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Abstract

Breast cancer is a heterogeneous disease, and triple-negative breast cancer (TNBC) continues to be a serious health problem.
The potential involvement of IncRNAs in TNBC progression remains unexplored. Here, we demonstrated that LINC01638
is highly expressed in TNBC tissues and cells. LINC01638 maintains the mesenchymal traits of TNBC cells, including an
enriched epithelial-mesenchymal transition (EMT) signature and cancer stem cell-like state. LINC01638 knockdown
suppresses tumor proliferation and metastasis both in vitro and in vivo. LINC01638 overexpression predicts a poor outcome
of breast cancer patients. Mechanistically, LINC01638 interacts with c-Myc to prevent SPOP-mediated c-Myc ubiquitination
and degradation. C-Myc transcriptionally enhances MTDH (metadherin) expression and subsequently activates Twistl
expression to induce EMT. Our findings describe LINC0O1638-mediated signal transduction and highlight the crucial role of

LINCO01638 in TNBC progression.

Introduction

As the most common cancer, breast cancer represents a
significant cause of cancer related death for women
worldwide [1]. Being a heterogeneous disease, breast cancer
has varying immunohistochemical characteristics and
genetic alterations, as well as distinct clinical prognoses.
Breast cancer can be divided into four major intrinsic sub-
types based on gene expression profiling: luminal A,
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luminal B, ErbB2-enriched, and triple-negative breast can-
cer (TNBC), which generally includes Basal-like and
Claudin-low subtypes [2, 3]. Accounting for 12-17% of
breast cancer cases, TNBC is characterized by lacking
expression of estrogen receptor (ER), progesterone receptor
(PR), and epidermal growth factor receptor (HER2/ErbB2)
[4]. Patients diagnosed with TNBC usually have a greater
risk of distant metastasis and mortality [5]. TNBC cells
display remarkable mesenchymal features, including an
enriched EMT (epithelial-mesenchymal transition) sig-
nature and cancer stem cell (CSC)-like traits [6]. Due to its
aggressive nature, TNBC is a severe breast cancer subtype;
thus, it is crucial to investigate newly studied long non-
coding RNAs (IncRNAs) as potential genetic markers and
therapeutic targets to fight this disease [7, 8].

Long non-coding RNAs (IncRNAs) are an important set
of emerging non-coding transcripts that are longer than 200
nucleotides and do not encode proteins [9]. LncRNAs
function in a wide range of biological activities, including
cell cycle regulation, stem cell pluripotency, lineage dif-
ferentiation and cancer progression, by regulating gene
expression by various mechanisms [10, 11]. Models point
out that IncRNAs might function at multiple aspects, such
as transcription, mRNA splicing and stability, translation
and degradation, and chromatin and protein conformation
[12, 13]. Recent evidence has shown abnormal IncRNA
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expression in a variety of cancers, and IncRNAs have been
associated with proliferation, differentiation, survival, EMT,
CSCs, metastasis, and prognosis of cancer [14-16].
Although several IncRNAs have been revealed to be
involved in breast cancer [8, 17], the mechanisms and
specific roles of IncRNAs in regulating the mesenchymal
phenotype and mediating metastasis remain poorly studied.

A validated IncRNA, LINCO01638 (long intergenic non-
protein coding RNA 1683), was previously demonstrated to
be expressed at a low level in multiple normal human tis-
sues [18] and may be involved in EMT of hepatocellular
carcinoma cells [15]. In this study, we report that
LINCO01638 is selectively upregulated in TNBC and explore
the function and mechanism of LINC01638 in maintaining
the mesenchymal phenotype of TNBC.

Results

LINCO1638 as a IncRNA is upregulated in triple-
negative breast cancer subtype

To analyze the expression pattern of LINC01638 in breast
cancer, we examined LINC01638 expression in 54 mat-
ched, fresh-frozen breast cancer tissues and adjacent non-
tumor breast tissues. The results indicated that the
LINCO01638 transcript is upregulated in TNBC patient
cohorts compared with cohorts of luminal A, luminal B and
HER2+ patients (Fig. la). We further confirmed
LINCO01638 to be highly expressed in TNBC cells (Fig. 1b).
LINCO01638 is composed of three exons, with a transcript of
637 nt.LINC01638 1is poly (A)-negative (Ensembl:
ENSG00000233521). Analysis of the sequences by CPAT
online software was unable to predict the protein coding
potentiality of LINCO01638, althoug there is a predicted
ORF among the transcript (Fig. 1c). Moreover, RegRNA
2.0 online software predicted the same ORF, but there is no
ribosome binding site in the LINCO01638 transcript (Fig.
1d), supporting that LINC01638 no protein-coding potential
is discovered. To verify the protein coding ability of
LINCO01638, full-length LINC01638 was cloned into a
eukaryotic expression vector, pCMV-Flag, and the results
indicated that LINC01638 does not encode protein (Fig.
le). Then, to investigate whether the LINC01638 ORF is
active, a series of constructs was generated in which the
Flag tag was fused to the ORF or the 5-UTR-ORF of the
full LINCO1638 transcript. However, no substantial
expression of Flag fusion proteins were detected from ORF-
Flag and 5’-UTR-ORF-Flag constructs (Fig. 1f). Further-
more, cellular fractionation assays indicated that
LINCO01638 expression is mainly concentrated in the nuclei
of TNBC cells (Fig. 1g). These data show that expression of
LINCO01638, as an IncRNA, is upregulated in TNBC cells.

LINC01638 promotes mesenchymal traits in BC cells

Given that TNBC cells have remarkable mesenchymal
features and given that LINC01638 is highly expressed in
TNBC tissues and cells, to determine the roles of
LINCO01638 in TNBC cells, we stably silenced LINC01638
against either exon 1 or exon 3 in MDA-MB-231 and
BT549 cells and established cell lines with a stable
knockdown of LINCO01638 (Fig. 2a). sh-2# (against exon 3)
has a more effective knockdown capability. Distinctly,
LINCO01638 depletion reduced the growth of MDA-MB-
231 and BT549 cells (Fig. 2b). Conversely, we over-
expressed LINC01638 in T47D cells to establish a cell line
that stably overexpressed LINCO01638 and found that
LINCO01638 overexpression dramatically promoted cell
proliferation in vitro (Fig. 2c¢). To directly test whether
LINCO01638 is involved in mesenchymal features, including
EMT and CSC-like traits, we determined the invasion
ability of MDA-MB-231 and BT549 cells after LINC01638
knockdown using Matrigel-coated transwell experiments.
We observed that the invasion potential of MDA-MB-231
and BT549 cells were inhibited significantly by the
knockdown of LINCO01638, whereas LINC01638 over-
expression enhanced the invasion potential of T47D cells
(Fig. 2d). Additionally, LINC01638 knockdown robustly
decreased the proliferation of CD447CD24~ cells (CSCs)
and the ability of mammosphere formation in MDA-MB-
231 and BT549 cells, whereas LINC01638 overexpression
enhanced their generation (Fig. 2e, f). To determine whether
LINCO01638 was involved in regulating EMT, we examined
the effect of LINC01638 on EMT marker expression.
Analysis of the epithelial marker E-cadherin and mesench-
ymal markers Vimentin and EMT-associated transcription
factor Twistl revealed that LINC01638 knockdown
increased E-cadherin and reduced Vimentin and Twistl
expression at the mRNA (Fig. 2g) and protein (Fig. 2h)
levels in MDA-MB-231 and BT549 cells, whereas
LINCO01638 overexpression showed an inverse effect in
T47D cells (Fig. 2g, h). These data suggest that LINC01638
functions by mediating the mesenchymal traits of BC cells.

LINC01638 mediates mesenchymal traits via MTDH
regulation

Given that metadherin (MTDH) is widely involved in tumor
growth, apoptosis inhibition, therapeutic resistance, relapse
and metastasis [19] and given that Twistl acts downstream
of MTDH, we next investigated whether LINC01638
modulated MTDH, which would affect Twistl and
mesenchymal traits in BC cells. We first measured the
MTDH transcript levels in the 54 matched, fresh-frozen
breast cancer tissues and adjacent non-cancerous breast
tissues. MTDH mRNA had a high expression in TNBC
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tissues and significantly correlated with the LINC01638
transcript levels (Fig. 3a). The MTDH mRNA and protein
levels were also much higher in TNBC cells (Fig. 3b).
LINCO01638 knockdown reduced MTDH transcript and
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protein expression in MDA-MB-231 and BT549 cells,
whereas LINC01638 overexpression increased the MTDH
transcript and protein levels in T47D cells (Fig. 3c). Next,
we determined whether LINCO01638 exerts its roles by
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Fig. 1 LINCO1638 is upregulated in the triple-negative breast cancer
subtype. a Scatter plots comparing LINC01638 expression in tissue
samples from different breast cancer subtypes, including Luminal A
(n=19), Luminal B (n =5), HER2+ (n = 13) and TNBC (n = 17), as
detected by qRT-PCR. b Expression levels of LINC01638 in BC cell
lines were detected by gRT-PCR. ¢, d Schematic of the coding
potential and ribosome binding sites of LINC01638 trascript predicted
by online analysis. e, f The full-length LINC01638 or ORF was cloned
into a eukaryotic expression vector, pPCMV-Flag, with or without an
N-terminal ATG codon in different expression patterns. MDA-MB-
231 cells transfected with related instructs and then western blot was
performed. The p21 served as a positive control. An anti-Flag antibody
was used to probe transcribed proteins. Black arrowhead indicates
p21-Flag protein. g Fractionation of MDA-MB-231 cells followed by
qRT-PCR. BCAR4 served as a positive control for nuclear gene
expression and GAPDH served as a positive control for cytoplasmic
gene expression. Student’s r-test, ¥¥p <0.01, ***p <0.001, ****p <
0.0001

modulating MTDH. For the rescue experiment, we over-
expressed MTDH in LINCO01638-knockdown MDA-MB-
231 cells. MTDH overexpression abrogated the suppressive
effects of LINC01638 knockdown on proliferation, invasion
and generation of CD447CD24" cells in MDA-MB-231
cells (Fig. 3d). Conversely, for the function-loss experi-
ment, we knocked down MTDH in LINCO01638-
overexpressing T47D cells. MTDH knockdown overcame
the promotive effects of LINC01638 overexpression on
proliferation, invasion and generation of CD44+CD24—
cells in T47D cells (Fig. 3e). At the molecular level,
LINCO01638 knockdown reduced Twistl and N-cadherin
and increased E-cadherin protein levels in MDA-MB-231
cells, whereas MTDH overexpression abolished these
effects (Fig. 3f). By contrast, LINC01638 overexpression
downregulated E-cadherin and upregulated the Twistl and
N-cadherin protein levels in T47D cells, whereas MTDH
knockdown abrogated these effects (Fig. 3g). These data
indicate that LINC01638 promotes the mesenchymal traits
of breast cancer cells by positively regulating MTDH
expression.

MTDH is transcriptionally regulated by c-Myc in BC
cells

Because LINC01638 modulates MTDH expression at the
transcriptional level, we next sought to identify the tran-
scription factor that is directly regulating MTDH tran-
scription. Previously, c-Myc has been reported to
transcriptionally regulate MTDH expression [20]. Here,
we wondered whether c-Myc also regulated MTDH
expression in BC cells. By using the JASPAR database
(http://jaspar.binf.ku.dk), we screened potential tran-
scription factors which located within a two-kb region
upstream of the MTDH gene transcription start site and
identified two c-Myc binding sites at the potential pro-
moter (Fig. 4a). TNBC cells had higher protein levels of

c-Myc than cells from other breast cancer subtypes (Fig.
3b), but no significant difference was revealed at the
mRNA level (data not shown). Next, we knocked down c-
Myc using shRNAs in MDA-MB-231 and BT549 cells
and found that c-Myc knockdown reduced the MTDH
mRNA (Fig. 4b) and protein (Fig. 4c) levels. By contrast,
we also overexpressed c-Myc in T47D cells and found
that c-Myc overexpression notably increased the MTDH
mRNA (Fig. 4b) and protein (Fig. 4c) levels. To investi-
gate whether c-Myc directly bound the MTDH promoter,
we developed chromatin immunoprecipitation (ChIP) of
c-Myc in BC cells followed by quantitative PCR (qPCR)
of the MTDH promoter. The experimental results indi-
cated that c-Myc was mainly enriched at site B in MDA-
MB-231 and BT549 cells, but not in T47D cells (Fig. 4d).
c-Myc knockdown reduced the enrichment of c-Myc to
the MTDH promoter, whereas c-Myc overexpression
enhanced this enrichment (Fig. 4e). To examine whether
c-Myc activates the MTDH promoter, WT or mutant
(deletion of the site B binding motif) MTDH promoter
reporter constructs were transfected into control and c-
Myc-knockdown MDA-MB-231 or BT549 cells. c-Myc
knockdown repressed the promoter activity of WT, but
not mutant MTDH (Fig. 4f). Additionally, c-Myc over-
expression promoted WT MTDH promoter activity in
T47D cells (Fig. 4f). These data suggest that MTDH is
transcriptionally regulated by c-Myc in BC cells.

LINCO01638 interacts with c-Myc to prevent SPOP
mediated degradation

Online analysis based on TCGA data (http://gepia.cancer-
pku.cn/) indicates that there are lower c-Myc mRNA levels
in BC tissues compared to normal mammary tissues (Fig.
5a). Here, no significant difference was found in the c-Myc
mRNA levels between BC cell lines (data not shown). We
also measured the c-Myc mRNA levels in the 54 matched,
fresh-frozen breast cancer tissues and adjacent non-tumor
breast tissues. c-Myc mRNA was slightly lower in BC tis-
sues, with no significant differences detected between BC
subtypes (data not shown). However, c-Myc protein was
significantly overexpressed in TNBC cell lines (Fig. 3b).
Additionally, we found that LINCO01638 knockdown
resulted in decreased protein levels of c-Myc in MDA-MB-
231 and BT549 cells (Fig. 5b). Given these observations,
we hypothesized that LINC01638-regulated c-Myc protein
in TNBC cells may result from post-transcriptional regula-
tion. To assess this possibility, the proteasome inhibitor
MG-132 was applied to MDA-MB-231 and BT549 cells
alongside LINCO01638 knockdown. MG-132 treatment
restored the decrease of c-Myc protein induced by
LINCO01638 knockdown (Fig. 5b). Studies have reported
that the E3 ubiquitin ligase adapter speckle-type POZ
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(SPOP) can promote c-Myc ubiquitination and degradation
[21]. Analysis from TCGA data showed no significant
difference in SPOP transcript levels between breast cancer
and normal tissues (data not shown). There are also
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comparable levels of SPOP protein in BC cell lines (Fig.
3b). To examine whether SPOP is involved in LINC01638-
mediated changes in c-Myc expression, SPOP was knocked

down

in LINCO01638-knockdown MDA-MB-231 and
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Fig. 2 LINCO01638 promotes mesenchymal traits in BC cells.
a LINCO01638 was knocked down in MDA-MB-231 and BT549 cells
by two independent shRNAs targeting either exon 1 or 3. LINC01638-
knockdown stable cell lines were established. b LINC01638 knock-
down repressed proliferation of MDA-MB-231 and BT549 cell lines
in vitro, as determined by the cell number count. ¢ Stable LINC01638
expression in T47D cells was established by transfection with the
LINCO01638-expressing construct EXP-LV203-LINC01638  (left).
LINCO01638 overexpression promoted the proliferation potential of
T47D cells in vitro, as determined by a cell number count (right).
d The indicated cell clones were added to the top of transwells coated
with Matrigel. e CD444-CD24— (CSC) subpopulations were detected
by FACS analysis in clones with LINC01638 knockdown or over-
expression. f The mammosphere forming assays were performed in
LINCO01638 knockdowned or overexpressed clones. g The transcript
levels of EMT were determined in indicated cell clones by gqRT-PCR.
h The protein levels of EMT markers were detected in indicated cell
clones by western blot. Student’s -test, *p <0.05, **p <0.01, ***p <
0.001, ****p <0.0001

BT549 cells. SPOP knockdown abolished the decrease in c-
Myc protein levels induced by LINCO01638 knockdown
(Fig. 5c¢). It is widely recognized that RNA-interacting
proteins have a crucial role in enabling IncRNAs to exert
their functions; thus, we hypothesized that LINC01638
either interacts with SPOP to inhibit its function or with c-
Myc to prevent its degradation. Thus, we performed a RNA
immunoprecipitation (RIP) assay which presented that
LINCO01638 mainly interacts with c-Myc and not SPOP
(Fig. 5d). Additionally, the ColP results indicated that
LINCO01638 knockdown enhanced the interaction of SPOP
with c-Myc in MDA-MB-231 cells (Fig. 5e). Next, a series
of LINCO01638 truncations were constructed to map its
fragment interacting with c-Myc. We found that the exon 3
is responsible for the interacting with c-Myc in 293T cells
co-transfected with trunscation and c-Myc overexpressing
vectors (Fig. 5f). Additionally, to identify the c-Myc regions
that interacts with LINC01638, 293T cells were co-
transfected with LINCO01638 expressing vector and vec-
tors containing different fragments of the c-Myc protein.
Our results indicated that the fragment2 of c-Myc protein
mainly interacted with LINC01638 (Fig. 5g), which was
also mainly responsible for interaction with SPOP [21].
Moreover, co-transfection with LINC01638 fulllength and
LINCO01638 exon3 truncation significantly enhaced the
nuclear translocation of c-Myc (Fig. 5h). Then, we inves-
tigated whehter c-Myc was required for the functions of
LINCO01638. We found that c-Myc overexpression abro-
gated the supressive effects of LINC01638 knockdwon on
proliferation and invasion in MDA-MB-231 cells (Fig. 5i).
Consistently, we found that c-Myc knockdown overcame
the promotive effects of LINC01638 overexpression on
proliferation and invasion in T47D cells (Fig. 5i). These
results show that LINC06138 interacts with c-Myc to pre-
vent SPOP-mediated protein degradation of c-Myc in BC
cells.

LINC01638 promotes tumor progression of breast
cancer cells in vivo

To evaluate the biological functions of LINC01638 in vivo,
we next explored the role of LINC01638 in tumor growth.
We implemented subcutaneous injection of LINCO01638-
knockdown MDA-MB-231 and sh-Con cells into nude
mice. LINC01638 knockdown repressed tumor growth and
tumor weight growth, but restored c-Myc expression dis-
turbed the effect of LINC01638 knockdown on tumor
growth in vivo (Fig. 6a). Additionally, to assess the in vivo
effect of LINCO1638 on breast cancer metastasis,
LINCO01638-knockdown MDA-MB-231 and sh-Con cells
were injected into nude mice intravenously through the tail
vein. Hematoxylin and eosin staining of lung tissues
revealed the presence of fewer metastatic tumor nodules in
the lungs of LINC01638-knockdown MDA-MB-231 cells
than those of sh-Con cells, but restored c-Myc expression
abrogated the effect of LINC01638 knockdown on metas-
tasis in vivo (Fig. 6b). To further define the role of
LINC01638 in human BC, we measured LINC01638
expression via in situ hybridization (ISH) and the protein
levels of c-Myc, MTDH and Twistl using immunohis-
tochemistry (IHC) staining in the 141 BC tissues. Analysis
showed that LINC01638 expression level was correlated
with BC progression (Table 1). BC tissue samples with high

Table 1 Clinicopathological variables in 141 breast cancer patients

LINC01638
level

Factor Cases High Low p value
All patients 141 49 92

Age (years) 0.5075
<50 83 27 56

a50 58 22 36

Tumor size (CM) 0.0013
<2 51 9 42

>2 90 40 50

Menopause 0.1009
Yes 56 24 32

No 85 25 60

TNM stage 0.0023
-1 82 20 62

- 1v 59 29 30

Distant metastasis 0.0004
Negative 110 30 80

Positive 31 19 12

Triple negative BC 0.0002
Yes 37 22 15

No 104 27 77
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transcript levels of LINC01638 frequently had high protein  levels of c-Myc, MTDH and Twistl positively (Fig. 6d).
levels of c-Myc, MTDH and Twistl (Fig. 6¢). The  We further examined whether the LINC01638 expression
LINCO01638 transcript level was correlated with the protein ~ level was correlated with BC outcomes. Kaplan—Meier
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Fig. 3 LINCO1638 mediates mesenchymal traits by regulating MTDH.
a Scatter plots comparing MTDH expression in tissue samples from
different breast cancer subtypes, including Luminal A (n=19),
Luminal B (n=5), HER2+ (n=13) and TNBC (n = 17), examined
using qRT-PCR (left). The correlation between LINCO01638 and
MTDH transcript levels in tissue samples (right). b MTDH transcript
and protein levels in cell lines were examined by gRT-PCR and
western blot, respectively. ¢ LINC01638 knockdown downregulated
MTDH expression and LINCO01638 overexpression upregulated
MTDH expression at the transcript and protein levels, as detected by
gRT-PCR (upper) and western blot (bottom), respectively. d Ectopic
expression of MTDH abrogated the effects of LINC01638 knockdown
on proliferation, invasion and generation of CD44+/CD24— (CSC)
subpopulations in MDA-MB-231 cells. ¢ MTDH knockdown abol-
ished the effects of LINC01638 overexpression on proliferation,
invasion and generation of CD44-+/CD24— (CSC) subpopulations in
T47D cells. f Ectopic expression of MTDH abrogated the effects of
LINC01638 knockdown on the regulation of EMT markers in MDA-
MB-231 cells examined by western blot. g MTDH knockdown abol-
ished the effects of LINC01638 overexpression on the regulation
of EMT markers in T47D cells examined by western blot. Student’s
t-test, *p <0.05, *¥*p <0.01, ***p <0.001, ****p <0.0001

analysis of the 141 BC patients manifested that high
LINCO01638 expression in BC tissues significantly asso-
ciated with a reduction in overall survival (Fig. 6e). These
data indicate that a high level of LINC01638 is strongly
associated with progression and poor outcome of BC
patients.

Discussion

Here, we reported the overexpression of LINC01638 in the
TNBC subtype. LINC01638 promoted TNBC cell prolifera-
tion in vitro and growth in vivo. LINCO01638 promoted
TNBC cell invasion in vitro and colonization at the site of
metastasis in vivo and was involved in maintaining the
mesenchymal state of TNBC cells. Moreover, a higher level
of LINCO01638 was correlated with poor clinical prognoses.
Together, these data support our conclusion that LINC01638
has pleiotropic effects on proliferation, tumor growth, inva-
sion, colonization, and metastasis. Therefore, we conclude
that LINC01638 has oncogenic activity in the progression of
breast cancer.

IncRNAs play a diversity of roles in regulating gene
expression as well as other cellular activities [22, 23].
IncRNAs enact their cellular effects via distinct mechan-
isms, including regulating co-transcription of gene and
pairing with RNAs or interacting with proteins to construct
nuclear or cytoplasmic complexes [10, 12, 13]. Here, we
demonstrated that LINC01638 exerted its oncogenic role by
regulating MTDH expression. MTDH (metadherin) is a
crucial oncogene that exerts critical functions in the initia-
tion and progression of most cancers [24]. MTDH was first
postulated to be a single-pass transmembrane protein that

mediates the adhesion between cancer cell and the lung
endothelium [25]. However, later studies revealed that
MTDH is mainly localized in the cytoplasm and nucleus
rather than the membrane of cells [26]. Recently, accumu-
lated evidence has revealed multifaceted roles of MTDH in
conferring tumor growth, therapeutic resistance and
metastasis via modulation multiple oncogenic signaling
pathways [27-29]. Liang et al. reported that MTDH pro-
motes the cancer-stem-cell like traits in breast cancer by
epigenetic activation of Twistl [19]. Consistently, here, we
also found that LINC01638 positively regulated Twistl to
maintain the mesenchymal-like traits in TNBC cells via
MTDH.

MTDH expression is aberrantly upregulated in a broad
range of cancer types and has been correlated with tumor
size, regional lymph node metastases, clinical stage, dis-
tant metastases and poor outcome [30, 31]. Gene ampli-
fication of MTDH contributes to MTDH overexpression
in some breast cancers [32]. Whereas, breast cancer is
usually regarded as a heterogeneous disease, and whether
additional mechanisms exist for MTDH overexpression in
breast cancer beyond pure gene amplification remains to
be explored. Here, we demonstrated that LINCO1638
knockdown decreased the levels of MTDH transcripts and
protein. We further demonstrated that c-Myc directly
bound the MTDH promoter to transcriptionally regulate
MTDH expression in BC cells. C-Myc is one of the most
commonly activated oncogenes in a wide variety of cancer
types that have critical effects on tumor growth, differ-
entiation and survival [33]. C-Myc has also been asso-
ciated with invasion, metastasis and EMT-induced breast
cancer stem cell (CSC)-like properties [34, 35]. Unex-
pectedly, online analysis of TCGA data showed that the
mRNA levels of c-Myc are reduced in breast cancers,
whereas BC cells have higher c-Myc protein levels,
indicating the presence of important mechanisms for c-
Myc regulation at the protein level. Recently, Geng et al.
[21] reported that the E3 ubiquitin ligase adapter speckle-
type POZ (SPOP) can promote c-Myc degradation via
ubiquitination manner. It is intriguing that there are
comparable protein levels of SPOP between breast cancer
cells from different subtypes and normal mammary cells.
Thus, we speculated that LINC01638 may interact either
with SPOP to repress its effect on c-Myc or with c-Myc to
prevent SPOP-mediated degradation. Our results indi-
cated that LINC01638 interacts with c-Myc but not SPOP,
thus preventing SPOP-induced c-Myc degradation.

In conclusion, our research demonstrates for the first time
that LINCO1638 plays a crucial part in the progression of
TNBC. LINCO01638 interacts with c-Myc to prevent SPOP-
induced c-Myc ubiquitination and degradation and then
activates MTDH-Twistl signaling to maintain mesenchy-
mal traits with EMT and CSC-like features.
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Fig. 4 MTDH is transcriptionally regulated by c-Myc in BC cells.
a Schematic of the predicted c-Myc binding sites in the MTDH pro-
moter. b, ¢ MTDH transcript and protein levels in cell lines following
c-Myc knockdown or overexpression were examined by qRT-PCR (b)
and western blot (c), respectively. d c-Myc mainly binds the MTDH
promoter at site B, as determined by ChIP-qPCR. e The binding level

Materials and methods
Tissue samples

The 54 frozen fresh breast tumor and adjacent non-
cancerous breast tissues were collected from resected
breast cancers from patients at the Affiliated Cancer
Hospital and Institute of Guangzhou Medical University
and were snap-frozen in liquid nitrogen. Paraffin-
embedded human primary breast carcinomas were col-
lected from 141 patients at the Sun Yat-Sen University
Cancer Center undergoing breast reduction surgery.
Overall survival was calculated from the day of surgery to
the last follow-up time or death. Tissue samples and
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of c-Myc with the MTDH promoter is influenced by c-Myc levels, as
determined by ChIP-qPCR. f MTHD promoter-driven luciferase
activity positively correlated with c-Myc levels in BC cell lines, as
determined by luciferase reporter assays. Data are shown as the means
+ SD. Student’s #-test, ¥*p <0.01, ***p <0.001, ****p <0.0001

related written informed consents were collected from
patients following standard procedures that were carried
out under the authorization of the ethics boards of the both
indicated hospitals.

Cell culture and transfection

MCF-10A, T47D, MCF7, BT474, SKBR3, ZR-75-30, ZR-
75-1, MDA-MB-231, BT549, and HCC1937 cell lines were
cultured in the laboratory. Plasmids were transfected uing
Lipofectamine 3000 following the manufacturer’s instruc-
tions. Containing shRNAs targeting LINC01638, MTDH,
SPOP and c-Myc, psi-LVRUG6GP vectors were obtained from
GeneCopoeia™ (China, Guangzhou) for knocking down
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genes. Fifty nanomolar vector with sShRNA or negative con-
trol was transfected into cells. For gene overexpression, 4 ug
of pCMV-Flag, EXP-LV203-LINC01638, pcDNA3.1-

MTDH, pcDNA3.1-c-Myc, or control plasmids were trans-
fected into each well, respectively. Follow-up experiments
were performed 48 h later.

SPRINGER NATURE



6176

L. Luo et al.

<« Fig. 5 LINCO1638 interacts with c-Myc to prevent SPOP-mediated

degradation. a Scatter plots comparing c-Myc expression in breast
tumor samples (red box, n = 1085) and normal breast samples (gray
box, n = 112) analyzed from TCGA data using online software (http://
gepia.cancer-pku.cn/index.html). b The effect of MG-132 treatment on
the change in the c-Myc protein level mediated by LINCO01638
knockdown as detected by western blot. ¢ The effect of SPOP
knockdown on the change of the c-Myc protein level mediated by
LINCO01638 knockdown as detected by western blot. d The interaction
of LINC01638 with c-Myc and SPOP was verified by an RIP assay.
e The interaction of c-Myc with SPOP was verified by a ColP assay.
f Mapping analysis of c-Myc interacting domain of LINC01638.
Schematic diagram of LINC01638 full-length and truncated fragments
(left); The interaction of LINC01638 truncated fragments with c-Myc
in 293T cells was verified by an RIP assay (right). g Identify regions of
c-Myc protein interacting with LINC01638. The fragments of the c-
Myc protein were illustrated (left); The interaction of c-Myc protein
regions with LINC01638 in 293T cells was confirmed by an RIP assay
(right). h The effect of LINC01638 on nuclear translocation of c-Myc
was investigated. i Ectopic expression of c-Myc abrogated the effects
of LINCO01638 knockdown on proliferation and invasion in MDA-
MB-231 cells. c-Myc knockdown abolished the effects of LINC01638
overexpression on proliferation and invasions in T47D cells. The
boxes show the median and the interquartile range (a). Student’s #-test,
*#p <0.01, ¥**p <0.001, ****p <0.0001

RNA extraction and quantitative real-time PCR
analyses (qRT-PCR)

The TRIzol reagent was used to extracted total RNA. cDNA
was generated with the PrimeScriptRT reagent kit. GAPDH
was performed as an internal reference for cytoplasmic gene
expression, while BCAR4 was performed as a positive con-
trol for gene expression in nuclei. The expression change of
genes in fold in cancer samples or related cell lines was cal-
culated by the 2722 method using paired adjacent samples
or control cell lines as references for normalization. The pri-
mers for QRT-PCR: LINC01638: forward primer: 5'-AATAC
ATCAGCACTGTTGCCTTT-3', RP: 5'-CTCCATACATAC
ATCTCCAAAAAGT-3'; BCAR4: FP: 5'-ACAGCAGCTTG
TTGCTCATCT-3’, RP: 5-TTGCCTTGGGGACAGTTCA
C-3'; MTDH: FP: 5-AAATAGCCA GCCTATCAAGA
CTC-3', RP: 5'-TTCAGACTTGGTCTGTGAAGGAG-3'; E-
cadherin: FP: 5'-TTGCTACTGGAACAGGGACAC-3', RP:
5'-GGAGATGTATTGGGAGGAAGG-3’; Twistl: FP: 5'-
GAGGCGCCCCGCTCTTCTCCTCTG-3', RP: 5'-CGTCTG
AAGAACGGCGCGAA-3’; N-cadherin: FP: 5-TGAAGTC
CCCAATGTCTCCA-3', RP: 5-GCATCATCATCCTGCT-
TATCC-3'; GAPDH: FP: 5-AAGGTGAAGGTCGGAGT-
CAA-3', RP: 5'-AATGAAGGGGTCATTGATGG-3'.

Cell invasion assay
Cell invasive ability was detected using transwell assay as

described previously [6].
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Mammosphere forming assay

Mammosphere assays were performed as previously
described [6].

Flow cytometry analysis

The flow cytometry analysis was performed as we described
previously [36].

Western blotting

The primary antibodies for anti-MTDH (#14065), anti-E-
cadherin (#3195), anti-N-cadherin (#13116) were from Cell
Signaling Technology. The primary antibody for anti-
Twistl (ab50887) was from Abcam. The primary antibodies
for anti-c-Myc (sc-56505), anti-SPOP (sc-377206) and anti-
GAPDH (sc-47724) were from Santa Cruz Biotechnology.
After protein was extracted, western blotting was performed
as described [36]. The ECL detection system (Millipore)
was utilized to visualize the target protein.

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was carried out according to the instructions
of the EZ-ChIP™ Chromatin immunoprecipitation kit (Mil-
lipore, USA). 1 x 107 cells were fixed with 1% formaldehyde
and stopped by glycine, lysed for 10 min on ice and sonicated.
Supernatant was prepared for immunoprecipitation with 5 ug
of anti-c-Myc antibody, polymerase II, and normal rabbit IgG,
respectively. The complexes were incubated overnight at 4 ©
C. Next, the chromatin/DNA/protein/antibody complexes
were digested with Proteinase K at 65 °C, DNA was purified
and qRT-PCR was used to test the interaction between c-Myc
and MTDH. Primers for the MTDH promoter-with c-Myc
binding sites: For site A: forward primer, 5'-ACCTTCCCTG
ACACGCCTTTGC-3’ and reverse primer, 5'-TCCCTCGGC
GGAACAATGG-3'. For site B: Forward primer, 5-TAGAA
TGGTCAGAATAGTCAGTGGA-3" and reverse primer, 5'-
AACTTAGCAAATGTTATTGGGATCT-3'. Primers for the
human GAPDH gene: forward primer, 5'-AAGGTGAAGG
TCGGAGTCAA-3'and reverse primer: 5'-AATGAAGGG
GTCATTGATGG-3'.

Luciferase reporter assay

We first constructed wild-type and deletion reporter vectors
for the luciferase reporter assay. For the wild-type MTDH
promoter, genomic DNA was extracted and the 2000 bp 5'-
UTR sequence from the MTDH transcript start site (TSS)
was amplified by PCR. This fragment contained a c-Myc
binding motif. The pGL4 luciferase vector and MTDH
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promoter were digested by Bgl Il and Xho I then ligated
with T4 DNA ligase. The desired clone was sequenced and
named pGL4-WT-MTDH. The Site-Directed Mutagenesis
kit (Clontech, Japan) was used to delete the c-Myc binding
motif in the pGL3-WT-MTDH plasmid. The desired clone
was sequenced and named pGL4-MT-MTDH. Cells were

seeded in 96-well plates overnight, then transfected with the
pcDNA4-MTDH vector, together with either the wild-type
or deletion reporter vector, as well as vectors with c-Myc
shRNAs or overexpression constructs. pRL-TK was used as
an internal control.
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« Fig. 6 LINC01638 promotes tumor progression of breast cancer cells

in vivo. a LINC01638 knockdown inhibited MDA-MB-231-derived
tumor growth in vivo, but restored c-Myc expression disturbed the
effect of LINC01638 knockdown (n = 5/group). b Representative
images of HE-stained sections derived from metastatic nodules in the
lungs of mice injected intravenously through the tail vein with MDA-
MB-231 LINCO01638-knockdown cells with or without c-Myc over-
expression (n = 5/group). Scale bar 50 um. ¢ Representative ISH
staining (red staining: nucleus, blue staining: LINC01638) of the
LINCO01638 transcript and IHC staining of the c-Myc, MTDH, and
Twistl proteins in breast cancer samples. Scale bar 50 um. d The
correlation between the transcript level of LINC01638 and protein
levels of c-Myc, MTDH, and Twistl was analyzed. e Kaplan—-Meier
analysis indicated a correlation between high expression of
LINCO1638 and poor overall survival in breast cancer patients. Stu-
dent’s t-test, *p <0.05, **p <0.01, ***p <0.001

RNA immunoprecipitation (RIP)

RIP was performed to detect the interaction of LINC01638
with C-MYC and SPOP via the EZ-Magna RIP Kit (Mil-
lipore, USA). LINC01638 truncated fragments were cloned
into psi-LVRU6GP vector. C-Myc truncated fragments
were cloned into pReceiver-M11 vector with N-terminal
Flag-tag. Briefly, cells were lysed in RIP lysis buffer.
Magnetic beads and 5 ug antibody of interest (anti-c-Myc,
anti-SPOP, anti-Flag, and negative control Normal Rabbit
IgG) was added to the beads. The tubes were centrifuged
and the supernatant was removed. Hundred microliter RIP
lysate and 900 pL RIP Immunoprecipitation Buffer were
added to each tube and rotated overnight at 4 °C. Next, the
tubes were centrifuged, the beads were washed and each
immunoprecipitate was resuspended in 150 uL Proteinase K
buffer to digest the protein. Phenol:chloroform:isoamyl
alcohol and chloroform were used to extract RNAs. Reverse
transcription and qRT-PCR was used to verify the results.
The primers for vector, fulllength, and GAPDH were as the
same as used for gqRT-PCR. The primers for Exonl: FP: 5'-
CACACTGTCTCCTGTCAGCTTTC-3’, RP: 5'-CTAACT
CAGACCATCCATCGCT-3’; for Exon2: 5'-CATTCCCT
CTGGAATACATCAG-3’, RP: 5'-CTGTGAATCCGGAG
CTCAGTGG-3’; for Exon3: FP: 5'-GTAGAGATGGGGT
TTCACCATG-3’, RP: 5-TGGCTCACGCCTGTAATCC
CA-3".

Co-immunoprecipitation assay

The Co-immunoprecipitation (ColP) assay was performed
as we described previously [37].

In situ hybridization (ISH)
The LINCO01638 transcript level in breast cancer tissues was
examined by ISH assay performed with manufacturer’s

procedures (Exiqon, Vedbaek, Denmark). After dehydration
in the ethanol, the sections were used to hybridize with
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40 nM LINCO01638 probe tagged with double-DIG at 55 °C
for 1h. After washing in PBST, the AP substrate NBT-
BCIP (Roche) was applied for 2h at 30 °C. The reaction
was stopped using KTBT buffer. Next, nuclear counter-
staining was performed using Nuclear Fast Red™ (Vector
Labs, Burlingame, CA). After ethanol dehydration and
mounting, the LINC01638 transcript level was analyzed
using microscope.

Immunohistochemistry (IHC)

The protein levels of c-Myc, MTDH, and Twistl in tissues
were detected by IHC performed as we described previously
[37]. Two different pathologists evaluated and classified
protein levels as high or low based on the scores of the
intensity of immunostaining.

Xenograft model in athymic mice

MDA231/sh-Con, MDA231/sh-LINC01638, MDA231/sh-
LINCO1638 + Vector and MDA231/sh-LINC01638 +
cMyc cell lines were injected subcutaneously into the
armpit of female Balb/C athymic nude mice to generate
xenograft tumors. The tumor growth was monitored and the
wet weight of tumors was recorded at the experimental
endpoint. For in vivo metastasis assays, 2 x 10° cells for
each cell line were injected intravenously via the tail vein
into the female Balb/C athymic nude mouse. Six weeks
after injection, the mice were euthanized, and the metastatic
nodules in the lungs were counted after hematoxylin and
eosin staining. There are five mice for each group.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
6. Data are presented as the means +SD. Pearson’s chi-
squared test was used to analyze the clinical variables. The
difference between groups for statistical significance was
analyzed using Student’s #-test. Pearson correlation analysis
was performed to determine the correlation between two
variables. Survival curves were plotted using the
Kaplan—-Meier method and compared using the log-rank
test. A p value<0.05 was considered statistically
significant.
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