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HECTD3 regulates the tumourigenesis of glioblastoma by
polyubiquitinating PARP1 and activating EGFR signalling
pathway
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BACKGROUND: The E3 ubiquitin ligase HECTD3 is a homologue of the E6-related protein carboxyl terminus, which plays a crucial
role in biological processes and tumourigenesis. However, the functional characterisation of HECTD3 in glioblastoma is still elusive.
METHODS: Determination of the functional role of HECTD3 in glioblastoma was made by a combination of HECTD3 molecular
pattern analysis from human glioblastoma databases and subcutaneous and in situ injections of tumours in mice models.
RESULTS: This study reports that the DOC domain of HECTD3 interacts with the DNA binding domain of PARP1, and HECTD3
mediated the K63-linked polyubiquitination of PARP1 and stabilised the latter expression. Moreover, the Cysteine (Cys) 823
(ubiquitin-binding site) mutation of HECTD3 significantly reduced PARP1 polyubiquitination and HECTD3 was involved in the
recruitment of ubiquitin-related molecules to PARP1 ubiquitin-binding sites (Lysines 209 and 221, respectively). Lastly, activation of
EGFR-mediated signalling pathways by HECTD3 regulates PARP1 polyubiquitination.
CONCLUSION: Our results unveil the potential role of HECTD3 in glioblastoma and strongly preconise further investigation and
consider HECTD3 as a promising therapeutic marker for glioblastoma treatment.
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BACKGROUND
Glioblastoma (GBM) is the most common primary brain tumour
[1]. Although radiotherapy, chemotherapy, and surgery have been
recognised as treatments for GBM, the prognosis of patients with
GBM remains poor with an average of 15 months as life
expectancy [2]. In view of this, it is imminently urgent to find
out new drug targets for the treatment of GBM to help improve
the life and extend the longevity of patients affected by GBM [3].
Ubiquitination is a posttranslational modification of proteins

playing an essential role in several biological processes, such as
protein fate determination, signal transduction, cell growth, and
sequential reactions. The latter is catalysed by key ubiquitin-
related enzymes, including ubiquitin-activating enzyme (E1),
ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3),
whom the catalytic action led to a covalent conjugation between
ubiquitin-related molecules and targeted proteins [4–6]. It has
been reported that the target proteins are generally connected by
a ubiquitin chain formed by both glycine and Lys residues at the
C-terminus, on one hand, and ubiquitin-related molecules
connected to several Lys’ sites (sites 6, 11, 27, 29, 33, 48, and 63,
respectively), on another hand [7, 8]. The E3 ubiquitin ligase

HECTD3 is homologous with the carboxyl end of the E6-related
protein belonging to the HECT-type ubiquitin ligase [4], which
contains both the DOC binding domain and HECT ubiquitin
domain [9]. HECTD3 plays an important role in several biological
processes and tumourigenesis. Previous studies have shown that
HECTD3 catalyses the ubiquitination-based degradation of the
actin-related repeat Tara and may target syntaxin-8 to cause
neurodegenerative diseases [10, 11]. Recent studies have indi-
cated that HECTD3 mediates the formation of non-K48-linked
polyubiquitin chains on STAT3, caspase-8 and caspase-9, MALT1,
and TRAF3 [9, 12–16] as well as the occurrence and progression of
cerebrospinal diseases and cancer. With the in-depth studies of
HECTD3, increasing evidence shows that HECTD3 is highly
expressed in ovarian cancer, breast cancer, and oesophageal
squamous cell carcinoma and promotes the proliferation of
tumour cells [12, 13, 17]. Altogether, these findings show that
HECTD3 plays a crucial role in tumour progression. However, the
biological function of HECTD3 in GBM remains unclear.
Studies have shown that the nucleolus plays an important

biological role in ribosome biogenesis, and increasing evidence
has indicated that the nucleolus, as a regulatory centre, is involved
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in the occurrence and development of many cancers, including
DNA damage repair, cell apoptosis, cell cycle control, and protein
stability [18]. Interestingly, poly (ADP ribose) polymerase 1 (PARP1)
is located in the nucleolus and is reported to play a crucial role in
cancer biology via several processes, including genome stabilisa-
tion, replication, transcription, and chromatin remodelling [18].
Furthermore, it has been reported that the combination of
inhibitors targeting PARP1 and radiotherapy slows tumour
recurrence in GBM mice [19]. Since existing targets for GBM
control are limited, it is urgent to find out new therapeutic targets,
including those of PARP1. The transmembrane receptor epidermal
growth factor receptor (EGFR) is a transmembrane receptor and a
glycoprotein with a tyrosine kinase activity [20]. Studies have
shown that EGFR is highly expressed in GBM, and this expression
occurred in 30–40% of GBM patients [2, 21–23]. Besides, abnormal
expression of EGFR was associated with GBM proliferation,
invasion, and recurrence [24, 25]. Previous studies have shown
that the inactivation of PARP1 inhibited the activation of the EGFR
signalling pathway [26].
In this study, our results revealed that HECTD3 is involved in

GBM cell proliferation, apoptosis, DNA damage, and migration.
Mechanistically, we showed that HECTD3 and PARP1 interact with
each other through their respective DOC and DNA-binding
domains. We further reported that HECTD3 mediates the K63-
linked polyubiquitination of PARP1 and stabilises PARP1 expres-
sion by recruiting ubiquitin-related molecules to PARP1 key amino
acid sites (Lys209 and Lys221). Moreover, HECTD3 activates the
EGFR-based signalling pathway by regulating PARP1 polyubiqui-
tination. Taken together, this study shows that HECTD3 may be
considered a therapeutic target in patients with GBM, and hence
provides a theoretical basis for clinical research on GBM.

METHODS
Cell lines and cell culture
All human GBM cell lines (LN229, U87MG, U118, and A172), human
astroglial cells SVGP12, and human embryonic kidney (HEK) 293 cells were
obtained from American Type Culture Collection [3]. The above cells were
cultured in a DMEM medium with 10% foetal bovine serum (FBS). All cell
lines were authenticated by short-tandem repeat analysis. Primary
glioblastoma GBM-3 cells were obtained from Daping Hospital (Chongq-
ing, China) and were cultured in DMEM/F-12 medium with 10% FBS [27].
These cell lines were mycoplasma-free (checked by using a Mycoplasma
Stain Assay Kit named C0296, Beyotime Biotechnology, Shanghai, China),
and cultured in a humidified environment supplemented with 5% CO2

at 37 °C.

Reagents, antibodies, and clinical tissue samples
MG132 and CHX were obtained from Sigma (Shanghai, China). A rabbit-
enhanced polymer detection system (#PV-9001) for immunohistochemistry
(IHC) was purchased from ZSGB-Bio (Beijing, China). Alexa Fluor 594-
labelled secondary antibody (#A11034) and Hoechst 33342 (#H1399) were
purchased from Thermo Fisher (Shanghai, China). The antibodies used
include the following: 11487-1-AP (anti-HECTD3), 10122-1-AP (anti-CDK2),
11026-1-AP (anti-CDK4), 66031-1-Ig (anti-α-Tubulin), 60003-2-Ig (anti-MYC-
Tag), 66006-2-Ig (anti-HA-Tag), 66008-4-Ig (anti-Flag-Tag), and 27309-1-AP
(anti-Ki67) were purchased from Proteintech (Wuhan, China). The HECTD3
antibody (bs-15448R) was obtained from Bo Aosen Biotechnology Co., Ltd
(Beijing, China). Antibodies against PARP1 (#9532), Cleaved-PARP1 (#5625),
Caspase3 (#9662), Cleaved-caspase3 (#9661), EGFR (#2085), phospho-EGFR
(#3777), and phospho-AKT (#4060) were purchased from Cell Signalling
Technology (Shanghai, China). Antibodies against PARP1 (ab227244 and
ab157046) were purchased from Abcam (Shanghai, China). Antibody
dilutions’ information is available in Supplementary Table 3. Clinical glioma
tissue samples were purchased from Chaoying Biotechnology Co., Ltd.
(Xian, China).

IHC and haematoxylin and eosin (H&E) staining
Paraffin-embedded tumour tissues were sectioned at 6 μm, and then the
paraffin sections and clinical glioma samples were dewaxed and hydrated.

Then, paraffin slices were put into citrate buffer (pH 6.0) and heated (95 °C/
20min) to facilitate antigen retrieval. Afterward, endogenous peroxidase
activity was blocked, and goat serum was applied to tumour tissue
sections and clinical glioma samples to block nonspecific binding, before
overnight (4 °C) incubation with PBS-diluted HECTD3, EGFR, PARP1, and
Ki67 primary antibodies. Then, a horseradish peroxidase-linked secondary
antibody was added to the above samples for further incubation and
stained with DAB. After haematoxylin re-staining, hydrochloric acid
acidification, ammonia anti-blue, dehydration, and sealing, photos were
taken for observation. For H&E staining, paraffin-embedded mice tumour
tissue in situ was sectioned at 10 μm, and then the paraffin sections were
dewaxed and hydrated. Samples were then stained with haematoxylin,
followed by counterstaining with eosin, before microscopic visualisation of
results.

Plasmids, lentivirus packaging, and infection experiments
Small hairpin shRNAs for HECTD3 and PARP1 and a negative control
shRNA (shGFP) were obtained from Gene Pharma Co. Ltd. (Shanghai,
China) and were inserted into the pLKO.1 vector. The ubiquitination
plasmids contained HA-Ubs (K6R, K11R, K27R, K29R, K33R, K48R, and
K63R) and HA-Ub-WT were cloned into the pCDH-CMV-MCS-EF1-GFP-
Puro vectors and pRK5 vectors respectively, which were purchased from
Youbao Company (Changsha, China). The recombinant plasmids contain-
ing human Flag-HECTD3, MYC-PARP1 and Flag-HECTD3 (amino acids
1–511), Flag-HECTD3-1-511 (amino acids ΔH215–393), MYC-PARP1
(amino acids 1–380) and MYC-PARP1 (amino acids 511–1014) were
cloned into the pCDH-CMV-MCS-EF1-GFP-Puro vector and purchased
from Youbao Company (Changsha, China). The GST-Flag-HECTD3
plasmid was cloned into the PGEX-6p-1 vector and purchased from
Youbao Company (Changsha, China). Flag-HECTD3 (amino acids
512–861), Flag-HECTD3 (amino acids 215–393), and MYC-PARP1 (amino
acids 381–510) were cloned into the pCDH-CMV-MCS-EF1-GFP-Puro
vector. MYC-PARP1-K209R, MYC-PARP1-K221R, MYC-PARP1-K548R, MYC-
PARP1-K579R, and MYC-PARP1-K667R plasmids were cloned into the
pCDH-CMV-MCS-EF1-GFP-Puro vector and purchased from Jinkairui
Bioengineering Co., Ltd (Wuhan, China). For lentivirus packaging and
infection assays, the target plasmid (500 ng) and packaging plasmid
(PLP1, PLP2, and VSVG)/500 ng were co-transfected into 293 cells in one
six-well plate by using the transfection reagent Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Lentiviruses were collected 48 h later and
used to infect GBM cells twice, 12 h per infection. The infected cells were
screened by treatment for 48 h with puromycin, and the surviving cells
were frozen and stored in liquid nitrogen for subsequent assays.

Animal models and tumour xenograft
Four-week-old female nude mice were purchased from Huafukang
Biotechnology Co., Ltd. (Beijing, China). Mice were randomly assigned to
receive subcutaneous injections, and divided into five groups (6 mice/
group) and two groups (4 mice/group). Briefly, stably transfected GBM
cells (U87MG) (1 × 106 cells) with shGFP, shHECTD3#1, shHECTD3#2,
shHECTD3/GFP, shHECTD3/HECTD3, shGFP, and shPARP1 were collected
and resuspended in 100 μl PBS before to be injected into the
subcutaneous tissue of the mice. Before subcutaneous injection, mice
were anaesthetised with an isoflurane nasal anaesthesia system to
reduce pain. Before collecting the tumour, mice were anaesthetised with
isoflurane nasal anaesthesia system and euthanised through cervical
dislocation. Then, mice corpses were collected and stored at −20 °C and
sent to Laibite Biotechnology Co., Ltd. (Chongqing, China) for incinera-
tion. Tumour volumes were calculated by using the following formula:
V= (length × width2)/2. As described previously [23, 28], mice were
divided into two groups, one group (3 mice/group) was used for H&E
staining and IHC assay, the other group (5 mice/group) was monitored
for survival. Mice were anaesthetised using an isoflurane nasal
anaesthesia system to reduce the pain caused by in situ injections,
and GBM cells (U87MG) (1 × 105 cells) were stably transfected with
shGFP, shHECTD3, and shHECTD3/PARP1, collected and resuspended in
6 µl PBS and then injected into the brains of mice. Before collecting the
brains of mice, mice were further anaesthetised and euthanised through
cervical dislocation. Similarly, mice corpses were collected and stored at
−20 °C and sent to Laibite Biotechnology Co., Ltd. (Chongqing, China)
for incineration. Animal handling was approved by the Committee for
Animal Protection and ethics of Southwest University. All experiments
were conducted following the Guidelines for Animal Health and Use of
the Ministry of Science and Technology of China (2006).
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Western blot assay
Cells were lysed with RIPA lysis buffer, and the released proteins were
separated on 10, 12, and 15% polyacrylamide electrophoresis gels, respectively.
Gels were transferred to a polyvinylidene difluoride membrane, which was
blocked with 5% BSA and nonfat milk powder at room temperature for 2 h.
Thereafter, the polyvinylidene fluoride membrane was overnight incubated
(4 °C) with a diluted primary antibody, followed by a second incubation with a
secondary antibody (peroxidase-labelled anti-mouse and anti-rabbit antibo-
dies) at room temperature for 2 h. Finally, the results were analysed with the
ECL Prime western blot (WB) detection system (GE Healthcare).

Immunoprecipitation (IP) assay
The IP assay was performed as described previously [3]. Briefly, cells were
collected and lysed with IP lysis buffer. Then, protein A/G magnetic beads
were preincubated with the different antibodies. Cell lysates were overnight
incubated (4 °C) with antibody-coupled beads. The beads were washed and
then denatured at 100 °C, and the proteins were detected by western blot.

Ubiquitination and turnover assay
Constructed plasmids, shGFP, Flag-HECTD3, Flag-HECTD3 (C823A), PARP1,
and HA-Ubs (WT, K6R, K11R, K27R, K29R, K33R, K48R, and K63R) plasmids
were transfected into 293 cells by using the transfection reagent
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Forty-eight hours
post-transfection, 50 µg/ml of the proteasome inhibitor MG132 was added
to the cells and incubated for 7 h. The cells were collected and lysed with
IP lysis buffer. The cell lysates were overnight incubated at 4 °C with
antibody-coupled beads. The beads were washed, denatured at 100 °C,
and the proteins were detected by western blot. For the turnover assay,
the infected cells were screened for 48 h with puromycin, and the surviving
cells were treated with CHX at a concentration of 50 µg/ml. Finally, the cells
were collected, lysed, and analysed by western blot.

BrdU staining
For this assay, 2 × 104 cells were cultured in 24-well plates, followed by
30min with 10 µg/ml BrdU. Then the samples were fixed with
paraformaldehyde, acidified with hydrochloric acid, and blocked with goat
serum. Samples were successively incubated with a primary antibody (anti-
BrdU; Abcam, Cambridge, MA, USA) overnight (4 °C), and a secondary
antibody (Alexa Fluor® 594; H+ L; Invitrogen™) at room temperature for
2 h, respectively. Thereafter, nuclear staining was performed with DAPI
(300Nm), and the BrdU incorporation rate was calculated from at least
three randomly chosen microscopic fields.

Cell proliferation detection and plate colony formation
experiment
To test the cell proliferation ability, 1 × 103 cells were cultured in both 96-
and 6-well plates for 6 and 15 days, respectively. As described previously
[28], cell viability was detected by using the MTT assay. The plate clone
formation assay was scanned after crystal violet staining, finally, the
absorptivity at 560 nm was measured by absolute ethanol for statistical
analysis. All experiments were performed three times, independently.

Quantitative reverse transcriptional PCR (qRT-PCR)
As described previously [28], total RNA was extracted through TRIzol
reagent (Invitrogen™), and 2 µg of RNA were reverse transcribed into
cDNA. SYBR qPCR SuperMix Plus was used for qRT-PCR (Novoprotein,
China). The primer pairs were shown in Supplementary Table 1. Results
were calculated using the ΔΔCt method with glyceraldehyde-3-phosphate
dehydrogenase serving as the internal control [29].

Flow cytometry analysis
For apoptosis analysis, puromycin was used to select lentivirus-infected
cells. After 2 days of screening, as described previously [30], cells were
collected for incubation with FITC-labelled annexin V and propidium iodide
(PI) at room temperature for 25min before being analysed by the FACS C6
flow cytometry (BD, USA).

Proximity ligation assay (PLA) and immunofluorescence (IF)
assay
The cells infected with lentivirus were successively screened with
puromycin, fixed with paraformaldehyde, blocked with goat serum, and

finally overnight incubated overnight with ɣ-H2AX, Flag, and PARP1
antibodies. Next, the cells were incubated with an Alexa Fluor 594-labelled
secondary antibody (1:1000) and a PLA assay Kit (Sigma-Aldrich®). Finally,
the cells were visualised and photographed with a confocal fluorescence
microscope. Thanks to Jifu Li for providing technical support during the
use of the Confocal Laser Scanning Microscope (Olympus Fv1000, Japan).

Migration and wound healing assays
Cell migration experiments were carried out in the Transwell chambers.
The cells’ mean number was calculated from at least three randomly
chosen microscopic images. For the wound healing assay, the cells were
cultured in 6-well plates, and then the wound was made with a 10-µl
pipette tip, and wound healing was microscopically observed, randomly.

Patient database analysis
All data sets were obtained from CGGA (http://www.cgga.org.cn/),
GEPIA (http://gepia.cancer-pku.cn/index.html), and GlioVis (http://
gliovis.bioinfo.cnio.es/) databases, respectively.

Statistical analysis
Triplicates at least were designed and performed in each of the above
experiments. Statistical parameters (sample size and significance analysis)
are shown in the legend. Data were analysed and shown as mean ± SD.
Statistics analyses were performed using GraphPad Prism 8.0. Two-tailed
Student’s t tests were performed for paired samples. *p < 0.05, **p < 0.01,
and ***p < 0.001 were considered to indicate statistical significance.

RESULTS
HECTD3 is highly expressed in GBM tissues and associated
with a poor prognosis
To explore the role of HECTD3 in GBM, we first performed an IHC
assay to detect the expression of HECTD3 in 5 normal brain tissue
samples and 35 glioma patient samples. The results showed that
HECTD3 expression gradually increased in a grade-dependent
manner in normal and glioma tissues (Fig. 1a, b). Then, we
performed a succession of bioinformatics analyses to detect,
compare and confirm the above finding. Analysis of CCGA
databases showed that HECTD3 expression was increased in a
grade-dependent manner and HECTD3 was highly expressed in
GBM (Fig. 1e). Moreover, analysis of the histology and age-based
expression of HECTD3 were analysed through the CGGA database
revealed that HECTD3 was significantly expressed in both
recurrent and non-recurrent GBMs (Fig. 1c), with a particularly
high expression in patients with grade IV GBM, aged at least 42
years old (Fig. 1d). Further analysis results that indicate the tissues
where HECTD3 expression was higher, as well as the GBM grade
levels and the IDH mutational status, are embedded in the
supplementary materials (Fig. S1A–D). Interestingly, analysis of the
possible association between patient prognosis and HECTD3
expression in different grades of gliomas through the CGGA
database showed an association between HECTD3 high expres-
sion and different glioma grades with poor prognosis (Fig. 1f–i). To
get more insights into the role of HECTD3 in GBM, we detected
HECTD3 protein expression levels in human astrocytes (SVGP12),
primary glioblastoma (GBM-3), and GBM (U87MG, LN229, U118,
A172) cell lines through western blot assay. The results indicated
that HECTD3 was highly expressed in GBM cells (Fig. 1j), and
LN229, U87MG, and GBM-3 cell lines were used in subsequent
experiments. To sum up, these data suggest that HECTD3 is highly
expressed in GBM and might play an oncogenic function.

Knockdown of HECTD3 inhibited the proliferation and
migration ability of GBM cells
To further elucidate the effect of HECTD3 on GBM cell prolifera-
tion. Two independent short hairpin RNAs (shRNA#1 and
shRNA#2) were designed to knock down HECTD3 expression in
LN229, U87MG, and GBM-3 cell lines. Western blot and qRT-PCR
analyses showed that HECTD3 expression was successfully
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knocked down (Fig. 2a). Then, we examined the proliferation
abilities of LN229, U87MG and GBM-3 cells by MTT assay, and
revealed that knocking down HECTD3 expression significantly
inhibited the proliferation of above-cited cell lines (Fig. 2b). We

next sought to determine the DNA synthesis amount by using
the BrdU incorporation assay. We found that the DNA synthesis
level was significantly reduced in HECTD3-knocked-down
LN229, U87MG, and GBM-3 cells in comparison to control cells

Expression of HECTD3

Expression of HECTD3 in CGGA dataset
All WHO grade survival (primary glioma)

Histology: GBM; Subtype: All; Cutoff: median

HECTD3 High (n = 187, events = 171, median = 11.4)
HECTD3 Low (n = 187, events = 143, median = 14.5)
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** Log–rank p  value = 0.0022
** Wilcoxon p  value = 0.0093
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Fig. 1 HECTD3 is highly expressed in GBM tissues and associated with a poor prognosis. a Immunohistochemical staining analysis was
used to detect the expression of HECTD3 in normal brain tissues and glioma tissue samples. b Statistical analyses of HECTD3 in 5 normal brain
tissue samples and 35 glioma patient samples. c–e The CGGA (http://www.cgga.org.cn/) database was used to analyse the expression of
HECTD3 in different grade gliomas, histology and age status. f–i The CGGA (http://www.cgga.org.cn/) and GlioVis (http://
gliovis.bioinfo.cnio.es/) databases were used to analyse the prognosis of HECTD3 in patients with different grades of glioma. j The protein
expression of HECTD3 in human astrocytes cell (SVGP12), primary glioblastoma cells GBM-3 and GBM cell lines (U87MG, LN229, U118, A172)
cell lines. All data were expressed as mean ± SD. Student’s t test was performed to analyse significance. **p < 0.01, ***p < 0.001.
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(Fig. 2c, e). This corroborates with the reduced cell colony
numbers observed with HECTD3-knocked-down cells in con-
sideration to those of the control groups when performing the
plate cloning assay (Fig. 2d, e). Next, to detect the effect of
HECTD3 on the cell cycle, we applied a western blot assay to
check the cell cycle-related protein expression levels. As shown
in Fig. 2f, expression levels of cell cycle proteins CDK2 and CDK4
were reduced in HECTD3 knocked down cells in comparison to
control ones. Then, xenograft experiments indicated that the
tumour growth rate, volume, and weight in HECTD3-knocked-
down U87MG cells were significantly decreased compared to
those in the control groups (Fig. 2g–i). Besides, HECTD3 and Ki67
expression levels were significantly decreased in HECTD3-
knocked-down tumour cells compared to controls, as revealed
by IHC (Fig. 2j). Subsequently, transwell assays and wound
healing assays were performed to detect the migration ability of
GBM cells in HECTD3-knocked-down LN229 and U87MG cells.
The results indicated that the migration ability was decreased in
HECTD3-knocked-down GBM cells compared to the control
groups (Fig. S2A, B). We further explored the migration-related
protein expression levels using a western blot assay. Figure S2C
shows reduced expression levels of Slug and MMP2 proteins in
HECTD3-knocked-down LN229 and U87MG cells. Taken together,
these results suggest that HECTD3 played an important role in
GBM and is involved in the proliferation and migration of GBM
cells.

HECTD3 is required for GBM cells proliferation
The above findings showed that knockdown of HECTD3 inhibited
the proliferation and migration ability of GBM cells. To investigate
whether this inhibition was occasioned by an off-target effect, we
restored the expression of HECTD3 in the knocked-down cells
(LN229, U87MG, and GBM-3), and found via western blot the
functional rescue of HECTD3 as well that of the cell cycle-related
proteins CDK2 and CDK4, respectively (Fig. 3a). Furthermore,
through MTT, BrdU incorporation, and plate colony formation
assays, our results showed that the restoration of HECTD3
expression after its knockdown rescued the inhibition of GBM
cell proliferation previously shown to be caused by HECTD3
knockdown to a great extent (Fig. 3b–e). Then, we carried out the
subcutaneous tumourigenesis in a mice model and reported that
restored HECTD3 expression was considerably associated with
rescuing the subcutaneous tumourigenicity of U87MG cells (Fig. 3f,
g). Similar results were obtained after performing the IHC assay,
which indicated a significantly restoration of HECTD3 and Ki67
expression levels (Fig. 3h). To get more insights into the HECTD3
effect on GBM cell proliferation, we over-expressed HECTD3 in
GBM cells followed by a western blot assay, which indicated that
the cell cycle-related proteins (CDK2 and CDK4) expression levels
were increased in GBM cells overexpressing HECTD3 compared to
the control cells (Fig. 3i). A proliferation of LN229 and U87MG cells
were observed in GBM cells over-expressing HECTD3 when
repeating the MTT and plate colony formation assays (Fig. 3j, k).
Taken together, these results showed that HECTD3 promotes the
proliferation of GBM cells and might serve as a promising target
for GBM treatment.

The DOC domain of HECTD3 interacts with the DNA-binding
domain of PARP1
To further explore the mechanism by which HECTD3 promotes the
proliferation of GBM cells, we applied a mass spectrometric
analysis targeting HECTD3 and found that the latter interacted
with PARP1. When we performed an IP assay, the results
confirmed the interaction of HECTD3 with PARP1 in LN229,
U87MG, and GBM-3 cells (Fig. 4a) to further prove the direct
interaction between HECTD3 and PARP1. This finding was further
supported by using proximity Ligation (PLA) and GST-pull down
assays in GBM cells (Figs. 4b and S3A). We next sought to
characterise which domain(s) mediated the interaction between
HECTD3 and PARP1. HECTD3 was truncated as the following:
amino acids from 1–511 (DOC domain), 215–393, ΔH215–393, and
512–861 (HECT domain) (Fig. 4c). Truncated Flag-tagged DOC and
HECT domains as well as the full-length MYC-tagged PARP1 were
transiently co-transfected with HEK293 cells, and we found that
the HECTD3 DOC domain interacted with PARP1 (Fig. 4d). As well,
we investigated the PARP1 domain interacting with the HECTD3
DOC domain. PARP1 was first truncated into several peptides
1–380 aa (DBD), 381–510 aa (AD), and 511–1014 aa (CAT) (Fig. 4e),
then MYC-tagged PARP1 truncated domains and Flag-tagged
HECTD3 DOC domain with immunoprecipitates from transiently
transfected HEK293 cell lysates. The results indicated that the
HECTD3 DOC domain interacted with the PARP1 DBD domain
(Fig. 4f).

Depletion of HECTD3 reduces the expression of PARP1 and
induces apoptosis and DNA damage in GBM cells
Studies have shown that PARP1 is abnormally expressed in GBM
cells and promotes the proliferation of the latter. Investigation of
Gene Expression Profiling Interactive Analysis (GEPIA) and CGGA
gene database analysis showed that PARP1 is highly expressed in
GBM patients with a poor prognosis (Fig. S4A, B). Then, an IHC
assay was performed to detect the expression of PARP1 in 5
normal brain tissue samples and 35 glioma patient samples. The
results showed that PARP1 expression gradually increased in a
grade-dependent manner (Fig. 5a). Two independent shRNAs
(shRNA#1 and #2) were designed to knock down PARP1
expression in LN229 and U87MG cells. We revealed by western
blot assay that the expression of PARP1 was successfully knocked
down (Fig. S4C). Then, xenograft experiments suggested that the
volume and weight of tumours and the growth rate of tumours in
PARP1 knockdown U87MG cells were significantly decreased
compared with those in the control groups (Fig. 5b, c). We
previously demonstrated that HECTD3 interacts with PARP1. To
further explore the regulatory effect of HECTD3 on PARP1, we
assessed, via western blot and qRT-PCR assays, the relative
expression level of PARP1. We found that PARP1 protein
expression was reduced, whereas that of the cleaved PARP1
protein increased in HECTD3 knocked-down LN229, U87MG, and
GBM-3 cells (Figs. 5d and S4E). However, the mRNA expression of
PARP1 was not significantly changed in HECTD3 knocked-down
GBM cells (Fig. S4D). Hence, we assumed that HECTD3 could
regulate the expression of PARP1 via ubiquitination. PARP1 plays
an important role in DNA damage repair, cell apoptosis, cell cycle

Fig. 2 Knockdown of HECTD3 inhibited the proliferation and migration ability of GBM cells. a qRT-PCR assay and western blot assays were
used to detect HECTD3 expression in HECTD3-knocked-down LN229 and U87MG cells. b Growth curves of knocked down HECTD3 LN229 and
U87MG cells. c, e Image and quantification of LN229 and U87MG cells positive for BrdU staining are shown after knocking down HECTD3.
d, e The plate colony formation ability of LN229 and U87MG cells with HECTD3 knockdown. f Protein expression levels of HECTD3, CDK2,
CDK4, and α-Tubulin were detected by western blot in HECTD3-knocked-down LN229 and U87MG cells. g The growth curve of tumours was
examined for HECTD3-knocked-down U87MG cells that were subcutaneously injected into nude mice. h, i The size and weight of xenograft
tumours were analysed in mice injected with HECTD3-knocked-down U87MG cells. j Expression levels of HECTD3 and Ki67 in HECTD3-
knocked-down tumours were detected by immunohistochemistry. All data were expressed as mean ± SD. Student’s t test was performed to
analyse the significance. **p < 0.01, ***p < 0.001.

G. Zhang et al.

1930

British Journal of Cancer (2022) 127:1925 – 1938



1.0

a

g

j k

h i

b c

e f

d

0.8

0.6

0.4

0.2

0.0

0 1 2 3 4 5

shHECTD3

shHECTD3

/GFP shHECTD3

/GFP shHECTD3

/HECTD3

/HECTD3

HECTD3

CDK2

CDK4

α-Tubulin

LN229

LN229-shHECTD3/GFP

U87MG-shHECTD3/GFP

U87MG-shHECTD3/HECTD3

shHECTD3 shHECTD3shHECTD3 shHECTD3
/HECTD3 /HECTD3/GFP /GFP

LN
22

9

LN
22

9

LN229

LN229

0.5

0.4

0.3

0.2

0.1

0.0

HECTD3GFP

LN
22

9

GBM-3 GBM-3

GFP GFPHECTD3 HECTD3

U
87

M
G

U
87

M
G

U87MG

U
87

M
G

H
E

C
T

D
3

K
I6

7

U87MG

LN229 U87MG

+shHECTD3 +
+–

A
bs

or
ba

nc
e 

(5
60

 n
m

)
A

bs
or

ba
nc

e 
(5

60
 n

m
)

A
bs

or
ba

nc
e 

(5
60

 n
m

)

60 0.25

0.20

0.15

0.10

0.05

0.00

GFP/shHECTD3 GFP/shHECTD3
shHECTD3/HECTD3 shHECTD3/HECTD3

50

B
rd

u 
po

si
tiv

e 
ce

lls
 (

%
)

40

30

20

10

0

0.4

0.3

0.2

0.1

0.0

LN229-shHECTD3/HECTD3

Days

0

0.15

0.10

0.05

0.00

2.0

1.5

1.0

0.5

0.0

1 2 3 4 5
Days

0 1 2 3 4 5

HECTD3

CDK2

CDK4

α-Tubulin

U87MG

GBM-3

Tu
m

ou
r 

w
ei

gh
t (

g)

1.0

0.8

0.6

0.4

0.2

0.0

shHECTD3

/GFP shHECTD3

/HECTD3

HECTD3

CDK2

CDK4

α-Tubulin

GBM-3-shHECTD3/GFP0.8

A
bs

or
ba

nc
e 

(5
60

 n
m

)

A
bs

or
ba

nc
e 

(5
60

 n
m

)

A
bs

or
ba

nc
e 

(5
60

 n
m

)

A
bs

or
ba

nc
e 

(5
60

 n
m

)

A
bs

or
ba

nc
e 

(5
60

 n
m

)

0.6

0.4

0.2

0.0

0
0

1

1

2

2

3

3

4 5

GBM-3-shHECTD3/HECTD3

Days

sh
H

E
C

T
D

3
sh

H
E

C
T

D
3

/H
E

C
T

D
3

/HECTD3

/G
F

P

shHECTD3shHECTD3
/HECTD3/GFP

LN229-GFP

LN229-HECTD3

HECTD3

CDK2

CDK4

α-Tubulin

HECTD3

CDK2

CDK4

α-Tubulin

GFP
HECTD3

LN229 U87MG

shHECTD3
shHECTD3

U87MG-GFP

U87MG-HECTD3

/HECTD3
GFP/

0 1 2 3 4 5

Days

Fig. 3 HECTD3 is required for GBM cell proliferation. a Western blot assay was performed to detect the expression of cell cycle-related
proteins CDK2 and CDK4 after restoring the expression of HECTD3 in HECTD3-knocked-down LN229 and U87MG cells. b–e MTT assay, BrdU
incorporation experiments, and plate colony formation assays were successively performed to detect the effect of rescued HECTD3 expression
in HECTD3-knocked-down and GBM cell proliferation. f, g Mice subcutaneous tumourigenesis experiment was used to detect the effect of
rescued HECTD3 expression after the knockdown of HECTD3 on mice subcutaneous tumourigenesis ability of U87MG cells.
h Immunohistochemistry was used to detect the effect of restored HECTD3 after knocking down HECTD3 on HECTD3 and Ki67. i Western
blot assay was used to detect the effects of HECTD3 overexpression in cell cycle-associated proteins CDK2 and CDK4. j, k MTT and plate
cloning assays were used to detect the effect of overexpressed HECTD3 on LN229 and U87MG cells proliferation. All data were expressed as
mean ± SD. The Student’s t test was performed to analyse the significance. *p < 0.05, **p < 0.01, ***p < 0.001.
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control, protein stability, and metastatic processes [31]. Then,
apoptosis-related proteins (caspase-3 and cleaved-caspase-3)
were detected by western blot, and the results indicated that
the protein expression of cleaved-caspase-3 was increased in
HECTD3 knockdown LN229, U87MG, and GBM-3 cells (Figs. 5d and
S4E). Furthermore, the western blot assay indicated an increase in
PARP1 expression level in GBM cells overexpressing HECTD3
compared to control cells (Fig. 5e). We further applied flow
cytometry to detect the HECTD3 effect on cell apoptosis. The assay
showed that the apoptosis of GBM cells with HECTD3 knockdown
was increased (Fig. 5f). Phosphorylated histone H2AX (ɣH2AX) is
an indicator of DNA damage. Immunofluorescence (IF) assays

were performed to examine the ɣH2AX level and found that the
number of cells with positive staining of ɣ-H2AX was significantly
increased in HECTD3 knocked-down LN229 and U87MG cells
versus control cells (Fig. 5g). We previously demonstrated that the
HECTD3 interacted with the PARP1. Previous studies have shown
that Cys823 of HECTD3 plays an ubiquitinase active site role
[16, 32]. Therefore, to detect which domain of HECTD3 regulates
the expression of PARP1, the DOC domain, HECT ubiquitin
domain, the ubiquitin active site mutant (C823A) of HECTD3 and
Flag-HECTD3 were transferred into GBM cells. The results showed
that the DOC and HECT domains, as well as the ubiquitin active
site mutant (C823A) of HECTD3, increased the expression of
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PARP1. However, The simultaneous presence of HECT and DOC
domains of HECTD3 enhanced PARP1 protein expression level
(Fig. 5h). These data suggest that HECTD3 plays an important role
in PARP1 regulation and is involved in GBM cell apoptosis and
DNA damage.

HECTD3 mediates the K63-linked polyubiquitination of PARP1
PARP1 mRNA expression level was not significantly changed in
HECTD3 knocked-down GBM cells (Fig. S4D). To further detect
whether HECTD3 regulates PARP1 ubiquitination, knocked-down
LN229, and U87MG cells were treated with MG132, and the
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findings obtained showed a rescue of PARP1 protein expression
level (Fig. 6a). Then, a ubiquitination assay was applied on LN229,
U87MG and GBM-3 cells led to the observation that HECTD3
knockdown and HECTD3 overexpression in GBM cells reduced and
increased the PARP1 ubiquitination level (Figs. 6c, d and S5A, B).
Moreover, the use of de novo protein synthesis inhibitor
cycloheximide (CHX) to detect the PARP1 turnover rate showed

that the PARP1 degradation rate was slowed down in LN229 cells
overexpressing HECTD3 (Fig. 6b). Interestingly, the same observa-
tion was obtained in a dose-dependent manner when assayed
in vitro (Fig. 6e). Recent studies have shown that HECTD3
mediates the non-K48-linked polyubiquitin chain of STAT3,
caspase-8, caspase-9, MALT1 and TRAF3 [9, 12–16]. We speculated
that HECTD3 might affect PARP1 polyubiquitination. Then, the
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constructed plasmids (HA-Ub-WT, K6R, K11R, K27R, K29R, K33R,
K48R, K63R), Flag-HECTD3, and MYC-PARP1 were co-transfected
into 293 cells for ubiquitination assessment. As shown in Fig. 6f,
HECTD3 mediated the K63-linked polyubiquitination of PARP1.
Since previous studies have shown that Cys823 of HECTD3 plays
an important role in polyubiquitination [16, 32], we engineered
a HECTD3 mutant plasmid (C823A) and co-transfected it with
Flag-HECTD3, MYC-PARP1 and HA-Ub into 293 cells for relative
ubiquitination levels assessment. The results suggested that
polyubiquitination of PARP1 was significantly reduced after the
Cys823 point mutation in HECTD3 (Fig. 6g). To further
determine which Lys of PARP1 is specifically targeted by
ubiquitin-related molecules, we further constructed five PARP1
mutants at different Lys’s sites (sites K209R, K221R, K548R,
K579R, and K667R) by predicting the substrate sites of PARP1
(Fig. 6h). The results showed that the polyubiquitination of
PARP1 decreased after Lys mutations at positions 209 and 221,
respectively (Fig. 6i, j). Collectively, these data suggest that
HECTD3 mediates the K63-linked polyubiquitination of PARP1
and stabilises PARP1 expression by recruiting ubiquitin-related
molecules to Lys209 and Lys221, in the PARP1 ubiquitin-binding
site, respectively.

HECTD3 activates the EGFR-mediated signalling pathway
through PARP1
Studies have shown that EGFR amplification prevails in GBM
cells [20, 33–36] with mutations and rearrangements [37]. It is
particularly urgent to detect the target of EGFR. GEPIA and TCGA
database explorations showed that EGFR was highly expressed
in GBM patients and associated with a poor prognosis (Fig. 7a).
Similar observations in the brain and central nervous system
(CNS) cancers were obtained when investigating the Oncomine
database (Fig. S6A). Previous studies have shown that PARP1
inactivation inhibited the activation of the EGFR signalling
pathway [26]. Therefore, we assumed that HECTD3 might
activate the EGFR-mediated signalling pathway by regulating
PARP1 polyubiquitination. To test this hypothesis, we detected
EGFR, P-EGFR, and P-AKT expression levels in HECTD3-knocked-
down LN229 and U87MG cells via western blot assay and found
reduced expression levels of EGFR, P-EGFR, and P-AKT in HECTD3
knocked-down LN229 and U87MG cells (Fig. 7b). To further
prove that HECTD3 might activate EGFR signalling pathway
through PARP1 polyubiquitination, we determined the expres-
sion levels of EGFR signalling pathway-related proteins after
overexpressing PARP1 in HECTD3-knocked-down GBM cells. The
results showed that the expression level of EGFR, P-EGFR, and
P-AKT significantly increased compared to the knocked-down
HECTD3 LN229 and U87MG cells groups (Fig. 7c). By applying
MTT and plate colony formation assays, we revealed a rescue of
GBM cell proliferative ability when compared to that of the
HECTD3-knocked-down GBM cell groups (Fig. 7d, e). Moreover,
we performed in situ injections of U87MG cells in mice, and we
found that depletion of HECTD3 inhibited tumour size and
prolonged the survival of mice. Furthermore, overexpression of
PARP1 in mice model after HECTD3 knockdown caused a
significant increase in tumour size, associated with a consider-
able decrease in mice survival rate (Fig. 7f, g). Detection of
HECTD3, PARP1, and EGFR expression levels were confirmed in
HECTD3-knocked-down tumour cells compared to controls by
using IHC. These PARP1 and EGFR expression levels significantly
increased in mice tumours overexpressing PARP1 after HECTD3
knockdown (Fig. 7h). In addition, we mapped the molecular
mechanism of HECTD3 mediated K63-linked polyubiquitination
of PARP1 and in activated EGFR pathway (Fig. 7i). These data
show that HECTD3 promotes the proliferation of GBM cells by
polyubiquitinating PARP1 and activating the EGFR signalling
pathway, and suggest that HECTD3 might be a potential target
for the treatment of GBM patients.

DISCUSSION
GBM is a highly invasive and malignant primary solid tumour and
is the deadliest and most difficult to treat glioma in adults [38–40].
In recent years, although research on GBM has been more in
depth, its pathogenesis and molecular mechanism remain unclear.
Therefore, it is particularly urgent to explore the pathogenesis and
mechanism of action of GBM. Recent reports have shown that the
E3 ubiquitin ligase HECTD3 is abnormally expressed in a variety of
solid tumours and associated with development and progression.
In view of that, we explored the possible role(s) of HECTD3 in GBM.
In this study, we first demonstrated that HECTD3 is highly
expressed in GBM tissue samples and that the prognosis of
patients with high HECTD3 expression is poor (Fig. 1a). Further-
more, we showed that HECTD3 participated in the proliferation,
apoptosis, DNA damage, and migration of GBM cells, which led us
to assumed that HECTD3 might be a potential target for the
treatment of GBM patients.
PARP1 is a founding member of the PARP family, and PARP1

plays an important role in chromatin remodelling, replication,
transcription, energy metabolism, inflammatory response, and cell
death. Studies have shown that PARP1 expression is regulated by
a variety of cellular processes, such as phosphorylation, acetyla-
tion, and ubiquitination. By applying the IHC assay, we reported
that PARP1 was highly expressed in GBM (Fig. 5a), and interacted
directly with HECTD3 through their respective DNA binding
(PARP1) and DOC (HECTD3) domains, respectively. We further
revealed that HECTD3 mediated the K63-linked polyubiquitination
of PARP1 and stabilised PARP1 and reported that the polyubiqui-
tination of PARP1 was significantly reduced after mutating the
Cys823 in the ubiquitin active site of HECTD3. Inversely, HECTD3
mediated K63-linked polyubiquitination of PARP1 and stabilised
PARP1 expression by recruiting ubiquitin-related molecules to
Lys209 and Lys221 in the ubiquitin-binding site of PARP1.
EGFR is highly expressed in more than half of the GBM gene

analyses, and alterations include gene amplification and mutation
[37]. It is of great clinical significance to identify the target(s) of
EGFR. Previous studies have shown that the inactivation of PARP1
inhibited the activation of the EGFR signalling pathway [26]. In this
study, we reported that HECTD3 activates the EGFR-mediated
signalling pathway through the polyubiquitination of PARP1.
These data indicate that the HECTD3-PARP1-EGFR axis might be a
powerful target for the treatment of GBM patients.
It is of great significance to identify drugs targeting HECTD3 for

the treatment of GBM. Studies have shown that HECTD3 promotes
the occurrence and development of cancer and has anti-apoptotic
characteristics [9]. The high expression of HECTD3 could enhance
the tolerance of anti-tumour clinical drugs. Therefore, the research
and development of HECTD3 inhibitors are urgent. Its combina-
tion with clinical drugs could improve the survival rate of cancer
patients. Here, we found that PARP1 serves as a direct ubiquitin
target of HECTD3 in GBM, and we found that the interaction
between HECTD3 and PARP1 could promote PARP1-mediated
tolerance to radiotherapy and chemotherapeutic drugs of
tumours. Therefore, the combination of targeted drugs for
HECTD3 and PARP1 could effectively improve the survival of
tumour-suffering patients compared to the use of a one-targeting
drug. We further reported that DOC and HECT domains increased
PARP1 expressions. However, the simultaneous presence of these
two domains enhanced PARP1 expression (Fig. 5h). Therefore, we
speculated that these HECTD3 domains could counteract the
degradation of PARP1 by other ubiquitin-related ligases or
regulators and stabilise PARP1 expression.
Globally, this study demonstrated that HECTD3 mediates the

K63-linked polyubiquitination of PARP1 and stabilises the latter
expression by recruiting ubiquitin-related molecules to Lys209
and Lys221 in the ubiquitin-binding site of PARP1, and activates
the EGFR-mediated signalling pathway, which promotes GBM
tumourigenesis. Based on our research results, HECTD3 might be a
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potential therapeutic target for the treatment of GBM-suffering
patients, and the HECTD3–PARP1–EGFR axis represents a promis-
ing theoretical basis for clinical cancer research.
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