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Abstract
Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer com-
pared with luminal or epidermal growth factor receptor 2 subtypes, thus effective 
therapeutic options for TNBC are yet to be developed. Nowadays, oncogenic long 
noncoding RNAs (lncRNAs) are applied to cancer management as a new class of 
therapeutic targets. We previously showed that thymopoietin antisense transcript 
1 (TMPO-AS1) is a proliferation-associated lncRNA that contributes to hormone-de-
pendent breast cancer progression by stabilizing estrogen receptor-α mRNA. We here 
showed that TMPO-AS1 is abundantly expressed in basal-like breast cancer subtype 
based on the transcriptomic data in The Cancer Genome Atlas as well as in TNBC cell 
lines and patient-derived cells. Small interfering RNA-based loss-of-function analy-
ses showed that TMPO-AS1 knockdown substantially represses the proliferation and 
migration of TNBC cells. Expression microarray analysis showed that TMPO-AS1 al-
ters gene signatures related to transforming growth factor-β signaling in addition to 
proliferative E2F signaling pathways. TMPO-AS1-targeted siRNA treatment through 
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1  | INTRODUC TION

Breast cancer is the most common type of cancer in women and 
the number of breast cancer patients is on the rise worldwide.1 
Breast cancer is categorized as subtypes by expression markers 
such as hormone receptors, including ER and progesterone recep-
tor, and HER2.2 These expression markers are essential for the 
development and progression of each type of cancer and utilized 
for clinical therapies.3 For example, the most predominant type 
of breast cancer, ER-positive breast cancer, is treated with anti-
estrogen reagents such as tamoxifen as a fundamental therapeutic 
option.4 In addition, HER2 Ab is a useful treatment method for 
HER2-positive breast cancer patients.5 However, a breast cancer 
subtype that does not express these markers, denoted TNBC, ac-
counts for 10%-24% of all breast cancer cases.6 Unfortunately, the 
only fundamental option for the treatment of TNBC is standard 
chemotherapy, as specific molecular targeted therapy is underde-
veloped. Furthermore, TNBC is more aggressive and metastatic 
compared with other types of breast cancer7; therefore, the char-
acterization of new factors involved in the development and pro-
gression of TNBC is greatly anticipated.

A number of lncRNAs have been reported to be associated with 
various biological phenomena, immune reactions, neuronal diseases, 
and cancer development.8-10 Long noncoding RNA, by definition, is 
longer than 200 nucleotides and does not code for any structured 
protein.11 Long noncoding RNAs modulate signaling pathways by 
binding to their target partners, which include protein, DNA, and 
RNA molecules.12,13 Several lncRNAs have been reported to be in-
volved in TNBC cell proliferation and metastasis through elaborate 
mechanisms.14-16 In our previous study, we characterized TMPO-AS1 
as an lncRNA strongly associated with cell proliferation markers, in-
cluding MKi-67 and PCNA.17 TMPO-AS1 was originally identified as a 
downstream lncRNA of E2F signaling.18 We showed that TMPO-AS1 
promotes ER-positive breast cancer cell proliferation and antiestro-
gen therapy resistance through stabilizing ESR1 RNA. However, the 
role of TMPO-AS1 in TNBC has not been addressed.

We showed that the intratumoral injection of siTMPO-AS1 
efficiently impairs in vivo growth of s.c. tumors derived from ER-
positive breast cancer cells in a mouse xenograft model. RNA inter-
ference-mediated medicine is applied to cancer management as an 
efficient molecular targeting therapy as nucleic acid drugs can be 
easily designed by targeting specific sequences for individual genes 

and RNAs.19 In the case of siRNA, however, it remains to be solved 
in terms of its instability and difficulty in delivery to specific target 
cells. To overcome these drawbacks, DDS has been developed.20 
The purpose of DDS includes enhancing the stability of siRNA and 
the specificity of siRNA delivery, leading to maximized therapeutic 
impact of siRNA with reduced side-effects.21,22

In the present study, we examine the tumorigenic function of 
TMPO-AS1 in TNBC using patient-derived cells as well as known 
TNBC cell lines. As siRNAs against TMPO-AS1 could efficiently re-
press the proliferation and migration of TNBC cells, we evaluated 
the therapeutic potential of these siRNAs in mouse xenograft mod-
els based on recently developed nanoparticulate DDS.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and reagents

Human TNBC breast cancer cell lines MDA-MB-231 and 
MDA-MB-468 (ATCC) were authenticated by short tandem re-
peat analysis at BEX and cultured in DMEM containing 10% FBS, 
50 units/mL penicillin, and 50 μg/mL streptomycin at 37°C in a hu-
midified atmosphere of 5% CO2. For TMPO-AS1 overexpression, 
pcDNA3-empty or pcDNA3-TMPO-AS1 vectors were transfected in 
MDA-MB-231 cells with Lipofectamine 2000 (Invitrogen) and used 
for further experiments. MDA-MB-231 cells were transfected with 
pGL3-Promoter vector (Promega) and selected with G418 to estab-
lish luciferase-expressing MDA-MB-231 cells. The TNBC-PDC were 
established from tumor tissue of a TNBC patient as described pre-
viously23,24 and cultured in DMEM containing 10% FBS, 50 units/
mL penicillin, and 50 μg/mL streptomycin at 37°C in a humidified 
atmosphere of 5% CO2.

2.2 | Bioinformatics

TMPO-AS1 expression data in TCGA breast cancer dataset25 
were obtained and analyzed by TANRIC software (https://www.
tanric.org).26 TMPO-AS1-coexpressed genes in TCGA breast can-
cer dataset were determined at a threshold of greater than 0.4 
by Spearman’s correlation using cBioportal software (https://
www.cbiop ortal.org)27,28 The enrichment of pathways among 

engineered drug delivery systems using cancer-targeted polyion complex micelle or 
nanoball technology significantly impaired the in vivo growth of primary and meta-
static TNBC xenograft tumors. Our findings suggest that TMPO-AS1 plays a key role 
in TNBC pathophysiology and could be a potential therapeutic target for TNBC.
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the retrieved TMPO-AS1-coexpressed genes was evaluated by 
GO analysis with biological process GO terms (https://david.ncifc 
rf.gov/)29

2.3 | Quantitative real-time PCR

Total RNA was extracted from cells using ISOGEN reagent (Nippon 
Gene), followed by cDNA synthesis using SuperScript III reverse tran-
scriptase (Invitrogen) with random primers. Quantitative RT-PCR was 
carried out on a StepOnePlus Real-Time PCR System (Thermo Fisher 
Scientific) using KAPA SYBR FAST qPCR Kit (KAPA Biosystems) and 
sets of gene-specific primers. RNA expression levels were analyzed by 
the ΔΔCt method and normalized to the values of GAPDH or 18S ribo-
somal RNA. The sequences of primers are listed in Table S1.

2.4 | Small interfering RNA transfection

Small interfering RNAs against TMPO-AS1 were designed using siDi-
rect and purchased from RNAi Inc. A negative control siRNA (siCon-
trol) with no homology to known gene targets in mammalian cells was 
purchased from RNAi Inc. MDA-MB-231 and TNBC-PDC cells were 
seeded at 200 000-300 000 cells per well in 6-well plates and simulta-
neously transfected with siRNA at a final concentration of 10 nmol/L 
using Lipofectamine RNAiMAX (Invitrogen). Cells were harvested 
48-72 hours after transfection and used for qRT-PCR, cell cycle analysis, 
and annexin V and PI staining. The sequences of siRNA are as follows 
(forward and reverse, respectively): siTMPO-AS1 #1 (5′-gaagacuagu-
gaccuauaauu-3′ and 5′-uuauaggucacuagucuuccu-3′) and siTMPO-AS1 
#2 (5′-gagccgaacuacgaaccaacu-3′ and 5′-uugguucguaguucggcucug-3′).

2.5 | DNA assay

Cells were seeded and treated with siRNAs at the indicated densi-
ties (3000 cells per well for MDA-MB-231 and 1500 cells per well for 
TNBC-PDC) in 96-well plates. Cells were harvested at 1, 3, and 5 days, 
lysed with freeze-and-thaw, and buffered with 5 mmol/L Tris-HCl, 
pH 7.5, containing 1 mol/L NaCl and 0.5 mmol/L EDTA. Extracted 
DNA was stained with Hoechst 33 258 pentahydrate (Thermo Fisher 
Scientific) at a final concentration of 5 μg/mL. DNA content in each well 
was measured on ARVO5 (Perkin Elmer) at 355 nm for 0.1 seconds.

2.6 | Cell cycle analysis

The siRNA-treated cells were harvested and fixed with 70% ethanol 
for 30 minutes. Fixed cells were treated with RNase A and stained 
with 5 μg/mL PI. DNA content was measured using FACSCalibur 
(Becton Dickinson). Data were analyzed by CellQuest software 
(Becton Dickinson) to determine the percentage of cells in the G1, 
S, and G2/M phases.

2.7 | Annexin V and PI staining

After transfection with siRNAs, cells were harvested, and apoptotic cells 
were stained using the FITC annexin V apoptosis detection kit (Becton 
Dickinson) following the manufacturer’s instructions. Percentages of 
apoptotic cells were analyzed on FACSCalibur (Becton Dickinson).

2.8 | Microarray and pathway analysis

For microarray analysis, human Clariom D array (Thermo Fisher 
Scientific) was used following the manufacturer’s instructions. Data 
were analyzed using Affymetrix Microarray Suite software. All mi-
croarray data are available in the Gene Expression Omnibus (GEO) 
database with the accession number GSE141925. Pathway analyses 
were undertaken using GSEA.

2.9 | Migration assay

MDA-MB-231 and TNBC-PDC cells were seeded at 100 000 cells per 
well in a 24-well plate and simultaneously transfected with siRNAs at 
a final concentration of 10 nmol/L for 48 hours. Cells were reseeded 
onto a polycarbonate membrane insert in a Transwell apparatus 
(Costar). Twenty-four hours after incubation, migrated cells were fixed 
with methanol and stained with Giemsa solution. Stained cells were 
counted under a microscope in 5 independent fields (×200).

2.10 | Preparation of siRNA-loaded PIC/m

A cancer-targeted PIC/m was prepared from siRNA and cRGD-installed 
PEG-block-PLL functionalized with MPA and IM (cRGD-PEG-PLL(MPA/
IM)), as described previously.30,31 cRGD-PEG-PLL(MPA/IM) (molecular 
weight of PEG, 12 000; degree of polymerization of PLL, 38) was dis-
solved in 10 mmol/L HEPES buffer (pH 7.3), mixed with DTT solution, 
and then incubated for 0.5 hours. Thereafter, the polymer solution 
was mixed with siRNA dissolved in the same buffer at a molar ratio 
of cRGD-PEG-PLL to siRNA of approximately 8. The mixture was dia-
lyzed against 10 mmol/L HEPES buffer (pH 7.3) containing 0.5% DMSO 
for 48 hours and 10 mmol/L HEPES buffer for 48 hours. The obtained 
PIC/m was characterized to have a hydrodynamic diameter of 35 nm 
with a polydispersity index of 0.08 by dynamic light scattering.

2.11 | Subcutaneous in vivo tumor formation and 
siRNA treatment

All animal experiments were approved by the Animal Care and 
Use Committee of Saitama Medical University, and carried out 
in accordance with the Guidelines and Regulations for the Care 
and Use of Experimental Animals of Saitama Medical University. 
Female BALB/cAJcl-nu/nu mice were purchased from CLEA Japan. 

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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MDA-MB-231 cells (2 million cells per mouse) were mixed with an 
equal volume of Matrigel matrix (Corning) and injected s.c. into the 
flank of 10-week-old female mice. When the average tumor volume 
exceeded 200 mm3, mice were randomly assigned to receive ei-
ther siControl (n = 5) or siTMPO-AS1 #2 (n = 6). The siRNA samples 
(25 μg) encapsulated in PIC/m were i.v. injected into the tail vein 
twice a week for 4 weeks. Three dimensions of tumor were meas-
ured once a week and tumor volumes were estimated according to 
the formula: 0.5 × ([smallest diameter]2 × [longest diameter]). At the 
end-point of the experiment, tumors were dissected from the mice.

2.12 | Lung-selective nanoball-siRNA preparation

Lung-selective nanoball was prepared as follows.32 The siRNA solu-
tion was mixed with DGL solution and γ-PGA solution by thorough 
pipetting to construct lung-selective nanoball-siRNA, before being 
left for 30 minutes at room temperature. The obtained nanoball was 
characterized to have a hydrodynamic diameter of approximately 
100 nm with a polydispersity index of 0.2 by dynamic light scattering. 
Also, the nanoball had anionic surface charge (approximately −20 mV).

2.13 | Lung metastatic tumor model and 
siRNA treatment

Female NOD/SCID mice were purchased from CLEA Japan. MDA-
MB-231-luc cells stably expressing luciferase (2 million cells per 
mouse) were i.v. injected into 10-week-old female mice through tail 
veins. Fifty micrograms of siControl (n = 8) or siTMPO-AS #2 (n = 9) 
were mixed with lung-selective nanoball30 and i.v. injected into tail 
veins twice a week for 2 weeks. To count fluorescence intensities, 
mice were i.p. injected with D-luciferin (3 mg per mouse), anes-
thetized for 5 minutes with isoflurane, and imaged for 2 minutes 
under anesthesia using the in vivo imaging system (Photon Imager; 
Biospace Lab). In vivo imaging data were analyzed with the Photo 
Vision software (Bio Space) for the quantification of data.

2.14 | Statistical analysis

Comparisons between the 2 groups were analyzed by Student’s 
t test. Two-way ANOVA was undertaken to analyze differences 
among siRNA treatment groups.

3  | RESULTS

3.1 | Proliferation-associated lncRNA, TMPO-AS1, is 
abundantly expressed in TNBC cells

We previously reported that, among lncRNAs, TMPO-AS1 shows 
the most significant coexpression pattern with proliferation 

markers (MKI67 and PCNA) in the breast cancer TCGA dataset.17 
We showed that TMPO-AS1 is important for the proliferation of 
ER-positive breast cancer cells through the upregulation of ESR1 
mRNA. Because the breast cancer TCGA dataset also includes 

F I G U R E  1   Proliferation-associated long noncoding RNA, TMPO-AS1, 
is abundantly expressed in triple-negative breast cancer (TNBC) cells. A, 
TMPO-AS1 levels in estrogen (E2)-treated or -untreated MCF-7 cells and 
TNBC cells were analyzed by quantitative real-time PCR. Relative RNA 
levels were determined by the normalization to GAPDH levels based on 
the ΔΔCt method and each value is presented as mean fold change ± SD 
vs MCF-7 cells with vehicle (EtOH) treatment. B, TMPO-AS1 expression 
in The Cancer Genome Atlas breast cancer samples was analyzed by 
TANRIC software. C, TMPO-AS1-coexpressed genes were analyzed 
by gene ontology (GO) pathway analysis. Data show top 5 TMPO-AS1-
coexpressed genes and their associated pathways
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TNBC samples, we had a notion that TMPO-AS1 also plays an 
important role in TNBC cell proliferation. At first, we assessed 
TMPO-AS1 expression levels in TNBC cells compared with those 
of estrogen-treated and -untreated MCF-7 cells, as TMPO-AS1 was 
found as an estrogen-inducible lncRNA (Figure 1A). TNBC cell lines 
such as MDA-MB-231 or MDA-MB-468 more abundantly express 
TMPO-AS1 than estrogen-untreated MCF-7 cells (Figure 1A). In addi-
tion, TNBC-patient-derived cells (TNBC-PDC), which were originally 
established from TNBC tumor cells,23,24 also substantially expressed 
TMPO-AS1 (Figure 1A). TMPO-AS1 expression analysis in the TCGA 
dataset showed that TMPO-AS1 is highly expressed in basal-type as 
well as luminal B subtype breast cancer tissues as compared with 
normal-like tissues (Figure 1B). We also showed that TMPO-AS1-
coexpressed genes (Table S2) in the TCGA dataset were strongly 
associated with cell proliferation-related pathways (Figure 1C).

3.2 | TMPO-AS1 regulates TNBC cell proliferation

As TMPO-AS1 expression is also elevated in basal subtype breast can-
cer, we postulated that TMPO-AS1 is involved in the proliferation of 
TNBC cells. To test this hypothesis, we introduced siTMPO-AS1 into 
TNBC cell line MDA-MB-231 (Figure 2A) and TNBC-PDC (Figure 2B). 
The siRNA-mediated knockdown of TMPO-AS1 significantly sup-
pressed the proliferation of both MDA-MB-231 (Figure 2C) and 
TNBC-PDC (Figure 2D) cells. In addition, TMPO-AS1 knockdown sup-
pressed cell cycle progression (Figure 2E) and induced apoptotic cell 
death (Figure 2F). In contrast, TMPO-AS1 overexpression (Figure S1A) 
promoted cell proliferation in MDA-MB-231 cells (Figure S1B).

3.3 | TMPO-AS1 modulates E2F- and TGF- 
β-associated gene expression in TNBC cells

In the next step, we carried out microarray analysis in the TMPO- 
AS1-silenced MDA-MB-231 cells to understand the transcriptomic 
effect of TMPO-AS1 on gene expression in TNBC cells. The GSEA-
mediated pathway analysis showed that TMPO-AS1 knockdown altered 
cell proliferation-associated gene expression such as “E2F targets” and 
“G2M checkpoint” (Figure 3A,B). In addition, TGF-β signaling is strongly 
associated with TMPO-AS1 (Figure 3A,B). We validated several gene ex-
pression profiles in the “E2F target” pathway; MCM6, TMPO, MAD2L1, 
and CHEK1 were silenced by siTMPO-AS1 (Figure 3C). Furthermore, 
overexpression of TMPO-AS1 increased these “E2F target” pathway-
related genes (Figure S2). We also showed that TGFBR1 and TGFBR2 
levels were suppressed by TMPO-AS1 knockdown (Figure 3D).

3.4 | TMPO-AS1 knockdown suppresses TNBC 
cell migration

Pathway analysis based on microarray results showed that TMPO-AS1 
is associated with the TGF-β pathway as well as the cell proliferation 

pathway (Figure 3A,B). As the TGF-β pathway is known to be as-
sociated with the metastasis of broad cancer types including breast 
cancer,33,34 we assume that TMPO-AS1 is also linked to a metastatic 
phenotype of TNBC. We showed that TMPO-AS1 knockdown sig-
nificantly suppressed the migration of MDA-MB-231 (Figure 4A) and 
TNBC-PDC cells (Figure 4B). In contrast, TMPO-AS1 overexpression 
increased the expression of TGFBR1 and TGFBR2 (Figure S3A,B), and 
promoted MDA-MB-231 cell migration (Figure S3C,D).

3.5 | Polyion complex micelle-TMPO-AS1 siRNA 
treatment suppresses s.c. TNBC tumor growth

We next determined whether siTMPO-AS1 could suppress in vivo 
growth of TNBC tumors. We previously showed that the intratu-
moral injection of siTMPO-AS1 #2 with a conventional lipofection re-
agent could significantly suppress in vivo tumor growth derived from 
ER-positive breast cancer cells. In this study, we undertook i.v. siRNA 
administration to nude mice with s.c. xenograft tumors based on 
cancer-targeted DDS using cRGD peptide-conjugated PIC/m.30,31,35 
When the volume of MDA-MB-231-derived tumors in the flank of 
mice reached more than 200 mm3, i.v. injection of PIC/m-mediated 
siTMPO-AS1 (PIC/m-siTMPO-AS1) or negative control siRNA (PIC/  
m-siControl) into the tail veins was carried out twice a week for 
4 weeks. Tumor growth was significantly impaired by 8 injections 
of PIC/m-siTMPO-AS1 compared to the same number of injections 
of PIC/m-siControl (Figure 5A,B). To confirm the TMPO-AS1 knock-
down effect in each tumor, we dissected tumors from each mouse 
and quantified the expression levels of TMPO-AS1 and its down-
stream target genes. TMPO-AS1 and its downstream target gene 
expression levels were decreased in PIC/m-siTMPO-AS1-treated 
tumors compared with PIC/m-siControl-treated tumors (Figure 5C).

3.6 | Lung delivery of DDS-siTMPO-AS1 suppresses 
metastatic tumor growth of TNBC

Because we showed that TMPO-AS1 is also associated with the 
migration of TNBC cells, we further examined the therapeutic ef-
fect of siRNAs against TMPO-AS1 based on another lung-selective 
DDS nanoball technology (nano-siTMPO-AS1),32 in a lung meta-
static model of TNBC cells. Luciferase-expressing MDA-MB-231 
cells were i.v. injected into tail veins of NOD/SCID mice. Nano-
siTMPO-AS1 treatment twice a week for 2 weeks (total of 4 injec-
tions) significantly suppressed the viability of MDA-MB-231 cells 
in the lung (Figure 6A,B). To measure viable MDA-MB-231 cells in 
detail, we dissected the lung and measured fluorescence inten-
sities. Fluorescence intensities derived from MDA-MB-231 cells 
stably expressing the luciferase gene were decreased in the nano-
siTMPO-AS1-treated group compared with the nano-siControl-
treated group (Figure 6C). Therefore, TMPO-AS1 is important for 
the proliferation and metastasis of TNBC cells, and could serve as 
a potential therapeutic target of TNBC.
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4  | DISCUSSION

In the present study, we showed that TMPO-AS1 is expressed abun-
dantly in TNBC cells as well as in ER-positive breast cancer cells. 
Knockdown of TMPO-AS1 significantly impaired the proliferation, 
cell cycle progression, and migration of TNBC cells, and promoted 
apoptosis of TNBC cells. Microarray-based global expression anal-
ysis showed that TMPO-AS1 is strongly associated with the E2F 
and TGF-β signaling pathways. Two distinct DDS-mediated siRNA 

treatment methods efficiently impair in vivo tumor growth of pri-
mary and metastatic TNBC models in mice.

We previously showed that TMPO-AS1 is inducible by estro-
gen treatment17; the present study showed that TMPO-AS1 is 
also abundantly expressed in TNBC cells lacking ER expression. 
TMPO-AS1 was originally identified as a LAP2α antisense transcript 
that is inducible by serum treatment.18 Luciferase assay using pu-
tative promoter regions of TMPO/LAP2α and TMPO-AS1 showed 
that ectopic E2F3 expression induced both promoter activities.18 

F I G U R E  2   TMPO-AS1 knockdown suppresses triple-negative breast cancer (TNBC) cell proliferation. A, B, Knockdown efficiency of 
TMPO-AS1 siRNAs in MDA-MB-231 (A) and TNBC-patient-derived (PDC) (B) cells analyzed by quantitative real-time PCR. Relative RNA 
levels are presented as mean fold change ± SD vs negative control siRNA (siCtrl) in each cell type (n = 3). C, D, Viability of MDA-MB-231 (C) 
and TNBC-PDC (D) cells on indicated days after siRNA treatment analyzed by DNA assay. Values are presented as mean ± SD vs siControl 
in each cell type (n = 5). E, Cell cycle profiles with propidium iodide (PI) of MDA-MB-231 (upper panel) and TNBC-PDC (lower panel) cells 
treated with indicated siRNAs analyzed by flow cytometry. Percentages of cell populations in G1, S, and G2/M phases are shown (n = 3). F, 
Percentages of annexin V-positive populations in MDA-MB-231 cells (upper panel) and TNBC-PDC (lower panel) cells treated with indicated 
siRNAs analyzed by flow cytometry. *P < .05; **P < .01; ***P < .001
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In addition, high TMPO-AS1 expression was reported in prostate36 
and lung37 cancers. We speculate that TMPO-AS1 could be regu-
lated by the E2F signaling pathway in TNBC. Our microarray anal-
ysis showed that TMPO-AS1 knockdown significantly attenuates 
the E2F signaling pathway, suggesting that TMPO-AS1 promotes 

the E2F signaling pathway in TNBC cells. TMPO-AS1 knockdown 
decreased the expression of typical E2F target genes, MCM6 and 
MAD2L1, in both MDA-MB-231 and TNBC-PDC cells. Notably, we 
previously showed that MCM6 and MAD2L1 were downregulated 
by ESR1 or TMPO-AS1 knockdown in ER-positive breast cancer 

F I G U R E  3   TMPO-AS1 modulates 
E2F- and transforming growth factor-β 
(TGF-β)-associated gene expression in 
triple-negative breast cancer (TNBC) 
cells. A, Top 5 pathways enriched in 
genes downregulated by siTMPO-AS1 
vs negative control siRNA (siControl) 
determined by gene set enrichment 
analysis (GSEA) in MDA-MB-231 cells. 
B, GSEA enrichment plots for dominant 
pathways in MDA-MB-231 cells treated 
with siTMPO-AS1, including “E2F targets” 
and “TGF-β signaling”. C, Effects of 
TMPO-AS1 knockdown on MCM6, TMPO, 
MAD2L1, and CHEK1 levels in MDA-
MB-231 (upper panel) and TNBC-patient-
derived (PDC) (lower panel) cells. Relative 
RNA levels are presented as mean fold 
change ± SD vs siControl (n = 3). D, 
Effects of TMPO-AS1 knockdown on 
TGFBR1 and TGFBR2 levels in MDA-
MB-231 (upper panel) and TNBC-PDC 
(lower panel) cells. Relative RNA levels 
are presented as mean fold change ± SD 
vs siControl (n = 3). *P < .05; **P < .01; 
***P < .001. NES, normalized enrichment 
score.

F I G U R E  4   TMPO-AS1 knockdown suppresses triple-negative breast cancer (TNBC) cell migration. A, B, siTMPO-AS1-treated cells 
were seeded onto the Transwell membrane. Migrating cells were stained with Giemsa and counted under a microscope in 5 independent 
fields. Representative photograph of migrating MDA-MB-231 (A, left panel) and TNBC-patient-derived (PDC) (B, left panel) cells is shown. 
Summarized data of MDA-MB-231 (A, right panel) and TNBC-PDC (B, right panel) cells are presented as mean ± SD (n = 5). *P < .05; 
**P < .01; ***P < .001. siControl, negative control siRNA
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cells, suggesting that the transcription of these genes is also regu-
lated by estrogen signaling. Overall, TMPO-AS1 maintains the ex-
pression of proliferation-related factors MCM638 and MAD2L139 
by modulating both estrogen and E2F signaling pathways in 
breast cancer. Consistently, TMPO-AS1 overexpression promoted 
MDA-MB-231 cell proliferation and migration, further supporting 
our findings that TMPO-AS1 regulates TNBC tumorigenesis.

Intriguingly, we found that TMPO-AS1 knockdown downregulated 
its sense gene TMPO. A lung cancer study showed that TMPO-AS1 
contributes to cancer proliferation by regulating TMPO expression.37 
A nuclear membrane-associated protein,40 TMPO, or LAP2α, has been 
reported to be associated with Hutchinson-Gilford progeria41 through 
binding telomeres. A cultured cell study suggested that TMPO could 
be a therapeutic target for glioblastoma;42 future studies will reveal 
the precise molecular mechanism of TMPO in tumorigenesis.

The present study showed that TMPO-AS1 is also associated with 
the TGF-β signaling pathway. The TGF-β signaling pathway plays an 
essential role in the development of metastatic phenotype, includ-
ing cell-cell interactions and angiogenesis.33 Transforming growth 
factor-β is a cytokine and basically activates its downstream Smad 
signaling pathway through interaction with TGF-β receptors.33 
Decreased expression of TGF-β receptor by siTMPO-AS1 could at-
tenuate TGF-β reactivity and signaling, leading to the suppression 
of breast cancer cell proliferation in mouse models of metastatic 
tumors. The contribution of TGF-β signaling in breast cancer metas-
tasis has been previously reported as the overexpression of domi-
nant-negative mutant TGFBR2 in MDA-MB-231 cells or other breast 

cancer cells that suppresses metastatic phenotype or proliferation 
of these cells.43,44

In the present study, we identified new TMPO-AS1 target genes 
and pathways in TNBC cells. In lung cancer, TMPO-AS1 stabilizes TMPO 
RNA and promotes cell proliferation.27 We have shown that TMPO-AS1 
stabilizes ESR1 mRNA through binding to the 3′-UTR of ESR1 mRNA in 
ER-positive breast cancer.17 In TNBC, it is likely that TMPO-AS1 is asso-
ciated with RNA stability or the decay process; however, further study 
is required to clarify the precise functions of TMPO-AS1 in the disease.

Our findings indicate that the inhibition of TMPO-AS1 could be a 
useful therapeutic option for TNBC patients, as TMPO-AS1 targets 
both the proliferative E2F and metastatic TGF-β pathways. We used 
recent powerful DDS technologies, cRGD-conjugated PIC/m and 
nanoball, to improve siRNA efficacy through i.v. injection targeting 
in vivo tumor growth of TNBC cells. Polyion complex micelle-siTM-
PO-AS1 significantly suppressed tumor formation in the s.c. tumor 
model. The present PIC/m was designed to possess cRGD ligands 
on its surface, which specifically bind to αvβ3 integrin, for enhanced 
cancer cell-binding and accelerated endocytosis.30,31,35 Of note, 
MDA-MB-231 cells are reported to express high levels of αvβ3 in-
tegrin on their cell surface.45 Thus, the significant tumor growth 
inhibition by PIC/m-siTMPO-AS1 is probably dependent on higher 
accumulation of siTMPO-AS1, which efficiently represses TMPO-AS1 
expression in MDA-MB-231 cells.

Moreover, lung-selective nanoball containing siTMPO-AS1 no-
tably suppresses tumor formation in a lung metastatic tumor model. 
Nanoball was able to deliver siRNA into cancer cells through a specific 

F I G U R E  5   Polyion complex micelle 
(PIC/m)-TMPO-AS1 siRNA treatment 
suppresses s.c. triple-negative breast 
cancer tumor growth. A, B, Progression of 
MDA-MB-231-derived xenograft tumors 
treated with PIC/m loaded with siRNAs 
(PIC/m-siRNA) in nude mice. PIC/m-
negative control siRNA (siControl) or 
PIC/m-siTMPO-AS1 #2 were i.v. injected 
into mice inoculated with MDA-MB-231 
cells through tail veins twice a week (PIC/
m-siControl, n = 5; PIC/m-siTMPO-AS1 
#2, n = 6). Tumor volumes are presented 
as mean ± SE (A). Representative 
photographs of xenografted mice are 
shown (B). C, TMPO-AS1, ESR1, MCM6, 
MAD2L1, CHEK1, TGFBR1, and TGFBR2 
levels in tumors treated with PIC/m-
siControl or PIC/m-siTMPO-AS #2. Tumors 
were dissected from mice 60 days after 
the beginning of siRNA administration. 
Data are presented as mean fold 
change ± SD vs siControl (n = 3). *P < .05; 
**P < .01; ***P < .001
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pathway regardless of its anionic charge.32 Also, Nanoball shows no 
hematotoxicity or cytotoxicity, unlike in cationic commercial vectors, 
because of their anionic surface charge. Dendrigraft poly-L-lysine con-
sists entirely of lysine, including its central core, and is completely bio-
degradable, water-soluble, thermally stable, and nonimmunogenic.32,46 
Synthesized γ-PGA is a biodegradable polymer that causes no inflam-
matory or immune reactions.47 Thus, early clinical use of nanoball is 
expected not only because of efficacy and safety but also biocompati-
bility. These results suggest that these DDS technologies are useful for 
exhibiting in vivo gene silencing activity of siTMPO-AS1 in xenograft 
tumor models, and could be clinically applied to cancer management.

In conclusion, TMPO-AS1 plays important roles in the prolifera-
tion and migration of TNBC cells, and could be considered as a can-
didate for molecular targeting therapy in TNBC patients.
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