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1 | INTRODUCTION

Despite of the marked improvement in the targeted ther-
apy in recent decades, breast cancer (BCa) remains an
incurable disease in its advanced stage.! Pathologically,
BCa grade depends on the degree of differentiation of
cancer tissues, and invasive tumor growth and metasta-
sis accounts for the progression and relapse of most BCa.?
Recent studies have uncovered multiple genes and signal-
ing pathways that regulate the progression of BCa.**
Kinectin (KTN1) is a kinesin-binding protein that can
modulate the reorganization of micro-tubules and intra-
cellular organelle transport.>° Studies have demonstrated
that elevated KTN1 expression correlates positively with
disease progression in many cancer types, such as bladder
cancer, cutaneous squamous cell carcinoma, and BCa.”™?
Moreover, KTNI overexpression could promote cell pro-
liferation and migration in cutaneous squamous cancer
cells, indicating a functional role of KTN1 in invasive
tumor growth. Our previous findings also confirmed that
KTN1 can phosphorylate NF-kappa B (NF-xB) p65 sub-
unit by combining specifically with p65, and the complex
accelerated BCa growth via transactivating C-X-C motif
chemokine ligand 8 (CXCLS8).” Additionally, high KTN1
expression correlated positively with the expression lev-
els of mesenchymal biomarkers, whereas it inhibited the
expression of epithelial biomarkers in BCa. However, the
molecular mechanism needs to be further determined.

gets for breast cancer.

Alternatively, YY1 could directly interact with a co-factor, DEAD-box helicase
3 X-linked (DDX3X), which significantly co-activated YY1-mediated transcrip-
tional expression of KTN1. Moreover, DDX3X augmented YY1-KTNI1 signaling-
promoted invasive cell growth of breast cancer. Importantly, overexpression of
YY1 enhanced tumor aggressive growth in a mouse breast cancer model. Our
findings established a novel DDX3X-assisted YY1-KTNI regulatory axis in breast
cancer progression, which could lead to the development novel therapeutic tar-

breast cancer, DDX3X, growth, invasion, KTN1, YY1

Yin Yang 1 (YY1), a zinc finger protein, is a member
of the GLI-Kruppel family.!’ As a transcription factor, its
downstream target genes are involved in series of the cel-
lular process in tumor progression, including cell prolifera-
tion, invasion, metastasis, and angiogenesis."! Structurally,
YY1 has an activation or inhibition domain, which is in
N-terminus or C-terminus, respectively.!! Therefore, YY1
can activate or repress the transcription of its downstream
genes depending on the binding of its interacting co-factor
to the promoters of these targeted genes.'? Increasing evi-
dence suggests that YY1 can promote the development
and progression of many cancers.'®* However, its functional
role in BCa progression is controversial.'* YY1 can pro-
mote Erb-B2 receptor tyrosine kinase 2 (ERBB2) subtype of
BCa invasion by upregulating the expression of ERBB2 in
co-operation with its transcriptional co-activator activator
protein 2 (AP-2).>1° Alternatively, YY1 can suppress cell
proliferation via breast cancer type 1 susceptibility protein
(BRCALI) expression in BCa. YY1 can bind to and regulate
the BRCAI promoter positively."! However, the exact func-
tion of YY1 in high-grade BCa, especially in the invasive
growth of BCa, needs to be clarified.

DDX3X (encoding DEAD-box helicase 3X-linked, also
known as DDX3X, DDX3, DBX) belongs to the DEAD-
box helicase gene family. Accumulating evidence indicates
that DDX3X plays an essential role in embryonic devel-
opment and cancer progression, modulating multiple bio-
logical processes, such as gene transcription, pre-mRNA



GAO ET AL.

iis
Open Access

Normal Well differentiated
- o
8 20 *kk
i *hk Tk K
[=)]
£15 o Tk
Y & c vy
@)-v 0;.((,_ 2 3 10 ah Voo
&8 _ & n N A
w 5 e S
Poorly dlfferentlated 20 D O .
; o n=37 n=141 n=40
b I nm
(<]
Grade
B Well differentiated . Poorly differentiated
24 HR=05 2 HR=1.11 =1 HR =1.32
P=0.051 P=043 © P=0.0078
-1 2 31
23 231 231
= z =
g3 g3 33
& o KTN1 & o KTN1 & o] KTN1
S]— Low (298) °|— Low (883) — Low (975)
g | High (99) 8] ngh (294) 2.4
0 50 100 150 200 0 50 100 150 200 0 5 100 150 200
Time (months) Time (months) Time (months)
. - < 35 <
Predicted transcription factors of KTN1 from PROMO E g 3.0 Zc
database (A dissimilarity margin less or equal than 0%) 025 né 2
Gene ID  Gene name RE equally RE query g g %g g
2908 NR3C1 410156 4.08665 s 210 s
7528 YY1 8.20312 8.20502 T 905 °
6908 TFIID 1.15356 1.07776 14 0'0 . : 2 14
5079 PAX-5 1.15356 1.23087 . .
2969 TFI-I 1.53809 1.54472 NR3C1 KTN1 YY1 KTN1
6934 TCF-4E 0.12817 0.12651
50943  FOXP3 1.53809 1.55332 .
2099 ESR1 2.05078 2.06855 E L'}?vsi”e'agfg'é:de’ band
7020 AP-2alphaA 0.51270 0.53548 rom atabase
6936 GCF 0.09613 0.10469 = -
6667 SP1 0.00200 0.00232 § < 3-51@m sinc S @Rziee ‘23.
3235  HOXD9 001202 001078 ¥ 6 3.01E siESR1 T 23
3236 HOXD10 0.01202 0.01078 [ ﬁgg |:
7157 TP53 0.25635 0.26999 o ’
6775 STAT4 0.51270 0.49758 2 g_ 1.5] *** E
3660 IRF-2 0.51270 0.49758 ® %x1.0 X
6927 HNF-1A 0.12817 0.11839 ® @05 N
7494 XBP-1 102530 1.00742 X g = & <« - .
ESR1 KTN1 3 456 7 8
log2(YY7 TPM)
Scale 50 K 1 hg19
chr14 | 56,060,000 | 56,070,000 | 5eoeooool 56,090,000 | 56,100,000 | 56,110,000 | 56,120,000 | 56,13 ooool 56,140,000 | 56,150,000 |

GM12878 YY1 Standard ChlP-seq Signal from ENCODE/SYDH
S Ly it ki ah | ummumm..m
o ke i dd ol adybbildd o bl _A.u.J

ICSC Genes (RefSeq, GenBank, CCDS, Rfam, tﬂ\lﬁs & [

TN1# It

KTN1

Ref enes, from NGBl
RefSea Curated -t feq enes frpm NIBL it HH-H—HH—— .

FIGURE 1 YY1 wasan underlying transcription factor that regulates KTNI expression in high-grade breast cancer (BCa). (A)
Immunohistochemistry (IHC) staining of KTN1 in BCa tissues. Grade I (a total score of 3-5, well differentiated), Grade II (a total score of 6-7,
moderately differentiated), and Grade III (a total score of 8-9, poorly differentiated). Positive signals (brown staining) of KTN1 are indicated
by arrow heads. The number of cases is indicated below. All data were plotted as the means of the 95% confidence interval plus the s.d. (B)
Kaplan-Meier analysis of well differentiated, moderately differentiated, and poorly differentiated tumors for relapse-free survival (RFS) with
high versus low expression levels of KTNI mRNA. (C) Bioinformatic analysis of predicted upstream transcription factors of KTNI from the
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splicing, and protein translation.!” Recent studies revealed
that upregulated expression of DDX3X in BCa could pro-
mote tumorigenesis and cell proliferation by accelerating
the cell cycle.'® Moreover, depletion of DDX3X in BCa cells
inhibited its lung metastasis.!” These findings suggested a
pro-oncogenic role of DDX3X in BCa progression.”’

In our study, we aimed to determine whether YY1 is
a key transcription factor and positive regulator of KTNI
transcription. Upregulated YY1 expression was linked
strongly to poor outcome of high-grade BCa. We also iden-
tified that DDX3X could augment YY1-KTNI signaling-
mediated BCa invasive growth by interacting with YY1 and
co-activating YYl-induced transcription of KTNI in BCa
cells. These findings clarified a pro-oncogenic role of YY1
in high-grade BCa, in which it binds to DDX3X to promote
the aggressive growth of BCa by activating KTN1. Our find-
ings could facilitate unraveling the molecular basis of BCa
progression and the development novel treatment strate-
gies to overcome this disease.

2 | RESULTS

2.1 | YYlis apotential upstream
transcription factor of KTN1 in high-grade
BCa

A previous study suggested that upregulation of KTN1 pro-
moted BCa malignancy.’ To explore the upstream regula-
tory mechanism of KTNI regulation, the expression levels
of KTN1 were analyzed in different pathologically grades of
BCa using immunohistochemistry (IHC) staining [Grade
I (a total score of 3-5, well differentiated), Grade II (a
total score of 6-7, moderately differentiated), and Grade
I1I (a total score of 8-9, poorly differentiated)]. The results
showed that KTNI protein levels were high in Grade I-III
BCa tissues compared with that in adjacent normal tissues,
particular among Grade III samples. Furthermore, KTN1
protein staining was confirmed to increase gradually with
histological grade (Figure 1A).

To reveal the interrelation between KTN1 and histolog-
ical grades in clinical prognosis of BCa, we performed the
outcomes of BCa patients through the Kaplan-Meier plot-
ter online. The results identified that upregulated expres-
sion of KTNI mRNA was associated with poor clinical

prognosis accompanied by progression of BCa (Grade I,
P = 0.051; Grade II, P = 0.43; Grade III, P = 0.0078,
Figure 1B). These findings indicated that KTN1 might be
a prognostic biomarker for high-grade BCa and promotes
BCa tumorigenesis.

To investigate the upstream transcription factors
that modulate the KTNI gene, we predicted transcrip-
tion factors that might bind to the KTNI promoter by
the PROMO database (http://algge n.lsi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB = TF8.3) to
screen for known transcription factor binding sites.?' The
score from random expectation (RE) analysis identified
the top ranked genes as NR3C1, YY1, and ESRI (conform-
ing to RE equally > 2 & RE query > 2, Figure 1C). Next,
quantitative real-time reverse transcription (qRT-PCR)
analysis showed that knockdown of NR3C1 using NR3CI
siRNA oligonucleotides (siNR3C1) had no significant
effect on the regulation KTNI expression compared with
the negative control group (siNC). Primer sequences are
listed in Table S3. Similar results were observed in the cell
line with ESRI knockdown using siESR1 oligonucleotides.
By contrast, YYI knockdown led to markedly reduced
KTNI expression (Figure 1D). We also performed that
the mRNA expression of YY1 correlated positively with
the mRNA expression of KTNI based on GEPIA data
(http://gepia.cancer-pku.cn/, R = 0.58, P = 1.6e—123,
Figure 1E).?? Non-significant correlations between NR3CI
or ESRI and KTNI were observed (Figure S1A).

Furthermore, we analyzed approximately 2000 bp of
the KTNI promoter binding region by the UCSC genome
browser (http://genome.ucsc.edu/) [Data obtained from
Richard Myers data (GEO:GSM803535, UCSC-ENCODE-
hgl9: wgEncodeEH001573)], which was found to recruit
YY1 at multiple binding sites (Figure 1F). These results
revealed that YY1 might be a pivotal regulator of KTNI
expression in high-grade BCa.

2.2 | Elevated expression of YY1
correlates positively with poorly clinical
outcomes in high-grade BCa

The transcription factor YY1 is elevated in various types
of cancers and promotes tumor growth and metastasis.”
However, the regulatory mechanism of YY1 in high-grade

PROMO database. (D), NR3CI, ESRI, YY1, and KTNI expression was identified by qRT-PCR in MDA-MB-231 cells treated with siRNA
oligonucleotides and negative control group (siNC) oligonucleotides, respectively. (E) The correlation analysis between YY1 and KTNI

expression from the GEPIA database (R = 0.58, P = 1.6e—123). (F) Coverage plot analysis of the transcription start site and promoter site of the

KTNI gene based on Chromatin Immunoprecipitation-sequencing (ChIP-seq) assay from Richard Myers data from the UCSC database. Error
bars are shown with the s.d., n > 3. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared with the negative control groups. A two-tailed ¢-test or

ANOVA was used to assess the P-values. Scale bars, 100 um
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FIGURE 2

High YY1 expression was associated with poor clinical prognosis. (A) Immunohistochemistry (IHC) staining of YY1 in breast

cancer (BCa) tissues. All data are shown as the means of the 95% confidence interval plus the s.d. (B) The expression level of YYI mRNA was
examined by qRT-PCR in 36-paired BCa tissues compared to adjacent normal tissues. (C) Western blotting analysis of the level YY1 protein in
MCF10A, MCF-7, T47D, ZR75-1, MDA-MB-453, HCC38, BT20, MDA-MB-231, and BT549 cell lines. (D) Kaplan-Meier analysis of well
differentiated, moderately differentiated, and poorly differentiated for relapse-free survival (RFS) with high versus low expression levels of
YYI mRNA from the GEPIA database. (E) Correlation analysis between YY1 and KTN1 from the tissue microarray (R = 0.896, P = 0). (F)
Knockdown of YY7 in MDA-MB-231 and BT549 cell lines treated with negative control (siNC), YY1_1 and YY1_2 siRNA oligonucleotides was
determined using western blotting assays. (G) Overexpression of YY1 in both BCa cell lines transfected with empty vector or YY1
overexpression plasmid was detected using western blotting analysis. The P-value of data showed significant differences as indicated using *

P <0.05, ** P < 0.01 and *** P < 0.001

BCa is poorly understood. An IHC assay using a tissue
microarray showed that YY1 was increased in BCa tissues
compared to that in adjacent normal tissues. YY1 protein
levels were higher in poorly differentiated BCa tissues
compared to those in well differentiated BCa tissues
(Figure 2A). Additionally, qRT-PCR analysis was con-

firmed that the expression of YY1 was increased observably
in BCa tissues compared with that in paracancerous tis-
sues (n = 36) (Figure 2B). Analogous results were obtained
from BCa cell lines using western blotting. As shown in
Figure 2C, the level of YY1 was higher in BCa cell lines,
especially basal cells, MDA-MB-231 and BT549, compared
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FIGURE 3 Depletion of YY1 blocked the invasive growth of breast cancer (BCa) cells in vitro and in vivo. (A) Knockdown of YY1 in

MDA-MB-231 cells treated with siYY1_1 or siYY1_2 oligonucleotides compared with the siNC group as assessed by a qRT-PCR assay. (B)
CCK-8 assay showing the proliferation of MDA-MB-231 cells treated with siNC and siYY1 oligonucleotides. (C) Monolayer colony formation
assay showing the colony forming efficiencies of MDA-MB-231 cells treated with siNC and siYY1 oligonucleotides. (D) Transwell assay
showing the migration and invasion of MDA-MB-231 cells treated with siNC and siYY1 oligonucleotides. (E) Western blotting analysis of
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with that in the human mammary epithelial cell line
MCFI10A. A previous study showed that patients with
triple negative BCa exhibited higher histological grade
and worse prognosis than other subtypes of BCa.?* The
correlation between YY1 expression and clinical outcomes
was analyzed according to Kaplan-Meier plotter dataset
online. The results showed that high YY1 expression
correlated positively with decreased RFS along with BCa
malignancy (well differentiated, P = 0.94; moderately
differentiated, P = 0.56; poorly differentiated, P = 0.0065,
respectively, Figure 2D). However, high ESR1 and NR3C1
levels were not associated with poor outcome of high-
grade BCa (Figure S1B). Thus, these findings suggested
that YY1 acts as an oncogene, and is highly expressed and
correlated with poor outcomes in high-grade BCa.

Next, a similar positive correlation of YY1 protein lev-
els was observed in the tissue microarray data (R = 0.896,
P = 0, Figure 2E). Moreover, to verify whether YY1 reg-
ulates the expression of KTNI, YYI was knocked down
using siRNA oligonucleotides in both cell lines (Figure 2F,
Figure S2A). The results showed that the expression of the
KTNI1 decreased markedly in cells treated with siYY1 com-
pared to that siNC group. By contrast, overexpression of
YYlincreased the level of the KTN1 protein in both BCa cell
lines (Figure 2G, Figure S3A). Taken together, these find-
ings suggested that upregulated YY1 expression resulted
in poor clinical prognosis of high-grade BCa by regulating
KTNI expression.

2.3 | YY1 promotes the growth and
epithelial-mesenchymal transition of BCa
cells in a KTN1-dependent manner in vitro
and in vivo

To analyze the oncogenic character of YY1 in BCa, we
knocked down YY1 expression in both BCa cell lines
(Figure 3A, Figure S2A). The results showed that defi-
ciency of YY1 decreased the number of colony formation
compared with that in the siNC group in MDA-MB-231
cells (Figure 3B), whereas cells transfected with the YY1
overexpression vector produced more colonies in MDA-
MB-231 cells (Figure S3C). Additionally, knockdown of

Open Access,

YY1 attenuated cell proliferation, as assessed using a CCK-
8 assay in MDA-MB-231 cells (Figure 3C), while overex-
pression of YY1 had the opposite effect (Figure S3B). Fur-
thermore, knockdown of YY1 suppressed migration and
invasion of MDA-MB-231 cells (Figure 3D), whereas over-
expression of YYI promoted cell migration and invasion
(Figure S3D). Similar results were obtained using BT549
cells (Figure S2). Besides, to assess whether YY1 modu-
lated the cell invasive growth by a KTN1dependent man-
ner, MDA-MB-231 cells were treated with siKTN1 in the
YY1 overexpression cells, which resulted in a fractional
reduction of cell migration and invasion contrasted with
YY1 overexpression alone group (Figure 3E, 3F). These
results suggested that inhibition of YY1 could repress the
proliferation and invasion of BCa.

To verify the pro-carcinogenic YY1/KTNI axis in vivo,
tumor-bearing mice were injected with 5’ cholesterol-
and 2’ methoxyethyl-modified YY1 siRNA oligos (10 nmol
each) twice every week, and tumor volumes were recorded
from 24 to 55 days after the injections. The results suggested
that the volume of xenograft tumors treated with siYY1
oligos were significantly smaller than those injected with
siNC oligos (n = 6 each, Figure 3G, 3H).

The mice were executed humanely, and their tumors
were harvested for further assessment. Total RNA and pro-
tein were extracted to analyze their expression. The expres-
sion level of YY1 was effectively inhibited using siYY1
oligos treatment compared with that in the siNC group
(Figure 3I). Next, Western blotting and THC staining anal-
ysis showed that silencing of YY1 markedly decreased the
expression of KTN1 and mesenchymal markers, whereas it
increased the expression of epithelial markers (Figure 3J,
3K). These data demonstrated that YY1 plays a pro-
carcinogenic role in invasive BCa. Targeting YY1 with
siRNA oligos might serve for a novel therapeutic approach
to alleviate BCa progression.

2.4 | The promoter of KTNI gene is
directly transactivated by YY1

Given that high YY1 expression promoted the expression of
KTNI in BCa cells, we identified putative YY1 binding sites

protein levels in YYI-overexpressing MDA-MB-231 cells treated with siKTN1 oligonucleotides. (F) Migration and invasion analysis in

-overexpressing MDA-MB-231 cells treated with siKTN1 oligonucleotides using a Transwell assay. (G) Knockdown of YY1 with siYY1

oligonucleotides attenuated MDA-MB-231 cell growth in a mouse xenograft model compared with that in the siNC group. (H) Tumor volumes

were measured after injection of MDA-MB-231 cells with siYY1 oligonucleotides in the xenograft mouse model; n = 6. (I) The expression
levels of YYI mRNA in the xenograft tumors. (J) Western blotting assay to detect the protein levels of YY1, KTN1, and
epithelial-to-mesenchymal transition (EMT) markers. (K) Immunohistochemistry (IHC) staining of YY1, KTN1, and EMT marker in

xenograft tumors. Error bars are shown with the s.d., n > 3. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared with the negative control

groups. A two-tailed t-test or ANOVA was used to assess the P-values. Scale bars, 100 um
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FIGURE 4 YY1 directly transactivated KTNI via binding to its promoter n BCa. (A) Using the UCSC and JASPAR databases analysis of
predicted binding sites, including wild-type (WT) and mutant (Mut) versions of these binding motifs. (B) Electrophoretic mobility shift
(EMSA) assay analysis of the direct binding between the purified YY1 protein and the KTNI promoter. The black arrow represents the binding
complex between YY1 and a probe, and the white arrow represents the supershift generated by the association of the anti-YY1 antibody with
YY1 and the probe. (C) ChIP assay analysis of YY1 enrichment on the promoter of KTNI in MDA-MB-231 cells compared with that using the
immunoglobulin G mouse antibody. The different regions containing different putative YY1-binding sites from left to right are shown. The
binding enrichment of YY1 at the above binding sites on the promoter region was detected after knockdown of YY1. Error bars are shown with
the s.d.,n>3.* P <0.05, ** P < 0.01, and *** P < 0.001. A two-tailed t-test or ANOVA was used to assess the P-values

through the JASPAR database (http://jaspardev.genereg.
net), and also verified that the putative binding sites for
YY1 could be matched with promoter regions of the KTN1
gene for “CCAT” or “ATGG” sites by the UCSC genome
browser database (http://genome.ucsc.edu/, Figure 4A).
Next, to explore whether YY1 transcriptionally modu-
lated KTNI gene expression, electrophoretic mobility shift
(EMSA) assays were used to performe the direct interac-

tions between the purified YY1 protein and the predicted
KTNI promoter motifs, which was revealed by a super-shift
upon binding with the anti-YY1 antibody. However, muta-
tion of the YY1-binding motifs within the KTNI promoter
abolished the interaction, indicating the specificity of the
binding sites for YY1 (Figure 4B, Figure S4A).
Additionally, a ChIP-qPCR assay verified that the YY1
protein was recruited to the KTNI promoter at binding sites
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FIGURE 5 YYlregulated the downstream target gene KTNI in a DDX3X-dependent manner in BCa. (A) Chromatographic analysis of

the proteins immunoprecipitated using anti-YY1 antibodies or control IgG antibodies. (B) Black arrows indicate the DDX3X peptide peaks in

the YY1-pulldown samples from MDA-MB-231 and BT549 cells compared with those from control IgG samples. (C) Western blotting and
co-immunoprecipitation assays analysis of co-factors of YY1. (D) Immunofluorescence chemistry assay analysis of the co-location and
co-expression in both BCa cell lines. (E) The correlation analysis between DDX3X and YY1 expression from the GEPIA database (R = 0.52,
P =3.3e—95), and the correlation analysis between DDX3X and KTNI1 expression from the GEPIA database (R = 0.47, P = 4.6e—76). (F)
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located at -1769 to -1766, —1733 to -1730, —-1087 to -1084, —
1043 to -1040, and -994 to -991, whereas signals was not
detected at -1398 to -1395, -1379 to -1376, and —-608 to —
605 (Figure 4C, Figure S4B). Importantly, silencing of YY1
decreased the recruitment of YY1 to the KTNI promoter
markedly. Hence, these results indicated that YY1 specif-
ically induced the transcriptional activity of the KT NI pro-
moter at the above loci.

2.5 | YYl-mediated transactivation of
KTNI1 gene promoter is co-activated by
DDX3X

YY1is defined as a dual functional transcription factor, reg-
ulating downstream target genes via transcriptional acti-
vation or inhibition. This dual role of YY1 depends on its
interacting partners.'® Considering the dual character of
YY1, and to investigate the mechanistic role of its onco-
genicity in BCa, co-IP assays in combination with high-
performance liquid chromatography-mass spectrometry
(HPLC-MS) analysis was performed to identify the pro-
teins of interacting with YY1. In total, 72 (MDA-MB-231
cells, H/L ratio > 2.0) and 51 (BT549 cells, H/L ratio > 2.0)
differentially abundant proteins were distinguished in the
pull-down assay using the YY1 protein as compared with
the negative IgG group (Figure 5A). According to these
candidate proteins, 28 (H/L ratio > 2.0) proteins were
shared between MDA-MB-231 and BT549 cells. Potential
YY1 cross-linking proteins, including DDX3X, PTPN11,
PAK2, and ATP6VI1A proteins, were filtered through pro-
tein localization and outcome analysis using the human
protein atlas online (https://www.proteinatlas.org/) and
GEPIA databases (Figure 5B, Figure S5A, B). Western blot-
ting analysis showed that DDX3X was verified as pulled
down by YY1 (Figure 5C, Figure S5C) in both BCa cell lines.
Therefore, the results suggested that DDX3X was a poten-
tial binding partner of YY1, corroborating its hypothetical
role as a YY1 interaction co-partner.

Knockdown of DDX3X inhibited lung metastasis in
BCa,'” and DDX3X promoted cancer cells survival by mod-
ulating mRNA metabolism, the stress response, hypoxia,
apoptosis, and the cell cycle.”> Immunofluorescence anal-
ysis showed that YY1 was co-localized and co-expressed
with DDX3X in the nucleus of both BCa cell lines
(Figure 5D). Consistently, we performed the correlation

analysis of DDX3X, and YY1 or KTNI1 in the TCGA
database. The results suggested that the mRNA expression
of DDX3X was related positively with the mRNA expres-
sion of YY1 (R = 0.52, P = 3.3e—95, Figure 5E) and KTNI
(R=0.47, P = 4.6e—76, Figure 5E).

Next, to identify that whether DDX3X acted as a co-
activator of YY1 to regulate KTNI transactivation, we con-
ducted the luciferase reporter assays including the binding
motif of KTNI promoter. The data showed that the KTN1
signal was excessively activated after co-transfection of YY1
and DDX3X overexpression plasmids in three cell lines
compared with other groups: the negative control group,
the YY1 overexpression only group, and the DDX3X over-
expression only group (Figure 5F). Using an anti-YY1 anti-
body, we showed that depletion of DDX3X contributed to
decreasing at the binding motifs of the KTNI promoter in
YY1-dependent manner (Figure 5G). These data suggested
that DDX3X was required for YY1 transactivation the pro-
moter of KTNI.

2.6 | DDX3X augments YY1-KTN1
signaling axis-promoted cell growth in
high-grade breast cancer

To demonstrate the oncogenic characteristics of DDX3X
in BCa, the THC results uncovered that the expression of
DDX3X was increased in BCa tissues compared to pat-
acancerous tissues (Figure S6A). Besides, high DDX3X
expression was associated with poor RFS (P = 4.8e—06) in
patients with invasive BCa, as indicated by Kaplan-Meier
analysis (Figure S6B). QRT-PCR analysis also showed that
the expression of DDX3X was increased in cancer cells
compared to that in human mammary epithelial cells
(Figure S6C). Furthermore, knockdown of DDX3X led to
significantly downregulation of the levels of DDX3X and
KTN1 proteins in MDA-MB-231 cell line (Figure S6D).
To confirm if DDX3X blockade impacted the expression
of KTN1, BT549 cells were treated with different con-
centrations of RK-33 that was DDX3X inhibitor, and the
expression of YY1, DDX3X, or KTN1 was assessed. We
found that inhibition of DDX3X decreased the expression
of KTN1 in no significant dose-dependent manner, the
reason was probably that decreasing of DDX3X activity
weakened the capacity of YY1 at binding of KTN1 pro-
moter. Moreover, the addition of YY1 overexpression was

Activity of a reporter containing four canonical YY1-binding sites and binding of YY1 to the KTNI promoter in MDA-MB-231, BT549, and 293T
cells transfected with the KTNI promoter reporter, the full-length DDX3X plasmid, and the full-length YY1 plasmid (n = 4) as determined by a
dual-luciferase assays. (G) ChIP-qPCR analysis showing the binding enrichment of YY1 at the binding sites on the promoter region of KTNI
detected after knockdown of DDX3X. Error bars are showed with the s.d., n > 3. *P < 0.05, **P < 0.01, and ***P < 0.001. A two-tailed t-test or

ANOVA was used to assess the P-values
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FIGURE 6 Overexpressed YY1 induced tumor aggressive growth in breast cancer (BCa). (A) Overexpression of YYI promoted
MDA-MB-231 cell growth in mice xenograft models compared with that in the vector only group. (B) Tumor volumes were measured after
injected MDA-MB-231 cells treated with the YYI overexpression plasmid in the xenograft mouse model (n = 3). (C) qRT-PCR analysis of the
expression levels of YYI mRNA in the xenograft tumors. (D) Western blotting analysis of the levels of YY1, KTN1, and
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sufficient to partially rescue RK-33 repressed expression of
KTN1 (Figure S7). In addition, inhibiting the expression of
DDX3X repressed the growth and invasion of MDA-MB-231
cells (Figure S6E, 6F).

Next, to evaluate whether YY1 regulated the cell inva-
sive growth of BCa in a DDX3X-dependent manner, BT549
cells with treated with siYY1 were transfected with the
DDX3X overexpression plasmid, which resulted in a frac-
tional rescue of cell migration and invasion contrasted to
the siYY1 alone group (Figure S6G, S6H). Analogously, in
DDX3X knockdown cells, we observed increased migration
and invasion of cells following YYI overexpression con-
trasted to those in the siDDX3X alone group (Figure S6I,
S6J). These results suggested that DDX3X was involved in
YY1-mediated BCa aggressive growth.

2.7 | YY1 (facilitates the aggressive growth
of BCa tumors in vivo

To demonstrate whether YY1 promoted the aggressive
growth of BCa tumors in vivo, we first evaluated the influ-
ence of YY1 overexpression on BCa xenograft tumors using
a NOD/SCID/IL2ry null mice model (n = 3 each). When
tumor bulk reached 100 mm?, the xenograft tumors were
injected with YYI overexpression plasmids twice every
week. The results suggested that the volume of xenografts
treated with YY1 overexpression plasmids were increased
significant compared with those injected with the nega-
tive control vector (Figure 6A, 6B). In addition, overex-
pression of YY1 in xenograft mice enhanced the expression
of KTN1 and the mesenchymal markers (Vimentin and
N-cadherin), whereas it inhibited the epithelial protein
expression (E-cadherin) by western blotting (Figure 6C,
6D). THC analysis indicated that the levels of mesenchy-
mal markers were increased, whereas those of the epithe-
lial marker decreased (Figure 6F). Importantly, H&E stain-
ing assessed the aggressive effects of YYI overexpression
in vivo. The results indicated that YYI overexpression
markedly promoted more tumor cells infiltration in adja-
cent fatty, nerve, and muscular tissues in contrast to that of
the negative control vector groups (Figure 6E). Therefore,
these findings demonstrated that YY1 promoted KTNI-
mediated the cell invasive growth of BCa, and YY1 trans-
activated the KTNI gene in a DDX3X-dependent manner
(Figure 6G).

3 | DISCUSSION

As the most common cancer in women, high-grade BCa
often relapses, which is mainly attributed to the enhanced
metastasis and invasive growth of cancer cells.”® Therefore,
a comprehensive understanding of the molecular mecha-
nisms modulating the process of cell invasion and metas-
tasis is fundamental to improving the clinical outcome
of BCa. The histological scores of BCa are assigned to
three grades: Grade I, Grade II, and Grade III. Histological
Grade III BCa tends to demonstrate an aggressive molec-
ular biological signature, manifested as a “basal cluster”-
like gene expression profile, including high-expression lev-
els of EGFR (encoding epidermal growth factor receptor),
CKS5 (cytokeratin 5), CK14, CK17, and vimentin.?”-*® Fur-
thermore, patients with positive estrogen receptor (ER)
expression are defined as Grade I to II and have a bet-
ter prognosis for survival, while the patients with triple-
negative BCa usually suffer from Grade III BCa.?” Our pre-
vious study suggested that KTN1 promoted epithelial-to-
mesenchymal transition (EMT) progression in triple neg-
ative BCa, whereas inhibition of KTNI expression could
repress tumor EMT in vitro and in vivo.”

During cell development, proliferation, and oncogenic-
ity, EMT progression represses epithelial characteristics
and enhances the expression of certain genes that are
characteristic of mesenchymal cells. In addition, EMT
contributes to cancer occurrence and highly aggressive
cancers.>” KTN1 acts as a membrane receptor that binds
to kinesin protein. The KTN1-kinesin complex is involved
in microtubule movement and organelle transport. Previ-
ous studies revealed that kinesin family members [Kinesin
family member C1 (KIFC1), Kinesin family member 5B
(KIF5B), and Kinesin light chain 1 (KLC1)] play important
roles in accelerating epithelial-mesenchymal plasticity in
bladder cancer and breast tumors.*"*> High expression of
KLFC1 promoted the phosphorylation of glycogen syn-
thase kinase 3 beta (GSK3p3) and enhanced the expression
of SNAII (encoding snail family transcriptional repressor
1) via protein kinase B (AKT) activation, which induced
bladder cancer cell growth and EMT. Besides, in BCa,
KIF5B and KLC1 promote epithelial-mesenchymal plas-
ticity and tumorigenesis through regulating TGFB (encod-
ing transforming growth factor beta) expression.*** In
the present study, we found that KTN1 could interact
with KIF5B and KLC1 by analyzing data in the String

epithelial-to-mesenchymal transition (EMT) markers. (E) Hematoxylin and eosin (HE) staining analysis of the effects on tumor cell
aggression of YY1 overexpression in vivo; a black arrow represents the range of infiltrating of tumor cells. (F) Immunohistochemistry (IHC)
staining of YY1, KTN1, and EMT marker proteins in xenograft tumors. (G) A model of the YY1/DDX3X/KTNI-regulatory axis in BCa
development. Error bars are shown with the s.d., n > 3. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the negative control group. A
two-tailed t-test or ANOVA was used to assess the P-values. Scale bars, 100 um
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database (https://string-db.org/, Figure S7A). In addition,
gene ontology (GO) analysis of the proteins interacting
with KTN1 identified the “Kinesin complex” function
(Figure S8). In addition, a Co-IP assay analysis demon-
strated that KIFC1 and KLC1 proteins could be pulled
down by KTN1 antibody compared with negative control
IgG groups in both types BCa cells (Figure S9). Thus, our
results demonstrated that KTN1 might promote EMT pro-
gression of BCa by binding kinesin family members, which
should be further explored in the future.

Accumulating evidence indicates that YY1 is involved
in cancer progression. Patten et al. considered that YY1
acts a key element of ER alpha (ERa) transcriptional
activity involving in luminal BCa growth, and could con-
tribute to resistance to endocrine therapy.>* However,
whether YY1 and its regulatory axis could promote cell
invasion in advanced BCa was unknown. A previous report
showed that oncogenic mechanistic target of rapamycin 2
(mTOR2)-mediated AKT signaling was activated by YY1.3*
In our study, YY1 was revealed as a crucial transcription
factor that activates KTNI expression. In addition, upreg-
ulated YY1 correlated positively with pathological progres-
sion and poor clinical outcome, which strongly indicated
a pro-oncogenic role of this gene in BCa. Gene loss-of-
function and gain-of-function experiments further verified
that YY1 was able to enhance the invasive cell growth of
BCa both in vitro and in vivo. These results clarified that
YY1 promotes BCa progression and might be a potential
therapeutic target to treat advanced BCa. However, the
molecular mechanisms of YY1-induced EMT progression
are not clear. Shu et al. found that overexpression of YY1
promoted vascular endothelial growth factor (VEGFA) and
SNAI1 expression, and enhanced high glucose-stimulated
EMT progression and cell permeability.>> However, our
findings suggested that increased YY1 expression expe-
dited tumor cell EMT and aggressive growth in high-grade
BCa by transactivating the KTNI gene.

Interestingly, as a transcription factor, YY1 exhibits bidi-
rectional transcription regulation in certain tumor con-
texts. It can activate or repress the transcription of its tar-
get gene depending on the interacting transcriptional co-
factors.'* Therefore, we sought to clarify the regulatory
axis of YY1 in BCa progression by identifying its specific
interacting protein in advanced BCa cells. Co-IP combined
with HPLC-MS analysis identified that transcription fac-
tor DDX3X could be an important cofactor of YY1. We ver-
ified that these two proteins interact in BCa cells. DDX3X
is encoded on the X chromosome and is widely expressed
in human tissues.*® A previous study showed that DDX3X
was modulated by hypoxia-inducible factor 1 alpha (HIF-
1a) directly and thus promotes tumorigenesis of BCa.>” Our
rescue experiments demonstrated that overexpression of
DDX3Xin YYlI-silenced BCa cells increased their cell prolif-

eration and invasion, suggesting that DDX3X might endow
a pro-oncogenic role on YY1 in advanced BCa. Addition-
ally, our findings identified that YY1 positively modulated
the expression of KTNI in a DDX3X-dependent manner in
BCa.

In conclusion, we identified that the YY1-DDX3X-KTNI1
signaling axis was markedly upregulated in BCa, which
correlated positively with its pathological grading and
poor prognosis. Gene loss-of-function and gain-of-function
studies suggested that the YY1-KTNI signaling pathway
accelerated the aggressive growth of BCa cells both in vitro
and in vivo, which could be augmented by DDX3X, the
specific transcriptional coactivator of YY1. These findings
highlighted a progression-promoting function of the YY1-
DDX3X-KTNI transcription regulatory axis in BCa and
indicated potential therapeutic targets to overcome this
disease.

4 | MATERIALS AND METHODS

4.1 | Clinical samples,
immunohistochemistry, and survival curve
according to BCa pathological grades

For clinical samples, three commercial tissue microarrays
of BCa were purchased and obtained from Shanghai Outdo
Biotech Co., Ltd (#HBreD140Su03, #HBreD077Su01 406,
and #HBreD075Bc01). The expression of KTN1 in different
pathological grades of BCa was reanalyzed based on tissue
microarray immunostaining, as reported previously.’
Briefly, a total of 206 tissue samples of BCa, from low-
grade to high-grade pathology, were diagnosed in the clinic
(stage I = 37; stage II = 141; and stage III = 40) and 77
adjacent normal tissue samples were acquired. All tissue
samples were paraffin-embedded and cut into slices for
THC. All tissue samples were performed to dehydrate with
ethanol after deparaffinizi with xylene. After washing in
phosphate buffer, the antigen retrieval was performed by
the sodium citrate buffer (pH 6.0). Endogenous peroxidase
activity was quenched using hydrogen peroxide solution.
And nonspecific crosslinking was covered with avidin
biotin blocking solution (Abcam, avidin biotin blocking
kit, ab64212). The tissue microarrays were incubated with
primary antibodies at 4°C overnight. Next day, these
samples were performed in the corresponding secondary
antibodies labeled with horseradish peroxidase for 30 min-
1 h after washing with phosphate buffer saline (PBS) at
room temperature. The samples were stained by 3,3'-
diaminobenzidine (DAB) staning (Abcam, DAB substrate
kit, ab64238). In the end, all microarrays were counter-
stained with hematoxylin after washing by ultrafiltration
water.
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For the mouse experiments, xenograft masses were
excised and fixed by 4% paraformaldehyde. The paraffin-
embedded slices were staining for IHC or hematoxylin
and eosin (H&E) assays. The IHC staining score was plot-
ted as mean of 95% confidence interval (95% CI) + s.d.,
which used to estimate the range of parameters ("P < 0.05,
P <0.01,”" P<0.001). In the comparison of normal, well
differentiated, moderately differentiated, and poorly dif-
ferentiated tissues, the combinative sensitivity (intensity
score) and specificity (proportion score) of targeted protein
THC was 95%CI (0, 3), 95%CI (4, 6), 95%CI (7, 9), and 95%CI
(10, 12).%* The staining score was determined as follows:
intensity score (0, none; 1, weak; 2, intermediate; 3, strong),
a proportion score (0, 0%; 1, 1%-25%; 2, 26%-50%; 3, 51%—
75%; and 4, 76%-100%). The intensity score multiplied by
the proportion score was defined as the total positive stain-
ing score.*’

The mRNA correlation analysis was obtained from
GEPIA online. Spearman rank analysis was performed to
calculate the correlation between KTN1 and YY1 protein
levels in the tissue microarrays. The survival prognosis
of BCa was plotted by the Kaplan—-Meier survival plotter
online (www.kmplot.com).

4.2 | Western blotting, antibodies, and
reagents

Total cell lysates were isolated and subjected to western
blotting as described previously.* For western blotting
assays, the antibodies comprised: the primary antibod-
ies used were: anti-YY1 [(Cell Signalling Technology
(CST), Danvers, MA, USA, #63227, 1:3000), anti-KTN1
(CST, #13243, 1:2000), anti-DDX3X (Abcam, Cam-
bridge, MA, USA, ab196032, 1:2000), anti-S-tubulin (CST,
#2128, 1:2000), anti-B-actin (CST, #3700, 1:2000), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
CST, #5174, 1:2000), anti-Vimentin (CST, #5741, 1:2000),
anti-E-cadherin (CST, #3195, 1:2000), anti-N-cadherin
(CST, #13116, 1:2000), anti-KIFC1 [Abclonal Technol-
ogy (Abclonal), #A3304, 1:1000], and anti-Kinesin light
chain 1 (KLC1; Abclonal, #A3304, 1:1000). The fol-
lowing secondary antibodies were used: anti-mouse
IgG-horseradish peroxidase (HRP, CST, #7076, 1:2000)
and anti-rabbit IgG-HRP (CST, #7074, 1:2000). For chro-
matin immunoprecipitation-quantitative real-time PCR
(ChIP-qPCR), the antibodies comprised: anti-YY1 (CST,
Danvers, MA, USA, #63227, 10 ug), normal mouse IgG
(Merck, Kenilworth, NJ, USA; #12-371, 10 ug)) and normal
rabbit IgG (Merck, #12-370, 10ug). For double immunoflu-
orescence, the antibodies comprised: goat anti-Rabbit IgG
(H+L) secondary antibody, dylight 488 (ThermoFisher,
35552), goat anti-Mouse IgG (H+L) secondary antibody,

dylight 594 (ThermoFisher, 35510). For immunoprecipita-
tion (IP) assays, the antibodies comprised: anti-YY1 (CST,
Danvers, MA, USA, #63227, 10 ug), normal mouse IgG
(Merck, Kenilworth, NJ, USA; #12-371, 10 ug) and normal
rabbit IgG (Merck, #12-370, 10 ug). For immunofluores-
cence, the antibodies comprised: anti-YY1 (CST, Danvers,
MA, USA, #63227, 1:200), anti-DDX3X (Abcam, Cam-
bridge, MA, USA, ab196032, 1:200). The DDX3X inhibitor
used was: RK-33 (Selleck.cn, #S8246).

4.3 | Xenograft model in vivo

The xenograft experiments were performed as previously
described.*” For RNA interfering treatment, female
BALB/c-nude mice at 4-6 weeks old were purchased and
obtained from the Medical Laboratory Centre of Guang-
dong Province (Guangzhou, China). Untreated MDA-MB-
231 cells were surgically injected into the mammary fat
pad of mice (1 x 10 cells in Matrigel). Three to four weeks
after cancer cell injection, cholesterol-conjugated negative
control small interfering RNA (siNC) or YY1 siRNA
oligonucleotide (siYY1) was delivered into the xenograft
tumor, respectively (All siRNA oligonucleotide were
purchased from RiboBio Co. Ltd., Guangzhou, China).
siNC or siYY1 (10 nmol) in 50 ul saline was used to treat
the xenograft tumor mass once every 3 days for 4 weeks.
For the invasive experiment of BCa, MDA-MB-231 cells
(2x10° in Matrigel) were delivered into the mammary fat
pad of NOD/SCID/IL2ry null mice. When tumor mass
reached 100 mm?3, these mice were executed treatment
with 20 ug YY1 overexpression vector or equal control
empty vector once every 3 days for 4 weeks. All tumor
volumes were measured using the following formula:
volume (mm?) = (length x width?)/2. The animals
were sacrificed humanely, and the xenograft tumors
were isolated, fixed with 4% paraformaldehyde for THC
staining.

4.4 | Immunoprecipitation assay and
high-performance liquid
chromatography-mass spectrometry
analysis

The IP assay and HPLC-MS analysis were performed
as previously described.*® Briefly, the cell lysates were
extracted using a Pierce™ Classic Magnetic IP/Co-IP kit
(Thermo Fisher Scientific, Waltham, MA, USA) and per-
formed to IP using 20 ug of YY1 antibodies. The sodium
dodecyl sulfate polyacrylamide gel electrophoresis assay
was used to detect precipitated protein complex that inter-
acting with YY1. After band excision in silver staining and
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extraction and digestion, the digest was used to perform
HPLC-MS analysis by the EASY-nLC™ 1200 UHPLC sys-
tem (Thermo Fisher Scientific) on an Orbitrap Q Exactive
HF-X mass spectrometer (Thermo Fisher Scientific). Each
fraction was analyzed by Proteome Discoverer 2.2 (Thermo
Fisher Scientific). The raw data reported in this article
had been deposited in the OMIX, China National Cen-
ter for Bioinformation/Beijing Institute of Genomics, Chi-
nese Academy of Sciences (https://ngdc.cncb.ac.cn/omix/
preview/MUpyKOZZ: accession no. OMIX979).* The pre-
cipitated protein complex was also separated and identified
by western blotting assay.

4.5 | Electrophoretic mobility shift assay
The EMSA assay was conducted using a LightShift™
Chemiluminescent RNA EMSA kit (Thermo Fisher) fol-
lowing the manufacturer’s instructions. Briefly, EMSA was
performed using 5’ biotin-labeled dsDNA probes (Thermo
Fisher). EMSA was carried out using annealed DNA
probes, purified YY1 protein (Abcam, ab152809, 3 ug), and
anti-YY1 antibodies (CST, Danvers, MA, USA, #63227, 1
1g). The images were acquired by the imaging system (Bio-
Rad, Hercules, CA, USA). The probes sequences are listed
in the Supporting information (Table S4).

4.6 | Chromatin immunoprecipitation
and qPCR assay (ChIP-qPCR)

ChIP assay was tested using an EZ ChIP™ kit (Merck Mil-
lipore, Billerica, MA, USA) following the manufacturer’s
instructions, using 20 ug antibody against YY1 or nega-
tive control IgG (Merck Millipore). Total DNA was puri-
fied by phenol chloroform extraction and ethanol precipi-
tation, and then diluted in nuclease-free water. JPCR was
performed using 1 ul of the immunoprecipitated samples
and the SYBR Select Master Mix (Thermo Fisher). The fold
enrichments of DNA signals were calculated compared
with the IgG signals. Primers sequences are listed in Table
S2.

4.7 | Dual-luciferase reporter assay

Dual-luciferase reporter assay was performed using
the manufacturer’s instructions (Promega, Madison,
WI, USA). In brief, the KTNI promoter sequence was
obtained from genomic DNA and subcloned into vector
pPRO-RB-Report (Ribobio Biotech Co., Ltd.), gener-
ating a pPRO-RB-Report-KTN1 construct. Cells were
cultured in 96-well plates and transfected with pPRO-RB-

Report-KTN1 vector and/or pCMV-YY1 plasmid, and/or
pCMV-DDX3X plasmid. The cells were extracted using
lysis buffer after 48 h. The firefly luciferase activity and
the Renilla luciferase activity were detected by the BioTek
citation 5 system (BioTek, Winooski, VT, USA).

4.8 | Statistics

All statistical analyses were performed by SPSS 21.0
software (IBM Corp., Armonk, NY, USA). Correlations
between the expression levels of YY1, KTN1, or DDX3X
and clinical prognosis of BCa patients were analyzed using
the Pearson correlation test. Survival curves were plotted
and analyzed by the Kaplan-Meier plotter by GraphPad
Prism Software 7.0 (GraphPad Inc, La Jolla, CA, USA).
All data were showed as the mean + standard devia-
tion (s.d.). All data were performed for normal distribu-
tion and homogeneity of variance. Means were compared
using independent-samples two-tailed t-tests or one-way
analysis of variance (ANOVA). *P < 0.05, ** P < 0.01,
*#*P < 0.001. Further detailed methods are provided in the
Supporting information.
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