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Abstract
Autophagy is associated with chemoresistance, which is the leading cause of failure in chemotherapeutic treatments. Among 
the various aspects of autophagy, autophagic flux serves as a critical indicator for evaluating the dynamic processes involved.
We report herein that the multifunctional protein HAX-1 promotes chemoresistance by effectively blocking the fusion of 
autophagosomes with lysosomes. Complementary mass spectrometric and functional studies also demonstrated that HAX-1 
recruits NEDD4 to promote Rab7a degradation and inhibits binding of Rab7a with SNAREs by competitively binding to 
it. Furthermore, HAX-1 binds IGF2BP1 mRNA, thereby contributing to its stability and translation. Moreover, IGF2BP1 
enhanced HAX-1 m6A methylation, thereby enhancing its stability. By way of in-vivo and in-vitro experiments, we confirmed 
the positive role of the IGF2BP1-HAX-1 feedback loop in chemoresistance. Taken together, our findings provide evidence 
that monitoring of HAX-1, IGF2BP1, and SQSTM1 levels can serve as useful predictors of clinical outcome and chemore-
sistance risk. In addition, our data provide new insights into the clinical applications of therapies related to autophagic flux 
and its associated molecular network in targeting cisplatin chemoresistance in nasopharyngeal carcinoma.
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IGF2BP1	� Insulin-like growth factor 2 mRNA-binding 

protein 1
IHC	� Immunohistochemistry
IP	� Immunoprecipitation
KEGG	� Kyoto Encyclopedia of Genes and Genomes
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mRNA	� Messenger RNA
NPC	� Nasopharyngeal carcinoma
OS	� Overall survival
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qRT-PCR	� Quantitative real-time PCR
shRNA	� Small hairpin RNA
siRNA	� Small interfering RNA
SNAP29	� Synaptosome-associated protein 29
SNAREs	� Soluble i-ethylmaleimide-sensitive factor 

attachment protein receptors
SQSTM1	� Sequestosome 1
STX17	� Syntaxin 17
TCGA​	� The Cancer Genome Atlas
VAMP8	� Vesicle-associated membrane protein 8
WB	� Western blot

Introduction

Cisplatin is considered one of the most potent and fre-
quently prescribed anti-tumor chemotherapeutic agents, 
significantly improving survival rates in various solid 
tumors [1], including nasopharyngeal carcinoma (NPC). 
However, the development of resistance to cisplatin can 
diminish the drug’s effectiveness, leading to cancer progres-
sion and potentially restricting future therapeutic options. 
This resistance may require the exploration of alternative 
treatments, which may not be as effective in managing 
the cancer, ultimately impacting the patient’s prognosis 
and survival outcomes. According to the guidelines of the 
National Comprehensive Cancer Network (NCCN), the main 
curative treatment strategy for nasopharyngeal carcinoma 
(NPC) is intensity-modulated radiation therapy combined 
with cisplatin (DPP)-based chemotherapy [2, 3]. However, 
approximately 30 % of patients with NPC develop chemo-
therapeutic resistance, resulting in therapeutic failure and 
low survival [4–6]. Recent studies aimed at overcoming 
cisplatin resistance in tumors have focused on several inno-
vative strategies. Researchers are investigating the use of 
combination therapies that incorporate novel agents, such 
as immune checkpoint inhibitors [7] and molecular targeted 
therapies [8]. Additionally, some experts have developed and 
examined survivin promoter-regulating conditionally repli-
cating adenoviruses (CRAd) for their anti-tumor potential 
[1, 9], both alone and in combination with cisplatin, which 

can sensitize resistant tumor cells to this chemotherapeu-
tic agent. These studies are groundbreaking and offer new 
insights into addressing cisplatin resistance. However, the 
role of autophagy in cisplatin resistance remains critical and 
must not be overlooked. Research within the past decade has 
established that autophagy plays a complex role in chemore-
sistance depending on the cancer type and treatment regi-
men; it can enhance cancer cell survival, thereby promoting 
chemoresistance, and promote apoptosis, thereby enhanc-
ing chemosensitivity [10]. For instance, autophagy has been 
shown to contribute towards Fusobacterium nucleatum-
mediated colorectal cancer chemoresistance [11], whereas 
impaired lncRNA ARHGAP5-AS1 autophagic degradation 
promotes chemoresistance in chemoresistant gastric cancer 
cells [12]. Autophagy is a dynamic process comprising four 
critical steps, namely, initiation, nucleation/elongation/matu-
ration, fusion to lysosomes, and degradation, thereby mak-
ing its role in chemoresistance relatively complicated [13, 
14]. Fusion of autophagosomes with lysosomes is an essen-
tial step in autophagic cargo degradation requiring activity 
of Rab GTPases, membrane-tethering complexes (HOPS 
complex and VPS genes), and soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNAREs) [15]. 
Additional autophagy relevant factors include inhibition of 
AXL kinase which decreases cytoprotective autophagic 
flux and induces immunogenic cell death in drug-resistant 
NSCLC cells [16]. Moreover, chloroquine and hydroxychlo-
roquine can inhibit cytoprotective autophagy by interfering 
with autophagic flux, thereby promoting the sensitization 
of cancer cells to chemotherapy [17]. These studies have 
revealed the role of autophagic flux in chemoresistance and 
significant efforts are required to further characterize the 
role of autophagic flux in chemoresistance, and to identify 
autophagic vulnerability to overcome chemoresistance.

HS1-related protein X-1 (HAX-1) is a multifunctional 
protein cytogenetically located on chromosome 1q21 [18]. 
HAX-1 interacts with some cellular proteins, as well as 
mRNA 3′-UTR [18, 19], thereby contributing to the execu-
tion of multiple cellular processes, including anti-apoptotic 
processes, mitochondrial membrane potential-related pro-
cesses, calcium signaling, actin remodeling, and mRNA 
surveillance [18–20]. We previously showed that HAX-1 
promotes NPC angiogenesis by enhancing the translation 
efficiency of ITGB6 and activating the FAK pathway [21]. 
Furthermore, we showed that HAX-1 influences prog-
nosis in patients with NPC and inhibits cancer cell death 
[22], suggesting that it may be involved in the develop-
ment of chemoresistance. In the study reported herein, we 
investigated how HAX-1 affects DDP chemoresistance in 
patients with NPC and evaluated the underlying mecha-
nism, and determined the relationship between HAX-1, 
IGF2BP1, and SQSTM1 expression and patient outcomes 
and DDP chemoresistance. Therefore, We hypothesized that 
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cisplatin chemoresistance based on the co-analysis of HAX-
1, IGF2BP1, and SQSTM1 expression. Our findings may 
assist clinicians in identifying patients with low and high 
expression levels of HAX-1, IGF2BP1, and SQSTM1, ena-
bling the treatment of those at high risk of chemoresistance 
with cisplatin-based chemotherapy. This approach could 
facilitate the selection of more tailored individual therapies.

Results

HAX‑1 knockdown enhances NPC chemosensitivity 
to cisplatin

HAX-1 downregulation in CNE-2 cells via lentiviral infec-
tion and its overexpression significantly decreased and 
increased DDP IC50, respectively (Fig. S1A–E). In addition, 
HAX-1 downregulation and DDP have significantly syner-
gistic cytotoxicity (Fig. 1A–D, Fig. S1F–H). Furthermore, 
results of mouse tumor xenograft models confirmed that 
mice injected with low HAX-1-expressing cells (shHAX-1) 
exhibited reduced tumor growth and synergistic cytotoxicity 
of DDP exposure (Fig. 1E, F). Xenografts with low HAX-1 
expression exhibited decreased ATP-binding cassette trans-
porter (ABCC1) (chemoresistance marker, Fig. 1G), P‐gly-
coprotein (P‐gp, chemoresistance marker; Fig. 1G, H, J), 
and Ki-67 (marker of proliferation, Fig. 1H, I) levels. Anal-
ysis of SQSTM1 expression showed increased autophagic 
activity in low HAX-1-expressing xenografts (Fig. 1G, H, 
K). Furthermore, clinical data from The Cancer Genome 
Atlas (TCGA) cohort showed that patients with head and 
neck squamous cell carcinoma with high HAX-1 expression 
exhibited significantly shorter overall survival than those 
with low HAX-1 expression (Fig. 1L). We therefore suggest 
that levels of HAX-1 in NPC cells are inversely associated 
with sensitivity to cisplatin.

HAX‑1 inhibited late stage autophagic flux in NPC 
cells

In order to study of the molecular mechanisms involved 
in HAX-1-mediated chemoresistance, we successfully 
established HAX-1 knockout cell lines using the CRISPR-
Cas 9 gene editing approach (Fig. S2A, B). The results of 
RNA-seq analysis revealed 1,377 differentially expressed 
genes (DEGs) (adjusted p-value < 0.05, fold change >2.0; 
Fig. S2C). The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis was performed to identify HAX-1-related 
functional pathways with autophagy selected due its poten-
tial role in promoting chemoresistance (Fig. 2A). Thus, we 
evaluated the effects of HAX-1 on autophagosome and autol-
ysosome generation. Interestingly, silencing HAX-1 resulted 
in decreased expression of LC3B-II and the autophagy 

substrate SQSTM1, whereas the LC3B-II:LC3B-I ratio, 
Beclin1 and ATG5 levels remained unchanged (Fig. 2B). 
We also showed that other autophagy receptors, such as 
NBR1, TAX1BP1 and OPTN in low HAX-1-expressing 
cells, have no significant change when compared to normal 
cells (Fig. 2B). This is consistent with a previous finding that 
the LC3-I to LC3-II conversion occurs during autophago-
some elongation with LC3-II remaining membrane bound 
and degraded with the cargo. Additionally, SQSTM1, which 
is the best-known substrate of autophagy accumulates in 
autophagy deficiency status and our data suggest that HAX-1 
may regulate its autophagic flux. Consistently, Immunofluo-
rescence analysis of endogenous LC3 aggregation (Fig. 2C, 
D) and tandem monomeric mRFP-GFP-tagged LC3 analysis 
revealed that the number of autolysosomes increased signifi-
cantly following HAX-1 knockdown; however, this effect 
was reversed following treatment with chloroquine (Fig. 2E, 
F). Using morphometric transmission electron microscopy, 
we observed an increase in autolysosome but not autophago-
some counts, in response to HAX-1 knockdown (Fig. 2G). 
Moreover, HAX-1 expression positively correlated with 
SQSTM1 expression in head and neck squamous cell carci-
noma tissues (Fig. 2H). Collectively, these results indicate 
that HAX-1 effectively inhibits late stage autophagic flux 
by blocking the fusion of autophagosomes with lysosomes.

SQSTM1/p62 is essential for HAX‑1 mediated 
chemoresistance

SQSTM1/p62, an autophagy cargo adaptor protein, is mainly 
degraded by autophagy. We previously showed that silencing 
of HAX-1 results in SQSTM1 downregulation, indicating 
the blockage of autophagic flux. Here, we further investi-
gated whether SQSTM1 reverses HAX-1 silencing-induced 
chemosensitivity. We successfully established a chemoresist-
ant cell lines using CNE-2 cells (CNE-2R) and as expected, 
HAX-1, P-gp, and SQSTM1 expression was significantly 
increased in DDP-resistant CNE-2R cells (Fig. S2D). In 
addition, ABCC1, P‐gP, and SQSTM1 expression signifi-
cantly decreased upon HAX-1 knockdown (Fig. S2E–G); 
however, this was significantly reversed upon the induc-
tion of SQSTM1 overexpression (Fig. S2E–G). Moreover, 
mouse tumor xenograft experiments showed that HAX-1 
knockdown could significantly decrease tumor growth, as 
well as Ki-67, SQSTM1, and P‐gp expression; however, 
this effect was reversed following the induction of SQSTM1 
overexpression (Fig. S2H–L). Next, we performed rescue 
experiments to measure chemosensitivity. These cellular 
assays revealed that SQSTM1 overexpression inhibited 
HAX-1 knockdown-induced decrease in cell proliferation 
(Fig. S3A–E). These results demonstrated that the DDP 
chemoresistance-promoting effect of HAX-1 is dependent 
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on its ability to inhibit late stage autophagic flux, which 
requires SQSTM1 accumulation.

HAX‑1 overexpression blocks autophagic flux 
by competitively binding to Rab7a

In order to further investigate the mechanism underlying 
HAX-1 mediated autophagic flux blockade, we identified 
493 HAX-1 interacting molecules involved in autophagic 
flux by Co-IP and mass spectrometry. Amongst these pro-
teins, the Ras-associated protein, RAB7A (Rab7a), is con-
sidered to be the key component that regulates autophago-
some-lysosome fusion [23], and therefore of further interest 
(Fig. 3A). This was confirmed by co-precipitation of endog-
enous HAX-1 and Rab7a and in the reverse configura-
tion, namely endogenous Rab7a and HAX-1, respectively 
(Fig. 3B). As a consequence, HAX-1 and Rab7a proteins 
largely colocalized as expected (Fig. 3C). In order to deter-
mine the interaction domains between HAX-1 and Rab7a, 
Co-IP analyses were carried out using four truncated HAX-1 
mutants. The deletion mutant, HA-HAX-1 1−128, was 
shown to be strongly bound to Rab7a but not with any other 
deletion mutant (Fig. 3D), suggesting that HAX-1 directly 
binds to Rab7a via its domain at the 100–128 amino acid 
sequence.

Rab7a is considered to be the main mediator of mem-
brane tethering and determines the site of fusion. However, 
the fusion of autophagosomes with lysosomes depends on 
tethering complexes and small transmembrane proteins 
(SNAREs) [24, 25]. During autophagosome-lysosome 
fusion, Rab7a binds to the hexameric HOPS tethering com-
plex; this is followed by SNARE-mediated fusion through 
binding to SNAREs and promoting their assembly [24]. 
Consequently, we hypothesized that HAX-1 competitively 

binds to Rab7a, reducing its interaction with SNAREs and 
blocking autophagosome-lysosome fusion. Interestingly, as 
compared to the control group, in the HAX-1 overexpression 
group, the combination and colocalization of Rab7a and the 
SNARE complex, consisting of syntaxin 17 (STX17), synap-
tosome-associated protein 29 (SNAP29), and vesicle-associ-
ated membrane protein 8 (VAMP8), significantly decreased; 
however, binding of Rab7a with SNAREs increased with 
HAX-1 downregulation (Fig. 3E, F), further strengthening 
the hypothesis that HAX-1 competitively binds to Rab7a, 
thereby reducing its interaction SNAREs and blocking 
autophagic flux.

HAX‑1 recruits ubiquitin E3 ligase (NEDD4) 
to regulate Rab7a protein stability

HAX-1 contains a PEST domain, a rapid regulator of 
protein degradation, at its 104–117 amino acid sequence 
[18, 26]. Based on Co-IP findings (Fig. 3D), we hypoth-
esized that HAX-1 regulates Rab7a stability by binding 
to its PEST domain. First, we found that HAX-1 did not 
affect Rab7a mRNA levels (Fig. 4A). Next, using a protea-
some inhibitor (MG-132) and several autophagy inhibitors 
(3MA, chloroquine, and Bafa1), we assessed whether the 
post-translational pathway was relevant for Rab7a stability. 
We found that only MG132 significantly increased Rab7a 
protein expression (Fig. 4B). Moreover, Rab7a levels were 
significantly downregulated and upregulated following the 
induction and downregulation of HAX-1 overexpression, 
respectively (Fig. 4C). These results indicated that HAX-1 
participated in ubiquitin-proteasome pathway (UPP)-medi-
ated Rab7a degradation. Subsequently, Rab7a downregu-
lation and subsequent ubiquitination analyses showed that 
inhibiting HAX-1 activity significantly suppressed Rab7a 
ubiquitination, while HAX-1 overexpression enhanced its 
ubiquitination (Fig. 4C). The UbiBrowser database was used 
to identify the E3 ubiquitin ligase that participates in Rab7a 
ubiquitination and of the four main E3 ubiquitin ligases 
that participate in Rab7a ubiquitination, only NEDD4 was 
commonly identified (Fig. 4D and Fig. S4A). Additionally, 
Co-IP showed an interaction between Rab7a and NEDD4 
(Fig. 4E) and this significantly increased with HAX-1 over-
expression and decreased with HAX-1 knockdown (Fig. 4F), 
further confirming that HAX-1 was necessary for the bind-
ing of NEDD4 with Rab7a. To further verify whether 
NEDD4 is critical for Rab7a degradation, NEDD4 knock-
down using three lentiviral vectors (shRNA, shNEDD4-1, 
and shNEDD4-3) resulted in the highest knockdown effi-
ciency (Fig. 4G). As expected, NEDD4 knockdown using 
shNEDD4-1 and shNEDD4-3 induced a significant increase 
in Rab7a levels (Fig. 4G). In addition, rescue experiments 
showed that NEDD4 knockdown reversed HAX-1 overex-
pression-induced Rab7a expression inhibition (Fig. 4H), 

Figure 1   HAX-1 association with NPC chemoresistance and patient 
outcomes. A, B Three-dimensional spheroid formation and C, D 
colony formation analyses for cell proliferation after transfection 
with HAX-1-specific shRNA or control shRNA, with or without 
DDP exposure (one-way ANOVA). E shRNA or shHAX-1 trans-
fected CNE2 cells were inoculated into BALB/c nude mice. DPP or 
an equivalent volume of PBS was administered at a dosage of 4 mg/
kg body weight every two days, commencing when the tumor sizes 
reached 0.125  cm3. After 28 days, the tumors were harvested for 
measurement of their sizes and weights. The data are presented as 
individual dots representing the weight of each tumor, with the scale 
bars indicating the mean±standard error of the mean (SEM) of tumor 
weights from six mice in each treatment group of the representative 
experiment (mean±SEM, n = 6). Statistical analysis was conducted 
using a two-tailed unpaired t-test. F Statistical analysis of tumor 
weight on day 28. G Tumor WB analysis and H–K IHC staining for 
ABCC1, P‐gP, HAX-1, Ki-67, and SQSTM1 expression (one-way 
ANOVA). L Kaplan-Meier analysis comparing overall survival in the 
TCGA database using the Log-rank test. All data are presented as the 
mean ± SEM of at least three independent experiments. *P < 0.05, 
** P < 0.01, *** P < 0.001, **** P < 0.0001. WB western blot, PI 
dead cells, Calcein-AM live cells; Scale bar: 200 μm
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improved its ubiquitination capacity (Fig. 4I), and shortened 
its half-life following treatment with CHX to block protein 
translation (Fig. 4J). These results indicated that HAX-1 
serves as a scaffold for NEDD4 recruitment, thereby pro-
moting Rab7a degradation.

Next, we evaluated the involvement of Rab7a in HAX-
1-mediated chemosensitivity. Rab7a downregulation signifi-
cantly abrogated HAX-1 knockdown-mediated suppression 
of SQSTM1 (Fig. S4B, C), and inhibited cell prolifera-
tion in-vitro (Fig. S4D–J) and in-vivo (Fig. S4K) as well 
as decreased the HAX-1 knockdown-mediated SQSTM1 
and P‐gp expression levels in xenografts (Fig. S4L). Col-
lectively, our data demonstrated that HAX-1 not only accel-
erated Rab7a degradation, but also inhibited the binding of 
Rab7a with SNAREs by binding to Rab7a, thereby blocking 
autophagic flux.

HAX‑1 regulates mRNA stability and IGF2BP1 
translation

HAX-1 not only interacts with certain proteins, but also 
binds to mRNA 3′-UTRs [18, 19]. Addition of N-6-methy-
ladenosine (m6A), the most common mRNA modification 
in eukaryotes, is mediated by methyltransferase complexes 
(“writers”), demethylases (“erasers”), and RNA-binding pro-
teins (“readers”) [27]. Dysregulated m6A modifier levels can 
mediate chemoresistance [28, 29]. Thus, we investigated the 
role of a dysregulated m6A machinery in the upregulation 
of HAX-1-mediated DDP chemoresistance. We re-analyzed 
our RNA-seq data in Fig. S2C and found that m6A modi-
fiers were significantly downregulated in HAX-1 knockout 
cells (Fig. 5A). However, only the levels of IGF2BP1 protein 
(Fig. 5B) and mRNA (Fig. 5C) were significantly decreased 
and increased, respectively, following the downregulation 
and upregulation of HAX-1 (Fig. 5B, C). Furthermore, 
there was no significant difference in promoter activity 
(Fig. 5D), suggesting that HAX-1 did not affect IGF2BP1 
transcription. HAX-1 overexpression or knockdown had 
no significant effect on the half-life of IGF2BP1 precursor 

mRNA (Fig. 5E). However, HAX-1 plays an essential role 
in delaying mature IGF2BP1 mRNA degradation (Fig. 5F). 
We further investigated the potential mechanisms involved 
in HAX-1-mediated regulation of IGF2BP1 expression. 
Our data showed that MG-132 attenuated HAX-1-mediated 
IGF2BP1 expression; however, this was not the case with 
CHX (Fig. 5G, H), suggesting that HAX-1 may regulate 
IGF2BP1 mRNA stability and translation. This was con-
firmed by the observation that the half-life of IGF2BP1 
was not significantly different between cells with different 
HAX-1 expression levels (Fig. 5I).

IGF2BP1 stabilizes HAX‑1 mRNA 
in an m6A‑dependent manner

IGF2BP1 can recognize and bind to m6A sites on mRNA 
and plays a role in stabilizing mRNA and promoting its 
translation. As HAX-1 mRNAs have several m6A sites 
in their CDS regions (Fig. 6A), we investigated whether 
IGF2BP1 could regulate HAX-1 expression in an m6A-
dependent manner. We found that IGF2BP1 downregulated 
HAX-1 mRNA expression (Fig. 6B); silencing IGF2BP1 
suppressed the binding of IGF2BP1 with HAX-1 mRNA 
(Fig.  6C) and downregulated HAX-1 mRNA m6A lev-
els (Fig. 6D). Notably, IGF2BP1 downregulation signifi-
cantly decreased HAX-1 mRNA and protein expression 
(Fig. 6E–G). HAX-1 overexpression partially reversed the 
decrease in P-gp and SQSTM1 expression levels induced by 
IGF2BP1 silencing (Fig. 6F). In addition, silencing HAX-1 
promoted IGF2BP1 knockdown-induced inhibition of P-gp 
and SQSTM1 expression (Fig. 6G). Moreover, IGF2BP1 
did not affect HAX-1 promoter activity (Fig. 6H) nor the 
half-life of HAX-1 precursor mRNA (Fig. 6I); however, it 
significantly enhanced the stability of mature HAX-1 mRNA 
(Fig. 6J). Furthermore, MG-132, but not CHX, attenuated 
IGF2BP1-mediated HAX-1 expression (Fig. 6K, L). Collec-
tively, these findings imply that IGF2BP1 binds to HAX-1 
mRNA harboring m6A modifications and regulates its 
stability.

The IGF2BP1/HAX‑1/ Rab7a axis is essential 
for chemoresistance

We further assessed whether the IGF2BP1-HAX-1 posi-
tive feedback loop was essential for Rab7a-mediated che-
mosensitivity. Rab7a upregulation or downregulation sig-
nificantly abrogated the IGF2BP1 knockdown-mediated 
suppression of cell proliferation in-vitro (Fig. S5A–F) and 
in-vivo (Fig. S5G), as well as the HAX-1 knockdown-medi-
ated decrease in SQSTM1 and P‐gp expression (Fig. S5H, 
I). Moreover, compared to IGF2BP1 and Rab7a silencing, 
HAX-1 upregulation as well as IGF2BP1 and Rab7a silenc-
ing significantly promoted cell proliferation and SQSTM1 

Figure  2   HAX-1 induced blockade of late-stage autophagic flux in 
NPC cells. A DEGs between HAX-1 knockout and control cell lines 
clustered using KEGG pathway terms. B WB analysis of autophagic 
flux-related protein levels. Student’s t-tests. C, D IF analysis of 
endogenous LC3 puncta (one-way ANOVA). E, F mRFP-GFP-LC3 
reporters transfected into CNE-2 for the detection of autophagic flux 
(two-way ANOVA). G TEM analysis of endogenic autophagic micro-
structure (red and green arrowheads represent cellular autolysosome-
like and autophagosome-like vesicles, respectively). H Pearson cor-
relation between HAX-1 and SQSTM1 expression in TCGA database 
(linear regression). All data are presented as the mean ± SEM of at 
least three independent experiments. *P < 0.05, **P < 0.01, ****P 
< 0.0001. DEGs differentially expressed genes, WB western blot, IF 
immunofluorescence, CQ chloroquine, EBSS Earle balanced salt solu-
tion
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and P‐gp expression (Fig. S5A–F), highlighting the involve-
ment of the IGF2BP1-HAX-1 positive feedback loop in 
Rab7a-mediated chemosensitivity.

HAX‑1, IGF2BP1, and autophagy substrate (SQSTM1) 
levels correlate and are clinically relevant in NPC 
patients

Multiplex IHC (mIHC) assays were performed to inves-
tigate the clinical significance of HAX-1, IGF2BP1, and 
SQSTM1 in NPC. As shown in Fig. 7A, HAX-1, IGF2BP1, 
and SQSTM1 were highly expressed in the tumor tissues 
of chemoresistant NPC patients, but not in those of che-
mosensitive patients and were absent in normal tissues 
(Fig. 7A). Furthermore, IHC with NPC tissue microarrays 
showed that HAX-1, IGF2BP1, and SQSTM1 were signifi-
cantly upregulated in NPC tissues as compared to normal 
tissues (Fig. S6A–L), with their levels being more promi-
nent in patients with clinical stage IV cancer (Fig. 7B, C, 
Table S1), lymph node metastases (Fig. S6A–L, Table S1), 
recurrence (Fig. S6A–L, Table S1), and distant metastases 
(Fig. S6A–L, Table S1). HAX-1 expression in NPC tis-
sues was positively correlated with IGF2BP1 and SQSTM1 
levels; in addition, IGF2BP1 levels were positively cor-
related with SQSTM1 expression (Fig. 7D). Furthermore, 
Kaplan-Meier analyses showed that HAX-1, IGF2BP1, and 
SQSTM1 upregulation was significantly correlated with 
poor clinical outcomes (5-year overall survival (OS): 84.38 
% VS 93.75 % for HAX-1; 5-year OS: 77.55 % vs 96.83 % 
for IGF2BP1; 5-year OS: 80.49 % vs 94.37 % for SQSTM1; 
Fig. 7E). Thus, we constructed a survival prediction model 
based on the co-analysis of HAX-1, IGF2BP1, and SQSTM1 
expression. Patients were stratified into three risk groups: (1) 
the low-risk DDP chemoresistance group (low-level HAX-1, 
IGF2BP1, and SQSTM1 expression) comprising 35 patients 
(32.25 %), (2) the intermediate-risk DDP chemoresistance 
group (high expression levels of one or two of the markers, 
HAX-1, IGF2BP1, and SQSTM1) comprising 48 patients 
(42.86 %), and (3) the high-risk DDP chemoresistance group 
(high HAX-1, IGF2BP1, and SQSTM1 expression levels) 
comprising 29 patients (25.89 %). Our data demonstrated 

that when compared to patients in the other groups, those 
in the high-risk group had the worst overall survival (OS) 
(5-year OS: 68.97 %; Fig. 7F). This finding was confirmed 
using data from a cohort in TCGA database (Fig. 7G). These 
results indicate that the survival prediction model for NPC 
DDP chemoresistance based on the co-analysis of HAX-1, 
IGF2BP1, and SQSTM1 expression is an appropriate and 
valuable prognostic tool (Fig. 8).

Discussion

Consistent with previous studies, which suggested that 
HAX-1 promotes chemoresistance in breast cancer [30, 31], 
laryngeal cancer [32], and bladder cancer [33], this study 
showed that HAX-1 serves as a DPP resistance-promot-
ing oncogene in NPC. In addition, this study described a 
novel mechanism of action for the involvement of HAX-1 
in chemoresistance i.e., the inhibition of autophagic flux. 
Decreased autophagic activity induces tumor suppression 
in NPC [34–36] together with the dysregulation of critical 
autophagic genes [34–36]. However, the functional role of 
autophagic flux in NPC chemoresistance has not yet been 
elucidated. Our data, which is based on transcriptomic and 
mRFP-GFP-tagged LC3 analyses, show that HAX-1 effec-
tively inhibits late stage autophagic flux. HAX-1 silencing 
blocked autophagosome and lysosome fusion, as well as 
downregulated the level of the autophagy cargo adaptor pro-
tein, SQSTM1. Studies on NPC have shown that SQSTM1 
is significantly involved in chemosensitivity [37, 38], and 
this is consistent with our finding that SQSTM1 expression 
was significantly increased in DDP-resistant cells. Con-
sistently, rescue experiments demonstrated that SQSTM1 
reversed HAX-1 silencing-induced chemosensitivity. Our 
data provide new insights into the clinical applications of 
autophagic flux-related therapies that target DPP chemore-
sistance in NPC.

Here, we identified Rab7a as a novel interacting bio-
molecule of HAX-1. Although Rab7a has been extensively 
reported to regulate autophagosome-lysosome fusion, 
our work is the first study to report that HAX-1 blocks 
autophagic flux by directly binding to Rab7a. HAX-1 con-
tains two putative Bcl-2 homology domains, BH1 and BH2, 
with low similarity, a PEST motif, and a C-terminal trans-
membrane domain, which is mainly responsible for its inter-
actions with other proteins. Our data indicates that HAX-1 
directly binds to Rab7a via its PEST domain. Moreover, 
we demonstrated that the HAX-1 PEST domain serves as 
a scaffold for recruiting NEDD4 which binds to Rab7a and 
degrades it. Previous studies have reported the PEST domain 
to be a rapid regulator of protein degradation [39, 40]. Our 
data shows that Rab7a directly binds to the HAX-1 PEST 
sequence and may inhibit the exposure of caspase cleavage 

Figure  3   HAX-1 mediated blockade of autophagic flux via interac-
tion with Rab7a. A Demonstration of Rab7a interaction with HAX-
1-interacting protein by Co-IP and mass spectrometric analyses. B 
Detection of interaction between exogenous HAX-1 and Rab7a by 
Co-IP. C Colocalization of HAX-1 and Rab7a confirmed through IF 
staining. D Requirement of amino acid sequence spanning HAX-1 
1–128 for interaction with Rab7a. E Effects of HAX-1 on the bind-
ing of Rab7a with the SNARE complex identified through Co-IP. 
F Representative IF images (left) and statistical diagrams (right) 
showing effects of HAX-1 on the colocalization of Rab7a and the 
SNARE complex (one-way ANOVA). All data are presented as the 
mean ± SEM of at least three independent experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001. Co-IP co-immunoprecipitation
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sites, as well as HAX-1 proteasomal degradation. Rab7a is 
a member of the small GTPase family whose activation and 
inactivation is precisely controlled to regulate autophago-
some transport and fusion [24, 41, 42]. Aside from the role 
of HAX-1 in promoting Rab7a degradation clarified in this 
study, it would be of significant research interest to further 
clarify how each Rab7a activation and inactivation cycle is 
regulated and whether HAX-1 drives Rab7a inactivation.

Recently, m6A RNA modification was reported to affects 
NPC progression; for example, METTL3-, METTL5-, 
VIRMA-, and WTAP-mediated m6A modifications are 
required for NPC tumorigenesis and metastasis [43–46]. 
Moreover, the specificity and critical roles of m6A meth-
ylation have been described for certain targets. It has been 
reported that m6A-modified CBX1, long non-coding RNA 
(FAM225A), and 18S rRNA promote NPC progression and 
immune evasion [44, 47, 48]. Furthermore, m6A is highly 
enriched in TRIM11, and TEAD4 enhances DPP resistance 
in NPC [38, 49]. IGF2BP1, a m6A reader, has tradition-
ally been regarded as an oncogene and is a potential thera-
peutic target for cancers; however, little is known about its 
role in NPC. In our study, we identified HAX-1 as a novel 
m6A methylation target and found that IGF2BP1 recognizes 
HAX-1 m6A methylation and enhances its stability. In addi-
tion, we found that HAX-1 not only interacts with Rab7a, 
but also binds to IGF2BP1 mRNA, thereby contributing to 
IGF2BP1 mRNA stability and translation. To the best of our 
knowledge, our study is the first report that HAX-1 is a direct 
regulator of IGF2BP1 mRNA stability. Collectively, our 
data provide new insights into the function of the HAX-1/
IGF2BP1 positive feedback loop in chemoresistance.

Appropriate treatment choices depend on accurate prog-
nostic assessment. There is no effective forecasting model 
that accurately identifies patients with high DDP chem-
oresistance risk. In our study, we constructed a survival 
prediction model for NPC DDP chemoresistance based 

on the co-analysis of HAX-1, IGF2BP1, and SQSTM1 
expression. This model can help clinicians to identify low 
HAX-1-, IGF2BP1-, and SQSTM1-expressing patients 
who can receive DPP-based chemotherapy and high HAX-
1-, IGF2BP1-, and SQSTM1-expressing patients with a 
high chemoresistance risk; this may facilitate the selection 
of more appropriate individual therapies.

In summary, our study provides compelling evidence 
of the vital role played by HAX-1 in chemoresistance 
and characterizes the mechanism by which it blocks 
autophagic flux (Fig. 8). In addition, we identified Rab7a 
and IGF2BP1 mRNA as novel HAX-1-interacting biomol-
ecules. Moreover, our findings suggest that the regulation 
of HAX-1 mRNA stability via m6A methylation could 
be a new direction for future research. Our data provide 
evidence of the usefulness of HAX-1, IGF2BP1, and 
SQSTM1 levels in predicting clinical outcomes and DDP 
chemoresistance risk. Our findings may facilitate future 
studies on DDP chemoresistance. Additionally, the cur-
rent research predominantly examines cisplatin resistance. 
Future studies should include a broader range of chemo-
therapy agents to ascertain the generalizability of HAX-1, 
IGF2BP1, and SQSTM1, thereby expanding the scope of 
the research.

Materials and methods

Key resources table

Reagent or Resource Source Identifier

Antibodies
HAX-1 ABclonal A5551
ABCC1 ABclonal A2223
P glycoprotein proteintech 22336-1-AP
KI67 proteintech 27309-1-AP
SQSTM1 proteintech 18420-1-AP
Beclin 1 proteintech 11306-1-AP
ATG5 proteintech 10181-2-AP
LC3 proteintech 14600-1-AP
NBR1 proteintech 16004-1-AP
OPTN proteintech 10837-1-AP
TAX1BP1 proteintech 14424-1-AP
Rab7a proteintech 55469-1-AP
Lamp1 Santa Cruz Biotech-

nology
sc-20011

SNAP29 proteintech 12704-1-AP
VAMP8 proteintech 15546-1-AP
STX17 proteintech 17815-1-AP

Figure  4   HAX-1 accelerates Rab7a degradation via recruit-
ing NEDD4. A Evaluation of the regulatory role of HAX-1 on 
Rab7a mRNA level using RT-PCR. B WB analysis of Rab7a levels 
(GAPDH was used as a control). C Ubiquitination of endogenous 
Rab7a as determined by Co-IP. D Prediction of E3 ubiquitin ligase-
targeting Rab7a using the Ubibrowser database (ubibrowser.ncpsb.
org/) with the top 11 E3 ubiquitin ligases displayed. E Interaction 
between Rab7a and NEDD4 as determined by Co-IP. F Regula-
tory role of HAX-1 on the interaction between Rab7a and NEDD4 
as determined by Co-IP. G WB analysis of Rab7a and NEDD4 lev-
els (GAPDH was used as the control). H WB analysis of NEDD4, 
HAX-1, and Rab7a levels (GAPDH used as control). I Rab7a ubiq-
uitination as determined by IP. J Expression of Rab7a in CNE-2 cells 
treated with NEDD4-specific shRNA and/or target HAX-1-overex-
pressing lentiviruses in the presence of CHX for the indicated time 
points as determined by IP (two-way ANOVA). All data are pre-
sented as the mean ± SEM of at least three independent experiments. 
***P < 0.001, ****P < 0.0001. Co-IP co-immunoprecipitation, WB 
western blot
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Reagent or Resource Source Identifier

IGF2BP1 proteintech 22803-1-AP
NEDD4 proteintech 21698-1-AP
HA-Tag Cell Signaling Tech-

nology
#3724

Myc-Tag Cell Signaling Tech-
nology

#2276

YTHDF1 proteintech 17479-1-AP
YTHDF2 proteintech 24744-1-AP
WTAP proteintech 60188-1-Ig
GAPDH proteintech 10494-1-AP
Bacterial and Virus Strains
lentiviral HAX1-

shRNA
Shanghai Genechem Target seq: GAG​TGA​

TGC​AAG​AAG​
TGA​A

lentiviral IGF2BP1-
shRNA

Shanghai Genechem Target seq: ACA​GTA​
GAG​AAC​TGT​GAG​
CAA​

lentiviral Rab7A-
shRNA

Shanghai Genechem Target seq: gaAAC​
AAG​ATT​GAC​CTC​
GAA​A

RFP-GFP-tagged 
LC3

Shanghai Genechem tfLC3

Biological Samples
Mouse tissues This paper N/A
Human NPC speci-

mens
Affiliated Hospital of 

Nantong University
N/A

Chemicals, peptides, and recombinant proteins
DMSO Fisher Scientific Cat#BP231-100
Cisplatin Jiangsu HANSOH 

PHARMA
H20040813

Hochest Thermo Fisher 
Scientific

62249

Propidium Iodide Becton Dickinson 
and Company

556463

Fetal Bovine Serum Biological Industries 04-001-1ACS

Reagent or Resource Source Identifier

RPMI 1640 Biological Industries 01–100-1ACS
TRIzol reagent BBI B511311
Uranyl acetate Polysciences, 

Hirschberg an 
der Bergstrasse, 
Germany

6159-44-0

Basic lead citrate Sigma-Aldrich, 
Taufkirchen, 
Germany

15326

Actinomycin D MCE, Sollentuna, 
Sweden

HY-17559

Cycloheximide MCE, Sollentuna, 
Sweden

HY-12320

MG-132 MEC, Sollentuna, 
Sweden

HY-13259

AR6 buffer AKOYA, Marlbor-
ough, Massachu-
setts, USA

AR600

CQ, chloroquine MCE HY-17589A
Critical commercial assays
EdU cell prolifera-

tion assay
Shanghai Beyotime C0078S

CCK8 kit BBI E606335
LIVE/DEAD viabil-

ity kit
Shanghai Bestbio BB-4126

BCA protein assay 
kit

Thermo Fisher 
Scientific

23227

Annexin V-FITC 
Apoptosis Detec-
tion Kit

Beyotime C1063

Dual-Luciferase 
Reporter Assay Kit

Beyotime RG088M

Oligonucleotides
Primer1 for HAX1, 

Forward CAG​GAG​
GAG​GGA​TAC​
GTT​TCC​

This paper N/A

Primer1 for HAX1, 
Reverse CCC​ATA​
TCG​CTG​AAG​
ATG​CTATT​

This paper N/A

Primer1 for pre-
HAX1, Forward 
ATT​ACA​GTC​GCC​
TGC​CAA​AC

This paper N/A

Primer1 for pre-
HAX1, Reverse 
AGG​TCA​GGA​
GCT​CAA​AAG​CA

This paper N/A

Primer1 for 
IGF2BP1, Forward 
GCG​GCC​AGT​
TCT​TGG​TCA​A

This paper N/A

Primer1 for 
IGF2BP1, Reverse 
TTG​GGC​ACC​
GAA​TGT​TCA​ATC​

This paper N/A

Figure 5   Regulation of IGF2BP1 mRNA stability and translation by 
IGF2BP1. A Differentially expressed m6A modifiers in cas9-HAX-1 
and control cells determined by RNA-seq analysis. B WB analyses of 
YTHDF1, YTHDF2, IGF2BP1, and WTAP protein levels (GAPDH 
was used as the control). C RT-PCR analyses of IGF2BP1 mRNA 
level (GAPDH was used as the control). D Transfected cells with the 
pGL3-Basic-luc and pGL3-IGF2BP1-luc reporters and the pRL-TK 
plasmid for 24 h (data are presented as the ratio of the activity of the 
reporter plasmid to that of pRL-TK). E Precursor transcription inhi-
bition subsequent to treatment with Act-D and F mature IGF2BP1 
mRNA levels determined using RT-PCR. G IGF2BP1 levels in 
CNE-2 cells with HAX-1 knockdown or overexpression subjected 
to treatment with CHX or H MG-132 as determined by WB and 
quantitative analyses (GAPDH was used as the control). I IGF2BP1 
expression in CNE-2 cells with HAX-1 knockdown or overexpression 
treated with CHX for the indicated time points as determined by WB 
and quantitative analyses (one-way ANOVA and two-way ANOVA). 
All data are presented as the mean ± SEM of at least three independ-
ent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001. WB western blot

◂



	 S. Zhang et al.  105   Page 14 of 21

B

YTHDF1
IgG

YTHDF2

YTHDF3

IG
F2B

P1

IG
F2B

P2

IG
F2B

P3
0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
en

ric
hm

en
t o

f H
AX

1 
   

   
   

   
   

 (%
 in

pu
t)

****
****

C

NC shIGF2BP1
0

0.2

0.4

0.6

0.8

IGF2BP1-RIP D

**
IgG

IGF2BP1

NC

m6A -RIP

IgG

m6A

****

A

Precursor HAX1

E

H

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 (%
)

Mature HAX1

0

0.5

1.0

1.5

R
el

at
iv

e 
H

AX
1 

m
R

N
A

NC

****

NM_006118: 

5′UTR CDS m6A site (Moderate confidence) m6A site (Low confidence) m6A site (High confidence) m6A site (Very high confidence) 3′UTR

CGGGA ... GGACU... CAGAU
Position475:

UGGGA...GGACU... GGCCG
Position777:

NM_001018837:

Position331:
UGGGA...GGACU... GGCCG
Position633:

CGGGA... GGACU... CAGAU

0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
pr

om
to

er
 a

ct
iv

ity
 (%

)

pcDNA 3.1

oeIGF2BP1

K L

GAPDH 36KDa

35KDa

CHX

HAX-1

GAPDH 36KDa

35KDa

MG132

RIP-qPCR

R
el

at
iv

e 
en

ric
hm

en
t o

f H
AX

1 
   

   
   

   
   

 (%
 in

pu
t)

R
el

at
iv

e 
en

ric
hm

en
t o

f H
AX

1 
   

   
   

   
   

 (%
 in

pu
t)

0

0.2

0.4

0.6

0.8

1.0

shIGF2BP1

J

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

 (%
)

pGL3-basic

PRL-TK
pGL3-HAX1-promoter

+

+ +
+
-

-

ns
ns

ns

I

shIGF2BP1

0

50

100

150

0 1 2 3 Hours

NC+Act-D

shIGF2BP1+Act-D

0 1 2 3 4 5 6 7 8
0

50

100

150

Hours

****
*

***

**

NC+Act-D

shIGF2BP1+Act-D

H
AX

-1
 e

xp
re

ss
io

n 
le

ve
ls

shIGF2BP1

+ +
+- -

-

0.0

0.2

0.4

0.6

0.8

CHX
shIGF2BP1

+ +
+- -

-

ns

shIGF2BP1

+ +
+- -

-

HAX-1

0.0

0.2

0.4

0.6

0.8

H
AX

-1
 e

xp
re

ss
io

n 
le

ve
ls

shIGF2BP1
+ +

+- -
-

**

 F

HAX-1

IGF2BP1

GAPDH

142KDa

70KDa

62KDa

35KDa

36KDa

G

GAPDH

IGF2BP1

shIGF2BP1
oeHAX-1

+ +
+- -

-

P-gP

SQSTM1

P-gP

SQSTM1

HAX-1

shIGF2BP1
shHAX-1

+

+- -

- +
+

-

142KDa

70KDa

62KDa

35KDa

36KDa

MG132

0

1

2

3

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 le
ve

ls

HAX-1 IGF2BP1 P-gP SQSTM1

***
***

**

*

**
*

*
*

NC
shIGF2BP1
shIGF2BP1
+oeHAX1

0

1

2

3

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

 le
ve

ls

HAX-1 IGF2BP1 P-gP SQSTM1

*
*

***
**

NC
shIGF2BP1
shHAX1
shIGF2BP1
+shHAX1

***
****

***
***



IGF2BP1‑HAX‑1 positive feedback loop‑mediated HAX‑1 overexpression blocks autophagic flux… Page 15 of 21    105 

Reagent or Resource Source Identifier

Primer1 for pre-
IGF2BP1, Forward 
TAT​TTG​TGG​AAA​
GGG​GCA​AG

This paper N/A

Primer1 for pre-
IGF2BP1, Reverse 
GCA​AGC​CAC​
AGG​ATT​AGA​GC

This paper N/A

Primer1 for Rab7a, 
Forward CAG​TAC​
AAA​GCC​ACA​
ATA​GGAGC​

This paper N/A

Primer1 for Rab7a, 
Reverse CAA​ATA​
CCA​GAA​CGC​
AGC​AGT​

This paper N/A

Primer1 for GAPDH, 
Forward GAA​CGG​
GAA​GCT​CAC​
TGG​

This paper N/A

Primer1 for GAPDH, 
Reverse GCC​TGC​
TTC​ACC​ACC​
TTC​T

This paper N/A

siRNA target 
NEDD4_1

Guangzhou Ribobio Target seq: GGA​AGG​
ACC​TAT​TAT​GTA​A

siRNA target 
NEDD4_2

Guangzhou Ribobio Target seq: GGA​ACA​
ACC​TAC​ACT​TCC​T

siRNA target 
NEDD4_3

Guangzhou Ribobio Target seq: GGA​
GAA​TTA​TGG​GTG​
TCA​A

Deposited data
RNA-seq data This paper GEO: https://​www.​

ncbi.​nlm.​nih.​gov/​
geo/​query/​acc.​cgi?​
acc=​GSE24​4097

Reagent or Resource Source Identifier

Experimental models: cell lines
Human: CNE-2 Gift of Musheng 

Zeng, Sun Yat-sen 
University Cancer 
Center

N/A

Human: CNE-2/DDP 
drug-resistant cell

ShangHAI AULU 
BioTECH

N/A

Software and algorithms
GraphPad Prism Graphpad Software www.​graph​pad.​com/​

scien​tific- software/
prism/

ImageJ: Image 
processing and 
analysis

ImageJ https://​imagej.​nih.​gov/​
ij/ in Java

CellQuest acquisi-
tion and analysis 
programs

BD FACScan, Bec-
ton Dickinson and 
Company)

Version 0.9.13 alpha

X-tile Software Yale School of 
Medicine; Rimm 
Lab

Version 3.6.1

Human NPC specimens

Tissue samples were collected from pathologically con-
firmed cases of NPC at the Affiliated Hospital of Nantong 
University, following approval by the ethics committee of 
the institution (IRB number: 2018-L049). Informed consent 
was obtained from all patients included in the study. Tissue 
microarrays to determine HAX1, IGF2BP1, and SQSTM1 
expression levels were performed by Outdo Biotechnology 
(Shanghai, China). The X-tile bio-informatics tool for bio-
marker assessment and outcome-based cut-point optimiza-
tion (version 3.6.1; Rimm Lab; Yale School of Medicine) 
was used to define low and high HAX1, IGF2BP1, and 
SQSTM1 expression levels, prior to performing survival 
analysis.

Cell culture

The CNE-2 cell line was gifted by Sun Yat-Sen University 
(Guangzhou, China) and cultured in RPMI 1640 medium 
(Biological Industries, Beit-Haeek, Israel; 01–100-1ACS) 
supplemented with 10 % fetal bovine serum (Biological 
Industries; 04-001-1ACS), as previously described [50]. 
Prior to use, short tandem repeat analysis was conducted to 
authenticate the CNE-2 cell line as well as routine tested for 
mycoplasma contamination.

Figure 6   IGF2BP1 regulates HAX-1 mRNA stability via m6A modi-
fication. A Schematic representation of m6A sites on HAX-1 mRNA. 
B Interaction of the m6A reader protein with HAX-1 mRNA as 
determined utilizing the RIP assay with anti-YTHDF1/2/3 and anti-
IGF2BP1/2/3 antibodies. C Immunoprecipitated IGF2BP1 and RIP-
qPCR was used to assess the interaction between the IGF2BP1 pro-
tein and HAX-1 mRNA in CNE-2 cells with IGF2BP1 knockdown. 
D Enrichment of HAX-1 in CNE-2 cells with IGF2BP1 knockdown 
as determined utilizing the RIP assay using anti-m6A antibodies. 
E Evaluation of HAX-1 mRNA using qRT-PCR. F WB analysis of 
HAX-1, IGF2BP1, P-gp, and SQSTM1 levels (GAPDH was used 
as the control). G WB analysis of HAX-1, IGF2BP1, P-gp, and 
SQSTM1 levels (GAPDH was used as the control). H Transfected 
cells with the pGL3-Basic-luc and pGL3-HAX1-luc reporters and 
pRL-TK plasmid with results presented as the ratio of the reporter 
plasmid activity to that of pRL-TK. I Precursor, after treatment with 
Act-D, and J mature HAX-1 mRNA J levels evaluated using RT-
PCR. K HAX-1 levels in cells treated with CHX or L MG-132 deter-
mined using WB and quantitative analyses (GAPDH was used as the 
control, one-way ANOVA and two-way ANOVA). All data are pre-
sented as the mean ± SEM of at least three independent experiments. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. WB western 
blot

◂

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE244097
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE244097
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE244097
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE244097
http://www.graphpad.com/scientific
http://www.graphpad.com/scientific
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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Immunofluorescence (IF), western blotting, 
and immunohistochemistry (IHC)

Western blotting, IF, and IHC assays were performed as 
previously [50] described using the antibodies listed in 
Table S2. Western blot images are shown in Fig. S7.

Transfection with plasmids and lentiviral vectors

Transfections were conducted following a previously 
described protocol [50]. Plasmids and lentiviral vectors, 
as well as their corresponding negative controls, were con-
structed and produced by GeneChem (Shanghai, China). 
Small interfering RNA (siRNA) and its corresponding 
negative controls were constructed and produced by Ribo-
bio (Guangzhou, China). Autophagic flux was determined 
as previously described [35, 36] using tandem monomeric 
RFP-GFP-tagged LC3 (tfLC3) purchased from Genechem 
(Shanghai, China). The sequences of the short hairpin 
RNAs (shRNAs) and siRNAs used are listed in Table S3.

CRISPR‑Cas9 assay

Guide RNA (sgRNA) preparation: sgRNA was designed 
using the CRISPR online tool (https://​zlab.​bio/​guide-​
design-​resou​rces). The effective targeting site for HAX-1 
is 5′-GCT​GAG​GAC​TAT​GGA​ACC​TT-3′.

Plasmid construction: the CRISPR-SaCas9-KKH sys-
tem was selected as it allows for packaging and deliv-
ery through a single AAV vector and has known PAM 
sequences (50-NNNRRT-30) that are compatible with 

Figure  7   Correlation between HAX-1, IGF2BP1, and SQSTM1 
expression and their clinical significance in NPC. A Representative 
mIHC images of HAX-1, IGF2BP1, and SQSTM1 expression in 
chemoresistant NPC samples (n=3), chemosensitive NPC samples 
(n=3), and normal tissues (n=3). B Representative IHC staining of 
HAX-1, IGF2BP1, and SQSTM1 in NPC tissue microarrays (n=112). 
C Statistical comparison of HAX-1, IGF2BP1, and SQSTM1 expres-
sion across cancer clinical stages. D Correlation between HAX-1, 
IGF2BP1, and SQSTM1 levels in NPC tissues. E Kaplan-Meier 
analysis comparing overall survival based on HAX-1, IGF2BP1, and 
SQSTM1 expression levels (log-rank test). F Five-year OS curves for 
the low-risk, intermediate-risk, and high-risk DDP NPC chemoresist-
ance groups. G Kaplan-Meier analysis of 5-year OS curves using the 
survival prediction model for DDP chemoresistance based on the co-
analysis of HAX-1, IGF2BP1, and SQSTM1 levels in head and neck 
cancer from the TCGA database (one-way ANOVA). All data are pre-
sented as the mean ± SEM of at least three independent experiments. 
*P < 0.05, **P < 0.01, ****P < 0.0001

◂

Figure 8   Schematic overview 
of the role of HAX-1 in DDP 
chemoresistance by effectively 
blocking autophagic flux in 
NPC. IGF2BP1 enhanced 
HAX-1 m6A methylation, 
thereby enhancing its stability. 
Furthermore, HAX-1 binds 
IGF2BP1 mRNA, thereby 
contributing to its stability and 
translation. Moreover, HAX-1 
recruits NEDD4 to promote 
Rab7a degradation and inhibits 
binding of Rab7a with SNAREs 
by competitively binding to it, 
thereby blocking the fusion of 
autophagosomes with lys-
osomes

https://zlab.bio/guide-design-resources
https://zlab.bio/guide-design-resources


	 S. Zhang et al.  105   Page 18 of 21

larger sgRNA numbers. sgRNA was inserted into the BsaI 
site of the pCMV_SaCas9-KKH_hU6 plasmid using PCR 
and Gibson assembly techniques. Finally, the plasmid was 
transfected into the cells for further validation and subse-
quent experiments.

qRT‑PCR analysis

Total RNA was extracted using the TRIzol reagent (Inv-
itrogen, USA) and reverse-transcribed. The SYBR Green 
PCR Master Mix (Roche, China, 04913914001) was used 
for qPCR amplification. Relative gene expression was cal-
culated using the 2-ΔCT method. Relative mRNA expres-
sion levels were normalized to those of GAPDH. The primer 
sequences used are listed in Table S4.

EdU assay

The EdU cell proliferation assay was conducted using the 
BeyoClick™ EdU Cell Proliferation Kit (Shanghai Beyotime 
Co., Ltd., China, C0078S) as previously described [36].

Colony‑forming assay

The colony-forming assay was performed as previously 
described [36]. Cells were plated at a density of 100 cells/
mL in each well of a six-well plate, and 25 µg/mL of DDP 
was added once the cells had attached. The cells were then 
cultured for 2–3 weeks, after which the colonies were stained 
with hematoxylin and counted using ImageJ (NIH, USA).

Spheroid formation and LIVE/DEAD viability assay

Cells (20,000) were plated in PE 96-spheroid microwell 
plates, and 25 µg/mL DDP was added to them following 
spheroid formation. Cells were stained using the LIVE/
DEAD® Viability/Cytotoxicity Kit (Shanghai Bestbio Co., 
Ltd., China, BB-4126) according to the manufacturer’s 
instructions and images were captured using a fluorescence 
microscope (Zeiss, Göttingen, German, Axio Obse).

BALB/c nude mouse models

Six-week-old female BALB/c nude mice (Gempharmat-
ech Co., Ltd) were used to construct tumor-bearing nude 
mouse models. Mice were randomly divided into groups 
(at least n = 6). NPC cells infected with lentiviruses were 
resuspended and 200 μL cell suspension (4 × 106 cells) was 
subcutaneously injected into the right forelimb armpits of 
the mice. DPP (Hansoh Pharma, Jiangsu, China) treatment 
commenced when the tumor sizes reached 0.125 cm3.The 
mice were injected intraperitoneally with DPP (4 mg/kg) 
or an equivalent volume of PBS once every 2 days over 28 

days. At the end of the treatment, the animals were sacrificed 
by asphyxiation with CO2. The tumors were excised, their 
weights and volumes were measured and were cryopreserved 
using liquid nitrogen.

Electron microscopic analysis

Cells were initially fixed, embedded, and sectioned. 
Ultrathin cell sections were subsequently stained with ura-
nyl acetate (Polysciences, Hirschberg an der Bergstrasse, 
Germany, 6159-44-0) and basic lead citrate (Sigma-Aldrich, 
Taufkirchen, Germany, 15326). Finally, ultrathin sections of 
autophagosomes and autolysosomes were examined using a 
transmission electron microscope (JEOL Ltd., Tokyo, Japan, 
JEM-1230).

Co‑Immunoprecipitation (Co‑IP) assay

Cells were collected and lysed using pre-chilled IP lysis 
buffer with protein concentration determined using the BCA 
protein assay kit (Thermo Fisher Scientific, Waltham MA 
USA, 23227). Protein (1 mg) was incubated with antibod-
ies at 4 °C overnight followed by 20 μL beads at 4 °C for 
2 h. The bound protein complex was washed twice with IP 
lysis buffer and subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). The antibodies 
were listed in Table S2. The 493 related proteins binding to 
HAX-1 are listed in Table S5.

RIP assay

Cells (2 × 107) were lysed using the RIP lysis buffer. Anti-
target protein antibodies were immobilized on protein A/G 
magnetic beads and the magnetic bead-bound complex 
was separated using a magnet. Unbound substances were 
washed away and the final RIP assay results were obtained 
by real-time quantitative PCR following RNA extraction.

Flow cytometric analysis

Apoptosis assays were conducted using the Annexin 
V-FITC Apoptosis Detection Kit (Beyotime, Haimen, 
Jiangsu, China, C1063) as previously described [35, 50] 
with cells being analyzed by flow cytometry (Invitrogen, 
USA).

Establishment of DDP‑resistant strains

CNE-2/DDP drug-resistant cell strains were purchased 
from ShangHAI AULU BioTECH (Shanghai, China) and 
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cultured at 37 °C, 5 % CO2 and saturated humidity in the 
presence of DPP (1 μg/mL) to ensure drug resistance.

Luciferase reporter assay

The luciferase assay was performed using the Dual-Lucif-
erase Reporter Assay Kit (RG088M; Beyotime, Haimen, 
Jiangsu, China) in order to measure promoter activation 
24 h after transfection.

RNA stability assay

Cells were seeded in 6-well plates and treated with actino-
mycin D (MCE, Sollentuna, Sweden, HY-17559, 5 µg/mL) 
for 0, 2, 4, 6, 8, and 10 h. Equal numbers of cells were used 
for detecting mRNA expression levels using qRT-PCR. Rel-
ative abundance of mRNA at each time point was calculated 
with respect to that obtained at the baseline (0 h).

Protein stability assay

To inhibit translation, cycloheximide (CHX) (MCE, Sol-
lentuna, Sweden, HY-12320, 0.2  mg/mL) was initially 
added to cells. Cell lysates were subsequently prepared at 
specific time points (0, 2, 4, 6, 8, and 10 h) and 20 μg of 
total extracted protein was subjected to western blotting to 
assess protein levels.

In‑vitro ubiquitination assay

MG-132 (20 μM, HY-13259, MEC, Sollentuna, Sweden), an 
inhibitor of the ubiquitin-proteasome pathway, was added to 
the cells and incubated for 6 h followed by cell lysis to obtain 
total protein for western blotting.

Multiplex immunohistochemical (mIHC) analysis

Dewaxed and hydrated NPC tissue chips were placed in a 
repair solution and heated in a microwave oven for 15 min. 
This was followed by a 10-min sealing step using a blocking 
solution with the tissue chips incubated with the antibodies 
specific to the target proteins. Tissue sections were subjected 
to antigen repair by heating in a microwave using the AR6 
buffer (AR600, AKOYA, Marlborough, Massachusetts, 
USA). The mIHC staining was performed following the 
addition of secondary antibodies, followed by heat induction 
and cooling for antigen repair with cell nuclei stained using 
DAPI. Finally, the slides were imaged using an automated 
quantitative pathology imaging system for biomarker posi-
tivity rate detection (PerkinELmer, Vectra 6-slide).

Statistical analysis

Statistical analyses were conducted using the Prism 6 (Bos-
ton, MA, USA) and SPSS 19.0 (IBM, USA) software pack-
ages. Experimental results were obtained from a minimum 
of three independent experiments and expressed as mean 
± SD. Spearma’'s rank correlation coefficient was used 
for correlation analysis. The two-tailed t-test and one-way 
ANOVA were used to determine statistical significance, with 
*P < 0.05, **P < 0.01, and ***P < 0.001 considered sta-
tistically significant.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00018-​025-​05604-0.
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