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Abstract
The heterogeneity of tumour cells enables cancers to dynamically adapt to microen-
vironmental stresses during progression. However, the mechanism underlying the
transformation and intercellular communication between heterogeneous tumour
cells has remained elusive. Here, we report a “contagion model” that mediates inter-
cellular transformation between heterogeneous tumour cells which facilitates tumour
progression. Initially identifying heterogeneous expression of CXCR1, a receptor
for interleukin-8, in head and neck squamous cell carcinoma (HNSCC) tumour
cells, we found that CXCR1High tumour cells had higher abilities for migration and
invasion. Following interleukin-8-mediated activation, CXCR1High cells transformed
CXCR1Low cells intoCXCR1High cells through the secretion of small extracellular vesi-
cles (sEVs), which increased the proportion ofCXCR1High cells and facilitated tumour
progression. Mechanistically, we demonstrate that sEVs derived from interleukin-8-
activated CXCR1High cells contain high levels of ATP citrate lyase (ACLY), which
acetylates NF-κB p65 and facilitates its nuclear translocation to transcribe CXCR1
in CXCR1Low cells. That process could be inhibited by Bempedoic acid, an FDA-
approved ACLY-targeted drug. Taken together, our study reveals an sEV-mediated
transformation of CXCR1Low to CXCR1High cells that promotes HNSCC progres-
sion. This provides a new paradigm to explain the dynamic changes of heterogeneous
tumour cells, and identifies Bempedoic acid as a potential drug forHNSCC treatment.
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 INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is a common type of cancer that causes great physical and psychological
damage to patients (Johnson et al., 2020; Mody et al., 2021). To date, the outcome of HNSCC is still unsatisfactory despite the
use of targeted therapies (Cramer et al., 2019; Vathiotis et al., 2021). Accumulating evidence has revealed that the heterogeneity
of HNSCC cells is closely related to its treatment failure (Dagogo-Jack & Shaw, 2018; Leemans et al., 2018; Wang et al., 2021). As a
hallmark of cancer, heterogeneity has been demonstrated to be in a dynamic status of change and helps to meet the demands of
rapid tumour growth (Qian et al., 2022; Sun et al., 2021). Recent studies have found that tumour cells with more active malignant
behaviours among the heterogeneous tumour cell population eventually become the majority and form the dominant subset in

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided
the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Authors. Journal of Extracellular Vesicles published by Wiley Periodicals LLC on behalf of International Society for Extracellular Vesicles.

J Extracell Vesicles. 2024;13:e12427. wileyonlinelibrary.com/journal/jev2  of 
https://doi.org/10.1002/jev2.12427

https://orcid.org/0000-0003-1952-6734
mailto:jyfzhen@126.com
mailto:hanf1989@hotmail.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/jev2
https://doi.org/10.1002/jev2.12427


 of  XU et al.

the tumour microenvironment (TME) to promote tumour progression (Hanahan, 2022). However, how the dominant subset
forms and the underlying mechanism behind that process is still unknown.
Emerging evidence has revealed that heterogeneous tumour cells can influence each other through intercellular signalling and

promote the progression of tumours (Attaran & Bissell, 2021; Jiang et al., 2022). Small extracellular vesicles (sEVs) act as couriers
for substance transport between cells and play a vital role in this process (Dai et al., 2020; van Niel et al., 2022). sEVs as cell-
secreted products carry abundant amounts of bioactive substances including proteins, lipids, and nucleic acids, and the contents
of sEVs are highly regulated by the type of cells producing them (Kalluri & LeBleu, 2020). Therefore, sEVs hold important
biological information from heterogeneous cells that could reshape the TME and promote tumour progression (Ludwig et al.,
2022; Yin et al., 2022). In this case, the role of sEVs in tumour progression induced by intercellular communication is worth
deeper investigation.
Here, we propose a “contagion model” that interprets the formation of a dominant subset of tumour cells through inter-

cellular communications between heterogeneous tumour cells mediated by sEVs. Our previous study has recently proven the
pro-tumour effect of interleukin-8 (IL-8), which exists in abundance in the TME of HNSCC (Xu et al., 2020), and discovered
the heterogeneity of responses of different HNSCC cells to IL-8 during last experiments. In the current study, we identify the
heterogeneous expression of C-X-Cmotif chemokine receptor 1 (CXCR1), a receptor for IL-8, in HNSCC tumour cells and show
that CXCR1High cells have higher abilities for migration and invasion. Moreover, upon IL-8-mediated activation, CXCR1High

cells transformed CXCR1Low cells into CXCR1High cells and eventually became the dominant subset to promote tumour progres-
sion. Mechanistically, sEVs derived from IL-8-activated CXCR1High cells carried ATP citrate lyase (ACLY) into CXCR1Low cells
to acetylate Nuclear Factor-Kappa B (NF-κB) p65 thus promoting its nuclear translocation and the subsequent transcription of
CXCR1. Importantly, that process could be inhibited by the only FDA-approved ACLY-targeted drug Bempedoic acid (BA). The
results of this study not only uncover the underlying molecular mechanism of ACLY promoting CXCR1 expression, but more
importantly, we provide a novel direction for understanding the communication between heterogeneous tumour cells and its
effect on tumour progression, and prove that BA is a potential targeted drug for HNSCC treatment.

 MATERIALS ANDMETHODS

. Ethics statement

This study was approved by the Institutional Review Board of the Beijing Stomatological Hospital of Capital Medical University
(Beijing, China). Informed consent was signed by all patients enrolled. Animal studies were performed following the NIHGuide
for the Care and Use of Laboratory Animals, with the approval of the Institute Animal Care and Use Committee of the Beijing
Stomatological Hospital of Capital Medical University.

. Patients and specimens

A total of 48 patients diagnosed with HNSCC and three patients diagnosed with epithelium dysplasia who were treated in the
Department of Oral and Maxillofacial-Head and Neck Oncology, Beijing Stomatological Hospital, Capital Medical University
were enrolled in this study. All patients enrolled were diagnosed as HNSCC by biopsy in the outpatient clinic and did not sub-
ject to any treatment prior to the resection of primary tumour. Tissue samples were obtained instantly after the tumours were
entirely removed, andmedical records of enrolled patientswere collected after discharge for further analysis. The cases ofHNSCC
were staged according to the 8th edition of the Union for International Cancer Control/American Joint Committee on Cancer
(UICC/AJCC) classification system. The baseline demographics of patients enrolled are summarized in Tables S1 and S2.

. Cell culture

Normal human oral keratinocyte (HOK) cells, four HNSCC cell lines (HN4, HN6, Cal27 and HN30) and HEK 293T cells were
used in this study. HN4, HN6 and HN30 cell lines were kindly provided from the Shanghai Ninth People’s Hospital, Shanghai,
China. Cal27 and HEK 293T cell lines were purchased from American Type Culture Collection (ATCC, USA). HOK cells were
purchased from ScienCell Research Laboratories (USA). All cells were cultured inDulbecco’s modified Eagle’s medium (DMEM;
Gibco, USA) supplemented with 10% exosome-depleted foetal bovine serum (FBS; A27208-03, Gibco), 100 U/mL penicillin and
100 μg/mL streptomycin at 37◦C in a standard humidified atmosphere of 5%CO2. It is worthmentioning that to simulate the high
IL-8 concentration environment inside HNSCC tumour, recombinant human IL-8 (Peprotech, USA) was added to the medium
in all in vitro assays except assays that tested the function of IL-8 (shown in Figure S1A-D, Figure S2A, B). According to our
previous research, we used 100 ng/mL IL-8 as an appropriate concentration for this exogenous stimulation (Xu et al., 2020).
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GW4869 (HY-19363, MedChemexpress (MCE), USA) was used to verify the function of sEVs at a concentration of 10 μM. To
determine the function of sEVs or its content, sEVs (50 μg) derived fromHNSCC cells were co-cultured with HN6 cells for 24 h
before further experiments were conducted. BA was applied at the concentration indicated by the survival assay to treat HN6
cells for 24 h.

. Transfection of siRNAs and plasmids

Plasmids and the small interfering RNA (siRNA) targeting ACLY were designed and synthesized by RiboBio (China).
pcDNA3.1-EF1a-mcherry-CMV-MCS-3XFlag-SV40promoter-neo was used as the vector for ACLY overexpression. Plasmids
and si-ACLY as well as the empty vector and the scrambled sequence were transfected into HNSCC cells using Lipo-
fectamine™ 3000 (Invitrogen, USA) following the manufacturer’s instructions. The sequence of si-ACLY is as follows: #1,
5′-CGAUACCAUCUGUGAUCUA-3′; #2, 5′-UUCUUGAUCAGCUUUCUCGUGAGGG-3′.

. RNA extraction and qRT-PCR analysis

RNA was extracted from tissues and cells using TRIzol reagent (Invitrogen). qRT-PCR was performed following the manu-
facturer’s instructions and as described in our previous study (Xu et al., 2020). The primers for CXCR1 and GAPDH were
synthesized by Sangon Biotech (China) and the sequences were as follows: CXCR1-F: 5′-GGGATTTCTCCATAGCTGCCT-
3′; CXCR1-R: 5′-ACAGACGAAGAAGTGTAGGAGG-3′; GAPDH-F: 5′-CCTCTGACTTCAACAGCGAC-3′; GAPDH-R: 5′-
TCCTCTTGTGCTCTTGCTGG-3′.

. Cellular proliferation, migration and invasion assays

Wound healing assays were performed to detect the migration ability of HNSCC cells. Transwell assays including uncoated
inserts and Matrigel-coated inserts were used separately to determine migration and invasion abilities. The proliferation ability
was determined using Cell Counting Kit 8 (CCK8) assays (Dojindo, Japan). Finally, colony-forming abilities were compared by
the number of clusters formed by 1000 cells incubated for 10–14 days. These experiments were performed as described in our
previous study and were all repeated three times (Xu et al., 2020).

. Hematoxylin-eosin (H&E) and immunohistochemistry (IHC) staining

A standard H&E staining was performed to identify the pathological type of lung metastasis nodes formed in the animal study.
IHCanalysiswas performed to detect the expression ofCXCR1 andACLY inhumanHNSCC samples and xenograft tumours. The
IHC procedure was performed as described before (Xu et al., 2020). The primary antibodies used were CXCR1 (ab124344, abcam,
USA, dilution 1:200) and ACLY (ab126129, abcam, dilution 1:200). The intensity of staining was scored as follows: 0 = negative,
absence of stained cells; 1 = weak; 2 = moderate; and 3 = strong. The IHC staining score was calculated by multiplying the
percentage of positive cells by the staining intensity. The scoring was conducted by researchers who were blind to the group
information of xenograft tumours or the clinical data of patients.

. Immunofluorescence and fluorescence analysis

HNSCC cells were harvested from the glass coverslips and were fixed in 4% paraformaldehyde. After sealing with 10% normal
goat serum for 1 h, the primary antibodies were applied and incubated overnight at 4◦C. Secondary antibodies conjugated with
rhodamine or FITC (Cell Signalling Technology (CST), USA, dilution 1:200) were incubated on the next day and Vectashield
mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, USA) was then applied. To detect the
expression and localization of p65, Triton X-100 (Sigma-Aldrich) was applied before sealing with goat serum. The primary
antibodies used were CXCR1 (ab313462, abcam, dilution 1:50) and p65 (#8242, CST, dilution 1:400).
To visualize the phagocytosing process of sEVs, we used PKH26 to stain HN6 cells and Carboxyfluorescein N-succinimidyl

ester (CFSE, No. E607337, Sangon Biotech) to stain sEVs according to the manufacturer’s instructions. CFSE-labelled sEVs and
PKH26-labelled HN6 cells were co-cultured for 4 h to observe the fluorescence status. Immunofluorescence and fluorescence
images were captured using a fluorescence microscope (Olympus, Japan).
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. Flow cytometry

Tissue samples were harvested and processed into single-cell suspensions. After incubation with antibodies for 20 min on ice,
the suspensions were evaluated using a flow cytometer. The antibodies used were CD326 (#751942, BD Biosciences, USA) and
CXCR1 (#551081, BD Biosciences). The results were analysed by FlowJo™ software (ver. 10.4.0., USA).

. Isolation and identification of sEVs

HNSCC cells (HN4, HN6, and Cal27) with or without transfection of plasmids or si-RNA targeting ACLY were cultured for 48 h
to prepare sEVs. The supernatants were centrifuged at 3000×g for 15 min to remove cell debris, passed through a 0.22 μm filter
(Millipore, USA) and centrifuged at 100,000×g for 70min. The pellets were washed with phosphate buffered saline (PBS) and the
sEVs were obtained after centrifugation at 100,000×g for 70 min. Finally, the sEVs were identified using transmission electron
microscopy, nanoparticle tracking analysis and western blot (HSP70, TSG101, CD9).

. LC-MS/MS-based proteomics

To identify the specific contents of sEVs derived fromCXCR1High and fromCXCR1Low cells that induced this transformation, we
isolated sEVs derived fromHN4 cells andHN6 cells and analysed themusing liquid chromatography-tandemmass spectrometry
(LC-MS/MS)-based proteomics. LC-MS/MS analysis was performed using a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific, USA) that was coupled to Easy nLC (Thermo Fisher Scientific). TheMS data were analysed usingMaxQuant software
version 1.6.14.0. The search followed an enzymatic cleavage rule of Trypsin/P and allowed a maximum of two missed cleavage
sites and a mass tolerance of 20 ppm for fragment ions. The cutoff of global false discovery rate (FDR) for peptide and protein
identification was set to 0.01.

. Cell lines transcriptome analysis

Transcriptome analysis was performed on HNSCC cell lines (HN4, HN6 and Cal27) cultured with 100 ng/mL IL-8 for 24 h
(Figure 4c) or transfected with plasmids containing ACLY (Figure 5a). Specifically, the total RNAwere sequenced by the Illumina
NovaSeq 6000 (USA). The index of the reference genome was constructed using Hisat2 (v2.0.5). Fragments per kilobase of
transcript sequence per million (FPKM) of each gene was calculated based on the length of the gene and the number of reads
mapped to that gene. Finally, differential expression analysis of the two groups was performed using the DESeq2 R package
(1.20.0). The resulting P-values were adjusted using the Benjamini and Hochberg approach to control for false discovery rate.
Padj ≤ 0.05 and |log2(foldchange)| ≥ 1 were set as the threshold for significant differential expression.

. Western blot analysis

Proteins derived from sEVs, nucleus and cytoplasm of HNSCC cells as well as total HNSCC cells were collected using sodium
dodecyl sulphate lysis buffer (Beyotime, China). The cell lysates (20 μg) were electrophoresed using polyacrylamide gel and
transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, USA). After blocked with nonfat milk for 1 h at
room temperature, the membranes were incubated with primary antibodies overnight at 4◦C. The membranes were incubated
with secondary antibodies on the second day and visualized with ECL Ultra (New Cell and Molecular Biotech, China). GAPDH
and HSP90 were used as loading control. The antibodies used including: CXCR1 (ab124344, abcam, dilution 1:1000), ACLY
(ab126129, abcam, dilution 1:1000), p65 (#8242, CST, dilution 1:1000), ac-p65 (ab218533, abcam, dilution 1:1000), GAPDH (#5174,
CST, dilution 1:1000), H3 (#4499, CST, dilution 1:2000) and HSP90 (#4877, CST, dilution 1:1000). Densitometric values for all
western blot experiments were analysed using software ImageJ and the results were uploaded as Supplementary file.

. Dual-luciferase reporter assay

HEK 293T cells transfectedwith vector containing CXCR1 promoter region in the control, wild type andmutant group for 48 h. A
dual-luciferase reporter assay kit (Beyotime, China) was used according to themanufacturer’s instructions to verify the promoter
activities.
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. Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed on HN4 cells using a SimpleChIP Enzymatic Chromatin IP kit (#9003, CST). IgG was used as the
negative control. An anti-ac-p65 antibody (ab218533, abcam) was used to pull down the target genes in the promoter regions.
ChIP DNAs were analysed using qPCR and were normalized to the input data. The primers targeting the CXCR1 promoter
region were as follows: NC-F: 5′-GTTGTGGAAGGTGGAGAA-3′; NC-R: 5′-CAAGGATGTGAGAGCAGT-3′; Motif1-F: 5′-
GTGACGAAGGTGCCAGAA-3′;Motif1-R: 5′-AGCAGAGAGACCACAGAGC-3′;Motif2-F: 5′- GACTATTTTCTGCCCTTG-
3′ and Motif2-R: 5′-AGTTGTGCTTTCCTCCTG-3′.

. Animal experiments

Six-week-old BALB/c male nude mice were bred in SPF facilities and were used for the in vivo assays. The mice were blindly
grouped and each group contained five mice. To simulate the high IL-8 concentration environment inside HNSCC tumour, IL-8
was injected (0.5 mg/kg, s.c.) every other day in every group of the in vivo studies except assays that tested the function of IL-8
(shown in Figure S1E-H). According to our results, we used HN4 cells as CXCR1High cells and HN6 cells as CXCR1Low cells for
the formation of heterogeneous tumours and lung metastasis nodes. For tumourigenicity assays, 1 × 106 HN4 cells or HN6 cells
were injected into the right flanks of mice to form tumours. For lung metastasis assays, 1 × 106 HN4 cells or HN6 cells were
injected through the lateral tail vein in separate mice. The volume of each xenograft tumour was measured every week and all
mice were euthanized at the end of the fifth week. Lung tissues withmetastasis nodes were fixed in Bouin’s fixative diluted 1:5 with
neutral-buffered formalin for nodule observation (Xu et al., 2020). All tumours were collected for the measurement of volume,
weight and IHC staining.
To evaluate the effect of CXCR1High cells to transform CXCR1Low cells, we injected 5 × 105 HN4 cells mixed with 5 × 105 HN6

cells in the mixed group in addition to the HN4 and HN6 groups, which were constructed using the method described above
(shown in Figure 3a-e). The mice were euthanized at the end of the third, fourth and fifth week to evaluate the transformation
of CXCR1Low cells during tumour progression.
To test the functions of sEVs, ACLY and BA in the transformation process, we used 1 × 106 HN6 cells to form xenograft

tumours (shown in Figure 3m-p, Figure 4l, m, Figure 7g-k). Considering that the transformation process mediated by sEVs was
occurred inside the tumour, 50 μg of sEVs derived from HN4 cells, HN6-vector or HN6-ACLY were injected into the xenograft
tumours every other day starting on day 7. Finally, according to previous studies, BA was applied (30 mg/kg, i.p.) once a day.

. Bioinformatics analysis

The data of CXCR1 expression for HNSCC patients were obtained from the The Cancer Genome Atlas (TCGA) dataset. The
clinical data of TCGA HNSCC patients were obtained from cBioportal (http://www.cbioportal.org/). According to the purpose
of this study, the enrolled patients with CXCR1 expression level in the lower third were categorized as low level group, the others
were categorized as high level group. To analyse the heterogeneity of CXCR1 in HNSCC cells, we selected the publicly available
single-cell datasetGSE103322 (Puram et al., 2017) and used the scSTARmethod (Hao et al., 2023) to groupHNSCCcells according
to their CXCR1 expression levels. The JASPAR dataset (https://jaspar.genereg.net/) was used to predict p65 binding sites in the
CXCR1 promoter region.

. Statistical analysis

Statistical analyses were performed using SPSS 22.0, R Studio and GraphPad Prism version 8.0.2 software. Two-tailed unpaired
Student’s t-test and one-wayANOVAwere performed to evaluate statistical differences. Survival analysis was performed using the
Kaplan–Meier method and log-rank test. Hazard ratio was calculated using Cox proportional hazards model (Enter method).
A p value of less than 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001) is considered statistically significant. Data are presented as
means ± SD of three independent experiments.
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 RESULTS

. The CXCR-related heterogeneity of tumour cells correlates with HNSCC progression

To thoroughly understand the role of CXCR1 in HNSCC, we investigated its expression and prognostic value based on data from
both TCGA dataset and our clinical samples. Pan-cancer analysis showed that the expression of CXCR1 in HNSCC was not
only higher than in normal tissue, but also had the highest level of all cancer types examined (Figure 1a). Kaplan–Meier analysis
of 5-year overall survival (OS) proved that a higher expression of CXCR1 is related to worse outcome in HNSCC (Figure 1b,
c). These results suggested the important role of CXCR1 in HNSCC. However, the expression of CXCR1 varied from patient to
patient (Figure 1d). Our clinical samples showed that HNSCC patients with advanced stage tumours (Figure 1e) or lymph node
metastases (Figure 1f) had a significantly higher expression levels of CXCR1, and increased with tumour progression (Figure 1g).
The baseline data of patients enrolled were summarized in Table S1.
To further explore the expression of CXCR1 in HNSCC, we used the scSTAR method and analysed the single-cell dataset

GSE103322. After identifying and isolating the malignant cells, we grouped them according to their expression level of CXCR1.
The results showed that there were heterogeneous subsets related to CXCR1 in HNSCC cells (Figure 1h). Furthermore, we
detected the mRNA and protein levels of CXCR1 in normal oral epithelium and different HNSCC cell lines. The results showed
that although all HNSCC cell lines had a higher expression of CXCR1 compared with HOK cell line, the CXCR1 level among
HNSCC cell lines were significantly different. HN4 cells and Cal27 cells had a significantly higher expression levels of CXCR1
while HN6 cells had the lowest expression level of CXCR1, and HN30 cells was in between (Figure 1i, j). Immunofluorescence
staining visualized the high expression level of CXCR1 in HN4 cells and in Cal27 cells while the fluorescence intensity of CXCR1
in HN30 cells was significantly lower and in HN6 cells was barely visible (Figure 1k). Thus, we used HN4 cells and Cal27 cells as
CXCR1High cells and HN6 cells as CXCR1Low cells. Considering the intermediate level of CXCR1 in HN30 cells, we excluded this
cell line from subsequent experiments to avoid interference. This heterogeneity of CXCR1 expression and its correlation with
clinical features were then confirmed in patients’ samples. Flow cytometry found that patients with T4N2bM0 tumours had a
significantly higher percentage of CXCR1High cells than patients with T1N0M0 tumours (Figure 1l). IHC staining of CXCR1 also
showed the increasing proportion of CXCR1High cells fromprecancerous lesion to advanced-stageHNSCC (Figure 1m).However,
the reason for the tumour progression caused by the elevated proportion of CXCR1High cells needed further exploration.

. CXCRHigh cells have more active malignant behaviours and cause HNSCC progression

Previous results uncovered the rising proportion of CXCR1High cells along with the tumour stage in HNSCC. Therefore, we
assumed that CXCR1High cells havemore activemalignant behaviours thanCXCR1Low cells and cause the progression ofHNSCC.
To simulate the high IL-8 concentration environment inside HNSCC tumour, we added 100 ng/mL IL-8 into the medium and
assessed the malignant behaviours of CXCR1High and CXCR1Low HNSCC tumour cells. Wound healing assays showed that
CXCR1High cells, represented by HN4 cells and Cal27 cells, had a stronger migratory ability (Figure 2a). Transwell assays indi-
cated that CXCR1Low cells, represented by HN6 cells, had significantly fewer cells in the lower chambers with or without matrigel
(Figure 2b). Similar results were observed in colony-forming assays, where CXCR1High cells had a higher number of clone clus-
ters than CXCR1Low cells after culture for 7 days (Figure 2c). However, the results of CCK8 assays found that the ability of those
different cell types to proliferate was about the same (Figure 2d). This result indicated that the elevated proportion of CXCR1High

cells was not due to their greater proliferative ability and outgrow CXCR1Low cells. Moreover, these experiments were conducted
on CXCR1High and CXCR1Low HNSCC cells without exogenous IL-8. The results showed no significant difference of malignant
behaviours between CXCR1High and CXCR1Low HNSCC cells which indicated that CXCR1 as the receptor of IL-8 mediated the
enhancement of migration and invasive abilities (Figure S1A-D).
The in vivo assays confirmed the results above. Tumorigenicity study showed that with the stimulation of IL-8, tumours from

HN4 cells grew faster and were significantly larger and heavier than tumours from HN6 cells (Figure 2e-h). Moreover, lung
metastasis assay found that HN4 cells formed significantly more metastasis nodes with the injection of IL-8 compared with HN6
cells (Figure 2i). However, there was no significant difference in both tumorigenicity and lung metastasis assays for CXCR1High

and CXCR1Low HNSCC cells without IL-8 stimulation (Figure S2E-I). H&E staining was performed to identify the pathological
type of lungmetastasis nodes (Figure 2j, Figure S1J). IHC staining confirmed the heterogeneous expression of CXCR1 in theHN4
cells andHN6 cells (Figure 2k, Figure S1K). These results proved that with the high concentration of IL-8 in the TME of HNSCC,
CXCR1High cells have stronger migration and invasive abilities and were the dominant subset in HNSCC and promoted tumour
progression. However, the similarity in the proliferative capacity of CXCR1High and CXCR1Low cells led us to wonder why there
was an increasing proportion of CXCR1High cells along with tumour stage.
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F IGURE  The CXCR-related heterogeneity of tumour cells correlates with HNSCC progression. (a) Pan-cancer analysis of the expression of CXCR1.
(b, c) Kaplan–Meier analysis of 5-year OS of HNSCC patients with different expression levels of CXCR1 based on TCGA database (n = 518, p = 0.034, Hazard
ratio: 1.285) (b) and clinical samples (n = 48, p = 0.037, Hazard ratio: 4.607) (c). (d) Western blot analysis of CXCR1 in normal tissues (N) and tumour tissues
(T) from HNSCC patients. (e, f) PCR analysis of HNSCC tissue samples (n = 48) from patients with different tumour stages (e) or lymph node metastases (f).
(g) CXCR1 expression in different stages based on HNSCC tissue sample (n = 48). (h) Analysis of single-cell dataset GSE103322 to identify heterogenous
subsets of CXCR1 in HNSCC. (i, j) PCR (i) and western blot (j) analysis of CXCR1 level in HOK and HNSCC cell lines. (k) Immunofluorescence staining images
to identify CXCR1 level in HN6, HN4, HN30 and Cal27 cells. Green: CXCR1, Blue: DAPI. Scale bars, 50 μm. (l) Flow cytometry analysis of the percentage of
CXCR1High tumour cells in T1N0M0 (n = 3) and T4N2bM0 (n = 3) HNSCC tissue samples. (m) IHC staining of CXCR1 in precancerous lesion (epithelium
dysplasia), early-stage (T2N0M0) and advanced-stage (T4aN0M0 and T4aN2bM0) tissue samples. Red arrows indicate CXCR1High cells and black arrows
indicate CXCR1Low cells. Scale bars, 50 μm (top row), 25 μm (bottom row). Data are presented as means ± SD (e-h). * p < 0.05, ** p < 0.01, and *** p < 0.001.
Data in (b, c) were calculated by Kaplan–Meier analysis and log-rank test; by two-tailed unpaired Student’s t-test in (e, f, l); by one-way ANOVA in (g, i).
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 of  XU et al.

F IGURE  CXCRHigh cells have more active malignant behaviours and cause HNSCC progression. (a) Wound healing assays of CXCR1High cells
represented by HN4 cells and Cal27 cells and CXCR1Low cells represented by HN6 cells with the stimulation of IL-8 (100 ng/mL). Scale bars, 100 μm. (b)
Migration and invasion abilities of CXCR1High and CXCR1Low cells tested by Transwell assays with the stimulation of IL-8 (100 ng/mL). Scale bars, 100 μm. (c)
Colony-forming assays for CXCR1High and CXCR1Low cells stimulated with IL-8 (100 ng/mL). (d) Proliferation ability of CXCR1High and CXCR1Low cells
determined by CCK8 assays with the stimulation of IL-8 (100 ng/mL). (e, f) Representative images of xenograft tumours formed by HN4 cells or HN6 cells
treated with IL-8 (0.5 mg/kg, s.c. every other day) (n= 5). (g, h) Tumour weight (g) and growth curves (h) of HN4 and HN6 groups. (i) Representative image of
lung tissues fixed in Bouin’s fixative diluted 1:5 with neutral-buffered formalin from HN4 or HN6 group with the injection of IL-8 (n = 5). Red arrows indicate
metastasis nodes. (j) H&E staining of lung metastasis nodes to identify the pathological type. Scale bars, 50 μm. (k) IHC staining to prove the CXCR1
expression of tumours formed by HN4 cells or HN6 cells. Scale bars, 50 μm. ns, not significant, ** p < 0.01, and *** p < 0.001. Data in (a–d) were calculated by
one-way ANOVA; by two-tailed unpaired Student’s t-test in (g, h, i).

. sEVs derived from CXCRHigh cells transform CXCRLow cells into CXCRHigh cells

To further validate the increasing proportion of CXCR1High cells during tumour progression, we established xenograft tumour
models using CXCR1High cells (HN4), CXCR1Low cells (HN6) and a mixture of those two types of cells. The xenograft tumours
were harvested at the end of 3, 4 and 5 weeks after the injection of tumour cells (Figure 3a). In accord with previous results,
tumours in the HN4 group were significantly larger and heavier compared with tumours in the HN6 group. However, tumours
in themixed group showed a gradual acceleration of growth rate (Figure 3b–e).More importantly, an elevated ratio of CXCR1High

cells was observed in the mixed group along with tumour progression (Figure 3c). These results directly proved that CXCR1High
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XU et al.  of 

F IGURE  sEVs derived from CXCRHigh cells transform CXCRLow cells into CXCRHigh cells. (a) Schematic diagram of xenograft tumours formed
by HN4 cells, HN6 cells or a mix of HN4 and HN6 cells. Tumours were harvested at 3, 4 and 5 weeks to test the transformation of CXCR1Low cells during
tumour progression. (b) Xenograft tumours at 3, 4 and 5 weeks in the indicated groups treated with IL-8 (0.5 mg/kg, s.c. every other day) (n = 5). (c) IHC
staining of CXCR1 in tumours harvested at 3, 4 and 5 weeks of the indicated groups. Red arrows indicate CXCR1High cells and black arrows indicate CXCR1Low
cells. Scale bars, 50 μm. (d, e) Growth curves and tumour weights of HN4 group, HN6 group or the mix group. (f) Immunofluorescence images of CXCR1 in
HN6 cells treated with CM prepared from the indicated supernatant. Green: CXCR1, Blue: DAPI. Scale bars, 50 μm. (g) Western blot analysis of the expression
of CXCR1 in HN6 cells treated with CM prepared by the indicated supernatant. (h) Electron microscopy image of sEVs derived from HNSCC cells. Scale bar,
100 nm. (i) Fluorescence images of CFSE-labelled sEVs phagocytosed by PKH26-labelled HN6 cells after co-cultured for 4 h. Scale bars, 25 μm. (j) CXCR1
immunofluorescence staining of HN6 cells treated with sEVs derived from the indicated cells. Green: CXCR1, Blue: DAPI. Scale bars, 50 μm. (k) Protein level
of CXCR1 in HN6 cells after treatment with sEVs derived from the indicated cells. (l) CXCR1 expression in HN6 cells after treatment with CM derived from

(Continues)
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 of  XU et al.

F IGURE  (Continued)
GW4869 (10 μM) pre-treated HNSCC cells as indicated. (m) Representative images of xenograft tumours formed by HN6 cells and treated with sEVs derived
from the indicated cells (n = 5). (n) IHC staining of CXCR1 in xenograft tumours treated with sEVs derived from the indicated cells. Scale bars, 50 μm. (o, p)
Tumour weights and growth curves of xenograft tumours of the indicated groups. ns, not significant, * p < 0.05, ** p < 0.01, and *** p < 0.001. Data in (d, e, o,
p) were calculated by one-way ANOVA.

cells promoted tumour progression by increasing their proportion. Current studies have found that communications between
heterogeneous cells promote tumour progression. Combined with our previous results, we speculated that CXCR1High cells
might transform CXCR1Low cells through intercellular signalling, resulting in a higher proportion of CXCR1-expressing cells
and promoting tumour progression.
To test that hypothesis, we used the supernatants from HN6 cells, HN4 cells and Cal27 cells as conditioned medium (CM)

to treat HN6 cells. Immunofluorescence staining showed a significant increase in the fluorescence intensity of CXCR1 in HN6
cells cultured in the CM from CXCR1High cells (Figure 3f). Western blot analysis further validated that result at the protein
level (Figure 3g). However, this phenomenon did not occur for CMmade without IL-8 treatment (Figure S2A, B). These results
indicated that the production of CXCR1High cellsmediated the transformation of CXCR1Low cells. sEVs are important couriers for
intercellular signalling andmight mediate that process. To characterize the role of sEVs in this process, we isolated and identified
sEVs derived from HNSCC cells (Figure 3h, Figure S2C, D). CFSE-labelled sEVs were observed inside the cells after co-culture
with HN6 cells for 4 h, demonstrating the phagocytosis of sEVs byHNSCC cells (Figure 3i). Our previous experiments were then
repeated used sEVs derived from the different HNSCC cell types. The expression of CXCR1 in HN6 cells was also significantly
enhanced by treatment with sEVs derived from CXCR1High cells (Figure 3j, k). In addition, we used GW4869 to inhibit the
secretion of sEVs and prepared CM from the different types of HNSCC cells. GW4869 significantly reduced the concentration
of sEVs in CM (Figure S2E, F). The expression of CXCR1, which was originally enhanced by treatment with the CXCR1High cell
supernatant, was not elevated (Figure 3l). Finally, the role sEVs was confirmed by in vivo assays. We used HN6 cells to establish
xenograft tumour models, which were treated with sEVs derived from HN6 cells or HN4 cells. The results showed that tumours
treated with sEVs derived fromHN4 cells were significantly larger and heavier, and had a gradually elevated expression of CXCR1
(Figure 3m-p).

. ACLY in sEVs derived from CXCRHigh cells regulates the transforming process

The results reported above proved that sEVs derived fromCXCR1High cells transform CXCR1Low cells to express CXCR1, and the
contents of sEVs that regulate that process needed further exploration. To accomplish that, LC-MS/MS-based proteomics was
performed to analyse sEVs derived from CXCR1High cells (HN4) and from CXCR1Low cells (HN6) (Figure 4a, b). In addition,
transcriptomic analysis was performed to detect the different expression patterns of HN6 cells, HN4 cells and Cal27 cells treated
with or without IL-8 (Figure 4c). Considering that only sEVs derived from CXCR1High cells treated with IL-8 were able to trans-
form CXCR1Low cells, we selected the upregulated proteins in HN4 cell-derived sEVs, and in IL-8 treated HN4 cells and Cal27
cells, and eliminated the differentially expressed products from HN6 cells. The results of Venn diagram analysis identified only
one product: ACLY (Figure 4d). ACLY is an upstream regulator of lipid metabolism that catabolizes citrate to produce acetyl
CoA and is used as a substrate for lipid synthesis and acetylation modification. Further, Kegg enrichment analysis indicated that
the NF-κB p65 pathway was activated, a result that was further confirmed by GSEA analysis (Figure 4b, e).
To verify the above results, we detected the expression of ACLY in IL-8 treated HNSCC cells and found that the level of ACLY

was significantly increased in HN4 cells and Cal27 cells, but the difference was not obvious in HN6 cells (Figure 4f). The analysis
of sEVs indicated that sEVs produced by CXCR1High cells had more ACLY than those produced by CXCR1Low cells (Figure 4g).
Further, we discovered an elevated level of ACLY along with CXCR1 in HN6 cells treated with sEVs produced by CXCR1High

cells (Figure 4h). To fully understand the role of ACLY in this process, we regulated its expression in HN6 cells, HN4 cells
and Cal27 cells by transfecting plasmids or siRNA targeting ACLY. Considering that the effect of ACLY on lipid metabolism
may have an impact on sEVs production, we determined the concentration of sEVs after the transfection. The concentration
of sEVs was increased when ACLY was overexpressed whereas knockdown of ACLY decreased its concentration (Figure S3A,
B). Therefore, we used the same quality of sEVs to ensure the consistency of each group. After the overexpression of ACLY,
CXCR1 was significantly increased in CXCR1Low cells (Figure 4i). Meanwhile, sEVs from the different types of cells were isolated
and added to HN6 cells. With the elevated level of ACLY in sEVs after the transfection (Figure 4j), the expression of CXCR1 in
HN6 cells was increased even when treated with sEVs derived from CXCR1Low cells (Figure 4k). Conversely, the knockdown
of ACLY by siRNA decreased the expression of CXCR1 in HN4 cells and in Cal27 cells (Figure S3C, D), reduced the amount of
ACLY in sEVs (Figure S3E, F) and weakened its effect to promote CXCR1 expression (Figure S3G, H). Both si-ACLY-1 and si-
ACLY-2 effectively reduced the expression level of ACLY and blocked the transformation of CXCR1Low cells (Figure S3I). For the
concise of further exploration, si-ACLY-1was selected to reduceACLY levels in subsequent experiments.Moreover, the content of
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XU et al.  of 

F IGURE  ACLY in sEVs derived from CXCRHigh cells regulates the transforming process. (a) Heatmap displaying the results of LC-MS/MS-based
proteomics for sEVs derived from CXCR1High cells (HN4) and from CXCR1Low cells (HN6). (b) Bubble plot showing the pathways predicted by Kegg
enrichment analysis. (c) Transcriptomic analysis of different expression patterns in HN6, HN4 and Cal27 cells treated with or without IL-8. (d) Venn diagram
analysis of the results of LC-MS/MS-based proteomics and transcriptomic analysis. Intersection of up-regulated genes in HN4 cell-derived sEVs, IL-8 treated
HN4 and Cal27 cells eliminated the differential expression products from HN6 cells and identified ACLY. (e) GSEA analysis of the NF-κB p65 pathway with the
treatment of IL-8. (f) Western blot showing the expression of ACLY in HNSCC cells after treatment with IL-8 (100 ng/mL). (g) Levels of ACLY in sEVs derived
from IL-8-treated CXCR1High cells (HN4, Cal27) and CXCR1Low cells (HN6). (h) Protein level of ACLY and CXCR1 in HN6 cells after treatment with sEVs
derived from the indicated cells. (i) ACLY and CXCR1 expression in HNSCC cells transfected with vector or plasmids containing ACLY. (j) Levels of ACLY in
sEVs derived from HNSCC cells with or without over-expression of ACLY. (k) Protein level of ACLY and CXCR1 in HN6 cells as control compared with HN6
cells treated with sEVs derived from HNSCC cells over-expressing ACLY as indicated. (l) Representative images, tumour weights and growth curves of

(Continues)
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 of  XU et al.

F IGURE  (Continued)
xenograft tumours treated with sEVs derived from HN6 cells transfected with vector or plasmids containing ACLY. (m) IHC staining of ACLY and CXCR1 in
xenograft tumours derived from the indicated groups. Scale bars, 50 μm. ns, not significant, * p < 0.05 and *** p < 0.001. Data in (l) were calculated by one-way
ANOVA.

CXCR1 in sEVs was barely detectable despite the fact that transfection of plasmids or siRNAs proved that sEVs could not directly
transport CXCR1 into CXCR1Low cells (Figure S3J-L). Finally, in vivo assays were used to validate the results shown above. After
the injection of sEVs derived from HN6 cells that over-expressed ACLY, the xenograft tumours had a significantly faster growth
rate and gradually became larger and heavier (Figure 4l). IHC staining showed that the majority of tumour cells in the HN6-
ACLY sEVs-treated tumours eventually had an elevated level of CXCR1 as well as ACLY (Figure 4m). These data proved that
ACLY in sEVs derived from CXCR1High cells regulates the transforming process. However, the underlying mechanism behind
that process needed further exploration.

. ACLY acetylates NF-κB p to stimulate the expression of CXCR

To characterize the underlyingmechanismof theACLY regulation ofCXCR1 expression, we performed transcriptomic analysis of
HNSCC cells transfected with plasmids with or without ACLY. That analysis revealed that the NF-κB p65 pathway was activated
(Figure 5a). In accordance with its function, our results showed that the over-expression of ACLY enhanced the production of
acetyl CoA (Figure 5b) and the acetylation of p65 (Figure 5c). Based on these results, we assumed that ACLY elevated the level of
acetyl CoA to acetylate p65, which then activated the expression of CXCR1. To test that hypothesis, we detected the level of acetyl
CoA and acetylated p65 (ac-p65) in HNSCC cells. As we suspected, CXCR1High cells (HN4 and Cal27) had a significantly higher
level of acetyl CoA (Figure 5d). Western blot analysis also demonstrated that the expression level of ac-p65 was significantly
higher in HN4 cells and Cal27 cells as was ACLY and CXCR1 (Figure 5e). To thoroughly explore this issue, we regulated the
expression of ACLY and detected that separately. The over-expression of ACLY led to a significant increase of acetyl CoA as well
as ac-p65 and CXCR1 in CXCR1Low cells (HN6) (Figure 5f, g). Similar results were observed using sEVs derived from ACLY-
over-expressing cells. The enhancement of ACLY led to an elevated level of acetyl CoA and as well as ac-p65 and CXCR1 in HN6
cells (Figure 5h, i). Conversely, the knockdown of ACLY decreased the level of acetyl CoA along with ac-p65 and CXCR1 even
in CXCR1High cells (Figure 5j, k). Likewise, sEVs derived from HN4 cells and from Cal27 cells transfected with si-ACLY lost the
ability to increase the level of acetyl CoA, ac-p65 and CXCR1 (Figure 5l, m). The above results indicated that ACLY promotes the
production of acetyl CoA to acetylated p65 and increases CXCR1 expression. However, the molecular mechanism of that process
is still unclear and it’s important to clarify that to stimulate the development of effective targeted drugs.

. ACLY induces the nuclear translocation of p to transcribe CXCR via acetylation

The results reported above showed that ACLY promotes p65 acetylation to increase the expression of CXCR1 by producing
acetyl CoA. To thoroughly investigate this pathway, we used Bay 11–7082, an inhibitor of the NF-κB pathway to treat HNSCC
cells transfected with plasmids containing ACLY. The results showed that inhibition of the NF-κB pathway significantly reduced
the enhanced expression of CXCR1 by over-expressing ACLY, indicating that NF-κB was the key pathway in regulating CXCR1
expression (Figure 6a). Next, we proved the critical role of p65 acetylation in CXCR1 expression. Tumour necrosis factor-α
(TNF-α) as an activator of the NF-κB pathway was used to stimulate HNSCC cells transfected with si-ACLY. Western blot anal-
ysis revealed that without the highly expressed ACLY, TNF-α alone did not increase the expression of CXCR1 (Figure 6b). The
knockdown of ACLY reduced the CXCR1 level with or without TNF-α. These results proved that both NF-κB pathway and
acetylation enhanced by ACLY are indispensable for CXCR1 expression.
To elucidate how acetylation promotes p65 to transcribe CXCR1, we used immunofluorescence staining to track the location

of p65 in HN6 cells treated with sEVs derived fromHN4 cells. Immunofluorescence images showed that HN4 cell-derived sEVs
significantly improved the translocation of p65 into nucleus (Figure 6c). In this case, we analysed cytoplasmic andnuclear proteins
separately. Western blot analysis showed a slight increase of p65 and a significant increase of ac-p65 in nucleus upon stimulation
with sEVs derived from CXCR1High cells. The content of ACLY was increased in nucleus, but not as much as in the cytoplasm
after treatment with sEVs derived from CXCR1High cells. The level of CXCR1 in the cytoplasm was elevated in HN6 cells treated
with HN4- and Cal27-derived sEVs (Figure 6d). To further explore the effect of ACLY on p65, we transfected plasmids contained
ACLY intoHN6 cells. Immunofluorescence images showed that the level of p65 in the nucleuswas significantly increased after the
over-expression of ACLY (Figure 6e). Western blot analysis revealed that p65 and ac-p65 were significantly enhanced in nucleus
by overexpression of ACLY. As predicted, the expression level of CXCR1 in the cytoplasm also increased (Figure 6f). These
results indicated that ACLY facilitates the acetylation of p65 to induce its nuclear translocation and the subsequent transcription
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XU et al.  of 

F IGURE  ACLY acetylates NF-κB p to stimulate the expression of CXCR. (a, b, c) GSEA analysis of the NF-κB p65 pathway, acetyl CoA
metabolism and acetylation of NF-κB p65 with over-expression of ACLY. (d, e) Levels of acetyl CoA (d) and ACLY, p65, ac-p65, CXCR1 expression (e) in
IL-8-treated CXCR1High cells (HN4, Cal27) and CXCR1Low cells (HN6). (f, g) Analysis of acetyl CoA content (f) and ACLY, p65, ac-p65, CXCR1 expression (g)
in HNSCC cells transfected with vector or plasmids containing ACLY. (h, i) Level of acetyl CoA (h) and ACLY, p65, ac-p65, CXCR1 expression (i) in HN6 cells
treated with sEVs derived from HNSCC cells transfected with vector or plasmids containing ACLY as indicated. (j, k) Concentration of acetyl CoA (j) and
expression level of ACLY, p65, ac-p65 and CXCR1 (k) in HNSCC cells transfected with si-scramble or si-ACLY. (l, m) Levels of Acetyl CoA (l) and ACLY, p65,
ac-p65 and CXCR1 (m) in HN6 cells treated with sEVs derived from cells transfected with si-scramble or si-ACLY as indicated. ns, not significant, ** p < 0.01,
and *** p < 0.001. Data in (d, f, j) were calculated by two-tailed unpaired Student’s t-test; by one-way ANOVA in (h, l).

of CXCR1. Finally, we used the JASPAR dataset to identify the two most likely binding sites of p65 in the promoter region of
CXCR1 (Figure 6g). After over-expressing ACLY in HN6 cells, ChIP assays indicated that the binding ability of the−63 to 54 bp
region of the CXCR1 promoter to ac-p65 was significantly higher (Figure 6h). This result was confirmed by luciferase assays
showing that mutation of Motif2 significantly decreased the luciferase activity compared to the wild-type (Figure 6i).

. Bempedoic acid targets ACLY to block the transformation of CXCRLow cells and inhibit the
progression of HNSCC

Based on the above results, we concluded that ACLY in sEVs derived from CXCR1High cells mediate the transformation of
CXCR1Low cells. This result was further proved in clinical samples. IHC staining and PCR analysis of HNSCC tissue samples
showed that there was a significant correlation between CXCR1 and ACLY expression (Figure 7a, b). The TCGA dataset further
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 of  XU et al.

F IGURE  ACLY induces the nuclear translocation of p to transcribe CXCR via acetylation. (a) Expression levels of ACLY, p65, ac-p65 and CXCR1
in HN4, HN6 and Cal27 cells transfected with vector or plasmids containing ACLY treated with Bay 11-7082, an inhibitor of the NF-κB pathway, as indicated.
(b) Western blot analysis of the expression of ACLY, p65, ac-p65 and CXCR1 in HN4, HN6 and Cal27 cells transfected with si-scramble or si-ACLY treated with
TNF-α as indicated. (c) Immunofluorescence images of HN6 cells treated with or without HN4-cell derived sEVs to verify the nuclear translocation of p65.
Scale bars, 25 μm. (d) Expression of ACLY, p65, ac-p65 and CXCR1 in the nucleus and cytoplasm were analyzed separately for HN6 cells treated with sEVs
derived from CXCR1High cells (HN4, Cal27) and CXCR1Low cells (HN6) as indicated. (e) Immunofluorescence staining was performed to verify the nuclear
translocation of p65 after the over-expression of ACLY in HN6 cells. Scale bars, 25 μm. (f) Western blot analysis of ACLY, p65, ac-p65 and CXCR1 in the
nucleus and cytoplasm of HN6 cells transfected with vector or plasmids containing ACLY as indicated. (g) Predicted binding site of p65 in the promoter region
of CXCR1. (h) ChIP-qPCR analysis of ac-p65 binding on the two predicted motifs in the CXCR1 promoter region in HN6 cells. (i) Dual-luciferase reporter
assays performed to validate the binding of p65 to wild-type and mutant Motif 2 in the CXCR1 promoter region. ns, not significant, * p < 0.05, and ***
p < 0.001. Data in (h, i) were calculated by two-tailed unpaired Student’s t-test.
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XU et al.  of 

F IGURE  Bempedoic acid targets ACLY to block the transformation of CXCRLow cells and inhibit the progression of HNSCC. (a) Representative
IHC images and correlation analysis of ACLY and CXCR1 expression from 48 HNSCC tissue samples. Scale bars, 50 μm (top row), 25 μm (bottom row). (b)
Correlation analysis of ACLY and CXCR1 based on the HNSCC tissue samples (n = 48). (c) Survival analysis of HNSCC cells treated with different
concentrations of BA. (d) Immunofluorescence staining for CXCR1 in HN6 cells treated with HN4-derived sEVs and BA (100 μM) for 24 h. Green: CXCR1,
Blue: DAPI. Scale bars, 50 μm. (e) Acetyl CoA level in HN6 cells treated with HN4 cell-derived sEVs and BA (100 μM) as indicated. (g) Western blot analysis of
ACLY, p65, ac-p65 and CXCR1 in the nucleus and cytoplasm of HN6 cells treated with HN4 cell-derived sEVs and BA (100 μM) as indicated. (g-j)
Representative images (g, h), growth curves (i) and tumour weights (j) of xenograft tumours treated with HN4 cell-derived sEVs and BA (30 mg/kg, i.p. once a
day) as indicated. (k) IHC staining for ACLY and CXCR1 of xenograft tumours derived from the indicated group. Scale bars, 50 μm. (l) Schematic diagram
showing the increased proportion of CXCR1High cells during tumour progression. Mechanistically, sEVs derived from IL-8-activated CXCR1High cells deliver
ACLY into CXCR1Low cells to acetylate NF-κB p65 and facilitate its nuclear translocation which transcribes CXCR1 and transforms CXCR1Low cells into
CXCR1High cells. ns, not significant, ** p < 0.01, and *** p < 0.001. Data in (e, i, j) were calculated by two-tailed unpaired Student’s t-test.

confirmed the positive correlation of CXCR1 and ACLY (Figure S4A). Moreover, the expression of ACLY was found to be asso-
ciated with prognosis, tumour stage and lymph node metastasis of HNSCC in clinical samples (Figure S4B-D). Considering the
importance of the ACLY-mediated transformation of CXCR1Low cells in the progression of HNSCC, we tried to target ACLY and
block that process.
As the only FDA-approved drug that targets ACLY, the effectiveness of BA for HNSCC treatment was unknown. The survival

assays confirmed the cytotoxic effect of BA on HNSCC cells and indicated that 100 μM is a suitable concentration of BA to avoid
its direct killing effect (Figure 7c). BA and HN4 cell-derived sEVs were applied to HN6 cells for 24 h and the immunofluorescent
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staining images showed that BA reduced the transforming effect of CXCR1High cell-derived sEVs (Figure 7d). Further, the level
of acetyl CoA which was originally elevated by the stimulation with sEVs derived from CXCR1High cells, could not be increased
by the addition of both BA and sEVs derived from HN4 cells (Figure 7e). Western blot analysis showed the same trend. Despite
the elevated level of ACLY in cytoplasm after treatment with HN4 cell-derived sEVs, the nuclear translocation of p65 and the
expression of ac-p65 in nucleus were significant inhibited by BA, along with the level of CXCR1 in cytoplasm (Figure 7f). Finally,
in vivo studies proved these results. The progression of xenograft tumours formed by HN6 cells was originally enhanced by
sEVs derived from CXCR1High cells was significantly inhibited by the addition of BA (Figure 7g-j). IHC staining revealed that
BA blocked the transformation of CXCR1Low cells even with an elevated level of ACLY (Figure 7k). These results indicated that
BA as a targeted drug for ACLY could inhibit the progression of HNSCC by blocking the transformation of CXCR1Low cells.
Taken together, this study proved that ACLY in sEVs derived from IL-8-activated CXCR1High cells transform CXCR1Low cells
into CXCR1High cells via acetylated NF-κB p65 and facilitated its nuclear translocation (shown schematically in Figure 7l). Thus,
we propose a novel “contagion model” in which tumour cells with more active malignant behaviours such as CXCR1High cells
can infect “lazy” cells such as CXCR1Low cells via sEVs in the TME and transform them into a more active type. This model
proposes that the communication between heterogeneous tumour cells promotes the formation of a dominant subset of cells
and stimulates tumour progression.

 DISCUSSION

The importance of heterogeneity in tumour progression and in treatment failure has been recognized due to the rapid devel-
opment of single-cell transcriptomic analysis yet communications between heterogeneous tumour cells are still not completely
understood (Choi et al., 2023; Qian et al., 2022). Herein, we report a “contagion model” to describe how CXCR1High cells with
higher migration and invasion abilities transform CXCR1Low cells via sEVs into CXCR1High cells to promote the progression of
HNSCC.
sEVs function as transport couriers for intercellular substances and have been widely proven to have a significant impact on

the TME by inducing metabolic reprogramming, immune evasion, drug resistance and tumour progression (Guo et al., 2022;
Rubenich et al., 2021; Zhang & Yu, 2019; Zhong et al., 2023). For example, sEVs secreted by breast cancer cells regulate the
metabolic program of cancer-associated fibroblasts (CAFs) to promote tumour progression (Yan et al., 2018). Lu et al. demon-
strated that sEVs derived from HNSCC cells could be phagocytosed by tumour-associated macrophages (TAMs) and led to
immunosuppression (Lu et al., 2022). Herein, we showed that sEVs can promote tumour progression by inducing the transfor-
mation of a less active subset of heterogeneous tumour cells into a more active form. Our conclusion, while confirming the role
of sEVs in regulation of the TME, demonstrate for the first time the important regulatory effect of sEVs on the dynamic changes
of heterogeneous tumour cells. The contents of sEVs are highly regulated by the cells of origin (Jeppesen et al., 2019). In this case,
the differential contents of sEVs provided by heterogeneous host cells are important to convey useful regulatory information. In
other words, not all sEVs produced by heterogeneous cells are valuable for regulation. In the current study, we found that sEVs
derived from CXCR1-related heterogeneous tumour cells have a significant regulatory effect on tumour cells.
CXCR1 is a receptor for IL-8 that is localized on the surface of the cell membrane and large quantities of IL-8 are present

in the TME (Ha et al., 2017; Liu et al., 2016). The IL-8/CXCR1 axis has been proven to play a vital role in tumour progression
and is considered to be the next promising molecule for targeted therapy (Corrò et al., 2019; Fousek et al., 2021; Ruffini, 2019).
However, due to the wide range of sources of IL-8, it is very difficult to thoroughly eliminate this cytokine in the TME. Therefore,
growing attention has been given to its receptor—CXCR1 (Witkowski et al., 2021). The activation of CXCR1 has been shown
in many studies to be the initiator of various malignant behaviours in tumour cells (Yang et al., 2021). Wang et al. found that
the activation of CXCR1 promotes the progression of gastric cancer by phosphorylated AKT and the ERK1/2 pathway (Wang
et al., 2016). Molczyk et al. proposed that CXCR1 is a marker for cancer stem cells and is a therapeutic target for solid tumours
(Molczyk & Singh, 2023). In accord with previous research, we found that the expression of CXCR1 increased with the stage of
tumour, and CXCR1High cells were shown to have more active malignant behaviours than CXCR1Low cells in this study. The sum
of these results indicates that this heterogeneity in CXCR1 expression is essential for tumour progression. In addition, our results
revealed that HNSCC has the highest expression level of CXCR1 among the tumours examined, which makes the role of CXCR1
in HNSCC even more important. Interestingly, the proliferation ability of CXCR1High and CXCR1Low cells was not significantly
different, which indicates that CXCR1High cells do not constitute the majority of HNSCC cells simply by outgrowing CXCR1Low
cells. Although CXCR1 is the specific receptor for IL-8, it’s not the only receptor. CXCR2 is another receptor for IL-8, which
has 76% homology to CXCR1, but the functional differences between CXCR1 and CXCR2 are not entirely clear. Considering the
stimulatory effect of IL-8 on tumour cell proliferation, we speculated that IL-8 promotes the proliferation of tumour cells through
the IL-8/CXCR2 axis and facilitates othermalignant behavioursmainly throughCXCR1 inHNSCC.Moreover, instead of CXCR2,
Han et al. found that the knockdown of CXCR1 significantly improves the sensitivity of osteosarcoma cells to chemotherapy
(Han et al., 2015). In this case, finding a molecule that mediates the transformation of CXCR1Low cells is critical to inhibit the
progression of HNSCC caused by the increased expression of CXCR1 and provides an effective target for therapy. Our study
suggests that ACLY in sEVs derived from CXCR1High cells is the pivotal key for this process.
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Current studies found that ACLY is the upstream regulatory enzyme of lipid metabolism and catabolizes citrate, one of the
major products of the tricarboxylic acid (TCA) cycle, and converts it into acetyl CoA (Feng et al., 2020; Zaidi et al., 2012). This
functionmakes ACLY act as the link between glucose metabolism and lipidmetabolism and it becomes an important pro-cancer
molecule (Granchi, 2018; Zhao et al., 2016). Icard et al. even regarded ACLY as a central metabolic enzyme in cancer (Icard
et al., 2020). Interestingly, acetyl CoA as the product of ACLY has also been called “a central metabolite and second messenger”
(Pietrocola et al., 2015). In the metabolic process, acetyl CoA is the major substrate of lipid synthesis (Guertin & Wellen, 2023).
Moreover, acetyl CoA is also an important signalling molecule due to its essential role in the acetylation process (He et al., 2023;
Wu&Guan, 2022). Emerging evidence proved that the presence of ACLY enhances acetylation by producing acetyl CoA (Carrer
et al., 2019). Therefore, the important role of ACLY in intercellular signalling should not be neglected. The results of this study
showed that ACLY could transfer signals between cells to regulate CXCR1 expression by acetylizing p65, and proved the role of
ACLY as a messenger. In the current study, we found that ACLY-promoted acetylation and NF-κB pathway are essential for the
transcriptional regulation of CXCR1. The lack of ACLY or the inhibition of NF-κB pathway would decrease the level of CXCR1.
Mechanistically, the acetylation of p65 promoted by ACLY facilitated its nuclear translocation to transcribe CXCR1. Compared
with sEVs derived from CXCR1High cells, the transfection of plasmids had a higher efficiency to elevate the level of ACLY, and
led to a more significant enhancement of p65 and ac-p65 in the nucleus to transcribe CXCR1, indicating that ACLY was the key
protein to regulate this transformation process.
Given the vital role of ACLY in tumour progression, researchers have focused on the regulation and inhibition of ACLY

(Batchuluun et al., 2022). Previous studies found that the expression of ACLY is regulated by the AKT pathway (Icard et al.,
2020; Wei et al., 2021), which is one of the major downstream targets of IL-8/CXCR1 signalling (Sun et al., 2019). In accord with
these results, we also found that activation of the IL-8/CXCR1 axis promoted the expression of ACLY. However, the inhibition of
ACLY, especially in cancer treatment, requiresmore research. Besides its critical role in tumour development, ACLYhas also been
identified as a pivotal molecule for various metabolic diseases including hypertriglyceridemia, non-alcoholic steatohepatitis, etc
(Morrow et al., 2022). To date, BA is the only drug that targets ACLY and has been approved by the FDA that was designed as a
lipid-lowering medication, but its effect in tumour treatment remains unclear (Nissen et al., 2023; Pinkosky et al., 2016). Herein,
we proved that BA can inhibit the progression of HNSCC by blocking the transformation of CXCR1Low cells. This result indicates
that BA is a potential targeted drug for HNSCC treatment.
In conclusion, this study showed the effect of CXCR1High cells to transform CXCR1Low cells. sEVs derived from IL-8-activated

CXCR1High cells containing ACLYmediate this process through acetylated p65 to facilitate its nuclear translocation and the sub-
sequent transcription of CXCR1. This transformation could be inhibited by the ACLY-targeted drug BA. However, there are still
some issues that need further exploration. For example, we found that BA inhibited the elevated level of CXCR1. Considering the
significant effect of the IL-8/CXCR1 axis on immune escape, the combination of BA and immune checkpoint blockade therapy is
well worth exploring. Further, the effects of sEVs containing a high level of ACLY on other cells in the TME should be considered.
Nevertheless, our findings provide a novel “contagion model” to further understand the dynamic change of heterogeneity that is
mediated by sEVs in tumour development and we identify BA as a reliable drug for future targeted-drug therapy.

 CONCLUSION

This study proposes a novel “contagionmodel” to interpret tumour progression caused by the dynamic changes of heterogeneous
tumour cells. Specifically, we identified the heterogeneity of CXCR1 in HNSCC tumour cells and found that the expression of
CXCR1 in HNSCC increased with tumour progression due to the increasing proportion of CXCR1High cells. CXCR1High cells
had stronger abilities for invasion and migration, but not for proliferation compared with CXCR1Low cells. Moreover, upon
IL-8-mediated activation, CXCR1High cells transformed CXCR1Low cells into CXCR1High cells through the secretion of sEVs.
Mechanistically, sEVs derived from IL-8-activated CXCR1High cells contained a high level of ACLY which acetylated NF-κB p65
in CXCR1Low cells. The acetylation of p65 facilitated its nuclear translocation and the transcription of CXCR1 and transformed
CXCR1Low cells into CXCR1High cells to promote the progression of HNSCC. That process could be inhibited by BA as the only
FDA-approvedACLY-targeted drug. Overall, this study not only illustrates the underlyingmolecularmechanism bywhichACLY
promotes CXCR1 expression, but more importantly, we revealed a new paradigm whereby sEVs derived from tumour cells with
more active malignant behaviours infect the weaker subset of tumour cells and transform them into a more active form to pro-
mote tumour progression. The significance of this “contagionmodel” among all types of cancers is worth deeper exploration and
provides additional approaches for future diagnosis and treatment of HNSCC.
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