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Estrogen receptor a regulates
SVCT2 protein level in human
breast cancer cells

Soon Young Jang?, Eunbi Hong?, Yebin Jo?, Jiyun Kim?, Jong-Ho Kim3, Yuran Na?,
Chang-Hwan Yeom?, Yoon Jung Yang*, Emanuela Jacchetti®, Manuela Teresa Raimondi® &
Seyeon Park'™

The solute carrier (SLC) protein family, traditionally recognized for transporting molecules across cell
membranes, is gaining attention for its broader roles, including signaling. Among SLC proteins, the
ascorbate transporter SVCT2 remains poorly understood, particularly in relation to estrogen receptor
alpha (ERa), a key regulator in breast cancer cells. Here, we investigate how ERa regulates SVCT2
and its implications for chemoresistance. Our results demonstrate that ERa knockdown significantly
reduces SVCT2 protein levels, impairing cellular ascorbic acid uptake. Mechanistically, ERa directly
interacts with SVCT2. We show that X-linked inhibitor of apoptosis protein (XIAP), an E3 ubiquitin
ligase, targets SVCT2 for ubiquitination and subsequent proteasomal degradation in ERa-deficient
conditions. Notably, silencing XIAP restored SVCT2 stability, underscoring its regulatory role.
Functionally, ERa or SVCT2 knockdown decreases doxorubicin-induced cytotoxicity, accompanied
by increased expression of ATP-binding cassette (ABC) transporter genes, which mediate drug efflux
and contribute to chemoresistance. These findings uncover a novel regulatory axis between ERa and
SVCT2, mediated by XIAP, and establish SVCT2 as a critical factor in maintaining cellular ascorbic
acid levels and drug sensitivity. Targeting XIAP or modulating SVCT2 may represent promising
therapeutic strategies for overcoming resistance in ERa-positive breast cancer. This study advances our
understanding of the interplay between nutrient transport and cancer therapy, offering new avenues
for intervention.
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Breast cancer, a heterogeneous and complex disease, continues to be a major global health concern affecting
millions of individuals worldwide'2. The complexity of breast cancer progression involves numerous molecular
factors that contribute to its initiation, growth, and metastasis. Among these factors, estrogen receptor alpha
(ERa) plays a critical role in regulating essential cellular processes in breast tissue>*.

As a ligand-activated transcription factor, ERa regulates the expression of numerous genes involved in
cell proliferation, survival, and differentiation®. In normal breast tissue, ERa signaling is tightly regulated
and contributes to tissue homeostasis®. However, dysregulation of ERa signaling is characteristic of hormone
receptor-positive breast cancer, which comprises approximately 70% of all breast cancer cases’. In hormone
receptor-positive breast cancer, aberrant activation of ERa signaling promotes tumor growth and progression®.
The binding of estrogen to ERa leads to receptor dimerization and translocation to the nucleus, where it interacts
with specific DNA sequences known as estrogen response elements (EREs) to regulate gene transcription®!°.
Consequently, ERa target genes involved in cell cycle progression (e.g., cyclin D1), anti-apoptosis (e.g., Bcl-
2), and estrogen biosynthesis (e.g., aromatase) are upregulated, fueling tumor proliferation and survival'!~13.
In addition to its canonical role as a transcriptional regulator, ERa can also exert non-genomic effects that
influence various signaling pathways involved in cell growth and survival'®. These rapid, non-genomic actions
of ERa are mediated through interactions with cytoplasmic signaling proteins, such as kinases and G protein-
coupled receptors, leading to the activation of downstream signaling cascades, including the PI3K/Akt and

MAPK pathways!®. Importantly, ERa status serves as a critical biomarker for breast cancer treatment decisions'.
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Hormone receptor-positive breast cancers are generally sensitive to endocrine therapies targeting ERa signaling,
such as selective estrogen receptor modulators (e.g., tamoxifen), aromatase inhibitors, and selective estrogen
receptor degraders (e.g., fulvestrant)!”"!8, However, acquired resistance to endocrine therapy remains a substantial
clinical challenge, underscoring the necessity for a deeper understanding of the mechanisms underlying ERa
signaling in breast cancer progression and therapy resistance!*?°. Given ERa's central role in hormone receptor-
positive breast cancer, it is crucial to explore its regulatory interactions with other signaling pathways and cellular
processes to identify novel therapeutic targets and enhance patient outcomes??.

SVCT?2, a sodium-dependent vitamin C transporter encoded by the SLC23A2 gene, has recently garnered
interest in cancer research due to its multifaceted roles in cellular physiology and its implications for cancer
biology and therapy?*~?°. Facilitating the cellular uptake of ascorbic acid (vitamin C), an essential nutrient with
antioxidant properties®®, SVCT2 has been implicated in various facets of cancer progression across multiple
cancer types”. Notably, aberrant SVCT2 expression has been associated with tumor growth, metastasis, and
resistance to therapy in several malignancies including breast cancer, prostate cancer, lung cancer, and colorectal
cancer, underscoring its potential as a prognostic biomarker and therapeutic target in these diseases?~3!.
Moreover, emerging evidence suggests that SVCT2-mediated vitamin C uptake may have multifaceted
effects on cancer cells beyond its antioxidant capabilities’>*. Vitamin C has been implicated in regulating
epigenetic modifications, immune responses, and metabolism, thereby influencing various hallmarks of cancer
progression®**°. Consequently, targeting SVCT2-mediated ascorbic acid transport offers a promising approach
for developing novel therapeutic strategies aimed at impeding cancer cell viability and overcoming resistance
to therapy®®*. Previous studies have elucidated the mechanisms by which ascorbic acid induces cancer cell
death?>-%°. Notably, colorectal cancer cells harboring KRAS or BRAF mutations have been reported to exhibit
heightened sensitivity to oxidative stress-induced apoptosis triggered by ascorbic acid®. This effect is mediated
by the sodium-dependent vitamin C transporter 2 (SVCT2), which facilitates the uptake of ascorbic acid into
cells. Building on this, our previous studies investigated the cytotoxic effects of ascorbic acid on various types
of breast cancer cells, a subtype characterized by the presence or absence of hormone receptors, to explore
the role of SVCT2 expression in mediating these effects. Given the importance of SVCT2 in ascorbic acid
uptake, we hypothesized that mechanisms might extend to breast cancer subtypes, particularly those involving
hormone receptor pathways. Therefore, this study focuses on the potential role of estrogen receptor alpha (ERa)
in regulating SVCT2 expression in breast cancer, aiming to provide insights into therapeutic strategies for
overcoming treatment resistance, particularly in ERa-positive cases.

This study examines the regulatory relationship between ERa and SVCT2 in breast cancer cells, focusing on
its potential impact on chemotherapeutic resistance. Our results reveal a significant correlation between ERa
and SVCT2 expression levels, indicating that ERa knockdown leads to a substantial decrease in SVCT2 protein
levels. This implies that ERa is essential for maintaining SVCT2 expression and stability. Further investigation
demonstrated that while ERa knockdown does not directly affect SVCT?2 transcription, it significantly impacts
SVCT2 protein stability. Specifically, ERa regulates SVCT2 through the ubiquitin-proteasome degradation
pathway, with the E3 ligase XIAP identified as a crucial mediator for SVCT2 ubiquitination and subsequent
degradation. This underscores the post-transcriptional regulation of SVCT2 by ERa, highlighting the complexity
of protein stability in breast cancer cells. Moreover, we observed that reduced SVCT2 levels following ERa
knockdown are linked with increased resistance to the chemotherapeutic agent doxorubicin. This resistance is
particularly pronounced in the presence of ascorbic acid, suggesting that SVCT?2, as a facilitator of vitamin C
uptake, may affect cancer cell sensitivity to chemotherapy. Additionally, our data suggest that SVCT2 silencing
leads to the upregulation of ATP-binding cassette (ABC) transporter genes, further implicating SVCT2 in the
development of multidrug resistance (MDR). ABC transporters are known to facilitate drug efflux, thereby
decreasing intracellular drug accumulation and contributing to chemotherapy failure®-*!.

Opverall, this study clarifies the intricate relationship between ERa and SVCT?2 in breast cancer, suggesting
that ERa-mediated SVCT2 regulation could play a role in the development of drug resistance. By exploring these
molecular interactions, we aim to offer new insights into potential therapeutic strategies that could enhance
treatment outcomes for patients with hormone receptor-positive breast cancer.

Results

ERa knockdown leads to a decrease in SVCT2 level

We examined the endogenous expression levels of ERa and SVCT?2 in various breast cancer cell lines, including
MCF7, T47D, MDA-MB-231, and others (Fig. 1A, Supplementary Figure S1A, B ). A significant correlation was
observed between ERa and SVCT2 expression levels across these cell lines. To further clarify the relationship
between ERa and SVCT?2 expression, we conducted knockdown experiments targeting ERa (Fig. 1B). Using
type I siRNA against ERa in a concentration-dependent manner in MCF7 and T47D cells, we observed a
corresponding decrease in SVCT2 expression, suggesting that SVCT2 expression depends on ERa levels
(Fig. 1C, D, Supplementary Figure S1C, D). SVCT2 was primarily localized in the cytoplasm, where its levels
decreased upon ERa inhibition, while ERa levels decreased in both the cytoplasmic and nuclear fractions. To
further validate these findings, we introduced His-tagged ERa and Myc-tagged SVCT2 constructs into COS7
cells, which resulted in a similar decrease in SVCT2 expression as ERa expression declined (Fig. 1E). These
observations suggest a significant association between ERa and SVCT2 expression in breast cancer cells,
supporting a potential regulatory role of ERa in maintaining SVCT2 expression.

ERa knockdown increases SVCT2 transcriptional activity

To elucidate the mechanism by which ERa regulates SVCT2, we investigated SVCT2 mRNA expression and
transcriptional activity following ERa knockdown using real-time PCR and a luciferase assay, respectively. While
ERa knockdown led to modest decrease in SVCT2 mRNA expression, these changes were not as pronounced
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Fig. 1. ERa knockdown decreases SVCT2 expression. (A) The expression levels of SVCT2 and ERa in breast
cancer cells. GAPDH was used as a loading control. Data represent the mean + SD of triplicate assays and were
analyzed using Students t test. *p <0.05, **p <0.01 compared with MCF7. (B) MCF?7 cells were transfected
with scrambled siRNA, ERa-siRNA type I and ERa-siRNA type II. The protein and transcript expression
levels of ERa were measured by western blotting and RT-PCR, respectively. Relative protein expression

was quantified using densitometry. (C, D) MCF7 and T47D cells were transfected with increasing doses

of si- ERa. The expression levels of SVCT2 and ERa were analyzed by western blotting. Relative protein
expression was quantified using densitometry. (E) COS7 cells were transfected with Myc-DDK-SVCT?2, His-
ERa and increasing doses of si- ERa. The expression levels of SVCT2 and ERa were determined by western
blotting using anti-DDK and anti-ERa antibodies. GAPDH was used as a loading control. Data represent the
mean + SD of triplicate assays and were analyzed using Student’s t test. *p <0.05, **p <0.01 compared with

control.

as those observed at the protein level in MCF7 and T47D cells (Fig. 2A). In MCF?7 cells, SVCT2 transcriptional
activity showed a concentration-dependent increase in response to ERa knockdown, in contrast to the decrease
observed in protein levels (Fig. 2B). Prior research suggests that p53 acts as a transcriptional repressor of SVCT2
and is also a downstream target of ERa regulation??. Consistent with this, we observed a reduction in p53
expression following ERa knockdown in both MCF7 and T47D cells (Fig. 2C, F). Additionally, to investigate
the role of p53 as a transcriptional repressor of SVCT2, we conducted p53 knockdown experiments at varying
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concentrations. In both MCF7 (Fig. 2D, E) and T47D (Fig. 2G, H) cells, p53 knockdown led to increased SVCT2
expression and transcriptional activity. ERa overexpression did not significantly affect SVCT2 expression in
a concentration-dependent manner across several cell lines (Supplementary Figure S2A-I), indicating that
while ERa may influence SVCT?2 transcriptional activity, its overexpression alone does not directly alter SVCT2
expression levels. These results suggest that ERa influences SVCT2 protein stability rather than its transcription,
as shown by the mismatch between mRNA and protein levels following ERa knockdown. Additionally, p53
appears to act as a transcriptional repressor of SVCT2, potentially mediating ERa's regulatory effects on SVCT2

expression.
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«Fig. 2. ERa is involved in SVCT?2 transcription activity. (A) MCF7 and T47D cells were transfected with
scrambled siRNA or si-ERa. ERa and SVCT2 transcript levels were measured by quantitative real-time
PCR. (B) Knockdown of ERa affects SVCT?2 luciferase activity. MCF7 cells were transfected with different
type of si-ERa together with SVCT2-luciferase reporter plasmid. Luciferase activity was normalized by
B-galactosidase activity. (C, F) MCF7 and T47D cells were transfected with scrambled siRNA or si-ERa in
different independent experiments. The expression levels of SVCT2, ERa and p53 were determined by western
blotting. (D, G) MCF7 and T47D cells were transfected with increasing doses of si-p53. The expression levels
of SVCT?2 and p53 were analyzed by western blotting. GAPDH was used as a loading control. (E, H) MCF7 and
T47D cells were transfected with increasing doses of si-p53 together with SVCT2-luciferse reporter plasmid.
Luciferase activity was normalized by B-galactosidase activity. Data represent the mean + SD of triplicate assays
and were analyzed using Student’s t test. *p <0.05, **p <0.01 compared with control (scrambled si-RNA).

ERa knockdown regulates the SVCT2 stability

Our previous results demonstrated that ERa knockdown significantly reduced SVCT2 protein levels, with
no notable changes in SVCT2 mRNA levels, indicating that this reduction is likely regulated through protein
degradation mechanisms. To explore whether ERa knockdown impacts SVCT2 protein stability, we conducted
a stability assay using cycloheximide, a protein synthesis inhibitor. The results confirmed a modest reduction
in SVCT?2 protein stability under ERa knockdown conditions compared to the control group in both MCF7
and T47D cells (Fig. 3A, C). To determine if the observed decrease in SVCT2 with ERa knockdown was due to
proteasomal degradation, we applied the proteasome inhibitor MG132. This treatment reversed the decrease in
SVCT?2 levels, while the lysosome inhibitor leupeptin had no effect (Fig. 3B, D). These findings indicate that ERa
knockdown promotes SVCT2 degradation through the ubiquitin—proteasome pathway, suggesting a regulatory
role for ERa in maintaining SVCT2 protein stability.

ERa knockdown promotes ubiquitin-mediated proteasomal degradation of SVCT2

To investigate the mechanism underlying ERa knockdown-induced destabilization of SVCT2, we examined
the interaction between ERa and SVCT2. Immunoprecipitation (IP) assays revealed that ERa binds directly to
SVCT2 (Supplementary Figure S3A- C). To identify the specific E3 ligase responsible for targeting SVCT?2 for
ubiquitination under ERa-deficient condition, we conducted QuantSeq 3’ mRNA analysis in cells treated with
scrambled si-RNA and si-SVCT2 (Fig. 4A). We focused on E3 ligases that displayed at least a 1.2-fold increase in
expression compared to the scramble control under SVCT2 knockdown conditions. Real-time PCR confirmed
significant upregulation of several E3 ligases, including XIAP, NEURL1, NEDD4, MDM2, and TRIM71. Among
these, XIAP was identified as the primary E3 ligase involved in SVCT2 ubiquitination post-ERa knockdown
(Fig. 4B-F). Additionally, XIAP protein levels increased proportionally with ERa knockdown (Fig. 4G, H). In
order to further investigate the intracellular localization of XIAP, SVCT2, and ERa, we performed subcellular
fractionation in the breast cancer cell lines MCF7 and T47D. ERa was present in both cytoplasmic and nuclear
fractions, while SVCT2 and XIAP were primarily cytoplasmic (Supplementary Figure S4A, B). We also
investigated the interactions between XIAP and ERa, as well as XIAP and SVCT?2, through additional IP assays.
No interaction was observed between XIAP and ERa; however, a direct interaction between XIAP and SVCT2
was confirmed (Supplementary Figure S5A, B). Notably, XIAP knockdown restored SVCT2 protein levels in
cells with reduced ERa, indicating that XIAP functions as an E3 ligase for SVCT2 (Fig. 41, ]J). Further tests
demonstrated that XIAP facilitated SVCT2 ubiquitination, as indicated by experiments using either Flag-XIAP
or si-XIAP (Fig. 4K, L). Collectively, these findings establish XIAP as a key regulator of ubiquitin-dependent
SVCT2 degradation following ERa knockdown.

Reduction of SVCT2 by ERa knockdown contributes to doxorubicin resistance

Ascorbic acid has been widely used as an adjunctive treatment in cancer, with SVCT2 recognized as a key
transporter in its cellular uptake®. A recent study provided insights into ascorbic acid’s therapeutic potential,
especially in cancers with KRAS or BRAF mutations®®. We assessed ascorbic acid uptake following ERa
knockdown and found a dose-dependent decrease in uptake in both MCF7 and T47D cells (Fig. 5A, C).
Similarly, SVCT2 knockdown produced a comparable dose-dependent reduction in ascorbic acid uptake across
these cell lines (Fig. 5B, D). These findings suggest that the diminished ascorbic acid uptake observed after ERa
knockdown is likely due to decreased SVCT?2 expression. To further understand the interaction between ascorbic
acid and doxorubicin, we evaluated cell viability in MCF7 and T47D cells treated with each agent separately and
in combination (Fig. 6A-D). Both ascorbic acid and doxorubicin independently reduced cell viability in a dose-
dependent manner. Notably, combined treatment with ascorbic acid and doxorubicin enhanced doxorubicin’s
cytotoxic effects (Fig. 6E, F). However, under ERa knockdown conditions, the co-treatment effect was diminished,
showing that ERa knockdown reduced doxorubicin-induced cell death, whether in the presence or absence of
ascorbic acid (Fig. 6G, H). This finding suggests that ERa knockdown promotes resistance to doxorubicin in
breast cancer cells. To determine if this resistance is due to decreased SVCT2 expression, we examined cell
viability and apoptosis under SVCT2 knockdown conditions. Post-doxorubicin treatment, cells with SVCT2
knockdown demonstrated lower cell death rates compared to controls (Fig. 7A, B). These results indicate that
SVCT2 suppression may contribute to resistance against doxorubicin-induced apoptosis, highlighting a possible
mechanism of drug resistance in breast cancer cells.
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Fig. 3. ERa knockdown led to a reduction in the stability of SVCT2. (A, C) MCF7 and T47D Cells were
transfected with scrambled siRNA or si-ERa and exposed to CHX (40 uM) for indicated times. Cell lysates
were prepared for western blot analysis. (B, D) Cells were transfected with scrambled siRNA or si-ERa and
exposed to MG132 (10 uM) or Leupeptin (10 uM) for 24 h, and whole cell lysates were immunoblotted as
indicated. GAPDH was used as an internal control.

SVCT2 silencing modulates the expression of ABC transporter genes

Drug resistance in cancer cells is frequently linked to the overexpression of ABC transporter genes. These genes
encode proteins that function as efflux pumps, actively transporting chemotherapeutic agents out of the cells,
thereby reducing intracellular drug concentrations and diminishing their cytotoxic effects. Consequently, the
overexpression of ABC transporters can lead to decreased drug accumulation in cancer cells, thereby reducing
treatment efficacy and promoting multidrug resistance. Recognizing the role of ABC transporter genes in drug
resistance is crucial for developing strategies to overcome this challenge and improve therapeutic outcomes.
Building on prior data (Figs. 5-7) suggesting that SVCT2 knockdown may contribute to drug resistance, we
performed QuantSeq 3 mRNA analysis under SVCT2 knockdown conditions (Fig. 8A). This analysis revealed
a notable upregulation of ABC transporter genes when SVCT2 expression was reduced. Real-time PCR further
confirmed the increased expression of ABC transporter genes in MCF7 and T47D breast cancer cell lines,
specifically under conditions of reduced SVCT?2 levels due to ERa knockdown (Fig. 8B, C). Consistent with
this, ABC transporter gene expression was also elevated under direct SVCT2 knockdown (Fig. 8D, E). These
findings demonstrate that reduced SVCT?2 levels correlate with increased expression of ABC transporters in both
ERa and SVCT2 knockdown conditions. Among these genes, ABCA12 expression exhibited more than a two-
fold increase. ABCA12, part of the ABC transporter family’s subfamily A, primarily facilitates lipid transport
across cell membranes, contributing to the formation of the skin’s lipid barrier. In cancer, ABCA12 is linked
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to drug resistance by exporting chemotherapeutic agents from cells, thereby lowering their intracellular levels
and efficacy. Additionally, ERa knockdown led to a dose-dependent increase in ABCC1 protein levels in both
MCEF7 and T47D cells (Supplementary Figure S6A, B). ABCCI, also known as multidrug resistance protein
1 (MRP1), is a key ABC transporter involved in the efflux of various substrates, including chemotherapeutic
drugs, out of cells. Its overexpression is closely associated with multidrug resistance, contributing significantly
to chemotherapy failure in cancer treatment. In summary, these results suggest that SVCT2 knockdown may
enhance drug resistance in breast cancer cells by upregulating specific ABC transporter genes, highlighting a
potential mechanism for resistance to chemotherapy.

Discussion

The results of our study provide valuable insights into the mechanisms by which ERa knockdown influences
SVCT2 expression and its subsequent effects on drug resistance in breast cancer cells. One of the primary
objectives of this study was to assess how ERa knockdown influences SVCT2 expression. We observed a strong
correlation between ERa and SVCT2 protein levels, particularly in breast cancer cell lines MCF7 and T47D, where
ERa knockdown led to a concurrent decrease in SVCT2 protein levels. Notably, while the reduction in SVCT2
protein levels was substantial, changes in SVCT2 mRNA levels were modest. This discrepancy suggests that ERa
likely regulates SVCT?2 primarily at the post-translational level rather than through direct transcriptional control.
We hypothesized that ERa might be involved in stabilizing SVCT?2 protein rather than directly modulating its
transcription. To further elucidate the mechanisms underlying this regulation, we examined potential pathways
associated with SVCT?2 destabilization following ERa knockdown. Using cycloheximide, a protein synthesis
inhibitor, we found that SVCT2 protein stability significantly decreased in the absence of ERa, supporting the
role of ERa in stabilizing SVCT2 at the protein level. This aligns with our observation that ERa overexpression
did not lead to significant changes in SVCT2 protein levels, suggesting a more complex regulatory relationship
beyond transcriptional control. A key finding in this study was the involvement of the ubiquitin-proteasome
pathway in SVCT2 degradation following ERa knockdown. Proteasome inhibition via MG132 restored SVCT2
levels, implying that ERa knockdown induces SVCT2 degradation through this pathway. Further investigation
into the specific E3 ligases responsible for tagging SVCT2 for degradation revealed XIAP as a critical regulator.
QuantSeq 3’mRNA analysis and subsequent real-time PCR experiments indicated that XIAP expression
increased in response to ERa knockdown. Immunoprecipitation analysis showed an interaction between XIAP
and SVCT2, suggesting that XIAP, regulated by ERa signaling, directly contributes to SVCT2 degradation. The
identification of XIAP as the E3 ligase responsible for SVCT2 ubiquitination is particularly significant because
XIAP has well-established roles in regulating cell survival and apoptosis, making it a potentially attractive
target for cancer therapies***%. Our findings confirmed that XIAP knockdown restored SVCT2 protein levels,
highlighting XIAP’s role in facilitating SVCT2’s ubiquitination and proteasomal degradation. Interestingly,
although ERa knockdown reduced SVCT2 protein levels, it led to increased SVCT2 promoter activity in
our luciferase assay (Fig. 2A, B), suggesting a dual and context-dependent role of ERa in regulating SVCT2.
Mechanistically, ERa promotes SVCT2 protein stability by suppressing XIAP-mediated ubiquitination and
proteasomal degradation, as demonstrated in our study. At the transcriptional level, however, ERa may act
indirectly through p53. Previous studies have shown that p53 functions as a transcriptional repressor of SVCT2
and is also a downstream target negatively regulated by ERa*2 Consistent with this, we observed decreased p53
expression following ERa knockdown in both MCF7 and T47D cells (Fig. 2C, F), which may relieve repression
on the SVCT2 promoter and account for the enhanced luciferase activity. These findings suggest that ERa
modulates SVCT2 expression through distinct mechanisms at the transcriptional and post-translational levels,
and that compensatory transcriptional upregulation may occur in response to reduced SVCT2 protein stability.
This regulatory axis among ERa, XIAP, and SVCT?2 underscores the importance of post-translational regulation
in breast cancer and suggests a potential therapeutic target for stabilizing SVCT2 in ERa-positive cases.

Another significant aspect of our study was the functional link between ERa, SVCT2, and ascorbic acid
uptake. SVCT?2 is crucial for ascorbic acid transport, and its downregulation impacts cellular uptake of this
nutrient, which plays essential roles in antioxidant defense and other metabolic processes within cells***¢. ERa
knockdown decreased both SVCT2 protein levels and ascorbic acid uptake in a dose-dependent manner, further
supporting ERa’s role in maintaining cellular ascorbic acid homeostasis through SVCT2. Interestingly, although
ERa knockdown significantly reduced SVCT2 protein levels and ascorbic acid uptake, ERa overexpression did
not have a similar effect, suggesting a complex regulation of SVCT2 by ERa that might involve indirect signaling
pathways or interactions with other regulatory proteins. Additionally, p53, a known transcriptional repressor of
SVCT2%, showed decreased expression following ERa knockdown, further contributing to the observed changes
in SVCT2 expression and activity. This highlights the interaction of multiple regulatory factors, including ERa,
XIAP, and p53, in modulating SVCT?2 stability. The reduction in ascorbic acid uptake observed with SVCT2
knockdown has broader implications for cancer cell metabolism and drug resistance. Previous research has
indicated that ascorbic acid supplementation can enhance the efficacy of certain chemotherapeutic agents,
including doxorubicin*”*3. In our study, we found that knockdown of either SVCT2 or ERa led to increased
resistance to doxorubicin treatment in breast cancer cells, as evidenced by decreased cell death and enhanced
cell viability following doxorubicin exposure. This suggests that SVCT2 depletion may reduce doxorubicin
efficacy, potentially by altering cellular redox states and impeding the accumulation of oxidative stress, one of
the mechanisms by which doxorubicin induces cancer cell death.

Our findings also propose a mechanism by which SVCT2 knockdown confers drug resistance through the
upregulation of ABC transporter genes. ABC transporters are well-known for their role in mediating multidrug
resistance in cancer cells, actively expelling chemotherapeutic agents from cells, thereby reducing their
intracellular concentration and effectiveness®*~>!. Notably, previous studies have reported that the expression
of certain ABC transporters is influenced by ERa. For example, ABCG2 (breast cancer resistance protein,

Scientific Reports |

(2025) 15:27629 | https://doi.org/10.1038/s41598-025-11758-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Relative si-SVCT2/Scrambled fold ratio

PELI3 =—
DTX3 w—

&

)
o o -
MULT e—
DTL —
HERC4 =—
HECTD2 m—
BTRC =—
MAP3K1 e—
NEURL1B me—
NHLRC1 w—
HACE1 =es—
PARK2 s
ZNRF 2 =ss—
HECW1 =e—
DTX2 we—
SMURF1 =—
WWP1 e—
RNF19A we—
HUWE1 =—
RNF128 we——
XIAP S——

asg SENoRSIEIIEE ISEIrleSsSoS5 24588358
w ] 3]
g25¢F E<k QE:SESE Iz !g{gd¢o=¢§ng-xgmmmxx
o S Sodpao®o0 * S 25 cas Q%> §¢§5,,,mwmm"'
w wkF w E w N W = Zu wT w [~ IITuw
X z xz - z 7} z z z
Name of E3 ubiquitin protein ligase
B
1.2 3.5
° MCF7 g MCF7 [ -si-SVCT2 m +si-SVCT2 =
g, g 3 -
z z -
£ 225 -
g 0.8 E -
o - a 2
< <
© 0.6 o
g %15
g 5
304 &,
502 Sos
K] &
0 0
si-SVCT2 - + XIAP  NEURL1 NEDD4 MDM2 TRIM71
1.2 45
° MCF7 2 4 - 0 -si-ERa W +si-ERa  MCF7
B o1 L
° 3 3.5
S 2
s o8 z 3 -
E o
o %25
S8 o
= a2 bl
Z :
u 0.4 215
S 1
2 1
5 0.2 &
& go0s
[} 0
si-ERa - + XIAP  NEURL1 NEDD4 MDM2 TRIM71
D
1.2 3

O -si-SVCT2 W +si-SVCT2 T47D

2.5 g

-

o
o

o
>

o
N
Relative genes/GAPDH fold ratio

Relative SVCT2/GAPDH fold ratio
o
o

0
si-SVCT2 - + XIAP  NEURL1 NEDD4 MDM2 TRIM71

BCRP) expression is known to be regulated by ERa in hormone-responsive breast cancer cells, with some
studies indicating ERa-mediated downregulation. Similarly, ABCB1 (MDR1), a well-known efflux transporter,
is also affected by estrogen signaling in various cancer models®. These findings, which highlight the intricate
relationship between ERa and ABC transporter regulation, support the possibility that the upregulation
of specific ABC transporter genes observed in our ERa knockdown models may result from compensatory
transcriptional or post-transcriptional mechanisms in response to the loss of ERa signaling. Through QuantSeq
3’mRNA analysis, we observed a significant increase in the expression of several ABC transporter genes,
particularly ABCA12 and ABCC1, following SVCT2 knockdown. These genes, associated with the efflux of
various substrates including chemotherapeutics, have been linked to resistance to several treatments®~°. The
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«Fig. 4. XIAP mediates proteasomal degradation of SVCT2. (A) QuantSeq 3'mRNA analysis was conducted to

assess gene expression in cells treated with either scrambled siRNA or si-SVCT2. The expression of E3 ligase-
associated genes was compared between these two conditions. (B, D) MCF7 and T47D cells were transfected
with scrambled siRNA or si-SVCT2. (C, E) MCF7 and T47D cells were transfected with scrambled siRNA

or si-ERa. Total RNA was extracted, and the expression of endogenous E3 ligase genes—XIAP, NEURLI,
NEDD4, MDM2, and TRIM71—was quantified using real-time PCR. (F) The expression of XIAP in MCF7 and
T47D cells following transfection with scrambled siRNA or si-ERa was measured by real-time PCR. Statistical
significance was analyzed using a Student’s t-test (*p <0.05, **p <0.01 compared with control (scrambled
si-RNA). (G, H) MCF7 and T47D cells were transfected with increasing doses of si-ERa, and the expression
levels of XIAP and ERa were evaluated via Western blotting. (I, J) XIAP and ERa were silenced individually
or in combination in MCF7 and T47D cells using siRNA, followed by analysis of SVCT2 levels through
Western blotting. (K) MCF7 cells were transiently transfected with various combinations of vectors encoding
GFP-SVCT?2, Flag-XIAP, HA-Ub, and si-ERa. Cells were treated with 10 uM MG132 for 4 h before lysate
preparation. After 48 h post-transfection, cell lysates were immunoprecipitated with an anti-HA antibody, and
SVCT?2 polyubiquitination was detected by immunoblotting with an anti-GFP antibody. (L) MCEF?7 cells were
transiently transfected with various combinations of vectors encoding Myc-DDK-SVCT?2 and si-XIAP and/or
si-ERa. Cells were treated with 10 uM MG132 for 4 h before lysate preparation. After 48 h post-transfection,
cell lysates were immunoprecipitated with an anti-DDK antibody, and polyubiquitination was detected by
immunoblotting with an anti-ubiquitin antibody.

upregulation of ABC transporter genes in response to SVCT2 knockdown suggests a previously unrecognized
role of SVCT2 in regulating transporter gene expression, which may reduce breast cancer cell sensitivity to
doxorubicin as these transporters decrease the drug’s intracellular concentration. This finding provides new
insight into the relationship between SVCT2 and drug resistance, underscoring the potential to target SVCT2 or
the associated ABC transporter pathway to improve chemotherapy efficacy.

In conclusion, this study provides a comprehensive view of the molecular mechanisms by which ERa
knockdown modulates SVCT2 expression and its relevance to drug resistance in breast cancer. Identifying
XIAP as the E3 ligase responsible for SVCT2 degradation opens new avenues for therapeutic intervention,
notably in ERa-positive breast cancers with impaired SVCT?2 stability. Furthermore, the association of SVCT2
downregulation with reduced ascorbic acid uptake and increased drug resistance via ABC transporter gene
upregulation underscores the complex regulatory networks that contribute to the development of chemoresistance
in breast cancer.

Future studies should explore the therapeutic potential of targeting the ERa-XIAP-SVCT2 pathway,
either by inhibiting XIAP-mediated SVCT2 degradation or by restoring SVCT2 levels to sensitize cancer cells
to chemotherapeutic agents. Additionally, examining the role of ABC transporter genes in mediating drug
resistance in the context of SVCT2 downregulation may provide deeper insights into overcoming multidrug
resistance in breast cancer treatment. These findings suggest opportunities for enhancing therapeutic strategies
and highlight the importance of understanding complex molecular interactions in cancer progression and
treatment resistance.

Materials and methods

Cell culture and materials

MCF7, T47D, MDA-MB-231, COS7, Hela and HEK293 cells were purchased from Korea Cell Line Bank (Seoul,
Korea). The cells were maintained in DMEM with high glucose or RPMI1640 medium (Cytiva, Marlborough,
MA, USA) supplemented with 10% FBS and antibiotics (Gibco, Waltham, MA, USA) under 5% CO, at 37 °C.
L-Ascorbic acid (A4544), Cycloheximide (C1988), MG132 (M8699), leupeptin (L2884) and DAPI (D9564)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Doxorubicin was purchased from FutureChem Co.,
Ltd. (Seoul, Korea). Primary antibodies used in immunoprecipitation (IP) and western blotting (WB) are as
follows. Anti-ERa (SC-8002), anti-p53 (SC-126), anti-GAPDH (SC-47724), anti-Ub (SC-8017), anti-HA (SC-
7392), anti-Lamin A (SC-518013) and B-actin (SC-47778) were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-DDK (TA50011-100) and turbo GFP (TA150041) were from Origene (Rockville, MD, USA).
Anti-SVCT2 (NBP2-13,319) was from Novus (Centennial, CO, USA). Anti-XIAP (#14,334), anti-Flag (#14792S)
and anti-ABCCI1 (#72,202) were from Cell Signaling Technology (Boston, MA, USA).

Expression plasmids and siRNAs

Myc-DDK-SVCT2 and Myc-DDK-Mock were purchased from Origene (Rockville, MD, USA). His-ERa
plasmids were kindly provided by Dr. Hee Min Yoo (Korea Research Institute of Standards and Science, Korea).
HA-ERa and HA-Ub plasmids were kindly provided by Prof. Jong-Ho Kim (Kyung Hee University, Korea).
Flag-XIAP plasmids were generously provided by Prof. Young J. Oh (Yonsei University, Korea). siRNA duplexes
against ERa (2099), p53 (7157), SVCT2 (9962), XIAP (331) and control siRNA duplex served as a negative
control were synthesized by Bioneer Inc. (Daejeon, Korea). Transfection was performed using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.

Western blotting and immunoprecipitation

The cells were washed with ice cold PBS and lysed in RIPA buffer containing 1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS and a protease inhibitor cocktail. The lysates were subjected to SDS-PAGE and
transferred to a nitrocellulose (NC) membrane (Cytiva, Pittsburgh, PA, USA). The membranes were blocked
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Fig. 4. (continued)

with TBS buffer containing 0.1% Tween 20 and 5% skim milk and then incubated with the primary antibody.
The immunoreactive bands were detected by using enhanced chemiluminescence (ECL) (Bio-Rad, Hercules,
CA, USA) after incubation with an appropriate secondary antibody. For immunoprecipitation, the cells were
washed thoroughly with ice-cold PBS to remove any residual media and debris. Subsequently, they were lysed
using a buffer composed of 10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% Nonidet
P-40, 1% TX-100, 0.2 mM PMSE, and a 100X protease inhibitor mixture (Cell Signaling Technology, Boston,
MA, USA) to ensure protein preservation. The resulting cell lysates were centrifuged at 13,000 rpm for 20 min
at 4 °C to pellet the cell debris. The supernatants, containing the soluble proteins, were carefully collected and
their protein concentration was measured using a protein assay reagent (Bio-Rad, Hercules, CA, USA). These
lysates were then incubated overnight at 4 °C with specific antibodies, gently rotating to allow proper binding. To
capture the antigen-antibody complexes, 50 UL of protein A/G-PLUS agarose beads (Santa Cruz Biotechnology)
were added. The beads were washed five times with the lysis buffer, each wash involving centrifugation at
3000 rpm for 2 min at 4 °C to remove non-specifically bound proteins. Finally, the proteins bound to the beads
were separated by SDS-PAGE and analyzed by immunoblotting to detect the proteins of interest. The data were
visualized using ImageQuant™ 800 system (Cytiva). All western blot images were processed uniformly. Cropping
was performed to focus on relevant bands, without altering the data. Full-length blots are available upon request.
In some experiments, membranes were cut prior to hybridization with antibodies to allow probing for multiple
proteins on a single blot. As a result, full-length blots may not be available in all cases.
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Fig. 5. ERa knockdown induces inhibition of ascorbic acid uptake. (A-D) Cells were transfected with
scrambled siRNA, si-ERa and si-SVCT2, followed by exposure to ascorbic acid at the indicated doses for

24 h. Ascorbic acid uptake was assessed using the EZ-Ascorbic Acid Assay kit. The data are presented as the
fold ratio of ascorbic acid uptake in cells transfected with si-ERa relative to the control. Data represent the
mean + SD of triplicate assays and were analyzed using Student’s t test. *p <0.05, **p <0.01 compared with
control.

Luciferase assay

Cells were transiently co-transfected with 0.5 pg SVCT2 luciferase plasmids®® and 0.5 pg of the pSV-B-
galactosidase reporter vector, utilizing Lipofectamine 2000 (Invitrogen) as the transfection agent. Following
transfection, luciferase activity was assessed using the Luciferase Assay System (Promega, Madison, WI, USA)
and measured with a TECAN Spark microplate reader (TECAN, Miannedorf, Switzerland). To ensure accurate
normalization, 3-galactosidase activity was quantified using the -galactosidase enzyme assay system (Promega).

Quantitative real-time PCR and semi-quantitative reverse transcription-PCR (RT-PCR).

Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.
Then, 1 pg of total RNA was used for cDNA synthesis using the iScript cDNA Synthesis Kit (Bio-Rad). Gene
expression was then measured by iQ SYBR green Supermix (Bio-Rad). The relative expression levels of genes
were calculated based on glyceraldehyde phosphate dehydrogenase (GAPDH) using 2-AACT equation. The
primers of genes were designed and purchased from Macrogen Inc. (Seoul, Korea). SVCT2 F: 5- CGATCAAG
TGTTGAACGTCCT-3; R: 5°- CGATCAAGTGTTGAACGTCCT-3’; ERa F: 5- TGATGAAAGGTGGGATAC
GA-3,R: 5- AAGGTTGGCAGCTCTCATGT -3’; ABCA12 F: 5- CTCACAGCATGGAAGAATGTG -3’ R: 5-
AGAGTGGTCTGACTCACTAAG -3’ ABCBS8 F: 5- CTGGAAGCTTCCGATGAAGAG -3} R: 5- TTCAGG
AGCTCTTCATGTGTC -3’; ABCC1 F: 5- GACACAGTGGACTCCATGATC -3} R: F- CCACCAAGCCAG
CACTGAGGC -3’ ABCC10 F: 5°- TCCCTGTTGTTGGTGCTCTTC -3, R: 5- TCTGAGTTCAGGATCGTG
TTG -3’ ABCGI F: 5- TTCAGATCATGTTCCCAGTGG -3} R: 5- GAGGACAAAATAGGCAATGAG -3%
ABCG2 F: 5- TCAGGAAGACTTATGTTCCAC -3} R: 5- AGCTCTGTTCTGGATTCCAGT -3’; ABCG4 F:
5- TATGGCTGAGAAGAAGAGCAG -3} R: 5- AAGGTGAGCACAGTTGGCATG -3’; GAPDH F: 5°- GCA
AATTCCATGGCACCGT-3} R: 5- TCGCCCCACTTGATTTTGG-3; XIAP F: 5- TGGCAGATTATGAAGCA
CGGATC -3} R: 5- AGTTAGCCCTCCTCCACAGTGA -3’; RFFL F: 5- TGGAACCAAGCTGCAAGTCCT
G -3, R5- GAAACCGTTGGCAGAGAAGGCA -3’; NEURLLI F: 5- CCTCATCTACGAGCAAGTCAGG -3},
R: 5- AGAAGCCACTCTGGGACACCAG -3’; NEDD4 5- CAGAAGAGGCAGCTTACAAGCC -3, R: 5- C
TTCCCAACCTGGTGGTAATCC -3’; MDM2 E: 5’- TGTTTGGCGTGCCAAGCTTCTC -3, R: 5- CACAGA
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Fig. 6. ERa knockdown induces resistance to doxorubicin. (A, B) MCF7 and T47D were treated with the
indicated concentrations of ascorbic acid for 24 h, and cell viability was measured using the MTS method. (C,
D) MCF7 and T47D cells were treated with the indicated concentrations of doxorubicin for 24 h. Cell viability
was measured using the MTS method. (E, F) MCF7 and T47D cells were treated with or without 0.5 mg/

ml ascorbic acid and 200 uM doxorubicin for 24 h, and cell viability was measured using the MTS method.
MCF?7 and T47D cells were transfected with scrambled siRNA or si-ERa and treated with or without 0.5 mg/
ml ascorbic acid and 200 uM doxorubicin for 24 h. Statistical significance was determined by Students t- test.
(*p<0.05, *p<0.01 compared with the untreated group; #p <0.05, ##p <0.01 compared with single-drug
treatment) (G, H) Cell viability was measured by the MTS method. The results are representative of three
independent experiments. Statistical significance was determined by Student’s t- test. (*p <0.05, **p <0.01
compared with the untreated group; #p <0.05, ##p <0.01 compared with single-drug treatment).

TGTACCTGAGTCCGATG -3’; TRIM71 F: 5- CGAGGCATAAGAAAGCCCTGGA -3, R: 5- GCTTGTTGA
GGTTTTGCCGCAG -3’ The target genes were amplified by reverse transcription using specific primers: ERa
sense 5- CGACGCCAGGGTGGCAGAGAAAGATT -3’ and antisense 5- GGCCAAAGGTTGG-CAGCTCT
CATGTC -3’; GAPDH sense 5- ATCTTCCAGGAGCGA-GATCCC -3’ and antisense 5- AGTGAGCTTCCC
GTTCAGCTC -3’ GAPDH was amplified as a normalization control. The PCR bands were detected following
electrophoresis in a 2% agarose gel in 1 x Tris—acetate-EDTA (TAE) buffer and stained with Midori Green Direct
(Nippon Genetic, Tokyo, Japan). The resulting data were integrated and analyzed using Quantity One software
(Bio-Rad).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at room temperature,
followed by permeabilization with 0.2% Triton X-100 in PBS for 10 min. They were blocked with 5% bovine
serum albumin (BSA) in PBS for 1 h at room temperature. Subsequently, the cells were incubated overnight
at 4 °C with anti-ERa antibody (SC-8002). After washing, the cells were stained with appropriate secondary
antibodies. Nuclei were counterstained with DAPI for 5 min. Fluorescence images were acquired using an Axio
Vert.Al by Carl Zeiss (Germany).
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Fig. 7. SVCT2 is involved in resistance to doxorubicin. MCF7 and T47D cells were transfected with scrambled
siRNA or si-SVCT2 and treated with or without 0.5 mg/ml ascorbic acid and 200 uM doxorubicin for 24 h. (A,
B) Cell viability was measured by the MTS. The results are representative of three independent experiments.
Statistical significance was determined by Student’s t- test. (*p <0.05, **p <0.01 compared with the untreated
group; #p <0.05, ##p <0.01 compared with single-drug treatment).

Subcellular fractionation

Cells were washed with ice-cold PBS and then incubated on ice in cytosol buffer (10 mM NaCl, 10 mM HEPES,
0.1 mM EDTA, 0.1 mM EGTA, 1% NP-40) for 10 min, followed by lysis using Dounce homogenization. The
lysates were centrifuged for 7 min at 500 x g, and the supernatants were collected as the cytoplasmic fraction.
The nuclear pellets were washed multiple times with cytosol buffer and then resuspended in nuclear buffer
(20 mM HEPES, 25% glycerol, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA) for 15 min. Subsequently, the samples
were centrifuged at 20,000 x g for 15 min, and the supernatant was collected as the nuclear fraction. Lamin A and
B-actin were used as markers for nuclear and cytoplasmic proteins, respectively.

Library preparation and sequencing

Total RNA was isolated using Trizol reagent (Invitrogen). RNA quality was assessed by Agilent TapeStation 4000
system (Agilent Technologies, Amstelveen, The Netherlands), and RNA quantification was performed using
ND-2000 Spectrophotometer (Thermo Inc., DE, USA).

For library preparation of control and test samples, the QuantSeq 3> mRNA-Seq Library Prep Kit (Lexogen,
Inc., Austria) was employed according to the manufacturer’s protocol. Briefly, total RNA was combined with an
oligo-dT primer that included an Illumina-compatible sequence at its 5" end, followed by reverse transcription.
After RNA template degradation, second-strand synthesis was initiated with a random primer carrying an
Mumina-compatible linker sequence at the 5° end. The double-stranded library was purified using magnetic
beads to eliminate residual reaction components. Subsequently, the library was amplified to add the full
adapter sequences necessary for cluster generation. The finalized library was further purified to remove PCR
contaminants. High-throughput sequencing was performed as single-end 75 sequencing using NextSeq 550
(Illumina, Inc., USA).

Data analysis

QuantSeq 3> mRNA-Seq reads were aligned using Bowtie2 (Langmead and Salzberg, 2012). Bowtie2 indices
were generated from either the genome assembly sequence or representative transcript sequences, facilitating
alignment to both genome and transcriptome references. The resulting alignment files were used to assemble
transcripts, estimate their abundances, and identify differential gene expression. Differentially expressed genes
were determined by calculating unique and multiple alignment counts and analyzing coverage with Bedtools
(Quinlan, 2010). Read count (RC) data were normalized using the TMM + CPM method within the EdgeR
package in R (R Development Core Team, 2020) via Bioconductor (Gentleman et al., 2004). Gene classification
was performed using searches through DAVID (http://david.abcc.ncifcrf.gov/) and Medline databases (http://
www.ncbi.nlm.nih.gov/). Data mining and graphic visualization were performed using EXDEGA (Ebiogen Inc.,
Korea).

Ascorbic acid uptake assay

The ascorbic acid uptake assay was evaluated using the EZ-Ascorbic Acid Assay Kit (DG-ASC100, Seoul, Korea)
according to the reported procedure. In this assay, the concentration of ascorbic acid was measured using a
coupled enzyme reaction that produces a colorimetric product at 593 nm.

Cell viability assay
Cells were seeded at 1 x 10* cells per well on the 96-well plates, and cell viability was assayed using the CellTiter
96 AQueous One Solution Cell Proliferation Assay system (Promega) after incubating the cells with 10 ul of the
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Fig. 8. SVCT2 silencing affects the expression of ABC transporter genes. (A) QuantSeq 3’'mRNA analysis was
performed to compare gene expression in cells treated with scrambled siRNA and si-SVCT?2. The expression of
genes associated with the ABC transporter was compared between the two conditions. (B, C) MCF7 and T47D
were transfected with scrambled siRNA or si-ERa. (D, E) MCF7 and T47D were transfected with scrambled
siRNA or si-SVCT2. Total RNA was prepared and the expression of the endogenous ABC transporter genes,
ABCAI12, ABCB8, ABCCI1, ABCC10, ABCG1, ABCG2 and ABCG4 were determined by real-time PCR.
Statistical significance was determined by Student’s t- test with *p <0.05, **p <0.01.
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Fig. 8. (continued)

CellTiter 96 AQueous One Solution reagent at 37 °C for 3 h. The absorbance was measured at 490 nm using a
SpectraMax 190 microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Statistical analysis

All experiments were independently repeated at least three times, and the data presented as the mean+S.D.
Statistical evaluation was assessed by the one-way analysis of variance (ANOVA). In each case, p<0.05 was
considered statistically significant.

Data availability

All data supporting the findings of this study are available within the paper and its Supplementary Information.
The RNA-Seq sequencing data has been submitted to the NCBI Sequence Read Archive (SRA) (https://www.ncb
i.nlm.nih.gov/bioproject/PRINA1208065) and under accession number BioProject ID PRJNA1208065.
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