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Regulation of alternative splicing of Bcl-x by BC200
contributes to breast cancer pathogenesis

R Singh1, SC Gupta1,7, W-X Peng1,2, N Zhou3, R Pochampally1, A Atfi1, K Watabe4, Z Lu*,5 and Y-Y Mo*,6

BC200 is a long non-coding RNA (lncRNA) that has been implicated in the regulation of protein synthesis, yet whether

dysregulation of BC200 contributes to the pathogenesis of human diseases remains elusive. In this study, we show that BC200 is

upregulated in breast cancer; among breast tumor specimens there is a higher level of BC200 in estrogen receptor (ER) positive

than in ER-negative tumors. Further experiments show that activation of estrogen signaling induces expression of BC200. To

determine the significance of ER-regulated BC200 expression, we knockout (KO) BC200 by CRISPR/Cas9. BC200 KO suppresses

tumor cell growth in vitro and in vivo by expression of the pro-apoptotic Bcl-xS isoform. Mechanistically, BC200 contains a

17-nucleotide sequence complementary to Bcl-x pre-mRNA, which may facilitate its binding to Bcl-x pre-mRNA and recruitment of

heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1, a known splicing factor. Consequently, hnRNP A2/B1 interferes with

association of Bcl-x pre-mRNA with the Bcl-xS-promoting factor Sam68, leading to a blockade of Bcl-xS expression. Together,

these results suggest that BC200 plays an oncogenic role in breast cancer. Thus, BC200 may serve as a prognostic marker and

possible target for attenuating deregulated cell proliferation in estrogen-dependent breast cancer.
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Long non-codingRNAs (lncRNAs) provide a newperspective to

the central dogma of gene expression, where DNA is also

transcribed into RNAs that do not code for protein, in addition to

protein-coding mRNAs.1 Among the total human transcripts,

about 20 000 are protein-coding genes, accounting foro2% of

the human genome. The rest of them are non-coding RNAs,

including microRNAs and lncRNAs. Since there is a lack of a

satisfactory method for the classification of lncRNAs, they are

arbitrarily considered to be longer than ~200 nucleotides and

can go up to over 100 kb.2 LncRNAs are involved in the

regulation of various biological processes, such as genome

imprinting, gene regulation, chromatin organization and alter-

native splicing.3 Thus, they can serve as master gene

regulators through various mechanisms,4 and their deregula-

tion may lead to a variety of diseases such as diabetes,

neurodegenerative disorders, cardiovascular disease and

cancer.5 For example, a number of lncRNAs have been

implicated in different aspects of tumorigenesis such as tumor

cell growth and proliferation, invasion andmetastasis, and thus,

they can function as oncogenes or tumor suppressor genes.6

BC200, also called BCYRN1 (brain cytoplasmic RNA 1), is a

200-nucleotide in length, and is transcribed byRNApolymerase

III.7 BC200 has been shown to act as a translational modulator,

regulating synaptodendritic protein synthesis in neurons.8 It is

prevalently expressed in the nervous system, but not in non-

neural organs such as colon, heart, kidney, liver, spleen or

skeletal muscle.9,10 However, BC200 is also detected in a

number of tumors such as breast, cervix, esophagus, lung,

ovary, parotid and tongue, whereas it is not detectable in

corresponding normal tissues10 or in benign tumors such as

fibroadenomas.11

Despite upregulation of BC200 in various cancers, the role

of BC200 in cancer development and progression, as well as

the underlying mechanism of BC200-mediated gene regula-

tion in cancer remains poorly understood. In the present study,

we report that BC200 is transcriptionally induced by estrogen

in breast cancer cells, and it prevents apoptosis by modulating

alternative splicing of a member of the Bcl-2 family, Bcl-x.12

Results

Upregulation of BC200 in breast tumor specimens. To

investigate expression of BC200 in tumor specimens, we

used a breast cancer tissue cDNA array from OriGene (http://

www.origene.com/) consisting of 43 breast cancer and 5

normal breast tissue samples. As determined by qRT-PCR

analysis, BC200 was highly expressed in breast cancer as

compared with normal tissues (Figure 1a). Of great impor-

tance, the status of estrogen receptor (ER) impacted

expression of BC200 among tumor specimens. For example,

ER-positive breast cancer tumors had a higher level of

BC200 than those ER-negative tumors (Figure 1b and
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Supplementary Figure S1A). This trend was also seen in

breast cancer cell lines. For example, the level of BC200 in

ER-positive cells, such as MCF-7 and T47D, was higher than

in ER-negative cells such as MDA-MB-231 (Figure 1c). This

finding prompted us to further investigate the role of estrogen

(E2) in regulation of BC200 expression.

Transcriptional regulation of BC200 by estrogen. In initial

qRT-PCR experiments using MCF-7 and T47D cells, we

found that E2 deprivation caused a significant decrease in

BC200 expression (Figure 1d). Similar to BC200, c-Myc, a

known gene that is regulated by E2,13 was also suppressed

by E2 deprivation (Figure 1d). Interestingly, exposure of the

cells that were previously grown in E2-free medium to E2

increased the level of BC200 by a 1.8-fold in T47D cells

(Figure 1e). Similar results were also seen in MCF-7 cells,

reinforcing the notion that activation of E2 signaling induces

expression of BC200. To determine whether this effect is

mediated through ER, we treated these cells with E2 in the

presence or absence of tamoxifen (TAM). As shown in Figure

1e and f, TAM suppressed the E2-induced BC200 expression

in both T47D and MCF-7 cells, further suggesting BC200 as

an estrogen-regulated target lncRNA.

Scanning of the putative BC200 promoter revealed the

presence of potential estrogen response elements (EREs)

within a 2-kb region upstream of BC200 transcription start site

(Supplementary Figure S2A), particularly the site (TGACCT

CAGGTGA) located at −585-bp region (Figure 2a). Thus,

we cloned this 2 kb DNA fragment into a luciferase reporter

pGL3-basic vector. Luciferase assays revealed over a fivefold

increase in promoter activity on treatment with E2 (Figure 2b).

Mutagenesis analysis indicated that this site plays an important

role in E2-mediated BC200 promoter activity (Figure 2b).

Furthermore, chromatin immunoprecipitation (ChIP) assay

confirmed the binding of ER to this ERE-containing region

(Figure 2c; Supplementary Figure S2B). Together, these results

suggest that ER interacts with the putative ERE in the BC200

promoter to induce its transcription.

BC200 is critical to cell proliferation and survival. Since a

number of E2-regulated genes, such as c-Myc,14 play an

important role in breast tumorigenesis, next we sought to

determine the significance of BC200 in breast cancer. Thus,

we knocked out BC200 using CRISPR/Cas9 system15 since

RNAi was not effective for BC200. Accordingly, we deleted

BC200 in MCF-7 cells using the CRISPR/Cas9 system

combined with a dual gRNA (guide RNA) approach we

recently developed.16 These two gRNAs were located at

the 5ʹ and 3ʹ extremities of the BC200 gene (Supplementary

Figure S3A), enabling us to delete the entire gene. A
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Figure 1 Aberrant expression of lncRNA BC200 in breast cancer. (a) Average fold change for BC200 in breast cancer tissue scan array (OriGene) analyzed by qPCR shows
a significant upregulation in breast tumors (n= 43) as compared with normal tissue (n= 5). (b) ER-positive breast cancer samples (n= 22) have a higher expression than ER-
negative samples (n= 10). (c) Detection of BC200 by qRT-PCR in ER+ and ER− breast cancer cell lines. (d and e) Effect of estradiol (E2) and tamoxifen (TAM) on BC200
expression. T47D cells were grown in E2-free medium and treated with 1 nM E2 alone or in combination with 5 μM TAM for 18 h. (f) Same as (d) and (e), but in MCF-7 cell. Values
for (d) and (e) are means± S.E. (n= 3); *Po0.05
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challenge for gene knockout (KO) in cancer cell lines is the

polyploidy nature. For example, MCF-7 cells are hypotetra-

ploid. In this case, we may need to simultaneously KO four

copies of a given gene to obtain a complete KO clone. To

facilitate screening of KO clones, we generated a donor

vector carrying left and right arms for homologous recombi-

nation (HR).16 KO clones were initially identified by genomic

PCR (Supplementary Figure S3B), and then further con-

firmed by qRT-PCR analysis (Supplementary Figure S3C).

This approach identified several complete KO clones, and we

selected two of them (KO#2 and KO#9) for the following

experiments. As shown in Figure 3a, BC200 KO caused

significant morphologic changes and alterations in cell

viability. MTT assay confirmed that BC200 KO suppressed

the cell growth significantly as compared with vector control

cells (Figure 3b).

Terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) assay detected a high rate of apoptosis in

BC200 KO cells (Figure 3c). Furthermore, immunofluores-

cence analysis with the cytochrome c antibody demonstrated

a mitochondria leakage in BC200 KO cells, whereas vector

control cells revealed distinct speckleswithin the mitochondria

(Figure 3d). We also found increased cleavage of PARP1 in

BC200 KO cells relative to vector control cells (Figure 3e),

providing further evidence that BC200 plays an anti-

apoptotic role.

BC200 KO suppresses tumor growth in the xenograft

mouse model. Furthermore, orthotopic injection of MCF-7

cells carrying vector control or BC200 KO into female nude

mice revealed that BC200 KO significantly reduced tumor

growth (Figure 4a), resulting in a reduction of tumor weight

(Figures 4b and c). As expected, we detected little expression

of BC200 in BC200 KO tumors (Supplementary Figure S4A);

there was a weak Ki-67 signal for BC200 KO tumors as

compared with vector control (Figure 4d). TUNEL assays

revealed more apoptosis in BC200 KO tumors as compared

with control tumors (Figure 4e). Together, these results

further support the important role of BC200 in breast tumor

cell growth and proliferation.

BC200 KO increases the level of pro-apoptotic Bcl-xS

isoform. To determine how BC200 KO induces apoptosis,

we analyzed the expression of apoptosis regulating proteins

such as Bcl-2 and Bcl-x. There was no difference for Bcl-2

and Bax between control and BC200 KO cells although the

levels of Bim were slightly increased in BC200 KO cells

(Supplementary Figure S4B). Of interest, we detected the

short form of Bcl-x (Bcl-xS) in the BC200 KO cells, but this

band was undetectable in vector control by western blot

(Figure 5a). It is well-known that the long form of Bcl-x

(Bcl-xL) plays an anti-apoptotic role, whereas Bcl-xS is pro-

apoptotic in nature.17 Selection of the proximal 5ʹ splice site in
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exon 2 promotes the anti-apoptotic long variant, Bcl-xL,

whereas selection of the distal 5ʹ splice site promotes the pro-

apoptotic short variant, Bcl-xS. To determine whether the Bcl-

xS protein is generated through alternative splicing of Bcl-x,

we performed RT-PCR and found that Bcl-xS mRNA was

increased in BC200 KO cells as compared with vector control
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(Figure 5b) although we also detected a low level of Bcl-xS

mRNA in control cells. Bcl-xS has been shown to induce

apoptosis in different cancer cell lines.18–20 Congruent with

these studies, ectopic expression of Bcl-xS (Supplementary

Figure S5A) caused release of cytochrome c from mitochon-

dria to cytosol (Figure 5c), similar to what was seen in BC200

KO cells. Finally, we detected Bcl-xS in tumors derived from

BC200 KO cells, but not from control tumors (Figure 5d).

These results suggest that BC200 KO promotes apoptosis at

least in part through expression of pro-apoptotic Bcl-xS.

By inducing BC200 transcription, E2 could conceivably

regulate Bcl-x mRNA alternative splicing, causing inhibition of

Bcl-xS expression. Indeed, E2 deprivation increased expres-

sion of Bcl-xS mRNA (Figure 5e), supporting its role in the

BC200-mediated regulation of Bcl-x alternative splicing.

Upregulation of Bcl-xS expression has been shown to

enhance the sensitivity of cancer cells to chemotherapeutics

agents.18 Thus, we examined the effect of BC200 KO in

response to doxorubicin (doxo) treatment. MTTassay showed

a significant cell inhibition in BC200 KO cells as compared with

vector control (Figure 5f). Moreover, western blot detected a

marked increase in PARP1 cleavage in BC200 KO cells as

compared with vector control on treatment with doxo

(Figure 5g). These results suggest that BC200 KO can

sensitize MCF-7 cells to anti-cancer agents.

BC200 specifically regulates Bcl-x alternative splicing

through interaction with the splicing factor hnRNP

A2/B1. Next, we asked how BC200 KO promotes Bcl-xS.

In this regard, several proteins have been implicated in

regulation of alternative splicing of Bcl-x, including Sam68,

ASF/SF2, heterogeneous nuclear ribonucleoprotein (hnRNP)

A1, hnRNP A2/B1, hnRNP I and hnRNP K.21–26 RNA

precipitation using biotin-labeled BC200 RNA probe, followed

by western blot, detected hnRNP A2/B1 (Figure 6a; Supple-

mentary Figure S6) but not Sam68, ASF/SF2, hnRNP A1,

hnRNP I or hnRNP K. The binding of hnRNP A2/B1 with

BC200 was further confirmed by RNA immunoprecipitation

(RIP) assay, which revealed about a sixfold enrichment

of BC200 RNA with hnRNP A2/B1 antibody as compared

with IgG control (Figure 6b). In contrast, little enrichment was

seen for MALAT1 in the same RIP assay (Supplementary
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Figure S7A), suggesting that the interaction is specific to

BC200. To determine the role of hnRNP A2/B1 in alternative

splicing of Bcl-x, we knocked down hnRNP A2/B1 by RNAi

(Supplementary Figures S5B and C). RT-PCR revealed that

knockdown of hnRNP A2/B1 can increase Bcl-xS (Supple-

mentary Figure S5D), confirming that hnRNP A2/B1 serves

as a splicing silencer for Bcl-xS.

To determine whether BC200 is required for the binding of

hnRNP A2/B1 to Bcl-x pre-mRNA, we performed RIP assay

using hnRNP A2/B1 antibody. As expected, a 3.5-fold

enrichment of Bcl-x pre-mRNA by hnRNP A2/B1 antibody

was detected as compared with IgG in vector control cells

(Figure 6c). However, the enrichment of Bcl-x pre-mRNA

was lost in BC200 KO cells under the same experimental

conditions (Figure 6c). This was not due to alterations in

hnRNPA2/B1 expression, because BC200 KO had no effect

on the expression level of hnRNPA2/B1, hnRNPA1, Sam68 or

ASF/SF2 (Supplementary Figure S8).

Given the ability of hnRNP A2/B1 to regulate alternative

splicing of many genes,27–29 we then determined whether

BC200 is specific to the hnRNP A2/B1-mediated alternative

splicing of Bcl-x. In the same BC200 KO cells, we were not

able to detect any significant change in other known hnRNP

A2/B1-regulated targets, including RON, CASP9, IRF-3 and

A-Raf (Supplementary Figure S9). To further dissect the

mechanism for this specificity, we found a 17-bp sequence in

BC200 complementary with 3ʹ-UTR of Bcl-x (exon 3)

(Figure 6d; Supplementary Figures S7B and C). Therefore,

we mutated this potential binding site and then conducted

reconstitution experiments in BC200 KO cells using wild-type

or mutant BC200. RIP assay using hnRNP A2/B1 antibody

revealed that re-expression of wild-type BC200 in KO cells
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complementary to Bcl-x exon 3. Also shown is the mutant sequence (top). The putative BC200-binding site in Bcl-x is essential to the interaction of hnRNPA2/B1 with Bcl-x pre-
mRNA (bottom). BC200 KO#2 cells were transfected with vector control, BC200-WT or BC200-mutant. RIP assay was performed using hnRNP A2/B1 antibody 24 h after
transfection. (e) Suppression of hnRNPA2/B1 increases the binding of Sam68 to Bcl-x pre-mRNA. RIP assay was performed using Sam68 antibody. (f) BC200 KO enhances the
interaction of Sam68 with Bcl-x pre-mRNA, as detected by RIP assay using Sam68 antibody. Values are means± S.E. (n= 3); *Po0.05
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restored the ability of hnRNPA2/B1 to interact with Bcl-x pre-

mRNA (Figure 6d). Most importantly, mutating the binding site

(the 17-bp sequence) abolished the interaction of hnRNPA2/

B1 with Bcl-x pre-mRNA (Figure 6d). Moreover, we found that

the interaction of Sam68, a Bcl-xS promoting factor,25,26 with

Bcl-x pre-mRNA was significantly high when hnRNP A2/B1

was knocked down (Figure 6e), suggesting that hnRNPA2/B1

and Sam68 compete for Bcl-x pre-mRNA. Finally, we detected

over a 10-fold enrichment of Bcl-x by Sam68 antibody in

BC200 KO cells whereas no such enrichment was seen in

control cells (Figure 6f), further suggesting that BC200 is

required for hnRNPA2/B1 to compete with Sam68. Together,

these results suggest that BC200 specifically facilitates the

interaction of hnRNPA2/B1 with Bcl-x pre-mRNA, and at the

same time this interaction prevents the binding of Bcl-x pre-

mRNA to Sam68. Therefore, BC200 specifically determines

the fate of Bcl-x splicing in this case.

Discussion

It is nowwidely accepted that lncRNAs play a critical role in the

regulation of various cellular processes and disease condi-

tions ranging from pluripotency to cancer. Although BC200 is

primarily expressed in neuronal cells, it is upregulated in

various types of cancer, including breast cancer.10,11,30

However, the functional role of BC200 in breast cancer is

poorly understood. Here, we present evidence that BC200 is

an estrogen-regulated lncRNA capable of suppressing apop-

tosis by regulating alternative splicing of Bcl-x.

One of the interesting findings in this study is that BC200

expression is significantly higher in ER-positive tumors than in

ER-negative tumors. A similar trend was also seen among

ER-positive and ER-negative breast cancer cell lines. Further

characterizations provide several lines of supporting evidence

that BC200 is an ER-regulated lncRNA. First, BC200 can

be induced by E2 and this induction can be suppressed by

co-treatment with TAM, an ER antagonist. Second, there is a

potential ERE located upstream of BC200 transcription. Third,

luciferase assays with a reporter carrying the putative BC200

promoter or mutant ERE suggest that this ERE is critical to E2

regulation of BC200. Finally, ChIP assay using ERα antibody

confirms the binding of ER to this ERE site in the BC200

promoter. However, ER is not the only factor responsible

for BC200 expression because we also detect BC200 in

ER-negative breast cancer cells.

Previous studies have shown that several lncRNAs in

addition to BC200 are also regulated through ER signaling.

For example, HOTAIR and Neat1 have been reported to be

induced by E2.31,32 In this regard, HOTAIR carries multiple

functional EREs in its promoter region; in particular two of

them reveal very strong activity in response to E2 in breast

cancer cells.32 On the other hand, ER-regulated Neat1 serves

as a critical modulator in prostate cancer.31 Therefore,

identification of BC200 as an ER target gene increases the

repertoire of ER-regulated lncRNAs. Like HOTAIR and Neat1,

BC200 also plays an oncogenic role. However, the underlying

mechanisms are fundamentally different. For example,

HOTAIR regulates the chromatin state to promote cancer

metastasis;33 similarly ER-inducedNeat1 alters the epigenetic

landscape of target gene promoters in prostate cancer.31 In

contrast, BC200 promotes tumorigenesis by promoting

expression of Bcl-xL. Crucially, it has been shown that

increased expression Bcl-xL is associated with high risk of

metastasis, reduced sensitivity to chemotherapeutic treat-

ments and poor prognosis,34,35 implying possible involvement

of BC200 as an oncogenic lncRNA during breast cancer

progression.

It is known that ER-regulated genes can play an important

role in estrogen-driven tumor progression.36 In support of this

notion, BC200 KO causes a significant change in the

proliferative behaviors of breast cancer cells, as exemplified

by their slow growth and increased propensity to undergo

apoptosis. BC200 KO also causes cytochrome c translocation

from mitochondria to cytosol, and PARP1 cleavage. Impor-

tantly, BC200 KO induces accumulation of pro-apoptotic Bcl-

xS, providing a mechanism by which BC200 influences

proliferation of breast cancer cells. Based on these findings,

it is tempting to speculate that E2-induced BC200 might play

an anti-apoptotic role during breast cancer progression.

Bcl-x is a member of the well-known Bcl-2 family that play

key roles in apoptosis.12 This family include the anti-apoptotic

members Bcl-2, Bcl-xL, Mcl-1, Bfl-1 and Bcl-w, and the pro-

apoptotic members Bcl-xS, Bad, Bax, Bak, Bik, Bid, Bim,

Puma and Noxa.37,38 In particular, alternative splicing of Bcl-x

can lead to expression of Bcl-xL or Bcl-xS with an opposite

effect on cell apoptosis. Hence, alternative splicing plays a

crucial role in the control of apoptosis. While Bcl-xL has an

anti-apoptotic function and is often upregulated in several

cancers, Bcl-xS is a pro-apoptotic protein that antagonizes the

survival functions of Bcl-xL.39 Although the splicing change

of Bcl-x is small between BC200 KO and BC200 intact

cells (Figure 5), the ratio of Bcl-xS/xL could be critical. A

delicate balance between Bcl-xL and Bcl-xS could deter-

mine the fate of cells, which may explain why the regulation of

Bcl-x alternative splicing is complex. In this regard, several

splicing factors such as SRSF1, hnRNPA1, hnRNP F/H and

hnRNP I 22,25,40,41 have been implicated in Bcl-x alternative

splicing.

hnRNP proteins are a family of RNA-binding proteins that

play multiple roles in the cell, including RNA processing, pre-

mRNA splicing, mRNA export, localization, translation and

stability.42 Like many other members of this family, hnRNP

A2/B1 has been implicated in the regulation of alternative

splicing of several genes, such as A-Raf, RON and IRF-3,27–29

in addition to Bcl-x. Thus, how does hnRNPA2/B1 manage to

regulate a specific gene such as Bcl-x, but not others under

the same condition? Our study provides a potential explana-

tion. We suggest that hnRNP A2/B1 may serve as a basic

machinery whereas BC200 may play a regulatory role given

the requirement of BC200 for the binding of hnRNPA2/B1 to

Bcl-x pre-mRNA. Through the binding site, BC200 interacts

with Bcl-x pre-mRNA to form a complex containing hnRNP

A2/B1, BC200 and Bcl-x pre-mRNA. Therefore, by manipulat-

ing the level or activity of hnRNPA2/B1, we would expect that

all hnRNP A2/B1-regulated genes will be impacted. On the

other hand, changing the level of BC200 would be able to

specifically regulate Bcl-x splicing. This may explain why

BC200 KO does not alter the splicing of other targets of

hnRNPA2/B1. Thismechanismmay provide the cell with more

flexibility to adapt to various environmental conditions.
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In summary, BC200 is an ER-regulated target, raising the

intriguing possibility that upregulation of BC200 in human

breast tumors may play a critical role during breast cancer

pathogenesis and progression by restraining apoptotic cell

death owing to its ability to regulate Bcl-xL expression. Our

study suggests that BC200 functions in partnerships with at

least two players important for splicing (i.e., hnRNPA2/B1 and

Sam68) to interact with Bcl-x pre-mRNA and regulate its

alternative splicing (Supplementary Figure S10). In normal

cells, the level of BC200 is low or undetectable.10 Thus,

Sam68 is able to interact with Bcl-x pre-mRNA, leading to

expression of Bcl-xS. In tumor cells, BC200 is increased such

that it binds to Bcl-x pre-mRNA. This interaction facilitates

recruitment of hnRNP A2/B1 to Bcl-x pre-mRNA to form a

BC200-Bcl-x-hnRNP A2/B1 complex, which would suppress

expression of Bcl-xS, but at the same time promote that of

Bcl-xL. Consequently, these tumor cells become more proli-

ferative and more resistant to anti-cancer therapy.

Materials and Methods
Cell culture. The human MCF-7, T47D and MDA-MB-231 cells were obtained
from ATCC (Manassas, VA, USA). The MDA-MB-231 derivative cell lines (231 Br

Met and BoM1883) were kindly provided by Dr Joan Massagué at Memorial Sloan-
Kettering Cancer Center. Cells were cultured as described previously.43 For E2-
deprivation experiments, cells were grown and maintained in phenol-red-free

RPMI-1640 medium supplemented with 5% charcoal-stripped FBS, 2 mM
L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin.

KO of BC200 by CRISPR/Cas9. To facilitate the selection of positive clones,
we generated a donor vector in such a way that targeting sequence is replaced by
marker genes (GFP and PU (the puromycin resistance gene)) once it is integrated

into the genomic DNA by HR. Donor vector carried ~ 800 bp targeting sequence at
each side and EF1-GFP-T2A-PU in the middle, flanked by a LoxP site. The dual
gRNA construct carrying Cas9 and donor vector were introduced into MCF-7 cells

by transient transfection. As a control, everything was same except that the dual
gRNA construct carried no BC200 specific sequences. One week later, the
transfected cells were subject to puromycin selection; and surviving cells were

sorted by FACS based on GFP signal into 96-well plates and then expanded as
described previously.16

TUNEL assay. Cells were washed twice with PBS, fixed with 4% paraformal-
dehyde for 15 min at room temperature and permeabilized in 0.25% Triton X-100 for
20 min at room temperature. TUNEL assays were performed according to the

manufacturer’s instructions (Invitrogen, Grand Island, NY, USA). Briefly, the cells
were first incubated in TdT reaction cocktail for 60 min at 37 °C, followed by
treatment with Click-iT reaction cocktail. The nucleus was stained with Hoechst

33342. For tumor tissues, TUNEL assay was performed using in situ cell death
detection kit (Roche, Indianapolis, IN, USA) as per manufacturer’s protocol. Briefly,
paraffin-embedded tissues were deparaffinized and rehydrated, followed by

treatment with proteinase K for 30 min at 37 °C. After PBS wash, TUNEL reaction
mixture was applied on tissue samples and incubated for 60 min at 37 °C in the
dark. The nucleus was stained with Hoechst 33342.

Cytochrome c release assay. Cells were subject to immunostaining with
anti-cytochrome c antibody as previously described.44 Briefly, cells were fixed in 4%

formaldehyde, washed twice with cold PBS, permeabilized by 0.25% Triton X-100 in
PBS for 15–20 min, blocked with goat serum and then incubated with cytochrome c
antibody for 4 h at room temperature. Samples were washed twice with 0.2% Tween

20 in PBS and incubated with fluorescein–isothiocyanate-conjugated anti-mouse
secondary antibody for 1 h at room temperature. DAPI staining of the cells was
performed to visualize nuclear integrity.

Immunohistochemistry. Immunohistochemistry (IHC) was used to detect Ki-
67 in xenograft tumors using the procedure as previously described.45

RNA precipitation. To identify potential BC200-binding partners, we
performed the RNA precipitation assay using biotin-labeled BC200 RNA probe
and then detected various proteins by western blot. DNA fragment covering the

entire BC200 sequence was PCR amplified using a T7-containing primers and then

cloned into pCR8 (Invitrogen). The resultant plasmid DNA was linearized with
restriction enzyme NotI which was introduced from the reverse PCR primer, and

then used to synthesize RNA by T7 polymerase. The remaining procedure was

same as previously described.46

RNA immunoprecipitation. To determine whether hnRNP A2/B1 interacts
with BC200, we used hnRNP A2/B1 antibody to pull down hnRNP A2/B1 and then

detected BC200 RNA by RT-PCR using BC200 specific primers. Magna RIP RNA-

Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA) was used for
RIP procedures according to the manufacturer’s protocol. After the antibody was

recovered by protein A+G beads, standard RT-PCR was performed to detect BC200

RNA or Bcl-x mRNA in the precipitates. RIP with Sam68 antibody was carried out in
the same way.

Chromatin immunoprecipitation. ChIP assays were performed using a
commercial kit from Millipore as per manufacturer’s protocol. Briefly, cells were first

fixed with 1% formaldehyde, and chromatin DNA was isolated and bound protein
was digested with proteinase K. Quantitative PCR was performed using primers

BC200-ChIP-5.1, BC200-ChIP-3.1 covering ERE site and BC200-ChIP-5.2, with

BC200-ChIP-3.2 as negative control (see Supplementary Materials). Immunoglo-
bulin G and non-specific antibody (anti-SUMO) were used as negative controls.

Xenograft mouse model. Female nude (nu/nu) mice (4–5-week-old) were
purchased from Harlan Laboratories (Indianapolis, IN, USA). All animal studies were

conducted in accordance with NIH animal use guidelines and a protocol approved

by the UMMC Animal Care Committee. MCF-7 cells with donor control and BC200
KO at the exponential stage were harvested and were then mixed with 50% matrigel

(BD Biosciences, San Jose, CA, USA). Before tumor cell injection (1.5 million cells
per spot), a 0.72 mg 17β-estradiol pellet (Innovative Research of America,

Sarasota, FL, USA) was implanted beneath the back skin to facilitate tumor growth.

Tumor cell injection was performed as described previously.45 Tumor growth was
monitored, and tumor size was measured every other day. Tumor volume was

calculated using the formula, volume= 1/2 (length × width2). Paraffin-embedded

tissues were prepared for IHC staining.

Statistical analysis. Data are presented as mean± S.E.; the Student’s t-test
was used for assessing the difference between individual groups and P≤ 0.05 was
considered statistically significant.
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