragments of degraded host encoded tRNAs. Next, we used the miRDeep2 pipeline 

to identify signatures of miRNAs (including the presence of a predicted stem loop structure, 

clearly defined 5’ ends as processed by Dicer/Drosha, etc.). We recovered 371-388 miRBase 

annotated miRNAs per library, but no exogenous or endogenous MMTV-encoded miRNAs 

consistent with standard criteria were detected (Friedländer et al., 2011) (Figure 1D). No 

significant differences were observed between miRs detected in infected and uninfected 
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normal mammary cells (Figure 1E). From these data, we conclude that C3H-MMTV does 

not express virally encoded miRNAs in an HC11 mammary culture model.

Next, we determined whether MMTV has the potential to express viral miRNAs in vivo. 

MMTV-induced mouse mammary tumors are permissive for MMTV replication (Dzuris et 

al., 1999; Tremblay et al., 1989), allowing high levels of infection (Callahan and Smith, 

2000). In addition, because MMTV is not subject to superinfection resistance (Dzuris et al., 

1999), cells are repeatedly re-infected both in vivo and in cell culture, but the higher levels 

of re-infection in vivo amplify virus production. Therefore, RNA preparations were obtained 

from two different mammary tumors derived from two BALB/c mice inoculated with the 

C3H-MMTV-related infectious clone (HYB-MTV; Shackleford and Varmus, 1988). For 

comparison, RNA from two BALB/c lactating mammary glands from two different mice 

was also used. Each sample yielded >20 million single-end reads with a modal insert length 

of 22 nucleotides, consistent with the expected size for libraries enriched for miRNAs 

(Figure 2A). We applied the same mapping and analysis workflow as outlined for the cell 

culture libraries above. Although sporadic reads covering most of the genome mapped to the 

HYB-MTV provirus reference sequence, we did not observe an enrichment for reads in the 

size class of miRNAs as observed for the annotated miRBase host miRNAs (Figure 2B, 2C). 

A discrete peak at position ~ nt 6100 within the pol region was detected on the positive 

strand for both mammary tumors (Figure 2C). The peak consisted of heterogeneous lengths 

and start sites, which may be attributable to a previously described internal MMTV promoter 

for RNA polymerase II (Miller et al., 1992). The miRDeep2 analysis recovered 272-275 

miRBase annotated microRNAs per tumor sample, but no exogenous or endogenous 

MMTV-encoded miRNAs were identified (Figure 2D). Thus, in agreement with the earlier 

in silico analysis of the MMTV genome (Kincaid et al., 2012) and our analysis of in vitro 
infected cells, these results indicate that MMTV does not encode detectable miRNAs either 

in a HC11 mammary culture model or in vivo.

MMTV–infected tissues show increased levels of specific members of the miR-17-92 
cluster and decreased miR-10b.

We next determined whether differences in host miRNAs were observable between 

uninfected mammary gland and MMTV-infected tumor samples. We compared the 

normalized miRNA reads across libraries (lactating mammary gland samples (LMG1 and 

LMG2) with HYB-MTV-induced mammary tumors (HYB-MT1 and HYB-MT2). This 

analysis revealed that >200 known cellular miRNAs were detectable in mammary tissues 

(Supp. Data File 1). Only 12 (5%) of the readily detectable miRNAs (≥ 100 reads per 

million mapped (RPMM) in at least one library) were significantly differentially expressed 

(p value < 0.05, Student’s t-test) in the mammary tumors compared to the lactating 

mammary gland samples (Figure 2E, Table 1). Of these, 11 miRNAs were upregulated in the 

tumor samples ranging from 2.3x to 15x higher. Only a single miRNA, mmu-miR-381-3p, 

was significantly downregulated (2.9x less). We also observed some miRNAs with similar 

magnitude differences that did not meet the statistical cutoff. This is the result of greater 

variance in expression of those miRNAs between samples. Of note, many of the miRNAs 

with significantly different levels have been previously associated with altered expression in 
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mammary tumors of mouse (Zhu et al., 2011) and human (Mogilyansky and Rigoutsos, 

2013; van Haaften and Agami, 2010; Volinia et al., 2006) origin.

To independently confirm the differences in relative expression observed, Northern blot 

analysis was conducted for select miRNAs. RNA was harvested from four BALB/c MMTV-

induced mammary tumor samples from four different mice (including MT1 and MT2 used 

for miRNA-seq analysis) together with two MMTV-infected lactating mammary gland 

samples from BALB/c mice (INF-LMG1 and INF-LMG2). RNA was also examined from 

two uninfected normal mammary tissues, pregnant (PMG) and lactating mammary gland 

(LMG3) tissues. An increase was observed in the expression of several members of the 

miR-17-92 cluster in both infected tumor and non-tumor samples (miRs 17, 19, and 20; 

Figure 3). Since the small number of samples used for the RNA-seq experiments provide 

lower statistical power, we also tested miR-200c-3p and miR-10b-5p, miRNAs that trended 

as differentially expressed in our small RNA-seq analysis, but did not attain statistical 

significance (p ~0.08) (Supp. Data File 1). Except for miR-200c-3p, these combined results 

confirm the trends observed in our high throughput RNA-seq analysis. Furthermore, for 6 of 

the 8 miRNAs analyzed (miR-19a-3p, miR-20a-5p, miR-17a-5p, miR-183a-5p, miR-93-5p, 

miR-429-3p), our findings demonstrate that similar changes occur in both the tumor and 

infected lactating tissues (Figure 3 and Table 2). These findings are consistent with a model 

whereby MMTV infection alters host miRNA levels during mammary gland development, 

and that some changes persist through tumor appearance.

Discussion

The number of retroviruses that encode miRNAs remains unknown. Previous results have 

shown that the retroviruses bovine leukemia virus (BLV), avian leukosis virus subgroup J 

(ALV-J), and foamy viruses (FVs) encode miRNAs within their genomes (Kincaid et al., 

2012, 2014; Whisnant et al., 2014; Yao et al., 2014). In this work, we assayed MMTV for 

expression of viral miRNAs in both cell culture based and in vivo models via high-

throughput small RNA sequencing. We did not detect small RNA reads consistent with 

virally encoded miRNAs. In the library generated from infected HC11 mammary cells, the 

most abundant reads mapping to the viral reference sequence were shorter RNAs (~16-19 nt) 

that mapped to the primer binding site (Figure 1). These RNAs are most likely derived from 

host-encoded transfer RNAs (tRNAs) since reverse transcription is primed by host tRNAs. It 

was recently reported that tRNA-derived small RNAs of this size class could inhibit the 

retrotransposition of endogenous retroviruses (Schorn et al., 2017). Whether these small 

RNAs play a role in exogenous retrovirus infections remains unknown. Although we also 

observed tRNA-related sequences to a lesser extent in the mammary tumor samples, the 

most abundant cluster of reads in this context was in the pol gene region (Figure 2). 

However, these sequences are heterogeneous in start position and length and longer than 

typical miRNA sequences, which may be due to the activity of an internal promoter (Miller 

et al., 1992). MMTV RNA expression in lactating mammary glands is high, making it 

unlikely that our assays missed viral miRNAs due to lack of sensitivity (Figure S1) (Mok et 

al., 1992 and 2012). Finally, our inability to detect MMTV-encoded miRNAs is not due to 

RNA degradation since specifically processed miRNAs with defined termini of host origin 

were readily detected. We conclude that MMTV does not encode miRNAs.
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In contrast to the absence of MMTV-encoded miRNAs, we detected 12 host miRNAs 

expressed at significantly different levels in MMTV-infected mammary tumors compared to 

normal lactating mammary glands (Table 1). Most of these small RNAs are upregulated, and 

several belong to the oncogenic miR-17-92 (oncomiR) gene cluster, which frequently has 

increased expression in human hematological malignancies and solid cancers (Mogilyansky 

and Rigoutsos, 2013; van Haaften and Agami, 2010; Volinia et al., 2006). Members of the 

miR-17-92 cluster are known to be a signature of human breast cancer (reviewed in 

(Mogilyansky and Rigoutsos, 2013)). The precise mechanism of how this cluster is induced 

(whether directly or via activation of c-myc, N-myc, etc.) and whether viral factors are 

involved in this process remain to be elucidated.

Conversely, miR-10b-5p, a “metastamiR” correlated with the cancer stem cell (CSC) 

phenotype (Bahena-Ocampo et al., 2016), was one of the few miRNAs significantly 

downregulated in MMTV-induced tumors. Unlike miR-19a-3p, miR-20a-5p, miR-17a-5p, 

miR-183a-5p, miR-93-5p, and miR-429-3p, which were upregulated in all infected lactating 

and mammary tumor tissues, decreased miR-10b-5p levels were only observed in the tumor 

tissue (Figure 3). This observation may explain why many MMTV-induced tumors are not 

metastatic.

Our failure to observe large changes in host miRNAs in our in vitro cell culture model likely 

reflects lower levels of infection. HC11 cells are undifferentiated mammary epithelial cells, 

and MMTV levels do not reach sufficiently high levels to give insertional mutagenesis and 

transformed foci under typical culture conditions, although MMTV envelope protein has 

been reported to transform epithelial cells in 3-dimensional mammary cultures (Katz et al., 

2005). This observation highlights the importance of assaying viral and host miRNA 

interactions in vivo (Figure 1E, Supp. Data File 1). These findings demonstrate that MMTV 

infection in vivo promotes changes in levels of select cancer-associated miRNAs, some of 

which precede the appearance of tumors.

The observation that MMTV infection induces host miRNAs suggests that these RNAs 

provide an advantage for virus replication. Infection with other viruses is known to alter host 

miRNAs, and some of these changes have been proposed to be advantageous for viral 

replication (Amaral et al, 2017 (HIV-1); Sun et al., 2016 (HIV-1); Bruce and Alcorn, 2011 

(RSV); Lagos et al. 2010 (KSHV); Harden et al., 2017a and b (HPV); Marthaler et al., 2017 

(HPV); Melar-New and Laimins, 2010 (HPV); Gunasekharan et al, 2013 and 2016 (HPV); 

Linnstaedt et al., 2010 (EBV); Skalsky and Cullen, 2010 (EBV); Wang et al., 2017 

(HCMV); Saldaña et al., 2017 (Zika)). MMTV is transmitted to the virgin mammary gland 

during puberty by infected B and T lymphocytes (Golovkina et al., 1992 and 1998; Held et 

al., 1993). Although MMTV expression is relatively low in virgin mammary tissues, 

inactivation of the Cux1 transcriptional repressor in late pregnancy and activation of the 

MMTV promoter and transcriptional activators by lactogenic hormones allows high levels of 

viral RNA during milk-borne transmission of the virus (Zhu et al., 2004; Maitra et al., 2006). 

Increased viral production for milk-borne transmission is stimulated by cell proliferation to 

allow increased numbers of infected cells as well as proviral access to the nucleus for 

integration. Although the mechanism for MMTV induction of host miRNAs remains to be 
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determined, our findings are consistent with viral subversion of host miRNAs to promote 

infection and/or transmission of the virus.

This study demonstrates that MMTV infection does not lead to expression of viral miRNAs, 

yet alters the levels of select host miRNAs, several of which have been implicated in human 

breast cancer (Mogilyansky and Rigoutsos, 2013; van Haaften and Agami, 2010; Volinia et 

al., 2006). This observation lends further support to the use of the MMTV-induced 

mammary tumors as a relevant model system for human breast cancer. As alterations of 

several of these miRNAs precedes detectable tumor formation, these results are consistent 

with a possible role of infection-induced host miRNAs in promoting MMTV-associated 

tumors. Future studies will address whether viral perturbation of host miRNA levels 

contributes directly to MMTV-mediated tumorigenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The MMTV genome does not encode viral miRNAs.

• MMTV infection alters host miRNA levels, including the oncogenic 

miR-17-92 cluster.

• Host miRNA changes following MMTV infection occur prior to tumor 

formation.

• MMTV-induced changes to host miRNAs may help drive tumor initiation/

maintenance.
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Figure 1. 
Analysis of small RNA-seq libraries prepared from cultured HC11 cells infected with C3H-

MMTV. A. Length of inserts after adaptor trimming for small RNA libraries prepared from 

uninfected and infected HC11 cells. B. Length of reads mapped to the indicated reference 

sequences (miRBase: miRBase release 21 annotated miRNA sequences, C3H MMTV: 

MMTV reference sequence GenBank accession AF228552.1) for small RNA library 

prepared from C3H-MMTV infected HC11 cells. C. Plots of read coverage and start sites for 

reads mapping to the C3H-MMTV reference sequence. At the top, a map of MMTV 

genomic organization is provided. On the Y-axis, coverage is plotted with gray lines, and 

read start counts are plotted with black impulses. Values above the X-axis represent the 

forward strand and below values represent reads mapping to the negative strand. Genomic 

position is indicated on the X-axis. Top graph presents summary of all reads mapping to the 
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reference sequence. Bottom graph only depicts reads mapping to the sense strand of the viral 

reference sequence. D. Summary of miRDeep2 analysis of small RNA library prepared from 

C3H-MMTV-infected HC11 cells. Y-axis indicates the number of candidate miRNAs for the 

respective set of reference sequences [miRBase, C3H-MMTV, and Mtvs (see Methods for 

accession numbers)] indicated on the X-axis. ND indicates none detected. E. Quantification 

of miRBase annotated miRNAs in uninfected and infected HC11 samples as assayed by 

small RNA-seq. Counts for miRBase annotated microRNAs are given in reads per million 

mapped with one pseudocount (RPMM).
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Figure 2. 
Analysis of small RNA-seq libraries prepared from uninfected mammary glands and HYB-

MTV induced mammary tumors. A. Length of inserts after adaptor trimming for small RNA 

libraries prepared from two uninfected mammary glands and two HYB-MTV induced 

mammary tumors (MG = uninfected mammary gland, MT = infected mammary tumor). B. 
Length of reads mapped to the indicated reference sequences (miRBase: miRBase release 21 

annotated miRNA sequences, HYB-MTV: MMTV reference sequence for small RNA 

library prepared from two HYB-MTV induced mammary tumors. C. Plots of read coverage 

and start sites for reads mapping to the HYB-MTV reference sequence for libraries prepared 

Kincaid et al. Page 16

Virology. Author manuscript; available in PMC 2018 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from two HYB-MTV induced mammary tumors. At the top, map of HYB-MTV genomic 

organization. On the Y-axis, coverage is plotted with gray lines and read start counts are 

plotted with black impulses. Values above the X-axis represent the forward strand and below 

values represent reads mapping to the negative strand. Genomic position is indicated on the 

X-axis. D. Summary of miRDeep2 analysis of small RNA libraries prepared from the two 

uninfected mammary glands and two HYB-MTV-induced mammary tumors. Y-axis 

indicates the number of candidate miRNAs for the respective set of reference sequences 

(miRBase, HYB-MTV, and Mtvs (see Methods for accession numbers)) indicated on the X-

axis. ND indicates none detected. E. Quantification of miRBase annotated miRNAs in two 

uninfected mammary glands and two HYB-MTV induced mammary tumors samples as 

assayed by small RNA-seq. Mean counts for miRBase annotated microRNAs are given in 

reads per million mapped with one pseudocount (RPMM). Dots colored red indicate 

miRNAs that met the criteria for significant differential expression (RPMM >= 100 in at 

least one sample, and Student’s t-test p-value < 0.05).
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Figure 3. 
Differential expression of specific miRNAs in uninfected pregnant (PMG) and lactating 

(LMG3) mammary glands versus MMTV-infected (INF-LMG1/2) and tumor mammary 

gland (MT1, 2, 3 or 4) samples as assessed by Northern blot assays. The miRNAs that were 

observed to be differentially-expressed in a statistically significant (p<0.05) manner by 

RNASeq analysis are indicated with # superscript. PMG/LMG, pregnant and lactating 

mammary glands, respectively; INF-LMG1 and INF-LMG2, infected mammary gland 

samples 1 and 2; MT1-4, HYB-MTV-induced mammary tumor samples 1-4. MT1 and MT2 
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are the tumor samples assayed by miRNASeq analysis. EtBr; is ethidium bromide stain of 

low molecular weight RNA, which serves as a loading control.
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Table 1:

List of miRNAs differentially expressed in mammary tumors as determined by miRNASeq analysis. 

Expression values are rounded to the nearest RPMM.

miRNA LMG1 LMG2
HYB-
MT-1

HYB-
MT-2

p
value
(<0.05)

Log2
Ratio of
Means

mmu-mir-19a(mmu-miR-19a-3p) 13 2 96 104 0.005 3.71

mmu-mir-20a(mmu-miR-20a-5p) 599 170 3474 3234 0.007 3.13

mmu-mir-17(mmu-miR-17-5p) 230 61 1020 996 0.010 2.79

mmu-mir-183(mmu-miR-183-5p) 1146 442 6021 5235 0.012 2.83

mmu-mir-19b-2(mmu-miR-19b-3p) 161 36 634 713 0.016 2.77

mmu-mir-19b-1(mmu-miR-19b-3p) 160 36 630 709 0.016 2.77

mmu-mir-93(mmu-miR-93-5p) 476 154 1368 1676 0.032 2.27

mmu-mi r-429(mmu-mi R-429-3p) 377 153 1034 1324 0.038 2.15

mmu-mi r-542(mmu-mi R-542-3p) 66 20 525 761 0.038 3.91

mmu-mir-381(mmu-miR-381-3p) 236 183 81 62 0.039 −1.55

mmu-mir-362(mmu-miR-362-5p) 43 14 110 99 0.039 1.87

mmu-mir-674(mmu-miR-674-3p) 67 40 116 131 0.046 1.22
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Table 2:

Comparison of differentially expressed miRNAs in MMTV-induced mammary tumors as determined by 

miRNASeq and Northern blot analyses.

RNASeq Analysis Northern Blot Analysis

Differentially Expressed
miRNAs in BALB/c Mammary

Tumors (MaTu)

MMTV-
Infected LMG

MMTV-induced
MaTu Tumor

1 mmu-mir-19a(mmu-miR-19a-3p)
Upregulated

Upregulated Upregulated

2 mmu-mir-20a(mmu-miR-20a-5p)
Upregulated

Upregulated Upregulated

3 mmu-mir-17(mmu-miR-17-5p)
Upregulated

Upregulated Upregulated

4 mmu-mir-183(mmu-miR-183-5p)
Upregulated

Upregulated Upregulated

5 mmu-mir-19b-2(mmu-miR-19b-3p)
Upregulated

Not tested Not tested

6 mmu-mir-19b-1(mmu-miR-19b-3p)
Upregulated

Not tested Not tested

7 mmu-mir-93(mmu-miR-93-5p)
Upregulated

Upregulated Upregulated

8 mmu-mir-429(mmu-miR-429-3p)
Upregulated

Upregulated Upregulated

9 mmu-mir-542(mmu-miR-542-3p)
Upregulated

Not tested Not tested

10 mmu-mir-381(mmu-miR-381-3p)
Down-regulated

Not tested Not tested

11 mmu-mir-362(mmu-miR-362-5p)
Upregulated

Not tested Not tested

12 mmu-mir-674(mmu-miR-674-3p)
Upregulated

Not tested Not tested

13 mmu-mir-200c(mmu-miR-200c-3p)

Upregulated (p < 0.080)
1

No change No change

14 mmu-mir-10b(mmu-miR-10b-5p)

Down-regulated (p < 0.084)
1

Upregulated Down-regulated

1
Values were not significant.

2
LMG = lactating mammary gland.
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