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Background: The underlying mechanisms of the potential tumor-suppressive effects of ginsenoside Rh2
are complex. N6-methyladenosine (m6A) RNA methylation is usually dysregulated in cancer. This study
explored the regulatory effect of ginsenoside Rh2 on m6A RNA methylation in cancer.
Methods: m6A RNA quantification and gene-specific m6A RIP-qPCR assays were applied to assess total
and gene-specific m6A RNA levels. Co-immunoprecipitation, fractionation western blotting, and
immunofluorescence staining were performed to detect protein interactions and distribution. QRT-PCR,
dual-luciferase, and ChIP-qPCR assays were conducted to check the transcriptional regulation.
Results: Ginsenoside Rh2 reduces m6A RNA methylation and KIF26B expression in a dose-dependent
manner in some cancers. KIF26B interacts with ZC3H13 and CBLL1 in the cytoplasm of cancer cells
and enhances their nuclear distribution. KIF26B inhibition reduces m6A RNA methylation level in cancer
cells. SRF bound to the KIF26B promoter and activated its transcription. SRF mRNA m6A abundance
significantly decreased upon KIF26B silencing. SRF knockdown suppressed cancer cell proliferation and
growth both in vitro and in vivo, the effect of which was partly rescued by KIF26B overexpression.
Conclusion: ginsenoside Rh2 reduces m6A RNA methylation via downregulating KIF26B expression in
some cancer cells. KIF26B elevates m6A RNA methylation via enhancing ZC3H13/CBLL1 nuclear locali-
zation. KIF26B-SRF forms a positive feedback loop facilitating tumor growth.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ginsenosides are a group of critical active chemical compounds
of Ginseng (Panax ginsengMey). Ginsenoside Rh2 is a metabolite of
Rg3, Rb1, Rb2, and Rc, which shows stronger tumor-suppressive
effects than the parental compounds [1]. The underlying mecha-
nisms are multifaceted. It induces G1 phase cell cycle arrest and
apoptosis via activating p53 inhibiting PDZ-binding kinase/T-LAK
cell-originated protein kinase (PBK/TOPK) pathway [2e4]. This
compound also participates in some epigenetic processes, such as
DNA methylation [5,6].

N6-methyladenosine (m6A) RNA methylation is the most
abundant mRNA internal modification regulating gene
is is an open access article under the CC BY-NC-ND license (http://creativecommons.
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transcription, translation, metabolism, and processing in diverse
physiological processes [7]. It is a reversible and dynamic biological
process regulated by multiple protein complexes termed as
"writers", "readers" and "erasers". The writer complex comprises
the core N6-adenosinemethyltransferases methyltransferase-like 3
(METTL3), METTL14 and several adaptors, including Wilms' tumor-
associated protein (WTAP), VIRILIZER (also called Virma), Cbl proto-
oncogene like 1 (CBLL1), RNA binding motif protein 15 (RBM15),
and zinc finger CCCH-type containing 13 (ZC3H13) [8]. RNA
methyltransferases, demethylases, and m6A binding proteins are
frequently dysregulated in human tumors [8]. Their aberrant ex-
pressions are associated with increased expression of oncogene
transcripts and oncoproteins [8]. However, whether ginsenoside
Rh2 is involved in m6A RNA regulation is still not clear.

Kinesin family member 26B (KIF26B) is a member of the kinesin
motor proteins, which transports organelles along microtubules
[9]. It acts as a novel oncogene in multiple tumors, including
colorectal cancer, gastric cancer, sarcoma, and breast cancer
[10e12]. KIF26B upregulation activates multiple genes in the
vascular endothelial growth factor (VEGF) pathway, such as VEGFA,
PXN, FAK, PIK3CA, BCL2, and CREB1 in gastric cancer [12]. Interest-
ingly, the stability and translation of VEGFA and BCL2 in some
cancers are enhanced by m6A RNA methylation [13,14]. These
findings imply that KIF26B might participate in m6A RNA methyl-
ation in cancer.

This study explored the modulation of ginsenoside Rh2 on m6A
RNA levels in cancer and the underlying mechanisms.

2. Materials and methods

2.1. Retrospective bioinformatic analysis

RNA-seq data from The Cancer Genome Atlas (TCGA) and the
Genotype-Tissue Expression (GTEx) project were acquired and
analyzed using GEPIA2 [15] and UCSC Xena Browser [16].

2.2. Cell culture and treatment

Breast cancer cell lineMDA-MB-157 andMCF-7 and sarcoma cell
line SK-LMS-1 were obtained from ATCC (Manassas, MA, USA).
Thyroid cancer cell line 8305C and TT, lung cancer cell line
NCIH226, NCIH1299, and NCIH1650 were obtained from the Na-
tional Collection of Authenticated Cell Cultures, China. Sarcoma cell
line KYM-1 and NMFH-1 were obtained from RIKEN Cell Bank
(Japan). The cells were cultured in DMEM or RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), according to the
providers' instruction.

Lentiviral particles carrying shRNAs were constructed with the
pLKO.1-puro plasmid. Lentiviral expression vectors were generated
using the pHBLV-CMVIE-IRES plasmids. The following lentiviruses
were generated, including lentiviral shRNA targeting KIF26B
(shKIF26B) and SRF (shSRF), lentiviral KIF26B (NM_018012.4)
expression vector with HA tag (HA-KIF26B), lentiviral KIF26B
expression vector that was resistant to shKIF26B#1 (by synony-
mous mutation, MT-KIF26B), lentiviral full-length ZC3H13
(NM_001076788.2) and truncated vectors (DC879, DN789, DC1024
and DN644) with N-terminal Flag tag (Flag-ZC3H13), lentiviral full-
length CBLL1 (NM_024814.4) and truncated vectors (DC344, DN147,
DC285 and DN206) with N-terminal Flag tag (Flag-CBLL1), and SRF
(NM_003131.3) expression plasmids.

ShRNA sequences were provided in Table S2. Lentiviruses were
produced by co-transfecting the plasmids with packaging plasmids
(psPAX2 and pMD2.G) (HanBio Technology) in 293T cells using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer's instructions. Cells were infected with each
735
lentivirus supernatant at the multiplicity of infection (MOI) of 10
(Sigma-Aldrich, St Louis, MO, USA).

Ginsenoside Rh2 was purchased from MedChemExpress
(Purity�98%, Shanghai, China). Transcriptional inhibition was
conducted by using actinomycin D (5 mg/mL; catalog #HY-17559;
Sigma-Aldrich) 24 h after lentiviral infection. After 0, 1.5, or 3 h
treatment, cells were harvested for reverse-transcription quanti-
tative real-time-PCR (qRT-PCR) analysis.

2.3. Immunofluorescence (IF) staining

Cells were rinsed, fixed with 4% paraformaldehyde, and per-
meabilized using 0.1% Triton X-100. After washing, cells were
blocked for 30 min with 1% BSA in PBS and then were incubated
with primary antibodies overnight at 4�C. Then, cells were washed
and incubated with fluorescent dye-conjugated secondary anti-
bodies for 1 h at room temperature. The nuclei were stained using
DAPI. Fluorescence images were acquired using appropriate optical
filters on an AxioImager Z1 ApoTome microscope system (Carl
Zeiss, Jena, Germany). Primary antibodies used included anti-CBLL1
(1:100, 21179-1-AP, Proteintech, Wuhan, China), anti-ZC3H13
(1:500, DF4623, Affinity Biosciences, Changzhou, China) and anti-
KIF26B (1:1000, 17422-1-AP, Proteintech).

2.4. Cell fractionation and immunoblotting

The cytoplasmic fraction and nuclear fraction of NMFH-1 cells
were prepared following the method introduced in one previous
study [17]. For western blot analysis, samples were then separated
on 10% SDS-PAGE gels, and electrotransferred onto polyvinylidene
difluoride (PVDF) membranes (Millipore, Billerica, MA, USA) and
subjected to immunoblotting with different antibodies. The blots
were then visualized with BeyoECL Star reagent (Beyotime) and an
ImageQuant LAS-4000 imaging system (GE Healthcare, Piscataway,
NJ, USA). Protein band intensity was quantified using ImageJ soft-
ware (NIH, USA). Primary antibodies used are provided in Table S2.

2.5. Co-immunoprecipitation (co-IP)

Cells overexpressing KIF26B with N-terminal HA tag (HA-
KIF26B) alone or in combination with ZC3H13 with Flag tag (Flag-
ZC3H13, full length or truncated ones) or CBLL1 with Flag tag (Flag-
CBLL1, full length or truncated ones) were washed once with PBS
and lysed in hypotonic buffer and the cytoplasmic fraction was
prepared as described above. The cytoplasmic fraction was pre-
cleaned by protein A/G PLUS-Agarose (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and the aliquots were immunoprecipitated
with a specific antibody against HA tag (ab18181, Abcam), followed
by incubationwith protein A/G PLUS-Agarose beads for a further 1h
at 4�C. The immunoprecipitated complexes were washed, and the
precipitated proteins were then analyzed by western blot analysis
(anti-Flag, ab1162, Abcam). Reciprocal IP was performed using the
cytoplasmic fraction of untreated cells, with anti-CBLL1 (Cat#A302-
969A, Bethyl Laboratories), anti-ZC3H13 (Cat #A300-748A, Bethyl
Laboratories) or anti-WTAP (ab195380, Abcam). The input was used
as a positive control.

2.6. RNA extraction & qRT-PCR

TRIzol Reagent (Life Technologies, CA, USA) was used to extract
total RNA. Then, complementary DNAwas reversely transcribed by
using the iScript cDNA Synthesis Kit (Bio-Rad, CA, USA). qRT-PCR
was performed using an SYBR premix Ex Taq (Takara, Liaoning,
China) and ABI 7500 Sequence Detection System (Thermo Fisher
Scientific, MA, USA). The primers used were presented in Table S2.
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2.7. m6A RNA quantification assay

The m6A RNA content in total RNAs was measured with the m6A
RNA methylation quantification kit (ab185912, Abcam, UK) ac-
cording to the manufacturer's instructions. Briefly, 200ng RNAs
were coated on the assay wells, followed by adding detection
antibody solution and capture antibody solution. Absorbance at
450nm was recoded to quantify the m6A RNA methylation levels.
Calculations were conducted based on the standard curve.

2.8. Prediction of KIF26B correlated transcription factors (TFs) and
binding of TFs in the KIF26B promoter

The TFs with potential binding to the KIF26B promoter were
identified using Cistrome Data Browser (http://cistrome.org/db/#/)
[18]. Their Pearson's correlation coefficients with KIF26B expres-
sion in 60 UPS/MFS and 139 basal-like breast cancer (BLBC) cases in
TCGA were calculated. The promoter sequence of KIF26B was ac-
quired from the KIF26B promoter clone in GeneCopoeia (ID:
HPRM49076) (Fig. S3). Then, the promoter sequence was scanned
using JASPAR (http://jaspar.genereg.net/) to identify the potential
binding site (BS) of serum response factor (SRF). The relative profile
score threshold was set to 80%.

2.9. Dual-luciferase assay

The full length wild-type (�1223/þ193) or mutant KIF26B pro-
moter were cloned into pGL3 basic vector (termed as pGL3-KIF26B-
promoter-WT and pGL3-KIF26B-promoter-MT). MDA-MB-157 and
NMFH-1 cells with or without lentiviral-mediated SRF inhibition
were seeded in 24-well plates at a density of 2 � 105 cells per well.
24 h later, the cells were transfectedwith either 1 mg of empty pGL3
basic vector or recombinant constructs using Lipofectamine 2000
(Invitrogen). 0.05 mg of pRL-CMV vector was co-transfected to
normalize the transfection efficiency. 48 h later, cells were lysed,
and the activities of firefly luciferase and renilla luciferase were
quantified using a dual-specific luciferase assay kit according to the
manufacturer's instruction (#E1910, Promega).

2.10. Chromatin immunoprecipitation (ChIP)-qPCR

ChIP was conducted using ExactaChIP Chromatin Immunopre-
cipitation Kits (R&D, Minneapolis, MN, USA), according to the
manufacturer's instructions. The lysates were incubated with anti-
SRF or IgG. Then, the secondary antibody (goat anti-rabbit IgG-
biotin) was added. Immunoprecipitated DNA was collected using
magnetic streptavidin beads, purified using a PCR purification kit,
and then was used for qRT-PCR. The primers used for ChIP-qPCR
were provided in Table S2.

2.11. Gene-specific m6A RIP-qPCR

The Magna methylated RIP (Me-RIP) kit (Millipore, cat.
#CR203146) was used to examine m6A modification of SRF mRNA
according to the manufacturer's instruction and modifications of
one previous study [19]. In brief, 100 mg of total RNA sheared to
approximately 100 nt in length via metal-ion induced fragmenta-
tion and purified. Then, the fragmented RNA was incubated with
anti-m6A antibody or mouse IgG (CS200621, Millipore)-conjugated
Protein A/G magnetic beads in 500 ml 1x IP buffer supplemented
with RNase inhibitors at 4 �C overnight. Methylated RNA was
immunoprecipitated with beads, eluted by competition with free
m6A, and recovered with RNeasy kit (Qiagen). The RNA enrichment
was analyzed by qRT-PCR.
736
2.12. Cell proliferation and colony formation assay

24 h after lentiviral infection, cells were plated into 96-well
culture plates (3000 cells/well) and further cultured for 24, 48,
72, and 96 h. Cell proliferation was measured using Cell Counting
Kit-8 (CCK-8, Beyotime, Wuhan, China) according to the manufac-
turer's protocol. For colony formation assay, cells were seeded into
six-well plates (500 cells/well) with three biological repeats for
each group. After cultivation for 10 days, cells were fixed with 4%
paraformaldehyde, followed by staining with 1% crystal violet for
30 min. Then the colonies were imaged and counted.

2.13. Animal studies

Animal experiments were approved by the Institutional Animal
Care and Use Committee of Sichuan Provincial People's Hospital,
Chengdu, China. All animal experiments have been conducted
following the Institutional Animal Care and Use Committee. BALB/c
nude mice (5 weeks old) were purchased from the Beijing HFK
Bioscience Co. Ltd. 2£106 cells (50 mL) were mixed with 50 mL
Matrigel (BD Biosciences, San Jose, CA, USA) were injected subcu-
taneously in the rear flank fat pad of the nude mice (N ¼ 6, per
group). Tumor growth was measured twice weekly using calipers,
with the tumor volume (mm3) calculated using the following for-
mula: V ¼ L (length) � W (width)2/2.

2.14. Statistical analysis

Data was reported as mean ± SD based on at least three bio-
logical replicates. Data integration and statistical analysis were
performed using GraphPad Prism 8.1.2 (GraphPad Inc., La Jolla, CA,
USA). One-way ANOVAwith post hoc Tukey'smultiple comparisons
test and Welch's unequal variances t-test were conducted. Kaplan-
Meier (K-M) curves of RFS/PFS/OS were generated for prognostic
comparisons, with log-rank test to detect the difference. p < 0.05
was considered statistically significant.

3. Results

3.1. Ginsenoside Rh2 reduces m6A RNA methylation and KIF26B
expression in some cancer

Multiple cancer cell lines, including MDA-MB-157, MCF-7
(breast cancer cell lines), KYM1, SK-LMS-1, NMFH-1 (sarcoma cell
lines), 8305C, TT (thyroid cancer cell lines), NCIH226, NCIH1299,
and NCIH1650 (lung cancer cell lines) were treated with 10 or 20
nM ginsenoside Rh2 for 24 h. m6A RNA methylation in MDA-MB-
157, KYM-1, NMFH-1, 8305C, TT and NCIH226 cells was decreased
in a ginsenoside Rh2 dose-dependent manner (Fig. 1A). Previous
RNA-seq studies in our lab (not shown) identified KIF26B is a po-
tential target of ginsenoside Rh2. To validate this finding, the cell
lines after treatment in panel Awere subjected to qRT-PCR analysis.
Ginsenoside Rh2 treatment significantly suppressed the KIF26B
transcription in multiple cancer cell lines (Fig. 1B).

RNA-seq data from human cancers in TCGA and normal tissues
in GTEx showed that KIF26B expression varied significantly in
different cancers (Fig. S1A). Among the cell lines in panel A, MDA-
MB-157, KYM1, NMFH-1, 8305C, TT, and NCIH226 cells had rela-
tively high expression of KIF26B protein (Fig. 1C). Ginsenoside Rh2
treatment significant suppressed KIF26B protein expression in
MDA-MB-157, NMFH-1 and TT cells (Fig. 1D).

Potential proteins that physically interact with KIF26B were
predicted using GeneMANIA [20] (Fig. S1B). ZC3H13 and CBLL1, two
critical proteins involved in m6A RNA methylation [17], triggered
our interest. Therefore, we hypothesized that KIF26B might also be

http://cistrome.org/db/#/
http://jaspar.genereg.net/
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a modulator of m6A RNA methylation in cancer. To validate this
hypothesis, MDA-MB-157 and NMFH-1 cells were subjected to
KIF26B inhibition alone or in combination with MT-KIF26B (resis-
tant to KIF26B shRNA#1 by synonymous mutation) overexpression
(Fig. 1EeF). KIF26B knockdown reduced m6A RNA methylation in
these two cell lines (Fig. 1GeH). Enforced mutant KIF26B over-
expression significantly restored total m6A RNA methylation level
(Fig. 1GeH). Besides, MT-KIF26B overexpression also partly
reversed ginsenoside Rh2 induced downregulation of m6A RNA
levels (Fig. 1IeJ).
3.2. KIF26B interacts with ZC3H13 and CBLL1 in the cytoplasmic
fraction of cancer cells

IF staining in sarcoma cells in the HPA showed that KIF26B
mainly locates in the plasma membrane and microtubules
(Fig. S1C). In comparison, both ZC3H13 and CBLL1 distribute in both
nuclear and cytoplasm (Fig. S1C). Primary IF staining showed that
KIF26B was co-localized with CBLL1 and ZC3H13 in the three cell
lines, mainly in the cytoplasm (Fig. 2A). Therefore, Co-IP assay was
performed using the cytoplasmic fraction of the three cell lines.
Results confirmed the interactions of KIF26B with ZC3H13 and
CBLL1 (Fig. 2B, left panel). Negative control panels were provided
Fig. S1D-F. In reciprocal IP, KIF26B could be pulled down by anti-
CBLL1 and anti-ZC3H13 (Fig. 2B, right panel).
Fig. 1. Ginsenoside Rh2 reduces m6A RNA methylation and KIF26B expression in some can
lines. B. KIF26B mRNA expression in multiple cancer cell lines (the same as in panel A) after
cancer cell lines as in panel A (C) and in three selected cancer cell lines (MDA-MB-157, NMFH
(top panel) and protein (bottom panel) expression in MDA-MB-157 (E) and NMFH-1 (F) cell
expression vector resistant to shKIF26B#1 (MT-KIF26B). G-J. mRNA m6A content in KIF26B k
157 (I) and NMFH-1 (J) cells with ginsenoside Rh2 treatment alone (20 nM, 24 h) or in com

737
Truncated ZC3H13 and CBLL1 constructs with an N-terminal
Flag-tag were generated (Fig. 2C and D). When the ZC3H13 con-
structs were co-expressed with HA-tagged KIF26B in NMFH-1 cells,
only the constructs containing the central coiled-coil domain (645-
789aa), but not other regions, could interact with KIF26B (Fig. 2E).
When the CBLL1 constructs were co-expressed with HA-tagged
KIF26B, only the constructs containing the HYB domain (148-
206aa), but not other regions, could interact with KIF26B (Fig. 2F).
3.3. KIF26B enhances nuclear localization of ZC3H13/CBLL1

KIF26B inhibition slightly decreased ZC3H13 and CBLL1 expres-
sion at the mRNA and protein levels (Fig. 3AeD). Interestingly,
KIF26B inhibition reduced the nuclear fraction of ZC3H13 and
CBLL1, but increased their cytoplasmic fraction (Fig. 3CeD, Fig. S2A-
B). Upon KIF26B knockdown, ZC3H13 and CBLL1 showed a signifi-
cant decrease in the nuclear part (Fig. 3G). To rule out potential
shRNA off-target effects, MT-KIF26B (resistant to the shKIF26B#1
sequence) was re-introduced into MDA-MB-157 and NMFH-1 cells
with KIF26B knockdown. MT-KIF26B restored the nuclear distri-
bution of ZC3H13 and CBLL1 (Fig. 3EeF, Fig. S2C-D), indicating that
KIF26B indeed modulates the subcellular localization of ZC3H13
and CBLL1.

The cytoplasmic localization of ZC3H13 reduces the nuclear
localization of other m6A writer complex components [17]. Since
KIF26B modulates ZC3H13 subcellular location, it also might
cers. A. mRNA m6A content in ginsenoside Rh2 treated (10 or 20 nM, 24 h) cancer cell
treatment with ginsenoside Rh2 (20 nM, 24 h). C-D. Basal KIF26B protein expression in
-1, and TT) after treatment with ginsenoside Rh2 (20 nM, 24 h) (D). E-F. KIF26B mRNA

s with lentiviral mediated KIF26B knockdown, or in combination with lentiviral KIF26B
nockdown alone or control MDA-MB-157 (G) and NMFH-1 (H) cells, and in MDA-MB-
bination with WT-KIF26B overexpression.



Fig. 2. KIF26B interacts with ZC3H13 and CBLL1 in the cytoplasmic fraction of multiple cancer cell lines. A. IF staining of KIF26 (red), CBLL1 (green), and ZC3H13 (green) in MDA-MB-
157, NMFH-1 and TT cells. B. Left panel, Co-IP was conducted using the cytoplasmic fraction MDA-MB-157 (top), NMFH-1 (middle), and TT (bottom) cells. Right panel, reciprocal IP
assay was performed to explore the interaction of ZC3H13 and CBLL1 with KIF26B. KIF26B was immunoprecipitated by anti-CBLL1 and anti-C3H13. C and D. The structure of the
wild-type full length (FL) and mutation constructs of Flag-tag labeled ZC3H13 (C) and CBLL1 (D). E and F. Flag-tagged FL or truncated mutation constructs were co-transfected with
HA-KIF26B into NMFH-1 cells. The KIF26B/Flag-tag complexes were immunoprecipitated by anti-HA antibodies. Flag-ZC3H13 (E) and Flag-CBLL1 (F) proteins were detected using
anti-Flag antibodies.
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modulate the subcellular distribution of other m6Awriter complex
components. Fractionation assay showed that KIF26B knockdown
increased the cytoplasmic localization of other m6Awriter complex
components, including METTL3, METTL14, VIRILIZER, and WTAP
(Fig. 3HeI, Fig. S2E-F). Then, co-IP was conducted with anti-WTAP,
using the cytoplasmic fraction of NMFH-1 cells with or without
KIF26B knockdown. Results indicated that the WTAP-METLLL3-
METTL14 complex and WTAP-CBLL1-VIRILIZER interactions were
intact after KIF26B knockdown, suggesting that KIF26B only altered
their subcellular localization, but not complex formation
(Fig. 3JeK).

3.4. SRF activates KIF26B expression via binding to its promoter

The transcription factors (TFs) with high-potential binding to
the KIF26B promoter were identified using ChIP-seq data in Cis-
trome Data Browser (http://dbtoolkit.cistrome.org/?
specie¼hg38&keyword¼KIF26B&factor¼factor&distance¼10k).
62 potential TFs were identified (Table S1). Since MDA-MB-157 is a
triple-negative (TNBC)/basal-B mammary carcinoma cell line and
NMFH-1 is a myxofibrosarcoma (MFS) cell line, the correlations
738
were examined in TCGA-basal-like breast cancer (BLBC) and un-
differentiated pleomorphic sarcoma (UPS)/myxofibrosarcoma
(MFS) subsets (Fig. 4A). TCGA research indicated that UPS and MFS
fall into the same sarcoma subgroup [21]. By setting Pearson's
r � 0.3 as a cutoff value, 15 TFs correlated with KIF26B were iden-
tified in TCGA-UPS/MFS and 28 TFs correlated with KIF26B were
identified in TCGA-BLBC (Table S1). Therewere eight TF genes in the
shared subset (Fig. 4AeB). Among them, serum response factor
(SRF) has been characterized as a factor contributing to the ma-
lignant behaviors of multiple cancers, including breast cancer
[22,23] and sarcoma [24]. A high-score potential binding site of SRF
was found in the promoter region of KIF2B (Fig. S2, Fig. 4C). SRF
inhibition (Fig. 4D and F) significantly reduced KIF26B expression at
both mRNA and protein levels in MDA-MB-157 and NMFH-1 cells
(Fig. 4EeF).

Wild-type (WT) and mutant (MT) KIF26B promoter sequence
(Fig. 4G) were cloned into the pGL3-basic plasmid and transiently
transfected into MDA-MB-157 and NMFH-1 cells. Cells transfected
with pGL3-KIF26B-promoter-WT had a significantly higher lucif-
erase activity than the cells transfected with pGL3-KIF26B-pro-
moter-MT (Fig. 4HeI). Knockdown of endogenous SRF significantly

http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k
http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k
http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k
http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k
http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k
http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k
http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k
http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k
http://dbtoolkit.cistrome.org/?specie=hg38&amp;keyword=KIF26B&amp;factor=factor&amp;distance=10k


Fig. 3. KIF26B enhances nuclear localization of ZC3H13/CBLL1. A-B. CBLL1 and ZC3H13 mRNA expression in MDA-MB-157 (A) and NMFH-1 (B) cells with lentiviral mediated KIF26B
knockdown. CeF. KIF26B, ZC3H13, and CBLL1 protein expression in the cytoplasmic (C), and nuclear (N) fractions from MDA-MB-157 (panel C and E) and NMFH-1 (panel D and F)
cells with KIF26B knockdown alone (C-D) or in combination with WT-KIF26B overexpression (E-F). G. Immunofluorescence analysis of CBLL1 (green), ZC3H13 (green), and DAPI
(blue, cell nuclei) in KIF26B knockdown and control MDA-MB-157 and NMFH-1 cells. Scale bar, 20 mm. HeI. METTL3, METTL14, VIRILIZER, and WTAP protein expression in
cytoplasmic (C), and nuclear (N) fractions from MDA-MB-157 (H) and NMFH-1 (I) cells with or without KIF26B knockdown. J-K. Interactions between WTAP and METTL3, METLL14,
VIRILIZER, CBLL1, and ZC3H13 were determined by co-IP using cytoplasmic fractions from MDA-MB-157 (J) and NMFH-1 (K) cells with or without KIF26B knockdown. n.s., not
significant. **, p < 0.01; ***, p < 0.001.
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weakened the luciferase activity of pGL3-KIF26B-promoter-WT, but
not pGL3-KIF26B-promoter-MT (Fig. 4HeI). ChIP-qPCR assay data
showed that the amplicons covering the SRF binding site, but not
the amplicons not covering SRF binding site, were significantly
enriched upon anti-SRF immunoprecipitation (Fig. 4J-L).
3.5. SRF mRNA stability was regulated by m6A RNA methylation

The potential m6Amodification sites in SRFmRNAwere checked
using SRAMA (http://www.cuilab.cn/sramp) [25]. Results identified
739
four high and very high potential m6A modification sites (Fig. 5A).
Gene-specific m6A RIP-qPCR assays showed that m6A abundance
in SRF mRNA was significantly decreased upon KIF26B silencing
(Fig. 5BeC). Besides, KIF26B knockdown significantly decreased the
mRNA and protein levels of SRF (Fig. 5DeF), and reduced the sta-
bility of SRF mRNA in the presence of transcription inhibitor acti-
nomycin D (Fig. 5GeH). These findings revealed a positive feedback
regulatory loop between KIF26B and SRF (Fig. 5I). Since SRF itself is
an m6A-regulated gene, KIF26B might enhance SRF expression via
regulating ZC3H13/CBLL1 nuclear localization and subsequent m6A

http://www.cuilab.cn/sramp


Fig. 4. SRF activates KIF26B expression via binding to its promoter. A-B. The screening processes and criteria to identify potential TFs (N ¼ 62) and their correlation with KIF26B
expression in 60 UPS/MFS cases and 139 BLBC cases in TCGA. C. Predicted binding sites of SRF in the promoter region of KIF26B. D-F. SRF and KIF26B mRNA (D-E) and protein (F)
expression in MDA-MB-157 and NMFH-1 cells with lentiviral mediated SRF knockdown. G. The structure of pGL3-KIF26B-promoter-WT and pGL3-KIF26B-promoter-MT plasmid for
dual-luciferase assay. HeI. The promoter activity of the WT and MT KIF26B promoter sequence was measured using a dual-luciferase reporter assay. MDA-MB-157 (H) and NMFH-1
(I) cells with or without lentiviral mediated SRF inhibition were co-transfected with pGL3-KIF26B-promoter-WT or pGL3-KIF26B-promoter-MT. J. The positions of primers for ChIP-
qPCR assay. K-L. ChIP-qPCR assays were performed using anti-SRF and control IgG antibodies in MDA-MB-157 (K) and NMFH-1 (L) cells. The relative enrichment was presented as %
input. **, p < 0.01; ***, p < 0.001.
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RNA modification. SRF exerts a positive feedback transcriptional
activating effect on KIF26B expression by promoter binding (Fig. 5I).
Ginsenoside Rh2 can decrease m6A RNA level in cancer at least via
downregulating KIF26B (Fig. 5I).
3.6. SRF-KIF26B axis enhances the growth of cancer cells in vitro
and in vivo

SRF or KIF26B knockdown significantly suppressed MDA-MB-
157 and NMFH-1 cell proliferation and colony formation
(Fig. 6AeB, E-H). KIF26B overexpression significantly abrogated the
suppressive effects of SRF knockdown on cell proliferation and
colony formation (Fig. 6CeD, E-H). Animal studies indicated that
SRF or KIF26B knockdown substantially inhibited MDA-MB-157 and
NMFH-1-derived tumor growth in vivo and resulted in smaller tu-
mors than the control group (Fig. 6I-L).

Survival data in the Kaplan Meier Plotter (http://kmplot.com/
analysis/) [26] showed that in TNBC patients, high KIF26B expres-
sion was associated with significantly shorter recurrence-free sur-
vival (RFS) and overall survival (OS) (Fig. 6M-N), while high SRF
expression was linked to significantly worse OS, but not RFS
(Fig. 6OeP). In patients with UPS/MFS in TCGA, the groups with
high KIF26B or SRF expression had substantially shorter
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progression-free survival (PFS) than the respective low expression
groups (Fig. 6Q and S). No difference was observed in OS (Fig. 6R
and T).
4. Discussion

The tumor-suppressive effects of ginsenoside Rh2 have been
reported in cancers such as breast cancer [5], colon cancer [4], lung
cancer [27] and prostate cancer [28]. It induces epigenetic silencing
of some tumor-associated genes, such as long non-coding RNA
C3orf67-AS1 [6] and CASP1, INSL5, and OR52A1 [5] via promoter
hypermethylation. Therefore, the anti-cancer effects of ginsenoside
Rh2 might be associated with its epigenetic modulations. The
current study showed that ginsenoside Rh2 reduces m6A RNA
content in some cancer cells via downregulating KIF26B expression.
To the best of our knowledge, this is the first study showing the
regulatory effect of ginsenoside Rh2 on m6A RNA methylation.

The current study found that KIF26B interacted with both
ZC3H13 and CBLL1 in MDA-MB-157, NMFH-1 and TT cells. ZC3H13
is required for the nuclear localization of WTAP, VIRILIZER, and
CBLL1, as well as METTL3 and METTL14 [17]. ZC3H13 knockdown
remarkably reduces the nuclear speckle localization of these pro-
teins but significantly increased their cytoplasmic localization [17].

http://kmplot.com/analysis/
http://kmplot.com/analysis/


Fig. 5. KIF26B modulates SRF m6A methylation in cancer cells. A. Potential m6A modification sites in the sequence of SRF mRNA (NM_003131.3). BeC. Gene-specific m6A RIP-qPCR
assay showing the reduction of m6A modification in specific regions of SRF mRNA by shKIF26B in MDA-MB-157 (B) and NMFH-1 (C) cells. D-F. SRF mRNA (D-E) and protein (F)
expression in MDA-MB-157 and NMFH-1 cells with lentiviral mediated KIF26B knockdown. G-H. SRF mRNA expression in MDA-MB-157 (G) and NMFH-1 (H) cells at the indicated
time points after actinomycin D treatment. I. A potential positive feedback loop between KIF26B and SRF in cancer cells and the regulatory effect of ginsenoside Rh2 on m6A RNA
methylation via KIF26B. *, Scramble vs. shKIF26B#1; #, Scramble vs. shKIF26B#2; ## and **, p < 0.01; ### and ***, p < 0.001.
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Knockdown of KIF26B also impaired their nuclear localization, as
well as the nuclear localization of WTAP, VIRILIZER, METTL3, and
METTL14. Since m6A RNA methylation takes place within the nu-
cleus, nuclear entry and speckle localization might be critical for
the normal functional role of them6Awriter complex proteins [29].
These findings suggest that KIF26B might enhance m6A modifica-
tion via promoting nuclear localization of ZC3H13 and CBLL1.

M6Amodification can destabilize mRNAs via YTHDF2-mediated
decay pathway [30]. However, the association between reduced
m6A level and decreased RNA stability was also observed [31,32].
One recent study found that IGF2BP1, IGF2BP2, and IGF2BP3 can act
as m6A readers, bind tom6A-methylated mRNAs and increase their
stability [33]. The current study found that SRF bound to the KIF26B
promoter and activated its transcription. SRF has been character-
ized as an oncogenic TF in multiple types of cancers [34e36].
IGFBP1 bindings to m6A modified 30UTR of SRF mRNA and reduces
miRNA-mediated decay [37]. Therefore, there might be a reciprocal
regulation between KIF26B and SRF in cancer. In bothMDA-MB-157
and NMFH-1 cells, KIF26B knockdown significantly reduced the SRF
m6A mRNA level and impaired its stability. These findings sug-
gested that KIF26B exerts a feedback regulation on SRF expression
via modulating its m6A modified mRNA level.
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Bioinformatic data indicated that five out of the rest seven po-
tential TF genes (CTNNB1, POLR2A, RAD21, CBFB, and TCF12) in
Fig. 4B also have high potential m6A sites (Fig. S4A-G). Therefore,
Besides the regulatory effects on SRF mRNA stability, KIF26B might
also regulate the translation or stability of other TF mRNAs.

Knockdown of SRF or KIF26B significantly impaired the growth
of MDA-MB-157 and NMFH-1 cells both in vitro and in vivo. KIF26B
overexpression partly rescued the phenotypes impaired by SRF
knockdown. Therefore, the SRF-KIF26B axis might be an important
signaling pathway facilitating tumor growth. This study also has
some issues to be solved in the future. Besides regulating the
subcellular localization of ZC3H13 and CBLL1, KIF26B also positively
modulates their expression at both mRNA and protein levels.
However, the underlying mechanisms were not investigated in the
current study. M6A site prediction showed that both ZC3H13 and
CBLL1 mRNAs have multiple very high confident m6A modification
sites (Fig. S4H-I). Whether the m6A level influences their stability
or translation has not yet been reported.

In conclusion, this study revealed a novel regulatory effect of
ginsenoside Rh2 on m6A RNA methylation in cancer via down-
regulating KIF26B expression. KIF26B can enhance ZC3H13/CBLL1
nuclear localization, thereby elevating m6A RNA levels. Besides, the



Fig. 6. SRF-KIF26B axis enhances the growth of cancer cells in vitro and in vivo. A-D. Cell proliferation of MDA-MB-157 (A) and NMFH-1 (B) cells with SRF or KIF26B inhibition alone
(A-B) or combined SRF inhibition and KIF26B overexpression (C-D). E-H. Representative images (E and G) and statistical analysis (F and H) of colony formation of MDA-MB-157 (E-F)
and NMFH-1 (G-H) cells with SRF or KIF26B inhibition alone or combined SRF inhibition and KIF26B overexpression. I-L. Representative images of MDA-MB-157 (I-J) and NMFH-1 (K-
L) cell (with SRF or KIF26B inhibition) derived xenograft tumors (I and K) and the growth curves (J and L). M-T. Kaplan-Meier survival analysis of RFS and OS in TNBC cases from the
Kaplan Meier plotter (M-P) and PFS and OS in UPS/MFS cases in TCGA-SRAC (Q-T). **, p < 0.01; ***, p < 0.001.
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positive feedback regulation between KIF26B and SRF might be an
important signaling pathway facilitating tumor growth.
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