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Abstract

Background
The overexpression of HER2 is associated with malignant proliferation and invasiveness in breast cancer.
Although HER2-targeting drugs have been clinically applied for cancer treatment, none of them could
reduce overexpressed HER2. In this study, we reported that JAC1 could suppress proliferation of breast
cancer cells via degrading HER2.

Methods
JWA-HER2 association was analyzed by IHC in 90 paired cases of breast cancer and adjacent non-
cancerous tissues. Regulatory effect of JAC1, the agonist of JWA gene, on HER2-positive breast cancer
cells was studied using colony formation assay. The effect of JAC1 on the localization of HER2 was
detected by immuno�uorescence microscopy assay. Western blotting, RT-PCR and immunoprecipitation
assay were utilized to investigate the mechanisms of JWA on regulating HER2. Finally, xenograft mouse
models were established in nude mice using BT474 cells to con�rm the effect of JAC1 in vivo.

Results
JAC1, a small molecule agonist of JWA gene, dose-dependently suppressed proliferation in HER2-positive
breast cancer in vitro and in vivo through degrading HER2. The mechanistic evidences showed that JAC1
increased the ubiquitination of HER2 at the K716 through the E3 ubiquitin ligase SMURF1. Furthermore,
SMURF1 was activated due to reduced expression of NEDD4, an E3 ubiquitin ligase for SMURF1 through
the JWA-p38-GATA-1-NEDD4 axis.

Conclusions
JAC1 suppresses the proliferation in HER2-positive breast cancer through the JWA/p38/GATA-
1/NEDD4/SMURF1/HER2 signaling. JAC1 may serve as a novel therapeutic agent to breast cancer.

Background
Despite important advances in cancer research, BC poses a huge threat on females health, with the
highest morbidity and mortality among female cancers worldwide[1]. Therefore, BC has become a major
problem in public health management and has been well concerned in biomedical research[2, 3]. BC is
classi�ed into four major molecular subtypes, including luminal A, luminal B, HER2-positive and normal
breast-like cancer[4]. Human epidermal growth factor receptor (HER2/ErbB2), a member of the epidermal
growth factor receptor (EGFR) family, is negatively or weakly expressed in normal cells. However, it is
abundantly expressed in some cases of BC and associated with proliferative and invasive capacities of
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cancer cells[5]. In the last two decades, BC patients have been impressively bene�ted from monoclonal
antibodies (e.g. trastuzumab) and tyrosine kinase inhibitors (e.g. Lapatinib) directly against HER2[6–8].
Unfortunately, side effects (e.g. bone marrow suppression, cardiotoxicity and hepatotoxicity) and the
resistance of anti-HER2 therapies signi�cantly restrict the therapeutic e�cacy[9–11]. To avoid the side
effects of completely blocking HER2, novel drugs or therapies that are capable of down-regulating
overexpressed HER2 are expected.

The JWA gene, also known as ARL6IP5, is a multifunctional and cytoskeleton binding protein. The
functions of JWA gene are involved in regulating oxidative stress, DNA repair, cell apoptosis and
differentiation[12, 13]. Highly expressed JWA is a favorable prognostic indicator for gastric and breast
cancer[14]. Patients with lower expression of JWA in tumor tissues usually suffer worse survival than
those with higher expression[15, 16]. JWA negatively regulates HER2 expression and inhibits cell
proliferation and migration in human GC cells through transcription and ubiquitination related
mechanisms[17, 18]. However, the role of JWA in regulating HER2 expression and its underlying
mechanism in BC have not been determined.

In the present study, we investigated the potential role of JAC1, the agonist of JWA gene on HER2 positive
BC cells in vitro and in vivo models. We demonstrated at �rst time that JAC1 downregulated the
overexpressed HER2 in BC cells and suppressed the proliferative potential via activation of JWA gene.
JAC1 triggered a two-stage ubiquitination modi�cation on SMUF1 and HER2 driven by p38. Therefore, our
data may provide a novel therapeutic target for HER2-positive BC.

Materials And Methods

Cell culture
BT474 and SKBR3 human BC cells were obtained from the American Type Culture Collection (ATCC). The
cells were cultured in DMEM supplemented with 20% and 10% fetal bovine serum (FBS), respectively at
37 °C in a humidi�ed atmosphere containing 5% CO2. 100 units/ml penicillin and streptomycin (Cellgro,
Hemdon, VA) were supplemented in the culture medium.

Western blotting
Western blot assays were performed based on the previously reported protocols[19]. The following
antibodies were used: Anti-β-actin; anti-α-tubulin; anti-GAPDH; anti-HA (1;1000, Beyotime, Jiangsu, China);
anti-HER2; anti-HER3; anti-p-p38(Thr180/Thr182); anti-Ub (1:1000, CST, USA); anti-JWA (1:100,
Laboratory-made); anti-GATA-1; anti-NEDD4; anti-CBL; anti-SMURF1; anti-HER1; and anti-HER4 (1:1000,
proteintech, China).

Colony formation assay
BT474 and SKBR3 cells were treated by 1 or 10 µM JAC1 for 10–14 days and not harvested until the
formation of visible colonies. BT474 and SKBR3 cell colonies were washed twice with PBS, �xed with
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methanol and stained with crystal violet. Only the colonies with > 50 cells were counted.

Immuno�uorescence microscopy
BT474 and SKBR3 cells were induced with JAC1 or vehicle (DMSO) for 24 h. Subsequently, the cells were
�xed with methanol for 30 min, washed with PBST and 10% normal goat serum for 1 h aiming to block
non-speci�c signals. The cells were incubated with anti-JWA antibody (1:200) and anti-HER2 (1:250)
overnight at 4 °C. After washing with PBST, the FITC goat anti-mouse IgG and CY3 goat anti-rabbit IgG
(1:100, Beyotime, Jiangsu, China) were used to incubate with cells for 2 h. After washing three times with
PBST, the cells were stained with DAPI (Beyotime, Jiangsu, China) for 20 min. The confocal images of the
cells were captured using Zeiss AIM software on a Zeiss LSM 700 confocal microscope system (Carl
Zeiss Jena, Oberkochen, Germany).

CRISPR/Cas9 system
The CRISPR/Cas9 system was used to disrupt the expression of the JWA gene, as described
elsewhere[20]. In brief, an sgRNA sequence was selected using an Optimized CRISPR Design
(http://crispr.mit.edu/). The sgRNA sequence for JWA was 5’-CCGCGTAGTGAGCAACCTGCTCT-3’. For
sequence analysis of the JWA gene, the following primer set was used: 5’-CACTCAGTCCCTTGTTCTGTC-
3’ (forward) and 5’-GCACCAAGGGCTGAGACTT-3’ (forward).

Quantitative real-time RT-PCR assay
Total RNA was extracted from harvested cells using the Trizol reagent (Gibco, USA) according to the
manufacturer’s instructions. Approximately 500 ng of RNA was reversely transcribed with Hiscript Q RT
SuperMix for qPCR (Vazyme, Jiangsu, China). The primers used in this work are described in Additional
�les 1: Experimental Procedures (Word).

Plasmids and siRNA transfection
The construction of Flag-JWA and Ub plasmids were introduced in our previous study[21]. The HA-HER2
plasmid and corresponding mutants were subcloned into a pcDNA3.1 vector (Generay, Shanghai, China)
using HindIII/Xhol sites. The siRNA sequences (5′-CGAGCUAUUUCCUUAUCUC-3′) were used for the JWA;
the siRNA sequences (5′-GCAGAACAGGCUGAGGAAUTT-3′) were used for the NEDD4; the siRNA
sequences (5′-CCAGGGAGUGGCUUUACUUTT-3′) were used for the SMURF1 and a nonsense control
siRNA were synthesized by Ribobio (Guangzhou, China). The plasmids and siRNA were transfected into
cells with Lipofectamine 3000 according to manufacturer’s instructions (Invitrogen, Grand Island, NY,
USA).

Immunoprecipitation assay
This procedure was conducted using protein A/G Plus-Agarose (Santa Cruz, USA) according to the
manufacturer’s instructions. Brie�y, cells were treated as indicated treatments and were lysed in TNE
buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP40) containing protease inhibitors (Sigma Aldrich, CA, USA).

Ubiquitination assay
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BT474 and SKBR3 cells transiently transfected with Ub for 72 h were incubated with 10 µM JAC1 for
24 h, followed by MG132 (10 µM) induction for another 6 h. The cells were harvested for extracting
proteins. Protein samples were incubated with anti-HER2 antibody (1:200, CST, USA) at 4 °C for 1 h, and
then Protein A/G Plus-Agarose overnight. Pre-cooled IP buffer was used to wash cells for four times. After
centrifugation at 4 °C, 1000 ⋅ g for 5 min, the obtained IP product was examined by western blot.

Tissue microarray (TMA) and immunohistochemical (IHC)
staining
The details of TMA and IHC staining are described in Additional �les 1: Experimental Procedures (Word).

Tumor xenografts
This study was approved by the Ethics Committee of Nanjing Medical University and the Approval
Number was IACUC-1811067. The details of tumor xenografts are described in Additional �les 1:
Experimental Procedures (Word).

Statistical analysis
Statistical analysis was performed using SPSS software (version 23.0, Inc., Chicago, IL) and GraphPad
Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). The differences between two independent
groups were analyzed by Student’s t test (unpaired, two-tailed). For each signi�cantly ectopically
expressed molecule, Kaplan-Meier overall survival and relapse-free survival analyses were performed with
a log-rank test for comparing differences between curves. P < 0.05 was considered statistically signi�cant
(* P < 0.05; ** P < 0.01; *** P < 0.001).

Results
JWA negatively regulates HER2 expression and cell proliferation in BC.

To identify the potential involvement of JWA in HER2-positive BC, �rstly, we interrogated the TCGA
database. Compared with normal breast epithelium, JWA was signi�cantly downregulated in breast
tumors (n = 1218; Fig. 1a). The overall survival (OS) was longer in cases with higher expression of JWA in
tumor tissues than those with lower expression. Meanwhile, the OS was shorter in cases with higher
expression of HER2 than those with lower expression of HER2 (n = 1402; Fig. 1b-c). To con�rm this
�nding, we analyzed survival data from another database (GSE88770 and GES42568, n = 221). The data
consistently showed that low expressed JWA or high expressed HER2 was unfavorable to the prognosis
in BC. In contrast, BC cases with high level of JWA and low level of HER2 had a better outcome (log-rank
test, * P < 0.05; ** P < 0.01; Fig. 1d). We further veri�ed protein expressions of JWA and HER2 in human BC
tissue microarray (TMA). As predicted, signi�cantly downregulated JWA was observed in cancer samples
with HER2 overexpression (Fig. 1e). As shown in Additional �les 2: Figure. S1a-b, 32/44 cases showed
low expression of JWA in HER2-positive ones. In contrast, 27/46 cases displayed high expression of JWA
in HER2-negative ones (n = 90; P < 0.005).
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To determine the potential in�uence of JWA on HER2 expression, we constructed Flag-JWA, si-JWA and
their controls. They were transfected into human BC BT474 cells, respectively. As shown in Fig. 1f, HER2
was down-regulated in cells transfected with Flag-JWA, whereas an up-regulation of HER2 was observed
in cells transfected with si-JWA. Therefore, HER2 expression was negatively regulated by JWA in BC cells.
To determine the regulatory effect of JWA on proliferation of BC cells, we conducted colony formation
assay. An obvious inhibition of proliferation was observed in BT474 cells transfected with Flag-JWA. On
the contrary, an increased proliferation in BT474 cells transfected with si-JWA was determined (P < 0.005;
Fig. 1g). Confocal imaging assay showed that the expression of HER2 was negatively regulated by JWA
in BT474 cells (Fig. 1h).

JAC1 down-regulates expression of HER2 and inhibits cell proliferation in BC.

To �nd the potent agonist of JWA gene in human normal cells, we constructed JWA promoter-containing
reporter gene stably transfected HBE cells. A series of high-throughput screening assays on 40,000
compounds were conducted in national compound library (Shanghai, China). Finally, there are six proper
candidates that could activate the expression of JWA (JAC1 ~ JAC6) (Fig. 2a). As shown in Additional
�les 3: Figure. S2a-b, JAC1 was more effective in inhibiting cell proliferation than the other 5 candidates.
In addition, JAC1 induction displayed better capacities in activating JWA and down-regulating HER2 in
BT474 cells than other 5 candidates (Additional �les 3: Figure. S2c). The chemical structure formula of
JAC1 was shown in Additional �les 4: Figure. S3a. JAC1 up-regulated JWA and down-regulated HER2
expressions at protein levels in both BT474 and SKBR3 cells in a dose-dependent manner (Fig. 2b). The
IC50 values of JAC1 are between 25 µM and 50 µM in BT474 and SKBR3 cells (Additional �les 4: Figure.
S3b-c).

To con�rm if JWA was responsible for JAC1-induced regulation on HER2 in cancer cells, we constructed
JWA knockout (KO) SKBR3 human BC cells by CRISPR/Cas9 technique. DNA sequencing results showed
that the 313th base of JWA was missing A base and randomly inserted CT bases (Additional �les 4:
Figure. S3d). An off-target assay of JAC1 on HER2 expression was carried out in JWA KO SKBR3 cells. As
indicated in Figure. 2c, JAC1 activated JWA, but suppressed HER2 expression signi�cantly in JWA wild-
type (WT) SKBR3 cells. In JWA KO SKBR3 cells, however, JAC1 had no regulatory effects on HER2
expression. Colony formation assay showed that JAC1 dose-dependently inhibited proliferation in both
BT474 and SKBR3 cells (Fig. 2d-e). Confocal imagining showed a dose-dependent reduction of HER2
expression, but increase of JWA expression in both BT474 and SKBR3 cells after treatment with JAC1 for
24 h (Fig. 2f).

JAC1 down-regulates expression of HER2 via the ubiquitin-proteasome pathway.

To determine how JAC1 down-regulates HER2 in BC cells, we �rst examined mRNA level of HER2 by RT-
PCR after JAC1 treatment. The data showed that JAC1 increased JWA level, but had non-effect on HER2
at mRNA level in both BT474 and SKBR3 cells (Additional �les 5: Figure. S4a-b). At protein level, HER2
degradation was obviously accelerated by JAC1 treatment in both BT474 and SKBR3 cells following CHX
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exposure at the indicated time points (Fig. 3a and Additional �les 5: Figure. S4c). We further
demonstrated that ubiquitinated HER2 obviously up-regulated in both BT474 and SKBR3 cells after JAC1
exposure (Fig. 3b-c). Potential candidates of E3 ubiquitination ligase to HER2 were subsequently
searched in the UbiBrowser (ubibrowser.ncpsb.org/)[22]. In this network view, the central node and the
surrounding nodes were the queried substrate ERBB2 (HER2) and the predicted corresponding E3
ubiquitination ligases, respectively. The predicted data have shown that NEDD4, CBL and SMURF1 may
exert vital role in ubiquitination degradation of HER2 (Fig. 3d). As a result, among the three candidates,
SMURF1 expression was up-regulated but NEDD4 was down-regulated dose-dependently by JAC1
treatment in both BT474 and SKBR3 cells (Fig. 3e and Additional �les 5: Figure. S4d). Similar results were
obtained after transfection of either Flag-JWA or si-JWA in SKBR3 cells (Additional �les 5: Figure. S4e).
These data suggested that SMURF1 may be the candidate E3 ubiquitin ligase for HER2. We then
conducted co-immunoprecipitation experiments to elucidate the potential interaction between SMURF1
and HER2. As predicted, there was an interaction between HER2 and SMURF1 in BT474 and SKBR3 cells
(Fig. 3f and Additional �les 5: Figure. S4f). The interactions between HER2 and NEDD4, HER2 and CBL
were also tested. Unfortunately, we obtained negative results (Additional �les 5: Figure. S4g-j). In addition,
the inhibition of SMURF1 expression by si-SMURF1 can reverse the degradation of HER2 by
JAC1(Fig. 3g).

K716 of HER2 is the ubiquitination target by SMURF1.

To identify the potential target amino acids in HER2 by SMURF1 ubiquitination, we searched online
database (http://www.phosphosite.org/). As shown in Fig. 4a, there were 10 candidate ubiquitination
sites (lysine, k) in HER2 protein amino acid sequence. We then constructed HER2 mutants for all or
separated of these 10 amino acids in HER2 sequence and replaced lysine (K) by arginine (R), respectively.
Next, wild-type or mutant-type HER2 plasmids were transfected into SKBR3 cells respectively, followed by
JAC1 and CHX treatment. As a result, only HER2 (K716R) and HER2 (ALL) (all 10 sites mutant) were
resistant to CHX-induced reduction of HER2 (Fig. 4b). To con�rm this �nding, HER2 (K716R), HER2 (WT)
and HER2 (ALL) mutant were transfected into BT474 cells, respectively, followed by treatment with JAC1
and CHX. Similar results were yielded in BT474 cells that JAC1 only accelerated degradation of HER2
(WT), rather than HER2 (K716R) and HER2 (mutant ALL) (Fig. 4c). Then, the ubiquitination of HA-HER2
was attenuated by MG132 treatment in HER2 (K716R) SKBR3 cells compared to those with HER2 (WT)
cells (Fig. 4d). Colony formation numbers were increased in HER2 (WT) and HER2 (K716R) BT474 cells
compared to control cells (P < 0.001). JAC1 (10 µM) treatment obviously suppressed cell proliferation in
both HER2 (WT) and control BT474 cells, but it had no effect on HER2 (K716R) BT474 cells (Fig. 4e-f).
Thus, the effect of JAC1 on BC cell proliferation was dependent on the presence of amino acid K716 in
HER2.

JAC1 modulates SMURF1 through JWA-p38-GATA-1-NEDD4
axis
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Given JAC1 as potent activator of SMURF1, we desired to identify how JAC1 up-regulates SMURF1. As
predicted online, NEDD4 was the most crucial E3 ubiquitin ligase of SMURF1 (Additional �les 6: Figure.
S5a) since it was dose-dependently down-regulated by JAC1 treatment (Fig. 3e and Additional �les 5:
Figure. S4d). The expression patterns of SMURF1 and NEDD4 were quite oppositely after JAC1 exposure.
In addition, co-IP experiments manifested the interaction between SMURF1 and NEDD4 (Fig. 5a-b). The
interaction between SMURF1 and NEDD4L was also tested. Unfortunately, we obtained a negative result
(Additional �les 6: Figure. S5b). Transfected with si-NEDD4, the expression of NEDD4 was decreased and
the expression of SMURF1 was signi�cantly increased in SKBR3 cells. However, the expression of
SMURF1 was decreased but the expression of NEDD4 was not affected after SKBR3 cells were
transfected with si-SMURF1. Knocking down both NEDD4 and SMURF1, the increased SMURF1 was
inhibited. These results indicated that NEDD4 was an upstream regulatory molecule of SMURF1 and was
involved in negative regulation of the expression of SMURF1 (Fig. 5c).

To elucidate how JAC1 down-regulates NEDD4 expression, we determined mRNA level of NEDD4 by RT-
PCR. The data showed that JAC1 dose-dependently down-regulated mRNA expression of NEDD4 (Fig. 5d
and Additional �les 6: Figure. S5c). Further, online prediction (UCSC and ALGGEN-PROMO) indicated that
several transcription factors (GATA-1, ER-alpha, STAT4, STAT1-beta, GR-alpha and TFIID) may contribute
to the JAC1-mediated NEDD4 down-regulation (Additional �les 6: Figure. S5d). Non-regulation between
ER and HER2 has been already identi�ed. RT-PCR results showed that JAC1 down-regulated mRNA
expression of GATA-1, but had no effect on the mRNA levels of STAT4, STAT1-beta, GR-alpha and TFIID
(Fig. 5e). Western Blot results showed that JAC1 treatment induced a dose-dependent increase of JWA
and reduction of GATA-1 level (Fig. 5f). Recent studies have revealed that JWA inhibits cell migration by
activating the MAPK signaling pathway[13, 23], and TNF-α represses GATA-1 through the activation of
p38 MAPK[24]. Here we identi�ed that expression of GATA-1 was negatively regulated by JAC1-mediated
activation of p38 MAPK (Fig. 5g). To con�rm this speculation, p38 inhibitor SB203580 was used to block
p38. Data showed that the expression of p-p38 induced by JAC1 was mostly prevented by SB203580.
Furthermore, the inhibitory effects of JAC1 on the expressions of GATA-1, NEDD4 and HER2 were mostly
reversed by SB203580 treatment; meanwhile, the activation effect of JAC1 on the expression of SMURF1
was reversed by SB203580 treatment in SKBR3 cells (Fig. 5h). To further con�rm the involvement of this
pathway in guiding JAC1-regulated proliferation in BC, colony formation assay was conducted. The data
showed that the suppressive role of JAC1 in proliferation of SKBR3 cells was partly reversed by
SB203580 (Fig. 5i). Taken together, we have revealed that JAC1 inhibited proliferation in BC cells by
suppression of HER2.

JAC1 suppresses tumor growth in BC xenografted mice
To evaluate the translational signi�cance, an in vivo BC xenograft model by implanting BT474 cells and
JAC1 experimental therapy model were conducted in mice. As shown in Fig. 6a, JAC1 dose-dependently
inhibited the growth of xenografted tumor in mice. The similar trend of tumor weight/body weight was
shown in Fig. 6b. The tumor inhibition rate by JAC1 was 31.22% and 46.21% in 50 mg/kg and 100 mg/kg
groups, respectively (Fig. 6c). In addition, compared to the mock group, the solvent showed no signi�cant
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effect on tumor growth (Fig. 6a-c and Additional �les 7: Figure. S6a-b). To con�rm the in vivo activation
of p38 signaling in JAC1-induced tumor growth inhibition, relevant biomarkers were determined in
isolated BC tissues. As shown in Fig. 6d, expression level of HER2 was dose-dependently reduced by
JAC1 treatment. Importantly, the mechanistic biomarkers expressions, including JWA, p-p38, GATA-1,
NEDD4 and SMURF1 were correspondingly changed in tumor tissues. H&E staining revealed that JAC1
treatment did not induce obvious injuries on organs, including lung, liver, spleen, kidney and myocardium
(Additional �les 7: Figure. S6c). The serum biochemical parameters indicated a favorable improvement
after JAC1 treatment, including antioxidant (SOD), liver function (ALT/AST), myocardial enzymes
(CKMB/CK) and lipid metabolisms (TG) (Table 1). Taken together, the in vivo results demonstrated that
JAC1 inhibits breast tumor growth in xenografted mice in a dose-dependent manner, which was
consistent to the �ndings obtained from in vitro models (Fig. 6e). In conclusion, JAC1, the agonist of JWA
gene, leaded to phosphorylation of p38 and subsequently down-regulated the GATA1, the transcription
factor of E3 ubiquitin ligase NEDD4. Silenced NEDD4 resulted in an overexpression of SMURF1, a speci�c
E3 ubiquitin ligase for HER2 (K716). With the degradation of HER2, the tumor growth was inhibited in
HER2-positive BC. In particular, JAC1 has a protective effect on major organs and lipid metabolism in
mice.
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Table 1
The serum biochemical indexes (21 parameters) in control and 100 mg/kg

JAC1 treated mice.
Analysis Groups

Mock 0 mg/kg JAC1 100 mg/kg JAC1

[ALT] 29.33 ± 2.52 30 ± 4.24 23.75 ± 2.22*

[AST] 134.75 ± 18.46 136 ± 16.19 97 ± 19.61*

[TP] 39.03 ± 3.44 42.24 ± 5.07 42.16 ± 5.21

[ALB] 26.23 ± 0.81 27.35 ± 3.48 29.95 ± 1.18**

[TBIL] 0.47 ± 0.15 0.43 ± 0.15 0.58 ± 0.1

[ALP] 212.25 ± 41.05 235.75 ± 68.86 186.8 ± 33.89

[GGT] 4.67 ± 1.15 4.01 ± 0.01 4.22 ± 1.41

[GLU] 8.6 ± 2.27 8.53 ± 3.87 11.05 ± 4.03

[BUN] 8.93 ± 2.4 10.1 ± 1.42 12.2 ± 1.83

[CREA] 19.33 ± 1.15 19.5 ± 1.29 20.75 ± 0.96

[UA] 204.67 ± 52.6 187.33 ± 23.97 169.5 ± 24.12

[Ca] 2.44 ± 0.17 2.4 ± 0.12 2.39 ± 0.11

[P] 2.72 ± 0.65 2.9 ± 0.34 2.5 ± 0.37

[CHOl] 2.58 ± 0.17 2.48 ± 0.19 2.85 ± 0.48

[TG] 1.25 ± 0.37 1.17 ± 0.32 0.63 ± 0.12*

[HDLC] 1.48 ± 0.23 1.65 ± 0.18 1.69 ± 0.24

[LDLC] 0.46 ± 0.04 0.48 ± 0.04 0.44 ± 0.07

[LDH] 1777.25 ± 519.45 2010.25 ± 308.79 1344.83 ± 490.88

[CKMB] 437 ± 127.14 513.25 ± 26.99 296.17 ± 48.52*

[SOD] 51 ± 18.19 70.5 ± 14.62 92.17 ± 15.3**

[CK] 845.5 ± 135 948 ± 163.81 478.2 ± 82.87***

Data were presented as mean ± standard deviation (n = 4)

* P < 0.05; ** P < 0.01; *** P < 0.001

Since HER2 is a member of the EGFR family, we compared the protein amino acid sequences of four
members of the EGFR family (HER1 ~ HER4). It is found that K716 is a homologous amino acid and
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presents in four members (Additional �les 8: Figure. S7a). To con�rm this, we determined expressions of
HER1, HER3 and HER4 in JAC1-treated SKBR3 cells. As predicted, JAC1 dose-dependently suppressed
expressions of all EGFR members (Additional �les 8: Figure. S7b).

Discussion
The BC patients usually have favorable prognosis and the average �ve-year survival is up to 90%.
However, the patients with HER2 overexpression, especially those with cancer metastasis, usually have a
poor prognosis[25–27]. Herein, we identi�ed for the �rst time that JAC1, as a speci�c agonist of JWA
gene, could enhance ubiquitin modi�cation of HER2 at K716 by SMURF1 E3 ligase and accelerate its
degradation, thereby inhibiting proliferation of BC cells. JAC1 increased the expression of SMURF1 by
reducing the expression of NEDD4, thus degrading HER2. In addition, the regulatory effect of JAC1 on
NEDD4 relied on the inhibition of the negative transcriptional regulation of GATA-1 through the p38 MAPK
pathway. JAC1 suppressed the overexpressed HER2 in BC cells to almost a baseline level and thus
maintained the physiological role of HER2 in these cells. Importantly, JAC1 exerted a protective role on
liver, myocardial cells, lipid metabolism and anti-oxidant capacity in BC xenografted mice. It is suggested
that JAC1 has a potential in drug development and may be utilized as a fundamental therapy to HER2-
positive BC.

Our previous studies have reported that JWA gene is not only conserved in evolution but has several
essential functions, including regulations on cell differentiation, DNA repair, cytoskeleton organization,
and metabolisms of sugar and lipid[17, 28, 29]. The biological functions of the JWA gene is achieved
largely by regulating the MAPK signaling pathway, which is essential for maintaining basic life activities
in organisms[30].

HER2 is known as a member of EGFR family, which contains four members, including EGFR (HER1),
HER2 (ErbB2), HER3 and HER4[31]. HER2-positive BC cells are usually contain homo- or heterodimers of
EGFR members, such as HER2/HER2 or HER2/HER3[32, 33]. In the present study, we also identi�ed that
K716 is a homologue amino acid in all four EGFR family members, and JAC1 could also down-regulate
expressions of HER1, HER3 and HER4 in BC cells. The underlying mechanisms and translational
signi�cances, however, need to be determined.

The current HER2-targeted therapies (trastuzumab, pertuzumab and lapatinib) have been approved for
clinical treatment of HER2-positive BC and largely improved prognosis of HER2-positive cases[34].
Unfortunately, the unavoidable side effects induced by the therapies and drug resistance are always
accompanied during the therapeutic period and have become the biggest challenge in clinical
application[35, 36]. Although the antibody-drug conjugates (ADC) drugs have been identi�ed to display
more powerful therapeutic effects than HER2-target antibody alone[37, 38], its side effects are also need
to be concerned. In addition, all above drugs or therapies are unable to degrade overexpressed HER2 or
HER3, which may inevitably contribute to the development of drug resistance and side effects. The urgent
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need for HER2-positive BC is to develop novel drugs or therapies to degrade the overexpressed HER2 in
cancer cells, thereby reversing HER2-induced excessive proliferation and metastasis in BC cells.

In this study, we developed a small molecule compound JAC1 that degraded overexpressed HER2 even in
all EGFR members. This will provide new insights into EGFR-overexpression cancer therapies. EGFR
family mutations or rearrangements lead to drug resistance, which is the current challenge for targeted
drugs. Further studies should to determine if JAC1 is also effective on BC cells with EGFR family
mutations or rearrangements.

Previous reports have demonstrated that NEDD4 is associated with BC progression and predicts a poor
prognosis. Up-regulation of NEDD4 mediates cell migration in lung cancer cells. Down-regulation of
NEDD4 inhibits cell growth and invasion, and induces cell apoptosis in bladder cancer cells[39–41].
These evidences supported the anticancer function of JAC1 as an indirect inhibitor on NEDD4.

Conclusion
In summary, JAC1, an agonist of JWA gene, was identi�ed as an indirect inhibitor of HER2. JAC1
degrades overexpressed HER2 in BC by ubiquitination mechanism through the p38 MAPK signaling
pathway. JAC1 may have important translational signi�cance in cancer therapy.
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Figure 1

JWA negatively regulates HER2 expression and cell proliferation in BC. a The mRNA expressions of JWA
in BC and adjacent noncancerous tissues in unpaired cohorts (TCGA database, 1099 cancer samples,
119 noncancerous samples). b-c Kaplan-Meier curves depicting OS according to the expression patterns
of JWA (b) and HER2 (c) in the BC cohort. P values were calculated with the log-rank test. d Kaplan-Meier
OS analysis for BC from GEO datasets (GSE88770 and GES42568). e Representative images of JWA IHC
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staining in BC lesions with different HER2 scores (original magni�cation, ×2 and ×200). f Transfection of
either Flag-JWA plasmid or si-JWA and their control into BT474 cells for 72 h, the levels of HER2 and JWA
proteins were determined by western blot. g Representative images of the colony formation assay for
BT474 after transfection of Flag-JWA or si-JWA and their control cells. h Immunofluorescence imaging of
JWA (green), HER2 (red), nucleus labeled as DAPI (blue), the co-localization of the three signals (merge)
in BT474 cells transfected with si-JWA (right) or Flag-JWA for 72 h. BC, breast cancer; OS, overall survival.

Figure 2

JAC1 down-regulates HER2 expression and inhibits cell proliferation in BC. a Flow chart of screening
strategy for small molecule compounds JWA gene agonist. b Protein levels of the HER2 and JWA were
determined by Western blot. c JWA/wild type or JWA/KO cells were treated with JAC1 (10 μM) for 24 h.
The HER2 and JWA protein levels were determined by Western blot. d-e Representative images of the



Page 19/24

colony formation assay for BT474 and SKBR3 cells after treatment with different concentrations of JAC1
(0, 1, 10 μM). f BT474 and SKBR3 cells were treated with JAC1 (0, 1, 10 μM) for 24 h,
immunofluorescence imaging showed expressions of JWA (green), HER2 (red), nucleus (blue), the co-
localization of the three signals (merge).

Figure 3

JAC1 down-regulates HER2 expression via ubiquitin-proteasome pathway. a BT474 cells were treated
with the JAC1 (0, 1, 10 μM) for 24 h, followed by CHX (100 μg/ml) for 0, 3, 6, 9 h. HER2 protein levels were
determined by western blot. b-c Ubiquitination of HER2 was induced by JAC1. Ubiquitination of the HER2
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protein was immunoprecipitated and detected a ubiquitin antibody. d The HER2-targetting E3 ubiquitin
ligases were predicted using the public database website (ubibrowser.ncpsb.org/). e The effects of JAC1
on E3 ligase were determined in BT474 cells by Western blot. f BT474 cells were pretreated with MG132
(10 μM) for 6 h, and the endogenous protein-protein interaction between SMURF1 and HER2 were
assessed by IP and followed by Western blot. g Western blotting analysis of HER2 and SMURF1 of BT474
cell treated with JAC1 or si-SMURF1 and corresponding controls.

Figure 4
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K716 of HER2 is the ubiquitination target by SMURF1. a The predicted ten potential ubiquitination targets
in HER2. b SKBR3 cells were transfected with His-HER2 (WT) or 11 mutants (10 separate single amino
acid mutants and all 10 mutated amino acids in HER2), treated with the 10 μM JAC1 for 24 h, followed by
exposure to CHX (100 μg/ml) for 9 h. The HER2 expressions were detected by Western blot. c BT474 cells
were transfected with HA-HER2 (WT), HA-HER2 (K716) or HA-HER2 (ALL) for 72 h, treated with the 10 μM
JAC1 for 24 h, followed by exposure to 100 μg/ml of CHX for 9 h; the protein level of HER2 was
determined by Western blot. d SKBR3 cells were co-transfected with His-Ub, HA-HER2 (WT) or HA-HER2
(K716) for 72 h, followed by pretreatment with MG132 (10 μM) for 6h. Ubiquitinated HA-HER2 was
determined by IP followed immunoblot. e Colony formation assay was completed for WT/K716R HER2
transfected BT474 cells and followed by JAC1 (10 μM) treatment. f The quantitative data of colony
numbers.
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Figure 5

JAC1 modulates SMURF1 through JWA-p38-GATA-1-NEDD4 axis. a-b The endogenous protein-protein
interaction between NEDD4 and SMURF1 were identi�ed by IP and Western blot in both BT474 and
SKBR3 cells. c Western blotting analysis of NEDD4 and SMURF1 of SKBR3 cells transfected with si-
NEDD4 or si-SMURF1. d The mRNA levels of NEDD4 and JWA were detected by real-time PCR in SKBR3.
The values were calculated as ¬2-ddCT, and the relative fold change was compared to the control groups
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after being normalized to GAPDH. e The mRNA levels of GATA-1, STAT4, STAT1-beta, GR-alpha and TFIID
were detected by real-time PCR in SKBR3. The values were calculated as ¬2-ddCT, and the relative fold
change was compared to the control groups after being normalized to GAPDH. f The regulations of JAC1
on GATA-1 was determined in both BT474 and SKBR3 cells. g JAC1-induced activation of p-p38 was
determined by Western blot in both BT474 and SKBR3 cells. h Western blotting analysis of p-p38, GATA-1,
NEDD4, SMURF1 and HER2 of SKBR3 cells treated with JAC1 or SB203580. i The inhibition of JAC1 on
colony formation via the p38 MAK pathway was determined in SKBR3 cells.

Figure 6

JAC1 modulates HER2 ubiquitination and inhibits tumor growth in vivo. a The curve of tumor growth of
BT474 xenografted breast cancer after JAC1 treatment. b-c The ratio of tumor weight/body weight in
each group (b), tumor inhibition rate by JAC1 (c). d The expressions of HER2, cell proliferation and
mechanistic biomarkers in isolated representative tumor tissues of each group; all the biomarkers were
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determined by Western blot. e A schematic overview how JAC1 degrades HER2 in breast cancer cells. * P
< 0.05; ** P < 0.01; *** P < 0.001. N.S., no signi�cant differences.
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