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Nasopharyngeal carcinoma (NPC) presents a significant medical challenge due to its high incidence
rate and poor prognosis, which are attributed primarily to tumor metastasis and drug resistance.
Sine oculis homeobox homolog 1 (SIX1) has been identified as a crucial target for cancer treatment.
However, its role in NPC remains incompletely understood. This study investigated the mechanisms
by which the degradation of the SIX1 protein, which is mediated by ubiquitin, affects the malignant
characteristics of NPC throughout the cell cycle. Our findings reveal that reduced expression of the
itchy E3 ubiquitin ligase E3 (ITCH) in NPC impedes the degradation of the SIX1 protein, leading to
enhance oncogenic properties. Knockdown experiments which SIX1 was inhibited demonstrated

a decrease in the proliferation, migration, and invasion of NPC cell lines, whereas overexpression

of SIX1 yielded the opposite effects. Further experimental validation revealed that SIX1 promotes
NPC progression via the cell division cycle 27 (CDC27)/cyclin B1 axis. These findings provide valuable
insights into potential therapeutic targets and prognostic indicators for NPC treatment, emphasizing
the ITCH/SIX1/CDC27/cyclin B1 axis as a promising target for novel therapies.

Abbreviations

CDC27  Cell division cycle 27
CDKs Cyclin-dependent kinases
CHX Cycloheximide

GPL GEO platforms

GSE GEO series

ITCH Itchy E3 ubiquitin ligaseE3
NPC Nasopharyngeal carcinoma
SIX1 SIX homeobox 1

Nasopharyngeal carcinoma (NPC) is a solid malignant tumor that arises in the nasopharyngeal cavity. Currently,
chemoradiotherapy serves as the primary treatment for NPC'~%. However, it is associated with varying survival
outcomes and significant side effects, including reduced white blood cell count, hair loss, and gastrointestinal
reactions™®. The poor prognosis of patients with NPC has underscored the urgent need for the development of
novel therapeutic targets and alternative drugs.

Sine oculis homeobox homolog 1 (SIX1) is implicated in the growth of various organs”$, inflammation’,
glycolysis!'?, and tumor development!! by activating or repressing downstream transcription factors. Research
has demonstrated a strong correlation between SIX1 and the malignant behavior of tumors, including Ewing
sarcoma'?, hepatocellular carcinoma', cervical cancer'%, and Wilms tumor!®. Consequently, SIX1 is considered
a significant factor in tumor development, leading to the development of targeted drugs aimed at inhibiting
its activity. Understanding the mechanisms that regulate SIX1 is essential for the development of effective
treatments for NPC.

The ubiquitination-proteasome degradation pathway is responsible for the degradation of substrate
proteins by attaching ubiquitin to their lysine side chains and subsequently transferring them to lysosomes
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and proteasomes. This pathway is regulated by E3 ubiquitin ligases, which determine the specificity of the
ubiquitination reaction'®. The involvement of the ubiquitination-proteasome degradation pathway has been
established in various diseases, including inflammation and tumors'’. Itchy E3 ubiquitin ligaseE3(ITCH) is a
HECT-type ubiquitin ligase, and its deletion both internal and external has been associated with the development
of multiple diseases, such as chronic spontaneous urticaria!® and hepatocellular carcinoma'®. However, no
comprehensive study has directly linked ITCH to the occurrence of nasopharyngeal cancer.

Recent studies have indicated that the ubiquitination-mediated degradation of SIX1 is impaired in pancreatic
cancer, which subsequently regulates tumor glycolysis and promotes the metastasis of pancreatic cancer cells®.
Furthermore, MG132 administration has been shown to lead to the accumulation of the SIX1 protein. These
findings suggest that SIX1 can be degraded through both proteasomal and lysosomal pathways. However,
the relationship between SIX1 expression in NPC and the ubiquitination degradation pathway remains to be
elucidated.

The cell cycle is a regulatory mechanism that governs the division of cells, and is divided into three phases: G0/
G1 (DNA prophase)?!, S phase (DNA replication)??, and G2/M (DNA separation)?. Cyclin-dependent kinases
(CDKs) and cyclins are essential regulatory proteins that facilitate proper function of the cell cycle. Different
cyclin/CDK complexes are responsible for driving various cell-cycle processes. Consequently, disrupting the
normal function of the cell cycle in cancer cells is an effective strategy for impeding their growth. Recent
studies have indicated that it plays a role in regulating the cell cycle and may promote disease progression under
various conditions?*-2%. However, its specific role and the mechanism underlying its function in the cell cycle,
particularly in NPC, remain unclear.

In this study, we aimed to investigate whether SIX1 acts as a substrate for ITCH-mediated protein degradation
through ubiquitination. Our objective was to elucidate the specific mechanism by which SIX1 regulates the
malignant behavior of NPC throughout the cell cycle. Our findings revealed a correlation between elevated levels
of the SIX1 protein and decreased activity of the E3 ubiquitin ligase ITCH in NPC. Furthermore, we observed
that high expression of SIX1 facilitated the malignant phenotype of NPC by modulating the cell cycle-related
protein cell division cycle 27 (CDC27)/cyclin B1 axis. The ITCH/SIX1/CDC27-cyclin B1 axis may represent a
potential target for the treatment and prognostic prediction of NPC.

Results

SIX1 protein expression was increased in NPC tissues and correlated with poor prognosis
First, to identify differential genes in the NPC patients and normal patients, 14 normal nasopharyngeal tissue
samples and 43 nasopharyngeal tumors samples were collected from the GSE64634 and GSE12452 datasets.
Principal component analysis revealed that the mRNAs in the tumor and control groups could be classified
into different clusters, indicating that the sequencing data was qualified for further analysis (Fig. 1A). A total of
1058 differentially expressed genes (DEGs) were identified: 377 upregulated and 681 downregulated genes (P.
adj <0.05 and |log2FC| > 1; Fig. 1B). The log2FC of SIXI mRNA was minus 1.2. A heatmap of the differentially
expressed mRNAs is provided (Fig. 1C). The sequencing results of GSE13597 from other platforms were
subsequently analyzed. Principal component analysis demonstrated heterogeneity in the data from 3 normal
controls and 25 nasopharyngeal cancer patients (Fig. 1D). The expression of SIXI mRNA (log2FC= — 1.67)
also decreased (Fig. 1E). A significant correlation between SIX1 protein expression and overall survival was
identified, indicating poor prognosis (P=0.033) in NPC patients (Fig. 1F). Compared with those in normal
nasopharyngeal epithelial cells (NP69), the expression levels of SIXI mRNA were lower in NPC cell lines (6-10B
vs. NP69, P=0.0684; HK1 vs. NP69, P=0.0002; HNE1 vs. NP69, P=0.0029) (Fig. 1G). Interestingly, our results
found that SIX1 protein expression was elevated in NPC cell lines compared with that in NP69 cells (Fig. 1H-I).
Thus, SIX1 may play a significant role in the progression of NPC and its malignant behavior. We also hypothesize
that the increased protein expression levels of SIX1 could be associated with post-translational modifications.

Downregulation of E3 ubiquitination ligase ITCH maintained the stability of the SIX1 protein
in NPC cells

To confirm our hypothesis that the increased expression level of SIX1 protein in NPC cell lines was associated
with protein post-translational modification, we conducted an intervention study using the protein synthesis
inhibitor cycloheximide (CHX) and the proteasome inhibitor MG132 in NPC cell lines. Our findings revealed
that MG132 can inhibit the degradation of the SIX1 protein and exogenous transfection of the UB and SIX1
plasmids promoted the degradation of the SIX1 protein by ubiquitination (Fig. 2A-D). Subsequently, we utilized
the human ubiquitin ligase-substrate interaction prediction and display system, UbiBrowse website (http://
ubibrowser.bio-it.cn/ubibrowser_v3/), which displayed 12 proteins that may be involved in regulating SIX1
ubiquitin. These proteins were related to the ubiquitination pathway (Fig. 2E; Supplementary Table S3). Among
these genes, ITCH exhibited the lowest expression level in NPC cell lines (Fig. 2F). Thus, we speculated that
ITCH may play a role in regulating the degradation of SIX1. Molecular docking experiments were conducted
to preliminarily confirm the interaction between ITCH and SIX1 (Fig. 3A). Immunofluorescence analysis
demonstrated the colocalization of SIX1 and ITCH (Fig. 3B). Furthermore, as we gradually increased the
expression of ITCH, we observed a time-dependent decrease in the protein expression of SIX1 (Fig. 3C, D).
Additionally, a protein interaction between ITCH and SIX1 was observed (Fig. 3E, F). We constructed stable
ITCH-overexpessing 6-10B cells. Immunofluorescence results revealed that after ITCH was overexpressed, its
colocalization with SIX1 decreased significantly (Fig. 3G, H). Finally, after simultaneous exogenous transfection
of ITCH and SIX1 plasmids, our experimental results revealed that the overexpression of ITCH promoted
ubiquitination and degradation of the SIX1 protein (Fig. 31, J). Thus, our study preliminarily confirmed that
reduced ITCH expression may be the cause of SIX1 protein accumulation in NPC.
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Fig. 1. SIX1 protein expression was increased in NPC tissues and correlated with poor prognosis. (A)

The GSE64634 and GSE12452 were analyzed for PCA. (B) Volcano diagram showed the DEGs between
tumor(n=43) and normal samples(n=14). (C) Heat map showed clustering of differentially expressed genes in
tumor and normal samples. (D) The GSE13597 were analyzed for PCA. (E) Volcano diagram showed the DEGs
between tumor (n=25) and normal samples (n=3). (F) GEPIA2 analysis of the relationship of SIX1 expression
on OS (The 208 patients with low SIX1 expression and 285 patients with high SIX1 expression). (G) The result
of qPCR confirmed the SIX1 expression in NPC cell lines. (H,I) The SIX1 protein expression level in NP69 and
NPC cell lines. The statistical analysis of band grey values was displayed on the side. The data are presented as
the mean + SD values. *P < 0.05; **P < 0.01; ***P<0.001.
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Fig. 2. SIX1 could be modified by ubiquitination. (A,B) The western blot confirmed MG132 treatment could
inhibit SIX1 protein degradation under the CHX intervention in HNEI and 6-10B cells. (C,D) The western
blot confirmed SIX1 protein undergo ubiquitination in 293T cells and 6-10B cells. (E) The picture showed the
12 E3 ubiquitination ligase genes predicted to be associated with SIX1 ubiquitination degradation by using
UbiBrowser website. (F) The qPCR analysis of the expression of 12 E3 ubiquitination ligase genes in 6-10B cells
versus NP69 cells. ns P>0.05; a*P < 0.05; b**P < 0.01; c***P<0.001.
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Fig. 3. ITCH was involved in ubiquitination degradation of SIX1 in NPC cell lines. (A) Molecular docking
analysis of the interaction between ITCH and SIX1. (B) Immunofluorescence showed colocalization of

ITCH (green) and SIX1 (Red) in 6-10B cells. (C,D) The western blot demonstrated the effect of gradient
overexpression of ITCH on SIX1 protein expression in 6-10B cells. The statistical chart was displayed below it.
(E,F) COIP assays showed the interaction between SIX1 and ITCH in 293T and 6-10B cells. G The western blot
demonstrated the efficiency of ITCH overexpression in 6-10B cells. (H) Immunofluorescence showed the effect
of ITCH overexpression on SIX1 colocalization in 6-10B cells. (I,J) COIP experiments confirmed that the E3
ubiquitination ligase ITCH promoted the ubiquitination level of SIX1. *P <0.05.
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SIX1 overexpression promoted the proliferation, invasion, and migration of NPC cell lines

To verify the effect of SIX1 on the malignant behavior of the tumors, we established stable NPC cell lines by
overexpressing SIX1 (Fig. 4A). The results from the CCK8 and plate colony formation experiments revealed that
the proliferation ability of NPC cell lines overexpressing SIX1 was significantly increased (Fig. 4B,C). Furthermore,
the results of our invasion and migration assays showed that the overexpression of SIX1 substantially enhanced
both the invasive and migratory capabilities of these cells (Fig. 4E-H). Consequently, our findings suggest that
SIX1 overexpression can promote the proliferation, invasion, and migration of NPC cell lines.

SIX1 knockdown inhibited the proliferation, migration, and invasion of NPC cell lines

To investigate the significance of SIX1 in the development of NPC, we conducted a rescue assay utilizing NPC
cell lines with silenced SIX1 (Fig. 5A). The results of the cck8 and plate cloning experiments demonstrated
that the proliferative capacity of NPC cell lines with SIX1 knockdown was significantly impaired (Fig. 5B,C).
Furthermore, our invasion and migration assays revealed that the loss of SIX1 resulted in a marked reduction in
both invasion and migration abilities (Fig. 5E-H). The knockdown of SIX1 effectively inhibited the proliferation,
invasion, and migration of NPC cell lines, underscoring the essential role of SIX1 in the malignant phenotype
of NPC.

SIX1 knockdown inhibited 6-10B tumorigenicity in vivo

To evaluate the tumorigenic effects of SIX1, we subcutaneously injected control 6-10B cells and 6-10B cells
with SIX1 knockdown into nude mice. The results showed that the size, weight, and volume of the tumors were
significantly reduced in the SIX1 knockdown group (Fig. 6A-E). Hematoxylin & eosin (HE) staining revealed
a decrease in pathological nuclear pleomorphism and lighter nuclear staining in the tumor tissues of the SIX1
knockdown group (Fig. 6F). Additionally, the positive rate of Ki67, a marker associated with cell proliferation,
was markedly lower in tumors from SIX1-knockdown mice than in those from control mice (Fig. 6G, H). These
results demonstrated that inhibiting SIX1 expression effectively reduced tumor growth in vivo.

SIX1 can upregulate CDC27 expression in NPC cell lines

To investigate the potential mechanisms of SIX1, we sequenced the transcriptomes of control cells and HNE1
cells that overexpressed SIX1 at BGI. The Sequencing analysis revealed 1067 DEGs (Fig. 7A). Kyoto Encyclopedia
Genes and Genomes (KEGG) analysis indicated that the top 10 enriched pathways among these DEGs included
endocytosis, ubiquitin-mediated proteolysis, the mTOR signaling pathway, the cell cycle, signaling pathways
regulating the pluripotency of stem cells, protein processing in the endoplasmic reticulum, the MAPK signaling
pathway, biosynthesis of amino acids, and axon regeneration (p<0.05; Fig. 7B). We focused on the most
statistically significant pathway, ubiquitin-mediated proteolysis (p=0.0058), which involved a total of 17 genes
including ANAPC5, KLHL13, TRIP12, TRIM32, UBE2M, CDC34, CDC23, SKP2, UBE4B, UBRS5, BIRC6, UBC,
HERC2, ANAPC1, CUL3, UBE2S, and CDC27 (Fig. 7C). Notably, CDC27 has been implicated not only in the
ubiquitination pathway but also in the regulation of the cell cycle. Therefore, we further examined the relationship
between CDC27 and SIX1. The qPCR results corroborated the sequencing findings (Fig. 7D-F), demonstrating
that SIX1 promoted the malignant phenotype of NPC cell lines by upregulating CDC27 expression.

SIX1 promoted the malignant behavior of NPC cell lines by regulating the CDC27/cyclin B1
axis

To validate sequencing results indicating that the SIX1/CDC27 pathway is involved in the cell cycle, we
conducted flow cytometry assays on SIX1 knockdown NPC cells and control cells. The results of these assays
demonstrated that the knockdown of SIX1 inhibited progression through the G2/M phase (P = 0.0001;

6-10B
P <0.0001, P = 0.0046), but had no significant effect on the G0/Glor S phase (Fig. 8A-F). In this study,

ngKildentiﬁed cellHé\IyEclle proteins associated with the G2/M phase and subsequently verified them using Western
blotting. The results revealed that SIX1 knockdown led to a decrease in the expression levels of CDC27 and
cyclin Bl (Fig. 9A-C). Co-immunoprecipitation (COIP) experiments confirmed the interaction between SIX1
and CDC27 (Fig. 9D). To further elucidate the relationship between SIX1 and CDC27, we overexpressed CDC27
in SIX1 knockdown NPC cell lines and assessed its impact on cellular phenotype (Fig. 10A). CCK-8 and plate
colony formation assays demonstrated that the overexpression of CDC27 partly counteracted the inhibitory
effects of SIX1 knockdown on the proliferation of NPC cell lines (Fig. 10B, C). Additionally, subsequent invasion
and migration assays indicated that CDC27 overexpression alleviated the inhibitory effects of SIX1 knockdown
on the invasion and migration capacities of NPC cell lines (Fig. 10D, E). Our findings also revealed that CDC27
overexpression rescued the cell cycle arrest induced by SIX1 knockdown at the G2/M phase (Fig. 10F). The
molecular mechanism by which SIX1 regulated the malignant phenotype of NPC cell lines is schematically
illustrated in Fig. 11.

Discussion

Previous studies have identified various mechanisms that regulate SIX1 expression in tumor cells, such as
transcription factor regulation, epigenetics, signaling pathways, and post-translational modifications?’ . With
its HD and SD domains, SIX1 can interact with key genes in cancer-promoting pathways?!. Upregulation of SIX1
expression has been linked to the development of different tumors, including endometrial cancer??, esophageal
squamous cell carcinoma®, and prostate cancer®. Elevated intracellular SIX1 levels can trigger extracellular
signals that increase oncogenic potential, tumor progression, and invasiveness. However, the role of SIX1 in
NPC remains unclear. Our study reveals the involvement of the ITCH/SIX1/CDC27-cyclinB1 signaling axis in
regulating the malignant behavior of NPC, addressing a research gap and offering a potential treatment approach
for this type of cancer.
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Fig. 4. Overexpression of SIX1 promoted proliferation, invasion and migration of NPC cell lines. (A) The
western blot confirmed SIX1 overexpressed in NPC cell lines. The statistical analysis of band grey values was
displayed on the side. (B) CCK8 assay showed the relative proliferation ability. (C,D) Representative images
of the wells of plates in the colony formation assay. The statistical analysis was displayed on the side. (E,F)
Transwell invasion assay in NPC cell lines. The statistical analysis was displayed on the side. (G,H) Transwell
migrated assay in NPC cell lines. The statistical analysis was displayed on the side. *P <0.05; **P < 0.01; **P <
0.001. OENC-SIX1: Plasmid blank control group; OE-SIX1: overexpression SIX1 plasmid group.
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Fig. 6. SIX1 knockdown inhibited 6-10B tumorigenicity in vivo. Four-week-old nude mice (six mice in each
group) were injected subcutaneously with knockdown SIX 6-10B cells and control 6-10B cells (5x 10° cells
per mouse) and tumor size was measured starting on day 7. (A) Weight of nude mice, (B) photographs of
6-10B tumor formation in the xenografts of nude mice. (C-E) Picture of isolated tumors, tumor weight, and
tumor volume. (F) The typical images -stained by H&E were presented, (G,H) Ki67 and SIX1 IHC staining,
The statistical analysis was displayed on the side. The data are presented as the mean + SD values. *P < 0.05;
**P<0.01; ***P < 0.001. shNC-SIX1: negative control; sh-SIX1:SIX1 knockdown.
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Fig. 7. SIX1 can upregulate CDC27 expression in NPC cell lines. (A) Volcano plot showing differential
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ubiquitin-mediated proteolysis in modules. (D-F) The result of QPCR confirmed the regulatory relationship
between SIX1 and CDC27. The data are presented as the mean + SD values. *P <0.05; **P<0.01; ***P < 0.001.
OENC-SIX1: Plasmid blank control group; OE-SIX1: overexpression SIX1 plasmid group.
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Fig. 8. Effects of SIX1 knockdown on the cell cycle of NPC cell lines. (A,B) Representative diagram was
presented showing the percentage of cells in each phase of the cell cycle in control 6-10B cells and SIX1
Knockdown 6-10B cells. The statistical analysis was displayed on the side. (C,D) Representative diagram
was presented showing the percentage of cells in each phase of the cell cycle in control HK1 cells and SIX1
knockdown HK1 cells. The statistical analysis was displayed on the side. (E,F) Representative diagram
was presented showing percentage of cells in each phase of the cell cycle in control HNE1 cells and SIX1
Knockdown HNE] cells. The statistical analysis was displayed on the side.
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Fig. 9. SIX1 Knockdown decreased the expression of CDC27/cyclinB1 protein axis in NPC cell lines. (A) The
western Blot results presented the relationship between SIX1 and CDC27/cyclinB1 axis in 6-10B cells. The
statistical analysis was displayed on the side. (B) The western Blot results presented the relationship between
SIX1 and CDC27/cyclinB1 axis in HK1 cells. The statistical analysis was displayed on the side. (C) The western
Blot results presented the relationship between SIX1 and CDC27/cyclinB1 axis in HK1 cells. The statistical
analysis was displayed on the side. (D) COIP assays showed an interaction between SIX1 and CDC27.
**P<0.01; ***P<0.001. shNC-SIX1: negative control; sh-SIX1:SIX1 knockdown.

Compared with other reports in tumor, our study found that the expression level of SIXI mRNA was
decreased in NPC cell lines. However, expression at the protein level is increased, which indicates that some
regulatory mechanism in NPC tumors promotes the stable expression of the SIX1 protein. Several previous
studies have shown that SIX1 has post-translational modifications such as phosphorylation®, methylation?,
glycosylation and ubiquitination'>® in different tumors. Therefore, we speculate that modifications that mediate
the stable expression of SIX1 in NPC may exist.

The ubiquitination-proteasome pathway is a common method of protein degradation in cells, impacting
cellular biological processes®”. To validate this hypothesis, CHX and MG132 were used as protein synthesis
and proteasome inhibitors, respectively, confirming the ubiquitination of SIX1. The UbiBrowser 2.0 system was
subsequently employed to identify potential targets associated with the ubiquitination and degradation of SIXI.
The analysis revealed that the HECT family E3 ubiquitin ligase ITCH played a crucial role in mediating this
process. Experimental evidence demonstrated that increased ITCH expression triggered SIX1 ubiquitination
and degradation, suggesting low level expression of ITCH was beneficial to maintaining the stability of SIX1
protein in NPC. Therefore, our study attributed the ability of SIX1 protein to stably exert its biological role in
NPC to the restriction of its proteasome degradation pathway.

Further studies on the role of SIX1 in NPC have demonstrated that its overexpression can enhance malignant
behaviors such as proliferation, invasion, and migration. Conversely, silencing SIX1 not only reversed these effects
but also inhibited tumorigenicity in nude mice. These findings underscore the tumor-promoting role of SIX1
in NPC and align with previous studies regarding the pathological functions of SIX1 in various tumors!>*%%,
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Fig. 10. SIX1 Knockdown inhibited malignant behavior of NPC cell lines by downregulating CDC27
expression. (A) Typical Western blot experiment demonstrated the efficiency of SIX1 knockdown and CDC27
overexpression in NPC cell lines. (B) CCKS8 assays revealed the impact of SIX1 knockdown and CDC27
overexpression on the proliferation of NPC cell lines. (C) Plate cloning experiments illustrated the effects

of SIX1 knockdown and CDC27 overexpression on the clonal proliferation capacity of NPC cell lines. (D)
Transwell invasion assay demonstrated the effects of knocking down SIX1 and overexpressing CDC27 on

the invasion ability of NPC cell lines. (E) Transwell migrated assay demonstrated the effects of knocking
down SIX1 and overexpressing CDC27 on the migration ability of NPC cell lines. The statistical analysis

was displayed on the side. (F) Representative flow chart showing the effects of SIX1 knockdown and CDC27
overexpression on the cell cycle in NPC cell lines. The statistical analysis was displayed on the side. The data
are presented as the mean + SD values. *P<0.05, **P<0.01, ***P<0.001. sh-SIX1:SIX1 knockdown, OE-CDC27:
overexpression CDC27 plasmid group.
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Fig. 11. Schematic diagram of the mechanism of ITCH/SIX1 regulating CDC27/cyclinB1 signaling pathway in
NPC.

To further investigate the precise mechanism by which SIX1 facilitates the development of NPC, we sequenced
cells stably overexpressing SIX1 and control cells. The results of the sequencing analysis revealed significant
enrichment of the KEGG pathway associated with the cell cycle. Previous studies have shown that abnormalities
in the cell cycle are a manifestation of cancer progression?**’. To explore the regulatory mechanism of the SIX1-
associated cell cycle in conjunction with sequencing results, cell cycle-related genes were detected in NPC cell
lines overexpressing SIX1. The results indicated that overexpression of SIX1 mRNA significantly enhanced the
expression of cell cycle-related protein cell division cycle 27 (CDC27) mRNA in cells. Subsequently, knockdown
of SIX1 suppressed the expression of CDC27, indicating that CDC27 may serve as a critical the link between SIX1
and the cell cycle. Next, we further explored the relationship between SIX1 and CDC27. Our study demonstrated
that CDC27 overexpression can reverse the inhibitory effects of SIX1 knockdown on the proliferation, invasion,
and migration of NPC cell lines. Thus, these findings confirmed the regulatory axis between SIX1 and CDC27
and its impact on the malignant behavior of NPC cell lines.

Interestingly, our flow cytometry analysis revealed that the regulation of the cell cycle by the SIX1-CDC27
signaling axis predominantly impacts the G2/M phase in NPC cell lines. Additionally, Western blot experiments
provided preliminary evidence that this regulation may be mediated through alterations in the expression
of cyclin B1. However, one study demonstrated that knocking down SIX1 in breast cancer inhibited tumor
proliferation by reducing the expression of cyclinAl protein*!. Another study indicated that SIX1 enhanced
tumor prognosis by regulating the expression of cyclinD1 in pancreatic cancer*?. We speculate that the observed
differences may be attributed to variations in the signaling molecules of SIX1 within the microenvironments of
different tumor types, which in turn influences the selection of cell cycle proteins by SIX1.

In summary, we propose a novel signaling axis ITCH/SIX1/CDC27/cyclinB1 that regulates the development
of NPC. The underlying mechanism involves a decrease in ITCH expression in NPC, which inhibits the
ubiquitination of SIX1. This allows for the stable expression of SIX1 in NPC, further promoting cell cycle
progression through the regulation of the CDC27/cyclinB1 signaling axis, thereby enhancing the malignant
phenotype of the tumor. Our study indicates that the ITCH/SIX1/CDC27/cyclinB1 pathway may play a crucial
role in tumor proliferation in nasopharyngeal carcinoma, offering new insights for clinical targeted therapies.

Materials and methods

Bioinformatics analysis

We integrated GEO series (GSE) datasets from the same GEO platform (GPL). The datasets GSE64634 and
GSE12452 from GPL570, contained 14 cases of normal nasopharyngeal epithelial tissues and 43 cases of
nasopharyngeal tumor tissues. The original count matrix rows were analyzed via the DESeq2 package of R
software. |log,(fold change) | >1 and P. adj<0.05 were used as the significance criteria. Functional clustering
was conducted using online analysis software (Microbiology Letter; http://www.bioinformatics.com.cn/). The
dataset GSE13597 from GPL96, contained 3 cases normal nasopharyngeal tissue samples and 25 nasopharyngeal
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tumor tissues samples. [log2(fold change) | >1 and P < 0.05 were used as the significance criteria. Poor prognostic
outcome analysis was performed via GEPIA 2 (http://gepia2.cancer-pku.cn/#index).

Cell culture

NP69(C1280, WHELAB, Shanghai, China), 6-10B (C1651, WHELAB, Shanghai, China), HK1(WARNER,
Wuhan, Hubei, China), and HNE1(C1794, WHELAB, Shanghai, China) cell lines were obtained from Shanghai
Meiwan Biotechnology Co. The 6-10B, and HNEI cells were grown in RPMI-1640 (Servicebio), and the HK1
cells were grown in high-glucose DMEM (Servicebio) supplemented with FBS at a final concentration of 10%.
The cells were cultured in an incubator under standard conditions. Cell passaging and seeding were conducted
when the cell coverage reached 70-85%.

Western blot

Western blot assays were performed as previously described. Proteins were detected using the following
antibodies: anti-SIX1 antibodies (dilution, 1:1000; cat.16960 S; Cell Signaling Technology, Danvers, MA, USA),
anti-CDC27 antibodies (dilution 1:1000; cat.sc9-972; Santa Cruz Biotechnology, Dallas, Texas, USA), anti-cyclin
B1 (dilution 1:1000; 4138-T; Cell Signaling Technology, Danvers, MA, USA), anti-p-Tubulin(dilution 1:20000,
ANT326, Antgene, Wuhan, Hubei, China) and anti-ITCH (dilution 1:3000; ER1901-94; Huabio; Wuhan, Hubei,
China).

PCR assay

TRIzol reagent was used to extract total RNA, and cDNA synthesis was performed according to the protocol
of the transcriptase kit (Vazyme Biotech, Nanjing, China). Quantitative reverse transcription polymerase chain
reaction (QRT-PCR) was conducted on a CFX96 Connect instrument (Bio-Rad, Hercules, CA) and a SYBR
Green PCR kit (Servicebio, Hubei, China). The mRNA expression levels were calculated by the 2~AACt method.
The primer sequences are provided in Supplementary Table SI.

Molecular docking

The predicted structures of ITCH and SIX1 were generated using AlphaFold. Subsequently, AutoDockTools-1.5.7
was employed to manually optimize the two protein structures through processes such as dehydration
and hydrogenation. The docking server ZDock was subsequently utilized for protein-protein docking. The
resulting protein-protein complex underwent further manual optimization, which included water removal and
hydrogenation via AutoDockTools-1.5.7. Finally, PyYMOL was employed to predict protein interactions and
create diagrams of the protein-protein interaction. In PyMOL, we selected the highest ZDock score of 1634.178
for visualization. ITCH is represented as a purple model, while SIX1 is depicted as a cyan model with their
binding sites illustrated as stick structures in the corresponding colors.

Immunofluorescence

The cells were fixed following membrane rupture and subsequently blocked with 5% BSA for one hour. In
accordance with the antibody instructions, SIX1 (dilution 1:200, cat.16960s, Cell Signaling Technology, Danvers,
MA, USA) and ITCH (dilution 1:200, cat. 67757-1-Ig, Proteintech, Hubei, China) antibodies were prepared.
After an overnight incubation with the antibodies at 4 °C, the cells were washed with PBS, incubated for 1 h with
a fluorescent secondary antibody at room temperature, and were washed again with PBS. The cell nucleus was
stained with DAPI, and after a final wash with PBS, the slides were mounted and photographed using a Zeiss 980
confocal camera(Carl Zeiss AG, Jena).

Transient transfection

The plasmid information was presented in Supplementary Table S2. Plasmid transfection was conducted
according to the instructions of PEI 40 K Transfection Reagent (Servicebio, G1802, Wuhan, Hubei, China).
After 48 h of transfection, Western Blot was conducted to verify the transfection efficiency.

Stable transfection

The plasmid information was presented in Supplementary Table S2. Plasmid transfection was carried out
following the instructions of PEI 40 K Transfection Reagent (Servicebio, G1802, Wuhan, Hubei, China). After
48 h of lentiviral transduction, 1 pg/ml puromycin was added for 24-48 h of screening. Western blotting was
used to verify whether the cells successfully overexpressed or silenced SIX1.

Co-immunoprecipitation and immunoblot assay

The cells were inoculated into 6 cm dishes and transfected with plasmids. The ratio of plasmid to PEI was 1:3.
After 6 h of transfection, the medium was replaced with a fresh medium, and the cells were cultured for 48 h.
The cells were collected for COIP. Proteins were extracted according to the steps of the kit used (Protein A/G
Magnetic Beads; cat. HY-K0202; MedChemExpress) and verified by Western blotting.

Cell counting kit-8

NPC cell lines which SIX1 was knocked down or overexpressed and control cells were seeded into 96-well
plates at 1000 cells per well. The medium was replaced with a fresh medium containing 10% cell CCK-8 reagent
(Biosharp, cat.BS350A, Hefei, China), and the cells were incubated at 37 °C for 1 h. Then, cell viability was
assessed at 450 nm.
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Colony formation

NPC cell lines in which SIX1was knocked down or overexpressed and control cells were seeded at 500 cells per
well into six-well plates. The cell colonies were fixed and stained with 0.3% crystal violet in ethanol for 15 min
until the colonies were visible to the naked eye. Finally, the whole well was photographed.

Transwell invasion assay

Cell invasion was measured using Matrigel-precoated Transwell inserts (cat. 353097; Corning; Becton
Dickinson and Company, New Country West, USA). The chambers were pretreated with Matrigel (cat.354234;
Becton, Dickinson and Company, New Country West, USA). The cells were seeded in the Transwell inserts at a
concentration of 1 x 10° cells per well and incubated for 48 h. Each assay was performed in triplicate.

Transwell migration assay

Cell migration was assessed via Transwell inserts. NPC cell lines with knocked down or overexpressed SIX1
and control cells were seeded into Transwell inserts at a concentration of 5x 10° cells per well and incubated
overnight. Each assay was performed in triplicate.

Animal study

Three- to four-week-old male nude mice were bred at the animal center of Zhongnan Hospital of Wuhan
University. The procedures were approved by the institutional animal care and use committees. A total of 6-10B
cells at a concentration of 5x 10° were subcutaneously inoculated into each mouse, including SIX1-knockdown
and control 6-10B cells. After 7 days, the tumor volume was recorded every 2 days and calculated using the
formulaa X axb X 0.5 (a represents the prolate axis and b represents the brachy axis). All mice were euthanized
and weighed after CO, inhalation and cervical dislocation. The tumors were extracted from the subcutaneous
tissues and weighed. The tumor tissues were fixed with 4% paraformaldehyde, embedded in paraffin, and sliced
for HE and immunohistochemistry staining.

Hematoxylin & eosin staining
Hematoxylin & eosin staining was performed using an HE staining kit (G1076, Servicebio).

Immunohistochemistry

The tumor tissues were fixed and dehydrated using gradient concentrations of ethanol. Then, IHC staining
was conducted according to the instructions provided in the Maixin IHC kit, Fuzhou, China). Anti-Ki-67
antibodies (dilution, 1:500; cat.GB111141; 100; Servicebio, Hubei, China), anti-SIX1 antibodies (dilution, 1:100;
cat.16960 S; Cell Signaling Technology, Danvers, MA, US), anti-CDC27 antibodies (dilution 1:500; cat.sc-9972;
Santa Cruz Biotechnology, Dallas, Texas, US), and anti-cyclin Bl (dilution, 1:100; cat.4-138T; Cell Signaling
Technology, Danvers, MA, US) were incubated overnight at 4 °C. Finally, Image] v1.8.0 (National Institutes of
Health, Bethesda, MA) was used for analysis.

RNA-seq

Total RNA was extracted from SIX1-overexpressing and control cells for transcriptome sequencing at BGI
(Shenzhen, China; three independent replicates per group). Relative analysis was carried out using the Tom
system (https://biosys.bgi.com).

Cell cycle assay

NPC cell lines with knocked down or overexpressed SIX1 and control cells from the six-well plates were collected
and stained according to the instructions of the kits used (cat. CCS012; MULTI SCIENCES, Hangzhou, China).
After processing, the samples were transferred to flow tubes for machine testing (Cytoflex, BECKMAN).

Data analysis

The Data are presented as means and standard deviations from at least three repeats. To determine the statistical
probabilities, we used unpaired Student’s t-tests or one-way ANOVA. Statistical analysis was performed with
GraphPad Prism 9.0. Differences between groups were considered statistically significant when p <0.05.

Data availability

Sequence data that support the findings of this study have been deposited in the Genome Sequence Archive with
the accession numbers HRA006795.A direct link to the deposited data: https://ngdc.cncb.ac.cn/gsa-human/s/
u4ltOu54.
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