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ABSTRACT 
A significant number of the genetic alterations observed in cancer patients lie within nonprotein-cod
ing segments of the genome, including regions coding for long noncoding RNAs (lncRNAs). LncRNAs 
display aberrant expression in breast cancer (BrCa), but the functional implications of this altered 
expression remain to be elucidated. By performing transcriptome screen in a triple negative BrCa 
(TNBC) isogenic 2D and 3D spheroid model, we observed aberrant expression of >1000 lncRNAs during 
BrCa progression. The chromatin-associated lncRNA MANCR shows elevated expression in metastatic 
TNBC. MANCR is upregulated in response to cellular stress and modulates DNA repair and cell prolifer
ation. MANCR promotes metastasis as MANCR-depleted cells show reduced cell migration, invasion, 
and wound healing in vitro, and reduced metastatic lung colonization in xenograft experiments 
in vivo. Transcriptome analyses reveal that MANCR modulates expression and pre-mRNA splicing of 
genes, controlling DNA repair and checkpoint response. MANCR promotes the transcription of NET1A, a 
Rho-GEF that regulates DNA damage checkpoint and metastatic processes in cis, by differential pro
moter usage. Experiments suggest that MANCR regulates the expression of cancer-associated genes by 
modulating the association of various transcription factors and RNA-binding proteins. Our results identi
fied the metastasis-promoting activities of MANCR in TNBC by cis-regulation of gene expression.

ARTICLE HISTORY 
Received 21 March 2024 
Revised 8 July 2024 
Accepted 12 July 2024 

KEYWORDS 
lncRNA; cell cycle; NET1; 
hnRNP L; breast cancer   

Introduction

Breast cancer (BrCa) ranks as the second most prevalent 
cancer among women in the United States and stands as a 
significant contributor to mortality worldwide. BrCa is a 
heterogenous disease, which is categorized into various 
molecular sub-types.1 Each subtype exhibits unique clinical 
behaviors, distinct therapeutic responses, and varying expres
sions of receptors, including estrogen receptor (ER), proges
terone receptor (PR), and human epidermal growth factor 2 
(HER2) receptor. BrCa is classified into various molecular sub
types: luminal A (ER-positive and PR-positive, HER2-negative), 
luminal B (ER-positive and PR-positive and HER2-positive or 
negative), HER2-positive (ER − ve, PR − ve, HER2 þve), and 
triple negative BrCa (TNBC: ER/PR/HER2 negative).1 TNBC 

presents the worst clinical outcome due to poor response to 
hormone-targeted therapies, disease heterogeneity, and 
chemotherapy resistance. Thus, there is an urgent need to 
understand the biology of TNBC to identify suitable prognos
tic and diagnostic markers.

Gene expression studies in BrCa patient samples reported 
differential expression of a significant number of genes, con
trolling key cellular pathways during cancer progression and 
metastasis. Mechanistic studies revealed that such genes con
tribute to the disease phenotype. Approximately 2% of the 
human genome is dedicated to protein-coding sequences, 
while a significant portion, around 70–80%, is transcribed 
into noncoding transcripts.2 Interestingly, most germline 
mutations associated with susceptibility to cancers are found 
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in noncoding regions of the genome, including gene regula
tory elements, as well as within noncoding RNA (ncRNA) 
genes.3,4 Long noncoding RNAs, ncRNAs of > 300 nucleoti
des in length, comprise the least studied but most complex 
group of ncRNAs.5 The lncRNAs engage in diverse functions, 
show differential abundance, interact with different subsets 
of proteins, and regulate their activity.5 The human genome 
is estimated to code for > 19,000 lncRNA genes (https:// 
www.gencodegenes.org). A significant number of these 
lncRNAs show altered expression in BrCa patient samples and 
are associated with specific BrCa properties such as chemore
sistance.6 However, very little is known about the molecular 
function of lncRNAs and their involvement in BrCa progres
sion and metastasis. Mechanistic studies on a handful of 
lncRNAs reveal they play central roles in BrCa disease path
ology. For example, the oncogenic lncRNA, HOTAIR, represses 
the expression of protein-coding genes by modulating the 
epigenetic landscape.7 We and others8 have demonstrated 
that MALAT1 lncRNA regulates BrCa progression and metas
tasis by modulating transcription and RNA processing.9 The 
natural antisense lncRNA, PDCD4-AS1, prevents TNBC pro
gression by enhancing the expression of the tumor suppres
sor PDCD4.10 Furthermore, lnc02095 promotes TNBC 
progression by enhancing the expression of the oncogenic 
transcription factor, Sox9.11 Finally, studies from the Spector 
laboratory demonstrated key roles played by several lncRNAs, 
such as MaTARs, in BrCa progression and metastasis.12,13

Simple “petri-dish”-based monolayer 2D cell cultures per
sist as the predominant in vitro model for comprehending 
cancer cell biology, owing to their superior accessibility, cost- 
effectiveness, and user-friendly nature, notwithstanding 
acknowledged limitations.14,15 Over the last decade, several 
3D (spheroid and organoid) cell culture models have been 
developed, which better recapitulate the complexity 
observed under physiological conditions compared to 2D cul
tures.16,17 Spheroids are 3D structures formed typically of one 
cell type, aggregating, and growing together. Studies using 
several spheroid tumor models revealed that they better 
reproduce tumor properties, such as heterogeneous cellular 
architecture, cellular signaling, establishment of gradients of 
metabolites, nutrients within the tumor,16–18 resistance to 
chemotherapy and tumor-specific gene expression. Thus, 
comparing 2D and 3D cultures may provide unique vulner
abilities for therapeutic targeting.

Breast carcinoma progresses by sequential genetic modifi
cations of benign hyperplasia of mammary duct epithelial 
cells. This ultimately develops into invasive tumors, which 
metastasize into distant organs. To comprehend the biology 
of lncRNAs during BrCa progression, we performed deep- 
transcriptome analyses on an established isogenic mammary 
epithelial cell-line-derived TNBC progression model system. 
RNA-seq analyses from cells grown under 2D, and 3D sphe
roids identified a sub-set of lncRNAs whose aberrant expres
sion were associated with TNBC and metastasis. Further, 
studies on one such lncRNA, LINC00704 or MANCR (mitoti
cally associated lncRNA), revealed its involvement in cell cycle 
progression and metastasis. Several earlier studies reported 
elevated MANCR levels in TNBC patient and cell lines com
pared to normal tissues.19,20 MANCR promoted cancer cell 

proliferation, including in breast, lung and liver cancers,20–25

and its expression is linked to genome stability.20,25,26

However, our results indicate that in TNBC cells, MANCR 
inhibits cell proliferation, but at the same time promotes can
cer cell metastasis. At the mechanistic level, MANCR pro
motes the transcription of NET1A, a Rho-GEF, and a regulator 
of DNA damage checkpoint and metastasis, in cis by differen
tial promoter usage. Hence, our findings unearth MANCR’s 
role in promoting metastasis through its regulation of gene 
expression in cis.

Results

MANCR lncRNA is preferentially upregulated in TNBC 
cells

The stages of cancer underlie the manifestation of differential 
gene expression and downstream signaling pathways. These 
processes are responsible for the sequential evolution of can
cer cells from benign to malignant, enabling further metasta
sis in different organs. To understand the role of lncRNAs in 
basal-like/TNBC BrCa progression, we used a well-established 
isogenic BrCa progression model system described previ
ously.27–29 This model system consists of a series of cell lines, 
namely M1 (nontumorigenic and immortalized MCF10A), M2 
(MCF10AT1k.cl2), M3 (MCF10Ca1h), and M4 (MCF10CA1a.cl1) 
(Figure 1A). M2 cells were generated by stable expression of 
the oncogenic T24-HRas mutant in M1 cells, followed by 
xenografting in nude mice. M2 cells are hyperproliferative 
and form benign hyperplastic lesions, occasionally forming 
carcinomas in nude mice. M3 (MCF10Ca1h) and M4 
(MCF10Ca1a.cl1) cells were derived from the carcinomas aris
ing from the M2 xenografts. Importantly, M3 cells form well- 
differentiated low-grade carcinomas with low metastatic 
potential in nude mice. Conversely, M4 cells generate undif
ferentiated carcinomas and metastasize into distant organs 
such as the lungs. Thus, these lines resemble critical steps of 
basal-like/TNBC progression and metastasis. In addition, the 
common genetic background reduces the possibility of gen
etic variation responsible for differential gene expression.10

Utilizing this model system, we have previously demon
strated the role of several genes in TNBC progression and 
metastasis.8,10,11,29 M1, M2, and M3 cells grown under 3D 
conditions in Matrigel for 10–14 days formed acini-like struc
tures which, in vivo, morphologically, and phenotypically 
resemble acini of breast glands (Figure 1A). Due to their 
highly invasive nature, M4 cells failed to form distinct sphe
roids after 10–14 days. To identify genes, including lncRNAs, 
controlling BrCa progression and metastasis, we performed 
genome-wide transcriptome analyses of cells cultured under 
2D and 3D conditions10 (Supplementary Figure 1Aa and b). 
Deep RNA-seq analyses (> 200 million reads/sample in bio
logical duplicates) revealed differential expression (0.05 FDR; 
the absolute value of fold change > 2), of > 3000 genes in 
the tumorigenic M3 or metastatic M4 cells compared to M1 
cells, grown under both 2D (M1 vs M3: 2492 upregulated, 
1425 downregulated genes; M1 vs M4: 3353 upregulated, 
1928 downregulated genes) (Supplementary Figure 1B and 
Supplementary Table 1) and 3D conditions (M1 vs M3: 1832 
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Figure 1. LncRNAs show differential expression in 2D and 3D grown TNBC isogenic cells. (A) Flow chart showing the method of generating M1-M4 cell lines. 
(B) Heatmap of differentially expressed genes of M1, M3 and M4 in 3D culture identified by RNA-seq. (C) Disease enrichment analysis of differentially expressed 
genes in M4 (compared to M1) in 3D culture using DisGeNET (http://www.disgenet.org/). (D) Biological process of differentially expressed genes in M4 (compared to 
M1) in 3D culture identified through gene ontology (GO). (E) Heatmap of differentially expressed lncRNAs of M1, M3 and M4 in 3D culture, identified by RNA-seq. 
(F) Venn diagram showing the overlap of differentially expressed lncRNAs in TNBC human samples (compared to normal tissue) and M4 (compared to M1 cell line). 
(G) Heatmap showing the relative expression of M4 up regulated lncRNAs (3D culture) in TNBC tumor tissue samples and adjacent normal tissues. The arrow indi
cates MANCR relative expression levels in TNBC patient samples.
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upregulated, 1515 downregulated genes; M1 vs M4: 2026 
upregulated, 2477 downregulated genes) (Figure 1B). We 
observed a distinct and nonoverlapping subset of genes, 
which displayed elevated expression in M3 (2D: 832 genes; 
3D: 777 genes) or M4 (2D:1693 genes; 3D: 971 genes) cells 
(Figure 1B, Supplementary Figure 1B and Supplementary 
Table 1), indicating that these subsets of genes contribute to 
BrCa progression and metastasis in M3 and M4 cells respect
ively. To assess the impact of growth conditions on gene 
expression, we compared the gene expression changes in 
cells cultured under 2D and 3D conditions. Pertinently, we 
observed only a small but significant overlap of genes that 
showed concordant differential expression both under 2D 
and 3D conditions (M1 vs M3: 932 genes; M1 vs M4: 1295 
genes) (Supplementary Figure 1C and D), implying that cul
ture conditions influence gene expression. Moreover, upon 
conducting gene ontology and disease enrichment analyses 
on differentially expressed genes in spheroid-cultured M3 or 
M4 cells, we observed enrichments in several cancer proc
esses, such as basal-like breast carcinoma, noninfiltrating 
intraductal carcinoma, lymphatic metastasis, and invasive car
cinoma of the breast. In addition, cancer-relevant biological 
processes such as wound healing and mitotic cell-cycle 
checkpoints were identified as enriched processes (Figure 1C 
and D; Supplementary Figure 1E and F).

Next, we focused our efforts on identifying lncRNAs exhib
iting differential expression under both 2D and 3D grown M3 
and M4 cells, compared to nontumorigenic M1 cells. 
Differential expression of > 1000 lncRNAs was observed (2D: 
M1 vs M3: 473 upregulated, 328 downregulated; M1 vs M4: 
874 upregulated, 295 downregulated) (3D: M1 vs M3: 216 
upregulated, 343 downregulated; M1 vs M4: 316 upregulated, 
442 downregulated) (Figure 1E and Supplementary Figure 
1G). Approximately two hundred lncRNA genes showed con
cordant changes in expression between 2D and 3D-grown 
M4 cells compared to M1 (Supplementary Figure 1H). We 
observed that 168 (of 199) lncRNAs showed concordant dif
ferential expression in both M4 cells and TNBC patient sam
ples (Figure 1F), compared to M1 and normal mammary 
tissues. We observed 98 lncRNAs showed concordant upregu
lation in M4 cells and human TNBC tumors, whereas 26 of 
them showed elevated expression only in M4 cells but dis
played reduced expression in TNBC patient samples (Figure 
1G). Thus, our genome-wide transcriptome analyses using the 
TNBC mammary epithelial isogenic cancer model system 
identified hundreds of uncharacterized lncRNAs, which are 
possibly critical for TNBC progression and metastasis.

MANCR is overexpressed in TNBC

We focused on a candidate intergenic lncRNA, MANCR 
(LINC00704), which showed elevated expression in both 2D 
and 3D-grown M4 cells compared to M1. Similarly, MANCR 
exhibited elevated expression in TNBC patients compared to 
normal tissues (Figure 1G).19,20 MANCR was previously identi
fied as a lncRNA upregulated in basal-like/TNBC BrCa patient 
samples and cells.19,20 Earlier studies reported MANCR to pro
mote cell proliferation in several cancer models, including 

BrCa,20–25 and its expression is linked to cell viability and 
genomic stability.20,25,26 However, the exact role of MANCR in 
cancer progression is yet to be determined. MANCR is a 
multi-exonic transcript (four exons) and is highly expressed in 
M4 cells compared to M1, M2, and M3 cell lines (Figure 2A). 
RT-qPCR data exhibited a progressive elevation in MANCR 
RNA levels from M1 to M4, demonstrating an 80-fold increase 
in MANCR levels in M4 compared to M1 (Figure 2B). In gen
eral, basal-like/TNBC BrCa cell lines (M2, M3, M4, Hs578T, 
BT549, MDA-MB-231 & MDA-MB-468) show elevated MANCR 
levels compared to BrCa cells from luminal and HER2 þ ve 
subtypes (Supplementary Figure 2A). In addition, body map 
data from UCSC showed elevated levels of MANCR in organs 
such as the breast and spleen (Supplementary Figure 2B). RT- 
qPCR also confirmed elevated levels of MANCR in spleen and 
breast tissues (Supplementary Figure 2C). Northern blotting 
revealed MANCR to be a �1.6 kb transcript in TNBC cells 
(Figure 2C). PhyloCSF, CPAT and Bazzini small ORFs algorithm 
predicted MANCR as a lncRNA (Supplementary Figure 2Da to 
c). Cell fractionation analyses revealed that �80% of MANCR 
localized in the nucleus where it predominantly associated 
with the chromatin (Figure 2D and Supplementary Figure 2E). 
LncATLAS data demonstrated nuclear localization of MANCR 
in multiple cell lines (Supplementary Figure 2F). Furthermore, 
single molecule fluorescent RNA in-situ hybridization 
(smFISH) in M4 and MDA-MB-231 interphase cells revealed 
MANCR to be predominantly localized in the nucleus. In add
ition, a significant fraction of MANCR was also distributed in 
the cytoplasm (Figure 1E and Supplementary Figure 2G). An 
earlier study reported MANCR to be enriched in the mitotic 
chromosomes in MDA-MB-231 cells. Hence, the gene was 
named as Mitotically associated lncRNA (MANCR)20. However, 
we did not see any enrichment of MANCR on the mitotic 
chromosomes of both M4 and MDA-MB-231 cells 
(Supplementary Figure 2H). Few of the MANCR þ ve foci in 
mitotic cells, in fact, localized in the cytoplasm surrounding 
the chromosomes. As observed by an RNA stability assay, 
MANCR is a stable transcript with a half-life of �4 h (Figure 
2F). M4 cells contain �230 copies of MANCR (Supplementary 
Figure 2I).

Aggressive BrCa subtypes, such as TNBC/basal-like BrCa, 
are characterized by higher levels of genomic instability.30,31

We tested whether MANCR levels are influenced by various 
cellular stress, such as DNA damage and hypoxia. We 
observed a significant increase in the levels of MANCR in M1 
and M4 cells treated with DNA damaging agent, hydroxyurea 
(HU), which depletes the cellular dNTPs pool by inhibiting 
ribonucleoside diphosphate reductase (Figure 2G and 
Supplementary Figure 2Ja). HU treatment for 24 h induces 
double-strand DNA breaks (DSBs) due to collapsed replication 
forks, and activates the cell-cycle checkpoint, as observed by 
increased levels of p21 and cH2AX (Supplementary Figure 
2Jb to d). Surprisingly, MANCR-induced in response to DNA 
damage in nontumorigenic M1 cells, were enriched in the 
cytoplasm as observed by smFISH (Supplementary Figure 2K). 
Mammary epithelial cells also showed enhanced expression 
of MANCR in response to hypoxia treatment (0.2% O2 for 
24 h) (Figure 2H). Our results show that MANCR is a chroma
tin-associated, stable lncRNA, which is highly expressed in 
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metastatic TNBC cells and induced in response to various 
cellular stress.

MANCR regulates cell proliferation and DNA damage 
response

Since MANCR overexpression in basal-like/TNBC patients is 
correlated with poor survival rate of patients,20 it is vital to 
investigate its role in cancer progression and metastasis. To 
this end, we generated a MANCR stable knockdown M4 cell 
line by using two different shRNAs targeting separate exons 
(Supplementary Figure 3A; sh1 and sh2). We observed 90% 
and 55% KD efficiency with shRNA1 (sh1) and shRNA2 (sh2), 
respectively, in M4 cells (Figure 3A). We also successfully 
depleted MANCR in M4 cells using CRISPRi-approach, in 
which cells stably expressing guide-RNA (targeting the pro
moter of MANCR) and dCas9-KRAB (ZIM3)32 reduced MANCR 
levels (Figure 3A). In contrary to what was reported earlier, 
the knockdown of MANCR in M4 cells, by both using shRNA 
and CRISPRi, led to a significant increase in long-term cell 
proliferation as observed by anchorage-dependent plastic 

colony formation assay for 14 days (Figure 3Ba and b and 
Supplementary Figure 3B). We then performed a rescue assay 
in which MANCR was stably induced under the control of 
doxycycline (DOX) in M4 cells lacking endogenous MANCR. 
MANCR-depleted cells overexpressing exogenous MANCR suc
cessfully rescued the hyperproliferation phenotype (Figure 
3C). Further, short-term cell proliferation assay (75–100 h) 
revealed that MANCR-depletion enhanced M4 cell prolifer
ation (Figure 3D). In contrast, stable overexpression of 
MANCR in M4 cells dramatically inhibited cell proliferation 
(Figure 3D). Finally, overexpression of MANCR in the M1 cells 
also reduced cell proliferation (Figure 3E and Supplementary 
Figure 3Ca and b). Our results suggest that MANCR plays a 
principal role in inhibiting cell proliferation. This contradicts 
results from a previous study, where the authors reported 
that the transient knock down of MANCR using LNA-modified 
antisense oligonucleotides in MDA-MB-231 cells reduced cell 
proliferation.20 We stably depleted MANCR in two other 
TNBC cell lines, including MDA-MB-231, and MDA-MB-468 
and determined the effect on cell proliferation. Similar to M4 
cells, MANCR-depleted MDA-MB-231 and MDA-MB-468 cells 

Figure 2. MANCR is a chromatin-enriched stress-responsive lncRNA with high expression in metastatic M4 cells. (A) MANCR RNA-seq peaks of M1/M3/M4 cell lines, 
transcription status and histone marker tracks (H3K4me1, H3K4me3, and H3K27ac) in various ENCODE cell lines shown in the UCSC genome browser. (B) MANCR lev
els in M1–M4 cell lines measured by RT-qPCR. (C) MANCR expression in M3, M4, and MDA-MB-231 cell lines detected by Northern blot. (D) Relative percentage of 
MANCR, GAPDH, and XIST lncRNA in M4 cytosol/nucleoplasm/chromatin fractions measured by RT-qPCR. (E) M4 MANCR localization in M4 wild-type and MANCR- 
depleted cells detected by single-molecule RNA-FISH (smRNA-FISH). DNA is counterstained with DAPI. Scale bar: 10 lm. (F) Half-life of MANCR in M4 cells measured 
by flavopiridol (1 M) treatment followed by RT-qPCR. Myc was used as a control with an already known half-life of 30 min. (G and H) Increased MANCR RNA level 
upon HU treatment (24 h) and release (G) and upon hypoxia (0.2% O2, 24 h) (H) in M1 cell line measured by RT-qPCR. Data were presented as mean ± SD. Statistical 
analysis was conducted using unpaired two-tailed t tests. Significance levels were denoted as follows: �P < 0.05, ��P < 0.01, ���P < 0.001, ����P < 0.0001. The 
same statistical approach was applied consistently across all panels if not specified.
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showed increased cell proliferation (Supplementary Figures 
3Da to c and 3Ea to c). Finally, we tested the involvement of 
MANCR in in vivo tumor formation by orthotopically trans
planting control and MANCR-depleted M4 cells into the 
mammary fat pads of nude mice and recorded the effect on 
tumor progression. Mice transplanted with MANCR-depleted 

M4 cells showed a significant increase in tumor size, further 
supporting the model that MANCR negatively regulates cell 
proliferation and tumor progression (Supplementary 
Figure 3F).

Given that cellular stress, such as DNA damage or hypoxia, 
induces MANCR levels and that MANCR levels impact cell 

Figure 3. MANCR is required for error-free cell cycle progression. (A) MANCR RNA level in M4 WT control, MANCR shRNA1/shRNA2 knockdown, and MANCR CRISPRi 
cell lines measured by RT-qPCR. (B) Long-term proliferation of M4 WT (control), MANCR shRNA1 knockdown (Ba) and MANCR CRISPRi (Bb) cells measured by anchor
age-dependent colony formation assay. (C) Long-term proliferation of WT (control), MANCR-depleted, and MANCR-rescued M4 cells measured by anchorage- 
dependent colony formation assay. (D) Proliferation curve of M4 WT, MANCR-depleted, and MANCR overexpressed M4 cells. Unpaired two-tail t tests were performed 
at the last time point. (E) Long-term proliferation of WT and MANCR overexpressed M1 cells measured by anchorage-dependent colony formation assay. (F) BrdU- 
PI-flow cytometry analyses in WT, shRNA1- (Fa) and CRISPRi-treated (Fb) M4 cells. 8000 cells from each sample are shown in scatter plots. (G) Cell cycle profiles of 
M4 WT/MANCR shRNA1-treated M4 cells measured by flow cytometry after 24 h 2 mM HU treatment and release for indicated time points (0 h–10 h). H. The expres
sion of proteins involved in cell cycle check point and DNA damage response after HU treatment in M4 WT/MANCR shRNA1-treated cells measured by Western blot. 
Data were presented as mean ± SD. Statistical analysis was conducted using unpaired two-tailed t tests. Significance levels were denoted as follows: �P < 0.05, 
��P < 0.01, ���P < 0.001, ����P < 0.0001.
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proliferation, we examined MANCR’s role in cell cycle pro
gression. BrdU-PI flow cytometry analyses revealed that 
MANCR-depleted M4 cells showed increased BrdU incorpor
ation, implying that more origins are firing, which leads to a 
faster S-phase progression (Figure 3Fa and b). Next, we 
treated control and MANCR-depleted M4 cells with 2 mM HU 
for 24 h to arrest them at the G1/S transition of the cell cycle. 
Control and MANCR-depleted cells released from HU arrest 
and release were checked for cell cycle progression using 
flow cytometry analyses. Compared to control M4 cells, 
MANCR-depleted cells post-HU arrest and release showed an 
increased population of cells stuck at the G1/S boundary and 
within S-phase (Figure 3G; see 4–8 h). Slowed/defective S- 
phase progression in cells released after DNA damage could 
be due to inefficient repair, leading to activated cell cycle 
checkpoint. Therefore, we assessed the levels of cell cycle 
checkpoint marker proteins in control and MANCR-depleted 
cells during post-DNA damage recovery. Immunoblot analy
ses showed the induction of known checkpoint proteins such 
as pChk2, pChk1, cH2AX, and p53 in both control and 
MANCR KD cells upon HU (0 h release) treatment and during 
initial stages of release (2 h post-release) (Figure 3H). Beyond 
4 h of release, the levels of pChk2, pChk1, yH2Ax, and p53 
started to decrease in control cells, implying efficient DNA 
repair (Figure 3H). However, MANCR-depleted cells continued 
to show increased levels of checkpoint proteins beyond 4 h 
of release (see 4 h, 6 h and 8 h release) (Figure 3H). The 
defects in cell cycle progression observed in MANCR-depleted 
cells post-DNA damage could be due to an inefficient DNA 
damage response (DDR). Our results indicate that under nor
mal circumstances, MANCR negatively regulates cell prolifer
ation. However, upon DNA damage, MANCR levels are 
induced for efficient DDR.

An earlier study reported that MANCR-depletion resulted 
in defective mitosis, especially during cytokinesis.20 PI-flow 
cytometry analyses in control and MANCR-depleted cells did 
not show significant change in the overall mitotic population 
(data not shown). Therefore, cells were stained with DAPI, 
and we calculated the percentage of mitotic cells in control 
and MANCR-depleted M4 cells. We observed a notable 
decrease in the percentage of mitotic cells when MANCR 
transcription was inhibited by CRISPRi approach, but not in 
the cells where MANCR RNA was depleted using shRNA 
(Supplementary Figure 3Ga). However, we did not see any 
significant differences in the percentage of specific sub- 
stages of the mitotic cell population upon MANCR depletion 
(Supplementary Figure 3Gb).

MANCR promotes BrCa cell metastasis

Since MANCR is overexpressed in metastatic BrCa cells, we 
determined whether MANCR plays any role in tumor invasion 
and metastasis. MANCR-depleted M4 cells showed a signifi
cant decrease in in vitro cell migration (Figure 4Aa and b) 
and invasion (Figure 4Ba and b) as observed by Boydon 
chamber migration and Matrigel invasion assays respectively. 
Live cell wound healing assay also revealed that MANCR- 
depleted MDA-MB-231 cells had reduced wound-healing 

ability over control cells (Figure 4Ca and b). Powered by 
actin polymerization, lamellipodia on the epithelial cell 
membrane play vital roles in promoting cell migration and 
invasion.33 Significantly, MANCR-depleted cells showed less 
prominent lamellipodia (Figure 4D: see arrow). MANCR- 
depleted cells also showed prominent actin stress fibers 
compared to control cells (Figure 4D). Earlier studies 
reported that actin stress fibers mitigate cell motility.34,35

Lack of lamellipodia and increased actin stress fibers in 
MANCR-depleted cells could be exerting a substantial influ
ence on reduced migration and invasion. Finally, we tested 
the role of MANCR in cancer cell colonization of lung meta
static site in a murine model. Control and MANCR-depleted 
M4 cells were tail-vein injected in nu/nu athymic mice, and 
their colonization in the lungs was assessed. Control M4 
cells showed prominent tumor nodules within the lungs, 
which were assessed visually upon necropsy (Figure 4Ea). 
MANCR-depleted cells result in decreased lung metastatic 
burden as determined by scoring visible tumors at nec
ropsy. These observations were confirmed by histology (rep
resentative micrographs shown in Figure 4Eb). The results 
from in vitro and in vivo experiments indicate a potentially 
pivotal role for MANCR lncRNA in promoting cancer cell 
invasiveness, migration, and metastasis.

MANCR regulates the expression of genes maintaining 
genome stability

MANCR is a chromatin-enriched lncRNA. Chromatin RNAs 
regulate gene expression in cis or trans by modulating tran
scription and RNA processing.5,36,37 Consequently, we sought 
to investigate whether MANCR regulated the expression of 
genes, controlling cell cycle and genome stability. Using 
RNA-seq of control and MANCR-depleted (shRNA and 
CRISPRi) M4 cells, we observed differential expression of sev
eral thousand genes upon MANCR depletion (Figure 5A and 
Supplementary Table 2). For example, MANCR knockdown 
cells, achieved through shRNA, exhibited the upregulation of 
2223 genes and the downregulation of 1626 genes (> 2-fold 
or more) (Supplementary Table 2). Cells depleted of MANCR 
using the CRISPRi approach displayed similar trends, showing 
upregulation and downregulation of 2569 and 1911 genes, 
respectively (Supplementary Table 2). We focused our efforts 
on the common subset of genes (2709 genes) that showed 
concordant expression changes in both MANCR sh and 
CRISPRi-treated cells. GO analyses revealed that they play cru
cial roles in several molecular processes (Figure 5B). The 
major node consisted of processes associated with DNA dou
ble-strand break repair, DNA replication, and cell cycle. The 
other node consisted of processes controlling mitosis, such 
as sister chromatid segregation, mitotic nuclear division, and 
kinetochore organization. The altered expression of DNA 
repair and cell cycle genes upon MANCR depletion may 
explain the aberrant cell cycle phenotype that we observed 
in MANCR-depleted cells.

To understand the interplay of MANCR and the patterns 
observed following its disruption, we explored the global dis
tribution of the common set of genes sensitive to MANCR sh 
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and CRISPRi-treated cells. Many chromatin lncRNAs regulate 
the expression of proximal genes in cis and usually exert 
cis-regulatory function by associating with the regulatory 
element of the gene.5,36,37 In general, lncRNAs and their cis- 
regulated genes exhibit a highly correlated expression pat
tern compared to unrelated genes.38 Therefore, we consid
ered whether MANCR-proximal genes are uniquely sensitive 
to the disruption in BrCa cells when compared against a gen
ome-wide survey of local gene dynamics following MANCR 
silencing. Here, local sensitivity scores were determined by 
comparing our observed MANCR-disrupted gene expression 
patterns against a randomization-based null distribution. This 
comparison was made using a sliding window approach with 
a window size of 1 megabase (Mb) and a step size of 5 kilo
bases (Kb). MANCR-sensitive gene “hotspots” were thereafter 
defined as any 1 Mb window (centered on 5 kb bins) with 
dynamic local gene expression patterns having a distribution 

false discovery rate (FDR) < 0.05 in MANCR-depleted cells 
(common gene sets identified by MANCR sh and CRISPRi- 
treated cells). By this approach, we found that all MANCR- 
sensitive gene hotspots reside in genomic intervals with 
patterns of concurrent downregulation across local genes 
(Figure 5Ca). Notably, of the three contiguous MANCR-sensi
tive gene hotspots predicted on chromosome 10, we found 
that the MANCR gene was located less than 400 Kb upstream 
from an annotated hotspot (Figure 5Cb). As a distribution, 
we noted that MANCR-sensitive hotspots tend to align with 
intervals characterized by high gene density. Hence, the likeli
hood of localization within or equidistant to a hotspot was 
not notably significant (P ¼ 0.10 Figure 5Ca and b). 
Nevertheless, this observation is meaningful and establishes a 
putative link between MANCR and its proximal gene neigh
borhood, consistent with the possibility of cis regulation as 
described for other lncRNAs.

Figure 4. MANCR promotes metastasis. (A) The representative migration image (Aa) and quantification (Ab) of M4 WT and MANCR-depleted M4 cells. (B) The repre
sentative invasion image (Ba) and quantification (Bb) of M4 WT and MANCR-depleted M4 cells. (C) The wound healing assay (Ca) and quantification (Cb) of MDA- 
MB-231 WT and MANCR-depleted cells. (D) Phalloidin-rhodamine staining of actin filament in M4 WT, MANCR-depleted (shRNA1 and CRISPRi) cells. Scale bar ¼

20 lm. Arrow designates lamellipodia in WT cells. (E) Resulting lung metastatic burden in animals injected with M4 WT and MANCR-depleted M4 cells. (Ea) 
Macrometastases that were visible were assessed at necropsy and scored based on number of visible metastases as follows: Score of 0 for no nodules, 1 for 1–3 
nodules, 2 for 4–6 nodules and 3 for 7–9 nodules. (Eb) Representative micrographs of lungs of mice grafted with control or MANCR-depleted M4 cells. Arrows show 
metastatic nodules. Scale bar ¼ 1 mm. Data were presented as mean ± SD. Statistical analysis was conducted using unpaired two-tailed t tests. Significance levels 
were denoted as follows: �P < 0.05, ��P < 0.01, ���P < 0.001, ����P < 0.0001. The same statistical approach was applied consistently across all panels if not 
specified.

MOLECULAR AND CELLULAR BIOLOGY 379



Figure 5. MANCR regulates cell cycle progression by modulating NET1A expression. (A) Heatmap showing differentially expressed genes in M4 WT, MANCR-depleted 
(shRNA1 and CRISPRi) M4 cells. (B) Biological process of commonly differentially expressed genes in MANCR-depleted M4 cells (MANCR CRISPRi and shRNA) com
pared to M4 WT through GO. (C) Genome-wide (Ca) visualization of MANCR “hotspots”—defined as genomic windows with significant local MANCR sensitivity com
pared against a randomization-based null distribution (FDR < 0.05 in both MANCR shRNA1 and CRISPRi knockdown). Z-score represents the number of observed 
standard deviations from a permutation-derived expectation, tied to a given gene count. MANCR-proximal hotspot (Cb) shown with emphasis on MANCR and NET1/ 
NET1A genes. Histogram represents the probability of an annotated gene localizing within a specified genomic distance of a MANCR-sensitive hotspot (300 Kb bin 
size). (D) NET1/NET1A RNA peak enrichment in M4 WT and MANCR-depleted cells using IGV browser. The red rectangle indicates an exon exclusive to NET1A. 
(E) RNA level of NET1 and NET1A in M4 scramble and MANCR shRNA1 knockdown cell lines measured by RT-qPCR. Data were presented as mean ± SD. Statistical 
analysis was conducted using unpaired two-tailed t tests. Significance levels were denoted as follows: �P < 0.05, ��P < 0.01. The same statistical approach was 
applied consistently across all panels if not specified. (F) Protein level of NET1 and NET1A in M4 WT and MANCR shRNA1 knockdown cell lines measured by immuno
blot. (G) Expression (fragments per kilobase million, FPKM) of NET1 (both NET1 and NET1A isoforms) in different subtypes of normal individual and breast cancer 
patients. (H) Long-term proliferation of M4 scramble and NET1 shRNA knockdown cells measured by colony formation assay. (I) ChIP enrichment survey for MANCR- 
sensitive hotspots. Z-score represents the number of standard deviations observed for a given TF/chromatin factor from a randomization-based null model. 
SWE ¼ significance weighted enrichment score (log2 (obs/exp) � −log10 (permutation p-val)). Features related to NET1A promoter are highlighted in blue. (J) 
Composite ChIP-seq signal and enrichment scores for candidate NET1A-related regulatory factors enriched broadly in MANCR-sensitive hotspots. Signal represents 
the upper quartile of all currently available, normalized signal values (ChIP-atlas). Complementary heatmap depicts significance-weight enrichment scores at 
MANCR-hotspots, NET1 promoter DHSs, (DNase-hypersensitive sites), and NET1A promoter DHSs.
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Net1 (Neuroepithelial transforming gene 1) is a candidate 
gene of significant interest located in the MANCR-proximal 
hotspot on Chr 10 (Figure 5Cb, Supplementary Figure 4A). 
NET1 is a RhoA/RhoB-specific guanine nucleotide exchange 
factor (Rho-GEF) that regulates Rho-GTPase activity.39,40 The 
NET1 gene codes for two functional isoforms (Net1 and 
NET1A), differ in their N-terminal regulatory domains, and are 
transcribed from two distinct promoters.39,40 The longer NET1 
isoform regulates mitotic progression,41 whereas the shorter 
nuclear-localized NET1A isoform modulates cell motility, 
extracellular matrix invasion, tumor progression, and lung 
metastasis.42–44 At the molecular level, NET1A isoform con
trols myosin-chain phosphorylation and regulates trailing 
edge retraction during cell migration.43 NET1A isoform is also 
shown to be required for efficient DNA DSB repair,45 and is 
overexpressed in BrCa.42–44,46–49 Both MANCR and NET1A 
seem to function in similar cellular processes. Their depletion 
impacts cell proliferation, migration, and DNA damage 
response. Our RNA-seq data revealed that MANCR-depleted 
cells showed reduced levels of NET1A mRNA, but not the 
long NET1 isoform (Figure 5D). RT-qPCR also confirmed 
reduced levels of total NET1 in MANCR-depleted cells 
(Supplementary Figure 4B and C). Since NET1 and NET1A iso
forms are transcribed from distinct promoters, we tested 
whether the differential expression of NET1A/Net1 observed 
in MANCR-depleted cells was due to differential transcription. 
Nascent RNA pull-down followed by RT-qPCR analyses 
affirmed that MANCR-depleted cells reduced the transcription 
preferentially from the NET1A promoter and not the NET1 
promoter (Figure 5E). Furthermore, immunoblot assay 
revealed a significant reduction in the levels of the NET1A 
isoform (Figure 5F) in MANCR-depleted M4 cells. Like MANCR, 
NET1 gene was also preferentially overexpressed in basal- 
like/TNBC patients, as observed by gene expression analyses 
using TCGA BrCa patient data (Figure 5G). Likewise, M4 cells 
tend to have higher levels of NET1 over M1 cells 
(Supplementary Figure 4D). Finally, NET1- or MANCR-depleted 
M4 cells showed similar cell cycle defects, including increased 
cell proliferation and defects in cell cycle progression post- 
HU-mediated DNA damage (Figure 5H and Supplementary 
Figure 4Ea and b). Based on these results, we hypothesize 
that in TNBC cells, MANCR regulates DDR and possibly cellu
lar metastasis by modulating differential expression of the 
NET1A isoform in cis.

Differential binding of TFs and/or chromatin-associated 
factors could influence the isoform-specific expression of 
NET1/NET1A that we observed in MANCR-depleted cells. 
More broadly, we hypothesize that specific downregulation 
of NET1A in MANCR-depleted cells is likely an example of a 
larger network of dynamic transcription patterns driven by 
the intersection of MANCR disruption and differential TF 
activity. Therefore, we revisited MANCR-sensitive hotspots to 
identify candidate regulatory factors enriched within these 
genomic intervals, integrating > 10,000 ChIP-seq experiments 
uniformly processed and resourced through ChIP-atlas.50

Using this approach, we found that MAX, a bHLHZ transcrip
tion factor that drives dynamic gene activity through interac
tions with coregulatory factors, was among the most 
significantly enriched features within MANCR-sensitive 

hotspots (Figure 5I). MAX was also prominently enriched at 
the NET1 gene, with stronger occupancy patterns observed 
at the NET1A promoter compared to NET1 (Figure 5J). 
Further investigation of enriched features within MANCR-hot
spots and NET1A uncovers a multitude of factors that were 
notably enriched at NET1A compared to NET1 promoter, 
including MAX-interacting protein, MNT, transcription factor 
AP-2 alpha and gamma (TFAP2A/2C), and zinc finger proteins 
ZNF219 and ZBTB7A (Figure 5I and J). These data point to 
putative mechanistic underpinnings of dynamic expression 
following MANCR disruption, and altogether suggest that 
multiple regulatory networks converge on NET1A and other 
MANCR-sensitive genes.

MANCR modulates RNA processing

The majority of lncRNA regulates gene expression by interact
ing with protein(s), influencing their localization and activ
ity.5,36,37 Here, we looked for any potential interacting 
protein partner/s of MANCR using an RNA pull-down assay. 
We performed RNA pull-down in M4 (control and HU-treated 
samples in biological quadruplicates) nuclear extract with 
biotin labelled full-length MANCR or eYFP (as negative con
trol) RNA followed by mass spectrometry. Mass spectrometry 
analysis revealed numerous proteins as potential interactors 
of MANCR (Supplementary Table 3). Several histone protein 
isoforms preferentially associated with MANCR only in HU- 
treated cells. Strikingly, MANCR interacted with cH2AX, the 
marker of double-strand DNA damage sites, in control and 
not in the DNA damaged cell extracts (Supplementary Table 
3). The interaction between MANCR and histone proteins 
could be due to MANCR’s association to chromatin. 
Prominently, MANCR interacted with two RNA binding pro
teins (RBPs), hnRNP L (heterogenous nuclear ribonucleopro
tein) and LUC7L, in both control and DNA damage cell 
extracts (Supplementary Table 3). With an in vitro biotin-RNA 
pull-down followed by immunoblotting, we validated the 
interaction between MANCR and hnRNP L (Figure 6A) but 
not with LUCL7 (data not shown). The endogenous hnRNP L 
and MANCR interaction was confirmed by RNA-immunopreci
pitation (RNA-IP) followed by RT-qPCR analysis (Figure 6B).

hnRNP L is an RNA processing factor that regulates alter
native mRNA splicing by binding to exon splicing silencer 
elements.51,52 It also functions in the mRNA export of intron- 
less genes and mRNA stability. hnRNP L preferentially 
recognizes CA repeats within the RNA.53,54 MANCR lncRNA 
contains three distinct regions with CA repeats (Figure 6C). 
An in vitro RNA pull-down followed by immunoblotting 
assays using cloned fragments of MANCR containing each of 
these three CA repeat regions (509 bp, 466 bp and 508 bp) 
revealed that hnRNP L bound to multiple regions within the 
MANCR RNA (Figure 6D). These results signify that MANCR 
may interact with multiple copies of hnRNP L. LncRNAs titrate 
the levels of hnRNPs and chromatin-interacting proteins, 
thereby regulating the association of these proteins to spe
cific substrate genes/RNAs.5,36,37 We investigated whether 
MANCR modulates the association between hnRNP L and 
NET1A RNA. hnRNP L RIP-RT-qPCR revealed that MANCR- 
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depleted cells exhibited a significantly enhanced interaction 
between hnRNP L and NET1A RNA, while no such effect was 
observed with NET1 transcripts (Figure 6E). This result implies 
that by binding to multiple copies of hnRNP L MANCR 
quenches the interaction between hnRNP L and other RNAs 
in cis. Finally, we established whether MANCR influences 
NET1 mRNA levels/stability by modulating hnRNP L inter
action. We determined NET1/NET1A RNA levels in control 

and hnRNP L-depleted M4 cells (Supplementary Figure 5A). 
Saliently, M4 cells, stably depleted of hnRNP L, showed 
reduced levels of MANCR (Supplementary Figure 5B). We 
observed a small but nonsignificant change in the levels of 
NET1 RNA isoforms upon hnRNP L depletion. These results 
suggest that hnRNP L regulates MANCR expression. Based on 
our data, we proposed that MANCR sponges hnRNP L by 
binding to it through the CA-rich repeat regions and 

Figure 6. MANCR interacts with hnRNP L and influences pre-mRNA processing. (A) Biotinylated MANCR RNA pull-down in M4 nuclear extract (control and HU- 
treated) followed by immunoblotting with hnRNP L antibody. U2B00 snRNP was used as a negative control. (B) MANCR-hnRNP L interaction measured by hnRNP L 
RNA immunoprecipitation followed by RT-qPCR. IgG was used for normalization, and GAPDH was used as a negative control. (C) CA repeats distribution in MANCR 
transcript. (D) Biotinylated MANCR (full length, antisense and different MANCR fragments) RNA pull-down in M4 cell extract followed by immunoblotting with 
hnRNP L antibody. YFP and MANCR antisense were used as negative controls for pull-down. U2B00 snRNP was used as negative control for immunoblotting. (E) 
HnRNP L binding on NET1 and NET1A mRNA analyzed by hnRNP L RNA-IP followed by RT-qPCR. IgG was used for normalization. (F) Heatmap of differentially spliced 
exons in control and MANCR shRNA2-depleted M4 cells. Heatmap color indicates relative inclusion level of differential spliced exons, wherein red indicates more 
inclusion and blue indicates less inclusion. (G) Biological process of differentially spliced genes in MANCR shRNA2 knockdown cells compare to M4 WT through gene 
ontology (GO). Data were presented as mean ± SD. Statistical analysis was conducted using unpaired two-tailed t tests. Significance levels were denoted as follows: 
�P < 0.05, ��P < 0.01. The same statistical approach was applied consistently across all panels if not specified.
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inhibiting hnRNP L binding to NET1A transcript under normal 
conditions. In the absence of MANCR, the free hnRNP L binds 
to NET1A transcripts and potentially triggers their 
degradation.

Since MANCR interacts with hnRNP L, we determined 
whether MANCR regulates RNA processing by modulating 
the RBP activities. We performed a deep poly A þ RNA-seq in 
control and MANCR KD M4 cells and assessed that MANCR 
depletion impacts mRNA processing. MANCR-depleted cells 
showed altered mRNA splicing of �1000 events (0.05 FDR; 
15% or more PSI) (Figure 6F and Supplementary Table 4) 
compared to control cells. This included 659 skipped exons, 
106 retained introns, 51 mutually exclusive exons, 86 alterna
tive 50 splice sites, and 59 alternative 30 splice site events 
(Supplementary Table 4). GO analyses revealed that MANCR- 
regulated alternative splicing of genes by controlling key 
processes such as signal transduction and cell cycle regula
tion (Figure 6G).

Discussion

Triple negative breast cancer (TNBC) is the most aggressive 
form of BrCa molecular sub-type and often entails a poor 
prognosis and low survival rate. Aberrant expression of 
lncRNAs, which play vital roles in regulating gene expression, 
contribute to various cancers, including BrCa. Studies from 
our laboratory and other laboratories have demonstrated the 
role of lncRNAs in BrCa progression.6,8,10,11,55–58 In the pre
sent study, we delve into the roles of MANCR, one of the 
least understood and unexplored TNBC-specific lncRNAs, 
shedding light on its significance in BrCa progression and 
metastasis.

Induced in response to DNA damage, MANCR regulates 
the DDR, as evidenced by defective DDR, accompanied with 
altered expression of genes, controlling DDR in MANCR- 
depleted TNBC cells. An earlier study also reported the 
potential involvement of MANCR in BrCa genome stability.20

In general, TNBC tumors show high levels of genomic 
instability, primarily due to defective DDR pathways.30,31 Like 
MANCR, proteins controlling DDR are often overexpressed in 
TNBC, but often their loss promotes genome instability, lead
ing to cancer progression.31,59,60 For example, DDR proteins 
such as PARP1, BRCA1, and XRCC1, which are well-character
ized as tumor suppressors and restrict uncontrolled cell pro
liferation, are often overexpressed in TNBC.30,31,60 We 
propose that in TNBC, MANCR is induced in response to 
inherent DNA damage for efficient DDR.

The present study indicates MANCR as a negative regula
tor of BrCa cell proliferation. However, an earlier study 
reported MANCR to promote BrCa cell proliferation.20 In the 
previous study, the authors observed that MDA-MB-231 cells 
depleted of MANCR, using modified LNA ASOs (antisense oli
gonucleotides), showed reduced cell proliferation, viability, 
and increased DNA damage. Furthermore, the authors 
reported mitotic defects, including defective cytokinesis, 
upon MANCR depletion. Contrary to this, we observed that 
depletion of MANCR in three independent TNBC cells (M4, 
MDA-MB-231, and MDA-MB-468) resulted in increased cell 

proliferation, as evaluated by short-term and long-term cell 
proliferation assays. In addition, overexpression of MANCR in 
a nontumorigenic, endogenous MANCR nonexpressing 
MCF10A (M1) cells resulted in reduced cell proliferation, fur
ther supporting the negative role of MANCR in cell prolifer
ation. Moreover, we did not observe cytokinesis defects in 
MANCR-depleted cells. The primary difference between the 
two studies is that we assessed the phenotypes in three 
TNBC cell lines after stably knocking down MANCR RNA 
(shRNAs) or MANCR transcription (CRISPRi). In contrast, the 
earlier study utilized transient depletion of MANCR using 
LNA-based ASOs. It is not clear whether short-term versus 
long-term depletion of MANCR may result in different cell 
phenotypes.

We observed that MANCR promoted the expression of 
NET1A isoform, a nuclear Rho-GEF, known to regulate cell 
survival post-DSBs.61,62 In BrCa cells, NET1A was induced dur
ing DNA damage, and its depletion protected cells from DNA 
damage-induced cell death.62 NET1A-depleted BrCa cells fail 
to repair DSB post-DNA damage.45 NET1A isoform also regu
lated ATM activity following DSB and was required for effi
cient DNA repair and cell survival.45 MANCR-depleted cells 
showed reduced levels of NET1A mRNA and protein. In add
ition, both MANCR or NET1 depleted TNBC cells showed simi
lar cell proliferation defects, implying that both may regulate 
similar cellular processes. We speculate that MANCR modu
lates cell survival by influencing the transcription of NET1A in 
cis. LncRNAs are known to regulate transcription of genes in 
cis by influencing the recruitment or association of chromatin 
or transcription factors (TFs).5,36,37,63–66 Conversely, transcrip
tion from the lncRNA gene locus reshapes the local chroma
tin structure, thereby influencing the expression of genes 
located in genomic proximity.5,36,37,63–66 We discerned a dis
tinct preference in MANCR for selectively enhancing the tran
scription of NET1A over NET1. This observation hints at the 
potential influence of MANCR on orchestrating specific inter
actions among TF/co-factors and chromatin regulatory pro
teins within the NET1/NET1A promoters. Previous studies 
demonstrated differential association of specific TFs/co-fac
tors between NET1 and NET1A promoters.67,68 For example, 
short-term TGF-b treatment selectively induced only NET1A 
isoform via SMAD and MAPK/ERK signaling.67 However, estra
diol treatment, which activates ERa-mediated gene activation, 
preferentially induced the expression of NET1 and not NET1A 
in BrCa cells.68 Our analyses indicate that several TFs impli
cated in cell cycle and cancer progression, such as MAX and 
TFAP2A/2C showed preferential binding to the NET1A pro
moter. In addition, these TFs showed high binding affinity to 
a significant number of MANCR-sensitive gene hotspots. It is 
possible that MANCR influences the association of these TFs 
to specific regulatory elements, such as that of NET1A, thus 
regulating expression. Future studies will determine how or 
whether MANCR modulates the association of TFs to the tar
get genes.

The present and earlier studies indicate that MANCR pro
motes cancer metastasis.23,25 For example, we demonstrated 
that MANCR-depleted TNBC cells showed reduced cell migra
tion, invasion, wound-healing response, lack of prominent 
lamellipodia, and increased presence of stress fibers. MANCR- 
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depleted cells also exhibited reduced metastatic colonization 
in the lung. The prometastatic function of MANCR may, in 
part, be explained by its role in selectively promoting NET1A 
expression. NET1 modulates the activity of the RhoA/RhoB 
sub-family of GTPases, which, by regulating cytoskeletal 
organization, play an essential role in cell polarity, adhesion, 
and migration.69 NET1 is overexpressed in several cancer 
types, and high NET1 signaling correlates with increased inci
dence of metastasis, preferentially in TNBC/basal-like sub
type.42–44,46–49 A significant body of literature outlines a 
direct involvement of the NET1A isoform in promoting EMT, 
BrCa cell motility, migration, invasion, and metasta
sis.42–44,46–49 For example, TGF-b-mediated activation of 
NET1A promotes EMT and cancer cell invasiveness.67,70 Co- 
expression of NET1 along with a6b4 integrin is recognized as 
a biomarker for identifying distant metastasis in BrCa patients.71

NET1 (long isoform) and NET1A (short isoform) execute inde
pendent roles in controlling specific cancer cell properties. NET1 
isoform plays a role in promoting BrCa cell proliferation, whereas 
the NET1A isoform controls cell motility and migration.20,68 For 
example, NET1A- and not NET1-depleted TNBC cells showed 
reduced trailing edge retraction and defects in Matrigel inva
sion.43 In addition, NET1A preferentially regulates cell adhesion, 
TGF-b-stimulated actin cytoskeletal organization, and focal adhe
sion maturation.67,68,70,72 Loss of NET1 also reduced the number 
of metastatic nodules on lung,44 a phenotype that we observed 
in MANCR-depleted cells. All these results support the hypoth
esis that MANCR promotes cancer cell metastasis by modulating 
the expression of NET1A in TNBC.

Our results indicated that MANCR inhibits cancer cell prolifer
ation. But at the same time, it promotes cancer cell metastasis, 
implying two independent, and somewhat opposite roles for 
MANCR in cancer cell proliferation and metastasis. TGF-b is 
known to play pleotropic roles as a tumor suppressor and a 
prometastatic regulator.73 In several cancer conditions, TGF-b 

inhibits cell proliferation, and key oncogenic signals inactivate 
TGF-b-Smad pathways to favor cancer growth. At the same time, 
tumors overproducing TGF-b, promotes tumor invasiveness, by 
accelerating several prometastatic processes, including epithelial- 
mesenchymal transition. Tumor cell-secreted TGF-b also pro
motes cell metastasis by influencing the tumor microenviron
ment (TME). Another example includes, the DNp63, the isoform 
of TP63 gene, in which the oscillatory expression of DNp63 in 
BrCa tumor cells dictates tumor progression and metastasis in 
BrCa.74 The DNp63 levels are elevated in primary BrCa tumors 
and plays essential oncogenic role in the establishment of pri
mary tumors, and during the later stages of metastasis, including 
extravasation and colonization. However, it was found that low 
levels of DNp63 promotes intravasation of primary tumor cells 
into the blood stream. These examples imply that genes, such as 
MANCR might play dual roles in tumor progression and metasta
sis by influencing independent cancer signaling events.

Materials and Methods

Cell culture and treatment

M1-M4 cell lines were cultured as described previously.75

Briefly, M1 cells were prepared in an assay medium 

containing growth factor (DMEM/F12 with 5% horse serum, 
1 mg/mL hydrocortisone, 1 mg/mL cholera toxins, 10 mg/mL 
insulin, 10 mg/mL EGF, and 1% penicillin/streptomycin along 
with 2% growth-factor reduced Matrigel). M3 and M4 cells 
were prepared in a similar medium but without EGF. MDA- 
MB-231 cells are obtained from ATCC and cultured in RPMI 
supplemented with 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin. MDA-MB-468 cells are obtained from 
ATCC and cultured in DMEM supplemented with 10% fetal 
bovine serum (FBS) and 1% penicillin/streptomycin.

RNA-seq of M1-M4 cells and bioinformatics analysis

RNA was extracted using TRIzol reagent (Invitrogen) as per 
manufacturer’s instructions. Samples for RNA-seq were further 
cleaned up by RNeasy Mini Kit (QIAGEN). The RNA-seq libra
ries were prepared with Illumina’s TruSeq Stranded mRNAseq 
Sample Prep kit (Illumina). Paired-end, polyA þ RNA-sequenc
ing was performed on Illumina platform (Novaseq 6000) at 
the Roy J. Carver Biotechnology Center at UIUC. The RNA-seq 
data are deposited in GEO with accession number 
GSE257538. RNA-seq read quality was confirmed by FASTQC. 
RNA-seq reads were aligned to human reference genome 
GRCh38 assembly using HISAT2. For statistical analyses, raw 
gene counts were first analyzed by HTSEQ-Count, and then 
analyzed using edgeR. Categorization of gene type was 
extracted from GRCh38 assembly GTF file downloaded from 
Ensembl (v94, from https://useast.ensembl.org/info/data/ftp/ 
index.html). Hierarchical clustering of genes (rows) was per
formed with complete-linkage method. Differential expression 
analyses were performed using exactTest. Differentially 
expressed genes (DEGs) were defined by jfold changej > ¼

1.5-fold and FDR < 0.05. Gene ontology analyses (biological 
processes, KEGG pathway analyses) and GSEA (gene set 
enrichment analysis) were performed using clusterprofiler of 
Bioconductor.

Generation of stable cell lines

Lentiviral plasmids psPAX2 (Addgene #12260) and PMD2.G 
(Addgene #12259) were used for lentivirus production. In 
brief, psPAX2, PMD2.G and cargo plasmid were transfected 
into HEK293T cells at 1:1:1 ratio through Lipofectamine 3000 
(Invitrogen) as per manufacturer’s instructions. Then the lenti
virus enriched supernatant was collected for reverse infection 
(https://www.addgene.org/protocols/generating-stable-cell- 
lines/) of target cell lines. The infected cell lines then under
went drug selection and qPCR confirmation for success 
infection. For shRNA knockdown, the lentiviral plasmid 
pLKO.1 puro (Addgene #8453) was inserted with shRNA 
sequence, then the infected cell line was selected by puro
mycin (Sigma, #P8833) at 2 lg/mL; for rescue/overexpression, 
full length MANCR was first cloned into pGEM-T (Promega) 
vector, then the MANCR fragments containing point muta
tions at shRNA recognition site are amplified through 
QuikChange II (Agilent Technologies). The fragments are 
inserted into lentiviral vector pCW57-MCS1-P2A-MCS2 (Hygro) 
(Addgene #80922), and the infected cell line was selected by 
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hygromycin (Sigma, #H7772) at 100 lg/mL. The MANCR res
cue/overexpression is achieved by adding 1lg/mL doxycyc
line (Sigma, #D9891) and confirmed by qPCR (data not 
shown); for CRISPRi knockdown, the lentiviral dcas9-Krab 
(ZIM3) was first used for first round of infection for the target 
cell line, then the lentiviral lentiGuide-Puro (Addgene #52963) 
expressing MANCR gRNA (BsmBI site was used for fragment 
insertion) was used for second round of infection. The 
infected cell line was first selected by blasticidine (Sigma, 
#15205) at 12 lg/mL and then selected by puromycin (Sigma, 
#P8833) at 2 lg/mL. The drug concentration was reduced to 
half compared to the selection concentration after 7-day 
selection for maintenance.

Proliferation assay and colony formation assay

For proliferation assay, 1 � 105 cells were seeded per well in 
a 6-well plate, and the cell number will be counted by hemo
cytometer for every 24 h; For colony formation assay, 1000 
cells were seeded in a 6-well plate. After 2 to 3 weeks, colo
nies were washed with PBS twice, fixed with ice-cold metha
nol for 5 min and stained with staining solution (0.05% 
crystal violet dissolved in 10% methanol). Then the pictures 
of the plates were taken and analyzed by ImageJ add-on 
ColonyArea. The surface area covered by colony was meas
ured for each well, and the ratio of experimental well to 
wild-type well was calculated as normalized colony formation 
area.

RNA extraction and quantitative real-time PCR (RT- 
qPCR)

RNA was extracted using either TRIzol or TRIzol LS 
(Invitrogen) reagent as per the manufacturer’s instructions. 
The concentration was measured using a Nanodrop instru
ment (ThermoFisher SCIENTIFIC). RNA was treated with 
RNase-free DNase I (Sigma) and reverse transcribed into 
cDNA by Multiscribe Reverse Transcriptase and Random 
Hexamers (Applied Biosystems). QPCR was carried out by 
StepOnePlus (Applied Biosystems).

Nuclear and cytoplasmic fractionation

M4 cells were scraped from the 10-cm plate and resuspended 
with solution A (10 mM HEPES pH7.9, 10 mM KCl, 1.5 mM 
MgCl2, 0.34 M sucrose, 1 mM DTT, 10% glycerol, RNase inhibi
tor and 0.1% Triton X-100) on ice for 5 min. The cytoplasmic 
fraction was collected from supernatant after centrifuging at 
4 �C at 1400 g for 4 min. The pellets (nuclei) were then 
washed with solution A without Triton X-100 twice, and then 
resuspended with solution B (3 mM EDTA, 0.2 mM EGTA and 
RNase inhibitor) and incubated on ice for 30 min. The nucleo
plasm fraction was collected from supernatant after centrifug
ing at 4 �C at 1700 g for 4 min. The chromatin fraction was 
collected from the pellets.

Single molecule fluorescence in situ hybridization 
(smFISH)

The smFISH was performed as described previously.76 In brief, 
MANCR smFISH probe set was designed using Stellaris Probe 
Designer. Oligonucleotides with a 30 amino group were 
pooled and coupled with AF488 by incubation overnight at 
37 �C in 0.1 M NaHCO3. Cells were fixed with 4% PFA for 
15 min at room temperature and permeabilized with 0.5% 
Triton X-100 for 10 min on ice. smFISH probes were added to 
Stellaris RNA FISH Hybridization Buffer with 10% formamide 
at a final concentration of 125 nM. Hybridization was carried 
out in a humidified chamber in the dark overnight at 37 �C. 
The coverslips were then washed with Stellaris RNA FISH 
Wash Buffer A and mounted in VectaShield Antifade 
Mounting Medium (Vector Laboratories). SmFISH images 
were taken using Axioimager.Z1 microscope (Zeiss) equipped 
with 63�/1.4 NA oil immersion objective and Zeiss Axiocam 
506 mono camera with a z-interval of 0.24 mm or DeltaVision 
microscope (GE Healthcare) equipped with 60�/1.42 NA oil 
immersion objective (Olympus) and CoolSNAP-HQ2 camera.

Flow cytometry analysis

PI analyses: PI analyses were performed as per earlier study.77

For flow cytometry, cells were collected and washed in cold 
PBS, resuspended in PBS þ 1% NGS, and fixed in chilled etha
nol overnight. Cells were then washed and resuspended in 
PBS þ 1% NGS with 120 lg/mL propidium iodide (PI) and 
10 lg/mL RNase A for 30 min at 37 �C. DNA content was meas
ured by flow cytometry. For analysis, we gated the single cell 
population using width vs area. This gate was then applied to 
the scatter plot and the debris was ungated. Finally, the gates 
were applied to the PI histogram plot. Specifically, data were 
gated on single cells from 2 C to 4 C DNA content.

BrdU-PI analyses: M4 cells were incubated in culture 
medium containing 50 lM BrdU for 1 h prior to collection. Cell 
pellets were washed once with 1% BSA in PBS, centrifuged at 
4 �C, 3500 rpm for 15 min, resuspended with 0.9% NaCl solu
tion and then fixed by dripping another one volume of pre
chilled absolute ethanol. After overnight fixation at −20 �C, 
samples were centrifuged at 4 �C, 3500 rpm for 15 min to 
remove supernatant. Cell pellets were then treated with 2 N 
HCl containing 0.5% Triton-X 100 for 25 min on rotator at 
room temperature to denature DNA, followed by neutralization 
with 0.1 M Na2B4O7 solution. Each cell sample was then labeled 
with 10 lL BD Pharmingen

TM 

FITC mouse-anti-BrdU (BD 
#556028) diluted in 50 lL 1% BSA/0.5% Tween-20 in PBS at 
room temperature for 1 h. After washing once with PBS, cells 
were incubated in PBS þ 24 lg/mL propidium iodide (PI) þ

10 lg/mL RNase A at 37 �C for 1 h. Samples were filtered 
through cell strainer and analyzed with BDVR LSR II Flow 
Cytometer. Data processing was completed in FCS Express 5.

Migration and invasion assay

Cells were grown in regular media until 50% confluency then 
the medium was changed to low serum medium (1% HS in 
DMEM/F12) for 12 h. Cells were harvested using trypsin and 
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resuspended in low serum medium to a concentration of 
2000 cells per microliter for the migration assay (Corning 
354578) and 5000 cells per microliter for the invasion assay 
(Corning 354483). 100 lL of the cell suspension was added to 
the upper chamber of the transwell and the lower chamber 
of the transwell was filled with 700 lL of the regular growth 
media. The transwell plate was then put in the incubator for 
24 h. The nonmigrated/-invaded cells in the upper chamber 
of the transwell were scraped off thoroughly before fixing 
the cells and staining with 0.05% crystal violet in 10% 
methanol.

For the invasion assay, the matrigel-coated transwells 
were thawed to room temperature then incubated with low 
serum media at 37 �C to rehydrate before seeding the cells.

Wound healing assay

Cells were grown in regular media until confluency then the 
medium was changed to low serum medium (1% HS in 
DMEM/F12) for 12 h. Scratches were drawn using a sterile 
10 lL pipette tip and the cells were rinsed twice with low 
serum medium to remove the debris and floating cells. Cells 
were allowed to migrate at 37 �C and the wound area was 
imaged every 15 min. Total migrated cells was calculated 
using the 0 and 16 h time points for each position. Five posi
tions were chosen per replicate and the experiment was per
formed in triplicate.

Xenograft studies

All procedures involving animals had been previously 
approved by the University of Illinois IACUC. Xenografts were 
carried out similarly to previously described.78 For primary 
tumors, cells were grafted orthotopically into the axial mam
mary fat pad of female nu/nu mice. Subsequent tumors were 
monitored by direct caliper measurement. For lung coloniza
tion experiments, cells were grafted intravenously into female 
nu/nu mice. After 50 days, mice were euthanized, and lungs 
were formalin-fixed for histologic analysis.

Net1A gene expression in TCGA

Net1 expression was analyzed using the BRCA TCGA RNA-seq 
dataset (https://xenabrowser.net/datapages/?dataset=TCGA. 
BRCA.sampleMap/HiSeqV2&host=https://tcga.xenahubs.net). 
For each tumor, the subtype was matched from published 
data.79

MANCR-sensitive hotspot analysis

To define local windows with significant gene sensitivity fol
lowing MANCR disruption, a randomization-based statistical 
approach was applied using a sliding genomic window of 
1 Mb with 5 Kb step-size (resolution). Differential gene expres
sion (DGE) statistics were transformed to significance- 
weighted fold change (SWFC) for both MANCR shRNA1 and 
CRISPRi experiments. The SWFC statistic for each gene was 
then tied to a single genomic coordinate corresponding to a 

given gene’s transcription start site, averaged across all anno
tated start sites wherever applicable. For each 5 Kb bin, the 
median SWFC statistic for the distribution of genes within 
1 Mb (500 kb upstream, 500 Kb downstream) were compared 
against an empirical null distribution, tied to the observed 
number of genes (n) in each window. For each window, an 
expected median SWFC was derived by random sampling of 
(n) number of genes from the DGE distribution, with each 
interval then assigned a permutation P value and z-score 
(number of standard deviations from the permutation mean). 
Permutation P values were subsequently adjusted using the 
Benjamini–Hochberg method (false discovery rate), and 
MANCR-sensitive hotspots defined as any genomic window 
with an FDR < 0.05 in both MANCR shRNA1 and CRISPRi 
experiments.

ChIP-seq enrichment analysis and visualization

Transcription factor (TF) overlap with MANCR hotspots, NET1 
promoter DNase hypersensitive sites (DHSs), and NET1A DHSs 
were determined using the ChIP-atlas resource of uniformly 
processed ChIP-seq datasets.50 DNase I hypersensitive sites 
were retrieved from https://www.encodeproject.org/files/ 
ENCFF503GCK/ and restricted to elements within ±2 Kb of 
either NET1 or NET1A promoter. Individual TF enrichment 
scores were determined by comparing the observed overlap 
frequency of each respective TF for a given set of genomic 
intervals (i.e., hotspots or promoter DHSs) against a random
ization-based null distribution, determined by permuting the 
same number of (random) ChIP-seq experiments. The enrich
ment of each feature was assessed by standardization (z- 
score) and significance-weighted enrichment. ChIP-seq pileup 
signal tracks for TFs of notable interest were visualized by 
computing the upper quartile signal value across all available 
ChIP-seq signal files, uniformly processed by ChIP-atlas.50

Northern blot

Poly A þ RNA was isolated from total RNA using the 
NucleoTrap mRNA Mini Kit (Macherey-Nagel). Next, 10 lg of 
Poly A þ RNA from either M3, M4 or MA-MB231 cells were 
separated on a 1% agarose gel, which was prepared with 
Northern Max Denaturing Gel Buffer (Ambion) and run in 
Northern Max Running Buffer (Ambion). The RNA was then 
transferred to an Amersham Hybond-N þ blot (GE Healthcare) 
via capillary transfer in 10X SSC and crosslinked to the blot 
by UV (254 nm, 120 mJ/cm2). The DNA probes specific to 
MANCR were labeled with [a − 32P] dCTP by the Prime-It II 
Random Primer Labeling Kit (Stratagene), as per the manufac
turer’s instructions. Hybridization was carried out overnight 
at 42 �C using ULTRAhyb Hybridization Buffer (Ambion) con
taining 1 � 106 cpm/mL of denatured radiolabeled probes. 
Finally, the blots were washed with 2� SSC, 0.1% SDS, 1�

SSC, 0.1% SDS, and 0.1� SSC, 0.1% SDS and developed using 
a phosphor-imager.
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RNA stability assay

RNA stability assay from M4 cells was performed by treating 
cells with actinomycin D (2 lg/mL) followed by isolating RNA 
using TRIzol reagent. RNA levels were estimated by qRT-PCR 
at different time points post Act-D treatment, and half-life 
was estimated by analyzing Ct values.

Nascent RNA capture assay

Nascent RNAs were labeled and captured using a Click-iT 
Nascent RNA capture kit (Invitrogen #C10365) per the manu
facturer’s instructions. Expression levels of nascent RNAs were 
quantified by qRT-PCR.

RNA pull-down followed by mass spectrometry analyses

MANCR and the control YFP or AS-MANCR cDNA were used 
to perform in vitro transcription to generate biotinylated 
MANCR and the control RNAs using MEGAscript in vitro tran
scription kit (Ambion) and biotin RNA labeling mix (Roche). 
The in vitro transcribed RNA was treated with DNase 
(Ambion) and purified with RNeasy kit (Qiagen). The nuclear 
lysate was precleared by incubation with Dynabeads M-280 
Streptavidin (Thermo Fisher Scientific) for 4 h at 4 �C. One 
microgram of biotinylated RNA was incubated with 2 mg pre
cleared nuclear lysate prepared from M4 control or HU 
treated cells for 3 h at 4 �C. The biotinylated RNA-protein 
complexes were pulled down by incubation with Dynabeads 
M-280 Streptavidin (Thermo Fisher Scientific) for 4 h at 4 �C. 
RNA-protein complex bound to the beads were washed with 
high salt buffer, low salt buffer and TE buffer for 10 min 
each, and finally eluted with SDS-PAGE sample buffer by boil
ing at 95 �C for 5 min. Interacting proteins were fractionated 
by SDS-PAGE and each lane cut into 10 slices. The protein 
bands were then in-gel digested with trypsin (Thermo) over
night at 37 �C, as described.80 The peptides were extracted 
following cleavage and lyophilized. The dried peptides were 
solubilized in 2% acetonitrile, 0.5% acetic acid, 97.5% water 
for mass spectrometry analysis. They were trapped on a trap
ping column and separated on a 75 mm x 15 cm, 2 mm 
Acclaim PepMap reverse phase column (Thermo Scientific) 
using an UltiMate 3000 RSLCnano HPLC (Thermo Scientific). 
Peptides were separated at a flow rate of 300 nL/min fol
lowed by online analysis by tandem mass spectrometry using 
a Thermo Orbitrap Fusion mass spectrometer. Peptides were 
eluted into the mass spectrometer using a linear gradient 
from 96% mobile phase A (0.1% formic acid in water) to 55% 
mobile phase B (0.1% formic acid in acetonitrile) over 30 min. 
Parent full-scan mass spectra were collected in the Orbitrap 
mass analyzer set to acquire data at 120,000 FWHM reso
lution; ions were then isolated in the quadrupole mass filter, 
fragmented within the HCD cell (HCD normalized energy 
32%, stepped ± 3%), and the product ions analyzed in the 
ion trap. Proteome Discoverer 2.0 (Thermo) was used to 
search the data against human proteins from the UniProt 
database using SequestHT. The search was limited to tryptic 
peptides, with maximally two missed cleavages allowed. 
Cysteine carbamidomethylation was set as a fixed 

modification, and methionine oxidation set as a variable 
modification. The precursor mass tolerance was 10 ppm, and 
the fragment mass tolerance was 0.6 Da. The Percolator node 
was used to score and rank peptide matches using a 1% false 
discovery rate.

RNA immunoprecipitation (RIP)

M4, M4 control, and M4-shMANCR cells were cross-linked 
with 4% formaldehyde. The cross-linking was stopped by 
0.125 M Glycine, and cells were washed with 5 mL PBS. Cells 
were lysed with buffer B (1%SDS, 10 mM EDTA, 50 mM Tris-Cl 
pH 8.1, protease inhibitor cocktail, and RNase inhibitor). The 
whole cell lysate was sonicated at high settings for 15 min to 
prepare a fragment size ranging between 200 and 400 kb. 
The whole cell lysate was precleared by incubation with 
25 mL Gamma Bind G Sepharose beads (Pierce, USA) for 2 h at 
4 �C. The precleared lysate was incubated overnight at 4 �C 
with 2 mg anti-hnRNP L antibody or 2 mg control IgG anti
body. Next, 25 mL Gamma Bind G Sepharose beads were 
added to the lysate-antibody mixture and incubated for 2 h 
at 4 �C. After washing the beads five times with high salt buf
fer and once with TE buffer, the RNA-protein (hnRNP L) com
plex was eluted in the elution buffer. The RNA-protein 
complex was de-crosslinked by 5 M NaCl at 65 �C for 2 h fol
lowed by RNA isolation using TRIzol reagent.

Actin staining

Stress fibers were observed by staining cellular F-actin using 
5-TAMRA-Phalloidin (BACHEM, product number: 4095644). 
Control and MANCR-depleted BrCa cells grown in glass cover
slips were fixed using freshly made 4% paraformaldehyde 
(PRILLS, Electron Microscopy Sciences) for 15 min at room 
temperature, washed three times (5 min each) in 1� PBS pH: 
7.2 and permeabilized in 0.5% Triton-X-100 (in 1� PBS) for 
10 min on ice. Cells were then washed thrice in 1� PBS con
taining 1% Normal Goat serum (NGS), prior to incubating 
them with 5-TAMRA-Phalloidin (1:40,000 dilution of the stock 
in 1� PBS with NGS) for 30 min at room temperature. Cells 
were washed thrice in 1� PBS, stained with DAPI (5 min at 
room temperature), and then mounted using Vectashield 
(Vector laboratories Inc.) antifade mounting medium. The 
images were acquired in Axioimager Z1 (Zeiss) microscope 
using 63 � 1.4 NA objective lens.
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