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Micropeptide CIP2A-BP encoded by LINC00665
inhibits triple-negative breast cancer progression
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Abstract

TGF-b signaling pathway plays a key role in breast cancer metasta-
sis. Recent studies suggest that TGF-b regulates tumor progression
and invasion not only via transcriptional regulation, but also via
translational regulation. Using both bioinformatics and experimen-
tal tools, we identified a micropeptide CIP2A-BP encoded by
LINC00665, whose translation was downregulated by TGF-b in
breast cancer cell lines. Using TNBC cell lines, we showed that
TGF-b-activated Smad signaling pathway induced the expression of
translation inhibitory protein 4E-BP1, which inhibited eukaryote
translation initiation factor elF4E, leading to reduced translation
of CIP2A-BP from LINC00665. CIP2A-BP directly binds tumor onco-
gene CIP2A to replace PP2A’s B56c subunit, thus releasing PP2A
activity, which inhibits PI3K/AKT/NFjB pathway, resulting in
decreased expression levels of MMP-2, MMP-9, and Snail. Down-
regulation of CIP2A-BP in TNBC patients was significantly associ-
ated with metastasis and poor overall survival. In the MMTV-PyMT
model, either introducing CIP2A-BP gene or direct injection of
CIP2A-BP micropeptide significantly reduced lung metastases and
improved overall survival. In conclusion, we provide evidence that
CIP2A-BP is both a prognostic marker and a novel therapeutic
target for TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is a subtype of breast cancer

accounting for 15% of all breast cancers. TNBC is negative for the

expression of estrogen receptor (ER) and progesterone receptor (PR)

and lacks HER2 amplification or overexpression. It is usually

associated with more aggressive tumor behaviors, including

younger age of disease onset, shorter time to relapse, and higher

risk for local and distant metastasis, therefore with poor overall

survival compared to other subtypes of breast cancer (Gluz et al,

2009; Lara-Medina et al, 2011; Sharma, 2016). Currently, there are

no effective targeted therapies available for TNBC.

TGF-b signal transduction pathway plays an important role in

development and growth of normal cells. Alteration in TGF-b signal

pathway has been reported in tumorigenesis, tumor invasion, and

metastasis (Akhurst & Hata, 2012). In breast cancer, TGF-b treat-

ment can induce epithelial–mesenchymal transition (EMT) and

induce cancer stem cells whereas TGF-b inhibition augments

chemotherapy against TNBC (Bhola et al, 2013).

Long non-coding RNAs (lncRNA) are a type of RNA longer than

200nt, which normally do not encode proteins, and participate in

normal cellular function and disease development by regulation of

transcription or translation (Wapinski & Chang, 2011; Li et al, 2014;

Sun & Kraus, 2015). More recent studies suggest that some of these

lncRNAs encode biologically active micropeptides which participate

in a variety of cellular activities (Anderson et al, 2015; Cai et al,

2017; Matsumoto et al, 2017). Previous studies have shown that

TGF-b treatment can directly regulate lncRNA at transcription level

(Richards et al, 2015); however, little is known whether TGF-b
treatment can directly influence lncRNA at translation level.

In this study, we first screened for potential lncRNAs that

encoded micropeptides which were regulated by TGF-b treatment.

Subsequently, we determined the clinical utility of lncRNA-encoded

micropeptide. Finally, we determined the function and mechanism

of lncRNA-encoded micropeptide in TNBC invasion and metastasis.

Results

LINC00665 is regulated by TGF-b at translational level

In order to identify lncRNAs regulated by TGF-b at translational level,

we obtained both Ribo-seq and RNA-seq datasets (GSE59817) of a

normal human mammary epithelial cell line MCF-10A before and
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after TGF-b treatment from GEO database. Using bioinformatics anal-

ysis, we identified 14 lncRNA candidates that showed alterations on

translation (Ribo-seq) but not on transcription (RNA-seq) after TGF-b
treatment. Subsequently, these lncRNAs were further analyzed by

polysome profiling and quantitative PCR (qPCR) in MCF-10A and

MDA-MB-231 cells (Appendix Fig S1), and only LINC00665 remained

changed at translation level but unchanged at transcription level.

LINC00665 is an annotated human lncRNA (NR_038278.1). Both

fluorescence in situ hybridization (FISH) and nuclear/cytoplasm

fractionation indicated that LINC00665 mainly resides in cytoplasm

(Appendix Fig S2A and B). Because of its ribosome occupancy

(Fig 1A), we tested the hypothesis that it might encode proteins or

peptides. We performed both polysome profiling analysis and qPCR

on LINC00665 in MCF-10A as well as three TNBC cell lines

(Hs578T, BT549, and MDA-MB-231) before and after TGF-b treat-

ment. In all cell lines, we observed that TGF-b treatment reduced

LINC00665-polysome complex level (Fig 1B), but not LINC00665

RNA level (Fig 1C). Northern blot analysis of MCF-10A and MDA-

MB-231 cell lines further confirmed that TGF-b treatment had no

effect on LINC00665 RNA level (Appendix Fig S2C).

LINC00665 could potentially encode four open reading frames

(ORFs) by in silico analysis. To determine the translational potential

of these ORFs, we generated c-terminal His-tag fusion protein for

each ORF and transfected into MCF-10A cell. Western blot analysis

indicated that only LINC0665-ORF1 translated into a micropeptide

(Fig 1D). This ORF is located on chromosome 19 from 36,313,061 to

36,331,718, within the first exon of LINC00665 encoding a 52-amino

acid peptide (5.5KDa). This is consistent with ribosome occupancy

data from GWIPS-viz database (Fig 1A). We name this micropeptide

CIP2A binding peptide (CIP2A-BP).

To determine whether the starting codon of CIP2A-BP was func-

tional, we generated an expression construct (ORF-GFPmut) by

fusing GFPmut ORF (in which the starting codon ATGGTG was

mutated to ATTGTT) to the c-terminus of CIP2A-BP and transfected

into MCF-10A cells (Fig 1E). GFP fusion protein was detected in

ORF-GFPmut transfected MCF-10A cells (Fig 1F). Western blot using

anti-GFP antibody further confirmed the presence of CIP2A-BP-GFP

(Fig 1G). However, no GFP fusion protein was detected when the

starting codon in CIP2A-BP was mutated (ORFmut-GFPmut), nor by

Western blot using anti-GFP antibody (Fig 1F and G). To rule out

fusion protein property change due to relative large size of GFP, we

further confirmed the functionality of CIP2A-BP start codon using

His-tag fusion protein constructs in MDA-MB-231 cells (Fig 1H–J).

Expression of endogenous CIP2A-BP

To determine whether CIP2A-BP was produced endogenously, we

first performed polysome profiling in MCF-10A cell lysate. The

mRNA-protein particles (mRNPs) were separated into three groups:

non-ribosome (mRNPs without any ribosome), 40S-80S (mRNPs

associated with ribosome but not being translated), and polysome

(mRNPs being actively translated), and the presence of CIP2A-BP

RNA in each fraction was determined using qRT–PCR (Appendix Fig

S1C). We found that CIP2A-BP RNA was enriched in polysome frac-

tion: CIP2A-BP RNA enrichment in 40S-80S and polysome fractions

was further reduced by TGF-b treatment, but completely abolished

in polysome fractions by puromycin treatment (Fig 1L and

Appendix Fig S1C).

To further confirm the presence of CIP2A-BP peptide, we gener-

ated antibody against CIP2A-BP. The CIP2A-BP fusion protein was

detected in the ORF-GFPmut and ORF-His transfected cells using the

anti-CIP2A-BP antibody, but no fusion protein expression was

detected in the cells transfected with the other constructs (Fig 1G, J

and K). To determine the specificity of CIP2A-BP antibody, we

showed that the level of CIP2A-BP protein was significantly lower in

LINC00665 shRNA transfected MCF-10A and MDA-MB-231 cells

(Appendix Fig S3A–C).

Immunofluorescence analysis indicated that CIP2A-BP was

present in MCF-10A and MDA-MB-231 cells, and TGF-b treatment

significantly reduced CIP2A-BP expression (Fig 2A). To investigate

whether CIP2A-BP plays a role in tumorigenesis of TNBC, we deter-

mined CIP2A-BP peptide level by Western blot in MCF-10A and

three TNBC cell lines (Hs578T, BT549, and MDA-MB-231). CIP2A-

BP expression was lower in TNBC cell lines than in MCF-10A cell

line, and TGF-b treatment reduced CIP2A-BP expression in all four

cell lines (Fig 2B). To rule out the possibility that CIP2A-BP was

processed from a larger protein precursor, we showed that CIP2A-

BP translation-blocking antisense oligo blocked the expression of

CIP2A-BP (Fig 2C).

Low expression of CIP2A-BP was associated with poor survival in
triple-negative breast cancer patients

Because CIP2A-BP peptide level was lower in TNBC cell lines than

in MCF-10A cells, we determined whether CIP2A-BP peptide level

differed in TNBC patients by metastasis status, and showed that

CIP2A-BP level was lower in patients with metastasis than in

patients without metastasis (Fig 2D). However, the transcript of

LINC00665 level had no significant difference between metastatic

and non-metastatic patients (Appendix Fig S4A). Next, we deter-

mined whether CIP2A-BP level was associated with overall survival

among TNBC patients. Using median expression level CIP2A-BP

among TNBC patients, we separated TNBC patients into two dif-

ferent groups: patients with high CIP2A-BP (relative expression

level>median expression level) and patients with low CIP2A-BP (rel-

ative expression level ≤ median expression level), in both the

Suzhou cohort and the Guangzhou cohort. Using the log-rank test

and Kaplan–Meier survival curves, we showed that patients with

low CIP2A-BP expression had significantly lower OS than patients

with high CIP2A-BP expression in both Suzhou cohort [median

survival time (MST): 29 versus 43 months, log rank P = 0.02,

hazard ratio (HR) = 2.64] and Guangzhou cohort (MST: 26 versus

42 months, log rank P = 0.01, HR = 2.76) (Fig 2E and F). Interest-

ingly, in the Suzhou cohort (MST: 34 versus 39 months, log rank

P = 0.58, HR = 1.28) and Guangzhou cohort (MST: 32 versus

38 months, log rank P = 0.68, HR = 1.18), we found that there was

no significant difference in OS between patients with low and high

expression of LINC00665 transcript (Appendix Fig S4B and C).

Generation of CIP2A-BP knockout breast cancer cell lines using
CRISP/Cas9 system

To investigate whether CIP2A-BP micropeptide was involved in

TNBC progression, we knocked out CIP2A-BP in two TNBC cell

lines (Hs578T and MDA-MB-231) using CRISPR/Cas9-mediated

homologous recombination technique. After a series of screenings,
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Figure 1. LINC00665 encodes a novel micropeptide and is regulated by TGF-b at the translational level.

A Ribosome occupancy map at the LINC00665 locus. MCF-10A cells were either mock-treated or treated with TGF-b, and ribosome profiling on three biological
replicates was shown.

B Relative levels of CIP2A-BP were determined by polysome profiling and qRT–PCR in MCF-10A and TNBC cells either mock-treated or treated with TGF-b.
C Relative levels of LINC00665 were determined by qRT–PCR in MCF-10A and TNBC cells either mock-treated or treated with TGF-b.
D Upper: putative ORFs in LINC00665. Lower: The ORFs were constructed into pcDNA3.1 vector and transfected to MCF-10A cells for 24 h. The ORFs-His fusion

proteins were determined by Western blot with anti-His antibody.
E Diagram of the GFP fusion constructs. The start codon ATGGTG of the GFP (GFPwt) gene is mutated to ATTGTT (GFPmut). The start codon ATG of the LINC00665

ORF is mutated to ATT.
F, G The indicated constructs were transfected into MCF-10A cells for 24 h; then, the GFP fluorescence was detected using fluorescence microscope (F); and fusion

protein levels were determined by Western blot with anti-GFP and anti-CIP2A-BP antibodies, respectively (G).
H Diagram of the His fusion constructs. The start codon ATG of the LINC00665 ORF is mutated to ATT.
I–K The indicated constructs were stably expressed in MDA-MB-231 cells; micropeptide CIP2A-BP was immunostained using anti-His (I) and anti-CIP2A-BP antibodies

(K), respectively; and CIP2A-BP–His fusion protein levels were determined by Western blotting with anti-His and CIP2A-BP antibodies (J).
L MCF-10A cells incubated in the absence or presence of puromycin (200 lM) were fractionated on sucrose gradients, and distribution of CIP2A-BP transcripts was

quantified by qPCR.

Data information: Data are representative of three independent experiments (B, C, and L). Data were assessed by paired Student’s t-test (B and C) and are represented as
mean � SD. *P < 0.05; **P < 0.01. Scale bars: 10 lm (F), 20 lm (I and K).
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two independent knockout cell lines (Hs578TKO and MDA-MB-

231KO) were obtained. Sequence analysis revealed that both cell

lines contained ATG codon mutations which prevented translation

of CIP2A-BP (Appendix Fig S5A). To verify the properties of these

two knockout cell lines, we determined the expression of LINC00665

by qPCR, CIP2A-BP translation by polysome profiling, and CIP2A-

BP expression by Western blot analysis. We showed that translation

of CIP2A-BP was decreased but transcription of LINC00665 was not

affected (Appendix Fig S5B–D).

Micropeptide CIP2A-BP, not LINC00665, inhibits migration and
invasion of TNBC cells

To determine whether CIP2A-BP plays a role in the progression of

TNBC, we conducted Transwell and wound-healing assays, using

TNBC cells with CIP2A-BP overexpression or knocked out

(Appendix Fig S5E and F). we showed that overexpression of His-

tagged LINC00665 ORF in TNBC cell lines Hs578T and MDA-MB-231

reduced both migration and invasion in Transwell assays (Fig 3A

and B), as well as migration in wound-healing scratch assay (Fig 3E

and F). On the contrary, CIP2A-BP knockout in Hs578T and MDA-

MB-231 cell lines increased migration and invasion in Transwell

assays (Fig 3C and D), and migration in wound-healing scratch

assay (Fig 3E and F). Such increase in migration and invasion could

be reversed by overexpression of LINC00665 ORF in Hs578TKO and

MDA-MB-231KO cell lines (Fig 3C–F). To investigate whether tran-

script of LINC00665 is functional in the progression of TNBC, we

knocked down LINC00665 in wild-type MDA-MB-231 and MDA-MB-

231KO cells. We showed that LINC00665 knockdown promoted

migration and invasion in wild-type MDA-MB-231 cell, but not in

MDA-MB-231KO cell (Appendix Fig S4D–I). These results indicated

that CIP2A-BP, not LINC00665 transcript, played an important role

in TNBC migration and invasion.

We next determined the effect of LINC00665 ORF overexpres-

sion and CIP2A-BP knockout on tumor metastasis using

mouse TNBC lung metastasis xenograft models. We showed that

LINC00665 ORF overexpression of TNBC cell lines generated

lower number of lung metastatic nodules compared with wild-

type TNBC cell lines, while CIP2A-BP knockout TNBC cell lines

generated higher number of lung metastatic nodules (Fig 3G and

H). These results suggested that LINC00665-encoded micropep-

tide CIP2A-BP functioned as a suppressor for cell migration and

invasion in TNBC.

TGF-b inhibits expression of micropeptide CIP2A-BP
through 4E-BP1

Because our data suggest that TGF-b treatment significantly reduced

the level of CIP2A-BP and TGF-b activates the Smad signal transduc-

tion pathway to regulate translation through 4E-BP1 (Schmierer &

Hill, 2007; Azar et al, 2009), we tested the hypothesis that TGF-b
treatment reduced CIP2A-BP translation through 4E-BP1. First, we

showed that TGF-b treatment activated epithelial mesenchymal

transition (EMT) and Smad signaling pathway in TNBC cell lines.

After 48 h of TGF-b treatment of TNBC cell lines Hs578T and MDA-

MB-231, we detected the downregulation of E-cadherin and upregu-

lation of N-cadherin. In addition, we also detected increased level of

p-Smad2 and p-Smad3 (Fig 4A). Finally, we detected upregulation

of 4E-BP1.

Next, we showed that Smad4 was the transcription factor for 4E-

BP1 in TNBC cells. Chromatin immunoprecipitation (CHIP) experi-

ment showed that Smad4 bound to the 4E-BP1 promoter adjacent to

exon 1 (�300/+200) (Fig 4B and C), which contained a potential

Smad4 binding element (SBE: CAGCCAGA) (Azar et al, 2009, 2013).

Using both wild-type and mutant 4E-BP1 promoter luciferase

reporter plasmids (pGL3-4E-BP1) (Fig 4D and E), we showed that

with wild-type 4E-BP1 promoter reporter, the luciferase activity was

significantly upregulated in Smad4 overexpressed cells and down-

regulated by Smad4 knockdown after 24-h treatment with TGF-b
(Fig 4F and G). Such changes were completely abolished when

mutant 4E-BP1 promoter luciferase reporter was used. We further

showed that TGF-b/Smad4 signaling pathway also significantly

increased endogenous 4E-BP1 mRNA level (Appendix Fig S6A and

A
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B

Figure 2. Micropeptide CIP2A-BP is endogenously expressed, and
downregulation is associated with poor prognosis in TNBC patients.

A Micropeptide CIP2A-BP was immunostained with anti-CIP2A-BP antibody
in MCF-10A and MDA-MB-231 cells either mock-treated or treated with
TGF-b.

B Micropeptide CIP2A-BP levels were determined by Western blot with
anti-CIP2A-BP antibody in MCF-10A and TNBC cells either mock-treated
or treated with TGF-b.

C MCF-10A cells were first transfected with anti-LINC00665 translation-
blocking antisense oligo, and then, micropeptide CIP2A-BP was detected.

D Micropeptide CIP2A-BP levels were detected by Western blot with anti-
CIP2A-BP antibody in the indicated non-metastatic TNBC tissues (non-
metastasis) and metastatic TNBC tissues (metastasis). Micropeptide
CIP2A-BP expression in MCF-10A cells was used as the positive control.

E, F Kaplan–Meier overall survival curves for TNBC patients with high or low
micropeptide CIP2A-BP expression in Suzhou cohort (discovery set,
n = 112) and Guangzhou cohort (validation set, n = 105).

Data information: Data are representative of three independent experiments.
Survival differences were analyzed using the log-rank test (E and F). Scale bars:
10 lm (A).
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Figure 3. The micropeptide CIP2A-BP suppresses migration and invasion of triple-negative breast cancer cells in vitro and in vivo.

A, B Migration and invasion of TNBC cells transfected with LINC00665 ORF and control lentiviruses for 48 h. Right panel is the quantification of TNBC cells that
migrated through the membrane without the Matrigel (upper) and invaded through Matrigel-coated membrane (lower).

C, D Migration and invasion of wild-type and CIP2A-BP knockout TNBC cells and CIP2A-BP re-expressed Hs578TKO and MDA-MB-231KO cells. Right panel is the
quantification of cells that migrated through the membrane without the Matrigel (upper) and invaded through Matrigel-coated membrane (lower).

E Wound-healing assay on Hs578T and MDA-MB-231 cells transfected with LINC00665 ORF expressing and control lentiviruses. The wound edges were
photographed at the indicated time points after wounding. Right panel is the quantification of the relative wound-healing area.

F Wild-type and CIP2A-BP knockout TNBC cells and CIP2A-BP re-expressed Hs578TKO and MDA-MB-231KO were seeded on cell culture inserts for wound-healing
assay. The wound edges were photographed at the indicated time points after wounding. Right panel is the quantification of the relative wound-healing area.

G, H Macroscopic and histological analysis of the lungs of nude mice injected with the indicated Hs578T (G) and MDA-MB-231 cells (H) (1.0 × 105–106 cells/mouse) via
tail vein; lung metastatic nodules were visualized 8 weeks post-transplantation (5 mice per group). Right panel is the quantification of pulmonary metastases.

Data information: Data are representative of three independent experiments (A–H). Data were assessed by paired Student’s t-test (A–H) and are represented as
mean � SD. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars: 50 lm (A–D), 200 lm (E and F), 1,000 lm (G and H).
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B). These results suggested that Smad4 is the transcription factor for

4E-BP1.

Because 4E-BP1 inhibits translation through binding to eukaryote

translation initiation factor-4F (eIF4F) (Bjornsti & Houghton, 2004;

Richter & Sonenberg, 2005), we determined whether TGF-b treat-

ment in TNBC cell lines increased binding of 4E-BP1 to eIF4E. Co-IP

experiment indicated that the amount of elF4E-associated 4E-BP1

increased in a time-dependent manner after TGF-b treatment of

TNBC cell lines of Hs578T and MDA-MB-231 (Fig 4H). This was

correlated with decreased level of CIP2A-BP after TGF-b treatment

(Fig 4I). And further research has found that 4E-BP1 could inhibit

the translation of multiple genes (Appendix Fig S7A–C). In

summary, our data indicate that activation of TGF-b/Smad pathway

leads to increased expression of 4E-BP1, which reduced expression

of CIP2A-BP through directly binding to eIF4E.

It has been reported that mTOR/4E-BP1 signaling pathway regu-

lates protein translation through hypophosphorylated 4E-BP1 (Wang

et al, 2019), and we determined whether 4E-BP1 phosphorylation

level influenced on LINC00665 translation. When we treated the

triple-negative breast cancer cells with mTOR inhibitor, 4E-BP1

phosphorylation and translation of micropeptide CIP2A-BP were

significantly reduced without TGF-b stimulation, but translation of

micropeptide CIP2A-BP was not affected with TGF-b stimulation

(Appendix Fig S7D). Our results indicated that under high level of

TGF-b, LINC00665 translation was insensitive to regulation by

mTOR signaling pathway.

To further confirm that downregulation of CIP2A-BP in TNBC

was a direct consequence of activation of TGF-b/Smad signaling

pathway, we found that downregulation of CIP2A-BP by TGF-b
treatment could be reversed by siRNA knockdown of Smad4 (Fig 4J

and Appendix Fig S6C), siRNA knockdown of 4E-BP1 (Fig 4L and

Appendix Fig S6C), or inhibition of Smad3 phosphorylation by

Smad3 phosphorylation inhibitor (SIS3) (Fig 4K).

CIP2A-BP competes with PP2A subunit B56c but not B56a to bind
to CIP2A

Because CIP2A-BP lacks homology to known proteins, we first sought

to identify CIP2A-BP interacting proteins using both co-IP and mass

spectrometry (MS) analysis. A total 12 candidate proteins were identi-

fied (Fig 5A). Western blot analysis of top six candidate proteins indi-

cated that only CIP2A binds to CIP2A-BP (Fig 5B). Co-IP experiment

also indicated that CIP2A binds to CIP2A-BP (Fig 5C). We also con-

firmed that endogenous CIP2A interacted with endogenous CIP2A-BP

(Fig 5D). We further confirmed the interaction between CIP2A-BP

and CIP2A in the presence of RNase A, and the results indicate the

interaction of CIP2A-BP with CIP2A was RNA independent (Fig 5E).
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Figure 4. TGF-b inhibits expression of micropeptide CIP2A-BP through
4E-BP1.

A Immunoblotting analysis of expression of the indicated proteins in TNBC
cells cultured with or without TGF-b.

B Design of initial primer sets for chromatin immunoprecipitation assay.
C Chromatin immunoprecipitation showing Smad4 occupancy at the

4E-BP1 locus in TNBC cells. Co-precipitated DNA was analyzed for
amplicons A–E by qPCR. Values represent the enrichment of bound
protein fractions relative to input.

D, E A diagram of luciferase reporter constructs with wild-type and mutant
4E-BP1 promoter.

F, G Luciferase reporter assay was performed in Hs578T (F) and MDA-MB-231
(G) cells following co-transfection with wild-type or mutant 4E-BP1
promoter fragment and Smad4 overexpressed, or knocked down and
respective controls for 36 h and treatment with TGF-b for 24 h. The
reporter constructs were expressing the luciferase gene under 4E-BP1
promoter segment or 4E-BP1 promoter deleted 0 to +200 region.

H Regulation of 4E-BP1 expression and binding to eIF4E by TGF-b. TNBC
cells were treated with TGF-b, and equal amounts of proteins were
subjected to immunoprecipitation and/or examined by immunoblotting
analysis.

I Immunoblotting analysis of expression of micropeptide CIP2A-BP and
b-actin in TNBC cells cultured with or without TGF-b.

J Smad4 siRNA and corresponding control transfected TNBC cells were
cultured with or without TGF-b. The indicated proteins were determined
by immunoblotting analysis.

K TNBC cells were pretreated with specific antagonist against Smad3 (SIS3,
3 lM) for 1 h and then cultured with or without TGF-b. The indicated
proteins were determined by immunoblotting analysis.

L 4E-BP1 siRNA and corresponding control transfected TNBC cells were
cultured with or without TGF-b. The indicated proteins were determined
by immunoblotting analysis.

Data information: Data are representative of 3 (C) or 4 (F and G) independent
experiments. Data were assessed by paired Student’s t-test (C, F, and G) and
are represented as mean � SD. **P < 0.01; ***P < 0.001.
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CIP2A (cancerous inhibitor of PP2A cancer inhibitory factor) is

an oncogene that promotes tumor progression through inhibiting

PP2A and promoting AKT, MYC, and E2F1 activities (Junttila et al,

2007; Khanna et al, 2013; Janghorban et al, 2014).

To identify the binding site for CIP2A-BP, we generated MYC-

tagged CIP2A truncated protein fragments. Using co-IP and Western

blot analysis, we located the CIP2A-BP binding site at the N-

terminus domain of CIP2A (amino acid 159–245) (Fig 5F and G).

Because previous report has shown that PP2A’s subunits B56c
and B56a also bind to the N-terminus of CIP2A (amino acid 159–245)

to maintain the stability of CIP2A dimer (Wang et al, 2017; Wu et al,

2017), we hypothesized that CIP2A-BP and these two subunits might

compete for the same CIP2A binding site. CIP2A-BP knockout

increased the binding of B56c for CIP2A (Fig 5H and J), while CIP2A-

BP overexpression decreased binding of B56c for CIP2A (Fig 5I and

K). These results indicated that CIP2A-BP competes for B56c’s

A E

B F G

C

D

H I J K

Figure 5.
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binding site on CIP2A. On the contrary, CIP2A-BP has no effect on

B56a’s binding to CIP2A (Appendix Fig S8A). But such binding did

not affect the stability of CIP2A dimer (Appendix Fig S8B).

CIP2A-BP binds to CIP2A to inhibit migration and
invasion of TNBC through CIP2A-mediated PP2A inhibition of
PI3K/AKT/NFjB Pathway

Activated AKT plays an important role in tumorigenesis and metastasis

through phosphorylation of downstream NFjB (Ozes et al, 1999;

Zheng et al, 2012; Yang et al, 2019). To investigate CIP2A-BP’s role in

the PI3K/AKT/NFjB pathway, we analyzed activities of PI3K/AKT/

NFjB pathway using CIP2A-BP overexpression and knockdown cell

lines. CIP2A-BP knockdown increased AKT Thr308, Ser473 and IjBa
Ser32 phosphorylation, while CIP2A-BP overexpression reduced phos-

phorylation of these three sites and further affected the expression of

MMP2, MMP9, and Snail (Fig 6A). After TGF-b treatment, CIP2A-BP

knockdown did not affect phosphorylation of in PI3K/AKT/NFjB
signaling pathway, while CIP2A-BP overexpression downregulated

phosphorylation of in PI3K/AKT/NFjB signaling pathway

(Appendix Fig S9A). In addition, we confirmed that transcription of

MMP2, MMP9, and Snail was increased, but

E-cadherin was decreased, after activation of PI3K/AKT/NF-kB signal-

ing pathway (Appendix Fig S10). We also determined PP2A activity in

CIP2A-BP overexpression and knockdown cell lines. CIP2A-

BP knockdown significantly decreased PP2A activity, while CIP2A-BP

overexpression increased PP2A activity (Fig 6B). This was consistent

with immunohistochemistry analysis on clinical samples that high

CIP2A-BP expression was significantly associated with downregulation

of p-AKT (Fig 6C). These results suggest that CIP2A-BP can effectively

inhibit activation of PI3K/AKT/NFjB pathway, and expression of

downstream targets, includingMMP2,MMP9, and Snail.

To further confirm that CIP2A-BP functions through CIP2A/PP2A

and its downstream PI3K/AKT/NFjB signaling pathway, we knocked

down CIP2A expression in CIP2A-BP overexpression and CIP2A-BP

knockdown cell lines (Appendix Fig S6C). We showed that CIP2A

knockdown completely blocked CIP2A-BP’s effect on AKT Thr308 and

Ser473 phosphorylation (Fig 6D and Appendix Fig S9B), as well as

CIP2A-BP’s effect on PP2A activity (Fig 6E and Appendix Fig S9C).

Finally, we showed that AKT phosphorylation inhibitor treatment

completely abolished Ser/Thr phosphorylation of both AKT and IjBa
(Fig 6F and Appendix Fig S11A). Our results indicate that CIP2A-BP

can effectively inhibit activation of PI3K/AKT/NFjB pathway.

Micropeptide CIP2A-BP inhibited breast cancer metastasis and
invasion in MMTV-PyMT mouse model

In order to investigate the effect of micropeptide CIP2A-BP on breast

cancer metastasis and invasion, we first introduced CIP2A-BP into

C57BL/6 mice and then mated with MMTV-PyMT mice to generate

MMTV-PyMT; CIP2A-BP+/+ mice (Fluck & Schaffhausen, 2009). We

showed that compared to MMTV-PyMT mice, MMTV-PyMT; CIP2A-

BP+/+ mice had less lung metastasis (Fig 7A). Interestingly, we

showed that primary tumor in MMTV-PyMT;CIP2A-BP+/+ mice had

lower p-AKT expression compared to MMTV-PyMT mice (Fig 7B).

Using MMTV-PyMT mice model, we further investigated the effect

of exogenous CIP2A-BP treatment on lung metastasis (Appendix Fig

S11B). We showed that mammary pad injection of CIP2A-BP signifi-

cantly reduced the number of lung metastasis loci (Fig 7C). At the

same time, we showed that exogenous CIP2A-BP treatment signifi-

cantly reduced p-AKT level of primary tumor (Fig 7D). In summary,

we showed that CIP2A-BP inhibited AKT phosphorylation in

primary tumor and lung metastasis in MMTV-PyMT mouse model.

Micropeptide CIP2A-BP is a potential anti-tumor peptide

Since anti-tumor peptides have been reported before and important

role of micropeptide CIP2A-BP in TNBC (Sookraj et al, 2010; Jiao

et al, 2014), we determined whether micropeptide CIP2A-BP has

anti-tumor activity. In order to determine the in vivo anti-tumor

activity of micropeptide, we directly injected CIP2A-BP and MDA-

MB-231 cells into mice through tail vein (Appendix Fig S11C).

CIP2A-BP was injected again 1 week later. We showed that mice

with CIP2A-BP injection significantly improved survival compared

to control mice (Fig 7E). Further, tissue HE staining indicated that

CIP2A-BP also significantly reduced the number of lung metastases

(Fig 7F). These results indicated that CIP2A-BP can effectively

suppress breast cancer metastasis and invasion, therefore improve

overall survival.

Discussion

In the current study, we identified a long non-coding RNA

LINC00665 that encodes a micropeptide, CIP2A-BP. Translation of

this peptide is downregulated by TGF-b treatment. Mechanistically,

we showed that in TNBC cell lines TGF-b-activated Smad signaling

◀ Figure 5. Micropeptide CIP2A-BP interacts with the region of CIP2A which is required for interaction with PP2A subunit B56c.

A Mass spectrometric analysis of co-immunoprecipitation experiments.
B LINC00665 ORF-His plasmid was transfected into MDA-MB-231 cells. Whole-cell lysates were subjected to co-immunoprecipitation using anti-His antibody and

immunoblot analysis with CIP2A antibody to verify that CIP2A bound to CIP2A-BP.
C LINC00665 ORF-His plasmid was transfected into MDA-MB-231 cells. Whole-cell lysates were subjected to co-immunoprecipitation by CIP2A antibody and

immunoblot analysis with CIP2A-BP antibodies to verify that CIP2A-BP bound to CIP2A.
D Endogenous CIP2A-BP and CIP2A were co-immunoprecipitated in MCF-10A cell line.
E LINC00665 ORF-His plasmid was transfected into MDA-MB-231 cells. Whole-cell lysates were treated with 30 mg/ml RNase A for 30 min, the indicated complexes

were co-immunoprecipitated by anti-His or anti-CIP2A antibody, and CIP2A or micropeptide CIP2A-BP was detected.
F Upper: a diagram of the domain structure of full length CIP2A protein. Red: RIP = required for interaction with PPP2R5C; orange: RH = required for

homodimerization; blue, CC = coiled coil. Lower: Co-immunoprecipitation-coupled Western blot analysis assays revealed the interaction of CIP2A-BP with CIP2A
via the N-terminus domain of CIP2A.

G Upper: A diagram of the domain structure of CIP2A protein fragment (1–245). Red: RIP = Required for Interaction with PPP2R5C. Lower: Co-immunoprecipitation-
coupled Western blot analysis assays revealed the interaction of CIP2A-BP with CIP2A via the N-terminus domain of CIP2A (amino acid 159–245).

H–K Co-immunoprecipitation assays showed that the interaction between CIP2A and B56c in TNBC cells was affected by CIP2A-BP expression.
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pathway induced the expression of translation inhibitory protein 4E-

BP1, which inhibited eukaryote translation initiation factor elF4E,

leading to reduced translation of CIP2A-BP from LINC00665. In

TNBC, expression of CIP2A-BP is downregulated which is associated

with tumor invasion and metastasis as well as poor overall survival.

In vitro knockdown and overexpression studies confirmed that

CIP2A-BP, but not LINC00665 transcript, acts as a tumor suppressor

gene in breast cancer development and progression. CIP2A-BP

directly binds tumor oncogene CIP2A to replace PP2A’s B56c
subunit, thus releasing PP2A activity that inhibits activation of

PI3K/AKT/NFjB pathway, and further affected the expression of

downstream targets, including MMP2, MMP9, and Snail. In MMTV-

PyMT mouse model of human breast cancer, we demonstrate that

either introducing CIP2A-BP gene or direct injection of CIP2A-BP

micropeptide significantly reduces lung metastases and improves

overall survival. In summary, we showed that in TNBC, TGF-b
downregulates the translation of CIP2A-BP to induce tumor invasion

and metastasis, through CIP2A/PP2A and PI3K/AKT/NFjB signal-

ing pathways.

Increased TGF-b expression is a hallmark of cancer progression,

contributing to tumor invasion and metastasis (Akhurst & Hata,

2012; Oshimori et al, 2015; Xu et al, 2015). Many studies indicate

that TGF-b signaling pathway induces epithelial mesenchymal tran-

sition (EMT) through Smad-mediated transcriptional regulation

(Meyer et al, 2011; Hata & Chen, 2016; Zhang, 2017). Remarkably,

it has also been shown that TGF-b can directly regulate 4E-BP1

expression via Smad4 (Azar et al, 2009). Specifically, TGF-b acti-

vates Smad signaling pathway and recruits Smad4 into nucleus to

act as a transcription factor to induce the expression of translation

inhibitor protein 4E-BP1. In eukaryotic cells, translation initiation

factor eIF-4E is required for CAP-dependent translation. eIF-4E inter-

acts with eIF4G to allow ribosomal binding to the 50 end of mRNA.

4E-BP1 inhibits translation in eukaryotic cells by competitively bind-

ing to eIF-4E through eIF4G binding site (Richter & Sonenberg,

2005; Peter et al, 2015; Sekiyama et al, 2015). Our data suggest that

TGF-b regulates CIP2A-BP translation through Smad pathway. In

TNBC cells, we showed that TGF-b treatment can activate Smad

signaling pathway; Smad4 directly induced expression of 4E-BP1,

which binds to eIF4E and leads to reduced translation of CIP2A-BP

from LINC00665. It should be noted that TGF-b acts as an oncogene

in late stage tumor, and we hypothesize that TGF-b induces metasta-

sis in TNBC in part through regulating CIP2A-BP translation.

In our study, CIP2A-BP acts as a tumor suppressor in TNBC by

binding and inhibiting CIP2A. CIP2A stands for cancerous inhibitor

of protein phosphatase 2A, also referred to KIAA1524 or P90

autoantigen. CIP2A promotes tumor cell proliferation and tumor

growth through inhibiting tumor suppressor PP2A (Junttila et al,

2007; Puustinen & Jaattela, 2014). PP2A is a major serine/threonine

phosphatase in eukaryotic cells. It is a heterotrimeric protein

complex, comprised of scaffolding subunit A, regulatory subunit B,

and catalytic subunit C. Each subunit has a variety of isoforms and

splice variants, resulting in more than 80 distinct combinations of

PP2A holoenzyme, which can specifically target different substrates

and lead to different effects (Petritsch et al, 2000; Lechward et al,

2001; Andrabi et al, 2007; Sablina et al, 2010; Rodgers et al, 2011).

Inactivation of PP2A occurs in up to 90% of breast cancer, either

through PP2A phosphorylation or overexpression of its endogenous

inhibitors SET or CIP2A. PP2A inhibition is associated with poor

response to therapies (Anazawa et al, 2005; Sangodkar et al, 2016).

Protein kinase AKT is a major regulator of eukaryote’s signaling

networks (Sever & Brugge, 2015; Manning & Toker, 2017). Activated

AKT stimulates the downstream signaling molecule NFjB through

A
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F

Figure 6. Micropeptide CIP2A-BP inhibits the activation of the PI3K/AKT/
NFjB pathway by increasing PP2A activity.

A The expression levels of the indicated proteins were detected by
immunoblotting analysis in CIP2A-BP KO, LINC00665 ORF overexpressed
(OE) and respective controls of TNBC cells.

B PP2A activity was measured using a protein phosphatase assay kit. PP2A
activity assay was performed to evaluate PP2A activity in CIP2A-BP KO,
LINC00665 ORF overexpressed (OE) and respective control of TNBC cells.

C Immunohistochemistry (IHC) staining of p-AKT from TNBC primary tumor
(n = 20) with high or low micropeptide CIP2A-BP expression. Lower panels
show higher-magnification images of insets in upper panels. Right panel is
the quantification of IHC staining p-AKT.

D MDA-MB-231 cells were transfected with anti-CIP2A siRNAs. Whole-cell
lysates of these cells were subjected to immunoblot analysis with CIP2A,
CIP2A-BP, PP2Ac, p-AKT, AKT, and b-actin antibodies.

E CIP2A-BP KO, LINC00665 ORF overexpressed (OE) and respective control
MDA-MB-231 cells were transfected with anti-CIP2A siRNAs. PP2A activity
assay was performed to evaluate PP2A activity in the indicated cells.

F The indicated cells were pretreated with specific antagonist against AKT
(MK-2206, 3 lM) for 1 h. Then, whole lysates of these cells were subjected
to immunoblot analysis.

Data information: Data are representative of three independent experiments
(B and E). Data were assessed by paired Student’s t-test (B, C, and E) and are
represented as mean � SD. *P < 0.05; **P < 0.01. Scale bars: 50 lm (C).
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Figure 7. Micropeptide CIP2A-BP inhibitsmetastasis and invasion of breast cancer in theMMTV-PyMTmousemodel and acts as a potential anticancer peptide
in vivo.

A Macroscopic and histological analysis of the lungs of 140 days old MMTV-PyMT mice; lung metastatic nodules were visualized 8 weeks post-transplantation (5 mice
per group). Right panel is the quantification of pulmonary metastases.

B Immunohistochemistry (IHC) staining of p-AKT of mammary tumors from MMTV-PyMT;CIP2A-BP+/+ or MMTV-PyMT;CIP2A-BP�/� mice. Lower panels show higher-
magnification images of insets in upper panels. Right panel is the quantification of IHC staining p-AKT.

C MMTV-PyMT mice were injected with CIP2A-BP or svCIP2A-BP via mammary fat pad. Macroscopic and histological analysis of the lungs of 140-day-old MMTV-PyMT
mice; lung metastatic nodules were visualized 8 weeks post-transplantation (5 mice per group). Right panel is the quantification of pulmonary metastases.

D Representative IHC images of p-AKT of mammary tumors from MMTV-PyMT mice that were injected with CIP2A-BP or svCIP2A-BP via mammary fat pad; lower panels
show higher-magnification images of insets in upper panels. Right panel is the quantification of IHC staining p-AKT.

E Kaplan–Meier survival curves of nude mice transplanted with MDA-MB-231 cells and injected with CIP2A-BP or svCIP2A-BP (10 mice per group). The horizontal line
indicates the time after the mice were injected with the cells via the tail vein.

F Macroscopic and histological analysis of the lungs of nude mice injected with MDA-MB-231 cells and CIP2A-BP or svCIP2A-BP via tail vein; lung metastatic nodules
were visualized 8 weeks post-transplantation (5 mice per group). Right panel is the quantification of pulmonary metastases.

Data information: Data were assessed by paired Student’s t-test (A–D, and F) and are represented as mean � SD. Survival differences were analyzed using the log-rank
test (E). *P < 0.05; **P < 0.01. Scale bars: 50 lm (B and D), 1,000 lm (A, C, and F).
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phosphorylation (Ozes et al, 1999; Yang et al, 2019). Many studies

have shown that activated AKT can increase the expression levels of

MMP2, MMP9, and Snail by activating the NFkB pathway through

phosphorylation of IjB kinase (IKK), leading to IjB degradation and

NFjB nuclear translocation, thus promoting the process of metasta-

sis and invasion of tumors (Julien et al, 2007; Sarkar et al, 2008;

Muscella et al, 2017). Our results indicate that CIP2A-BP can release

PP2A through competitive binding with PP2A, inhibit the phospho-

rylation of AKT, and then inhibit the activation of NFjB, resulting
in the decrease of the expression levels of MMP2, MMP9, and Snail,

thus inhibiting metastasis and invasion in triple-negative breast

cancer cells.

It should be noted that in normal cells, mTOR acts downstream

of AKT pathway and influences 4E-BP1 phosphorylation and CIP2A-

BP translation. However, in TNBC cells, high level of TGF-b disrupts

the dynamics among CIP2A-AKT-mTOR-4E-BP1 to promote tumor

progression.

Mechanistically, we showed that CIP2A-BP competes with

PP2A’s subunit B56c to bind to CIP2A. In TNBC cells, downregula-

tion of CIP2A-BP frees CIP2A to bind to PP2A through B56c, while

CIP2A-BP overexpression binds to CIP2A, thus releasing PP2A.

Because PP2A acts as a tumor suppressor gene, CIP2A acts as an

oncogene through inhibiting PP2A function; therefore, CIP2A-BP

acts as a tumor suppressor gene in TNBC. We further confirmed that

in TNBC, CIP2A-BP inhibits tumor metastasis through blocking acti-

vation of PI3K/AKT/NFjB signaling pathway, thereby resulting in

decreased expression levels of MMP2, MMP9, and Snail.

Recent reports suggest that many lncRNAs modulate biological

pathways and processes through encoding and translating

micropeptides. For example, LINC00961 encodes SPAR peptide that

negatively regulates mTORC1 activation and muscle regeneration

(Matsumoto et al, 2017); LncRNA HOXB-AS3 encodes a 53-aa

peptide, which suppresses colon cancer growth (Huang et al, 2017);

LncRNA-Six1 encodes a 7.26 kDa micropeptide that activates Six1

gene to promote cell proliferation and muscle growth (Cai et al,

2017); myoregulin is a regulator of skeletal muscle physiology

encoded by a skeletal muscle-specific LncRNA (Anderson et al,

2015). Our data indicate that LINC0065 encodes a functional

micropeptide CIP2A-BP that acts as a tumor suppressor gene in

TNBC.

Since we showed that CIP2A-BP can effectively inhibit TNBC cells

metastasis and invasion both in vitro and in vivo, we next examined

whether direct injection of CIP2A-BP could also inhibit tumor inva-

sion and metastasis. Interestingly, our data indicate that direct injec-

tion of CIP2A-BP can significantly reduce lung metastasis in mouse

mammary tumor model and significantly increase progression-free

survival. This is similar to super-TDU peptide targeting YAP-TEADs

pathway to inhibit gastric cancer growth (Jiao et al, 2014); macro-

cyclic peptide decreasing c-Myc protein levels to reduce prostate

cancer cell growth (Mukhopadhyay et al, 2017); and PNC-27 peptide

inducing lysis of breast cancer cells (Sookraj et al, 2010). Our data

add to existing literature on anti-tumor peptides.

In summary, our clinical experiments show that CIP2A-BP

expression is significantly lower among TNBC patients with metas-

tasis when compared to patients without metastasis, and low

expression of CIP2A-BP is associated with poor overall survival. Our

data suggest that CIP2A-BP expression could be used as a prognosis

marker among TNBC patients. Our mechanistic experiments show

that CIP2A-BP functions downstream of TGF-b signaling pathway.

CIP2A-BP’s competitive binding to CIP2A releases PP2A from inhibi-

tion by CIP2A, which inactivates PI3K/AKT/NFjB pathway, result-

ing in decreased expression levels of MMP2, MMP9, and Snail, thus

inhibiting breast cancer invasion and metastasis. Overexpression of

CIP2A-BP or direct injection of CIP2A-BP peptide significantly

reduces breast cancer lung metastasis and increases overall survival

in a mouse mammary gland malignancy model. We conclude that

CIP2A-BP represents a potential therapeutic candidate to treat TNBC

metastasis through augmenting PP2A activity.

Materials and Methods

Human study subjects

A total of 112 tissue samples of fresh TNBC were obtained from

patients in eastern China who underwent tylectomies at the Affili-

ated Hospitals of Soochow University (Suzhou). Another 105

samples of fresh TNBC were collected from patients in southern

China at the Cancer Hospitals affiliated with Guangzhou Medical

University. None of the patients received anticancer treatment

before surgery, including chemotherapy or radiotherapy. The clini-

cal characteristics of the patients are listed in Appendix Table S1.

The Medical Ethics Committees of Soochow University and

Guangzhou Medical College approved this study.

Cell culture and treatments

All cell lines were purchased from Procell Life Science & Technology

Co., Ltd. These cell lines were all characterized by DNA finger print-

ing analysis and passaged < 6 months in this study. BT549 cells

were grown in RPMI 1640 medium supplemented with 10% fetal

bovine serum (FBS); HEK293Tand MDA-MB-231 cells were grown

in DMEM medium supplemented with 10% fetal bovine serum

(FBS); MCF-10A cells were grown in DMEM/F12 medium supple-

mented with 5% horse serum plus growth additive; and Hs578T

cells were grown in DMEM medium supplemented with 10% fetal

bovine serum (FBS) plus 0.01 mg/ml bovine insulin. All cell lines

were grown in penicillin-/streptomycin-containing medium, at 37°C

in a humidified atmosphere with 5% CO2.

Hs578T and MDA-MB-231 cells were infected with the lentivirus

expresses the indicated LINC00665 ORF constructs, and these cells

were then selected with G418 at 800 lg/ml (Gibco). MCF-10A,

MDA-MB-231, and MDA-MB-231 KO cells were transfected with the

indicated plasmids with Lipofectamine 2000 for 48 h. The lenti-

viruses and plasmids used in this study are listed in the

Appendix Table S2.

Cells were treated with TGF-b (10 ng/ml) for 48 h (R&D Systems)

to activate TGF-b signaling pathway. To inhibit specific signaling

pathways, cells were pretreated with vehicle (DMSO), 1 lM PP242

(Selleck Chemicals), 3 lM SIS3 (Selleck Chemicals), and 3 lM MK-

2206 (Selleck Chemicals) for 1 h at 37°C prior to the experiments.

Animal breeding and treatments

Female nude mice of 6–8 weeks of age were purchased from Shang-

hai Laboratory Animal Center at the Chinese Academy of Sciences

ª 2019 The Authors The EMBO Journal 39: e102190 | 2020 11 of 16

Binbin Guo et al The EMBO Journal



(Shanghai, China). MMTV-PyMT mice were obtained from Zhongjun

Dong’ lab at Institute for Immunology and School of Medicine, Tsin-

ghua University. All mice experiments were carried out in accor-

dance with guidelines approved by the Laboratory Animal Center of

Soochow University.

Hs578T and MDA-MB-231 cells lines stably expressing LINC00665

ORF and CIP2A-BP knockout cell lines (Hs578T KO and MDA-MB-231

KO) were used. For experimental metastasis, tumor cells (1.0 × 105–

106) were re-suspended in 100 ll PBS and injected into the tail vein of

nude mice. The metastatic foci in the lungs were directly visualized in

randomly selected fields 8 weeks after implantation.

For tumor metastasis experiments, on day 1, both MDA-MB-231

cells (1.0 × 105–106) and CIP2A-BP (300 lg/ml) were injected into

the tail vein of nude mice. On day 7, CIP2A-BP (15 mg/kg) was re-

injected via the tail vein. The metastatic foci in the lungs were

directly visualized in randomly selected fields 8 weeks after implan-

tation. CIP2A-BP (15 mg/kg) was also injected into the mammary

fat pad of 8-week-old MMTV-PyMT mice. On day 7 after injection,

CIP2A-BP (15 mg/kg) was injected weekly for additional 5 weeks

for each mice group (5 mice per group). The metastatic foci in the

lungs were directly visualized in randomly selected fields 12 weeks

after implantation.

Generation of MMTV-PyMT;CIP2A-BP+/+ mice

We generated a CIP2A-BP overexpressing mouse models using the

gene-targeting construct. A single copy of the CIP2A-BP cDNA was

inserted downstream to the STOP cassette through homologous recom-

bination into the ROSA26 (R26) locus, so the exogenous CIP2A-BP

cDNA is transcribed under the control of R26 promoter allowing a

reproducible and stable overexpression of CIP2A-BP. This gene-

targeting construct was electroporated into ES cells, and microinjection

of the recombinant ES clones led to the generation of chimeric animal.

To analyze the in vivo consequences of CIP2A-BP overexpression,

conditional KI animals were crossed with the CMV-Cre strain in

order to obtain CIP2A-BP+/� heterozygous mice. CIP2A-BP+/+

homozygous animals were generated by intercrossing heterozygous

mice. Finally, CIP2A-BP+/+ mice were crossed with C57BL/6

MMTV-PyMT mice to generate MMTV-PyMT;CIP2A-BP+/+ on the

C57BL/6 background.

Ribosome profiling and RNA sequencing data analysis

The ribosome profiling and RNA sequencing data of TGF-b-treated
MCF-10A cells (GSE59817) were obtained from GEO database. For

ribosome profiling data, the raw reads were preprocessed by cuta-

dapt software, and then, the filtered reads were aligned to Genome

Reference Consortium Human Build 37 (GRCh37) using TopHat2

algorithm. After alignment to the human genome, the gene expres-

sion levels were calculated by Cufflinks, and the differentially

expressed genes were calculated by Cuffdiff. Finally, the genes

which FDR < 0.05 were defined as differentially expressed genes.

For RNA sequencing data, the reads were aligned to Genome Refer-

ence Consortium Human Build 37 (GRCh37) using TopHat2 algo-

rithm. After alignment to the human genome, the gene expression

levels were calculated by Cufflinks, and the differentially expressed

genes were calculated by Cuffdiff. Finally, the genes which

FDR < 0.05 were defined as differentially expressed genes.

Plasmid constructs

To generate eGFP fusion protein constructs with the LINC00665 ORF

(ORF-GFPmut), the LINC00665 ORF sequences were amplified using

RT–PCR and cloned into a pEGFP-N1 vector in which the GFP start

codon (ATGGTG) was mutated to ATTGTT (pGFPmut) (Clontech).

A mutant (ORFmut-GFPmut) in which the LINC00665 ORF start

codon was mutated to ATT in the LINC00665 ORF-GFPmut vector

was generated using a QuikChange Site-Directed Mutagenesis Kit

(Agilent Technologies).

To generate His fusion protein constructs with the LINC00665

ORF (ORF-His), the LINC00665 ORF sequence was amplified and

cloned into the pcDNA3.1(+) vector (Invitrogen). A mutation

construct (ORFmut-His) in which the ORF start codon was mutated

to ATT in the LINC00665 ORF-His vector was generated using a

QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies).

Lentiviral production and transduction

A 177 bp sequence of LINC00665 ORF-His was synthesized by

Genewiz (Beijing, China) and then cloned into the lentiviral expres-

sion vector pLVX-IRES-neo (Clontech Laboratories Inc.). To produce

lentivirus containing CIP2A-BP targeting sequence, 293T cells were

co-transfected with the vector described above and the lentiviral

vector packaging system using Lipofectamine 2000. Infectious

lentiviruses were collected at 48 and 72 h after transfection and

filtered through 0.45-lm PVDF filters. We used empty plenty-

CMV-IRES-Puromycin vector to generate negative control lentiviruses.

Recombinant lentiviruses were concentrated by centrifugation. The

virus-containing pellet was dissolved in DMEM, and aliquots were

stored at �80°C until use. Hs578T, MDA-MB-231, Hs578TKO, and

MDA-MB-231KO cells were infected with concentrated virus in the

presence of polybrene (Sigma-Aldrich). The supernatant was

replaced with complete culture medium after 24 h, followed by

selection with 800 lg/ml G418 (Gibco), and the expression of

CIP2A-BP in infected cells was verified by qRT–PCR, and the drug-

resistant cell populations were used for subsequent studies.

Immunofluorescence staining

MCF-10A cells were transfected with LINC00665 ORF-GFPmut and

ORFmut-GFPmut vectors for 24 h, and GFP fluorescence was

directly visualized and recorded. MDA-MB-231 cells stably express-

ing LINC00665 ORF-His, and ORFmut-His, were plated on glass

coverslips. These cells were fixed with 4% paraformaldehyde,

permeabilized with 0.1% Triton X-100, incubated with anti-His

(sc-53073, Santa Cruz) or anti-CIP2A-BP (N/A, This paper) anti-

bodies, and subsequently incubated with the corresponding Cy3-

conjugated secondary IgG antibodies. Cellular nuclei were stained

with DAPI.

Anti-CIP2A-BP antibody preparation

Peptide synthesis and anti-CIP2A-BP antibody preparation were

prepared as described (Yu et al, 2017) with some modifications.

Briefly, a BSA and OVA-coupled peptide ESWPFASTGGKLA-Cys

was synthesized, and polyclonal antibodies against the LINC00665

peptide were obtained from inoculated rabbits. Antibodies were
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purified using affinity chromatography on columns containing the

corresponding peptides.

Antibodies and Western blotting

Cells and tissue were collected and lysed in cell/tissue lysis buffer

for Western and IP (Beyotime Institute of Biotechnology). Proteins

were separated on SDS–polyacrylamide gel and transferred to nitro-

cellulose membrane. Immunoblotting of the membranes was

performed using the primary antibodies are listed in

Appendix Table S3.

RNA extraction and qRT–PCR

Total RNA was isolated from MCF-10A, TNBC using the RNA

Isolater Total RNA Extraction Reagent (Vazyme). First-strand cDNA

was synthesized with the Superscript II-reverse transcriptase kit

(Invitrogen, Carlsbad). All qRT–PCR primers are listed in

Appendix Table S4.

Northern blot analysis

LINC00665 northern blot was performed using a Roche DIG North-

ern Starter Kit (Roche) according to the manufacturer’s instructions.

A total of 10 lg of RNA from each sample was subjected to

formaldehyde gel electrophoresis and transferred to a Biodyne

Nylon membrane (Pall). The PCR primers used to generate the

northern blot probe were listed in Appendix Table S5.

Migration and invasion assays

The ability of the cells to migrate and invade was assessed using

Corning Transwell insert chambers with pores 8 lm in size (Corn-

ing) and a BioCoat Matrigel Invasion Chamber (BD Biosciences),

respectively. Approximately 1.0 × 104 (migration assay) or

2.0 × 105 (invasion assay) transfected cells in 200 ll of serum-free

DMEM medium were seeded in the upper well; the chambers were

then incubated with medium plus 20% fetal bovine serum for 48 h

at 37°C to allow the cells to migrate to the lower well. The cells that

had migrated or invaded through the membrane were fixed in

methanol, stained with crystal violet (Invitrogen), imaged, and

counted.

Wound-healing assay

Cells were seeded on cell culture inserts (ibidi GmbH, Inc.,

Munchen, Germany) in 35-mm dishes and incubated at 37°C in 5%

CO2. After 24 h, the culture inserts were removed and medium

was added. Wound healing within the gap was observed at dif-

ferent time points, and wound closure was evaluated in five

random fields using an inverted microscope. The gap was analyzed

using ImageJ software. And each experiment was repeated in tripli-

cate.

Polysome profiling analysis

Polysome profiling was performed to measure the translation of

CIP2A-BP monitored by qRT–PCR. We performed polysome

profiling following the procedure described before (Gandin et al,

2014). The primers for qRT–PCR were listed in Appendix Table S4.

Rna-fish

We performed RNA-FISH experiments using the lncRNA FISH Probe

Mix (RiboBio) according to the manufacturer’s instructions.

Cell fractionation of RNA

To determine the cellular localization of LINC00665, cytosolic and

nuclear fractions were collected from MCF-10A and MDA-MB-231

cells as per the manufacturer’s instructions for the Nuclear/cyto-

plasmic Isolation Kit (Biovision).

Co-immunoprecipitation and mass spectrometry

Whole-cell lysates were prepared using lysis buffer (20 mM Tris

(pH 7.5). Co-immunoprecipitation assay was performed using Pier-

ceTM Co-Immunoprecipitation Kit (Thermo Scientific) according to

the manufacturer’s instructions. The lysates were applied to

columns containing 10 lg of immobilized antibodies covalently

linked to an amine-active resin and incubated overnight at 4°C.

Then, the co-immunoprecipitate was eluted and analyzed by SDS–

PAGE or mass spectrometry along with the controls. Co-immuno-

precipitation assays were performed using the antibodies are listed

in Appendix Table S3.

Chromatin immunoprecipitation

ChIP assays were performed with an EZ-ChIP kit (Millipore,

Bedford, MA) according to the manufacturer’s instructions. Chro-

matin from TNBC cells was immunoprecipitated with antibodies

against Smad4, p65, Snail, and IgG control. The primers for ChIP

were listed in Appendix Table S6.

RNA interference

Small interfering RNA (siRNA) targeting the Smad4, 4E-BP1, and

CIP2A gene and non-targeting siRNA control were purchased from

GenePharma. Using Lipofectamine 2000 (Invitrogen; Thermo Fisher

Scientific, Inc.) according to the manufacturer’s protocol, TNBC

cells were transfected with 75 nM siRNA. Also, 48 h after transfec-

tion the cells were then harvested. The siRNA used in this study is

listed in Appendix Table S7.

Construction of reporter plasmids and dual-luciferase
reporter assay

Fragments of the human 4E-BP1 promoter were synthesized and

then inserted into the pGL3-basic vector (Promega) (termed the

pGL3-4E-BP1 promoter). Another plasmid was the deficient version,

in which the binding motif was deleted from the pGL3-4E-BP1

promoter (termed the pGL3-4E-BP1-mut promoter).

The promoter activity of 4E-BP1 was determined using the dual-

luciferase reporter assay kit (Promega) according to the manufac-

turer’s instructions. TNBC cells were seeded in 24-well plates

(1 × 105 cells per well) and cultured to 60–70% confluence before
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transfection. Then, cells were transfected with 800 ng of the

reporter plasmids described above using Lipofectamine 2000 (Invit-

rogen). Twenty-four hours post-transfection, cells were treated with

TGF-b (10 ng/ll) for 48 h. The cells were collected using 100 ll
passive buffer, and Renilla luciferase activity was detected using the

Dual-Luciferase Reporter Assay System (Promega), and a TD-20/20

illuminometer (Turner Biosystems). The construction of other

reporter gene plasmids used in this article is consistent with the

above description. The promoter activity was repeated three times

in parallel for statistical analysis.

Production of CIP2A-BP KO cells by the CRISPR system

The gRNA sequence designed specifically for the ORF of CIP2A-BP

start codon inserted to the Cas9/gRNA (puro-GFP) vector (VK001-

02, ViewSolid BioTech) was 50-GGCCACGTGCCTGCCGGACA-30.
The constructed targeting vector was subsequently transfected into

the TNBC cells using Lipofectamine 2000 (Thermo Fisher Scientific),

after which the cells were cultured under puromycin drug selection

(2 lg/ml). Single-cell clones were selected and evaluated using the

T7 endonuclease assay to detect mutation. Next, PCR amplification

was performed using purified genomic DNA as a template and

primers designed for sites near the start codon of CIP2A-BP. Then,

the obtained PCR products were subcloned into pUCm-T vector

(Sangon Biotech (Shanghai) Co., Ltd.). Lastly, the constructed

clones were selected and sequenced using a 3100 Genetic Analyzer

(ABI) to confirm the presence of mutation in the target sequence.

PP2A activity assay

The phosphatase activity of PP2A was detected by a commercial

PP2A immunoprecipitation phosphatase assay kit (Millipore, Biller-

ica, MA, USA) according to the manufacturer’s instructions. Briefly,

100 lg protein extracts and PP2A were immunoprecipitated using

4 lg of PP2A antibody and 25 ll Protein A agarose slurry, both

supplied by the kit. After 2 h of incubation in constant rocking,

samples were washed three times with TBS 1× followed by one

additional wash with a ser/thr assay buffer also provided by the kit.

Next, 60 ll of a diluted phosphopeptide at 750 lM and 40 ll of ser/
thr assay buffer were added, and the mix was incubated for 5 min

at 30°C in a shaking incubator, and then, 25 ll of the mix was trans-

ferred into each well of a 96-well plate. Each measurement was

performed in triplicates. 100 ll of Malachite Green Detection Solu-

tion was added, and the mix was incubated for 15 min at room

temperature. Absorbance at 650 nm was used to calculate the

amount of phosphate released (pmol). To avoid variability due to

differences in the amounts of immunoprecipitated protein between

samples, the phosphatase activities were normalized to the amount

of PP2A immunoprecipitated, as detected and quantified by immu-

noblot analysis for each treatment group.

Immunohistochemistry (IHC)

Paraffin-embedded samples were sectioned at 4 lm thickness. Anti-

gen retrieval was performed by a pressure cooker for 15–20 min in

0.01 M citrate buffer (pH 6.0) to remove aldehyde links formed

during initial tissue fixation. Specimens were incubated with anti-

bodies specific for p-AKT (ab8933, Abcam) and CIP2A-BP overnight

at 4°C, and immunodetection was performed on the following day

using DAB (Dako) according to the manufacturer’s instructions.

Statistics

All experiments were repeated for at least three times unless stated

in the figure legend. Two-tailed paired Student’s t-tests were applied

for comparisons between two groups. Survival curves were obtained

using the Kaplan–Meier method and compared using the log-rank

test. Statistical analyses were performed using Prism 7 software.

The data are presented as the mean � SD except where stated

otherwise. The differences with *P < 0.05, **P < 0.01, or

***P < 0.001 were considered statistically significant.

Study approval

Ethical consent was given by Soochow University Committee for

Ethical Review of Research Involving Human Subjects. The use of

human TNBC cancer tissue specimens was evaluated and approved

by the Ethical Committee of the Soochow University and

Guangzhou Medical University, and written informed consent was

obtained from all participants or their appropriate surrogates. All

animal studies were conducted with the approval of Soochow

University Institutional Animal Care and Use Committee and were

performed in accordance with established guidelines.

Data availability

All data used in this study can be downloaded from the NCBI Gene

Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)

with the following accession number: GSE59817.

Expanded View for this article is available online.
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