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HERC1 attenuates gemcitabine resistance of lung cancer cells by inhibiting 
autophagy through KAT2A ubiquitination 
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Lung cancer, a leading cause of death, is challenging to treat due to gemcitabine resistance. Dysregulated autophagy 
is associated with chemoresistance. Here, we aimed to study the mechanism of how HERC1 modulates autophagy and 
gemcitabine sensitivity in lung cancer. Paired tumor and adjacent normal tissues were collected from 30 patients with lung 
cancer. The viability, proliferation, apoptosis, migratory, and invasive capacity of gemcitabine-resistant A549 and H1299 cells 
(A549/R and H1299/R) were evaluated using Cell Counting Kit-8 (CCK-8), EdU staining, flow cytometry, wound healing, 
and Transwell assays, respectively. The interactions among HECT and RLD domain-containing E3 ubiquitin protein ligase 
family member 1 (HERC1)-lysine acetyltransferase 2A (KAT2A)-phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit beta (PIK3CB) were verified by co-immunoprecipitation. A mouse xenograft tumor model was established. Ki-67 
expression was determined by immunohistochemistry. Our data showed that HERC1 expression was downregulated in 
gemcitabine-resistant tumor tissues and A549/R cells, correlating with poor prognosis. Overexpressing HERC1 suppressed 
proliferation and migration, enhanced apoptosis in A549/R or H1299/R cells, and simultaneously inhibited autophagy. 
Mechanistically, HERC1 promoted KAT2A ubiquitination and degradation, which enhanced gemcitabine sensitivity by 
inhibiting autophagy. Further investigation revealed that KAT2A depletion inhibited the lysine acetylation modification 
of PIK3CB, leading to inactivation of the PI3K/AKT axis. Additionally, HERC1 suppressed autophagy and gemcitabine 
resistance in A549/R cells by KAT2A-dependent inactivation of the PI3K/AKT axis. Furthermore, HERC1 overexpression 
enhanced the inhibition of gemcitabine on tumor growth by suppressing autophagy in vivo. In conclusion, HERC1 inhibited 
autophagy by inactivating PIK3CB-mediated PI3K/AKT signaling via promoting KAT2A degradation, thereby enhancing 
the gemcitabine sensitivity in lung cancer. 
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Lung cancer is the leading cause of global cancer mortality, 
with 2.4 million cases and 1.8 million deaths annually [1], 
yet the 5-year survival rate remains below 20% despite treat-
ment advances [2]. Gemcitabine, a cornerstone chemo-
therapy drug for lung cancer, faces significant limitations due 
to chemoresistance, which contributes to treatment failure 
and disease progression [3]. Autophagy functions as a key 
regulator in the tumor microenvironment and chemoresis-
tance [4]. Notably, pharmacological inhibition of autophagy 
has been shown to reverse chemoresistance by enhancing 
apoptotic sensitivity in lung cancer [5], suggesting its thera-
peutic potential.

HECT and RLD domain-containing E3 ubiquitin protein 
ligase family member 1 (HERC1), an E3 ubiquitin ligase [6], 
has recently emerged as a critical regulator of autophagy and 
chemoresistance in multiple malignancies, including breast 

cancer [7] and osteosarcoma [8]. Downregulation of HERC1 
has been found in lung cancer [9]. However, the functional 
role of HERC1 in lung cancer chemoresistance remains 
uncharacterized. Intriguingly, HERC1 mediated the sensi-
tivity to nucleoside analogs in acute myeloid leukemia [10], 
and its mutations modulated autophagic processes in neuro-
degenerative diseases [11, 12]. These findings collectively 
suggest a potential role for HERC1 in autophagy-mediated 
gemcitabine resistance in lung cancer.

Ubiquitination plays a critical role in regulating protein 
stability and function in lung cancer [13]. Bioinformatic 
analyses predict that HERC1 acts as an E3 ligase for lysine 
acetyltransferase 2A (KAT2A), which is involved in cancer 
progression and partially promotes splicing factor 3b subunit 
4 (SF3B4)-driven tumorigenesis in lung cancer [14, 15]. 
Thus, we hypothesize that HERC1 modulates autophagy and 
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gemcitabine sensitivity in lung cancer cells via regulating 
KAT2A ubiquitination.

PI3K/AKT signaling is known to exacerbate gemcitabine 
resistance in lung cancer [16, 17]. The PI3K/AKT axis is 
linked with autophagy regulation in multiple tumors [18], 
and blocking PI3K/AKT signaling suppressed chemore-
sistance in lung cancer [19, 20]. Additionally, phosphati-
dylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta 
(PIK3CB), a catalytic subunit of PI3K [21], plays a crucial 
role in this process [22]. Importantly, bioinformatics predic-
tions also identify lysine acetylation modification sites in 
PIK3CB.

In conclusion, we supposed that HERC1 decreased 
KAT2A by promoting its ubiquitination and degradation. 
The downregulation of KAT2A inhibited lysine acetylation 
of PIK3CB, leading to the inactivation of the PI3K/AKT 
signaling, which suppressed autophagy and enhanced the 
sensitivity to gemcitabine, ultimately inhibiting the malig-
nancy of lung cancer.

Materials and methods

Data sources and clinical tissue samples. The expres-
sion of HERC1 in normal tissues and tumor tissues of LUAD 
and LUSC was obtained from GEPIA (http://gepia.cancer-
pku.cn/) [23]. The KAT2A expression in normal tissues and 
tumor tissues of LUAD and LUSC was collected from TIMER 
(https://cistrome.shinyapps.io/timer/) [24]. Prognostic 
outcomes for lung cancer patients with differential expres-
sion of HERC1 and KAT2A were also estimated by Kaplan-
Meier analysis (https://kmplot.com/analysis/) as previously 
described [25]. Additionally, 30 pairs of cancerous and 
normal tissues were collected from lung cancer patients at 
Yongzhou Central Hospital. These included 13 cases identi-
fied as gemcitabine-resistant (resistance) and 17 cases with 
gemcitabine-sensitive tissues (sensitive). The clinical infor-
mation for patients enrolled in this study is shown in Supple-
mentary Table S1.

Cell culture and transfection. 293T cells, A549 cells, 
and H1299 cells (ATCC, USA) were used. To estab-
lish gemcitabine-resistant lung cancer cells (A549/R and 
H1299/R), A549 and H1299 cells were exposed to a low-dose 
gemcitabine mixed medium as previously described [26]. 
The cells were cultured in RPMI-1640 medium (Thermo 
Scientific HyClone, USA), containing 10% FBS (Gibco, 
USA), 100 U penicillin, and 100 µg/ml streptomycin at 37 °C 
and 5% CO2.

Cell transfection. For the construction of the HERC1 or 
KAT2A overexpression plasmid, the full-length sequences 
of HERC1 and KAT2A were cloned into the pcDNA3.1 
vector. For HERC1 and KAT2A knockdown, short hairpin 
RNA (shRNA) targeting HERC1 (sh-HERC1) or KAT2A 
(sh-KAT2A) was synthesized. The shRNA sequences used 
for knockdown are as follows: sh-HERC1: GCTGATA-
AACTGAGTCCCAAA; sh-KAT2A: GCTGAACTTTGTG-

CAGTACAA. These plasmids and the stable overexpression 
of the HERC1 plasmid were synthesized by GenePharma 
(Shanghai, China). The above plasmids were transfected into 
cells using Lipo6000 reagent (Beyotime, Shanghai, China), 
and incubation lasted for 48 h.

In vivo xenograft tumor model. BALB/c nude mice (4–6 
weeks old, 18–22 g) were obtained from Beijing SPF (China) 
and housed at 24–26 °C with 50–70% humidity, a 12-h light/
dark cycle, and free access to food and water. The mice were 
randomized into four groups: oe-NC, oe-HERC1, GEM, 
and GEM+oe-HERC1. A549 cells (1×107) stably expressing 
oe-NC or oe-HERC1 were subcutaneously implanted into the 
right flank of the mice. Two weeks after injection, the mice 
in the GEM group and the GEM+oe-HERC1 group were 
intraperitoneally administered 50 mg/kg/day gemcitabine 
every three days. Tumor size was measured using calipers. 
One month post-transplantation, mice were euthanized 
with CO2, and tumors were excised, weighed, and analyzed 
histologically. All experimental protocols were approved by 
the Institutional Animal Care and Use Committees of the 
University of South China Laboratory Animal Center. 

Immunohistochemistry (IHC). The paraffin tumor 
sections were first deparaffinized using ethanol. Following 
rehydration with 3% hydrogen peroxide (H2O2), the slides 
were incubated overnight at 4 °C with the primary antibody 
Ki-67 (#ab16667, 1:200). The next day, the sections were 
treated with the goat anti-rabbit IgG H&L (HRP) pread-
sorbed (#ab7090, 1:200, Abcam) at 37 °C for 30 min. Subse-
quently, the sections were stained with diaminobenzidine 
(DAB) and examined under a microscope.

Quantitative reverse transcription polymerase chain 
reaction (qRT-PCR). Total RNA was extracted using Trizol 
reagent (Invitrogen, USA), and 1 μg RNA was reverse 
transcribed into cDNA using a Prime-Script™ one-step 
qRT-PCR kit (Takara Bio, China). qPCR was performed on an 
ABI7900 Real-Time PCR System (Applied Biosystems, USA). 
The mRNA expression was normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and calculated using 
the 2–ΔΔCT method. Primers sequences used were as follows:  
HERC1  forward  5’-AGCTGAAATGGCTTGAACACT-3’, 
HERC1  reverse  5’-GCAACTCCCTCTCTTGTAGCA-3’; 
KAT2A  forward  5’-GCAAGGCCAATGAAACCTGTA-3’, 
KAT2A  reverse  5’-TCCAAGTGGGATACGTGGTCA-3’; 
PIK3CB forward 5’-TATTTGGACTTTGCGACAAGACT-3’, 
PIK3CB reverse 5’-TCGAACGTACTGGTCTGGATAG-3’; 
GAPDH forward 5’-GGAGCGAGATCCCTCCAAAAT-3’, 
GAPDH reverse 5’-GGCTGTTGTCATACTTCTCATGG-3’.

Western blot. Proteins from tumor tissues, xenograft 
tumors, and cultured cells were extracted using radioim-
munoprecipitation assay (RIPA) buffer (#20188, Sigma-
Aldrich, USA) and quantified by a bicinchoninic acid (BCA) 
Protein Assay Kit (Beyotime, China). The samples under-
went electrophoretic resolution via sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) followed 
by semi-dry transfer to polyvinylidene fluoride (PVDF) 
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membranes. Following this, the membrane was blocked 
with 5% bovine serum albumin (BSA), and the primary 
antibody was incubated overnight at 4 °C. After washing, 
the membranes were incubated with secondary antibodies 
(#ab7090, Abcam) at 37 °C for 45 min. Protein band images 
were taken, and quantitative densitometry analysis  was 
conducted by Image-Pro Plus software (Media Cybernetics, 
Inc., USA). Primary antibodies used were: HERC1 antibody 
(#MBS9145890, 1:500, Mybiosource, https://www.mybio-
source.com), KAT2A antibody (#MBS6005990, 1:500, Mybio-
source), PIK3CB antibody (#MBS620204, 0.1 µg/ml, Mybio-
source), Bax antibody (#MBS9600058, 1/500, Mybiosource), 
Cleaved Caspase-3 (C-caspase3) antibody (#MBS631626, 
1:1000, Mybiosource), Bcl-2 antibody (#MBS2085983, 0.5 
µg/ml, Mybiosource), LC3II/I antibody (#MBS616452, 
1:100, Mybiosource), Beclin1 antibody (#MBS9610748, 
1:500, Mybiosource), p62 antibody (#MBS244060, 
1.0 µg/ml, Mybiosource), PI3K antibody (#4292S, 1:1000, 
Cell Signaling Technology), p-PI3K (#4228T, 1:1000, Cell 
Signaling Technology), AKT antibody (#9272S, 1:1000, Cell 
Signaling Technology), p-AKT antibody (#4060S, 1:2000, 
Cell Signaling Technology), and GAPDH antibody (#2118, 
1:1000, Cell Signaling Technology).

Protein stability assay. The protein stability of KAT2A 
and PIK3CB was evaluated using a proteasome inhibition 
assay with MG132 and a cycloheximide (CHX) chase assay. 
After transfection of the HERC1 overexpression plasmid or 
the NC plasmid, cells were treated with 5 μM proteasome 
inhibitor MG132 for 6 h to inhibit proteasomal degradation. 
Additionally, cells were treated with 100 μM CHX for varying 
time points (0, 3, 6, and 9 h) following the overexpression 
of HERC1 or KAT2A to block protein synthesis. Following 
treatment, cell lysates were collected, and protein expression 
of KAT2A and PIK3CB was analyzed by immunoblotting.

Cell Counting Kit-8 (CCK-8) and EdU staining. Cells 
(1.0×104) were seeded into 96-well plates and incubated 
for 24, 48, 72, and 96 h. Afterwards, the cells were treated 
with 10 μl of CCK-8 solution (Sigma-Aldrich, USA) and 
incubated at 37 °C for an additional hour. The optical density 
of the solutions at 450 nm was measured using a scanning 
microplate reader (Bio-Rad, USA). A549/R cells were 
exposed to gemcitabine (0.1, 1, 10, 100, 1000 µM) for 48 h, 
and the half-maximal inhibitory concentration (IC50) value 
was determined by GraphPad Prism with nonlinear regres-
sion analysis.

Cell proliferation was evaluated using the EdU staining 
assay. After incubation with 50 μM EdU buffer, fixation with 
4% formaldehyde, and permeabilization with 0.1% Triton 
X-100, the samples were supplemented with EdU solution, 
followed by Hoechst staining of the nuclei. Finally, samples 
were examined using a fluorescence microscope.

Wound healing assay. Following 48 h of transfection, cells 
were plated in a 6-well plate. A scratch was created in the cell 
layer using a 200 µl sterile pipette tip, generating a wound in 
the well. Pictures of the wound were taken at 0 h (immedi-

ately after scratching) and after 24 h of culture to monitor the 
gap closure. Images were evaluated by the ImageJ software 
(NIH, USA).

Transwell assay. The invasive capability of A549/R and 
H1299 cells was assessed using 24-well Transwell chambers. 
Cells (2.5×104 cells/100 µl) were resuspended in serum-free 
medium supplemented with 1% BSA (Sigma-Aldrich) and 
placed in the top chamber, precoated with 100 µl diluted 
substrate gel (Sigma, USA). 500 μl of Dulbecco’s modified 
Eagle medium (DMEM) containing 10% FBS was then intro-
duced into the lower chamber. Following a 24 h incubation, 
the samples were stained with 0.1% crystal violet, and the 
invasive cells were quantified using a microscope.

Flow cytometry. After transfection, the cell apoptosis 
was evaluated using a flow cytometry assay. The cells were 
collected, washed with PBS, and labeled with Annexin 
V-FITC (BD Biosciences) and PI (Sigma-Aldrich) in binding 
buffer (BD Biosciences) for 15 min, avoiding exposure to 
light. Cells were determined on a BD FACSCalibur flow 
cytometer (BD Biosciences). Apoptosis was quantified using 
FlowJo software (FlowJo LLC).

Co-immunoprecipitation (co-IP). The interaction 
between KAT2A and HERC1 or PIK3CB was investigated by 
co-IP. Following cell lysis in RIPA buffer (#P0013D, Beyotime, 
China), samples were incubated overnight at 4 °C with either 
anti-HERC1 (#MBS3902336, 6 μg/mg lysate, Mybiosource) 
antibody, anti-KAT2A antibody (#MBS388597, 10 μl per IP, 
Mybiosource), or anti-PIK3CB antibody (#MBS8542640, 
1:100, Mybiosource), with IgG as the control. Antibody-
protein complexes were bound to protein A/G magnetic 
beads for 2 hours, followed by washing with ice-cold lysis 
buffer three times. Reciprocal interactions were detected by 
immunoblotting with antibodies against HERC1, KAT2A, or 
PIK3CB.

Identification of ubiquitination. To assess ubiquitination 
of KAT2A, A549/R cells were transfected with either HERC1 
overexpressing plasmids or control plasmids with proteasome 
inhibitor MG132 (5 μM). After transfection, samples were 
lysed in RIPA buffer with protease and deubiquitinase inhibi-
tors. For immunoprecipitation (IP), lysates were immunopre-
cipitated with anti-KAT2A antibody (#MBS388597, 10 μl per 
IP, Mybiosource) overnight at 4 °C, followed by protein A/G 
bead pulldown and stringent washing. Ubiquitinated KAT2A 
levels were detected by western blot using anti-ubiquitin 
antibody (Ub, #MBS2125129, 1:500, Mybiosource) and anti-
KAT2A antibody (#MBS6005990, 1:500, Mybiosource).

Identification of acetylation. To evaluate acetyla-
tion of PIK3CB, 293T cells were transfected with vector, 
HA-PIK3CB, Myc-KAT2A + HA-PIK3CB, or sh-KAT2A-
Myc + HA-PIK3CB. After 48 h, cells were lysed in RIPA 
buffer with deacetylase inhibitors. HA-tagged PIK3CB was 
precipitated from cell lysates using anti-HA-agarose antibody 
(#A2095, 1:100, Sigma Aldrich) overnight at 4 °C, followed by 
protein A/G bead capture. After washing three times, acetyla-
tion was evaluated by immunoblotting with anti-acetyl-lysine 
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in lung cancer, we transfected A549/R cells with plasmids 
overexpressing HERC1. We observed that HERC1 was 
successfully overexpressed in A549/R cells (Figures 2A, 2B). 
To evaluate the IC50 of each group, A549/R cells were treated 
with varying doses of gemcitabine (0.1, 1, 10, 100, 1000 µM). 
The results revealed that the IC50 of the oe-HERC1 group 
was lower than that of the NC group (49.5 µM vs. 105.9 
µM) (Figure 2C). Furthermore, overexpression of HERC1 
suppressed the viability of A549/R cells (Figure 2D). EdU 
staining further confirmed that the HERC1 upregulation 
exhibited an inhibitory effect on the proliferation of A549/R 
cells (Figure 2E). Furthermore, increased HERC1 expression 
notably suppressed the migration and invasion of A549/R 
cells (Figure 2F, 2G). Compared to the NC group, HERC1 
overexpression accelerated cell apoptosis (Figure  2H). 
Consistent with this, a marked elevation in C-caspase3 and 
Bax proteins, along with a reduction in Bcl-2 protein, was 
observed in the oe-HERC1 group (Figure  2I). Next, we 
assessed the impact of HERC1 on autophagy in A549/R cells. 
Figure 2J demonstrated that the upregulation of HERC1 
reduced the number of LC3B in A549/R cells transfected with 
overexpressing HERC1 compared to the NC group. Similarly, 
a significant reduction in LC3II/I and Beclin1 proteins, 
along with an enhancement in p62 protein, was found in the 
oe-HERC1 group (Figure 2K). H1299/R cells were used to 
validate the role of HERC1 in autophagy and gemcitabine 
resistance. HERC1 expression was significantly upregulated 
in the oe-HERC1 group (Supplementary Figures S1A, S1B). 
H1299/R cells were exposed to gemcitabine at the concen-
trations of 0.1, 1, 10, 100, and 1000 µM. As expected, the 
oe-HERC1 group showed lower IC50 than the NC group, and 
overexpressing HERC1 reduced cell proliferation (Supple-
mentary Figures S1C, S1D). Furthermore, upregulation of 
HERC1 repressed the migration and invasion of H1299/R 
cells (Supplementary Figures S1E, S1F) and promoted their 
apoptosis (Supplementary Figures S1G, S1H). Moreover, 
increased HERC1 led to significant suppression of cell 
autophagy (Supplementary Figures S1I, S1J). Additionally, 
the regulation of HERC1 on autophagy in parental A549 
and H1299 cells was also examined. As shown in Supple-
mentary Figure S2, HERC1 overexpression significantly 
decreased LC3II/I and Beclin1 expression, while promoting 
p62 expression, in A549 and H1299 parental cells. Overall, 
upregulating HERC1 suppressed autophagy and prolifera-
tion in gemcitabine-resistant lung cancer cells.

HERC1 promoted ubiquitination and degradation of 
KAT2A. To elucidate the downstream effector of HERC1 in 
lung cancer, we focused on KAT2A, a histone acetyltrans-
ferase implicated in autophagy regulation. TIMER database 
analysis  indicated obvious KAT2A elevation in lung cancer 
tissues, and lower expression of KAT2A correlates with a 
better prognosis (Figures 3A, 3B). To further validate KAT2A 
expression, we conducted qRT-PCR and western blot to 
assess its levels in tumor samples and normal tissues from 
lung cancer patients. Consistent with bioinformatics predic-

antibody (ACK, #9441, 1:100, Cell Signaling Technology), 
anti-HA antibody (#3724, 1:1000, Cell Signaling Technology) 
for IP validation, and Myc-Tag (#71D10) rabbit mAb (#2272, 
1:1000, Cell Signaling Technology) to detect KAT2A expres-
sion.

Immunofluorescence staining. LC3B expression and 
cellular localization of KAT2A and PIK3CB were detected 
by immunofluorescence staining. Cells were fixed with 4% 
paraformaldehyde, permeabilized with 0.2% Triton X-100, 
and then blocked with 10% goat serum for 2 hours. Subse-
quently, the samples were incubated with primary antibodies 
specific to KAT2A (#MBS8572528, 1:50, Mybiosource) and 
PIK3CB (#MBS9407711, 1:100, Mybiosource) or LC3B 
antibody (#MBS616452, 1:100, Mybiosource) overnight at 
4 °C. The cells were then exposed to a secondary antibody 
(#MBS688397, 1 mg/ml, Mybiosource) at room tempera-
ture for 1 h. After labeling the nuclei with 4’,6-diamidino-
2-phenylindole (DAPI, Sigma Aldrich, USA), the slices 
were visualized using a laser scanning confocal microscope 
(Olympus CX23, Japan).

Data analysis. Statistical analyses were conducted using 
SPSS (version 27, IBM, USA). Data are presented as mean 
± standard deviation (SD). For comparisons between 
two groups, Student’s t-test was used. For comparisons 
among three or more groups, one-way analysis of variance 
(ANOVA) followed by Tukey’s tests was applied. The correla-
tion between KAT2A and HERC1 or PIK3CB was assessed 
by Spearman’s correlation coefficient. A p-value <0.05 was 
defined as statistically significant. All experiments were 
performed in three independent biological replicates, each 
performed in triplicate.

Results

HERC1 expression was downregulated in lung cancer. 
The GEPIA database showed that HERC1 was significantly 
downregulated in lung cancer tissues (Figure 1A). Further-
more, the low expression of HERC1 was associated with 
a poor prognosis (Figure 1B). To further validate these 
findings, HERC1 expression was analyzed. As expected, 
the expression level of HERC1 was decreased in the tumor 
group (Figures 1C, 1D). Additionally, HERC1 expression was 
assessed in cancer samples from 13 gemcitabine-resistant 
patients (resistance) and 17 gemcitabine-sensitive patients, 
respectively. Compared to gemcitabine-sensitive tissues, 
HERC1 expression was obviously reduced in gemcitabine-
resistant tissues (Figure 1E). Similarly, HERC1 expression 
was markedly lower in gemcitabine-resistant A549 cells 
(A549/R) than in gemcitabine-sensitive A549 cells (A549) 
(Figures 1F, 1G). These findings indicated that HERC1 
expression was decreased in lung cancer, particularly in 
gemcitabine-resistant A549 cells.

HERC1 overexpression inhibited autophagy and prolif-
eration of gemcitabine-resistant A549 and H1299 cells. 
To explore whether HERC1 affects gemcitabine resistance 
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tions, KAT2A was significantly increased in lung cancer 
tissues (Figures 3C, 3D). Notably, we observed a negative 
correlation between HERC1 and KAT2A (Figure 3E). 
Additionally, KAT2A expression was higher in gemcitabine-
resistant tissue than in gemcitabine-sensitive tissues 
(Figure  3F). These findings led us to hypothesize a regula-
tory interaction between HERC1 and KAT2A in lung cancer. 
First, the modification types of KAT2A were explored using 
the PhosphositePlus database (https://www.phosphosite.
org/homeAction) (Figure 3G). We then examined whether 

HERC1 regulated KAT2A stability through ubiquitination. 
Overexpression of HERC1 resulted in a reduction in KAT2A 
levels. However, HERC1-induced inhibition of KAT2A was 
blocked when the proteasome inhibitor MG132 was applied 
(Figure 3H). Cycloheximide chase assays revealed acceler-
ated KAT2A degradation in HERC1-overexpressing A549/R 
cells (Figure 3I). To identify the directional regulation of 
HERC1 on KAT2A, a co-IP assay was performed. Compared 
to the IgG control group, the HERC1 antibody signifi-
cantly enriched KAT2A. Similarly, KAT2A antibody selec-

Figure 1. HERC1 expression was downregulated in lung cancer. A) GEPIA database predicted the expression of HERC1 in lung cancer tissues and 
normal tissues. B) Kaplan-Meier survival analysis estimated the survival of lung cancer patients with high HERC1 expression and low HERC1 expres-
sion. C) Tumor tissue and normal tissue of 30 patients with lung cancer were collected. The level of HERC1 in tissues was determined by qRT-PCR 
(n=30). D) Western blot was conducted to assess the protein expression levels of HERC1 in human lung cancer tissues and their corresponding adjacent 
non-tumor tissues (n=6). E) HERC1 expression in cancer samples from patients resistant to gemcitabine (resistance, n=13) and patients sensitive to 
gemcitabine (sensitive, n=17) was determined by qRT-PCR. F) HERC1 expression in A549 and A549/R was detected by qRT-PCR (n=3). G) HERC1 
expression was assessed by western blot (n=3). Data were expressed as mean ± SD. *p<0.05, **p<0.01, ***p<0.001
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Figure 2. HERC1 overexpression inhibited autophagy and proliferation of gemcitabine-resistant A549 cells. A) A549/R cells were transfected with 
overexpressing HERC1 or a negative control. qRT-PCR assay was conducted to calculate HERC1 expression in A549/R cells. B) HERC1 protein ex-
pression was quantified using western blot. C) A549/R cells were treated with gemcitabine at different concentrations (0.1, 1, 10, 100, 1000 µM). Cell 
viability was evaluated by the CCK-8 assay. A549/R cells were treated with oe-HERC1. D) Cell viability was assessed by CCK-8 assay. (E) Cell prolifera-
tion was evaluated by EdU staining. F) Wound healing assay was applied to assess the migratory ability of cells. G) Transwell assay was performed to 
assess the invasive ability of cells. H) Cell apoptosis rate was detected by flow cytometry. I) Protein levels of C-caspase3, Bax, and Bcl-2 were examined 
by western blot. J) The expression level of LC3B was detected by immunofluorescence. (K) LC3II/I, Beclin1, and p62 were quantified by western blot, 
n=3. Data were expressed as mean ± SD. *p<0.05, **p<0.01, ***p<0.001
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Figure 3. HERC1 promoted ubiquitination and degradation of KAT2A. A) TIMER database analysis predicted KAT2A expression in lung cancer tis-
sues and normal tissues. B) Kaplan-Meier curve estimated the survival of lung cancer patients with high KAT2A expression and low KAT2A expres-
sion. C) qRT-PCR was used to detect KAT2A expression in tumor samples and normal tissues of 30 patients with lung cancer. D) Western blot was 
conducted to assess the protein expression levels of KAT2A in tumor samples and normal tissues (n=6). E) A correlation between HERC1 and KAT2A 
expression was identified by Pearson’s correlation analysis. F) KAT2A expression in cancer samples of patients resistant to gemcitabine (n=13) and pa-
tients sensitive to gemcitabine (n=17) was determined by qRT-PCR. G) The modification types of KAT2A were identified by using the PhosphositePlus 
database. H) Western blot was used to determine the protein levels of HERC1 and KAT2A. I) After CHX treatment for 0, 3, 6, or 9 h, KAT2A protein 
level was evaluated via western blotting. J) The interaction between HERC1 and KAT2A was verified by co-IP assay. K) The ubiquitination level of 
KAT2A in A549/R cells was determined using co-IP, n=3. Data were expressed as mean ± SD. *p<0.05, **p<0.01, ***p<0.001
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tively pulled down HERC1 in A549/R cells (Figure 3J), and 
the elevation of HERC1 enhanced KAT2A ubiquitination 
(Figure 3K). Collectively, these data illustrated that HERC1 
reduced KAT2A expression by promoting its ubiquitination 
and degradation.

HERC1 enhanced gemcitabine sensitivity by inhib-
iting autophagy via promoting KAT2A degradation in 
gemcitabine-resistant A549 cells. To explore the functional 
mechanism of the HERC1/KAT2A axis in modulating 
autophagy and gemcitabine resistance, A549/R cells were 
transfected with plasmids overexpressing HERC1 or KAT2A. 
We observed effective upregulation of KAT2A in A549/R 
cells (Figures 4A, 4B). Overexpressing HERC1 inhibited cell 
proliferation, which was reversed by KAT2A overexpression 
(Figures 4C, 4D). Similarly, KAT2A upregulation abolished 
HERC1-mediated suppression of migration and invasion 
(Figures 4E, 4F). Additionally, overexpression of KAT2A 
reversed the oe-HERC1-induced promoting effect on cell 
apoptosis (Figure 4G). Consistently, HERC1 increased 
C-caspase3 and Bax while reducing Bcl-2, with KAT2A 
co-expression reversing these effects (Figure 4H). As shown 
in Figure 4I, upregulating HERC1 reduced the fluorescence 
intensity of LC3B, which was rescued by KAT2A overex-
pression. Additionally, the increase in HERC1 expres-
sion decreased the LC3II/I and Beclin1 expression, while 
promoting p62 accumulation. However, overexpression 
of KAT2A reversed these effects of HERC1 on autophagy-
related proteins (Figure 4J). Taken together, HERC1 
enhanced gemcitabine sensitivity in A549/R by promoting 
KAT2A degradation and suppressing autophagy.

KAT2A activated PI3K/AKT signaling axis by 
mediating the lysine acetylation of PIK3CB. Emerging 
evidence suggests that PI3K/AKT signaling is involved in cell 
autophagy, and PIK3CB enhances AKT phosphorylation, 
leading to activation of the PI3K/AKT pathway [27]. Thus, 
we explored the role and underlying regulating mechanism 
of PIK3CB in lung cancer. PIK3CB was found to be evidently 
upregulated in tumor samples compared to adjacent normal 
tissues collected from patients with lung cancer (Figures 5A, 
5B). Significantly, a positive correlation was observed 
between KAT2A and PIK3CB (Figure 5C). In addition, 
Myc-KAT2A significantly enhanced the lysine acetyla-
tion of PIK3CB (Figure 5D). Co-IP assay further validated 
the interaction between KAT2A and PIK3CB (Figure 5E). 
Furthermore, KAT2A and PIK3CB were co-localized in both 
the nucleus and cytoplasm of A549/R cells (Figure 5F). To 
further study the mechanism by which KAT2A enhances the 
lysine acetylation of PIK3CB, we constructed point mutation 
plasmids targeting acetylation sites K44 and K460. The 
results indicated that both K44 and K460 mutants remark-
ably decreased the acetylation levels in 293T cells transfected 
with Myc-KAT2A (Figure 5G). The depletion of KAT2A 
inhibited the acetylation of PIK3CB, while overexpression of 
KAT2A enhanced its acetylation (Figure 5H). After treatment 
with CHX, KAT2A upregulation heightened the stability of 

PIK3CB protein (Figure 5I). In addition, the elevation of 
KAT2A activated PI3K/AKT signaling through increasing 
PI3K and AKT phosphorylation (Figure 5J). In conclu-
sion, these findings supported that overexpressing KAT2A 
activated the PI3K/AKT signaling pathway via mediating the 
lysine acetylation of PIK3CB.

HERC1 suppressed autophagy and proliferation of 
gemcitabine-resistant A549 cells by inactivating the PI3K/
AKT signaling axis through KAT2A. To further verify the 
functional mechanism of HERC1/KAT2A-mediated PI3K/
AKT pathway on autophagy and proliferation of gemcitabine-
resistant cells, A549/R cells were transfected with sh-KAT2A 
with or without sh-HERC1, or treated with PI3K activator 
740 Y-P. Compared to the sh-NC group, knockdown of 
KAT2A significantly suppressed the proliferation of A549/R. 
However, knockdown of HERC1 or treatment with 740 Y-P 
mitigated the suppressive effect of KAT2A on proliferation 
(Figure 6A). These results were supported by EdU staining 
(Figure 6B). It also showed that silencing of KAT2A markedly 
reduced migration and invasion of cells, which was reversed 
by co-silencing of HERC1 or 740 Y-P treatment (Figures 6C, 
6D). As shown in Figure 6E, HERC1 depletion or 740 Y-P 
intervention diminished the pro-apoptotic effect induced by 
sh-KAT2A on A549/R cells. Consistently, the downregulation 
of KAT2A promoted the expression of C-caspase3 and Bax, 
while reducing Bcl-2 levels. Conversely, HERC1 silencing 
or 740 Y-P treatment counteracted the regulatory effects of 
sh-KAT2A on apoptosis-related proteins (Figure 6F). These 
findings illustrate that HERC1 restrains the growth of A549/R 
cells by suppressing the KAT2A-mediated PI3K/AKT axis. 
Next, the regulating mechanism of HERC1 on cell autophagy 
was explored. Autophagy analysis demonstrated that KAT2A 
suppressed LC3B expression (Figure 6G). Besides, silencing 
of KAT2A suppressed LC3II/I and Beclin1 expression but 
increased p62 accumulation. In contrast, co-silencing of 
HERC1 or 740 Y-P intervention reversed the regulatory 
effects of KAT2A on autophagy-related proteins (Figure 6H). 
Furthermore, the suppressive impacts of sh-KAT2A on PI3K/
AKT phosphorylation were significantly rescued by either 
HERC1 depletion or 740 Y-P treatment in A549/R cells, 
thereby reversing sh-KAT2A-mediated PI3K/AKT inhibition 
(Figure 6I). Overall, HERC1 suppressed proliferation and 
autophagy in gemcitabine-resistant A549 cells by the inacti-
vation of PI3K/AKT via KAT2A ubiquitination.

HERC1 overexpression enhanced gemcitabine sensi-
tivity by suppressing autophagy in the xenograft tumor 
model. The role and its regulating mechanism of HERC1 
in gemcitabine resistance were studied in vivo. A mouse 
xenograft tumor model was established by subcuta-
neous transplantation of A549 cells transfected with stable 
oe-HERC1 or oe-NC. Gemcitabine treatment or HERC1 
overexpression reduced tumor volume and weight in 
mouse models. The combination of gemcitabine treatment 
and HERC1 overexpression resulted in a further signifi-
cant decrease in tumor volume and weight compared with 



HERC1 PLAYS A PROTECTIVE ROLE IN LUNG CANCER 423

Figure 4. HERC1 enhanced gemcitabine sensitivity by inhibiting autophagy via promoting KAT2A degradation. A, B) qRT-PCR and western blot were 
used to detect KAT2A expression in A549/R cells transfected with KAT2A overexpression. A549/R cells were transfected with overexpressing HERC1 
with/without overexpressing KAT2A. C, D) Cell viability and proliferation were evaluated by CCK-8 and EdU staining. E) Wound healing assay was 
performed to assess the migratory ability of cells. F) Transwell assay was performed to assess the invasive ability of cells. G) The number of apoptotic 
cells was quantified using flow cytometry. H) Protein levels of C-caspase3, Bax, and Bcl-2 were evaluated by western blot. I) The expression of LC3B 
was assessed by immunofluorescence. J) LC3II/I, Beclin1, and p62 were quantified by western blot, n=3. Data were expressed as mean ± SD. *p<0.05, 
**p<0.01, ***p<0.001
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Figure 5. KAT2A activated PI3K/AKT signaling axis by mediating the lysine acetylation of PIK3CB. A) qRT-PCR was used to detect PIK3CB expres-
sion in tumor tissues and normal tissues of 30 patients with lung cancer (n=30). B) Western blot was conducted to assess the protein expression of 
PIK3CB in tumor samples and normal tissues (n=6). C) A correlation between PIK3CB and KAT2A expression. D) PIK3CB acetylation modification 
was analyzed by co-IP assay. E) The interaction between KAT2A and PIK3CB was validated by co-IP assay. F) The localization of KAT2A and PIK3CB 
in A549/R cells was detected using immunofluorescence. G) A549/R cells were transfected with wild-type or mutant PIK3CB and KAT2A overexpres-
sion. The acetylation level was examined using a co-IP assay. H) Co-IP assay was conducted to examine the acetylation level of PIK3CB in A549/R cells. 
I) After CHX treatment for 0, 3, 6, or 9 h, PIK3CB expression was evaluated via western blot. J) The phosphorylation levels of PI3K and AKT were 
assessed using western blot, n=3. Data were expressed as mean ± SD. *p<0.05, **p<0.01, ***p<0.001
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Figure 6. HERC1 repressed autophagy and proliferation of gemcitabine-resistant A549 cells by inactivating the PI3K/AKT signaling axis through 
KAT2A. A549/R cells were transfected with sh-KAT2A with/without sh-HERC1 or treatment with PI3K activator 740 Y-P. A) Assessment of cell vi-
ability by CCK-8 assay. B) EdU staining for cell proliferation. C) Wound healing assay was performed to assess the migratory ability of cells. D) Tran-
swell assay was performed to assess the invasive ability of cells. E) The rate of apoptotic cells was calculated using flow cytometry. F) Protein levels of 
C-caspase3, Bax, and Bcl-2 in A549/R cells were evaluated by western blot. G) LC3B level was observed by immunofluorescence. H) LC3II/I, Beclin1, 
and p62 were quantified by western blot. I) The phosphorylation levels of PI3K and AKT were assessed using western blot, n=3. Data were expressed 
as mean ± SD. *p<0.05, **p<0.01, ***p<0.001
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gemcitabine alone (Figures 7A–7C). Furthermore, the 
proportion of Ki-67-positive cells was obviously decreased 
by HERC1 upregulation or gemcitabine, which was further 
reduced by their combination (Figure 7D). Western blot 
analyses demonstrated that HERC1 was successfully upreg-
ulated by oe-HERC1 transfection in the xenograft tumor 
model with/without gemcitabine administration (Figure 7E). 
Importantly, the elevation of HERC1 or gemcitabine reduced 
LC3II/I but promoted p62 expression in tumor tissues, 
which was enhanced by the combination of upregulating 
HERC1 (Figure 7F). These findings illustrated that HERC1 
upregulation enhanced the sensitivity of lung cancer mice to 
gemcitabine through mitigating autophagy.

Discussion

Chemoresistance to gemcitabine remains a significant 
challenge for lung cancer treatment. Autophagy promotes 
survival and proliferation in drug-resistant cells [28], but its 

regulatory mechanisms are not fully understood. Our study 
identified HERC1 as a pivotal regulator of autophagy and 
gemcitabine resistance. We first demonstrated that HERC1 
alleviated gemcitabine resistance by suppressing PI3K/
AKT-mediated autophagy through KAT2A ubiquitination in 
lung cancer.

Accumulating evidence indicates that autophagy contrib-
utes to chemoresistance in various cancers. For instance, 
the long non-coding RNA plasmacytoma variant translo-
cation 1 (lncRNA PVT1) and Troponin C1, Cardiac Type 
(TNNC1) overexpression have been shown to aggravate 
gemcitabine resistance via autophagy activation in pancre-
atic cancer and non-small cell lung cancer (NSCLC) [29, 30]. 
Notably, autophagy levels were decreased in gemcitabine-
resistant CL1-0 lung cancer cells compared to the parental 
CL1-0 cells [31], possibly because autophagy is induced in 
parental cells upon gemcitabine treatment to trigger cell 
death, while resistant cells have adapted to persistent drug-
induced stress by maintaining a lower but sustained basal 

Figure 7. HERC1 overexpression enhanced gemcitabine sensitivity by suppressing autophagy in the xenograft tumor model. A mouse xenograft tumor 
model was established by subcutaneous transplantation of A549 cells transfected with stable oe-HERC1 or oe-NC, and the mice were intraperitoneally 
administered 50 mg/kg/day gemcitabine. A–C) Tumor volume and weight were evaluated. D) The proportion of Ki-67-positive cells in tumor tissues 
was assessed by immunohistochemistry. E) HERC1 protein was detected by western blot. F) LC3II/I and p62 in tumor tissues were determined by 
western blot, n=6. Data were expressed as mean ± SD. *p<0.05, **p<0.01, ***p<0.001
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level of autophagy. In accordance with this, our results 
revealed that HERC1 overexpression repressed autophagy in 
both gemcitabine-resistant A549/R and parental A549 cells, 
as well as H1299 cells. Furthermore, studies have shown 
that in lung cancer, knockdown of methyltransferase-like 
3 (METTL3) inhibited autophagy in doxorubicin-resistant 
H69 cells [32], while in H157 cells, depletion of Sirtuin 7 
(SIRT7) enhanced gemcitabine sensitivity by suppressing 
autophagy [33]. These findings collectively suggested that in 
various lung cancer cell lines, whether resistant to chemo-
therapeutic agents, autophagy activation contributes to 
the development of chemoresistance. Our data identified 
HERC1 as a tumor suppressor, consistent with previous 
findings that show HERC1 inhibits lung adenocarcinoma 
cell proliferation by promoting ferroptosis [9] and activating 
autophagy in fibroblasts [11]. Importantly, we found that 
HERC1 was downregulated in gemcitabine-resistant lung 
cancer, and its upregulation reversed gemcitabine resistance 
by suppressing autophagy.

Recent advances have highlighted the role of ubiqui-
tination in modulating protein activity through protea-
somal degradation in cancers. For instance, ubiquitination 
of glutathione peroxidase 4 (GPX4) by bufotalin triggered 
ferroptosis in NSCLC [34], and tripartite motif containing 
3 (TRIM3) promoted solute carrier family 7-member 11 
(SLC7A11) degradation to inhibit NSCLC tumorigenesis 
[35]. We found that HERC1 promoted ubiquitin-mediated 
degradation of KAT2A in gemcitabine-resistant lung 
cancer cells, which was increased in lung cancer and corre-
lated with poor prognosis. Consistently, high expression of 
KAT2A predicted poor survival outcomes for patients with 
renal cell carcinoma [36]. KAT2A knockdown strength-
ened abiraterone sensitivity in prostate cancer [37] and 
partially reduced SF3B4-induced tumorigenesis in lung 
adenocarcinoma [15]. Our results suggested that HERC1 
enhanced gemcitabine sensitivity by inhibiting autophagy 
via promoting KAT2A degradation in A549/R cells.

Activation of the PI3K/AKT signaling axis is associated 
with chemoresistance in lung cancer [38]. For example, 
PI3K/AKT/NF-κB hyperactivation enhanced gemcitabine 
resistance in lung cancer [39], whereas ononin, combined 
with paclitaxel, suppressed NSCLC proliferation via inhibi-
tion of the PI3K/Akt pathways [40]. We elucidated the novel 
role of KAT2A in activating PI3K/AKT signaling through 
PIK3CB lysine acetylation. PIK3CB promoted tumori-
genesis in esophageal squamous cell carcinoma via PI3K/
AKT/mTOR signaling [27]. Overexpression of KAT2A 
promoted viability and metastasis in colorectal cancer cells 
by modulating the histone acetylation of GPX4 [41]. Consis-
tently, we found that KAT2A overexpression activated PI3K/
AKT signaling through PIK3CB lysine acetylation in lung 
cancer cells. Moreover, HERC1 repressed autophagy and 
proliferation of gemcitabine-resistant lung cancer cells 
by inactivating PIK3CB-mediated PI3K/AKT signaling 
through KAT2A.

In conclusion, this study investigated the role of HERC1 
and its functional mechanism in gemcitabine resistance of 
lung cancer. Overexpression of HERC1 repressed autophagy 
by inactivating PIK3CB-mediated PI3K/AKT signaling via 
KAT2A ubiquitination, thereby reducing the resistance of 
lung cancer cells to gemcitabine. Our work might offer a 
promising new clinical target for gemcitabine-resistant lung 
cancer. However, this study has several limitations. Although 
HERC1 shows potential as a therapeutic target, its clinical 
applicability remains to be fully validated. Secondly, HERC1 
may affect gemcitabine resistance by modulating other 
downstream targets or intersecting with alternative signaling 
pathways. This will also be the research focus of our subse-
quent studies.

Supplementary information is are available in the online ver-
sion of the paper.
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Supplementary Information

Supplementary Figure S1. HERC1 over-
expression inhibited autophagy and pro-
liferation of gemcitabine-resistant H1299 
cells. A) H1299/R cells were transfected 
with overexpressing HERC1 or negative 
control. qRT-PCR assay was conducted to 
calculate HERC1 expression in H1299/R 
cells. B) HERC1 protein expression was 
quantified using western blot. C) H1299/R 
cells were treated with gemcitabine at dif-
ferent concentrations (0.1; 1; 10; 100; 
1,000 µM). Cell viability was evaluated by 
CCK-8 assay. A549/R cells were treated 
with oe-HERC1. D) Cell proliferation 
was evaluated by EdU staining. E) Wound 
healing assay was applied to assess the 
migratory ability of cells. F) Transwell as-
say was performed to assess the invasive 
ability of cells. G) Cell apoptosis rate was 
detected by flow cytometry. H) Protein 
levels of C-caspase3, Bax and Bcl-2 were 
examined by western blot. I) The expres-
sion level of LC3B was detected by immu-
nofluorescence. J) LC3II/I, Beclin1 and 
p62 were quantified by western blot. N=3. 
Data was expressed as mean±SD. *p<0.05, 
**p<0.01, ***p<0.001
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Supplementary Figure S2. HERC1 overexpression inhibited autophagy of parental A549 and H1299 cells. A549 and H1299 cells were transfected 
with oe-HERC1 or oe-NC. Protein levels of LC3II/I, Beclin1 and p62 were examined by western blot. N=3. Data was expressed as mean±SD. *p<0.05, 
**p<0.01, ***p<0.001

Supplementary Table S1. Association between HECR1 expression and 
clinicopathological characteristics

Clinical characteristics
HECR1

p-value
N=30 High Low

Gender 0.4621
Male 13 5 8
Female 17 10 7

Age (years) 0.7152
<55 14 6 8
≥55 16 9 7

N Stage
N0 7 5 2 0.0603
N1 12 8 4
N2 9 2 7
N3 2 0 2

Smoking
Yes 12 5 7 0.7104
No 18 10 8
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