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Abstract

Karyopherin-a3 (KPNA3), a karyopherin- o isoform, is intimately associated with metastatic
progression via epithelial-mesenchymal transition (EMT). However, the molecular mechanism
underlying how KPNA3 acts as an EMT inducer remains to be elucidated. In this report, we
identified that KPNA3 was significantly upregulated in cancer cells, particularly in triple-
negative breast cancer, and its knockdown resulted in the suppression of cell proliferation and
metastasis. The comprehensive transcriptome analysis from KPNA3 knockdown cells
indicated that KPNA3 is involved in the regulation of numerous EMT-related genes, including
the downregulation of GATA3 and E-cadherin and the up-regulation of HAS2. Moreover, it
was found that KPNA3 EMT-mediated metastasis can be achieved by TGF- or AKT signaling
pathways; this suggests that the novel independent signaling pathways KPNA3-TGF-§3-
GATA3-HAS2/E-cadherin and KPNA3-AKT-HAS2/E-cadherin are involved in the EMT-
mediated progress of TNBC MDA-MB-231 cells. These findings provide new insights into the

divergent EMT inducibility of KPNA3 according to cell and cancer type.

Abbreviations: AKT, serine/threonine kinase; ECM, extracellular matrix; EMT, epithelial—
mesenchymal transition; ERK, extracellular signal-related kinase; GATA3, GATA binding
protein 3; HAS2, hyaluronan synthase 2; KPNA3, karyopherin-a 3; SMAD, small mothers
against decapentaplegic; TGF-p, transforming growth factor-f; TNBC, triple-negative breast

cancer; TWIST, twist-related protein



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1. Introduction

Epithelial-mesenchymal transition (EMT) is a key cellular process in which immotile
epithelial cells transform into mesenchymal cells through cell polarity loss, cell-cell junction
disassembly, and extracellular matrix (ECM) alteration. EMT endows tumor cells with
enhanced migratory and invasive properties necessary for metastasis, the primary cause of
cancer-related deaths (1). However, the EMT process activated by the pleiotropic control of
intrinsic and extrinsic factors has inherent flexibility and variation across different cancer cells
and types (2). Therefore, understanding the intricate network among EMT-related genes in
various cancers will provide insight into the differences in EMT-mediated metastatic pathways
and lead to the development of advanced antimetastatic therapies.

Karyopherin-a 3 (KPNA3), a member of the nuclear transport protein family, is important
in the nucleocytoplasmic trafficking of certain cargoes via a heterodimeric interaction with
importin-B1 (also known as KPNB1) (3). KPNA3 is upregulated in colon and liver cancers,
and its enhanced expression is associated with poor prognosis and a low survival rate in patients
with breast cancer (4). Moreover, it has been reported that EMT can be induced by the KPNA3-
serine/threonine kinase (AKT)-extracellular signal-related kinase (ERK)-twist-related protein
(TWIST) signaling cascade in hepatocellular carcinoma (HCC) (5). Despite evidence of an
EMT-inducing role of KPNA3 in multiple cancers, the function of KPNA3 in EMT-associated
transcriptional reprogramming remains to be clarified.

In this study, it was found that KPNA3 regulates numerous EMT-related genes and induces

the EMT process via at least two independent signaling pathways in the highly invasive triple-
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negative breast cancer (TNBC) cell line MDA-MB-231. One pathway is the transforming
growth factor-f (TGF-PB) signaling pathway that downregulates GATA binding protein 3
(GATA3) to suppress E-cadherin and upregulate hyaluronan synthase 2 (HAS2); the other is
the AKT signaling pathway, which is also involved in the up-regulation of HAS2 and down-
regulation of E-cadherin. Our findings highlighted that EMT induction by KPNA3 can be
achieved by the networking and interplay among many genes involved in several EMT-related
signaling pathways. In addition, these results suggest that KPNA3 can trigger EMT via two
axes in TNBC MDA-MB-231 cells, KPNA3-TGF-B-GATA3-HAS2/E-cadherin and KPNA3-

AKT-HAS2/E-cadherin.

2. Results

2.1. KPNA3 is highly expressed in TNBC and closely associated with poor patient outcomes

To determine the clinical relevance of KPNA3 in breast cancer, its protein expression was
compared in different breast cancer subtypes. The expression level of KPNA3 was significantly
higher in the more aggressive TNBCs than in normal and luminal-type breast cancer (p < 0.05
and p < 0.01, respectively; Fig. 1A and B). Consistent with these findings, the mRNA and
protein expression levels of KPNA3 were markedly higher than those of other KPNAs in
TNBC cell lines (Hs578T, BT549, and MDA-MB-231) and non-TNBC cell lines (MCF7 and
T47D) (Fig. S1A and S1B, Table S1). In the analysis of different tumor grades, the expression

level of KPNA3 gradually increased with an increase in tumor grade (Fig. S1C). Kaplan—Meier
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survival analysis using GENT2 revealed that KPNA3 expression was closely associated with
shortened overall survival (p = 0.001, Fig. 1C). Taken together, the results retrieved from
various web-based databases clearly suggest that KPNA3 is highly expressed in aggressive
breast cancer cells and tissues indicating that KPNA3 may play a key role in breast cancer

progression and metastasis.

2.2. Depletion of KPNA3 inhibits cell proliferation and TNBC metastasis

To investigate the functional significance of KPNA3 expression in TNBC cells, the
KPNA3 gene was knocked down in two TNBC cell lines (MDA-MB-231 and Hs578T) using
two siRNAs for KPNA3 (KPNA3-1-knockdown (KD) and KPNA3-2-KD) (Fig. 1D and Fig.
S2A). WST-1 assays revealed that both KPNA3-1-KD and KPNA3-2-KD inhibited cell
proliferation in MDA-MB-231 cells (p < 0.05). However, only KPNA3-1-KD reduced cell
proliferation in Hs578T cells (p < 0.01; Fig. 1E and S2B). Next, we investigated whether
KPNA3-KD’s inhibitory effect on MDA-MB-231 cells’ proliferation was caused by apoptosis
or cell cycle delay. The protein expression levels of apoptotic markers were not changed by
KPNA3-KD (Fig. S3A). Moreover, KPNA3-KD induced cell cycle arrest at the G1/S phase,
given the increase and decrease in the cell numbers in the GO/G1 and S phases, respectively
(Fig. S3B), suggesting that KPNA3-KD inhibits cell proliferation through cell cycle arrest at
the G1/S phase and not through apoptosis in MDA-MB-231 cells. Additionally, transwell
assays were performed to evaluate the effect of KPNA3 on metastasis. KPNA3-KD inhibited

cell migration (p <0.001) and invasion (p < 0.0001) in MDA-MB-231 and Hs578T cells (Fig.
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1F and S2C).

2.3. KPNA3-KD inhibits cell migration through the downregulation of HAS2 in MDA-MB-231

cells

To further elucidate the molecular mechanism whereby KPNA3 silencing decreases the
proliferation and metastasis of TNBC, transcriptome analysis using RNA sequencing was
performed on KPNA3-KD-231 cells (Fig. S4A). A volcano plot and heatmap were constructed
to indicate the transcripts’ general scattering and to filter the differentially expressed genes
from the transcriptome profiles, respectively (Fig. 2A and S4B). Of the total 26,679 transcripts
annotated, 2,245 genes (976 upregulated genes and 1,269 downregulated genes) were filtered
by applying the criteria of absolute fold change (FC) > 1.5 and adjusted p < 0.05.

To identify EMT-related genes regulated by KPNA3, the expression profiles of genes
downregulated in the transcriptome profiles retrieved from KPNA3-KD-231 cells were
compared to two different bio-informatic data sets, the upregulated gene list in TNBC cells,
and the EMT-core gene list, which were derived from at least 10 gene expression study datasets
(Fig. S4C) (6, 7). Intriguingly, HAS2 was the only gene common among the three expression
profiles (Fig. 2B). The expression of HAS2 was assessed in KPNA3-KD-231 cells to ascertain
whether KPNA3 can regulate it. Fig. 2C and D show that KPNA3-KD significantly reduced
HAS2’s mRNA and protein expression levels. In addition, a positive correlation between the
expression levels of KPNA3 and HAS2 (p = 3.3e-52; R = 0.44) was confirmed using the

GEPIA?2 database, based on TCGA retrieved from cancer samples from over 11,000 patients
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over 12 years (Fig. S5A). Furthermore, HAS2-KD exhibited significant reductions in both
migratory (p <0.001) and invasive (p < 0.05) properties and showed that the extent of reduction
was greater in migratory properties (Fig. SSB and C).

Next, MDA-MB-231 cells were co-transfected with a HAS2 overexpression vector
(3xFLAG-HAS2) and KPNA3-KD. As a result, overexpression of HAS2 restored the
migratory properties (p <0.001) of KPNA3-KD-231 cells but not the invasive properties or the
expression of E-cadherin, a representative EMT marker (Fig. 2E and F). These results suggest
that KPNA3 plays a critical role in EMT induction through HAS2 regulation. These results
imply that the EMT or mesenchymal—epithelial transition characteristics of cells whose
transcriptional program has already been altered by KPNA3-KD cannot be fully restored by

the control of HAS2 alone.

2.4. KPNA3 promotes EMT-mediated metastasis via down-regulation of the transcription

factor GATA3

To identify which transcription factor plays a critical role in KPNA3-mediated EMT,
enrichment analysis of KPNA3-KD-induced transcriptional signatures was performed with the
Enrichr tool using gene expression signatures derived from the GEO database for transcription
factor perturbations. As shown in Fig. 3A, GATA3 was ranked highest among 265 transcription
factors (p < 8.37e-29). Accordingly, western blot and RT-qPCR analyses were performed to
determine whether KPNA3 regulates GATA3 expression. The mRNA and protein expression

levels of GATA3 were significantly increased by KPNA3-KD (Fig. 3B and C). Transwell



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

chamber assays indicated that the KPNA3-KD-mediated reduction in migratory and invasive
properties were partially but significantly restored by an siRNA of GATA3 (GATA3-KD; p <
0.0001 for migration and p < 0.001 for invasion; Fig. 3D and E), suggesting that GATA3 is a
major downstream target in KPNA3-mediated EMT.

To determine whether KPNA3-KD-mediated GATA3 upregulation affects the expression of the
above-mentioned genes, the expression levels of E-cadherin and HAS2, were assessed after
dual knockdown by KPNA3-KD and GATA3-KD. E-cadherin expression, which was
upregulated by KPNA3-KD, was reduced by GATA3-KD (Fig. 3F), indicating that GATA3 is
involved in the regulation of E-cadherin; this is consistent with the findings of Yan et al. (8).
In addition, it was found that GATA3-KD upregulated HAS2 expression, which was
downregulated by KPNA3-KD (Fig. 3F), suggesting the involvement of the KPNA3-GATA3-
HAS2/E-cadherin cascade. Moreover, the regulatory mechanism of HAS2 expression by
GATA3 was assessed by screening the potential binding sites of GATA3 on the HAS2 promoter
region spanning 2,000 bp upstream from the transcription start site using the JASPAR database.
Five putative GATA3-binding sites were detected on the HAS2 promoter, implying that HAS?2
is transcriptionally regulated by direct binding of GATA3 (Fig. S6). Collectively, these findings
suggest that KPNA3 induces EMT-mediated metastasis by inhibiting GATA3, which regulates

E-cadherin and HAS2 in MDA-MB-231 cells.

2.5. KPNA3 promotes EMT-mediated metastasis through the regulation of TGF-f and AKT

signaling pathways
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Signaling pathways associated with genome-wide transcriptional reprogramming in
KPNA3-KD-231 cells were analyzed with the Enrichr tool using the BioPlanet 2019 database.
Enrichment analysis revealed that the “TGF- signaling pathway for the regulation of ECM”
was the most important pathway out of the 1,658 human pathways in KPNA3-KD-231 cells
(Fig. 4A). Furthermore, TGF-B signaling was transduced through small mothers against
decapentaplegic (SMAD) and non-SMAD pathways. These pathways are mediated by TGF-3
ligands, type 1 and type 2 receptors, and SMAD or non-SMAD proteins, including AKT,
ERK1/2, and p38 mitogen-activated protein kinase (9). Therefore, to determine whether TGF-
B signaling was inhibited in KPNA3-KD-231 cells, the expression of pPSMAD2/3 was assessed
by western blot analysis. As shown in Fig. 4B, the expression levels of total SMAD2/3 were
unchanged, whereas KPNA3-KD inhibited the expression levels of their phosphorylated forms.
The RT-gPCR results revealed that the expression of CTGF and PTHRP, which are the
metastasis-related downstream genes of SMAD signaling, were downregulated by KPNA3-
KD (Fig. 4C). These findings suggest that TGF-B/SMAD is a crucial downstream signaling
pathway in KPNA3-mediated EMT. As shown in Fig. 4B, the expression levels of
phosphorylated AKT (T308 and S473) were downregulated by KPNA3-KD. In contrast, the
expression levels of phosphorylated ERK and TWIST1/2 were unchanged (Fig. 4B and S7);
this suggests that ERK-TWIST1/2 signaling may not be involved in KPNA3-mediated EMT
in MDA-MB-231 cells. 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002), an
inhibitor of AKT phosphorylation, reduced HAS2 expression and increased E-cadherin
expression, whereas the expression of GATA3 was unchanged (Fig. 4D). These results indicate

that phosphorylated AKT regulates the expression of HAS2 and E-cadherin but is not involved
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in GATAS3 expression regulation.

To determine whether KPNA3 regulates GATA3 through TGF-B signaling, GATA3
expression was evaluated after exposing KPNA3-KD-231 cells to TGF-B. TGF-f clearly
reduced GATA3 and E-cadherin expression, and increased HAS2 in MDA-MB-231 cells (Fig.
4E). However, these TGF-B-induced changes were hindered by KPNA3-KD (Fig. 4E),
indicating that TGF-f is critical for the regulation of GATA3 expression in KPNA3-mediated
EMT. Furthermore, KPNA3-KD suppressed the migratory and invasive properties induced by
TGF-B (Fig. 4F). However, TGF-f induced no change in the expression levels of both total and
phosphorylated AKT (Fig. 4E), implying that the KPNA3-KD-induced downregulation of
phosphorylated AKT may be mediated independently of the TGF-B signaling pathway.
Collectively, we conclude that KPNA3 ultimately promotes EMT-mediated metastasis through
the independent regulation of the TGF-p and AKT signaling pathways, suggesting two axes:

KPNA3-TGF-B-GATA3-HAS2/E-cadherin and KPNA3-AKT-HAS2/E-cadherin.

3. Discussion

The EMT process involves the loss of cell-cell junctions and remodeling of ECM through
genome-wide transcriptional reprogramming induced by several epithelial-mesenchymal
transition-associated transcription factors (EMT-TFs) and various relevant signaling pathways,
consequently promoting the metastasis of malignant tumors (1, 2). Emerging evidence suggests
that KPNA3 is closely related to metastasis via EMT in various types of cancers (4, 5). However,

the genome-wide regulatory mechanism of KPNA3-induced EMT in breast cancer remains

10
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largely unknown. In the present study, comprehensive bioinformatic data confirmed that among
the KPNAs, KPNA3 is highly expressed in aggressive breast cancer cells and tissues,
particularly in TNBC, and is closely associated with poor prognosis. Further mechanistic
investigation revealed that KPNA3 triggers EMT by inducing cell-cell junction remodeling and
ECM through the regulation of two independent signaling pathways, including KPNA3-TGF-
B-GATA3-HAS2/E-cadherin and KPNA3-AKT-HAS2/E-cadherin, in TNBC MDA-MB-231

cells.

3.1. EMT-inducing capacity of KPNA3 through regulation of cell-cell junctions and ECM

organization

The transcriptome profiles retrieved from KPNA3-KD-231 cells showed significant
enrichment in comparison with the defined EMT-core gene list. As shown in Fig. S4C, several
genes shared by our transcriptome profiles and the EMT-core gene list were classified into the
cell adhesion and migration category. HAS?2 is related to EMT induction through the synthesis
of hyaluronic acid (HA), a major component of ECM (10). Versican has HA-binding properties
and is an anti-adhesion molecule, implying the cooperative role of versican and HA in ECM
remodeling (11). Neuropilin-1 promotes tumor invasion through the up-regulation of vascular
endothelial growth factor A, which interacts with ECM components (12). Junction plakoglobin,
a member of the catenin protein family, is a cytoplasmic component comprising desmosomes
and adherens junctions (13). E-cadherin is the most well-known member of the cadherin family

and is closely associated with EMT induction when its expression is significantly reduced (14).

11
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In addition, matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases
(TIMPs) are associated with ECM degradation and remodeling (15). The transcriptome profiles
retrieved from KPNA3-KD-231 revealed that the expression of MMP-1 was downregulated
(—2.001 FC; p <0.0001), whereas that of TIMPs, which suppress MMP expression and activity,
were upregulated (Table S2) (16). These data strongly suggest that KPNA3 is a strong EMT
inducer in TNBC and that its EMT-inducing capacity is attributed to altered expression levels

of numerous genes, which mainly regulate cell-cell junctions and ECM organization.

3.2. A novel KPNA3-TGF-f-GATA3-HAS2/E-cadherin signaling cascade that promotes EMT

The TGF-B/SMAD signaling pathway is well known to play an important role in inducing
EMT through the up-regulation of EMT-TFs, such as snail family transcriptional repressor 1/2
(SNAI1/2), zinc-finger E-box-binding homeobox 1/2 (ZEB1/2), and TWIST1/2, which have
been widely accepted as representative EMT inducers that regulate the expression of EMT-
related genes, including CDHI and HAS2 (17). Our results indicated that TGF-B-mediated
SMAD?2/3 phosphorylation and its downstream target genes, CTGF and PTHRP, were
downregulated in KPNA3-KD-231 cells. Additionally, the migratory and invasive properties
induced by extrinsic TGF- were considerably hindered by KPNA3-KD, suggesting that
KPNA3-KD inhibited the TGF-p signaling pathway. However, the protein expression levels of
ZEB1/2,SNAI1/2,and TWIST1/2 were either upregulated or unchanged by KPNA3-KDs (Fig.
S7). In addition, enrichment analysis revealed that ZEB1/2, SNAI1/2, and TWIST1/2 were not

included in the top 10 rankings. Rather GATA3, which regulates the expression of E-cadherin

12
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and HAS2, ranked highest among transcription factors. As shown in Fig. 3F, changes in E-
cadherin and HAS2 expression in GATA3-KD suggest that GATA3 is involved in regulating
E-cadherin and HAS2 expression. Furthermore, the exposure of cells to extrinsic TGF- was
confirmed to reduce GATA3 expression, a crucial downstream target of KPNAS3; this result
agrees with a previous study in T cells (18). However, further studies are required to elucidate
the molecular mechanism and whether KPNA3 regulates GATA3 expression directly or
indirectly through TGF-B. This finding suggests that KPNA3 triggers EMT through a novel

KPNA3-TGF-B-GATA3-HAS2/E-cadherin signaling cascade in TNBC MDA-MB-231 cells.

3.3. Additional KPNA3-AKT-HAS2/E-cadherin signaling cascade to promote EMT

It has been reported that TGF-B can trigger many non-canonical pathways, also termed
non-SMAD pathways (19). Particularly in MDA-MB-231 cells, exposure of extrinsic TGF-3
to cells increased the expression of phosphorylated AKT and enhanced MMP-9 expression and
activity via the ITGBI1/FAK/Src/AKT/B-catenin/MMP-9 signaling cascade (20). On the
contrary, it was also reported that TGF-p inhibited AKT phosphorylation in MDA-MB-231
cells (21). Our results revealed that AKT phosphorylation was unchanged by exposure of
extrinsic TGF-p to MDA-MB-231 cells (Fig. 4E). In addition, the transcriptome profiles
retrieved from KPNA3-KD-231 cells revealed that the expression of MMP-9 remained
unchanged, indicating that AKT cannot be regulated TGF-$ by in MDA-MB-231 cells (Table
S2). The reasons for these discrepancies are not fully understood. However, they may be

attributed to the TGF- concentration and treatment time. Moreover, HAS2 and CDH1 were

13
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regulated negatively and positively by LY294002, respectively, whereas the expression of
GATA3 was unchanged. These results imply that GATAS is regulated by the TGF-$ and not
the AKT signaling pathway. In addition, these results suggest that KPNA3 also induces EMT
through the KPNA3-AKT-HAS2/E-cadherin cascade independently of the TGF-B signaling
pathway. However, the detailed molecular mechanism of the association between KPNA3 and

the EMT-related signaling pathways, TGF-f, and AKT requires further investigation.

In summary, this study reveals the EMT inducibility of KPNA3 in TNBC MDA-MB-231
cells. Moreover, KPNA3 triggers EMT through two axes, TGF-B-GATA3-HAS2/E-cadherin
and AKT-HAS2/E-cadherin, to promote tumor progression and metastasis, suggesting that
KPNA3 might be a putative target for the treatment of TNBC. However, for the clinical
application of KPNA3 as an EMT suppressor or chemotherapy drug, more comprehensive and
multidisciplinary studies need to be conducted on the genome-wide transcriptomic modulations

induced by KPNA3 in the cells.

Materials and methods

Materials and methods are available in the supplemental material.
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Figure legends

Fig. 1. Karyopherin-a3 (KPNA3) promotes proliferation, migration, and invasion in
triple-negative breast cancer. (A) Expression pattern of KPNA3 protein in different breast
cancer subtypes obtained from the UALCAN database, consisting of normal (n = 18), luminal
(n = 64), HER2 (n = 10), and TNBC (n = 16) subtypes. (B) mRNA expression pattern of
KPNAZ3 in different breast cancer subtypes. Expression data were obtained from the GENT2
database, consisting of luminal (n = 17), luminal A (n = 379), luminal B (n = 244), HER2 (n =
230), basal (n = 363), and TNBC (n = 251) subtypes. For each subtype, the log2 fold change
(FC) was calculated. (C) Survival rate analysis of breast cancer patients according to
differential expression levels of KPNA3 obtained from the GENT2 database. Low (n = 252)
and high (n = 250) expression levels of KPNA3 were divided by median expression. (D)
Expression levels of KPNA3 protein in MDA-MB-231 cells exposed to two siRNAs of KPNA3
(KPNA3-KD) for 48 h by western blot analysis using B-actin as a loading control. (E)
Proliferation rates in cells exposed to KPNA3-KD, as examined by the WST-1 assay at various
time intervals. Data represent the mean + standard deviation (SD) of three independent
experiments. (F) Cell images of migrated or invaded cells under the same conditions as those
in (D) (left panel). The number of migrated or invaded cells (right panel). Data represent the

mean number of cells per five visual regions (x100) of three replicate wells.

Fig. 2. Knockdown of karyopherin-a3 (KPNA3-KD) inhibits cell migration and invasion
through the transcriptional regulation of HAS2 and CDHI1 in MDA-MB-231 cells (A)

Volcano plot indicating the general scattering of the transcripts identified by RNA sequencing
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analysis according to log2 (FC) and —log10 (p-value). Red-colored dots indicate genes filtered
with absolute FC > 1.5 and —logl10 > 20. Green-colored dots represent genes filtered with
absolute FC > 1.5 and p <0.05. Gray-colored dots indicate genes filtered with absolute FC <
1.5. (B) Venn diagram showing the overlap of genes downregulated in transcriptome profiles,
genes upregulated in the EMT-core gene list, and genes upregulated in triple-negative breast
cancer cells. (C) Expression level of HAS2 mRNA by RT-qPCR. Data are shown as the mean
+ standard deviation (SD) of three independent experiments. (D) Expression level of HAS2
protein in KPNA3-KD-231 cells for 48 h by western blot analysis. (E) Expression levels of
FLAG, E-cadherin, and KPNA3 proteins in KPNA3-KD-231 cells co-transfected with or
without 3x FLAG-HAS2. (F) Cell images of migrated or invaded cells under the same

conditions as those in (D) (left panel).

Fig. 3. GATA binding protein 3 (GATA3) is a major downstream transcription factor in
karyopherin-a3 (KPNA3)-mediated epithelial-mesenchymal transition (EMT). (A)
Transcription factor perturbations from GEO database-based enrichment analysis of KPNA3-
KD-induced transcriptional signatures (absolute fold change > 1.5, p < 0.05). The p-values
were computed using Fisher’s exact test and converted to —logl0 (p-value). (B) Expression
level of GATA3 mRNA by RT-qPCR. Data represent the mean + standard deviation (SD) of
three independent experiments. (C) Expression level of GATA3 protein in KPNA3-KD-231
cells for 48 h by western blot analysis using B-actin as a loading control. (D) Expression levels
of GATA3 and KPNA3 proteins in KPNA3-KD-231 cells co-transfected with or without

GATA3 (GATA3-KD) siRNA for 48 h. (E) Cell images of migrated or invaded cells under the
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same conditions as those in (E) (left panel). The number of migrated or invaded cells (right
panel). Data represent the mean number of cells per five visual regions (magnification, x100)
of three replicate wells. (F) Expression levels of E-cadherin and HAS2 proteins in KPNA3-

KD-231 cells co-transfected with or without GATA3-KD for 48 h.

Fig. 4. Karyopherin-a3 (KPNA3) triggers epithelial-mesenchymal transition (EMT) via
transforming growth factor-f (TGF-P) and serine/threonine kinase (AKT) signaling
pathways. (A) BioPlanet 2019-based enrichment analysis of KPNA3-KD-induced
transcriptional signatures (absolute fold change > 2, p <0.05). The p-values were computed
using Fisher’s exact test and converted to —log10. (B) Expression levels of total SMAD2/3 and
phosphorylated SMAD2 (S465/467)/SMAD3 (S423/425), total AKT, phosphorylated AKT
(T308/S473), total ERK, and phosphorylated ERK (T202/Y204) proteins in KPNA3-KD-231
cells for 48 h. (C) Expression levels of CTGF and PTHRP mRNAs in KPNA3-KD-231 cells.
(D) Expression levels of E-cadherin, HAS2, GATA3, total AKT, and phosphorylated AKT
(T308) proteins in MDA-MB-231 cells with DMSO or LY294002 treatment (10 uM) for 24 h.
(E) Expression levels of E-cadherin, HAS2, GATA3, phosphorylated SMAD2/3, total AKT,
phosphorylated AKT (T308/S473), total ERK, phosphorylated ERK (T202/Y204), and KPNA3
proteins in KPNA3-KD-231 cells treated with or without TGF-f (5 ng/mL) for 24 h. (F) Cell
images of migrated or invaded cells under the same conditions as those in (E) (left panel). The

number of migrated or invaded cells (right panel).
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Fig. S1. KPNA3 is upregulated in TNBC with poor clinical outcomes (A) mRNA and
protein expression levels of KPNA3 in NCI-60 gene expression profiles provided by the
CellMiner web application. The y-axis (left) represents the mRNA expression levels based on
transcriptome profiles; the expression data were log2 (FPKM + 1)-transformed. The y-axis
(right) represents the protein expression levels based on SWATH proteomic data. Data were
logl0-transformed and mean-centered. (B) Relative expression levels of KPNAs
differentially expressed in TNBC (Hs578T, BT549, and MDA-MB-231) vs. non-TNBC
(MCF7 and T47D) cells. Expression data were obtained from the Gene Expression Omnibus
(GEO) database under the series accession number GSE32474 and analyzed using GEO2R.
(C) Expression pattern of KPNA3 in different breast cancer grades obtained from the GENT2
database, consisting of grade 1 (n = 82), grade 2 (n = 193), and grade 3 (n = 450). For each

grade, log2 (fold change) was calculated. **p < 0.01 and ****p <0.0001 by Student’s ¢-test.
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Fig. S2. Knockdown of KPNA3 inhibits migration, and invasion in Hs578T cells (A)
Expression levels of KPNA3 protein in Hs578T exposed to two siRNAs of KPNA3 (KPNA3-
KD) for 48 h by western blot analysis using B-actin as a loading control. (B) Proliferation
rates in cells exposed to KPNA3-KD, as examined by the WST-1 assay at various time
intervals. Data represent the mean + SD of three independent experiments. (C) Cell images of
migrated or invaded cells under the same conditions as those in (A) (left panel). The number
of migrated or invaded cells (right panel). Data represent the mean number of cells per five
visual regions (magnification, x100) of three replicate wells. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001, and n.s.: not significant by Student’s #-test.
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KPNA3-KD-231 for 48 h by western blot analysis using -actin as a loading control. (B) Cell
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Fig. S4. Transcriptome analysis in KPNA3-KD-231 cells (A) PCA plot of transcriptome
profiles from Control-KD-exposed MDA-MB-231 group (Control-KD-231) and KPNA3-
KD-exposed MDA-MB-231 group (KPNA3-KD-231). Small circles indicate individual
samples (red: Control-KD, blue: KPNA3-KD), and larger circles indicate each experimental
group. (B) Hierarchically clustered heatmap of differentially expressed genes in
transcriptome profiles. In total, 2,245 genes (976 upregulated and 1,269 downregulated) were
filtered by absolute FC > 1.5 and adjusted p-value < 0.05. (C) Venn diagram showing the

overlap of genes in transcriptome profiles and the genes in the EMT-core gene list (left panel).



Heatmap and summary table showing the differential expression and description of
overlapped genes, respectively (right panel). Genes belonging to more than one category,
according to GO classifications, are indicated as follows: b: development/cell differentiation

and proliferation, c: angiogenesis and wound healing, d: metabolism, and e: apoptosis.
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Fig. S5. Knockdown of HAS2 suppresses the migration and invasion of MDA-MB-231
cells (A) Correlation analysis between KPNA3 and HAS2 using the GEPIA2 tool (p = 3.3e-
52; R = 0.44) with Spearman’s coefficient. TPM: transcripts per million reads. (B) Expression
level of HAS2 protein in MDA-MB-231 cells exposed to two siRNAs of HAS2 (HAS2-KD)
for 48 h by western blot analysis using B-actin as a loading control. (C) Cell images of
migrated or invaded cells under the same conditions as those in (B) (left panel). The number
of migrated or invaded cells (right panel). Data represent the mean number of cells per five
visual regions (magnification, x100) of three replicate wells. *p < 0.05 and ***p < 0.001 by

Student’s #-test.



Predicted - . Predicted
DNA binding profile Score Relative score Strand Distance to TSS

sequence
6.893785 0.937310317 - -1882 TGATAA
6.666897 0.927792038 + -233 CGATTG
AT
6.422963 0.917558655 - -1928 AGATAT
6.127317 0.905155835 + -1669 TGATAT
N A.I-AA 8.067203 0.906705706 - -1880 TGATAATC

Fig. S6. Potential binding sites of GATAS in the promoter region of HAS2 The promoter
region (2000 bp upstream to TSS) of HAS2 was analyzed using the JASPAR database, and

five potential GATAS3-binding sites were identified (relative profile score threshold = 90%).
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Fig. S7. The expression of EMT marker genes in KPNA3-KD-231 (A) Expression levels
of ZEB1, ZEB2, SNAI1, SNAI2, and TWIST1/2 proteins in KPNA3-KD-231 for 48 h by

western blot analysis.
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Fig. S8. Schematic representation of the two independent KPNA3-mediated EMT-

Metastasis pathways in MDA-MB-231 cells



Table S1. The relative expression levels of KPNAs differentially expressed in TNBC

(Hs578T, BT549, and MDA-MB-231) vs. non-TNBC (MCF7 and T47D) cells

ID Gene name Log2 Fold change p-value
221502 at KPNA3 1.506174 7.56E-09
221503_s_at KPNA3 1.404316 6.14E-09
209653 _at KPNA4 1.030741 2.26E-03
225267 _at KPNA4 0.998952 5.13E-04
226976 _at KPNA6 0.994623 4.18E-06
225268 at KPNA4 0.983028 5.91E-04
212103 _at KPNA6 0.864663 4.24E-03
212102 s at KPNA6 0.721912 1.50E-02
202058 _s_at KPNAI 0.477763 2.27E-02
202056_at KPNAI 0.473303 4.93E-02
213741 s at KPNAI 0.448327 1.68E-02
202055_at KPNAI 0.342311 2.56E-02
206241 _at KPNAS 0.573345 6.81E-02
212101 at KPNAG6 0.560026 5.77E-02
202059 _s_at KPNAI 0.337562 1.92E-01
211762 s _at KPNA2 0.3306 8.29E-02
213567 _at KPNA4 0.306382 3.81E-01
201088 at KPNA2 0.270651 6.01E-02
229317 _at KPNAS 0.265871 1.34E-01
227934 at KPNAS 0.171169 4.88E-01
1558383 _at KPNA4 -0.02111 7.93E-01
202057_at KPNAI -0.20185 4.89E-01

* The blue color data is p-value > 0.05, it was excluded from subsequent analysis.

Table S2. List of genes identified from RNA-seq

Full data (excel)



Table S3. List of sSIRNA sequences used in this study

Gene name Sequence (5°-3°)

Negative control

CCUCGUGCCGUUCCAUCAGGUAG

KPNA3-1 GGCAUUAACUAACAUAGCA
KPNA3-2 CUGGAUUAAUUCCUAUGAU
CDHI CGUAUACCCUGGUGGUUCA
GATA3 ACAAGCUUCACAAUAUUAA
HAS2-1 GUAUCUGCAUCAUGCAAAA
HAS2-2 CCUCAGCAGUGUAAGAUAU

Table S4. List of RT-gPCR primers used in this study

Gene name Forward primer (5’-3”) Reverse primer (5’-3°)

CDH1 TGCACCAACCCTCATGAGTG GTCAGTATCAGCCGCTTTCAG
GATA3 GCCCCTCATTAAGCCCAAG TTGTGGTGGTCTGACAGTTCG
HAS2 TCGCAACACGTAACGCAAT ACTTCTCTTTTTCCACCCCATTT
CTGF CCAATGACAACGCCTCCTG TGGTGCAGCCAGAAAGCTC

PTHRP CGTCGCTGGAGCTCGATT AATCCTGCAATATGTCCTTGGAA

TGF-p1 TCGCCAGAGTGGTTATCTT TAGTGAACCCGTTGATGTCC

TGF-p2 ACACTCAGCACAGCAGGGTCCT  TTGGGACACGCAGCAAGGAGAAG

TGF-p3 TGAGTGGCTGTTGAGAAGAGA ATTGTCCACGCCTTTGAATTTGAT
TPRI GCAGAGCTGTGAAGCCTTGAGA  TGCCTTCCTGTTGACTGAGTTG
TPRII ATGACATCTCGCTGTAATGC GGATGCCCTGGTGGTTGA

TBRIII

TGGAGTCTCCTCTGAATGGCTG

CCATTATCACCTGACTCCAGATC
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0.101731
0.318465
0.283233
0.326533
0.328723
0.324795
0.127253
0.165462
0.336451
0.190541
0.179808
0.32545
0.145447
0.325499
0.330911
0.356667
0.13857
0.121782
0.168757
0.100873
0.119599
0.321051
0.325203
0.250001
0.106158
0.112636
0.110121
0.414046
1.46438
0.757967
0.358815
0.186783
0.344646
0.102498
0.112738
0.115135
0.090336
0.138269
0.323096
0.113068
0.641954
0.173821
0.453548
0.321699

Fa - EaYe laYa

pvalue

0.490012
0.077485
0.759783
0.210268
0.460227
0.018898
0.238864
0.034552
0.594112
0.100582
0.005878
0.239969
0.775739
0.000626
0.457378
0.730462
0.135291
0.785825

0.16382
0.014824
0.979566
0.177993
0.284135

0.02711
0.000405
0.449555
447E-12
0.624328
0.667875
0.021017
8.46E-25
0.472501

0.37268
0.562671

0.32899
0.576403
0.007406
0.122152
0.270779
0.462386
2.61E-11
0.617384
1.55E-24
0.553068
0.212703
0.161738
0.977143
0.015771

0.00013
0.066846
4.11E-08
0.826025
0.781306

0.33493
4.46E-26
5.05E-12
6.17E-05
0.000758
0.013499
0.004431

0.17927
4.59E-05
0.098993
0.558498
0.043827
3.42E-12
0.449299
0.000477

padj
NA
0.173964
NA
NA
NA
0.05608
0.403473
0.09116
NA
0.212744
0.020735
0.404507
0.869709
0.003051
0.632262
NA
0.266853
0.875001
0.308139
0.045644
0.988818
NA
0.456909
0.074821
0.002095
NA
1.08E-10
NA
NA
0.061053
9.62E-23
0.645106
0.553855
NA
NA
NA
0.025339
0.247107
0.441628
0.636681
5.56E-10
NA
1.69E-22
NA
NA
0.305202
0.987571
0.048091
0.000767
0.154419
5.05E-07
NA
NA
0.514428
6.03E-24
1.21E-10
0.000393
0.003605
0.04217
0.016255
0.3295
0.0003
NA
0.715496
0.11042
8.44E-11
0.625468
0.002403

ENTREZID SYMBOL
1 A1BG
503538 A1BG-AST
29974 A1CF
2 A2M
127550 A3GALT2
53947 AAGALT
8086 AAAS
65985 AACS
13 AADAC
201651 AADACP1
51166 AADAT
79719 AAGAB
22848 AAKT
28971 AAMDC
14 AAMP
15 AANAT
25980 AAR2
441376 AARD
16 AARS1
57505 AARS2
80755 AARSD1
1.18E+08 AARSD1P1
132949 AASDH
60496 AASDHPP”
10157 AASS
284837 AATBC
26574 AATF
9625 AATK
1.03E+08 ABALON
18 ABAT
19 ABCA1
10349 ABCA10
79963 ABCA11P
26154 ABCA12
154664 ABCA13
650655 ABCA17P
20 ABCA2
21 ABCA3
24 ABCA4
23461 ABCAS
10347 ABCA7
5243 ABCB1
23456 ABCB10
5244 ABCB4
340273 ABCB5
10058 ABCB6
22 ABCB7
11194 ABCBS8
23457 ABCB9
4363 ABCC1
89845 ABCC10
85320 ABCC11
94160 ABCC12
1244 ABCC2
8714 ABCC3
10257 ABCC4
10057 ABCC5
368 ABCC6
653190 ABCC6P1
730013 ABCC6P2
10060 ABCC9
215 ABCD1
225 ABCD2
5825 ABCD3
5826 ABCD4
6059 ABCE1
23 ABCF1
10061 ABCF2

0.57648 NA
0.355085 0.535659
0.008717 0.0291
0.323123 0.501211
0.006066 0.021325
0.512157 NA

M A O0O01 N\ N YN ™7

344653 ABCF2P1

55324 ABCF3
9619 ABCGT1
9429 ABCG2

64137 ABCG4

84696 ABHD1

rr-rY A7 ADlLIsNA N

GENENAME

alpha-1-B glycoprotein

A1BG antisense RNA 1

APOBECT complementation factor

alpha-2-macroglobulin

alpha 1,3-galactosyltransferase 2

alpha 1,4-galactosyltransferase (P blood group)

aladin WD repeat nucleoporin

acetoacetyl-CoA synthetase

arylacetamide deacetylase

arylacetamide deacetylase pseudogene 1

aminoadipate aminotransferase

alpha and gamma adaptin binding protein

AP2 associated kinase 1

adipogenesis associated Mth938 domain containing

angio associated migratory cell protein

aralkylamine N-acetyltransferase

AAR2 splicing factor

alanine and arginine rich domain containing protein
alanyl-tRNA synthetase 1

alanyl-tRNA synthetase 2, mitochondrial

alanyl-tRNA synthetase domain containing 1

AARSD1 pseudogene 1

aminoadipate-semialdehyde dehydrogenase
aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl transferase
aminoadipate-semialdehyde synthase

apoptosis associated transcript in bladder cancer
apoptosis antagonizing transcription factor

apoptosis associated tyrosine kinase

apoptotic BCL2L1-antisense long non-coding RNA
4-aminobutyrate aminotransferase

ATP binding cassette subfamily A member 1

ATP binding cassette subfamily A member 10

ATP binding cassette subfamily A member 11, pseudogene
ATP binding cassette subfamily A member 12

ATP binding cassette subfamily A member 13

ATP binding cassette subfamily A member 17, pseudogene
ATP binding cassette subfamily A member 2

ATP binding cassette subfamily A member 3

ATP binding cassette subfamily A member 4

ATP binding cassette subfamily A member 5

ATP binding cassette subfamily A member 7

ATP binding cassette subfamily B member 1

ATP binding cassette subfamily B member 10

ATP binding cassette subfamily B member 4

ATP binding cassette subfamily B member 5

ATP binding cassette subfamily B member 6 (Langereis blood group)
ATP binding cassette subfamily B member 7

ATP binding cassette subfamily B member 8

ATP binding cassette subfamily B member 9

ATP binding cassette subfamily C member 1

ATP binding cassette subfamily C member 10

ATP binding cassette subfamily C member 11

ATP binding cassette subfamily C member 12

ATP binding cassette subfamily C member 2

ATP binding cassette subfamily C member 3

ATP binding cassette subfamily C member 4

ATP binding cassette subfamily C member 5

ATP binding cassette subfamily C member 6

ATP binding cassette subfamily C member 6 pseudogene 1
ATP binding cassette subfamily C member 6 pseudogene 2
ATP binding cassette subfamily C member 9

ATP binding cassette subfamily D member 1

ATP binding cassette subfamily D member 2

ATP binding cassette subfamily D member 3

ATP binding cassette subfamily D member 4

ATP binding cassette subfamily E member 1

ATP binding cassette subfamily F member 1

ATP binding cassette subfamily F member 2

ATP binding cassette subfamily F member 2 pseudogene 1
ATP binding cassette subfamily F member 3

ATP binding cassette subfamily G member 1

ATP binding cassette subfamily G member 2 (Junior blood group)
ATP binding cassette subfamily G member 4

abhydrolase domain containing 1
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Materials and methods

1. Cell culture and genetic characteristics of cell lines

Four human cell lines, MDA-MB-231, SK-OV-3, OVCAR-3, and Hs578T, were
purchased from the Korea Cell Line Bank (KCLB, Seoul, Korea). MDA-MB-231, SK-OV-3,
and OVCAR-3 were cultured in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS; GW Vitek, Seoul, Korea). Hs578T was
grown in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with
10% FBS (GW Vitek). All the cells were incubated at 37°C under a 5% CO» atmosphere.

MDA-MB-231 and Hs578T are TNBC cell lines that lack the expression of estrogen
receptor alpha, progesterone receptor, and human epidermal growth factor receptor 2 (HER2)
(1). SK-OV-3 is a human ovarian carcinoma cell line with receptors for androgen, progesterone,
and estrogen, which are downregulated or mutated (2). OVCAR-3 is another human ovarian
carcinoma cell line in which androgen and estrogen receptors are present only in the nucleus,
and progesterone receptors are distributed in both the nucleus and cytoplasm, suggesting
different functions depending on their intracellular distribution (3). MDA-MB-231, Hs578T,
and SK-OV-3 cells are characterized by their mesenchymal-like phenotype and exhibit high
migratory and invasive behaviors, while OVCAR-3 cells exhibit low levels of migratory and

invasive phenotypes (4, 5).

2. Transfection

To knock down target genes, siRNAs were transfected using Lipofectamine RNAIMAX

Reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. For



each transfection reaction, 6 uhL RNAiIMAX and 10 nM siRNA were separately diluted in 250
pL of Opti-MEM medium (Gibco-BRL, Grand Island, NY, USA) and mixed at room
temperature for 5 min. The transfection mixture was then added to each well of the 6-well plate.
Co-transfections of purified plasmids (1 pg) and 10 nM siRNAs were performed by incubation
with 6 pL of Lipofectamine 3000 (Invitrogen), according to the manufacturer’s instructions.
All transfections were independently performed at least thrice per target gene. The siRNA

oligonucleotides used in the present study are listed in Table S3.

3. Cloning of HAS?2 expression vector

Human HAS2 was PCR-amplified from cDNAs obtained from MDA-MB-231 cell lines
using PfuUltra High-Fidelity DNA Polymerase (Agilent Technologies, Palo Alto, CA, USA).
The primers used to amplify HAS2 were as follows: the HindIIl site-linked primer (5'-
GCTAAGCTTATGCATTGTGAGAGGTTTC-3") was used as a forward primer, and the EcoRI
site-linked primer (5-CATGAATTCTCATACATCAAGCACCATGTC-3') was used as a
reverse primer. PCR-amplified HAS2 was digested with HindIIl and EcoRI and cloned into the

corresponding restriction enzyme sites of 3XFLAG-CMV-10 (Sigma-Aldrich, #E7658).

4. Cell proliferation assay

MDA-MB-231 and SK-OV-3 cells were seeded at 1.5 x 10° cells/well in 96-well plates.
OVCAR-3 cells were seeded at 5 x 10° cells/well. After 24 h, the cells were transfected with
negative control siRNA or KPNA3 siRNA using Lipofectamine RNAIMAX Reagent
(Invitrogen) and incubated (0, 24, 48, and 72 h). Media were removed and replaced with 100

uL of complete media containing 10 pL Premix WST-1 (Takara Bio, Tokyo, Japan). After 4 h



of incubation, the absorbance was measured at 450 nm, with 650 nm as the reference
wavelength using an Epoch Microplate Spectrophotometer (BioTek Instruments, Winooski, VT,
USA). Three parallel wells were used per group, and all the experiments were conducted in

triplicate.

5. Flow cytometric analysis

For cell cycle analysis, 1 x 10° cells were harvested by trypsinization after transfection
with siRNA for 24 h and washed with phosphate-buffered saline (PBS). The cells were fixed
in 70% ethanol at 4°C overnight and washed with PBS. Fixed cells were incubated with 50 pL
of RNase A (1 mg/mL) at 37°C for 1 h and stained with 10 pL of propidium iodine solution (PI,
1 mg/mL). Then, PI-stained cells were analyzed using a Navios flow cytometer with Kaluza

software (Beckman Coulter, Brea, CA, USA).

6. Quantitative real-time PCR (RT-gPCR)

Total RNA was isolated from cultured cells using RNAiso Plus Reagent (Takara Bio),
according to the manufacturer’s protocol. In brief, 1 pg of total RNA was used to perform first-
strand cDNA synthesis with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA).
RT-gPCR was performed in triplicate for specific transcripts using TB Green™ Premix Ex
Taq™ II (Takara Bio) on the QuantStudio 3 Real-Time PCR System with Design and Analysis
software (Applied Biosystems, Foster City, CA, USA). The reaction condition consisted of 30
s at 95°C and 50 cycles of 5 s at 95°C, 30 s at 60°C, and 30 s at 72°C. Relative mRNA
expression levels were measured using the comparative C; (AAC;) method, with normalization

to the endogenous reference gene GAPDH. The primer sequences used in the present study are



listed in Table S4.

7. Western blot assay

At the indicated time points after transfection with either siRNAs or expression vectors,
the cells were lysed in RIPA buffer (50 mM Tris, 1% NP40, 0.1% sodium dodecyl sulfate [SDS],
0.5% SDC, 150 mM NaCl, 1 mM EDTA) containing protease inhibitor (Roche, Indianapolis,
IN, USA; #11873580001) and phosphatase inhibitor (Roche; #04906845001). The protein
concentration in the cell extracts was determined using the Bio-Rad Protein Assay Kit (Bio-
Rad, Hercules, CA, USA) with bovine serum albumin (BSA) as the standard. Proteins were
loaded into the wells of an SDS-polyacrylamide gel and transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5%
non-fat dry milk (Bioworld, Visalia, CA, USA) in 1x Tris-buffered saline with 0.1% Tween 20
(TBST) for 1 h and incubated overnight at 4°C with primary antibodies against the target
protein. Following incubation with horseradish peroxidase (HRP)-conjugated secondary
antibody at room temperature for 1 h, immunoreactive bands were visualized using enhanced
chemiluminescence (ECL) substrate. The intensity of the protein bands was analyzed using the

ChemiDoc MP Imaging System equipped with Image Lab™ 6.0.0 software (Bio-Rad).

8. Antibodies and reagents

Antibodies against KPNA3 (Abcam, Cambridge, MA, USA; #ab6038), B-actin (Sigma-
Aldrich; #A5316), E-cadherin (Cell Signaling Technology, Beverly, MA, USA; #3195), N-
cadherin (Cell Signaling Technology; #13116), vimentin (Cell Signaling Technology; #5741),

ZEBI (GeneTex; #GTX105278), ZEB2 (Santa Cruz Biotechnology; #sc-271984), SNAI1 (Cell



Signaling Technology; #3879), SNAI2 (Cell Signaling Technology; #9585), TWIST1/2
(GeneTex; #GTX127310), GATA3 (Cell Signaling Technology; #5852), HAS2 (Santa Cruz
Biotechnology; #sc-514737), FLAG (Sigma-Aldrich; #F3165), total SMAD2/3 (Santa Cruz
Biotechnology; #sc-133098), phosphorylated SMAD2 (S465/467)/SMAD3 (S423/425) (Cell
Signaling Technology.; # 8828), total AKT (Cell Signaling Technology; #9272),
phosphorylated AKT (T308) (Abcam; #ab8933), phosphorylated AKT (S473) (Cell Signaling
Technology; #4060), total ERK (Cell Signaling Technology; #4695), phosphorylated ERK
(T202/Y204) (Cell Signaling Technology; #4370), PARP-1 (Santa Cruz Biotechnology; #sc-
7150), caspase-3 (Santa Cruz Biotechnology; #sc-7272), cleaved caspase-3 (Cell Signaling
Technology; #9664), caspase-8/cleaved caspase-8 (Cell Signaling Technology; #9746), and
caspase-9/cleaved caspase-9 (Cell Signaling Technology; #9502) were used for western blot
analysis. TGF-B1 (R&D Systems, Minneapolis, MN, USA, #P01137) and LY294002 (Cell
Signaling Technology; #9901) were used as extrinsic factors to trigger the TGF-B1 signaling

pathway and inhibit AKT phosphorylation, respectively.

9. Transwell chamber assay

Transwell migration and invasion assays were performed using an 8.0 uM pore size
polycarbonate membrane (Corning, Inc., Corning, NY, USA) and Matrigel (Corning, Inc.;
#354234)-coated inserts, respectively. The cell suspension (1 x 10° cells/200 uL serum-free
medium) after transfection with siRNAs or expression vectors was added to the upper
compartment, and complete medium was added to the lower compartment. After 9 h, the cells
attached to the lower membrane were fixed with methanol and stained with 0.1% crystal violet,
while the cells on the upper membrane were removed with cotton swabs. Migratory and

invasive phenotypes of the cells were estimated by the average number of cells counted in five



random fields (magnification, 100x).

10. RNA-sequencing (RNA-seq)

The changes in transcriptional levels of target genes were estimated by RNA-seq. Total
RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA), according
to the manufacturer’s protocol. The quality of isolated RNA was assessed using the Agilent
Technologies 2100 Bioanalyzer (Agilent Technologies). All RNA samples were given an RNA
integrity number (RIN) > 9.8. cDNA libraries were constructed using the TruSeq Stranded
mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA), according to the manufacturer’s
instructions. The pooled libraries were quantified using quantitative PCR, according to the
gPCR Quantification Protocol Guide, and their quality was assessed using the Agilent
Technologies 2100 Bioanalyzer with a DNA 1000 chip (Agilent Technologies). High-
throughput sequencing was performed as 100 bp end sequencing on an Illumina NovaSeq 6000
(ITlumina).

RNA-seq reads were aligned to the reference genome sequence (hg38, Genome Reference
Consortium GRCh38) with gene annotation data from Ensembl (GRCh38 Release 104), and
the raw count was calculated using the STAR aligner (version 2.7.9a) (6). Differential gene
expression analysis was performed using the DESeq2 package (version 1.34.0) (7). Principal
component analysis (PCA) was performed to identify the variability between samples and to
test the biological reproducibility within replicates. To visualize the gene expression patterns,
a heatmap was generated with normalized gene counts from DESeq2. Moreover, a volcano plot
was constructed using the Bioconductor package EnhancedVolcano to visualize the results of
differential expression analyses (8). Data analysis and visualization were performed using R

4.1.1 (www.r-project.org).



11. Public bioinformatic database analysis

To compare the relative expression levels of differentially expressed karyopherin-o
isoforms (KPNAs) in TNBC (MDA-MB-231, Hs578T, and BT549) cells vs. non-TNBC
(MCF7 and T47D) cells, the gene expression data of breast cancer cell lines from the Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) database under the series
accession number GSE32474 were used. The gene expression data were analyzed using the
GEO2R tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/) to identify KPNAs differentially
expressed between TNBC and non-TNBC cells. The gene expression and proteomic data of
KPNAZ3 in breast cancer cell lines out of 60 diverse human cancer cell lines (NCI-60) were
obtained from the CellMiner database (http://discover.nci.nih.gov/cellminer/) (9, 10). The
expression patterns of KPNA3 in different breast cancer subtypes and tumor grades were
analyzed using the GENT2 database (http://gent2.appex.kr/gent2/) (11). In addition, the effect
of KPNA3 expression on survival rate was analyzed using GENT2. The protein expression
pattern of KPNA3 in different breast cancer subtypes was analyzed using the UALCAN
database (http://ualcan.path.uab.edu) (12). The correlation between the expression of KPNA3
and HAS2 was analyzed using the GEPIA2 database (http://gepia2.cancer-pku.cn/) (13).
Enrichr (https://amp.pharm.mssm.edu/Enrichr) was used to examine the signaling pathways
related to EMT-mediated metastasis and perturbed transcription factors associated with genes
that were significantly differentially expressed in the RNA-seq (14-16). Putative binding sites
for GATA3 in the promoter of HAS2 were predicted using the JASPAR bioinformatics database

(https://jaspar.genereg.net/) (17).

12. Statistical analysis



In the present study, general statistical analyses were performed using two-tailed Student’s
t-tests in GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA, USA). Each experiment
was independently repeated at least thrice. Data are expressed as the mean = SD. Statistical
significance was expressed as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. n.s.

not significant.
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