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Abstract

Objective
Head and neck squamous cell carcinoma (HNSCC) is a common cancer with high mortality. Anillin
(ANLN) has been identi�ed as an actin-binding protein highly expressed in multiple cancers. However, the
expression pattern and functional effects of ANLN in HNSCC remains to be unclear.

Methods
ANLN alternative splicing was assessed in HNSCC tissues and cell lines. We investigated the functional
effects and related mechanisms of ANLN alternative splicing in HNSCC in vitro and in vivo.

Results
Our results showed that two ANLN alternative RNA splicing ANLN-201 and ANLN-210 were highly
expressed in HNSCC tissues and cell lines. Knockout of ANLN led to inhibited proliferation, migration and
invasion of SCC-9 cells. ANLN-201 mainly binded to Myc and thus played a role in promoting cell
proliferation, migration and invasion of SCC-9. ANLN-210 was found to bind mainly to HNRNPC and
secreting into the environment in the form of exosomes. Exosomal ANLN-210 promotes macrophage
polarization via PTEN/PI3K/Akt signaling pathway, which in turn facilitated HNSCC tumor growth.

Conclusions
Variable alternative splicing of ANLN synergistically contribute to the progression of head-neck squamous
cell carcinoma, which might offer new perspectives of HNSCC for treatment strategies.

Introduction
Head and neck squamous cell carcinoma (HNSCC) has been identi�ed as the sixth most common cancer
in the world 1,2. Squamous cell carcinoma (SCC) is the major pathological pattern of head and neck
squamous cancer. Although improvements have been made in diagnosis and treatment strategies,
patients with HNSCC at advanced stages may develop visceral metastases and present a poor prognosis
with low �ve-year survival rates 3–5. It is necessary to explore the underlying molecular mechanisms of
HNSCC and identify novel effective biomarkers for diagnosis and treatment of HNSCC.

Anillin (ANLN) which is located on chromosome 7p14.2 and encodes an actin-binding protein containing
1125 amino acids, has been identi�ed to play a vital role in actin cytoskeletal dynamics 6–8. Increasing
studies have shown that ANLN is highly expressed in multiple cancers, including breast cancer, ovarian
cancer, kidney cancer, colorectal cancer, hepatocellular carcinoma, lung cancer, and pancreatic tumors 9–



Page 4/28

14. Recent studies indicate that dysregulated ANLN contributes to the tumor occurrence, growth and
development. For instance, it was reported that ANLN promoted pancreatic cancer progression by
regulating EZH2/miR-218-5p/LASP1 signaling axis 15. ANLN promoted doxorubicin resistance in breast
cancer cells by activating RhoA 16. ANLN played a critical role in human lung carcinogenesis through the
activation of RHOA and by involvement in the phosphoinositide 3-kinase/AKT pathway 17. Nevertheless,
biological functions and regulatory mechanisms of ANLN involved in head-neck squamous cell
carcinoma progression are not quite clear.

Alternative RNA splicing in eukaryote which could enables cells to have various transcript isoforms and
protein diversity from a single gene, plays pivotal roles during normal biological processes such as tissue
and organ development 18,19. RNA splicing is a highly regulated process and accumulating evidence have
shown that splicing is frequently occurred in human tumors. Diverse spliceosomes which enable different
biological functions are common in cancers and might together lead to malignant cellular transformation
18,20,21. Studies have suggest that coordinated splicing networks might regulate tumor development and
thus provide novel potential therapeutic targets of human cancer treatment.

It is reported that Paci�c Bioscience (PacBio) long-read sequencing has been used to identify full-length
transcripts and splicing junctions 22–24. In our previous study, we analyzed ANLN RNA splicing using
PacBio and found that there were two spliceosomal form of ANLN in HNSCC, that was, ANLN-201
(ENST00000265748.7, 4731 nt) and ANLN-210 (ENST00000457743.1, 757 nt ).

This study was the �rst to investigate the expression pattern, diverse functions and regulatory
mechanisms of two spliceosomes of ANLN in HNSCC tissues and cell lines. The involved signaling
pathways of two ANLN spliceosomes on HNSCC carcinogenesis were also investigated.

Methods And Materials
Tissues samples

Human head and neck tumor tissues and paired adjacent non-tumor tissues were obtained from patients
at the Harbin Medical University Cancer Hospital (Harbin, China). Both tumor tissues and non-tumor
tissues were evaluated histologically. Written or oral consent was provided by all of the involved patients
and the Ethics Committee of Harbin Medical University Cancer Hospital approved all aspects of this
research.

Cell lines and cell culture

Human head and neck squamous carcinoma cell lines SCC9, SCC15, FaDu were grown in DMEM/F12
(Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Gibco). Human bronchial
epithelial cell line BEAS-2B were cultured in DMEM supplemented with 10% LHC-9 medium (Invitrogen)
and 10% FBS (Gibco). Human hepatocellular carcinoma cell line HepG2, human colorectal cancer cell line
HCT-116 and Breast cancer cell line MCF-7 were cultured in DMEM supplemented with 10% FBS.
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Laryngeal squamous cell carcinoma cell line SNU899 was maintained in RPMI-1640 (Gibco) with 10%
FBS (Gibco). Human monocytic THP-1 cells were maintained in RPMI 1640 containing 10 % of heat
inactivated FBS and supplemented with 10 mM Hepes (Gibco), 1 mM pyruvate (Gibco), 2.5 g/l D-glucose
(Merck) and 50 pM ß-mercaptoethanol (Gibco). THP-1 monocytes were differentiated into macrophages
incubated with 150 nM PMA (Sigma) followed for24 h. These cancerous cell lines were maintained in a
humidi�ed incubator at 37°C with 5% CO2.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted with TRIzol reagent and reverse transcribed to cDNA using a PrimeScript RT
reagent kit (TaKaRa, Tokyo, Japan) according to the manufacturer’s instructions. Quantitative real-time
PCR (qRT-PCR) was performed using the SYBR Green qPCR Master Mix (Takara). The sequences of
primers were listed in Table 1

Table 1
Primers of gene for qRT-PCR

Genes Sequences

GAPDH Forward:5’-TGGATTTGGACGCATTGGTC-3’

  Reverse: 5’-TTTGCACTGGTACGTGTTGAT-3’

ANLN-201 Forward: 5’-ATGTCTTCGTGGCCGATTTGA-3’

  Reverse: 5’-CTCTGACAGTGAGTTTCCTGTTT-3’

ANLN-210 Forward: 5’-TGCCAGGCGAGAGAATCTTC-3’

  Reverse: 5’-CGCTTAGCATGAGTCATAGACCT-3’

MYC Forward:5’-CTTTCCTCCACTCTCCCTGG-3’

  Reverse: 5’-AACCCTCTCCCTTTCTCTGC-3’

HNRNPC Forward:5’-GGAGATGTACGGGTCAGTAACA-3’

  Reverse: 5’-CCCGAGCAATAGGAGGAGGA-3’

SRSF10 Forward:5’-TGAGGATGTTCGTGATGCTGA-3’

  Reverse: 5’-CCTCCTTTCATAACTTCGGCTT-3’

U2AF2 Forward:5’-ACCCAGGCTATGGCCTTTG-3’

  Reverse: 5’-GAAGCGGCTGGTAGTCGTG-3’

Northern blot
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RNA was extracted and heat denatured at 65°C for 15 min. The prepared RNA samples were loaded in the
gel in the MOPS running buffer, which was electrophoresed at 5–6 V/cm until the bromophenol blue (the
faster-migrating dye) migrated at least 2–3 cm into the gel. The gel was visualized on a UV
transilluminator. The 28S rRNA band should be approximately twice as intense as the 18S rRNA band.

Cell cycle analysis

The harvested SCC-9 cells were resuspended with PBS and �xed overnight with 70% ethanol at 4°C, then
incubated with PI staining reagent at room temperature for 30 min. The treated cells were analyzed using
a FACS Calibur system (BD Biosciences, San Jose, CA, USA).

Western blot

Proteins were extracted from tissues and cells. The protein concentration was determined by the
bicinchoninic acid (BCA) Kit (Beyotime, Shanghai, China). Proteins were separated with 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to the nitrocellulose
membrane. After blocking, the membranes were incubated in primary antibodies at 4°C overnight. ANLN-
201 and ANLN-210 (1:1000, GeneX health, Beijing), ANLN (1:1000, ab211872, Abcam, Cambridge, MA,
USA). Myc (ab32072), F-actin (ab130935), HNRNPC (ab75822), SRSF10 (ab254935), U2AF2 (PA5-30442,
Invitrogen), HSP70 (ab2787), CD63 (ab134045), TSG101(ab125011), Calnexin (ab22595), CD206
(ab125028), Arg-1 (ab133543), PTEN (ab267787), Akt (ab8805), p-Akt (ab38449), GAPDH (ab9485), and
β-actin (ab8226), GAPDH and β-actin was used as the internal control. Protein bands were visualized by
chemiluminescence (ECL, Forevergen, Guangzhou, China). The experiment was conducted for three times.

Immunoprecipitation

To detect ANLN associated with F-actin/Myc, total protein was extracted from SCC-9 cells after treatment.
Cell lysates for immunoprecipitation were pre-cleared and incubated with GFP-protein-magnetic beads
overnight at 4°C. The beads were washed and boiled with loading buffer, then for immunoblots with GFP
(abcam) antibodies.

Isolation of exosomes

Exosomes were isolated from cell culture medium by ultracentrifugation according to the previous reports
25. The procedures were performed at 4°C. Brie�y, cells were removed by centrifugation at 300g. Other
debris were removed by centrifugation at 3,000 g. After that, the supernatants were centrifuged at 10,000
g for 30 min to remove shedding vesicles and others. At last, the supernatants were centrifuged at
110,000 g for 70 min. Exosomes were obtained from the pellets and re-suspended in PBS.

Cell proliferation analysis

Cell proliferation of SCC-9 cells was determined using the Cell Counting Kit-8 (CCK-8; Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions. SCC-9 cells transfected as
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experiments designed were plated in 96-well plate. Cell viability was analyzed for 24, 48, 72, 96h. CCK-8
was added and incubated for 3h according to the time points. The absorbance was measured at 450 nm.

Cell migration and invasion assays

Cell migration and invasion assays were performed using transwell insert chambers (BD Biosciences,
USA). SCC-9 cells were transfected as experiments designed. The transfected SCC-9 cells in serum-free
medium were seeded into the top chamber. The medium containing 20% FBS was added to the lower
chambers. After routinely cultured for the appropriate time, cells on the lower membrane surface of the
top chamber were �xed with methanol and stained with DAPI. For invasion analysis, the top chambers
were coated with the matrigel (BD Biosciences, USA).

Immuno�uorescence

SCC-9 cells were �xed and permeabilized, then incubated with GFP Rabbit antibody (ab290, Abcam) for 3
hours at 4°C. After washing three times with PBS, the cells were incubated with Alexa Fluor 488
conjugated Goat Anti-Rabbit IgG (H&L) (ab150077; Abcam) for 1 h at room temperature in the dark place.
After washing three times with PBS, cells were treated with DAPI (D9564, Sigma) for 10 min at room
temperature. Cells were photographed using the confocal microscope (Olympus FV-1000).

Immunohistochemistry (IHC)

Para�n-embedded HNSCC tissues were �xed in 4% polyformaldehyde (PFA). IHC staining was performed
according to the manufacturer’s protocol. The depara�nized and rehydrated histologic sections were
aimmersed in 10 mM citrate buffer for heat-induced antigen retrieval. The slides were stained using
antibodies against CD163 (ab182422, Abcam) and Ki67 (ab15580, Abcam).

Animals

Male BALB/c nude mice (6∼8 weeks) were raised strictly in the pathogen-free animal house in
accordance with feeding standards, which was approved by the Institutional Animal Care and Research
Advisory Committee of XX hospital.

Xenograft models

To assess the effects of exosomal ANLN-210–activiated M2 polarized macrophages on HNSCC tumor
growth in vivo, 1.5 × 107 SCC-9 cells were mixed in a 4:1 ratio with the macrophages transfected with
exosomes with different treatment as experiment designed. Then the cell mixture was co-injected into the
�anks of the nude mice. After 3 weeks, the mice were euthanized and the tumors were obtained and �xed
in formaldehyde for and IHC staining.

Statistical analysis
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All the experiments were repeated at least three times. The data were analyzed using SPSS 20.0 and
GraphPad Prism 7. The P value < 0.05 was considered to be signi�cant.

Results
Variable spliceosomal pattern of ANLN exists in head-neck squamous cell carcinoma

The expression of the spliceosome was different between the cancer tissues and the para-cancer tissues.
It was found that ANLN had two forms of spliceosomes, ANLN-201 (ENST00000265748.7, 4731 nt) and
ANLN-210 (ENST00000457743.1, 757 nt ) in head and neck tumor tissues. However, only ANLN-201 was
detected in the corresponding adjacent tissues. We validated ANLN expression in the collected head and
neck cancer (HNC) tissues using quantitative PCR and Northern blot. Both ANLN-201 and ANLN-210 were
highly expressed in HNC tumor tissues compared to the normal tissues (Figure 1A and 1B). We also found
that ANLN-210 (757 nt) was not all highly expressed in HNC tissues (Figure 1C). In addition, we detected
the splicing forms of ANLN in different tumor cell lines. Interestingly, the results showed that ANLN-210
was detected in almost all of the tested cell lines whereas the ANLN-210 was only detected in the
following cell lines, including the hypopharyngeal carcinoma cell line FaDu, the two tongue squamous cell
lines SCC-9 and SCC-15, and the laryngeal carcinoma cell line SNU899 (Figure 1D). These results suggest
that the expression of the spliceosomal form of ANLN may be more heterogeneous and more common in
the head-neck squamous cell carcinoma.

 

ANLN-201 contributes to the cell malignancy of SCC-9 

To investigate the functional role of ANLN in head and neck tumor, we established stable tongue
squamous cell line SCC-9 with ANLN knockout by using CRISPR-Cas9 for further study (Figure 2A). We
then assessed the effect of ANLN on the cell malignancy of SCC-9. As shown in Figure 2B-2D, knockout of
ANLN directly caused SCC-9 cell proliferation inhibition (Figure 2B), triggered G2/M cell cycle arrest
(Figure 2C), and suppressed cell migration and invasion capabilities (Figure 2D). Moreover, the rescue
experiments were performed in SCC-9 by overexpressing ANLN-201 or ANLN-210 tagged with GFP in the
ANLN-knockout SCC-9 cell line. The results showed that only ANLN-201 overexpression could restore the
suppressed cell proliferation, cell migration and cell invasion of SCC-9 cells induced by ANLN knockout
(Figure 2E-2F). Nevertheless, overexpression of ANLN-210 does not have these same effects. Interestingly,
both ANLN-201 and ANLN-210 expression maintained at a high level at mRNA level (Figure 2G). However,
the protein level of ANLN-210 was not detected or much lower expressed in SCC-9 compared to ANLN-201
(Figure 2H and 2I). These �ndings suggest that ANLN-201 could promote SCC-9 proliferation, migration
and invasion while ANLN-210 mRNA may not be effectively translated into protein.

Variable expression pattern and functions of ANLN alternative splicing in HNSCC
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F-actin is the classical interacting protein of ANLN. We found that compared to ANLN-201, the structure of
ANLN-210 missed the domain interacting with F-actin (Figure 3A). The co-immunoprecipitation result also
validated that GFP-ANLN-201 could interact with F-actin whereas GFP-ANLN-210 could not (Figure 3B). It
was reported that ANLN could interact with myc 26. The result also con�rmed that there was an
interaction between GFP-ANLN-201 and myc but not GFP-ANLN-210 (Figure 3C). Next, we transfected
SCC-9 cells with ANLN-201 siRNA or ANLN-210 siRNA (Figure 3D). We observed that the expression of
Myc at protein level was obviously decreased in ANLN-201 knockdown cells but had no change in ANLN-
210 knockdown cells (Figure 3E). Interestingly, neither GFP-ANLN-201 nor GFP-ANLN-210 knockdown had
any effect on the mRNA level of Myc (Figure 3F). Next, we found that ANLN-201 knockdown promoted the
polyubiquitination of Myc, while ANLN-210 knockdown did not have this effect (Figure 3G). These results
suggested that ANLN-201 expression at protein level could affect the protein stability of Myc. In addition,
we found that the protein stability of Myc in the ANLN-knockout SCC-9 cells was rapidly down-regulated
compared to the control SCC-9 cell line. Overexpression of ANLN-201 could rescue the protein stability of
Myc while the ANLN-210 overexpression had no effect (Figure 3H). Taken together, there are two main
spliceosome forms of ALAN mRNA in SCC-9 cells, of which only ANLN-201 protein could interact with
Myc and thus to regulate the stability of Myc protein.

ANLN-210 mRNA distributes in the cytoplasm of SCC-9

The result indicated that ANLN-201 protein could interact with Myc and positively regulate the protein
stability of Myc. To investigate the signi�cance of the high levels of the ANLN-210 mRNA spliceosome,
we explored the subcellular localization of the two spliceosomal ANLN mRNA. We found that ANLN-201
mRNA was mainly located around the nucleus while ANLN-210 mRNA was almost distributed in the
cytoplasm in the ANLN-knockout SCC-9 cells with ANLN-201 or ANLN-210 overexpression (Figure 4A).
What’s more, the RNA stability of ANLN-210 mRNA was signi�cantly higher than that of ANLN-201 mRNA
with actinomycin D treatment in SCC-9 cells (Figure 4B). Sequence comparison analysis showed that
there was extra 54 nucleotides in the sequence that encoded ANLN-210 protein compared with ANLN-201
(Figure 4C). We found that this sequence corresponded to three potential RNA binding proteins sites,
including SRSF10, U2AF2 and HNRNPC, analyzed by RBPmap online tool (http://rbpmap.technion.ac.il/)
(Figure 4D). Next, we validated that the predicted protein HNRNPC could effectively bind to ANLN-210
mRNA (Figure 4E). These results suggest that ANLN spliceosomes have the different subcellular
localization and the corresponding RNA binding protein.

ANLN-210 mRNA interacts with HNRNPC

To further explore the relationship between ANLN-210 mRNA and HNRNPC, we knocked down HNRNPC in
SCC-9 cells (Figure 5A). We observed that the relative mRNA level of ANLN-210 was reduced in HNRNPC-
knockdown cells, while either SRSF10 or U2AF2 knockdown had no such effect (Figure 5B). In addition,
HNRNPC knockdown accelerated instability of ANLN-210 mRNA in SCC-9 cells with actinomycin D
treatment compared to SRSF10 or U2AF2 knockdown (Figure 5C). Moreover, we constructed the mutant
plasmid that the binding sites between HNRNPC and ANLN-210 were mutated (Figure 5D). As we can see
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in Figure 5E, the binding complex between HNRNPC and ANLN-210 RNA could be detected whereas the
complex disappeared after transfected with mutant ANLN-210 at the binding sites with HNRNPC. These
results indicate that RNA binding protein HNRNPC could interact with ANLN-210 mRNA and maintain the
stability of ANLN-210 mRNA. 

Interestingly, we found that ANLN-210 expression was increased at protein level with GFP-ANLN-210
transfection with HNRNPC knockdown in ANLN-knockout SCC-9 (Figure S1A and Figure S1B). These
results suggest that HNRNPC also inhibits ANLN-210 protein translation as well as maintains its stability.
HNRNPC was also highly expressed in head and neck cancer tissues and cell lines (Figure S1C-S1E).
Neither ANLN-201 knockdown nor ANLN-210 knockdown in SCC-9 cells had any effect on the expression
of HNRNPC at mRNA and protein levels (Figure S1F and S1G). However, ANLN-210 knockdown reduced
HNRNPC subcellular localization in the cytoplasm, more concentrated in the nucleus (Figure S1H). The
immuno�uorescence results further con�rmed that HNRNPC was all located in the nucleus and
cytoplasm in wild-type SCC-9 cells; while HNRNPC was basically condensed in the nucleus in ANLN-
knockout cells. Overexpression of ANLN-210 could restore the cytoplasmic distribution of HNRNPC but
not ANLN-201 overexpression (Figure S1I). The above results indicate that HNRNPC affects ANLN-210
mRNA stability, while ANLN-210 in turn affects the cellular localization of HNRNPC.

Exosomal ANLN-210 promotes M2 polarization of macrophages

It was reported that the ANLN 210 mRNA presented in exosomes of colon cancer cells 27 . We also
examined the existence of ANLN-210 mRNA and ANLN-201 mRNA in SCC-9 cells secreted exosomes, and
the expression of ANLN-210 mRNA was much higher than that of ANLN-201 mRNA (Figure 6A). When
HNRNPC was silenced in SCC-9 cells, the content of ANLN-201 mRNA had no changes while ANLN-210
mRNA in exosomes was dramatically reduced (Figure 6B and 6C). Considering that HNRNPC directly
affected the stability of ANLN-210 mRNA and causes the reduced ANLN-210 protein level, we
overexpressed ANLN-210 while knocking down HNRNPC in SCC-9 cells. The results showed that although
the content of ANLN-210 mRNA in cells foldly increased, but not caused an equal increase in ANLN-210
RNA in exosomes (Figure 6B and 6C). These results suggest that HNRNPC could not only maintain the
stability of ANLN-210 mRNA, but also promote the release of ANLN-210 mRNA in exosomal forms. Then
we prepared ANLN-210 mRNA enriched in exosomes in two ways. One is to transfect the ANLN-210
plasmid into SSC-9 cells. The other way is to electroporate ANLN-210 mRNA into SSC-9-derived exosomes
(Figure 6D-6E). ANLN-210 mRNA levels were much higher in electroporated exosomes compared to the
overexpression group (Figure 6F). However, these prepared exosomes rich in ANLN-210 mRNA neither
promoted SCC-9 cell proliferation and migration after co-incubation with SCC-9 cells nor promoted
hepatocarcinoma cells HepG-2 malignant features (Figure 6G and 6H). Next, it is interesting to investigate
the aim of SCC-9 cells to keep high levels of ANLN-210 mRNA in exosomes.

Macrophages existing around tumors, are the most abundant in�ltrating immune-related stromal cells.
Previous studies have shown that tumor cells released exosomes accelerated tumor growth by promoting
tumor-associated macrophages into "M2" type. To explore the functional effects of exosomal ANLN-210
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mRNA on macrophages, we induced human leukemia mononuclear cells THP-1 to macrophages with
PMA treatment, from suspension to wall attachment (Figure 7A). The expression level of CD68, a
macrophage marker was signi�cantly increased (Figure 7B). These results proved that the monocyte THP-
1 was successfully differentiate into macrophages, “M0” macrophages. We found that the mRNA levels
of M2 markers Arg-1, CD206, IL10 and TGF-β were signi�cantly up-regulated when incubated with the
electroporated exosomes with ANLN-210 mRNA or exosomes with ANLN-210 mRNA overexpression
compared to control group, while the relative expression of M1 markers iNOS and IL6 had no signi�cant
difference, suggesting that exosomal ANLN-210 mRNA could promote macrophage M2 polarization
(Figure 7C). If THP-1 cells were co-transfected with locked nucleic acid of anti-ANLN-210 mRNA, the M2
polarization effects caused by exosomal ANLN-210 mRNA could be effectively suppressed (Figure 7D).

It has been recently recognized that PI3K-Akt is one of the most important signaling pathways involved in
regulating the polarization of macrophages, and PTEN is a negative regulator of the PI3K pathway. After
PMA-induced THP-1 was incubated with ANLN-210-rich exosomes, we observed that PTEN expression
was downregulated and p-Akt expression was up-regulation. The locked nucleic acid targeting ANLN-210
RNA could effectively prevent the activation of Akt. (Figure 7D). Next, we examined the effects of M2
macrophages induced by ANLN-210-rich exosomes on the proliferation, migration and invasion of SCC-9
cells. The results showed that, M2 macrophages induced by ANLN-210-rich exosomes could signi�cantly
promote SCC-9 cells proliferation compared with the control exosomes derived from the ANLN-knockout
cell line (Figure 7E), which has the similar effects on cell migration and invasion (Figure 7F). The above
results reveal that ANLN-210 mRNA released in the form of exosomes secreted from SCC-9 may activate
macrophages through PTEN/PI3K/Akt signaling pathway, leading to M2 polarization thus promotes SCC-
9 cell proliferation, migration and invasion in a feedback manner.

Two ANLN mRNA splicing synergistically promote tumor progression in vivo

To further evaluate the role of the two spliceosomes of ANLN in tumor development, we co-injected SCC-9
cells and macrophages treated with ANLN-210 mRNA-rich exosomes into the nude mice. As shown in
Figure 8A, the tumor volumn of mice xenografts was increased signi�cantly. Among them, , the tumor
volume in the group that SCC-9 cells overexpressing ANLN-201 mRNA mixed with THP-1 cells treated with
ANLN-210 mRNA-rich exosomes was the most signi�cantly increased (Figure 8A). Consistently, Ki67-
positive cells with Ki67-positive and CD163-positive were the most in the group that SCC-9 cells
overexpressing ANLN-201 mRNA mixed with THP-1 cells treated with ANLN-210 mRNA-rich exosomes
(Figure 8B).  Taken together, the results reveal that the two spliceosomes of ANLN synergistically promote
tumor progression in vivo via different mechanisms.

Discussion
ANLN is expressed ubiquitously in human tissues and overexpressed in multiple human tumors. However,
the expression pattern and molecular mechanism of ANLN in HNSCC remain unclear. In the present study,
we found that ANLN at mRNA level was highly expressed in HNSCC tissues and SCC-9 cells with two
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variable alternative splicing forms (ANLN-201 and ANLN-210). Next, we discovered that loss of ANLN
inhibited cell proliferation, migration and invasion of SCC-9 cells. Furthermore, we revealed a novel
mechanism of these two ANLN RNA splicing cooperatively regulating tumorigenesis of HNSCC in two
ways. That is, on one hand, Myc was identi�ed to directly interact with ANLN-201 and keep its protein
stability, thus affected cell proliferation, migration, and invasion of SCC-9 cells. On the other hand,
HNRNPC was found to be an RNA binding protein of ANLN-210 and keep RNA stability of ANLN-210. SCC-
9 cells secreted overexpressed ANLN-210 mRNA delivered to tumor associated macrophages (TAMs) via
exosomes, causing activation of macrophages polarized to M2 phenotype via the canonical PI3K/Akt
signaling pathway, thus promoting tumor growth and metastasis of HNSCC. These combined regulation
of two different alternative splicing of ANLN highlighted the biological functions and regulatory
mechanism of ANLN in HNSCC tumorigenesis, which might provide new perspective for cancer therapy.

HNRNPC is one of the family members of ubiquitously expressed heterogeneous nuclear
ribonucleoproteins (hnRNPs), which located in the nucleus and plays critical roles in posttranscriptional
regulation including roles in alternative splicing, stability and translation 28–30. It was previously reported
that hnRNPC regulated cancer-speci�c alternative cleavage and polyadenylation (APA) pro�les in colon
cancer, which has a critical role in cancer progression 31. In this study, HNRNPC was predicted to be one
of the RNA binding proteins of ANLN-210. Next, the interaction between ANLN-210 and HNRNPC was
con�rmed by RNA-IP. What’s more, we found that HNRNPC could maintain ANLN-210 RNA stability as well
as prevent its protein translation. In turn, ANLN-210 knockdown promoted HNRNPC accumulation in the
nucleus. However, whether HNRNPC is a critical novel regulator of cancer speci�c APA for ANLN-210 in
HNSCC remains to be explored.

It is known that tumor growth and progression is strongly associated with tumor microenvironment, of
which solid tumors in�ltrate around immune cells. Macrophages, called tumor-associated macrophages
(TAMs) are rich in tumor tissues. Multiple studies have shown that macrophages can affect various
aspects of tumor development. M2-macrophages play a pivotal role in promoting tumor growth,
metastasis, and angiogenesis 32,33. Previous studies reported that tumor-associated macrophages of the
M2 phenotype contributed to progression in gastric cancer with peritoneal dissemination 34. In bladder
cancer, tumor-in�ltrating M2 macrophages driven by speci�c genomic alterations were associated with
prognosis 35. In ovarian cancer cells, miR-21 modulated the polarization of macrophages and increased
the effects of M2 macrophages on promoting the chemoresistance of ovarian cancer 36. In this study, we
observed that ANLN-210 overexpression by exosomes activated macrophage to the M2 phenotype as
marked by the increased expression of M2 markers Arg-1, CD206, IL-10 and TGF-β. PI3K/Akt signaling
pathway has been widely recognized in multiple cell types and functions and emerged as canonical and
central regulators of macrophages activation 37. In this study, we found that exosomal ANLN-210
overexpression regulated M2 polarization by inhibiting the common target PTEN via activating the
PI3K/Akt signals.
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Tumor-derived exosomes, which are found in all body �uids deliver molecular and genetic messages from
tumor cells to normal or other abnormal cells around. Tumor-derived exosomes play key roles in the
oncogenic transformation, which have biological and clinical signi�cance for cancer development, cancer
progression and even cancer therapy 38. The attributes of tumor-derived exosomes might be packaged
proteins, lipids, or nucleic acids, which could be regarded as biomarkers for cancer diagnosis, prognosis
and monitoring treatment responses 39,40. In 2008, a study reported that there were 4700 distinct mRNAs
selectively packaged in exosomes derived from glioblastoma samples 41,42. It is well known that mRNAs
carried by exosomes are involved in critical cellular activities such as cell proliferation, migration,
invasion, metastasis, EMT and so on. The present study demonstrates that exosomal ANLN-210 mRNA
secreted by SCC-9 promotes macrophages polarization by targeting PTEN via PI3K/Akt. Furthermore, M2
macrophages promoted tumor growth and metastasis of HNSCC. However, it remains to be investigated
whether ANLN-210 induces the activation of the PI3K/Akt pathway in the form of RNA or protein.

In summary, our �ndings demonstrated that the coordinate regulatory networks of ANLN RNA alternative
splicing in HNSCC tumor growth and development, which might highlight the perspective for therapeutic
strategies of HNSCC.

Conclusions
To sum up, there are two major isoforms of ANLN alternative RNA splicing, ANLN-201 and ANLN-210.
ANLN-201 mainly binds to Myc and exists in the nucleus in the form of protein, which can be effectively
prevented from degradation and thus play a role in promoting HNSCC cell proliferation, migration, and
invasion. ANLN-210 is found to bind mainly to HNRNPC, thus maintains its RNA stability and secreting
into the environment in the form of exosomes. Exosomal ANLN-210 promotes macrophage polarization
via PTEN/PI3K/Akt signaling pathway, which in turn facilitates HNSCC tumor growth (Fig. 8C). Thus, the
variable splicing of ANLN collaboratively regulates HNSCC tumorigenesis in two ways.
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Figures

Figure 1

Differential expression of two spliceosomes of ANLN in head-neck squamous cell carcinoma (A and B)
The mRNA levels of ANLN-201 and ANLN-210 in head and neck tumor tissues (C and D) Northern blot
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analysis using the labeled ANLN-201 or ANLN-210 probe against RNAs from head and neck tumor tissues
and several human cancer cell lines.

Figure 2

ANLN-201 promotes SCC-9 cell proliferation, migration and invasion (A) ANLN was knocked out in SCC-9
cells using CRISPR/Cas9. (B) Cell counting kit-8 was perform to measure cell proliferation in ANLN-
knockout SCC-9 cells.* p 0.05. (C) cell cycle analysis was used to analyze the change of cell cycles
induced by ANLN knockout. *p 0.05, **p 0.01. (D) Transwell and transwell-matrigel assay were performed
to measure cell migration and cell invasion caused by ANLN knockout. *p 0.05, **p 0.01. (E) Cell
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proliferation was assessed in ANLN-knockout SCC-9 cells transfected with ANLN-201 or ANLN-210. *p
0.05, **p 0.01. (F) Cell migration and cell invasion were analyzed in ANLN-knockout SCC-9 cells
transfected with ANLN-201 or ANLN-210. *p 0.05, **p 0.01. (G) qRT-PCR was used to examine the m RNA
level of ANLN-201 or ANLN-210 in ANLN-knockout SCC-9 cells transfected with ANLN-overexpression
plasmid. *p 0.05, **p 0.01. (H) The immuno�uorescence of ANLN-201 and ANLN-210 was assessed in
SCC-9 cells using antibody against GFP. (I) ANLN overexpression in SCC-9 cells transfected with
recombinant GFP-ANLN-201 or recombinant GFP-ANLN-210. The protein level of ANLN-201 and ANLN-
201 was immunoblotted by the antibody against GFP.
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Figure 3

ANLN-210 binds to F-actin while ANLN-201 interacts with Myc. The sequence diagram of ANLN-201 and
ANLN-210 was displayed. (B) SCC-9 cells were transfected with recombinant GFP-ANLN-201 or
recombinant GFP-ANLN-210. Co-immunoprecipitation was performed between GFP-ANLN-210 or GFP-
ANLN-201 and endogenous F-actin in SCC-9 cells. (C) Co-immunoprecipitation was performed between
GFP-ANLN-210 or GFP-ANLN-201 and endogenous Myc in SCC-9 cells. (D) The relative mRNA level of
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ANLN-201 or ANLN-210 was measured in SCC-9 cells transfected with si-ANLN-201 or si-ANLN-210. (E)
The protein level of Myc was examined in ANLN-201 or ANLN-210 knockdown SCC-9 cells. (F) The mRNA
level of Myc was examined in ANLN-201 or ANLN-210 knockdown SCC-9 cells.

Figure 4

The subcellular distribution and predicted RNA binding protein of ANLN RNA splicing in SCC-9 cells. (A)
Immuno�uorescence staining for ANLN-201 and ANLN-210 in SCC-9 cells. (B) The mRNA levels of ANLN-
201 and ANLN-210 were examined at 4, 8, 12 hours after treated with actinomycin D. **p 0.05, * p 0.01.
(C) Sequence alignment of nucleotides between ANLN-210 and ANLN-201. (D) The predicted RNA binding
protein with ANLN-210 were listed in the table. (E) RNA co-immunoprecipitation was performed between
ANLN-201/ANLN-210 and HNRNPC/SRSF10/U2AF2. *p 0.05, ** p 0.01.
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Figure 5

ANLN-210 mRNA interacts with HNRNPC. (A) The knockdown e�ciency of si-HNRNPC, si-SRSF10 and si-
U2AF2 was assessed at protein level by western blot. (B) The RNA levels of ANLN-201 or ANLN-210 were
measured by qRT-PCR. *p 0.05, ** p 0.01. (C) The RNA stability of ANLN-210 was evaluated in si-HNRNPC
or si-SRSF10 or si-U2AF2 treated with actinomycin D after 4, 8, 12 hours. (D) The wildtype and mutant
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binding sites between ANLN-210 and HNRNPC. (E) The interaction between ANLN-210 and HNRNPC was
performed by the in vitro gel block experiment.

Figure 6

Expression pattern and functional effects of two ANLN RNA splicing in exosomes. (A) The expression of
ANLN-201 and ANLN-210 was examined in cells and exosomes by qRT-PCR. * p 0.05, **p 0.01. (B) The
expression of ANLN-201 at mRNA level was examined in SCC-9 cells and exosomes when SCC-9 cells
were transfected with si-HNRNPC. (C) The expression of ANLN-210 at mRNA level was examined in SCC-9
cells and exosomes when cells were transfected with si-HNRNPC and ANLN-210 overexpression. * p 0.05,
**p 0.01. (D) The representative images of exosomes were extracted from SCC-9 cells transfected with
ANLN-210 overexpression or exosomes were electrotransfected with ANLN-210. (E) Exosomal markers
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HSP70, CD63, TSG101 in isolated exosomes and calnexin expression in cell lysates as the control were
examined by western blot. (F) The relative expression of ANLN-210 was examined in exosomes derived
from SCC-9 cells transfected with ANLN-210 overexpression, exosomes electrotransfected with ANLN-210
and exosomes derived from control SCC-9 cells with ANLN-knockout. (G) Cell proliferation was performed
in SCC-9 cell or HepG2 cells with the following treatment. PBS, exosomes derived from cells with ANLN
knockout, exosomes derived from cells ANLN overexpression and exosomes electrotransfected with
ANLN-210. (H) Cell migration and invasion were analyzed in SCC-9 cells treated with the following
treatment. PBS, exosomes derived from cells with ANLN knockout, exosomes derived from cells ANLN
overexpression and exosomes electrotransfected with ANLN-210.
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Figure 7

Expression pattern and functional effects of two ANLN RNA splicing in exosomes. (A) The expression of
ANLN-201 and ANLN-210 was examined in cells and exosomes by qRT-PCR. * p 0.05, **p 0.01. (B) The
expression of ANLN-201 at mRNA level was examined in SCC-9 cells and exosomes when SCC-9 cells
were transfected with si-HNRNPC. (C) The expression of ANLN-210 at mRNA level was examined in SCC-9
cells and exosomes when cells were transfected with si-HNRNPC and ANLN-210 overexpression. * p 0.05,
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**p 0.01. (D) The representative images of exosomes were extracted from SCC-9 cells transfected with
ANLN-210 overexpression or exosomes were electrotransfected with ANLN-210. (E) Exosomal markers
HSP70, CD63, TSG101 in isolated exosomes and calnexin expression in cell lysates as the control were
examined by western blot. (F) The relative expression of ANLN-210 was examined in exosomes derived
from SCC-9 cells transfected with ANLN-210 overexpression, exosomes electrotransfected with ANLN-210
and exosomes derived from control SCC-9 cells with ANLN-knockout. (G) Cell proliferation was performed
in SCC-9 cell or HepG2 cells with the following treatment. PBS, exosomes derived from cells with ANLN
knockout, exosomes derived from cells ANLN overexpression and exosomes electrotransfected with
ANLN-210. (H) Cell migration and invasion were analyzed in SCC-9 cells treated with the following
treatment. PBS, exosomes derived from cells with ANLN knockout, exosomes derived from cells ANLN
overexpression and exosomes electrotransfected with ANLN-210.
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Figure 8

Two ANLN alternative splicing synergistically promote HNSCC tumor growth. (A) Representative images
of HNSCC tumors from mice co-injected with SCC-9 cells plus THP-1 cells treated with exosomes (4:1) via
the tail veins (n = 3). The experiment groups were as follows. ANLN-sgRNA SCC-9 cells and THP-1
treated with PBS, ANLN-sgRNA SCC-9 cells and THP-1 treated with exosomes secreted from control SCC-
9 cells, ANLN-sgRNA SCC-9 cells and THP-1 treated with exosomes secreted from ANLN-210
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overexpressed SCC-9 cells, ANLN-201-overexpressing SCC-9 cells and THP-1 cells treated with exosomes
secreted from control SCC-9 cells, ANLN-201-overexpressing SCC-9 cells and THP-1 cells treated with
exosomes secreted from ANLN-210-overexpresing SCC-9 cells, ANLN-210-overexpressing SCC-9 cells and
THP-1 cells treated with exosomes secreted from control SCC-9 cells,  ANLN-210-overexpressing SCC-9
cells and THP-1 cells treated with exosomes secreted from ANLN-210-overexpresing SCC-9 cells. (B)
Representative immunohistochemistry analysis of the expression of CD163 and Ki67 in the xenograft
tumor tissues. The groups were listed as above. (C) Schematic illustration of the regulatory mechanism of
ANLN RNA splicing in the promotion of HNSCC progression.
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