RNA BIOLOGY
2017, VOL. 14, NO. 10, 1418-1430
https://doi.org/10.1080/15476286.2017.1297913

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

‘ W) Check for updates ‘

Knockdown of BC200 RNA expression reduces cell migration and invasion
by destabilizing mRNA for calcium-binding protein ST00A11
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ABSTRACT

Although BC200 RNA is best known as a neuron-specific non-coding RNA, it is overexpressed in various
cancer cells. BC200 RNA was recently shown to contribute to metastasis in several cancer cell lines, but the
underlying mechanism was not understood in detail. To examine this mechanism, we knocked down
BC200 RNA in cancer cells, which overexpress the RNA, and examined cell motility, profiling of ribosome
footprints, and the correlation between cell motility changes and genes exhibiting altered ribosome
profiles. We found that BC200 RNA knockdown reduced cell migration and invasion, suggesting that
BC200 RNA promotes cell motility. Our ribosome profiling analysis identified 29 genes whose ribosomal
occupations were altered more than 2-fold by BC200 RNA knockdown. Many (> 30%) of them were
directly or indirectly related to cancer progression. Among them, we focused on S100A11 (which showed
a reduced ribosome footprint) because its expression was previously shown to increase cellular motility.
S100A11 was decreased at both the mRNA and protein levels following knockdown of BC200 RNA. An
actinomycin-chase experiment showed that BC200 RNA knockdown significantly decreased the stability of
the S100A11 mRNA without changing its transcription rate, suggesting that the downregulation of
S100A11 was mainly caused by destabilization of its mRNA. Finally, we showed that the BC200 RNA-
knockdown-induced decrease in cell motility was mainly mediated by S100A11. Together, our results
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show that BC200 RNA promotes cell motility by stabilizing ST00A11 transcripts.

Introduction

Brain Cytoplasmic 200 RNA (BC200 RNA) is a non-coding RNA
(ncRNA) that is selectively expressed in human neurons. Following
their expression, BC200 RNAs immediately migrate to dendrites,
where they interact and interfere with various translational initia-
tion factors, including eIF4A, eIF4B, and PABP.'” BC200 RNA is
thought to exert local translational control by forming distinctive
microdomains in dendrites, and this is believed to contribute to the
maintenance of neuronal plasticity. BC1 RNA is the rodent coun-
terpart of BC200 RNA’; the 2 together comprise the BC RNAs.
BC200 RNA originated by retro-transposition of an Alu domain,
whereas BC1 RNA arose by retroposition of tRNA? >

Although BC200 RNA is normally specific to neuronal den-
drites’ it is abnormally overexpressed under some disease con-
ditions. In Alzheimer disease, for example, BC200 RNA levels
are upregulated in specific brain areas associated with the dis-
ease, and they increase with disease progression.” BC200 RNA
is also highly expressed in various cancers of non-neural ori-
gins.'! In breast cancer, invasive carcinoma reportedly
expresses BC200 RNA at higher levels than normal tissues or
benign tumors.'> Moreover, overexpression of BC200 RNA in
non-small-cell lung and colorectal cancers was recently
reported to promote metastasis.">'* However, it is still unclear
how deregulated BC200 RNA expression influences the metab-
olism of such cells, and how such changes influence disease.

Genome-wide gene expression profiling has expanded rap-
idly over the past 2 decades, from the first introduction of
microarray techniques, which opened new vistas in biology, to
the introduction of techniques intended to improve the accu-
racy and utility of genome-wide profiling, such as high
throughput sequencing (HTS)."” As these techniques are fun-
damentally optimized for the quantification of nucleic acids,
gene expression profiling has traditionally focused on measur-
ing the abundance and regulation of mRNA at the transcrip-
tional level. However, gene expression is also extensively
regulated at the translational level, meaning that mRNA abun-
dance alone does not fully present the expressional status. To
measure gene expression at the protein-synthesis level, HTS
has been expanded to ribosome footprint profiling, which
detects actively translating mRNA fragments in vivo..'®'” As
ncRNAs are actively involved in expression control at the trans-
lational level'® and BC200 RNA (an ncRNA) is a known to
inhibit translation, we speculated that ribosome profiling might
allow us to gain insight into the in vivo role of BC200 RNA in
cancer cells.

To examine whether BC200 RNA is involved in cancer cell
metastasis, we first knocked it down in cancer cells, which over-
express BC200 RNA. Examination of cell motility revealed that
BC200 RNA knockdown significantly reduced cell migration
and invasion. To identify possible underlying mechanisms for
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this reduction, we used ribosome footprint profiling to examine
downstream targets of BC200 RNA. Our profiling analysis
identified 29 genes whose expression levels were altered more
than 2-fold following BC200 knockdown. Most of them were
found to be involved in chromatin formation and cancer devel-
opment. Among them, S100A11 is highly associated with the
motility and invasiveness of cancer cells."”?’ This calcium-
binding protein is known to promote cellular motility by main-
taining outer membrane integrity.'”** Ribosome profiling
showed reducing expression of S100A11 following BC200
knockdown. Further analysis revealed that S100A11 was
reduced at both the mRNA and protein levels following BC200
RNA knockdown, suggesting that the reduced footprints
mainly resulted from the downregulation of mRNA. Knock-
down of BC200 RNA had little effect on the transcription rate
of the S100A11 mRNA, but it significantly decreased the stabil-
ity of this mRNA. Collectively, our results suggest that BC200
RNA up-regulates S100A11 expression by stabilizing the
S100A11 mRNA at the post-transcriptional level, and that this
upregulation of S100A11 contributes to the ability of BC200
RNA to increase cancer cell motility.

Results

Depletion of BC200 RNA disrupts the migration and
invasion of Hela cells

As an initial step toward understanding the role and action
mechanism of BC200 RNA in cancer, we first examined the
effects of BC200 RNA knockdown on the phenotypes of HeLa
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cervical carcinoma cells, in which BC200 RNA is highly upre-
gulated. To knock down endogenous BC200 RNA, we designed
4 siRNAs to target BC200 RNA in accordance with Matveeva
et al.** for maximum silencing efficiency with low off-target
effects and tested for their gene silencing effects. Among them
siBC200 I and siRNA200 II were most effective ones. We found
that siBC200 I and siRNA200 II reduced BC200 RNA expres-
sion to 11.8% and 48%, respectively, of the level seen in cells
transfected with the control siRNA (siNegative) (Fig. S1). Cells
subjected to BC200 RNA knockdown were then examined
using wound-healing, migration, invasion, and proliferation
assays. Wound-healing assays revealed that the healing rate of
siBC200-treated cells was 60% of that of siNegative cells
(Fig 1AB). In trans-well experiments designed to examine cell
migration (uncoated chambers) and invasion (Matrigel-coated
chambers), the numbers of migrated/invaded cells were
reduced to about 30-40% of the control levels (Fig 1CD). Pro-
liferation assays showed that BC200 RNA knockdown did not
significantly affect the proliferation of HeLa cells (Fig. S2).
Moreover, the BC200 RNA knockdown-induced decrease of
cell migration was not affected by inhibition of proliferation
under our serum-free medium conditions (Fig 1C) or FBS-con-
taining medium conditions in the presence of mitomycin C
(Fig. S3). These data suggest that BC200 RNA can alter the cell
motility but not the proliferation of HeLa cells and that the
decreased cell motility might not be caused by inhibition of cell
proliferation. Since cell motility is a critical feature for high-
grade cancer cells, it seems that BC200 RNA might contribute
to the development of high-grade cancers by facilitating cellular
motility.
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Figure 1. Effects of BC200 RNA knockdown on the migration and invasion of Hela cells. (A and B) Hela cells transfected with siNegative, siBC200 |, or siBC200 Il were
scraped (wounded) at 24 h post-transfection, and the degree of recovery was measured at 0, 12, and 48 h post-wounding. (A) Representative pictures, 40x magnification.
(B) Quantitative analyses of wound-healing results. The percentage of recovery was measured and estimated based on the initial wound size of each sample. Shown are
siNegative (red), siBC200 | (blue), and siBC200 Il (green) (mean & SD; n = 3; *P < 0.05, by Student’s t-test). (C and D) Hela cells were transfected with siNegative,
siBC200 |, or siBC200 Il and 5x 10* cells were allowed to invade Matrigel or 3x 10 cells were allowed to migrate toward collagen. After 40 h, the invaded or migrated cells
were fixed and counted. (C) Representative pictures of trans-well assay results, 200x magnification. (D) Quantitative analyses of trans-well assay results (mean £ SD; n =

3; P < 0.05, **P < 0.01, ***P < 0.001, by Student's t-test).
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Figure 2. BC200 RNA-knockdown-associated changes in the ribosome footprint profile. (A) A schematic of the workflow used to profile ribosome footprints. First, ribo-
some bounded mRNAs were purified from Hela cells transfected with siRNAs. RNase | degraded unbounded fractions of mRNAs. Next, ribosomes were purified by sucrose
cushioning and mRNAs bounded by ribosomes were selectively extracted. Finally, the remained mRNA fragments were converted to sequencing libraries and sequencing
was performed. (B) A volcano plot representing the fold change (x-axis, log, [Fold change]) and statistical significance (y-axis, —log;o [P-value]). Genes whose expression
levels were significantly changed (P < 0.05 and > 2-fold change) by knockdown of BC200 RNA are marked. (C and D) Gene ontology (GO) analysis was performed using
the QuickGO interface (http://www.ebi.ac.uk/QuickGO).*’ (C) GO of genes upregulated by knockdown of BC200 RNA. (D) GO of genes downregulated by knockdown of
BC200 RNA.
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Figure 3. BC200 RNA knockdown decreases S100A11 expression. (A) RPKM of the ST00A11 gene in our ribosome footprint profiling experiment (mean 4 SD; n = 2; P <
0.01, by Student's t-test). (B) Quantitative analysis of ST00A11 mRNA abundance. Cells were transfected with siRNAs and incubated for 24 h, and total RNA was purified
and subjected to qRT-PCR (mean + SD; n = 3; *P < 0.05, **P < 0.001, by Student’s t-test). The abundance of ST00A11 mRNA was normalized to the amount of GAPDH
mRNA and depicted as relative RNA levels after dividing with the RNA abundance in siNegative-treated cells. (C) Time course analysis of STO0A11 mRNA abundance after
the siRNA transfection. Relative ST0O0A11 mRNA levels are expressed relative to the amount of ST00A11 mRNA before each siRNA treatment after normalizing to GAPDH
mRNA. (D) Cells were transfected with siRNAs and incubated for 24 h, and whole-cell extracts were subjected to Western blotting. The amount of ST00A11 protein was
quantified using the ImageJ software (mean =+ SD; n = 3; *P < 0.05, by Student's t-test). Relative protein levels are expressed relative to the ST00A11 protein band inten-
sity in siNegative-treated cells after normalization to a-tubulin. (E) Time course analysis of ST00A11 protein abundance after the siRNA transfection.
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Possible downstream targets of BC200 RNA

ncRNAs have been shown to delicately regulate gene expres-
sions via distinct mechanisms>**® Based on our above results,
we hypothesized that BC200 RNA might alter the expression
levels of target genes involved in cell motility. We set to find
these downstream targets by analyzing BC200 RNA-knock-
down-associated changes in the genome-wide ribosome foot-
print. We prepared 4 ribosome-protected mRNA samples
from each duplicate of siBC200 I-knockdown and siNegative
control cells, and subjected the fragments to deep-sequencing.
We used the edge R analysis tool to compare the reads per
kilobase per million mapped reads (RPKM) between knock-
down and control samples, and visualized the data using a
volcano plot (Fig 2A). When we searched for genes that
showed a greater than 2-fold change and a p-value below
0.05, our analysis identified 29 genes that showed altered ribo-
some footprints (16 upregulated and 13 downregulated genes)
(Fig 2B and Table S1). Many (about 40%) of the genes found
to be upregulated by knockdown of BC200 RNA encode
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histones, which are involved in maintaining chromatin struc-
tures (Fig 2C).”” This suggests that the overexpression of
BC200 RNA in cancer cells may alter the transcription of spe-
cific genes by affecting chromatin organization. This is nota-
ble, because previous in vitro studies found that BC200 RNA
can inhibit translation by interacting with translational initia-
tion factors (e.g., eIF4A, eIF4B, and PABP).”® The downregu-
lated genes were found to be relatively diverse, but many of
them are involved in cancer-related processes (Fig 2D). The
FACS analysis showed that the BC200 RNA knockdown
increased a portion of cells undergoing apoptosis (Fig. S4).
This finding as well as the ribosome footprint profiling data
suggests that BC200 RNA is functionally associated with can-
cer. The downregulated genes included S100A11, which is
highly related to cellular motility in cancer.'*** It is overex-
pressed in a large variety of invasive carcinomas, and its sup-
pression substantially decreases cell migration.”** Therefore,
the reduced motility of siBC200-transfected HeLa cells could
result from the BC200 RNA-knockdown-induced downregu-
lation of SI00A11.
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Figure 4. Recovery of wound healing and S100A11 expression in BC200 RNA-knockdown Hela cells by BC200 RNA overexpression. (A and B) Wound-healing assays were
performed as in Fig. 1 except that HeLa cells were simultaneously transfected with siBC200 | and BC200 expression plasmid DNA. (A) Representative pictures, 40x magnifi-
cation. (B) Quantitative analyses of wound-healing results. The percentage of recovery was measured and estimated based on the initial wound size of each sample.
Shown are Mock-siNegative (red), Mock-siBC200 | (pale red), +BC200-siNegative (blue) and +BC200-siBC200 | (pale blue) (mean 4 SD; n = 3; “P < 0.05, by Student’s t-
test). +-BC200, overexpression of BC200 RNA. (C and D) Cells were simultaneously transfected with siBC200 | and BC200 expression plasmid DNA. Total RNA or whole-cell
extracts were purified at 24 h post-transfection. (C) Quantitative analysis of ST00A11 mRNA and BC200 RNA abundance by qRT-PCR. The abundance of each RNA was nor-
malized to the amount of GAPDH mRNA and depicted as relative RNA levels after dividing with the corresponding RNA abundance in siNegative-treated cells. Shown are
Mock-siNegative (red), Mock-siBC200 | (pale red), +BC200-siNegative (blue) and +BC200-siBC200 | (pale blue). (D) Whole-cell extracts were subjected to Western blotting.
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BC200 RNA knockdown decreases S100A11

The RPKM of S100A11 in BC200 RNA-knockdown cells was
50% of that in control cells. Since RPKM mainly depends on
the cellular level and translation efficiency of mRNA, we per-
formed qRT-PCR to quantify the mRNA level of S100A11. The
S100A11 mRNA level was significantly lower in BC200 RNA-
knockdown cells at 24 h after the siRNA transfection (40% that
of the control level) (Fig 3), suggesting that this change, rather
than an alteration in translation efficiency, accounted for the
reduction in RPKM for the S100A11 gene. Our analysis of pro-
tein expression revealed that the S100A11 proteins levels in
BC200 RNA-knockdown cells were 38% those in control cells
(Fig 3), suggesting that the decrease in mRNA levels was
responsible for the reduction in protein expression. The mRNA
and protein levels of SI00A11 in cells treated with the less-effi-
cient siBC200 II were decreased to 77% and 73% of those in the
control cells, respectively (Fig 3), suggesting that the decrease
of SI00A11 expression was proportional to the knockdown effi-
ciency. We also performed rescue experiments by overexpres-
sion of BC200 RNA after the BC200 RNA knockdown. The
rescue from the BC200 RNA knockdown restored cell motility
and S100A11 expression (Fig 4). All the data support that
BC200 RNA is responsible for the changes in these parameters.

BC200 RNA knockdown does not alter transcription of the
S100A11 mRNA

Next, we examined whether BC200 RNA knockdown
affected the activity of the S100A11 promoter. The tran-
scription of S100A11 is enhanced by EGFRVIII through the
JAK/STAT pathway,”® which drives diverse phenotypic
changes in proliferation, energy metabolism, immune
response and cell invasion.”’?* This enhancement of
S100A11 transcription, which requires 2 STATx binding
sites residing in the —2146 to —1712 region (+1 at ATG of
S100A11), was reported to be responsible for cellular migra-
tion.”® Since S100A11 promotes cell migration at least in
part through the JAK/STAT pathway, we speculated that
the motility change triggered by BC200 RNA knockdown
could involve this pathway. To test this, we cloned S100A11
promoter fragments containing the upstream sequences up
to —2146 nt and —1712 nt into the pGL3 vector and used
qRT-PCR to monitor the mRNA expression of luciferase
(which is encoded by this vector). However, knockdown of
BC200 RNA did not significantly affect transcription from
either promoter region (Fig 5), suggesting that the decrease
of S1I00A11 mRNA levels in BC200 RNA-knockdown cells
is not due to decreased transcriptional activity.
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total RNA was purified and subjected for qRT-PCR (mean = SD; n = 3). The abundance of firefly luciferase mRNA was normalized to the amount of GAPDH mRNA and
depicted as relative RNA levels after dividing with the RNA abundance in siNegative and pGL3_Basic vector-treated cells.



Knockdown of BC200 RNA destabilizes the ST00A11 RNA

To examine whether BC200 RNA could affect the stability of
the S100A11 mRNA, we performed actinomycin D-chase
experiments with BC200 RNA-knockdown and control HeLa
cells. Our results revealed that BC200 RNA knockdown signifi-
cantly destabilized the SI00A11 mRNA (Fig 6). In control cells,
the S1I00A11 mRNA was so stable that it was difficult for us to
estimate the half-life within the experimental time course. In
cells treated with siBC200 I or siBC200 II, in contrast, the
S100A11 mRNA registered measurable half-lives of 10.1 h and
16.6 h, respectively. These data indicate that BC200 RNA nota-
bly contributes to maintaining the stability of the S100A11
mRNA. Based on this, we propose that RNA destabilization is a
main contributor to the BC200 RNA-knockdown-induced
downregulation of the S100A11 mRNA.

S100A11 critically mediates the ability of BC200 RNA to
induce cell migration and invasion

Finally, we examined whether S100A11 plays a critical role in
BC200 RNA-induced migration. HeLa cells were transfected

A
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with siBC200s, incubated for 24 h, and then transfected with
the SI00A11 expression plasmid. We found that overexpres-
sion of S100A11 rescued the BC200 RNA knockdown effect
(Fig 7). Alternatively, HeLa cells were transfected with
siSI00A11 RNA, incubated for 24 h, and then transfected with
the 2 siBC200 RNAs. Wound-healing assays revealed that
S100A11 knockdown decreased the motility of HeLa cells, but
the subsequent knockdown of BC200 RNA did not cause a fur-
ther decrease in motility (Fig 8). Likewise, our trans-well assays
showed that S100A11 knockdown significantly disrupted the
migration and invasion of HeLa cells, but the subsequent
knockdown of BC200 RNA had little effect (Fig. S5). We also
analyzed cell cycle and apoptosis after overexpression of
S100A11 with and without BC200 RNA knockdown. We found
that SI00A11 overexpression did not significantly affect cell
cycle progression and apoptosis rates either with or without
BC200 RNA knockdown (Fig. S6), suggesting that the
decreased cell motility by the BC200 RNA knockdown-induced
decrease of S100A11 expression might have nothing to do with
cell proliferation and apoptosis. These findings support the
notion that S100A11 is a key mediator of the BC200 RNA-
induced changes in migration and invasion of HeLa cells.
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Figure 6. BC200 RNA knockdown alters the stability of the STO0AT1 mRNA. (A) HeLa cells were transfected with siRNAs, incubated for 24 h, and treated with actinomycin
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analyzed by semi-qRT-PCR for ST00A11 mRNA, BC200 RNA, and 18S rRNA.
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Figure 7. Recovery of the wound healing of BC200 RNA-knockdown Hela cells by overexpression of ST00A11. (A and B) Hela cells were transfected with siBC200 | or
siBC200 Il, incubated for 24 h, and then transfected with the ST00A11 expression plasmid DNA. Cells were scraped (wounded) at 48 h after the initial knockdown, and the

degree of recovery was measured at 0, 12, 24, 36, and 48 h post-wounding. (A) Rep

resentative pictures, 40x magnification. (B) The results of our wound-healing assay

were quantified as described in the legend to Fig. 1B (mean =+ SD; n = 3). Shown are siNegative (red), siBC200 | (blue), and siBC200 II (green). (C) At 48 h after the initial
knockdown, whole-cell extracts were prepared and subjected to Western blot analysis.

BC200 RNA knockdown decreases cell motility and
S100A11 expression in MCF7 cells

Since BC200 RNA is highly expressed in some breast cancer
cells"? we also analyzed the connection between BC200
RNA, cell motility, and S100A11 expression (Fig 9). We found
that the BC200 RNA knockdown decreased the wound-healing
rate. The expression levels of S100A1l protein were also
reduced by the BC200 RNA knockdown. The decreased levels

in both cell motility and S1I00A11 expression were more promi-
nent with siBC200 I than siBC200 II. These data showed that
these BC200 RNA knockdown effects can occur in different
cancer cell types.

Discussion

BC200 RNA has been reported to be highly upregulated in sev-
eral cancers and cancer cell lines.'”'' In this study, we
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Fig. 1B (mean =+ SD; n = 3). Shown are siNegative (red), siBC200 | (blue), and siBC200 Il (green). (C) At 48 h after the initial knockdown, whole-cell extracts were prepared

and subjected to Western blot analysis.

investigated possible functions of BC200 RNA in cancer cells,
and found that knockdown of BC200 RNA significantly
reduced cell motility. We then used ribosome footprint profil-
ing to analyze genome-wide gene expression changes in BC200
RNA-knockdown and control cells. We identified several genes
with reduced RPKM in knockdown cells, and selected

S100A11, which belongs to the S100 protein family,*® for fur-
ther analysis. Correlations have been drawn between the
expression levels of S100 proteins and cell migration/invasion.
BC200 RNA knockdown reduced the protein levels of
S100A11, in association with the reduced RPKM. Since the
reduced cell motility of BC200 RNA knockdown cells was
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Figure 9. Effects of BC200 RNA knockdown on would healing and S100A11 expression of MCF7 breast cancer cells. MCF7 cells were transfected with siNegative, siBC200 |,
or siBC200 Il were analyzed for effects of the BC200 RNA knockdown on wound healing, as in Fig. 1, and on ST00A11 expression, as in Fig. 3. (A) Representative pictures of
the would-healing recovery, 40x magnification. (B) Quantitative analyses of wound-healing results (mean =+ SD; n = 3). Shown are siNegative (red), siBC200 | (blue), and
siBC200 Il (green). (C and D) Quantitative analysis of (C) BC200 RNA and (D) S100A11 mRNA abundance. Cells were transfected with siRNAs and incubated for 24 h, and
total RNA was purified and subjected to qRT-PCR. Relative RNA levels are expressed each RNA abundance after dividing with the corresponding RNA abundance in siNeg-
ative-treated cells as in Fig. 4C. (E) Cells were transfected with siRNAs and incubated for 24 h, and whole-cell extracts were subjected to Western blotting.

rescued by overexpression of S100A11 and the knockdown
of BC200 RNA did not further reduce the cell motility of
S100A11-knockdown cells, we believe that the upregulation
of BC200 RNA in HeLa cells increases cell motility through the
upregulation of S100A11. The promoter activity of the gene
encoding S100A11 was not affected by BC200 RNA knock-
down, but the stability of the SI00A11 mRNA was significantly
reduced. We do not yet know how BC200 RNA contributes to
stabilizing the S100A11 mRNA. We speculate, however, that
BC200 RNA may function as a buffer against the degradation
of this mRNA. In this, it could be analogous to other ncRNAs,
such as Linc-ROR, LncRNA-ATB, and MALAT1, which stabi-
lize mRNAs by acting as competing endogenous RNAs to
sequester miRNAs and inhibit the miRNA-mediated decay of
their target mRNAs.”*”® Alternatively, BC200 RNA may
increase the stability of SI00A11 mRNA by interacting with
complementary sequences. There is a putative BC200 RNA
binding site between positions —30 and —15 of S100A1l
mRNA relative to the start codon (+ 1 would be A of the ATG
codon). We showed that an RNA fragment containing this site
could interact with BC200 RNA in vitro (Fig. S7), but it remains
to be demonstrated whether or not this interaction is biologi-
cally relevant to the BC200 RNA-mediated increase of
S100A11 mRNA stability in vivo. Such in vivo RNA-RNA inter-
actions would be validated by using a method based on RNA
antisense purification to systematically map RNA-RNA
interactions.””

One may argue that the siRNA-mediated inhibition of
S100A11 expression might be caused by off-target effects. Since
we used 2 non-overlapping siRNAs and the knockdowned

BC200 RNA levels correlate with those of SI00A11 expression
and cell motility, the chance of having the same off-target
effects is very slim. Furthermore, we found that overexpression
of BC200 RNA rescued the BC200 knockdown effects. There-
fore, it is very unlikely that the biologically relevant phenotypes
by the siRNAs result from siRNA-mediated off-target gene
silencing.

Our ribosome footprint profiling identified only 29 genes as
being downstream targets of BC200 RNA, as defined by a > 2-
fold change in knockdown versus control cells. Of them, 16
genes were upregulated and 13 genes were downregulated.
Since BC200 RNA acts as a general translation inhibitor in
vitro,”” the results representing that only a limited number of
genes were altered by BC200 RNA in vivo suggest that there
would be an additional mechanism, granting a specificity of
effects in vivo. In neurons, BC200 RNA is strictly restricted to
dendrites; thus, it would logically inhibit the translation of den-
dritic mRNAs. Therefore, it is possible that BC200 RNA may
be distinctly localized in the cytoplasm and inhibit translation
of specifically localized mRNAs. Our recent finding that BC200
RNA appears as fine punctate staining in the cytoplasm of
HeLa cells®® may support this hypothesis. Although we herein
focused on S100A11 as a downstream partner, BC200 RNA
seems to have various effects on cancer cells. Moreover, our
ribosome profiling data showed that BC200 RNA can alter the
mRNA expression levels of various histones. These core protein
components of chromatin are wound around with DNA and
play crucial roles in gene regulation,” suggesting that BC200
RNA could contribute to gene regulation by altering the expres-
sion of histone mRNAs. Here, we add to this knowledge by



showing that knockdown of BC200 RNA affected the expres-
sion levels of certain genes related to the cell survival and
energy metabolism. Thus, expression changes of these genes
may be involved in the development of cancer.

In summary, we herein show that BC200 RNA affects the
expression levels of specific genes in cancer cells. We focused
on S100A11, whose BC200 RNA-induced upregulation can
enhance cell motility. Our novel findings may provide a basis
for using BC200 RNA as a biomarker for cancer diagnosis, and
suggest BC200 RNA itself could be a drug target for cancer
treatment in the future.

Materials and methods
Cell culture and transfection

HeLa and MCF?7 cells (ATCC) were maintained in Dulbecco’s
modified Eagle’s medium (Gibco) containing 10% fetal bovine
serum (Gibco) and 1% antibiotic-antimycotic (Gibco) at 37°C
with 5% CO,. For transfections, cells were seeded and incu-
bated for 24 h and siRNA or DNA transfections were per-
formed using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s protocol.

Plasmid DNAs

For expression of BC200 RNA in HeLla cells, the BC200
sequence was PCR-amplified from Human genomic DNA
(Roche) and cloned into the BglII/Xhol sites of pSUPER vector
DNA (Oligoengine). For assays testing promoter activity of
S100A11, S100A11-lucifierase transcriptional fusions were con-
structed as described previously.”® The S100A11 promoter-con-
taining DNA fragments from —2146 to +247 and from —1712
to +247 (+1 at ATG), respectively, were amplified by PCR
using Human genomic DNA (Roche). The amplified DNA
fragments, —2146/4-247 and —1712/4-247, were inserted at the
Xhol/HindIlI sites of the pGL3-Basic vector DNA (Promega).
For expression of SI00A11 in Hela cells, the SI00A11 open
reading frame (ORF) sequence was PCR-amplified from a
c¢DNA library (KCTC) and inserted at the EcoRI/Xhol sites of
the pCNDA3HA (Invitrogen).

Primers and siRNAs

The primers for amplification of BC200 sequence were as fol-
lows: Fwd 5'-CGC GGA TCC CCG GCC GGG CGC GGT G-3'
and Rev 5'-CCC AAG CTT AAA AAG GGG GGG GGG GGT
TG-3'. The primers for amplification of SI00A11 promoter-
containing DNA fragments and the S100A11 ORF sequence
were as follows: p2146, Fwd 5'-CCG CTC GAG TGT GGT
GTG TAA GGC CTC AT-3' and Rev 5'-CCG AAG CTT TGT
CGT GAC TGG GAA GGC TA-3'; p1712, Fwd 5'-CCG CTC
GAG TGG AGT AGC TGA GAA CTG AG-3' and Rev 5'-CCG
AAG CTT TGT CGT GAC TGG GAA GGC TA-3’; S100A11
ORF, Fwd 5'-CCG GAA TTC ATG GCA AAA ATC TCC AG-
3’ and Rev 5'-GCC CTC GAG TCA GGT CCG CT-3'. The pri-
mers used for semi-quantitative RT-PCR and quantitative real-
time (qRT-)PCR were as follows: BC200 RNA, Fwd 5'-GCC
TGT AAT CCC AGC TCT CA-3' and Rev 5-GTT GCT TTG
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AGG GAA GTT ACG CT-3'; GAPDH, Fwd 5-GAA GGT
GAA GGT CGG AGT C-3' and Rev 5-GAA GAT GGT GAT
GGG ATT TC-3’; S100A11, Fwd 5-CTC CAA GAC AGA
GTT CCT AAG CTT C-3' and Rev 5-CAG CCT TGA GGA
AGG AGT CAT G-3'; Firefly luciferase, Fwd 5-TCA AAG
CGA ACT GTG TG-3' and Rev 5'-TTT TCC GTC ATC GTC
TTT CC-3'; and 18S rRNA, Fwd 5'-CGG CTA CCA CT CCA
AGG AA-3’ and Rev 5-GCT GGA ATT ACC GCG GCT-3".
The primers for DNA fragments used as templates for in vitro
transcription were as follows: S100A11_UTR, Fwd 5-GAA
TTC TAA TAC GAC TCA CTA TAG GTT GAG GAG AGG
CTC CAG AC-3' and Rev 5-CT GTT GGA GCT GAG CGA
GGC-3'; S100A11_ORF, Fwd 5-GAA TTC TAA TAC GAC
TCA CTA TAG GTG CT CGA GTC CCT GAT TGC-3' and
Rev 5-TCA TGA AGC TTA GGA ACT CTG TCT TGG-3';
BC200 RNA, Fwd 5'-GAA TTC TAA TAC GAC TCA CTA
TAG GCC GGG CGC GGT G-3’ and Rev 5'-AAA GGG GGG
GGG GGG TTG TTG CTT TG-3'. Antisense oligonucleotides
for probes of Northern blot were as follows: anti-BC200 (5'-
TTT GAG GGA AGT TAC GCT TAT-3’), anti-5S (5-CT CCA
AGT ACT AAC CAG GCC C-3") All of oligonucleotides were
purchased from Bioneer. The sequences of small interfering
RNAs (siRNAs) used for RNA interference were as follows: for
BC200 RNA, siBC200 I, 5-GUA ACU UCC CUC AAA GCA
ATT-3, siBC200 II, 5-CGU UCU CCA GAA AAA GGA
ATT-3, siBC200 III, 5-CUG CCU GGG CAA UAU AGC
GAG-3' and siBC200 IV, 5-CCG GGC GCG GUG GCU CAC
G-3’; and for SI00A11, siS100A11, 5-GAA CUA GCU GCC
UUC ACA ATT-3."° All of the siRNAs including a negative
control siRNA (siNegative, SN-1001) were purchased from
Bioneer.

Wound-healing assay

HeLa and MCF?7 cells were seeded at 200,000 and 250,000 cells,
respectively, per well to a 6-well cell culture plate (SPL Life Sci-
ences) and grown to confluence. The monolayer was scraped
(wounded) with the tip of a sterile plastic micropipette, debris
was removed by washing the cells with 1 mL of growth
medium/well, and the medium was replaced with 2 mL of
serum-free medium per well. Digitized images were collected at
various post-wounding intervals using an inverted microscope
(Nikon Eclipse TS100) equipped with a digital camera (Nikon
Digital Sight DS-Ril). The wounded areas were calculated using
the Image] software (NIH) and the results were used to esti-
mate the degree of recovery.

Trans-well assays

Trans-well assays were performed as described previously.*!
For invasion assays, cells (50,000 per well) were plated in
serum-free medium on 24-well trans-well inserts (Costar)
coated with 100 pl/well of Matrigel (BD Biosciences, #354234,
250 ng/ml) and 100 pl/well of collagen I (the underside; Sigma,
C7661, 20 ug/ml). When mitomycin C (Sigma, M4287, 1 ug/
ml) was added, FBS-containing medium was used instead of
serum-free medium. The plates were incubated for 40 h at
37°C in 5% CO,, the cells on the upper side of the insert were
scraped off, and the invaded cells (those on the underside of
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the insert) were fixed with 4% formaldehyde for 30 min at
room temperature. The fixed cells were stained with 1% crystal
violet for 30 min at room temperature, images were captured
for 5 randomly chosen high-power (200x) fields per insert, and
the invaded cells were counted. Migration assays were per-
formed in a similar manner using 30,000 cells/well in trans-
well inserts lacking the Matrigel coating.

Cell proliferation assay

Cell Counting Kit-8 (Sigma, #96992) was used to measure the
cellular proliferative activity. Cells were seeded at a density of
12,000 cells per well into a 24-well plate and allowed to attach
for 16 h. Viable cell numbers were measured with Cell Count-
ing Kit-8 assays at 24, 48, and 72 h after siRNA transfection,
respectively, according to the manufacturer’s protocol.

Cell cycle analysis

HelLa cells transfected with siRNAs for 48 h or 72 h were har-
vested, washed with PBS, and fixed in 75% ethanol at 4°C for
30 min. The fixed cells were stained with 10 ©g/ml propidium
iodide solution (Sigma, P4864) containing 0.3 mg/ml RNase A
(Roche, #10109169001) and 0.2% BSA for 15 min at 25°C. Cells
were then analyzed for relative DNA content using a FACSCa-
libur (BD Immunocytometry System).

Profiling of ribosome footprints

Profiling of ribosome footprints was performed as described
previously,” with a few modifications. Cells were harvested
with a lysis buffer containing cycloheximide (Sigma, C4859,
100 pg/ml) to maintain the occupation of ribosomes on
mRNAs. Lysates were treated with RNase I (Invitrogen,
AM2294, 250 U/ml) to produce ribosome-footprinting frag-
ments, which were purified by sucrose cushioning and filtered
by size (26 to 34 nt). The fragments originating from rRNAs
were removed by pulling down with biotinylated rRNA deple-
tion oligos and the remaining fragments were converted to a
sequencing library. The library was sequenced on a HiSeq 2500
platform (Illumina), and the obtained sequences were trimmed
by removal of the 5 clipping sequence (5'-AAT GAT ACG
GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC
GAC GCT CTT CCG ATC T-3') and the 3’ clipping sequence
(5'-CTG TAG GCA CCA TCA ATA GAT CGG AAG AGC
ACA CGT CTG AAC TCC AGT CAC-3'). The trimmed
sequences were aligned to the human reference genome (hgl19)
using CLC genomics workbench 7.5.1 (CLC bio), and the data
were statistically analyzed using edgeR.*’

Semi-quantitative RT-PCR and quantitative real-time PCR

Total RNA was prepared from HeLa cells using an easy-Blue™
Total RNA Extraction kit (Intron) or an RNeasy Mini kit (Qia-
gen), according to the manufacturers’ descriptions. cDNAs
were synthesized from 1 ug of total RNA using a ReverTra
Ace® qPCR RT Master Mix with gDNA Remover (TOYOBO).
For semi-quantitative RT-PCR, cDNAs were amplified using a
Taq Premix kit (Enzynomics) with and primer pairs specific to

BC200 RNA, 18S rRNA, S100A11 mRNA, or luciferase mRNA.
The PCR products were electrophoresed on 3% agarose gels,
stained with Loading STAR (Dyne Bio), and analyzed on a Gel-
Doc 1000 (Bio-Rad). For qRT-PCR, cDNAs were amplified
using a Bioneer Exicycler™ 96 Real-Time Quantitative Ther-
mal Block (Bioneer) with TOPreal™ qPCR 2x PreMIX (Enzy-
nomics) and the specific primer pairs. Fluorescence plots were
generated, the value of Cr was estimated using the Exicycler™
program (Bioneer), and RNA was quantified according to the
comparative C method.**

RNA stability analysis

HeLa cells were transfected with siRNAs, incubated for 24 h,
and treated with 5 pg/ml (final concentration) of actinomycin
D (Sigma, A9415), as described previously.*> Cells were col-
lected at various intervals after the actinomycin D treatment,
and total RNAs were prepared and analyzed for S100A11
mRNA and BC200 RNA by semi-quantitative RT-PCR as
described above.

Western blot analysis

Cells were harvested and lysed in RIPA buffer [50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 0.5% Na-deoxycholate (m/v), 0.1%
SDS (w/v), 1% Triton X-100 (v/v), 2 mM EDTA, 1 tablet/50 ml
of Complete Protease Inhibitor Cocktail (Roche)]. The
obtained proteins were resolved by SDS-PAGE and transferred
to Hybond ECL nitrocellulose membranes (GE Healthcare).
Immunostaining was performed using the Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare)
according to the manufacturer’s protocol. Antibodies used for
this analysis were as follows: S1I00A11 (1:1000, Proteintech,
10237-1-AP) and «-Tubulin (1:1500, Santa Cruz, sc-8035).

Northern blot analysis

Total RNA was fractionated on a 6% polyacrylamide gel con-
taining 7 M Urea and transferred to a Hybond-XL membrane
(GE Healthcare). Antisense oligonucleotides were 5end
labeled with [p->*P] ATP (PerkinElmer Life Sciences,
BLU002A250UC) by T4 polynucleotide kinase (Enzynomics)
and used as probes for hybridization. Hybridization in Rapid-
Hyb buffer (GE Healthcare) was performed at 40°C for BC200
RNA overnight, and 42°C for 55 RNA in a hour. The mem-
brane was washed twice at room temperature in 2x SSC buffer
(20 mM sodium phosphate, pH 7.4; 0.3 M NaCl; 2 mM EDTA)
with 0.1% SDS for 20 min and twice in 0. 2x SSC buffer with
0.1% SDS for 20 min. The membrane was exposed to imaging
plate (Fuji BAS-IP) for overnight and analyzed on a phospho-
image analyzer (Fuji FLA-7000).

Electrophoretic mobility shift assay (EMSA)

EMSA experiments were performed as described previously.*®
The DNA templates for S100A11_UTR, S100A11_ORF and
BC200 RNA were amplified using PCR with the corresponding
primer pairs. RNAs were prepared by in vitro transcription
using T7 RNA polymerase (Promega, P1320), with the



amplified DNA fragments as templates. 5'->*P-end-labeled
BC200 RNA (2 nM) was incubated with unlabeled S100A11
mRNA fragments (2, 20, 40, 80, 120 or 200 nM) in 25 ul TMN
buffer [20 mM Tris-acetate, pH 7.6, 100 mM NaOAc, 5 mM
Mg(OAc),] at 25 °C for 20 min. The reactions were then ana-
lyzed on a 6% (v/v) non-denaturing polyacrylamide gel at 4 °C.

Statistical analysis

For statistical analysis, 2-sided unpaired Student’s t-test were
processed. A P < 0.05 was considered statistically significant.
The symbols * indicate P < 0.05; ** indicate P < 0.01; *** indi-
cate P < 0.001. Error bars represented SD of at least 3 indepen-
dent experiments, unless indicated otherwise.
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