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complex formation to suppress epithelial cancer 
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Abstract 

Background  The Annexin A6 (AnxA6) protein is known to inhibit the epidermal growth factor receptor (EGFR)-extra‑
cellular signal regulated kinase (ERK)1/2 signaling upon EGF stimulation. While the biochemical mechanism of AnxA6 
inactivating phosphorylation of EGFR and ERK1/2 is not completely explored in cancer cells.

Methods  Cells were transiently co-transfected with pFlag-AnxA6, pHA-UBC9 and pHis-SUMO1 plasmids to enrich 
the SUMOylated AnxA6 by immunoprecipitation, and the modification level of AnxA6 by SUMO1 was detected 
by Western blot against SUMO1 antibody. The SUMOylation level of AnxA6 was compared in response to chemical 
SUMOylation inhibitor treatment. AnxA6 SUMOylation sites were further identified by LC–MS/MS and amino acid site 
mutation validation. AnxA6 gene was silenced through AnxA6 targeting shRNA-containing pLKO.1 lentiviral transfec‑
tion in HeLa cells, while AnxA6 gene was over-expressed within the Lenti-Vector carrying AnxA6 or mutant AnxA6K299R 
plasmid in A431 cells using lentiviral infections. Moreover, the mutant plasmid pGFP-EGFRT790M/L858R was constructed 
to test AnxA6 regulation on EGFR mutation-induced signal transduction. Moreover, cell proliferation, migration, 
and gefitinib chemotherapy sensitivity were evaluated in HeLa and A431 cells under AnxA6 konckdown or AnxA6 
overexpression by CCK8, colony form and wound healing assays. And tumorigenicity in vivo was measured in epithe‑
lial cancer cells-xenografted nude mouse model.

Results  AnxA6 was obviously modified by SUMO1 conjugation within Lys (K) residues, and the K299 was one key 
SUMOylation site of AnxA6 in epithelial cancer cells. Compared to the wild type AnxA6, AnxA6 knockdown and its 
SUMO site mutant AnxA6K299R showed less suppression of dephosphorylation of EGFR-ERK1/2 under EGF stimula‑
tion. The SUMOylated AnxA6 was prone to bind EGFR in response to EGF inducement, which facilitated EGFR-PKCα 
complex formation to decrease the EGF-induced phosphorylation of EGFR-ERK1/2 and cyclin D1 expression. Similarly, 
AnxA6 SUMOylation inhibited dephosphorylation of the mutant EGFR, thereby impeding EGFR mutation-involved sig‑
nal transduction. Moreover, AnxA6 knockdown or the K299 mutant AnxA6K299R conferred AnxA6 inability to suppress 
tumor progression, resulting in drug resistance to gefitinib in epithelial cancer cells. And in epithelial cancer cells-
xenografted nude mouse model, both the weight and size of tumors derived from AnxA6 knockdown or AnxA6K299R 
mutation-expressing cells were much greater than that of AnxA6-expressing cells.

Conclusions  Besides EGFR gene mutation, protein SUMOylation modification of EGFR-binding protein AnxA6 
also functions pivotal roles in mediating epithelial cancer cell growth and gefitinib drug effect.
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Background
SUMOylation is one type of post-translational modi-
fications (PTMs) [1] to regulate multiple cellular pro-
cesses and functions. SUMOylation confers a small 
ubiquitin-like modifier (SUMO) protein conjugation to 
a lysine (K) residue of the target protein [2]. The revers-
ible attachment of a SUMO to a protein is controlled by 
an enzymatic reaction pathway that is analogous to the 
ubiquitin modification [3]. SUMOylation is a dynamic 
process which mediates biological activities of the sub-
strate protein including subcellular distribution, protein 
stability and activity, and interaction with other proteins 
[4]. The imbalance of SUMOylation is tightly associated 
with cancer occurrence and progression [3–10].

The epithelial growth factor receptor (EGFR)  is a 
cell surface glycoprotein designated the EGF receptor 
belonging to ErbB family of tyrosine kinase and has been 
shown to have an active role in a variety of tumor devel-
opment [11, 12]. The carboxy terminal tyrosine residues 
of EGFR, tyrosine 1068 and tyrosine 1173, are the major 
sites of autophosphorylation, which occurs as a result 
of EGF binding. Once being activated, EGFR initiates a 
cascade of downstream signaling pathways including 
RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways, 
thereby regulating cell proliferation, survival, and differ-
entiation [13].

This high incidence of EGFR-related cancers and its 
association with poor clinical outcomes pave way for 
development of therapeutic interventions, including 
small-molecule tyrosine kinase inhibitors (TKIs), includ-
ing the first-generation gefitinib, erlotinib and icotinib, 
the second-generation afatinib and dacomitinib and the 
third-generation osimertinib [14, 15]. The first generation 
TKIs are typically used to treat patients with high EGFR 
expression who carry L858R or exon 19 deletion muta-
tions but were resisted by a second mutation  T790M. 
Second generation or third-generation TKIs are effec-
tive against T790M EGFR. However, primary or acquired 
resistance to TKIs seems inevitable and severely hinders 
patients from getting further benefits from treatment 
[16–18]. Interestingly, the presence or absence of some 
scaffold proteins like Akt kinase-interacting protein 1 and 
caveolin, are known to recruit positive or negative regu-
lators of the EGFR to modulate their signal output and 
alter sensitivity toward drugs targeting the EGFR [19, 20]. 
Hence, as the relative amounts of scaffolds can substan-
tially influence the strength of EGFR signaling networks, 
this has potential to alter TKI efficacy.

Annexin A6 (AnxA6) acts as a multifunctional scaf-
fold protein by recruiting several signaling proteins, 
modulating actin dynamics and mediating the endo-
some aggregation or vesicle fusion in secreting epithe-
lia during exocytosis [21]. More interestingly, AnxA6 

exhibits dual functions either as a tumor suppressor or 
oncogene in carcinogenesis [22–31], which is dependent 
on its recruitment of different target proteins to involve 
in cancer cell activities. AnxA6 displays cancer suppres-
sion effects on A431 cells by interacting with protein 
kinase Cα (PKCα) to reduce EGF-induced tyrosine phos-
phorylation of EGFR (pY-EGFR) and cycling D1 expres-
sion [23–26]. Similarly, knockdown of AnxA6 enhances 
phosphorylation of ERK1/2 following EGF stimulation 
and regulates EGFR/Ras signaling pathway in HeLa cells 
[26]. However, AnxA6 acts as a promoting factor in inva-
siveness of breast cancer [29, 30] and acute lymphoblastic 
leukemia [31].

Considering a multi-faced scaffolding role of AnxA6, 
we speculate it exerts biological function not only 
through interacting with specific proteins but also 
by ways of PTMs. As an example of our recent find-
ings, it has been confirmed another adaptor protein 
IQGAP1 is much SUMOylated in colorectal cancer. The 
SUMOylated IQGAP1 enhances colorectal cancer cell 
growth, cell migration and tumorigenesis in  vitro and 
in  vivo through activating the phosphorylation of ERK, 
MEK and AKT [7]. However, which kind of PTMs on 
AnxA6 and how to regulate biological process are rarely 
known in cancer cells.

In this study, we have revealed AnxA6 is modified by 
SUMO1 in epithelial cancer cells including A431 and 
HeLa. SUMOylation of AnxA6 at K299 residue facilitates 
the binding of PKCα to EGFR and subsequently impedes 
the EGFR activity. Compared to the wild-type AnxA6, 
AnxA6 knockdown or the K299 mutant AnxA6K299R up-
regulates the phosphorylation level of EGFR-ERK1/2 
under EGF stimulation, thereby promoting epithelial 
cell proliferation and migration. Meanwhile, AnxA6 
SUMOylation suppresses dephosphorylation of EGFR 
mutations (particularly T790M and L858R double muta-
tion), thereby impeding EGFR  mutation-involved sig-
nal transduction. Moreover, the EGFR tyrosine kinase 
inhibitor gefitinib more effectively inhibits cell viability, 
clonogenic growth, and wound healing of the wild type 
AnxA6 cells compared to AnxA6 knockdown cells or 
the K299 mutant AnxA6K299R cells. Collectively, AnxA6 
SUMOylation plays a critical role in mediating EGFR-
PKCα complex formation to suppress phosphorylation of 
EGFR-ERK1/2 signaling pathway, which much effectively 
enables gefitinib to inhibit proliferation and migration of 
epithelial cancer cells.

Materials and methods
Reagents and antibodies
Cell culture media DMEM and RPMI-1640, fetal bovine 
serum (FBS) were ordered from Gibco. Human recom-
binant EGF (Catalog number:10605-HNAE) was bought 
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from Sino Biological company. ML792 (HY-108702), 
SUMOylation inhibitor 2-D08 (HY-114166), gefitinib 
(HY-50895), puromycin (HY-B1743A) and N-ethylma-
leimide (NEM) (HY-D0843), were ordered from Med-
Chemexpress company. Slurry anti-Flag M2 affinity 
gel (A2220) was ordered from Sigma. The protein-A 
beads (161–4013) were bought from Bio-Rad. The pri-
mary antibodies included individual monoclonal anti-
body of Myc (ab18185, Abcam), EGFR (sc-373746, 
Santa Cruz), AnxA6 (sc-166807, Santa Cruz). And rab-
bit monoclonal antibodies against Flag (BX00086), HA 
(BX00069-C3), His (BX00085-C3), SUMO1(ET1606-53), 
UBC9(ET1610-21), pY-EGFR(1086) (ET1612-30) and 
p-ERK1/2 (ET1610-13), ERK1/2 (ET1601-29), Cyclin 
D1(SA38-08) were all ordered from HuaBio Company 
in China. The antibody of β-tubulin (TA-10, Zsbio) and 
β-actin (TA-09, Zsbio) was used to quantify expression of 
housekeeping gene β-tubulin or β-actin for comparison 
normalization. The IgG antibody (A7016, Beyotime) was 
taken as nonspecific binding control for IP performance.

Cell culture
HEK293T, HeLa and A431 cell lines were cultured with 
DMEM or RPMI-1640 medium including 10% FBS and 
100 unit’s penicillin–streptomycin in a 37  °C incubator 
with 5% CO2 and 95% air.

Plasmids transfection and generation of stable cell lines
The AnxA6 cDNA (gi71773329) was cloned into a eukar-
yotic expression vector pTango-zeo which contains a Flag 
tag, and the recombinant plasmid named pFlag-AnxA6 
was verified by DNA sequencing. The mutant plasmids, 
including pFlag-AnxA6K75R, pFlag-AnxA6K306R, pFlag-
AnxA6K418R, pFlag-AnxA6K579R, pFlag-AnxA6K156R,pFlag-
AnxA6K299R and pFlag-AnxA6K314R were derived from 
pFlag-AnxA6 through site mutagenesis performed by 
Genecopoeia Company, and all mutations were con-
firmed by DNA sequencing. The plasmids pHis-SUMO1, 
pHis-SUMO2, pHis-SUMO3, pMyc-SUMO1, and pHA-
UBC9 were used and stored in our laboratory [7]. And 
the plasmids pMD2.G and pSPAX2 were provided by 
Beijing Tsingke Biotech Co., Ltd.

The mutant plasmid pGFP-EGFRT790M/L858R, with dou-
ble mutations of T790 mutation to M and L858 muta-
tion to R, was derived from pGFP-EGFR [32] through 
site mutagenesis performed by Beijing Tsingke Biotech 
Co., Ltd., which was confirmed by DNA sequencing. To 
construct an expression plasmid with specific shRNAs 
targeting AnxA6 (shRNA-AnxA6), primer pairs contain-
ing shRNA-AnxA6 sequences were mixed, annealed and 
inserted into the pLKO.1 Lenti vector, and the recombi-
nant plasmid was named pLKO.1-shRNA-AnxA6.

Plasmids were transiently transfected into HEK293T, 
HeLa and A431 cells with the transfection reagent of 
Lipofectamine2000 (11,668–019, Life Technologies) to 
observe biological effects. For generation of AnxA6-
overexpressing cells, HEK293T cells are co-transfected 
with pMD2.G, pSPAX2, and pFlag-AnxA6 or pFlag-Anx-
A6K299R plasmids, after transfection of 72 h, 10 mL len-
tivirus-containing medium was collected to infect target 
cells, following stable cells were screened with 2  μg/ml 
puromycin for two weeks. Similarly, plasmids pMD2.G, 
pSPAX2, and pLKO.1-shRNA-AnxA6 were co-trans-
fected into HEK293T cells to generate and screen stable 
AnxA6-knockdown cells with 2 μg/ml puromycin for two 
weeks.

Immunoprecipitation
2 × 107 cells were harvested to extract total proteins to 
enrich the target protein by immunoprecipitation (IP) 
mainly according to our previous approaches [7]. The 
supernatant of lysates with approximately containing 
1–2 mg protein were incubated with 50 μl of slurry anti-
Flag M2 affinity gel overnight at 4 °C. To capture AnxA6 
protein, 2  mg cellular supernatant was incubated with 
the anti-AnxA6 antibody and the protein-A beads over-
night. As a negative control, the normal rabbit IgG was 
performed IP to eliminate the nonspecific protein bind-
ing. After washing 4 times with TBS buffer, the protein 
complexes were eluted with the sample-loading buffer to 
run SDS-PAGE for Western blot detection.

Western blot
Cell lysates or protein samples from IP were separated 
on a 7.5–12.5% SDS-PAGE gel to test the protein expres-
sion abundance by Western blot against specific antibod-
ies. The specific primary antibodies included anti-Flag 
(BX00086, HuaBio), anti-SUMO1 (ET1606-53, Hua-
Bio), anti-AnxA6 (sc-166807, Santa Cruz) and anti-β-
actin (TA-09, Zsbio) antibodies. The PVDF membranes 
were blocked in 5% nonfat milk at room temperature for 
1.5 h and then incubated with specific primary antibod-
ies at 4℃ overnight. The corresponding secondary anti-
body was incubated with the PVDF membrane for 1 h at 
room temperature. The protein bands were visualized by 
enhanced chemiluminescence (Millipore, USA) and ana-
lyzed using ImageJ software.

Cell proliferation
Cell proliferation was analyzed by CCK8 according to our 
previous methods [7, 33]. After cell transfection for 24 h, 
2 × 103 Hela or A431 cells/well were seeded into a 96-well 
plate to incubate for up to 120  h with medium replen-
ished every 48 h. Cells were cultured in DMEM or RPMI-
1640 containing 0.1% (v/v) FBS and 100  ng/ml EGF to 
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measure cell proliferation using CCK8 approach. Moreo-
ver, colony-forming assays were performed as described 
[23], and 1000 cells were grown in 6-well plates with 0.1% 
(v/v) FBS and 100 ng/ml EGF treated for 14 days.

Wound healing assays
The A431 cells were seeded into a 6-wells plate at an 
appropriate concentration. After being transfected with 
pFlag-AnxA6 or pFlag-AnxA6K299R plasmids for 24  h, 
then a scratch was made across the center of each well 
[7, 14]. And Cells were washed with PBS three times to 
remove the detached cells. After cells were allowed to 
grow for 36  h in RPMI-1640 containing 0.1% (v/v) FBS 
and 100 ng/ml EGF, wound margins were photographed 
and cell migration was observed under an inverted 
microscope.

Liquid chromatography with tandem mass spectrometry 
(LC–MS/MS)
HEK293T cells overexpressing AnxA6 and SUMO1T95K, 
were collected to enrich SUMO1-tagging AnxA6 by 
IP [34]. The  sample was eluded for digesting by Lys-C 
enzyme, and peptides were identified by liquid chroma-
tography-tandem mass spectrometry(LC–MS/MS) on an 
easy nano-LC1000 HPLC system (Thermo Scientific, San 
Jose, CA) and a Q-Exactive mass spectrometry (Thermo 
Scientific, San Jose, CA) [35, 36]. Survey scan ranged 
300–1800 m/z at a resolution of 70,000. After full scan, 
top 10 MS fragments were selected for higher-energy 
collisional dissociation. Isolation window was acquired 
at a resolution of 17,500 with an isolation window of 
1.6 m/z. The MS/MS scan was 1 × 106 with a maximum 
injection time of 20  ms, and that for the MS/MS scan 
was 1 × 105 with a maximum injection time of 100  ms.
The data were searched by MaxQuant search engine (ver-
sion 2.2, Matrix Sciences, London, UK). Parameters were 
chosen as follows: the human Swiss-Prot database (ver-
sion 2019.12), up to two missed cleavage sites for Lys-C, 
peptide mass tolerance of 7 ppm, and fragment mass tol-
erance of 0.5 Da for the higher-energy collisional dissoci-
ation (HCD) [36]. Carbamidomethylation of cysteine was 
specified as a fixed modification, whereas oxidation (M), 
acetyl (protein N-term), and KGG (only for indicating 
SUMOylation) were defined as variable modifications. 
The false discovery rates (FDRs) of peptide and protein 
were set to 0.01 FDR. + 2 as default charge state of each 
peptide. And at least one unique peptide of a protein suc-
cessfully detected was considered to be acceptable.

Xenograft tumor model
All mouse experiments on BALB/c mice with 5-week-
old were approved and conducted by the Institutional 
Animal Care and Treatment Committee of Sichuan 

University, China. A suspension containing 5 × 106 HeLa 
or AnxA6-knockdown containing HeLa cells was subcu-
taneously injected into the right flanks of the 5-week-old 
male BALB/c nude mice (n = 5) to construct tumor mod-
els respectively. Similarly, 5 × 106 cells stably expressing 
Flag-AnxA6 or Flag-AnxA6K299R suspended in 100  μl 
PBS were harvested and injected into the right flanks 
of 5-week-old male BALB/c nude mice (n = 5) individu-
ally. About 6 days after HeLa cell injection or 9 days after 
A431 cell injection, tumor volumes were measured every 
3  days using a vernier caliper and calculated as follows: 
V = (length × width × height × 0.5) mm3. At 30  days of 
inoculation, mice were sacrificed, and tumors were iso-
lated, photographed, weighed and collected for further 
examination.

Immunohistochemistry
Immunohistochemistry (IHC) staining and quantitative 
scoring were performed as previously described [37, 38]. 
The primary anti-Ki67 antibody was diluted at 1:800 to 
perform IHC, and all samples were visualized under a 
Leica DM 2000 microscope.

Statistics analysis
The significance of differences was determined using 
the Students test. All quantitative data were expressed 
as means ± S.D. p < 0.05 was regarded as a significant 
difference.

Results
AnxA6 is modified by SUMO1 conjugation
To determine which type of SUMO molecules conju-
gates with AnxA6, three kinds of exogenous His-tagging 
SUMO plasmids (pHis-SUMO1, pHis-SUMO2 and pHis-
SUMO3) were simultaneously co-transfected with pFlag-
AnxA6 and pHA-UBC9 plasmids into HEK293T cells 
to compare the SUMOylated AnxA6 levels. The Flag-
tagging AnxA6 protein was captured from total cellular 
proteins by IP using anti-Flag antibody beads. The most 
obvious SUMO-tagging AnxA6 bands with a molecular 
weight of 95 kDa (the expected normal size of AnxA6 is 
75 kDa) appeared in cell co-transfection of pHis-SUMO1 
and pHA-UBC9 plasmids (Fig.  1A, Lane 2). Similarly, 
we also transiently transfected pFlag-AnxA6 along with 
three kinds of exogenous His-tagging SUMO plasmids 
in HEK293T cells, and following the purification of His-
tagging SUMO conjugates with Ni2+-NTA agarose beads. 
The most obvious SUMO-tagging AnxA6 band was also 
confirmed with anti-Flag antibody in the cells co-trans-
fected with SUMO1, but not in the cells transfected with 
SUMO2 or SUMO3 (Fig.  1B, Lane 2). Taken together, 
our data indicated AnxA6 was obviously modified by 
SUMO1 conjugation.
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Fig. 1  The SUMOylated AnxA6 is detected under condition of protein overexpression. A-B The SUMOylated AnxA6 is mainly modified by SUMO1 
in HEK293T cells. HEK293T cells were transiently co-transfected with pFlag-AnxA6, pHA-UBC9 and pHis-SUMO1(SUMO2/SUMO3) plasmids 
as indicated. Cells were collected at 48 h after transfection, and target proteins were captured by IP on anti-Flag antibody coupled agarose beads 
(A) or Ni2+-NTA agarose beads (B). Then the target protein was detected by immunoblotting with anti-Flag and anti-His antibodies. C-D The 
SUMOylation of AnxA6 was detected in response with UBC9/SUMO1 enhancement or inhibitor treatment (2-D08 or ML792). HEK293T cells were 
co-transiently transfected with pFlag-AnxA6 and pHA-UBC9 or pHis-SUMO1 plasmids as indicated. After transfection for 24 h, cells were treated 
with 150 μM 2-D08 (C) or 10 μM ML792 (D) for another 24 h. The Flag-tagging AnxA6 protein was enriched by IP on anti-Flag antibody coupled 
agarose beads (C) or Ni2+-NTA agarose beads (D), from which the SUMOylated AnxA6 level was analyzed through western blot using Flag or SUMO1 
antibody. S-Flag-AnxA6: SUMOylated Flag-tagging AnxA6, IP: immunoprecipitation, IB: immunoblot, Input: Same account of cell lysate to load. 
2-D08 or ML792: SUMOylation inhibitor
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Next, we further detected AnxA6 SUMOylation 
change level in response with cell treatment by chemi-
cal SUMOylation inhibitors. The exogenous express-
ing AnxA6 protein was obviously SUMOylated by 
being transiently transfected pFlag-AnxA6 plasmids 
in HEK293T cells (Fig.  1C, Lane 2). As expected, the 
abundance of SUMOylated AnxA6 was significantly 
enhanced upon UBC9 stimulation (Fig.  1C, Lane 3). 
While under the treatment of 150  μM inhibitor 2-D08 
for 24 h, SUMOylated AnxA6 was significantly decreased 
in spite of UBC9 existence (Fig. 1C, Lane 4), which was 
due to 2-D08 interference for the binding of UBC9 
with SUMO1[10]. In addition, we also observed AnxA6 
SUMOylation was lost due to another SUMOylation 
inhibitor ML-792 treatment (Fig.  1D, Lane 4). Collec-
tively, these data demonstrated that AnxA6 was modified 
with SUMO conjugation.

K299 is a predominant SUMOylation site of AnxA6
Next, the pFlag-AnxA6 and pHis-SUMO1T95K (T95 muta-
tion to K) plasmids were simultaneously co-transfected 
into HEK293T cells to identify the AnxA6 SUMOyaltion 
site by MS/MS analysis. The obvious His-SUMO1T95K-
tagging AnxA6 band was verified by Western blot against 
anti-His antibody (Fig.  2A). Using the mutant SUMO 
tagging method, K156, K299 and K314, which were 
non-consensus SUMOylation sites, were identified as 
potential predominant SUMOylation sites in AnxA6 
by MS/MS analysis. The MS/MS spectra of the target 
peptides, including DAYERDLEADIIGDTSGHFQK156, 
YEK299SLYSMIK and NDTSGEYK314K of AnxA6, were 
obtained using HCD scan, which contained the SUMO-
modified K156, K299 and K314 residue respectively 
(Fig. 2B). The matching parameters of MS/MS identifica-
tion were summarized in Fig. 2C.

As known, SUMOylation site within a protein typi-
cally occurs at the K residue that is located within the 
consensus sequence ψKxD/E, where “ψ” is a hydropho-
bic residue and “x” means any sort of amino acid residue 
[3]. Totally, four potential consensus SUMOylation sites 
including K75, K306, K418, and K579 of AnxA6 were 
predicted with high-ranking scores based on bioinfor-
matics analysis using one online software GSP-SUMO 
(http://​sumosp.​biocu​ckoo.​org/) (Fig. 2D).

To confirm the SUMOylation site on AnxA6, we con-
structed seven K-residue mutated plasmids, each with a 
single K point mutation, to validate SUMOylation level 
change of AnxA6.Compared with the other K-residue 
mutations including K75, K156, K306, K314, K418 and 
K579, the single site mutation of K299R greatly impaired 
AnxA6 SUMOylation level (Fig. 2E-Lane 7, 2F-Lane 8).

We further monitored SUMOylation level of the 
wild-type AnxA6 and the mutant AnxA6K299R under 

SUMO1 overexpression condition. Compared with the 
wild-type AnxA6 (Fig. 2G, Lane 2), the SUMOylation of 
AnxA6K299R mutant was most obviously reduced under 
co-transfecting with pSUMO1 plasmid in HEK293T cells 
(Fig. 2G, Lane 4). Taken together, these findings indicated 
that K299 was a key SUMOylation site of AnxA6.

AnxA6 SUMOylation inhibits EGFR/ERK pathway 
by stimulating PKCα binding to EGFR
AnxA6 acts as a tumor suppressor through inhibiting 
EGFR/ERK pathway [23, 24, 26], therefore we would 
explore whether SUMOylation of AnxA6 is involved 
in EGFR/ERK signaling regulation. As mentioned as 
Fig.  1B-D, the degree of AnxA6 SUMOylation was 
enhanced with the increase of UBC9 expression, while 
AnxA6 SUMOylation was decreased even lost under 
SUMOylation inhibitor ML-792 treatment. Thus, on the 
condition of loading equal amount of Flag-AnxA6, we 
compared changes of cellular EGFR/ERK signaling upon 
EGF stimulation under increasing UBC9 expression or 
ML792 inhibitor treatment.

Cells were serum-starved for overnight and then stim-
ulated with EGF for 5 min to detect EGFR/ERK signaling 
response. The pY-EGFR and p-ERK1/2 levels were fur-
ther decreased even lost along with the co-transfection 
of pHA-UBC9 and Flag-AnxA6 plasmids (Fig. 3A, Lane 
5), whereas AnxA6 deSUMOylation by the inhibitor 
ML792 treatment abolished its inhibition of EGFR/ERK 
phosphrylation under EGF stimulation (Fig.  3B, Lane 
5). Meanwhile, the exogenous expression of wild-type 
AnxA6 (Fig. 3C-D, Lane 4), but not mutant AnxA6K299R 
(Fig.  3C-D, Lane 6), really inhibited pY-EGFR and 
p-ERK1/2 signaling compared to the endogenorus HeLa 
and A431 cells (Fig. 3C-D, Lane 2).

Our above results have proven the new concept that 
AnxA6 SUMOylation enhances its suppressive effect on 
EGFR/ERK phosphorylation in HeLa and A431 cells, so 
next we want to get insight into underlying the molecular 
mechanisms. Considering AnxA6 is a scaffold for pro-
moting EGFR-PKCα interaction that is closely related 
with inactivation of EGFR/ERK pathway, we speculate 
that AnxA6 SUMOylation affects EGFR-PKCα complex 
formation. To validate the possibility, cell lysates were 
subjected to perform IP with EGFR antibody to enrich 
the EGFR-binding complex. The EGFR-binding PKCα 
was increased under EGF stimulation in AnxA6-overex-
pressing A431 cells (Fig. 3E, Lane 4) compared with that 
of AnxA6K299R-overexpressing A431 cells (Fig.  3E, Lane 
6), which indicated that AnxA6 SUMOylation facilitated 
EGFR-PKCα complex formation. Interestingly, our data 
also showed that EGFR was susceptible to bind wild-
type AnxA6 than mutant AnxA6K299R protein (Fig.  3E, 
Lanes 3–4 versus Lane 5–6), which supports AnxA6 

http://sumosp.biocuckoo.org/
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SUMOylation enhances its binding with EGFR and sub-
sequently promotes the association of PKCα with EGFR.

Indeed, we observed that an increased binding of 
AnxA6 with EGFR in HeLa cells correlated with an 
upregulation of AnxA6 SUMOylation level, whereas the 
binding of PKCα to AnxA6 was not changed under UBC9 
overexpression or ML792 treatment (Fig. 3F, Lane 3–4). 
To further validate this finding, we examined the effect of 
the K299 site mutant Flag-AnxA6K299R on the binding of 
EGFR and PKCα. Indeed, AnxA6 overexpression signifi-
cantly enhanced the amount of EGFR that was enriched 
by IP against Flag-AxA6 antibody,  especially in the 

condition of EGF stimulation (Fig.  3G, Lane 3). In con-
trast, AnxA6K299R overexpression had no obvious effect 
on its interaction with EGFR in A431 cells (Fig. 3G, Lane 
6). Moreover, PKCα enriched by IP with Flag-AnxA6 
antibody was a similar amount as to that bound with the 
Flag-AnxA6K299R (Fig. 3G, Lanes 2–3 versus 4–5), which 
supported the conclusion that SUMOylation of AnxA6 
did not mediate AnxA6-PKCα interaction. Collectively, 
these results indicate that AnxA6 SUMOylation pro-
motes its binding with EGFR to increase EGFR-PKCα 
complex formation, thereby leading to inactivation of the 
EGFR/ERK phosphorylation signaling pathway.

Fig. 2  K299 residue is one main SUMOylation site of AnxA6. A The SUMOylated AnxA6 was enriched and detected by His-SUMO1T95K tag. The 
His-SUMO1T95K-AnxA6 conjugated protein was enriched by IP on anti-Flag antibody coupled agarose beads, then the target protein was detected 
by immunoblotting with anti-Flag and anti-His antibodies. B-C MS/MS spectra of AnxA6 peptide DAYERDLEADIIGDTSGHFQK156, YEK299SLYSMIK, 
NDTSGEYK314K in HCD fragmentation mode. And the K156, K299, K314 were identified as the SUMOylation sites. D Several lysine residues of AnxA6 
were predicted to be potential the consensus SUMOylation sites by a bioinformatics software analysis. E–G Site mutant K299R significantly 
reduced SUMOylation level of AnxA6. HEK293T cells were co-transfected with plasmids pFlag-AnxA6, each of the single mutants, or pHis-SUMO1 
as indicated. After 48 h later, cell lysates were performed IP to capture Flag-tagging AnxA6 (E) or His-tagging SUMO1 (F), which was immunoblotted 
with anti-SUMO1 antibody to show SUMOylation level. G HEK293T cells were transfected with pFlag-AnxA6 or pFlag-AnxA6K299R plasmids 
along with pHis-SUMO1 to measure AnxA6 SUMOylation level. The levels of SUMOylation were determined as described in Methods. S-Flag-AnxA6: 
SUMOylated Flag-tagging AnxA6, IP: immunoprecipitation, IB: immunoblot, Input: same account of cell lysate to load
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AnxA6 SUMOylation suppresses activation 
of EGFR mutation‑induced signal transduction
EGFR mutations (particularly T790M and L858R double 
mutation) are known as a major cause of EGFR signaling 
hyperactivation and EGFR-targeted drug acquired resist-
ance in many cancers, especially in non-small cell lung 
carcinoma (NSCLC) [39, 40]. We first investigated influ-
ence of EGFR mutation on AnxA6-mediated phosphoryl-
ation of EGFR and ERK1/2. We silenced the expression 

of AnxA6 in HeLa cells through the pLKO.1 lentiviral 
system with the specific AnxA6-targeting shRNA, and 
then transiently transfected pGFP-EGFRT790M/L858R 
plasmids into cells to generate a site double-mutated 
EGFRT790M/L858R. When AnxA6 expression was signifi-
cant knockdown, the pY-GFP-EGFRT790M/L858R, pY-EGFR 
and p-ERK1/2 levels were further enhanced upon EGF 
stimulation (Fig.  4A), which indicated that AnxA6 also 
involved in EGFR mutation-induced signal transduction.

Fig. 3  AnxA6 SUMOylation inhibits EGFR/ERK pathway by promoting EGFR-PKCα interaction. A-B The UBC9 expression enhanced AnxA6-mediated 
inhibition of pY-EGFR and p-ERK1/2 levels, whereas the inhibitor ML792 treatment abolished suppression of EGFR/ERK phosphorylation due 
to AnxA6 upon EGF stimulation. HeLa or A431 cells were transfected with pFlag-AnxA6 plasmids for 24 h, followed to enhance or inhibit total 
SUMOylation by pHA-UBC9 plasmid transfection (A) or ML792 inhibitor incubation (B). Cells were serum-starved for overnight and then stimulated 
with 200 ng/ml (A) or 100 ng/ml (B) EGF for 3 min, then cell lysates were harvested to detect protein expression of pY-EGFR, EGFR, pERK1/2, ERK1/2 
and AnxA6. C-D The K299R mutation of AnxA6 impaired its ability to inactivate pY-EGFR and pERK1/2. HeLa (C) or A431 (D) cells were transfected 
with pFlag-AnxA6 or pFlag-AnxA6K299R plasmids for 36 h, starved overnight and followed with/without 100 ng/ml EGF treatment for 3 min. Cell 
lysates were immunoblotted with the indicated antibodies. E The K299R mutation impaired its recruitment ability of AnxA6 to promote EGFR-PKCα 
interaction. A431 cells were transfected with pFlag-AnxA6 or pFlag-AnxA6K299R plasmids for 36 h, starved overnight and followed with 100 ng/
ml EGF treatment for 3 min. One portion of cell lysates was performed IP to capture EGFR-binding complex, detected by western blot analysis 
with Flag, EGFR and PKCα antibodies. Another part of cell lysates was detected cellular protein level of Flag-AnxA6, EGFR and PKCα. F HeLa cells 
were co-transfected with the indicated plasmids for 24 h, followed ML792 treatment for 12 h, and cells were subjected to serum deprivation 
for overnight to stimulate with 100 ng/ml EGF for 3 min. One portion of cell lysates was performed IP to capture Flag-tagging AnxA6 binding 
protein complex, and detected protein expression by western blot analysis with Flag, SUMO1, EGFR and PKCα antibodies. Another part of cell 
lysates was detected cellular level of Flag-AnxA6, UbC9, SUMO1, EGFR and PKCα. G The K299R mutation of AnxA6 impaired its ability to interact 
EGFR but not affect its binding to PKCα. A431 cells were transfected with pFlag-AnxA6 or pFlag-AnxA6K299R plasmids for 36 h, starved overnight 
and followed with 100 ng/ml EGF treatment for 3 min. Cell lysates were immunoprecipitated to capture Flag-tagging AnxA6 and subsequently 
immunoblotted with indicated antibodies. S-Flag-AnxA6: SUMOylated Flag-tagging AnxA6, IP: immunoprecipitation, IB: immunoblot, Input: same 
account of cell lysate to load
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We further revealed whether AnxA6 SUMOylation had 
influence on mutant EGFR signal transduction. As shown 
in Fig.  4B, the wild-type AnxA6 overexpression signifi-
cantly suppressed the pY-GFP-EGFRT790M/L858R, pY-EGFR 
and p-ERK1/2 levels. In contrast, the mutant AnxA6K299R 
overexpression was unable to inhibit the phosphoryla-
tion levels of these proteins in A431 cells with transiently 
transfection of pGFP-EGFRT790M/L858R plasmids (Fig. 4B, 
Lanes 2 versus 4). Moreover, the GFP-EGFRT790M/L858R, as 
same as EGFR, increased its binding to PKCα and AnxA6 
in AnxA6-expressing A431 cells upon EGF stimulation, 
but not in AnxA6K299R-expressing A431 cells (Fig.  4C, 
Lane 2 versus 4).

Meanwhile, we enriched Flag-AnxA6K299R-binding 
protein complex by IP against Flag antibody and ana-
lyzed AnxA6K299R-binding EGFR level by Western blot. 
As expected, the wild-type AnxA6 exhibited an evidently 
increased binding capability with GFP-EGFRT790M/L858R 
than the mutant AnxA6K299R under EGF-treated con-
ditions (Fig.  4D, Lane 2 versus 3). Together, these data 
revealed that AnxA6 SUMOylation inhibited phos-
phorylation of EGFRT790M/L858R, thereby impeding 
EGFR mutation-involved signal transduction.

AnxA6 SUMOylation impedes cell proliferation 
and migration by inactivating pY‑EGFR and p‑ERK1/2
Next, we clarified biological function of AnxA6 in can-
cer cell proliferation and migration. We first estab-
lished AnxA6-knockdown cell model in HeLa by 
stably expressing shRNA targeting AnxA6, named HeLa-
AnxA6(KD). Consistent with published data [23], the 
pY-EGFR and p-ERK1/2 were significantly enhanced in 
HeLa-AnxA6(KD) cells after starvation following EGF 
stimulation (Fig.  5A, Lane 2 versus 4). And the AnxA6 
knockdown also inhibited formation of EGFR-PKCα 
complex upon EGF stimulation (Fig. 5A, Lane 2 versus 4).

Moreover, the CCK8, colony-forming and wound 
healing assays were applied to detect AnxA6 knock-
down-mediated cell proliferation and migration. In 
comparison with HeLa, cell growth and migration 
upon EGF induction were significantly promoted in 

HeLa-AnxA6(KD) cells (Fig.  5B-D).Taken together, 
these results indicated that AnxA6 impedes cell prolif-
eration and migration in response to EGF stimulation 
by inactivating pY-EGFR and p-ERK1/2.

We further tested AnxA6 SUMOylation influences 
on cell proliferation and migration. A431 stable cell 
lines were generated by using lentiviral infections 
with the Lenti-Vector carrying wild-type AnxA6 or 
mutant AnxA6K299R plasmid, and the corresponding 
two stable cell clones were named as A431-AnxA6 and 
A431-AnxA6K299R. Consistent with the above conclu-
sions, the pY-EGFR and p-ERK1/2 in A431-AnxA6K299R 
cells were significantly increased than that of A431-
AnxA6 cells upon EGF stimulation (Fig.  5E, Lanes 2 
versus 3). Moreover, the level of AnxA6 SUMOylation 
and AnxA6-binding EGFR in A431-AnxA6K299R cells 
was much less than that in A431-AnxA6 cells (Fig. 5E, 
Lanes 2 versus 3).

In comparison with A431 cells, cell growth and 
migration upon EGF induction were lagged under the 
ectopic expression of wild-type AnxA6 and mutant 
AnxA6K299R in A431 cells (Fig. 5F-H). It was noted cell 
proliferation and migration of A431-AnxA6K299R were 
relatively improved than A431-AnxA6 cells, which 
indicates SUMOylation of AnxA6 at K299 site is helpful 
to attenuate cell growth and migration.

To further confirm AnxA6 SUMOylation-mediated 
inhibition of the phosphorylation of EGFR/ERK signal-
ing, we measured cell cycle regulator cyclin D1, a down-
stream target of EGFR/ERK signaling pathway (Fig. 5I). 
In A431 cells, upon with EGF stimulation, the cyclin 
D1 level was significantly increased from 0.5  h to 6  h 
(Fig. 5I, the top). By comparison, in the EGF-stimulated 
A431-AnxA6 cells (Fig.  5I, the Middle), the increase 
degree of cyclin D1 was obviously slower within 2 h to 
6 h than that of A431-AnxA6K299R cells (Fig. 5I, the bot-
tom). Thus, the K299R mutation of AnxA6 impaired its 
activity in suppressing EGF-induced cyclin D1 expres-
sion, which further illustrated that  AnxA6 SUMOyla-
tion inhibited phosphorylation of EGFR/ERK signaling 
transduction.

Fig. 4  AnxA6 SUMOylation inhibits activation of EGFR mutation-induced signal transduction. A The the silencing of AnxA6 activate 
pY-GFP-EGFRT790M/L858R and pERK1/2. HeLa stable cells were generated by using lentiviral infections with indicated plasmids, and cells were 
transfected with pGFP-EGFRT790M/L858R plasmids for 24 h, starved overnight and followed with/without 10 ng/ml EGF treatment for 3 min. Cell 
lysates were immunoblotted with the indicated antibodies. B The K299R mutation of AnxA6 impaired its ability to inactivate pY-EGFRT790M/

L858R and pERK1/2. A431 cells were co-transfected with the indicated plasmids for 24 h, starved overnight and followed with/without 10 ng/ml 
EGF treatment for 3 min. Cell lysates were immunoblotted with the indicated antibodies. C The K299R mutation impaired its recruitment ability 
of AnxA6 to promote GFP-EGFRT790M/L858R-PKCα interaction. A431 cells were co-transfected with the indicated plasmids for 24 h, starved overnight 
and followed with/without 10 ng/ml EGF treatment for 3 min. Cell lysates were IP to capture GFP-tagging EGFRT790M/L858R and subsequently 
immunoblotted with indicated antibodies. D The K299R mutation of AnxA6 impaired its ability to interact GFP-EGFRT790M/L858R. A431 cells were 
co-transfected with the indicated plasmids for 24 h, starved overnight and followed with/without 10 ng/ml EGF treatment for 3 min. Cell lysates 
were IP to capture Flag-tagging AnxA6 and subsequently immunoblotted with indicated antibodies. IP: immunoprecipitation, IB: immunoblot, 
Input: same account of cell lysate to load

(See figure on next page.)
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AnxA6 SUMOylation improves gefitinib efficacy 
of suppressing A431 cell proliferation and migration
We next evaluated whether AnxA6 co-operated with 
gefitinib to inhibit cancer cell proliferation and migra-
tion. HeLa and HeLa-AnxA6(KD) cells were incubated 
with 0-40  µM gefitinib for 48  h, then cell viability was 

determined by CCK8 assay. The difference in cell viabil-
ity between HeLa and HeLa-AnxA6(KD) at 20 μM gefi-
tinib incubation was the largest of all the concentrations 
(Fig.  6A). Under 20  μM gefitinib treatment, 77.1 ± 5% 
HeLa-AnxA6(KD) cells kept cell viability, while 52.5 ± 5% 
HeLa cells were alive (Fig.  6A). In addition, 20  µM 

Fig. 4  (See legend on previous page.)
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gefitinib more effectively inhibited cell migration of 
HeLa cells compared to HeLa-AnxA6(KD) cells (Fig. 6C). 
These results indicated AnxA6 co-operated with gefi-
tinib-mediated inhibition of cell growth and migration.

Considering AnxA6 improving anti-growth and anti-
migratory effect of gefitinib, we speculated that AnxA6 
SUMOylation enhanced gefitinib efficacy to reduce 

epithelial cancer cell proliferation and migration. Simi-
larly, A431, A431-AnxA6 and A431-AnxA6K299R cells 
were incubated with 0-30 µM gefitinib for 24 h to allow 
cell proliferation, and cell viability was determined by 
CCK8 assays. The difference in cell viability between 
A431-AnxA6 and A431-AnxA6K299R at 10  μM gefi-
tinib was the largest of all the concentrations (Fig. 6D). 

Fig. 5  AnxA6 SUMOylation impedes cell proliferation and migration in EGFR-overexpressing cells by inactivating EGFR-ERK phosphorylation. 
A The the silencing of AnxA6 weakened the binding of PKCα with EGFR, thereby promoting the EGFR-ERK phosphorylation in HeLa cells. 
AnxA6-knockdown cell model in HeLa were generated by infecting with lentiviral expressing shRNA targeting to AnxA6, and cells were subjected 
to serum deprivation for overnight and followed with 100 ng/ml EGF treatment for 3 min. Cell lysates were IP to capture EGFR and subsequently 
immunoblotted with indicated antibodies. B-D AnxA6 knockdown promoted HeLa cell proliferation and migration.Cell proliferation (B-C) 
and migration (D) were respectively measured on HeLa cells and HeLa-AnxA6(KD) cells. Cells were grown in DEME media containing 0.1% (v/v) FBS 
and 100 ng/ml EGF. Representative colony formation images (left) and quantification of colonies (right) that compared with HeLa. Representative 
wound healing images (left) and the calculated cell migration distances (right). E The K299R mutation of AnxA6 impaired AnxA6 SUMOylation level, 
which weakened the binding of AnxA6 with EGFR and promoted the EGFR-ERK phosphorylation in A431 cells. A431 stable cells were generated 
by using lentiviral infections with indicated plasmids, and cells were subjected to serum deprivation for overnight and followed with 100 ng/ml EGF 
treatment for 3 min. Cell lysates were IP to capture Flag-tagging AnxA6 and subsequently immunoblotted with indicated antibodies. F–H The K299 
mutation of AnxA6 impaired its suppression activity on A431 cell proliferation and migration. Cell proliferation (F-G) and cell migration (H) were 
respectively measured on A431 cells, A431-AnxA6 cells and A431-AnxA6K299R cells. Cells were grown in RPMI-1640 media containing 0.1% (v/v) FBS 
and 100 ng/ml EGF. Representative colony formation images (left) and quantification of colonies (right) that compared with A431. Representative 
wound healing images (left) and the calculated cell migration distances (right). I The K299R mutation of AnxA6 impaired its activity in suppressing 
EGF-induced cyclin D1 expression. Cells (A431, A431-AnxA6, and A431-AnxA6K299R) were starved overnight and then treated with 100 ng/ml EGF 
for 0–6 h as indicated. Ordinate value, relative cyclin D1 expression (fold of t min/0 min) means the ratio of cyclin D1 between t min and 0 min. Data 
were represented as the mean ± SD of three separate experiments. *p < 0.05;**p < 0.01; ***p < 0.001. S-Flag-AnxA6: SUMOylated Flag-tagging AnxA6, 
IP: immunoprecipitation, IB: immunoblot, Input: same account of cell lysate to load
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Under 10 μM gefitinib treatment, 65.1 ± 5% A431-Anx-
A6K299R cells kept cell viability, while 55.1 ± 5% A431-
AnxA6 cells were alive (Fig.  6D). In addition, 2.5 or 
5  μM gefitinib led to less colony formation in A431-
AnxA6 cells compared to A431-AnxA6K299R cells or 
A431 cells (Fig. 6E).

Moreover, the wound healing assays also shown that 
gefitinib more effectively inhibited A431-AnxA6 cell 
migration compared to A431-AnxA6K299R cells (Fig. 6F). 
These results suggested that AnxA6 SUMOylation 

enhanced the efficacy of gefitinib to reduce squamous 
epithelial cancer cell proliferation and migration.

We further investigated EGFR/ERK signaling changes 
between A431-AnxA6 and A431-AnxA6K299R cells with 
0-10  µM gefitinib treatment for 24  h. The pY-EGFR 
and p-ERK1/2 in A431-AnxA6 cells were significantly 
reduced than the A431-AnxA6K299R cells (Fig. 6G), which 
further demonstrated that AnxA6 SUMOylation cooper-
ated with gefitinib to inhibit EGFR/ERK phosphorylation 
signaling.

Fig. 6  AnxA6 SUMOylation promotes gefitinib-mediated inhibition of epithelial cancer cell growth and migration. A-C AnxA6 knockdown 
impaired its ability of enhancing anti-proliferation and anti-migratory properties of gefitinib in HeLa cells. The CCK8 (A) and colony-forming (B) 
assays were used to measure cell proliferation ability of gefitinib-treated HeLa cells. Cells were grown in DMEM media containing 0.1% (v/v) FBS 
and 100 ng/ml EGF. Quantification of colonies was shown at right, which was calculated as the proportion of cell clone number relative to HeLa. C 
Cell motility was determined by wound healing assay in gefitinib-treated HeLa cells. The bar graphs showed cell migration distances, which were 
calculated relative to the initial distance before migration (right). D-F The K299 mutation of AnxA6 impaired its ability of enhancing anti-proliferation 
and anti-migratory properties of gefitinib in A431 cells. The CCK8 (D) and colony-forming (E) assays were used to measure cell proliferation ability 
of gefitinib-treated A431 cells. Cells were grown in RPMI-1640 media containing 0.1% (v/v) FBS and 100 ng/ml EGF. Quantification of colonies 
was shown at right, which was calculated as the proportion of cell clone number relative to A431. F Cell motility was determined by wound 
healing assay in gefitinib-treated A431 cells. The bar graphs showed cell migration distances, which were calculated relative to the initial distance 
before migration (right). G The K299 mutation of AnxA6 impaired its ability of enhancing gefitinib-mediated inhibition of EGFR-ERK signaling. The 
A431, A431-AnxA6, and A431-AnxA6K299R cells were treated with 10 μM gefitinib for 24 h, and followed with 100 ng/ml EGF treatment for 3 min. 
The levels of pY-EGFR, EGFR, pERK1/2, ERK1/2 and AnxA6 were determined by western blotting. Data were represented as the mean ± SD of three 
separate experiments. ns, no statistical; *p < 0.05;**p < 0.01; ***p < 0.001
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AnxA6 SUMOylation inhibits tumor growth of nude mouse 
model
Finally, we evaluated AnxA6 anti-tumor effect in xeno-
graft nude mouse model. 5 × 106 HeLa cells or HeLa-
AnxA6(KD) cells were inoculated into the right flank of 
nude mice. About 6 days after injection, the tumors in 
each group were obviously palpable with 50 mm3, and 
subsequently the tumor size was totally monitored for 
6 times from then on. At 21 days of inoculation, AnxA6 

knockdown in HeLa cells significantly promoted tumo-
rigenesis (Fig. 7A) and tumor growth (Fig. 7B). A larger 
tumor volume with 435.1 ± 185.6mm3 (Fig.  7B) and 
tumor weight with 0.22 ± 0.08  g (Fig.  7C) was respec-
tively observed in HeLa-AnxA6(KD)-injected mouse 
than HeLa-xenografted tumor with 204.0 ± 63.9mm3 
volume and 0.09 ± 0.03 g weight. In addition, compared 
with the HeLa-AnxA6(KD) derived tumors, levels of 

Fig. 7  AnxA6 SUMOylation inhibits tumor growth of the epithelial cancer cells-xenografted nude mouse model. A-D AnxA6 knockdown promotes 
tumor growth in HeLa-xenografted mice. A-C 5 × 106 cells, including HeLa and HeLa-AnxA6(KD), were injected subcutaneously into male BALB/c 
nude mice (n = 5) individually (A). The sizes of tumors were measured at day 6, 9, 12, 15, 18 and 21 after injection (B), and the tumors were weighed 
(C). And the expression of pY-EGFR, EGFR, pERK1/2, ERK1/2 and AnxA6 were analyzed in HeLa and HeLa-AnxA6(KD)-xenografted tumors (D). E–G 
The K299 mutation of AnxA6 impaired its cancer suppression effection on A431-xenograft tumor growth. 5 × 106 cells, including A431, A431-AnxA6, 
and A431-AnxA6K299R, were injected subcutaneously into male BALB/c nude mice (n = 5) individually (E). The sizes of tumors were measured at day 
9, 12, 15, 18, 21, 24, 27 and 30 after injection (F), and the tumors were weighed (G). H Ki-67 expression was detected by immunohistochemical 
staining in A431-xenograft tumors at 30 days after implantation (50 ×) (left), and the rates of staining positivity for Ki-67 were shown at right. I 
The K299R mutation of AnxA6 impaired its ability to inactivate the pY-EGFR and pERK1/2 in A431-xenograft tumors. The expression of pY-EGFR, 
EGFR, pERK1/2, ERK1/2 and AnxA6 were analyzed in A431, A431-AnxA6, and A431-AnxA6.K299R-xenografted tumors.T1-T5: tumor tissues 
from HeLa-xenograft nude mouse.T1-T3: tumor tissues from A431-xenograft nude mouse. *p < 0.05;**p < 0.01
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pY-EGFR and p-ERK1/2 in HeLa- xenografted tumors 
were reduced (Fig. 7D).

Similarly, AnxA6 SUMOyaltion-inhibited epithelial 
cancer development and molecular events were fur-
ther confirmed in A431-xenograft mice. We subcutane-
ously injected A431 cells, which stably expressing either 
AnxA6 or AnxA6K299R, into BABL/c mice to observe 
tumor growth. About 9  days after injection, the tumors 
in each group were obviously palpable with 100mm3, and 
subsequently the tumor size was totally monitored for 8 
times from then on.

At 30  days of inoculation, we observed that both the 
wild type AnxA6 and mutant AnxA6K299R dramatically 
inhibited the subcutaneous growth of A431 cells (Fig. 7E-
G). However, the A431-AnxA6K299R derived tumor, 
with 613.8 ± 113.8mm3 and 0.31 ± 0.065  g, was much 
greater than the A431-AnxA6 inoculated tumor with 
324.9 ± 107mm3 and 0.15 ± 0.06  g (Fig.  7F-G). In addi-
tion, the A431-AnxA6 derived tumors exhibited Ki67 
downregulation that the A431-AnxA6K299R xenografted 
tumors (Fig. 7H).

Moreover, we also validated EGFR/ERK signaling 
changes between AnxA6 and AnxA6K299R-expressing 
tumor tissues from A431-xenograft nude mice. Com-
pared with the A431-AnxA6K299R tumors, levels of pY-
EGFR and p-ERK1/2 in the A431-AnxA6 tumors were 
reduced (Fig.  7I), and the conclusion was consistent 
with the data in  vitro. Together, there data indicated 
SUMOylation-deficient AnxA6 had lost tumor-suppres-
sor activity in vivo.

Discussion
AnxA6 is a member of a conserved superfamily of 
Ca2+-dependent membrane-binding annexin proteins 
to play multiple biochemical functions. The expression 
levels of AnxA6 are closely associated with melanoma, 
cervical cancer, epithelial carcinoma, breast cancer, gas-
tric cancer, prostate cancer, acute lymphoblastic leuke-
mia, chronic myeloid leukemia, large-cell lymphoma, and 
myeloma [41, 42]. And AnxA6 is also a potential candi-
date target for antibody-mediated inhibition of cancer 
[43]. Numerous previous studies have focused on AnxA6 
biological function by manipulating protein levels using 
knockout or knock-in methods. However, the PTMs of 
AnxA6 are rarely reported. In current study, we have 
identified AnxA6 SUMOylation with the K299 residue by 
MS/MS through introducing a T95K point mutation into 
the C-terminus of SUMO1 to facilitate catching SUMOy-
layted peptides [44]. The T95K mutant SUMO tagging 
method does not affect the function of SUMO-1, but 
generates a new cutting site that leaves a Gly-Gly signa-
ture on the SUMOylated peptides after Lys-C digestion 

[44]. This is an efficient MS identification method for 
SUMOylation site.

SUMO is a highly conserved molecule to conjugate to 
the K residue of a substrate protein in the PTM process. 
Numerous studies indicate that SUMOylation attenuates 
or escalates biological activities of the substrate protein 
[7, 45–47], which is dependent on specific conditions 
including disease types, the interacting partners with the 
substrate protein, and the protein complex-regulated sig-
nal pathway. For instance, large tumor suppressor 1, the 
core to mediate Hippo growth-inhibitory signaling path-
way, is found to be modified by SUMO1 at K751 residue 
and attenuates its kinase activity and tumor-suppressor 
functions [46]. Conversely, the adaptor protein Grb2 
is SUMOylated by SUMO1 at K56, which increases the 
formation of Grb2-Sos1 complex and subsequently 
enhances its oncogene functions [47]. In this study, our 
results support that AnxA6 SUMOylation at K299 resi-
due facilitates the binding of PKCα to EGFR and subse-
quently enhances its tumor-suppressor activity in  vitro 
and in vivo (Fig. 8).

The endogenous AnxA6 is absent in EGFR-overex-
pressing A431 cells, while a high level of AnxA6 is detect-
able in HeLa cells with moderate expression of EGFR 
[23, 42]. And A431 cell belong to a model cells derived 
from squamous cell epithelia that retain the basic char-
acteristics of the transformed phenotype [42], therefore 
these cells are a well-recognized model for studying 
action mechanism of AnxA6 regulation on EGFR activ-
ity and the testing of pharmacological drugs targeting 
EGFR [14, 23–26]. Several previous reports uncover the 
scaffolding/targeting function of AnxA6 for the PKCα 
[23, 26], both negative regulators of the EGFR-ERK 
pathway, probably contributes to reduce proliferation/
migration of epithelial cancer cells [14, 23, 24, 26]. And 
the cyclin D1, a downstream target molecule of EGFR-
ERK pathway, is inhibited due to AnxA6 overexpression 
in EGF-induced A431 cells [23, 24]. Consistently, our 
study shows that overexpression of Flag-AnxA6, but not 
the SUMO-deficient mutant Flag-AnxA6K299R or control 
pFlag vector, the most markedly suppresses cell prolif-
eration, migration and reduced cyclin D1 expression in 
the A431 cells with EGF stimulation. Noticeably, the pY-
EGFR and p-ERK1/2 are significantly reduced in AnxA6 
wild type cells compared with AnxA6K299R mutant cells. 
But the mutant AnxA6K299R still have effective inhibi-
tion of pY-EGFR and p-ERK1/2, which suggests that 
other AnxA6 SUMOylation sites might be involved in the 
regulation of this pathway. Moreover, it’s worth noting 
that Ca2+ is necessary for AnxA6 activation [14, 23, 24, 
26]. The cytosolic AnxA6 constitutively binds to PKCα 
in physiological state, while EGF stimulation increases 
intracellular Ca2+, which promotes the AnxA6-induced 
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membrane recruitment of PKCα to EGFR in A431 cells 
[24, 26, 41]. In this study, we discover that the formation 
of EGFR-PKCα complex is finely regulated by SUMO1 
modification at K299 of AnxA6. In particular, our results 
reveal that the SUMO1 modification of AnxA6 facilitates 
AnxA6 binding with EGFR other than PKCα, ultimately 
attributing to the formation of EGFR-PKCα complex in 
response to extra-cellular EGF stimulation.

In addition to gene amplification of EGFR, activat-
ing  mutations from EGFR are also one of the most 
common targetable oncogenic drivers in multiple can-
cers. The exon 19 deletions and L858R  mutations  are 
known as "classical"  mutations, account for 85–90% of 
the total  EGFR mutations, whereas approximately 10% 

of patients have uncommon  EGFR  mutations including 
S768I, T790M, C797S and L861Q codons, and exon 20 
insertions [48–51]. And mutations in the EGFR, espe-
cially the T790M/L858R double mutation, have made 
cancer treatment more difficult [51]. In this study, our 
results show that AnxA6 knockdown or K299 muta-
tion of AnxA6 upregulates the phosphorylation level 
of exogenous expressing EGFRT790M/L858R in HeLa and 
A431 cells, which implicates AnxA6, especially AnxA6 
SUMOylation exerts inhibiting phosphorylation signal-
ing from EGFR and mutant EGFR.

So far, the EGFR inhibition has been established a 
major therapeutic target in cancer therapy, particularly 
for tumors of breast, cervix, ovaries, kidney, esophagus, 

Fig. 8  A working mechanism model of AnxA6 roles in EGFR-expressing epithelial cancer cells. Comparison with the AnxA6 (left) 
in the un-stimulated cells, the SUMOylated AnxA6 with K299 SUMO1 conjugation (right) is prone to bind EGFR in response to EGF, which facilitates 
EGFR-PKCα complex formation to decrease the EGF-induced phosphorylation of EGFR-ERK1/2 and cyclin D1 expression, and finally contributes 
to the stronger inhibition of cell proliferation, migration and tumor growth in the epithelial cancer cells-xenografted nude mouse model, as well 
as improves gefitinib drug sensitivity , , .
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prostate and NSCLC [15–18]. EGFR-TKIs, such as gefi-
tinib, erlotinib, afatinib, dacomitinib and osimertinib, 
have improved the outcomes of EGFR-dependent can-
cers for many patients [52]. However, patients eventu-
ally experience the rapid acquisition of resistance due 
to various mechanisms, such as compensatory activa-
tion of signaling effectors downstream of EGFR and 
other growth factor receptors and secondary mutations 
in EGFR [53]. Thus, identifying an efficient therapeutic 
target to restore gefitinib sensitivity and improve tumor 
control in patients is an urgent need. Several recent 
studies have revealed that AnxA6 regulated the subcel-
lular location of PKCα, with consequences not only for 
the activity, but also the localization and trafficking of 
PKCα interaction partners, including EGFR, which could 
ultimately also affect susceptibility for drugs target-
ing the EGFR-TKI domain [14, 54]. Indeed, our findings 
partly support this conclusion that AnxA6 SUMOylation 
enhances gefitinib efficacy to reduce A431 cell growth 
and migration, which indicates that AnxA6 SUMOyla-
tion may be an underlying novel mechanism for the 
EGFR-TKI resistance in many cancers.

Generally, we have revealed a previously unre-
ported PTM form and molecular mechanism of AnxA6 
SUMOylation in enhancing EGFR-PKCα complex forma-
tion to suppress phosphorylation of EGFR-ERK1/2 sign-
aling pathway, which more effectively enables gefitinib to 
inhibit proliferation and migration of EGFR-overexpress-
ing epithelial cancer cells.

Conclusions
In conclusion, we have revealed the modification of 
AnxA6 by SUMO1 conjugation to escalate its functions 
especially involving in dephosphorylation of EGFR-
ERK1/2 signaling, and AnxA6 SUMOylation at K299 
residue facilitates the binding of PKCα to EGFR and sub-
sequently impedes EGFR activity, thereby inhibiting cell 
proliferation, migration, and the xenograft tumor growth 
of epithelial cancer cells, as well as improving gefitinib 
drug sensitivity. Moreover, AnxA6 SUMOylation can 
also inhibit the activating EGFR mutations signal trans-
duction. Together, our novel findings indicate besides 
EGFR gene mutation, PTM of the EGFR-binding protein 
AnxA6 also functions pivotal roles in  mediating cancer 
cell growth and EGFR inhibitor drug effect.
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