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Abstract
Background: Osteosarcoma is the most common malignant bone tumor of childhood, and improvements
in the survival rates have reached a plateau phase. This study was aimed to explore the the importance
of the human ether-a-go-go-related potassium channel (Herg1) in the proliferation and invasion of
osteosarcoma.

Methods: The effects of Herg1 silenced on osteosarcoma cell proliferation and invasion were detected by
were detected by CCK-8 assay, wound healing assay and transwell assay, respectively. Tandem a�nity
puri�cation, mass spectrometry and Dual luciferase reporter assay were used to �nd out possible
molecules responsible for the action of Herg1 on osteosarcoma cells. Nude mouse model was used to
investigate the in vivo functions of Herg1.

Results: Herg1 silencing by shRNA signi�cantly suppressed the proliferation and invasion of
osteosarcoma cells in vitro as well as tumorigenicity and metastasis in nude mice. Moreover, Herg1
promoted osteosarcoma progression via turning off Hippo signaling pathway, leading to the activation of
Yes-associated protein (YAP). Mechanistically, Herg1 co-localized and interacted with NF2 (also called
Merlin), and this interaction probably caused the de-phosphorylation of MST1/2 and LATS1/2, which
drove YAP nuclear translocation and transcriptional activation.

Conclusion: Herg1 acts as an oncogene in osteosarcoma and may therefore serve as a useful therapeutic
target for osteosarcoma patients.

Introduction
Osteosarcoma, arising from the malignant osteoblasts, is the most common malignant bone tumor in
children and adolescence [1, 2]. Current treatments for osteosarcoma by combining surgery with
neoadjuvant chemotherapy, metastatic or recurrent osteosarcomas survival rates have changed little in
the past 30 years, 5-year survival rates of patients presenting metastatic disease have only reached 20%.
However, there are about 40–50% of patients will develop metastases [3]. Thus, it is extremely vital to
further understand the mechanism of tumorigenesis in osteosarcoma and the need to �nd new
therapeutic targets is urgent.

Accumulating evidence suggests that Hippo signaling (also known as the Salvador/Warts/Hippo
pathway) is involved in cancer development including osteosarcoma [4–8]. The canonical Hippo
signaling cascade involves several essential components: MST1/2 (mammalian sterile 20-like kinases
1/2), SAV1 (salvador family WW domain-containing protein 1), LATS1/2 (large tumor suppressor kinases
1/2) and YAP. As a serine/threonine kinase, MST1/2 forms complex with Sav1 to phosphorylate and
activate LATS1/2, whose activation in turn phosphorylates YAP at Ser127 and enhances its degradation
[9, 10]. On the contrary, inactivation of MST1/2 and LAST1/2 releases YAP phosphorylation and
promotes its nuclear translocation, where dephosphorylated YAP acts as a transcriptional coactivator to
regulate gene expression via interacting with multiple transcription factors. Although the signi�cance of



Page 3/18

the Hippo signaling pathway has been documented in osteosarcoma, the upstream molecules
responsible for its regulation are largely unknown.

NF2, also called Merlin, is associated with neuro�bromatosis type 2 (NF2) [11, 12]. Recent studies also
demonstrated that NF2 mutation or inactivation was observed in multiple cancers [13–16], suggesting its
signi�cance in cancer progression. The functional loss of NF2 could trigger numerous signaling
pathways including MAPK, AKT and Hippo [13]. Particularly, NF2 represents one of the regulatory
molecules involved in the Hippo signaling cascade as a tumor suppressor.

Recently, the functional role of voltage-gated potassium (Kv) channels in cancer biology has been an
investigative highlight area. Several Kv channels, especially Herg1 (Kv11.1, KCNH2) channel, have shown
an intimate relationship to cancer growth, progression and metastasis [17–20]. Although our previous
study preliminarily demonstrated overexpression of Herg1 in osteosarcoma [21], the detailed mechanical
action of Herg1 in osteosarcoma initiation and progression, especially invasion and metastasis, is still
poorly understood.

In this study, we identi�ed that Herg1 co-localized and interacted with NF2, which led to the
phosphorylation of MST1/2 and LAST1/2. For this reason, YAP was activated and exerted its role as a
transcriptional cofactor to regulate gene expression. Attenuation of Herg1 expression could suppress the
cell proliferation and cell invasion of osteosarcoma cells in vitro. Furthermore, reduction of Herg1 bore the
ability to suppress the xenografted tumor growth and to inhibit tumor metastasis in the tail vein injection
mouse model. Overall, all these data build a rationale to develop Herg1 as a diagnosis and target for
osteosarcoma patients in therapies.

Materials And Methods
Cell culture

Human osteosarcoma cell lines U2OS and 143B, and human embryonic kidney 293T cells (HEK293T)
were obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences,
Shanghai. U2OS cells were maintained in RPMI 1640 medium (Gibco, Rockville, MD, USA) supplemented
with 10% fetal bovine serum (Gibco). HEK293T and 143B cells were cultured in DMEM medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco). All cell lines were maintained at 37ºC, in a humidi�ed
atmosphere in 5% CO2.
Quantitative PCR

RNAs isolated from osteosarcoma cells were subjected to reverse transcription by Trizol reagent
(Invitrogen, Rockville, MD, USA). qPCR was carried out using a Bio-Rad CFX96 system (Bio-Rad,
Richmond, CA, USA) with SYBR green (Invitrogen) to determine the mRNA expression level of interest
genes. Each sample contained 0.5 µL cDNA, 7.5 µL DEPC water, 10.0 µL SYBR green, and 2.0 µL gene
primers in a total volume of 20 µL and was run in duplicate according to the following protocol: DNA
denaturation at 94 ℃ for 4 min, followed by 30 ampli�cation cycles consisting of 45 s at 94 ℃, 45 s at
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54 ℃, and 45 s at 72 ℃. Expression levels were normalized to the GAPDH level. The following primers
were applied in qPCR:

Herg1, forward, 5’-GGA CGC GCT CCC GAG AAA − 3’;

Herg1, reverse, 5’- GCT GCG CAG TGG GTG CAT − 3’;

CTGF, forward, 5’-AAT GCT GCG AGG AGT GGG TGT − 3’;

CTGF, reverse, 5’-TGG ACC AGG CAG TTG GCT CTA − 3’.

BIRC5, forward, 5’-AGG ACC ACC GCA TCT CTA CAT − 3’;

BIRC5, reverse, 5’-AAG TCT GGC TCG TTC TCA GTG − 3’.

ANKRD1, forward, 5’-CGT GGA GGA AAC CTG GAT GTT − 3’;

ANKRD1, reverse, 5’-GTG CTG AGC AAC TTA TCT CGG − 3’.

CYR61, forward, 5’-TGC GGC TGC TGT AAG GTC TG -3’;

CYR61, reverse, 5’-TCT GCC CTC TGA CTG AGC TCT G -3’.

18S, forward, 5’-CGA CGA CCC ATT CGA ACG TCT − 3’;

18S, reverse, 5’-CTC TCC GGA ATC GAA CCC TGA − 3’.

Each experiment was performed at least three times with representative data presented.
Herg1 knockdown

The lentivirus-based vector pLKO.1 was used for the expression of shRNA in osteosarcoma cells. ShRNAs
were co-transfected with the packaging plasmids (psPAX2 and pMD2G) in 293T cells using the standard
calcium phosphate transfection method. 48 h post-transfection, supernatants were collected and infected
cells for 24 h in the presence of polybrene (8µg/ml). After infection, puromycin (1.0 µg/ml) was used to
select stably transduced cells. The targeting sequences for human Herg1 were 5'- CTC ACC TTG GAC TCG
CTT TCT-3' (Sh1-Herg1), 5'-CAG ATA GGC AAA CCC TAC AAC-3' (Sh2-Herg1). The non-targeting sequence
5'- TTC TCC GAA CGT GTC ACG T-3' was used as control (shCtr).
Cell proliferation assay

For cell proliferation assay, osteosarcoma cells transfected with shCtr, shHerg1, or shHerg2 in serum-free
medium were seeded on 96-well plates (Sigma, St. Louis, MO, USA) with a density of 3 × 103 cells/100 µl
for 12 h. After incubation for 96 h, the cells were stained with 10 µl CCK8 reagent (Cat: QF0025,
Qiancheng Biotech, Shanghai) at each time point for 1 h at 37°C. The absorbance value was determined
using spectrophotometer (Bio-Rad) at 450 nm wavelength. All experiments were replicated in triplicates.
Wound healing assay
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Osteosarcoma cells stable transfected with shCtr or shHerg1 were seeded into a 6-well plate (Sigma) at a
density of 5×105 cells/well. The wound was generated using a 10 ìL plastic pipette tip with a straight
scratch when cells con�uence reached 80%. Cells were continued to culture for 24 h in the serum-free
medium after three times wash in PBS. Finally, the wound was observed under an inverted microscope.
Transwell assay

Migration and invasion assays were performed using Transwell plates (Corning, NY, USA) with 8 ìm-pore
size membranes without Matrigel (for migration assays) or with 50 µl Matrigel (for invasion assays). 2 ×
105 cells/well of osteosarcoma with or without manipulation of Herg1 expression were added to each
Transwell upper chamber. After 24 h incubation at 37ºC, migrated cells were �xed with 4% formaldehyde
and stained with 0.5% toluidine blue. And then counted from six random �elds. For invasion assay, the
membrane of the upper chambers was precoated with 5 folds diluted matrigel (BD Biosciences, Sparks,
MD) before use. Migrating or invading osteosarcoma cells were counted and photographed under high
view of microscope (200×).
Tandem a�nity puri�cation and mass spectrometry

pLV-tagII-Herg1 or pLV-tagII-GFP control stable transfected 143B cells were seeded in 75 cm2 dishes with
2 × 106 cells per dish (20 dishes per condition). Cell pellets were lysed in TBST Buffer (Sigma). Protein
extract was incubated overnight with Streptactin a�nity beads (GE Healthcare) at 4°C. Then protein
complexes were eluted with Desthiobiotin elution buffer having 30 mM Tris-HCl, 150 mM NaCl, 2 mM
desthiobiotin and incubated with Flag M2 beads for 2 h in TBST Buffer. Proteins were �nally eluted with 3
× Flag peptide and heated at 95°C for 10 min. Western blot analysis was conducted for the eluted
proteins after centrifugation.

200 µl protein eluent was taken, 700 µl pre-cooled acetone was added, the solutions were thoroughly
mixed and stored at -20 ℃ for 4 h. They was centrifuged at 16,000 r/min for 20 min at 4°C and then
washed with pre-cooled acetone for 2 times. Protein was resuspended in 10 µl of double-distilled water,
2.5 µl protein loading buffer was added, boiled for 10 min and gel electrophoresis was performed by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After the gel was stained with
protein silver staining kit, the differential bands were extracted from the gel and digested with trypsin. The
obtained peptides were analyzed and identi�ed by AB Sciex Triple TOF 5600 system (Framingham, MA,
US).

The proteins that interacted with Herg1 identi�ed by mass spectrometry, as well as bovine serum albumin
(BSA) and glutathione-S-transferase (GST) as negative controls were gradient-diluted. The �nal
concentration of each protein was 8, 2, 0.5 and 0 µmol/L, respectively. The samples were then loaded
onto nitrocellulose membrane from left to right and sealed with solution F (25 mmol/L Tris HCl, 150
mmol/L NaCl, 5% skimmed milk powder, 1 mmol/L EDTA) for 2 h at room temperature. MutM-SBP was
added into culture medium with the �nal concentration of 16 µmol/L and incubated for 1h. The
membranes were washed with solution E (25 mmol / L Tris HCl, 150 mmol / L NaCl, 0.05% Tween-20)
and solution E without Tween-20 for 3 times, respectively. After washing, streptavidin-alkaline
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phosphatase diluted 1:3000 were added and incubated for 1 h at room temperature. The washes were
repeated 3 times. Then were stained using nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate
(NBT/BCIP) at 37 ºC and take photos.
Dual luciferase reporter assay

HEK293T cells in the logarithmic growth phase were seeded into a 24-well plate (Sigma) at a density of 2
× 105 cells/mL. And then seeded at 100 µl per well in a 24-well plate and cultured for 24 h. Next, cells
were washed gently 3 times with PBS and co-transfected with pLV-Herg1/control (200 ng/well) and
CTGF- luciferase plasmids (200 ng/well). The cells were lysed at 48 h post-transfection, and the
luciferase activity was measured using the Glomax 20/20 luminometer (Promega).
Immuno�uorescence staining

HEK293T cells seeded on the sterile coverslip in six-well plates were incubated for 48 h. Afterward, cells
were �xed with 4% paraformaldehyde for 20 min, followed by rinsed third with PBS. The �xed cells were
permeabilized with 0.1% Triton X-100-PBS for 10 min at room temperature, washed three with PBS and
blocked with 2% bovine serum albumin (BSA) for 30 min. And then incubated with mouse anti-Flag (Cat:
YM1222, Immunoway Biotech, Plano, TX, USA) and rabbit anti-HA antibodies (Cat: YG0003, Immunoway
Biotech) in blocking solution. After incubation at 37ºC for 1 h and being rinsed four times (5 min each)
with washing buffer, wells were probed with secondary antibody conjugated with Alexa Fluorescence 488,
594, or 633 (Invitrogen) in blocking solution in the dark at 37°C for 1 h. Finally, the cell nuclei were
counterstained with DAPI (1 µg/ml) in washing solution for 10 min, washed four times with washing
buffer. The coverslips were then mounted with glycerol and sealed with nail polish. Images were captured
using a laser confocal microscope (Zeiss).
Western Blotting

5–6×107 cells were collected and the cells were lysed by 4 ℃ precooled lysate for 30 min. The lysates
were centrifuged at 13,200 rpm for 10 min at 4 ℃. The supernatants were collected and determined the
protein concentration by BCA protein assay kit (Qiancheng Biotech, Shanghai). 20 µg protein were
resolved by a 12% SDS-PAGE and blotted on nitrocellulose membranes (Bio-Rad). Membranes were
blocked with 10% (w/v) skim milk powder for 1 h at room temperature, and then incubated with
antibodies against Herg1 (Cat: D160470, Sangon Biotech), YAP (Cat:13584-1-AP, Proteintech Biotech,
Rosemont, IL, USA), p-YAP (Ser123) (Cat: D151452, Sangon Biotech), LATS1 (Cat: 17049-1-AP, Proteintech
Biotech), p-LATS1 (Thr1079/1041) (Cat: YP1222, Immunoway Biotech), anti-Flag (Cat: YM1222,
Immunoway Biotech), anti-HA (Cat: YG0003, Immunoway Biotech) and GAPDH (Cat: 60004-1-AP,
Proteintech Biotech) at 4 ℃ overnight, followed by incubation with horseradish corresponding secondary
antibody (Sangon Biotech). Then the membranes were developed with ECL chemiluminescent detection
kit (Sangon Biotech) and exposed to X-ray �lms. The relative expression level of target protein = gray
value of target protein / gray value of GAPDH. All the experiments were performed at least three times
with similar results and representative data.
Animal studies
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All animal experiments were performed according to guidelines approved by the Animal Care and Use
Committee of Xiamen University.
All animal experiments were performed according to guidelines approved by the Animal Care and Use
Committee of Xiamen University.
Animal studies were performed at the animal center of Xiamen University. All animal experiments were
performed according to guidelines approved by the Animal Care and Use Committee of Xiamen
University. Nude mice were supplied by the Xiamen laboratory animal center. Firstly, We established a
xenograft model of osteosarcoma in nude mice. 1 × 106 cells 143B cells infected with or without
lentivirus particles were subcutaneously injected into the lower back regions of 6-week-old male nude
mice (n = 6 per group). After the inoculation, the tumor length (L) and width (W) were measured weekly.
Tumor volume = 1/2 × L × W2. After 5 weeks, the mice were sacri�ced and the weight of transplanted
tumor was weighed. For the Metastasis cancer model, 2 × 106 luciferase expressing 143B cells with or
without shHerg1 were injected into the tail veins of nude mice for 5 weeks (n = 6 per group). Tumor
growth at day 35 was dynamically monitored using the In Vivo Imaging System (IVIS). And the
�uorescence signal was collected for 1 min.

Statistical analysis
All statistical analyses were with SPSS 19.0. The data values were presented as the mean ± Standard
Error of Mean (SEM). Between two groups, comparisons in mean values were analyzed by independent
Student’s t test. P-value < 0.05 represents differences statistically signi�cant between means.

Results
Knockdown of Herg1 suppressed the proliferation and invasion of osteosarcoma cells

To delineate the role of Herg1 in the osteosarcoma carcinogenesis, we reduced Herg1 expression by two
independent shRNAs whose e�ciencies were con�rmed (Fig. 1a protein level, Left and mRNA level,
Right). We detected the effects of Herg1 knockdown on the proliferation and invasion of osteosarcoma
cells. Attenuation of Herg1 expression led to a dramatic suppression of cell proliferation of 143B cellsin
(Fig. 1b). Furthermore, reduction of Herg1 also decreased the cell migration, which was monitored by
wound healing assay (Fig. 1c) and non-matrigel transwell assay (Fig. 1d), as well as cell invasion
examined by matrigel transwell assay (Fig. 1e). To con�rm the phenotypic contribution of Herg1 to cell
proliferation and invasion of 143B cells is not cell-context dependent, we performed the same assays in
another osteosarcoma cell line, U2OS.

After e�cient reduction of Herg1 in U2OS cells (Fig. 2a), the proliferating rate and migrating/invasive
ability of U2OS cells were investigated. Consistent with previous results, shHerg1 signi�cantly suppressed
cell growth (Fig. 2b) and reduced cell migration/invasion (Fig. 2c-e) in U2OS cells, supporting the notion
that the Herg1 functions as an oncogenic factor in osteosarcoma cells.

Herg1 formed complex with NF2
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To �nd which molecules responsible for the action of Herg1 on osteosarcoma cells, we performed
tandem a�nity puri�cation to pull down Herg1 and its associated complex. With the identi�cation of
Herg1 on this puri�cation by silver staining (Fig. 3a) and western blotting (Fig. 3b), we subjected these
elutes to do Mass Spectrum analysis. Intriguingly, NF2 was characterized as a component of Herg1-
puri�ed complex, suggesting NF2 may interact with Herg1. To further con�rm the physical binding
between NF2 and Herg1, immunoprecipitation assay were performed by using the Flag-Herg1 and HA-
NF2 transfected 293T cells. HA-NF2 could be detected in anti-Flag elutes, indicating NF2 associated with
Herg1 (Fig. 3c). Similarly, HA-NF2 was co-localized with Flag-Herg1 in the cell membrane of 293T cells
monitored by immuno�uorescent staining assay (Fig. 3d). Together, these data indicate that NF2
interacts with Herg1 in the cell membrane.

De�ciency of Herg1 turned on Hippo signaling pathway
Given the fact that NF2 acts as an upstream molecule to turn on the Hippo cascade and NF2 interacts
with Herg1, we sought to investigate whether Herg1 could affect the Hippo signaling pathway. To end
this, we simply tested whether altered Herg1 had the capacity to in�uence CTGF luciferase activity, which
is used to re�ect the transcriptional activity of Hippo pathway effector YAP. Surprisingly, knockdown of
Herg1 had the ability to decrease the CTGF luciferase activity in both 143B cells (Fig. 4a) and U2OS cells
(Fig. 4b), proving that Herg1 could promote the transcriptional activity of YAP. To further con�rm this, we
detected several YAP targeting gene expressions (CTGF, BIRC5, CYR61 and ANRKD1) after the
manipulation of Herg1 in osteosarcoma cells. The results revealed that these YAP targeting genes were
obviously silenced when Herg1 was knocked down (Fig. 4c-d). Consistently, the levels of LAST1/2 and
YAP phosphorylation were evidently elevated in Herg1-de�cient 143B cells (Fig. 4e) and U2OS cells
(Fig. 4f). Collectively, these results imply that Herg1 could enhance the transcriptional activity of YAP by
turning off Hippo signaling, which is probably mediated by interacting with NF2.

De�ciency of Herg1 suppressed tumor growth and tumor metastasis in vivo

The convincing in vitro evidence prompted us to investigate the in vivo functions of Herg1 in a nude
mouse model. We �rst established in vivo mouse models via subcutaneously xenografting 1 × 106 143B
cells with or without Herg1 into nude mice (n = 6 for each group). After the inoculation, the tumor weight
was measured weekly and the mice were sacri�ced 5 weeks later. The results showed that tumor growing
rate was considerably lower in shHerg1 bearing mice (Fig. 5a and b)compared to the control cohorts.
Consistent with our in vitro �ndings, the levels of LAST1/2 and YAP phosphorylation were also elevated
in tumors derived from shHerg1 de�cient mice (Fig. 5c). These data suggest that knockdown of Herg1
could suppress the tumor growth of osteosarcoma. In tail-vein metastasis mouse model, 2 × 106

luciferase expressing 143B cells were injected into mice by tail veins. 5 weeks later, a dramatic decrease
of metastatic luciferase signal was found in the shHerg1 group compared to the control group by the IVIS
(Fig. 5d), proving that knockdown of Herg1 could reduce the metastasis of osteosarcoma. Taken together,
the results from in vivo mouse model studies are consistent with the above in vitro cell lines studies. They
imply that targeting Herg1 could inhibit the growth and metastasis of osteosarcoma via regulation of the
Hippo signaling pathway.
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Discussion
The incidence rate of osteosarcoma is the highest in children and adolescents’ malignant bone tumors
and has a tendency of local invasion and early lung metastasis [1]. The mainstay treatments for
osteosarcoma include surgery, chemotherapy and radiation. However, the 10-year disease-free survival
rate of patients with localized disease is about 60%, and the patients with metastases at diagnosis confer
a poor prognosis [21]. So the treatment of osteosarcoma is far from satisfactory. It is a desired need to
identify novel therapeutic targets and to develop target-based therapeutic strategies.

Recently, growing evidence indicates that Herg1 is aberrantly expressed in different human tumor cells
and negatively expressed in non-cancerous matched tissues. Moreover, Herg1 is involved in the
proliferation, apoptosis, invasion and some other malignant phenotype of tumor [22]. Nevertheless,
studies investigating the role of Herg1 in human osteosarcoma are rare. Indeed, it was recently suggested
that Herg1 is overexpressed in osteosarcoma and its expression might affect the osteosarcoma cell
proliferation and apoptosis [20]. In addition, the regulatory mechanisms of Herg1 expression in
osteosarcoma invasion and metastasis are still unclear.

Hippo signaling has been documented as crucial player in the development of chemo-resistance [7]. For
osteosarcoma patients, the use of methotrexate and doxorubicin in clinical are common. However, drug
resistance will invariably occur and hamper their further implications. Wang et al. demonstrated that
MG63 cells expressing YAP were more resistant to methotrexate or doxorubicin treatment, while
susceptibility to methotrexate or doxorubicin treatment was observed in YAP de�cient MG63 cells [7],
implying YAP is required and su�cient to cause chemo-resistance in osteosarcoma cells. Herein, we �rst
showed that Herg1 knockdown could silence the transcriptional activity of YAP. Therefore, we believe
Herg1 may also be a causal factor for the development of chemo-resistance in osteosarcoma cells. It is
worth testing whether targeting Herg1 could alleviate chemo-resistance and increase the anti-cancer
e�cacy of methotrexate or doxorubicin.

As a tumor suppressor, NF2 interacts and retains YAP in the cell membrane, blocking its nuclear
tra�cking [11]. NF2 loss or mutation could activate the Hippo signaling pathway by releasing YAP from
the cell membrane. Here, our results suggested that Herg1 could interact and co-localize with NF2 in the
cell membrane. It is possible that Herg1 compete with YAP for the interaction of NF2. In osteosarcoma
cells, the overexpressed Herg1 overrides YAP to bind NF2, resulting in the nuclear entry of YAP and
eliciting YAP dependent transcription. Moreover, our study also showed that the phosphorylation levels of
LAST1/2 were increased after knockdown of Herg1, suggesting Herg1 could also regulate YAP activation
independent of NF2 presence.

Our previous study found that knockdown of Herg1 could suppress proliferation and invasion of
osteosarcoma cells by negatively regulating NF-κB targeting genes such as cIAP-1, Bcl2, MMP2 and
MMP9 [20]. Our further data revealed that the loss of Herg1 also suppressed YAP activity. As a
transcription cofactor, we hypothesize that YAP has the capacity to cooperate with NF-κB to regulate its
targeting genes. Therefore, the regulation on NF-κB targeting genes by Herg1 may rely on Hippo/YAP
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signaling pathway. A relevant question to approach in further experiments is to investigate this crosstalk
in Herg1 overexpressed osteosarcoma cells and this will be our next aim.

In this study, knockdowning Herg1 reveals inhibition of cell proliferation and cell invasion/migration of
osteosarcoma cells by turning on the Hippo signaling pathway and shutting down YAP activation.
Mechanistic dissection revealed that Herg1 interacts and co-localizes with NF2 in the cell membrane,
which relieves its inhibitory effect on YAP. Importantly, our �ndings were also validated in mouse model
showing that attenuation of Herg1 suppressed tumor growth and tumor metastasis.

Conclusion
In conclusion, our data provide evidence that Herg1 could positively regulate YAP activation, leading to
osteosarcoma progression in vitro and in vivo and targeting Herg1 might afford a new therapeutic
strategy for osteosarcoma.

Abbreviations
Herg1: Human ether-a-go-go-related potassium channel; HEK293T: Human embryonic kidney 293T cells;
Kv: Voltage-gated potassium; LATS1/2: Large tumor suppressor kinases 1/2; MST1/2: Mammalian sterile
20-like kinases 1/2; NF2: Neuro�bromatosis type 2; SAV1: Salvador family WW domain-containing protein
1; YAP: Yes-associated protein.
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Knockdown of Herg1 suppressed cell growth and cell invasion of 143B cells. a The e�ciency of knocking
down Herg1 in 143B cells was examined by western blotting (Left) and qPCR (Right). GAPDH was served
as loading control for western blotting, mRNA levels of Herg1 was normalized to ribosomal 18s RNA. b
De�ciency of Herg1 suppressed the proliferating rate of 143B cells. c Wound healing assay showed that
shHerg1 reduced cell migration in 143B cells. d Non-matrigel transwell assay con�rmed that the cell
migrating ability of Herg1 de�cient 143B cells was decreased. Representative images were displayed
(Left) and statistical analysis was made (Right). e Results from matrigel transwell assay showed that the
invasive ability of Herg1 de�cient 143B cells was decreased. Representative images were displayed (Left)
and statistical analysis was made (Right). **P < 0.01, ***P < 0.001.

Figure 2
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Attenuation of Herg1 inhibited cell proliferation and cell invasion of U2OS cells. a Knocking down
e�ciency of Herg1 in U2OS cells was examined by western blotting (Left) and qPCR (Right). GAPDH was
served as loading control for western blotting, mRNA levels of Herg1 was normalized to ribosomal 18s
RNA. b Reduction of Herg1 by shRNA inhibited the proliferating rate of U2OS cells. c The migrating ability
of U2OS cells was decreased when Herg1 levels was silenced, which was monitored by wound healing
assay. d Cell migration of U2OS cells were reduced after Herg1 knockdown, which was monitored by non-
matrigel transwell assay. Representative images were displayed (Left) and statistical analysis was made
(Right). e Cell invasion of U2OS cells were inhibited after Herg1 knockdown, which was monitored by
matrigel transwell assay. Representative images were displayed (Left) and statistical analysis was made
(Right). **P < 0.01, ***P < 0.001.

Figure 3

Herg1 co-localized and interacted with NF2. a Tandem a�nity puri�cation was performed to isolate Flag-
Herg1 associated complex. b Western blotting was used to con�rm the successful puri�cation of Flag-
Herg1. c Immunoprecipitation assay revealed that Flag-Herg1 interacted with HA-NF2. Flag-Herg1 and HA-
NF2 were co-expressed in 293T cells, 48 h later, cells were lysed and subjected to immunoprecipitation
assay by using anti-Flag antibody. d Immuno�uorescent staining assay indicated that Herg1 co-localized
with NF2 in the cell membrane. DAPI was used to stain the nuclei.
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Figure 4

Knockdown of Herg1 turned on Hippo signaling pathway. a,b Knockdown of Herg1 decreased the CTGF
luciferase activity in both 143B cells and U2OS cells. c,d Reduction of Herg1 down-regulated YAP
downstream genes in both 143B cells and U2OS cells. Gene expression levels were normalized to
ribosomal 18S RNA. e,f Knockdown of Herg1 elevated the phosphorylation levels of LATS1/2 and YAP in
both 143B cells and U2OS cells. GAPDH was used as loading control. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5

The functions of Herg1 were con�rmed by in vivo mouse model. a shHerg1 mice had smaller tumor size
compared to shNC cohorts. Xenografted tumors derived from shNC and shHerg1 mice (Left) and a
statistical analysis was conducted (Right). b Tumor volume was weekly measured in shNC and shHerg1
mice by using this formula: ab2 × 0.5, where a was the length and b was the width of the tumor. c
Western blotting result indicated that the phosphorylation levels of LATS1/2 and YAP were increased in
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tumor samples derived from shHerg1 mice compared to the control cohorts. d shHerg1 mice had less
metastatic foci in tail vein injection mouse model. ***P < 0.001.


