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Abstract

Aggressive breast cancer is difficult to treat as it is unresponsive to many hormone-based
therapies; therefore, it is imperative to identify novel, targetable regulators of progression. Long
non-coding RNAs (IncRNAs) are important regulators in breast cancer and have great potential as
therapeutic targets; however, little is known about how the majority of IncRNAs function within
breast cancer. This study, characterizes a novel IncRNA, MANCR (mitotically-associated long
non-coding RNA; LINC00704), which is upregulated in breast cancer patient specimens and cells.
Depletion of MANCR in triple-negative breast cancer (TNBC) cells significantly decreases cell
proliferation and viability, with concomitant increases in DNA damage. Transcriptome analysis,
based on RNA sequencing (RNA-seq), following MANCR knockdown reveals significant
differences in the expression of >2000 transcripts, and gene set enrichment analysis (GSEA)
identifies changes in multiple categories related to cell cycle regulation. Furthermore, MANCR
expression is highest in mitotic cells by both RT-qPCR and RNA in situ hybridization. Consistent
with a role in cell cycle regulation, MANCR-depleted cells have a lower mitotic index and higher
incidences of defective cytokinesis and cell death. Taken together, these data reveal a role for the
novel INcRNA, MANCR, in genomic stability of aggressive breast cancer, and identify it as a
potential therapeutic target.

Implications—The novel IncRNA, MANCR (LINCO00704), is upregulated in breast cancer and is
functionally linked with cell proliferation, viability, and genomic stability.
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Introduction

Breast cancer is a major health concern worldwide; it is the most frequently diagnosed
cancer and the leading cause of cancer-related death in women (1). There are several
subtypes of breast cancer, defined by their expression of the estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (Her2). The most
common subtypes, luminal A and B are both ER+/PR+ and have the best prognosis, as they
are generally low-grade and responsive to hormone therapy (2). The Her2 over-expression
subtype grows faster, but is responsive to targeted drug treatments such as Herceptin (3). A
third subtype, basal or triple negative breast cancer (TNBC), is characterized as being
ER-/PR-/Her2-. Although TNBC is diagnosed in only 15% of breast cancer patients, it is the
most aggressive subtype, unresponsive to treatment, and usually has a poor prognosis (4). As
such, it remains critical to identify and characterize novel, targetable regulators of breast
cancer. One novel class of regulators that hold great clinical potential are the epigenetic
regulators, long non-coding RNASs (IncRNA).

IncRNAs encompass a broad class of transcripts loosely defined as being greater than 200
nucleotides in length and lacking protein-coding potential. They are transcribed by RNA
polymerase 11, can have multiple splice variants and their expression is regulated by
transcription factors. Expression of INcRNAs is more cell-type and tissue specific than their
mMRNA protein-coding counterparts (5). Once dismissed as transcriptional noise, INCRNAs
are involved in a variety of biological processes, such as X-chromosome inactivation by Xist
(6,7), genomic imprinting by H19 (8,9), and mammary epithelial differentiation by Zfasl
(10).

IncRNASs are often deregulated in cancer (11). HOTAIR is a well-studied IncRNA that is
overexpressed in a variety of cancers (12). It promotes cancer invasiveness and metastasis by
interacting with Polycomb Repressive Complex 2 (PRC2), altering histone H3K27me3 and
silencing anti-metastatic genes (13). In addition to pan-cancer INCRNAS, several studies have
identified signatures of IncRNAs associated with specific breast cancer stages and subtypes
(14-17). While these studies have identified hundreds of cancer-associated IncRNAs, such as
DSCAM-AS1, an ER-regulated IncRNA that has been implicated in luminal breast cancer
and tamoxifen resistance (18,19), relatively few have been functionally studied.

Here, we characterize a novel IncRNA associated with aggressive breast cancer and
significantly reduced patient survival, designated MANCR (Mitotically Associated Non-
Coding RNA). MANCR was originally identified in our transcriptome profiling of a series
of breast cancer cell lines (20). We demonstrate overexpression of MANCR in TNBC cell
lines as well as in patient samples, compared to very low levels in normal mammary
epithelial and early stage (ER+) positive breast cancer cells. The results of our functional
analyses show a striking reduction in cell growth and an induction of cell death upon
MANCR knockdown in MDA-MB-231 cells. Additionally, loss of MANCR leads to
increased incidence of DNA damage and defective cytokinesis. These results reveal that
MANCR may have a cytoprotective role in supporting and/or sustaining breast cancer
growth.
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Materials and Methods

Cell culture

MCF-10A cells were grown in DMEM/F12 (Corning: 10090CV) supplemented with 5%
horse serum (Gibco: 16050), 10 ug/ml human insulin (Sigma Aldrich: 1-1882), 20 ng/mli
recombinant hEGF (Peprotech: AF-100-15), 100 ng/ml cholera toxin (Sigma: C-8052), 0.5
ug/ml hydrocortisone (Sigma: H-0888), 1% penicillin/streptomycin (Life Technologies:
15140-122), and 2 mM glutamine (Life Technologies: 25030-081). MDA-MB-231 cells
were grown in DMEM/F12 supplemented with 10% fetal bovine serum (Atlanta Biologicals,
S11550), 1% penicillin/streptomycin, and 2 mM glutamine.

Cell line authentication

MCF-10A cells were a kind gift from Jeffrey Nickerson in 2011. MDA-MB-231 cells were
purchased from ATCC in 2006. MCF-10A and MDA-MB-231 cell lines were validated by
short tandem repeat (STR) analysis in 2012 using the Promega GenePrint 10 System at the
UVM Cancer Center DNA Analysis Facility. Cell lines tested negative for mycoplasma
using MycoAlert (Lonza: LT07-28) in August 2016. All experiments were performed within
10 passages after thawing cells.

RNA extraction

Total RNA was isolated from cells using Trizol (Life Technologies) and purified using the
Direct-zol RNA kit with DNasel treatment (Zymo Research, Irvine, CA, USA: R2050)
according to the manufacturer's instructions. RNA quality and quantity were assessed using
the RNA 6000 Nano Kit with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). RNA quantity was further assessed using a Nanodrop2000 (Thermo Scientific,
Lafayette, CO) and Qubit HS RNA assay (Thermo Fisher Scientific).

Library and sequencing preparation

Total RNA was depleted of ribosomal RNA, reverse transcribed and strand-specific adapters
added using the TruSeq Stranded Total RNA Library Prep kit with Ribo-Zero Gold
(Illumina, San Diego, CA, USA) according to manufacturer's protocol except to reduce over-
amplification, final cDNA libraries were amplified using the Real-time Library
Amplification Kit (Kapa Biosystems, Wilmington, MA, USA). Generated cDNA libraries
were assayed for quality using the High Sensitivity DNA Kit on the Agilent 2100
Bioanalyzer (Agilent Technologies) and sequenced as single-end 100 bp reads
(IMuminaHiSeq1000, UVM Advanced Genome Technologies Core).

Bioinformatics analysis

Sequence files (fastq) were mapped to the most recent assemblies of the human genome
(hg38) using STAR (21). Expression counts were determined by HTSeq (22) with Gencode
v25 gene annotation (23). Differential expression was analyzed by DESeq?2 (24). Correlation
between replicates and differential gene expression between samples was assessed by
principal component analysis (PCA). Differentially expressed mRNAs after MANCR
knockdown in MDA-MB-231 cells and differentially expressed mRNAs between MCF-10A
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and MDA-MB-231 cells (GSE75168) (25) were analyzed for gene set enrichment using
Gene Set Enrichment Analysis (GSEA) for the GO biological processes v6 Molecular
Signatures Database (MSigDB) using default parameters with the exception that permutation
type was set to gene set (26,27). To create the gene set enrichment map, GSEA results were
input into the EnrichmentMap app (28) for Cytoscape (www.cytoscape.org). The following
parameters were used: P-value < 0.0001, FDR Q-value < 0.05, Overlap Coefficient = 0.8.
RNA-Seq datasets have been deposited in the Gene Expression Omnibus (GEO) under
accession code GSE102155.

Gene expression analysis

Complementary DNA (cDNA) was synthesized from isolated RNA using the Superscript 111
First-Strand Synthesis System according to the manufacturer's instructions (Life
Technologies, Carlsbad, CA). Quantitative RT-PCR (RT-gPCR) was performed using gene-
specific primers and SYBR Green Master Mix (Bio Rad, Hercules, CA) in an Applied
Biosystems Viia 7 system (Life Technologies, Carlshad, CA). After normalization to the
reference genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and actin, relative
expression levels of each target gene were calculated using the comparative Ct (AACT)
method. See Supplemental Table 1 for oligonucleotide primer sequences used for RT-qPCR.

Transfections

MDA-MB-231 cells were transfected at 70-80% confluence with 25 nM negative control A
GapmeR (Control ASO) or GapmeRs targeting MANCR ASO_1 (5'-
CCGAAACTTGCCATTT-3") and ASO_2 (5'-CGAGTGGTGAGTGGAT-3") (Exiqon,
Woburn, MA) using DharmaFECT 4 (Dharmacon) according to the manufacturer's protocol.
Cells were harvested for RNA and protein analyses 24 or 48 hr after transfection.

Western blot

Adherent cells were directly lysed in RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 0.1%
SDS, 0.5% sodium deoxycholate, and 1% Triton X-100) plus cOmplete, protease inhibitor
cocktail (Roche). Proteins were separated by 12% SDS-PAGE and transferred to 0.45 um
PVDF membranes (Millipore, Billerica, MA). Blots were blocked using 5% milk in TBST
and incubated with primary antibodies overnight at 4°C, then incubated with HRP-
conjugated secondary antibodies for 1 hr. Proteins were detected with an ECL reagent and
the Chemidoc XRS+ imaging system (Bio Rad, Hercules, CA). The following primary
antibodies were used: anti-cleaved caspase 3 (rabbit polyclonal, 1:1000) (Cell Signaling,
#9664) and anti-alpha-tubulin (mouse monoclonal, 1:500) (Sigma, #T9026). Secondary
antibodies used were: HRP-goat anti-mouse and HRP-goat anti-rabbit (Santa Cruz
Biotechnology, Dallas, TX).

Growth assay

Cells were plated in one 6-well plate per time point and transfected as described above. Cells
were trypsinized and counted using a Countess Automated Cell Counter at each time point;
0 hr is at transfection, 24 hr after transfection, and 48 hr after transfection.
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Cell synchronization by nocodazole block

Cells were plated in one 100 mm plate per time point and allowed to adhere. Cells were
treated with 100 ng/ml nocodazole for 18 hr to synchronize cells in G2/M. After 18 hr, cells
were released from the block: media was collected and spun down at 200g for 5 min, cells
were washed twice with PBS, and were re-plated in fresh media. At each time point; 0 hr (at
release), 6 hr, 12 hr, 18 hr and 24 hr, cells were harvested by media collection and
trypsinization, spun down, and washed twice with PBS. Harvested cells were split into two
batches, one for gene expression analysis and one for cell cycle analysis by flow cytometry.

Flow cytometry analysis

Cells were harvested by trypsinization and fixed in ice cold 75% ethanol for 30 min at 4°C.
Then cells were permeabilized with permeabilization buffer (0.25% Triton X-100 in PBS)
for 15 min at room temperature. For mitotic indexing, cells were incubated with AF647-
conjugated antibody against H3S28p (BD Biosciences: 558609) diluted 1:50 in
permeabilization buffer for 30 min at room temperature in the dark. For mitotic indexing and
cell cycle analysis, cells were stained with propidium iodide (PI/RNase staining buffer, BD
Biosciences: 550825) for 15 min at room temperature in the dark. Flow cytometry was
performed using an LSRII instrument (BD Biosciences). Flowjo v10 (Ashland, OR, http://
www.flowjo.com/) was used to determine the percent of H3S28P-positive cells and to
display DNA histograms.

RNA in situ hybridization

RNA chromogenic /n situ hybridization (RNA CISH) was performed using RNAscope
reagents, a HybEz oven, and a probe targeting MANCR (Hs-LINCO00704, cat# 411081)
(Advanced Cell Diagnostics, Hayward, California, USA), according to the manufacturer's
protocols. Positive control assays were performed using a Homo sapiens PP1B probe, and
negative control assays were performed using an Escherichia coli dapB probe. Slides were
imaged with a Zeiss Axioscope bright-field microscope, and images were captured using
Zen2012 software (Zeiss Inc.)

RNA fluorescence /n situ hybridization (RNA FISH) was performed using ViewRNA ISH
reagents and a custom designed probe targeting MANCR (Affymetrix), according to the
manufacturer's protocol. The nuclei were counterstained with DAPI. RNase A pretreatment
was included to confirm probe hybridization to RNA. Images were obtained using a Zeiss
LSM 510 META confocal microscope using a 63x oil immersion objective. Image analyses
were performed using Volocity software (PerkinElmer).

Immunofluorescence

Cells grown on coverslips were fixed in 1% paraformaldehyde in methanol on ice for 10
minutes. Fixed cells were immunofluorescently labeled with the following primary and
secondary antibodies:anti-53BP1 (rabbit polyclonal, 1:200) (Santa Cruz Biotechnology:
sc-22760), anti-yH2AX-S139 (mouse monoclonal, 1:200) (EMD Millipore: 05-636), goat
anti-mouse 1gG (H+L) Alexa Fluor 594, and goat anti-rabbitlgG (H+L) Alexa Fluor 488.
The nuclei were counterstained with DAPI. Cells were imaged on a Zeiss Axiolmager. Z2
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equipped with Hamamatsu CCD camera, and images were captured using Zen2012
software. Image analyses were performed using ImageJ (https://imagej.nih.gov/).

Live cell imaging
MDA-MB-231 cells were cultured in 4-chambered, glass bottom 35 mm dishes (Greiner
Bio-One: cat# 627975). Cells were transfected with Control ASO (2 chambers) or MANCR
ASO_2 (2 chambers) as described above, and 16 hr later were changed to CO2-independent
media with 10% FBS (Life Technologies) for imaging. Multiple fields of cells (n = 4/
chamber) were imaged at 2-minute intervals by differential interference contrast microscopy
for up to 16 hours on a temperature controlled Eclipse Ti microscope (Nikon) equipped with
Clara CCD and iXon X3 EMCCD cameras (Andor), Plan APO 40x 0.95 NA objective, and
NIS Elements software (Nikon).

Gene expression database mining

Level 3 data from The Cancer Genome Atlas (TCGA)-BRCA (29) and the Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC) (30,31) was accessed
using cBioPortal for cancer genomics (www.cbioportal.org) (32,33).

Statistical analyses

Statistical analyses were performed using GraphPad Prism v7.01.

Results

Identification of the TNBC-associated IncRNA MANCR

MANCR (also termed LINC00704) is an intergenic IncRNA encoded at chromosome
10p15.1 (Fig 1); the nearest protein-coding gene is more than 100kb away (AKR1E2, aldo-
keto reductase family 1 member E2). MANCR was selected for further investigation based
on its high expression by both RNA-seq (Fig 1A) and RT-gPCR (Fig 1B) in MDA-MB-231
cells compared to MCF-10A and MCF-7. To gain insight into MANCR function, we first
examined the cellular localization of MANCR by performing RNA /n situ hybridization
(RNA-ISH) on MCF-10A and MDA-MB-231 cells. RNA-ISH revealed that MANCR is both
nuclear and cytoplasmic, and provided further confirmation that expression is higher in
MDA-MB-231 than MCF-10A cells (Fig 1C). To confirm transcriptional activation of
MANCR in MDA-MB-231, we examined histone modifications that are associated with
activation, H3K4 tri-methylation (H3K4me3), H3K4 acetylation (H3K4ac), and H3K27
acetylation (H3K27ac) that were previously profiled in breast cancer cells (25,34). In MDA-
MB-231 cells, there are H3K4me3, H3K4ac, and H3K27ac marks across the gene, indicative
of active transcription. The MCF-10A cells have only the H3K4ac mark, whereas the
MCEF-7 cells (ER+) lack the three histone marks, consistent with lower expression in these
two cell lines (Fig 1D).

To determine the clinical relevance of MANCR, we queried breast cancer patient sample
data from The Cancer Genome Atlas (TCGA) Research Network (29) and the Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC) (30,31) using
cBioPortal (32,33). Analysis of TCGA data revealed that MANCR expression is higher in
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ER- and PR- tumors (Fig 2A and B). We observed a similar trend in a panel of breast cancer
cell lines from the Cancer Cell Line Encyclopedia (CCLE); MANCR expression is higher in
basal breast cancer cell lines compared to non-basal cell lines (Fig 2C). Furthermore,
patients with high MANCR expression have a ten-year survival of 30% as compared to 59%
for patients with low MANCR expression (Fig 2D). The five-year survival is also
significantly decreased from 83% in patients with low expression to 66% in patients with
high expression. Consistent with decreased survival, the copy number variant analysis from
METABRIC revealed that patients with amplified MANCR have a higher Nottingham
Prognostic Index, indicating a worse prognosis (Fig 2E). Finally, patients with amplification
were also diagnosed at a younger age, a mean of 54 yr compared to 61.6 yr for patients with
diploid tumors (Fig 2F). Taken together, these data suggest that MANCR contributes to a
more aggressive disease phenotype in breast cancer patients.

MANCR alters cell survival

The high expression of MANCR in ER-/PR- patient samples and basal cell lines led us to
investigate whether MANCR is related to the aggressive cancer cell phenotype of the triple
negative MDA-MB-231 cells. We examined the function of MANCR in these cells by
knockdown using two custom designed, locked nucleic acid (LNA) modified anti-sense
oligonucleotides (ASO) targeting MANCR. The two ASOs consistently achieved greater
than 90% knockdown of MANCR expression at 24 hr after transfection when compared to
negative control (Control ASO) by both RT-gPCR (Fig 3A) and RNA-FISH (Supplemental
Fig S1A). The knockdown was maintained at 48 hr after transfection (Supplemental Fig
S1B). Depletion of MANCR caused a decrease in the growth rate of MDA-MB-231 cells as
compared to controls by 24 hr after transfection, and a further decrease was observed at 48
hr (Fig 3B). We also saw an increase in cell death as confirmed by western blot for cleaved
caspase 3 (a marker of apoptosis). Cells with knock down of MANCR by ASO_2 expressed
higher protein levels of cleaved caspase 3 (CC3) than control cells at 24 hours (Fig 3C).
Combined, these results suggest that MANCR affects growth and survival of MDA-MB-231
cells.

A possible cause for increased cell death is DNA damage that cannot be resolved.
Aggressive breast cancer typically has genomic instability with a basal level of DNA
damage (35). We evaluated double strand breaks (DSBs) by immunostaining for yH2AX,
the phosphorylated form of histone H2AX that marks DSBs, and 53BP1 which is required
for the DNA damage response. By 24 hr, MANCR knockdown cells showed increases in
both yH2AX and 53BP1 compared to control cells, indicative of increased DSBs (Fig 3D
and E). yH2AX foci persisted in ~60% of mitotic cells in the knockdown conditions
compared to ~35% of mitotic cells in the control (Fig 3F), suggestive of defective DNA
repair and loss of the G2/M checkpoint.

Depletion of MANCR affects expression of key cell cycle regulators

To investigate the global effect of MANCR on gene expression, we performed transcriptome
profiling after MANCR knockdown with ASO_2 in MDA-MB-231 cells. We found 2493
genes with a =1.5-fold difference in expression in cells treated with MANCR ASO_2 versus
Control ASO (Fig 4A). Of these, 980 mMRNAs were upregulated and 1240 were
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downregulated (blue); 156 IncRNAs were upregulated and 117 were downregulated (red).
As expected, MANCR was the most downregulated gene after knockdown. A panel of genes
was validated for expression by RT-qPCR following knockdown with MANCR ASO _1 or
ASO_2 (Supplemental Fig S2A-C). Gene Set Enrichment Analysis (GSEA) of protein
coding genes revealed several biological processes that were affected by MANCR depletion.
Using a stringent false discovery rate (FDR) cutoff of <5%, the upregulated genes were not
significantly enriched for any gene sets; whereas the downregulated genes were enriched in
88 gene sets (Supplemental Table 2). In genes downregulated by MANCR depletion, the top
20 enriched biological processes were mainly related to mitosis (Fig 4B). These results are
consistent with the decreased cell proliferation and survival that we observed after MANCR
knockdown (Fig 3).

MANCR expression is increased in aggressive tumors compared to normal tissue or more
benign tumors (Fig 2), and its depletion causes significant gene expression changes.
Therefore, we examined whether MANCR supports an aggressive breast cancer phenotype
by determining if depletion of MANCR returns MDA-MB-231 cells to a more normal-like
profile. Gene expression changes after MANCR knockdown in MDA-MB-231 were
compared to those between MDA-MB-231 and the normal-like MCF-10A cells (Fig 4C).
Many of the genes that were more highly expressed in MCF-10A than in MDA-MB-231
cells were also upregulated by MANCR knockdown in MDA-MB-231 cells (42%).
Likewise, 40% of the genes that were downregulated by MANCR knockdown had lower
expression levels in MCF-10A than in MDA-MB-231 cells (Fig 4C).

Many more genes were differentially expressed between MCF-10A and MDA-MB-231 cells
than between MANCR knockdown and control cells. However, when gene ontologies of the
differentially expressed genes were compared between the two groups, there was remarkable
overlap of the most significantly enriched gene sets from each group (Supplemental Fig S3
and Supplemental Table 2). Notably, nearly all of the overlapping gene sets were related to
cell cycle, and similar gene expression changes occurred. For example, many of the genes in
the “regulation of chromosome segregation” and “DNA packaging” gene expression sets had
decreased expression levels in both MANCR ASO_2 and MCF-10A cells compared to
Control ASO and MDA-MB-231 cells (Fig 4D). These data suggest that MANCR is
involved in aberrant cell cycle regulation that drives tumor growth.

MANCR expression is periodic and its depletion causes cytokinesis defects

Deregulated cell cycle and growth are hallmarks of tumorigenesis (36). Several INcRNAs,
such as MALAT1, H19, and IncRNA-RoR, have been associated with cell cycle regulation
(37-39). Many genes, including IncRNAs, that are involved in cell cycle regulation have a
periodic expression pattern (40,41). MDA-MB-231 cells were synchronized and RT-gPCR
analysis confirmed that MANCR RNA levels oscillate during the cell cycle. We observed
high levels at 0 hr after release from synchronization (prometaphase) that decreased by 6 hr
after release (G1) and then steadily increased (Fig 5A) as the cells progressed through the
cell cycle (Fig 5B). In addition, RNA-FISH of MDA-MB-231 cells revealed that MANCR
RNA is variable in the cell population; interphase cells had the lowest expression while early
mitotic cells had the highest expression (Fig 5C). The localization of MANCR was also cell
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cycle dependent. It was mostly cytoplasmic in interphase cells; but primarily localized to
chromatin in mitotic cells (Fig 5D and E).

Our GSEA results implicating MANCR in cell cycle control (Fig 4) and its increased
expression in mitotic cells (Fig 5) led us to investigate whether MANCR knockdown affects
cell cycle. This was tested by flow cytometric analysis for DNA content of nocodazole
synchronized cells after MANCR knockdown (Fig 6A). At 0 hr after release from
nocodazole, the Control ASO and MANCR ASO 1 cells were arrested at G2/M. In contrast,
ASO_2 cells were only partially blocked at O hr, with populations in both G1 and G2/M.
This result indicates that a subset of cells escaped the nocodazole block, suggesting a
defective spindle assembly checkpoint. By 6 hr after release, ASO_1 cells had an increased
G2/M population compared to Control ASO cells indicating a delay in mitotic progression.
In addition, MANCR-depleted (ASO_1 and ASO_2) cells had a smaller G1 population at 6
hr after release, again indicating a delay in progression. Knockdown with either ASO_1 or
ASO_2 resulted in an increased sub-G1 population relative to control that continued to
accumulate over 24 hr (Supplemental Fig S4A). This result is consistent with the observed
decrease in cell survival (Fig 3).

Since MANCR knockdown had an apparent effect on mitosis, we determined the mitotic
index of MANCR-depleted cells by staining for Pl and histone H3 serine 28 phosphorylation
(H3pSer28), a mitotic marker. We observed a significant decrease in the percentage of M-
phase cells after ASO-mediated knockdown of MANCR, from 1.38% in control cells, to
0.92% and 0.56% for ASO_1 and ASO_2, respectively (Fig 6B and C). Taken together,
these results indicate that MANCR is necessary for proper cell cycle control.

The observed decrease in mitotic cells following MANCR knockdown prompted us to
investigate what mitotic stage MANCR depletion was affecting. We performed live cell
imaging in MDA-MB-231 cells following MANCR knockdown with a focus on mitotic cells
(Supplemental Videos 1 and 2). While we did not observe a difference in the time from
nuclear envelope break down (NEBD) to anaphase onset between control and MANCR
knock down cells (Supplemental Fig S4B and C), there was a significant decrease in the
percent of mitotic cells that completed cytokinesis upon MANCR knock down (Fig 6D and
E). In figure 6D, video stills from live cell imaging demonstrate normal cytokinesis in
control cells and defective cytokinesis in MANCR knockdown cells. Furrow ingression is
marked as time 0. At 44 min, two daughter cells have formed in both the control and
knockdown conditions. By 88 min, the daughter cells in the control condition have both
spread onto the plate and the midbody is clearly visible; the control cells continue to
separate and complete abscission at 176 min. In contrast, the daughter cells in the MANCR
knockdown condition have fused by 88 min, resulting in a binucleate cell. This result
indicates that MANCR depletion negatively affects cytokinesis in MDA-MB-231 cells.

Discussion

The association of INcCRNAs with cancer progression has revealed novel mechanisms of
dysregulation and consequences in cancer cells. Here, we describe a previously
uncharacterized INcRNA, MANCR, that is upregulated in triple negative breast cancer cells
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and affects cell cycle and survival. The key findings of our characterization of MANCR are
related to an aggressive breast cancer phenotype and significantly reduced patient survival.
We show that MANCR is highly expressed in TNBC cells with an exceptionally intense
staining by RNA-FISH in mitotic cells. Insights into MANCR's mechanisms were
established by its depletion in MDA-MB-231 cells that resulted in inhibited growth,
increased cell death and DNA damage, significant changes in expression of cell cycle
regulators, and defective cytokinesis. We conclude from these findings that the abnormal
expression of MANCR in aggressive breast cancer cells contributes to the dysregulated
cancer phenotype.

The cellular localization of INcCRNAS has been related to function (42). RNA-CISH and
RNA-FISH revealed that MANCR localized to both the cytoplasm and chromatin; however,
the ratio of localization depended on the cell cycle phase with a higher percentage of
MANCR associating with chromatin during mitosis. Our observation of increased RNA
levels in mitotic cells suggested a functional property of MANCR in cell division. This
prediction was validated by time-lapse imaging of live MANCR-depleted cells that revealed
defects in completing mitosis. These cells attempted to produce daughter cells, but defects in
cell division resulted in multi-nucleated cells, cell death, or mitotic exit. Indeed our
transcriptome analysis from knockdown of MANCR informed genes and pathways
contributing to the observed defects in cell division. It is important to note that while the
gene expression changes identified by RNA-seq reflected alterations to the cell cycle, it
remains unclear whether the changes were a direct consequence of MANCR depletion or
due to cell cycle arrest. Further studies are needed to investigate the potential role of
MANCR in the regulation of genes related to cell cycle.

The GSEA of biological processes affected by MANCR depletion revealed several
interesting results. There was more significant enrichment of gene sets that were
downregulated by MANCR depletion than upregulated. This may indicate that MANCR
functions primarily as an activator of gene expression. The enrichment of gene sets related to
biological processes such as chromatin remodeling and spindle assembly suggests a possible
role for MANCR during late interphase/ early mitosis. Consistent with a possible defect in
the spindle assembly checkpoint (SAC), when treated with nocodazole, a smaller population
of MANCR ASO_2-depleted cells arrested in G2/M compared to control (Fig 6). However,
there was no effect on the time between nuclear envelope breakdown and anaphase onset in
MANCR-depleted cells (Supplemental Fig S4), suggestive of incomplete disruption of the
SAC. Recently, it has been reported that two pathways, KNL1-Bubs and RZZ, function in
parallel to activate the SAC (43). MANCR depletion could affect one of these arms to
partially disrupt the SAC.

Biological processes related to DNA repair were also significantly enriched in genes
downregulated by MANCR-depletion. This is consistent with the increased DNA damage
that we observed following MANCR knockdown (Fig 3) which may be related to the
mutated status of p53 in MDA-MB-231 cells (44). Absence of functional p53 would allow
MANCR-depleted cells with increased DNA damage to bypass the normal cell cycle
checkpoints, leading to ever increasing genomic instability and eventual cell death.

Mol Cancer Res. Author manuscript; available in PMC 2019 April 01.
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The most significantly enriched gene sets were almost exclusively related to cell cycle. The
top four enriched gene sets all associated with chromosome segregation, suggesting
MANCR involvement in this biological process. Failures in chromosome segregation during
anaphase lead to DNA damage, formation of chromatin bridges, and defective cytokinesis
(45). Our identification of increased DNA damage markers (Fig 3) and cytokinesis defects
(Fig 6) following MANCR depletion supports a possible role for MANCR in chromosome
segregation.

In conclusion, our results indicate that the previously uncharacterized IncRNA, MANCR
(LINCO00704), affects genomic stability and cell cycle progression in aggressive breast
cancer cells as demonstrated by increased DNA damage, gene expression changes, and cell
division defects upon MANCR depletion. Importantly, our /in silico analysis of breast cancer
patient data revealed that MANCR is clinically relevant. This finding is consistent with a
previous study that identified MANCR in a signature of 9 upregulated IncRNAs with
prognostic potential for breast cancer relapse (46); however, Liu et al did not functionally
characterize MANCR. As it appears to support cell survival, MANCR has the potential to be
a novel therapeutic target. According to data from the Genotype-Tissue Expression (GTEX)
Project, MANCR expression is very low in most normal tissues with the exception of the
spleen. Thus, MANCR may be a promising target in aggressive breast cancer, as inhibition
would likely have limited side effects.
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Figure 1. MANCR expression isincreased in MDA-M B-231 cells
A) Log2 values of DESeqg2 normalized counts of MANCR from RNA-seq in MCF-10A,

MCF-7, and MDA-MB-231 cells. Data are presented as mean + S.E. Statistical significance
was determined using one-way ANOVA with multiple comparisons. ****p<0.0001. B)
MANCR expression by RT-gPCR in three breast cell lines, MCF-10A (normal-like), MCF-7
(luminal), and MDA-MB-231 (basal), n=3. MANCR expression is relative to GAPDH and
ACTB. Data are presented as mean + S.E. Statistical significance was determined using one-
way ANOVA with multiple comparisons. ****p<0.0001. C) Representative images from
RNA-CISH of MANCR in MCF-10A (left panel) and MDA-MB-231 cells (right panel).
Brown spots indicate expressed RNA, cells are counterstained with hematoxylin. Scale bars
represent 5 um. D) UCSC genome browser tracks (genome build hg38) of RNA-seq and
H3K4me3, H3K4ac, and H3K27ac ChlP-seq peaks across the MANCR gene locus in
MCF-10A, MCF-7, and MDA-MB-231 cells. The scale for the RNA-seq tracks is 0-50 reads
per million, purple bars indicate peaks that go beyond the scale. The scale for all ChlP-seq
tracks is 0-2 log10 enrichment. MANCR is located at Chr10 p15.1 (indicated by the red bar
on the chromosome ideogram) on the negative strand; the depicted tracks have been flipped
to read left to right.
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Figure 2. High levels of MANCR are associated with a poor prognosisin breast cancer patients
A,B) Log2 expression levels of MANCR by RNA-seq in TCGA breast cancer patient

samples separated according to (A) estrogen receptor (ER) status; positive n=530, negative
n=144; or (B) progesterone receptor (PR) status; positive n=463, negative n=214. Data are
presented as median, interquartile range (IQR), and + 1.51QR. Statistical significance was
determined using unpaired t-test. ****p<0.0001. C) Log?2 expression levels by RNA-seq of
MANCR in Cancer Cell Line Encyclopedia (CCLE) breast cancer cell lines that have been
identified as either non-basal or basal. Data are presented as median, IQR, and + 1.5I1QR.
Statistical significance was determined using unpaired t-test. **p<0.01. D) Kaplan-Meier
curve of ten-year survival data for breast cancer patients stratified by MANCR expression;
56 patients with high expression and 904 patients with low expression. Statistical
significance was determined using log-rank test. **p<0.01. E,F) Nottingham Prognostic
Index (E) and age at diagnosis (F) in METABRIC breast cancer patient samples categorized
by their MANCR copy number variation; deletion n=116, diploid n=1481, amplification
n=91. Data are presented as median, IQR, and £ 1.5IQR. Statistical significance was
determined using one-way ANOVA with multiple comparisons. *p<0.05, ****p<0.0001.
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Figure 3. MANCR depletion affects cell survival
A) MDA-MB-231 cells transfected with control ASO or an ASO directed against MANCR

(MANCR ASO _1 or ASO_2) were analyzed for MANCR expression by RT-qPCR, 24 hr
after transfection, n=3. MANCR expression is relative to GAPDH and ACTB. Data are
presented as mean + S.E. Statistical significance was determined using one-way ANOVA
with multiple comparisons. ***p<0.001. B) Proliferation curves of MDA-MB-231 cells with
control ASO or ASO-mediated knockdown of MANCR. Data are presented as mean + S.E.
Statistical significance was determined using two-way ANOVA with multiple comparisons.
****n<0.0001. C) Western blot analysis of cleaved caspase 3 (CC3) protein expression in
cell lysates from MDA-MB-231 cells 24 hr after transfection with control ASO or ASOs
targeting MANCR. D) Immunofluorescence microscopy of MDA-MB-231 cells 24 hr after
transfection with control ASO (left panels) or MANCR ASO (middle and right panels).
53BP1 (green), y-H2AX (red), nuclei were counterstained with DAPI (blue). Mitotic cells
are indicated by a white asterisk. Scale bars represent 20 um. E) Quantification of cells
(n>400) positive for y-H2AX and 53BP1 from 2 experiments. Statistical significance was
determined using a chi-square test. ***p<0.001, ****p<0.0001. F) Quantification of mitotic
cells with persistent y-H2AX staining in control ASO (n=120), MANCR ASO_1 (n=120)
and ASO_2 (n=120) from 2 experiments. Statistical significance was determined using a
chi-square test. ***p<0.001, ****p<0.0001.
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Figure 4. Depletion of MANCR affects gene expression
A) MA plot displaying differentially expressed mRNAs (blue circles) and IncRNAs (red

circles) in MDA-MB-231 with MANCR knockdown (MANCR ASO_2) compared to
control MDA-MB-231 cells (Control ASO); gray dots represent genes that did not make the
fold change (=1.5) or p-value (<0.05) cutoffs. Data is from three biological replicates. B)
Top 20 gene sets and their normalized enrichment scores (NES) from gene set enrichment
analysis of differentially expressed mRNAs using the Molecular Signatures Database
(MSigDB) Hallmark gene sets. C) The number of genes with either increased (upper panel)
or decreased (lower panel) expression (fold change =1.5) in both MANCR ASO_2 vs
Control and MCF-10A vs MDA-MB-231 cells. D) Heatmaps showing the expression of the
79 genes (rows) in the MSigDB “Biological Processes: Regulation of Chromosome
Segregation” gene set (left panel) and the 136 genes in the “Biological Processes: DNA
Packaging” gene set (right panel) for MDA-MB-231, Control ASO, MANCR ASO _2, and
MCF-10A cells (columns). The color scale of the heatmaps represents the relative
expression of each gene.
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every 6 hr after release from an 18 hr nocodazole block. 0 hr is at release, n=3. Data are
presented as mean + S.E. Statistical significance was determined using one-way ANOVA

with multiple comparisons. *p<0.05. B) Representative cell cycle distribution of
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synchronized MDA-MB-231 cells in A. C) Confocal microscopy slices (0.39 um) from
RNA-FISH for MANCR expression in interphase and mitotic (yellow stars) MDA-MB-231
cells. MANCR (white), DAPI (blue). Scale bars represent 5 um. D,E) Quantification of
FISH puncta per cell (D) and FISH puncta per chromatin (E) in interphase (n=283) and
mitotic (n=21) cells pooled from 3 experiments. Data are presented as median, IQR, and

+ 1.5IQR. Statistical significance was determined using unpaired t-test. ****p<0.0001.
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Figure 6. MANCR depletion causes cytokinesis defects
A) Representative cell cycle distribution of Control and MANCR-depleted cells that were

synchronized 18 hr after transfection, then fixed and stained with P1 every 6 hr after release
from an 18 hr nocodazole block. 0 hr (left) is at release (36 hr after transfection). B) Flow
cytometry of control and MANCR-depleted cells that were fixed 48 hr after transfection and
stained for phosphohistone H3 (H3S28p) and propidium iodide (PI). Boxed area indicates
the mitotic cell population. C) Quantification of mitotic indexing in B, n=3. Data are
presented as mean + S.E. Statistical significance was determined using one-way ANOVA
with multiple comparisons. *p<0.05, **p<0.01. D) Control and MANCR depleted cells were
imaged by differential interference contrast microscopy over a 16 hr period. Time 0 min is at
furrow ingression. White dashed lines outline dividing cells. Black arrowheads highlight
midbody. Scale bars represent 10 um. E) Distribution of the time from furrow ingression to
complete abscission in control (n=54) and MANCR-depleted (n=62) cells from 2
transfections. Statistical significance was determined using log-rank test. **p<0.01.
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