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Abstract

Protein arginine methyltransferase 5 (PRMT5) is an important type II arginine methyltransferase that can play roles in cancers in a
highly tissue-specific manner, but its role in the carcinogenesis and metastasis of head and neck squamous cell carcinoma (HNSCC)
remains unclear. Here, we detected PRMT5 expression in HNSCC tissues and performed series of in vivo and in vitro assays to
investigate the function and mechanism of PRMT5 in HNSCC. We found that PRMT5 was overexpressed in dysplastic and cancer
tissues, and associated with lymph node metastasis and worse patient survival. PRMT5 knockdown repressed the malignant pheno-
type of HNSCC cells in vitro and in vivo. PRMT5 specific inhibitor blocked the formation of precancerous lesion and HNSCC in
4NQO-induced tongue carcinogenesis model, prevented lymph node metastasis in tongue orthotopic xenograft model and inhibited
cancer development in subcutaneous xenograft model and Patient-Derived tumor Xenograft (PDX) model. Mechanistically,
PRMT5-catalyzed H3R2me2s promotes the enrichment of H3K4me3 in the Twist1 promoter region by recruiting WDR5, and
subsequently activates the transcription of Twist1. The rescue experiments indicated that overexpressed Twist1 abrogated the inhi-
bition of cell invasion induced by PRMT5 inhibitor. In summary, this study elucidates that PRMT5 inhibition could reduce
H3K4me3-mediated Twist1 transcription and retard the carcinogenesis and metastasis of HNSCC.
Neoplasia (2020) 22 617–629
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Introduction

Head and neck squamous cell carcinoma (HNSCC), which includes
malignant squamous lesions arising in the oral cavity, larynx and pharynx,
is the sixth most common cancer in the world [1,2]. Most HNSCC
patients are diagnosed at locally advanced or metastatic stages and the
5-year survival rates is still low [3,4]. Thus, identifying the genetic and epi-
genetics mechanisms driving HNSCC initiation, invasion and metastasis is
a prime target for novel biomarkers and precision treatment strategies.

Protein arginine methyltransferase 5 (PRMT5), the main type II argi-
nine methyltransferase, catalyzes most arginine symmetry dimethylation
and monomethylation of histone and non-histone proteins [5–12]. Aber-
rant expression of PRMT5 could affects cell proliferation, differentiation
and movement, which leads to disease progression, especially cancer
[5,8]. Recent evidence shows that PRMT5 is frequently upregulated in
hematological malignancies and some solid tumors, including squamous
cell carcinoma (SCC), and highly associated with poor prognosis, but
the underlying mechanisms needs further clarification [6,13–17].

The association between PRMT5 and HNSCC remains limited.
Although it was reported that PRMT5 was overexpressed in oral squamous
cell carcinoma (OSCC) [16], its potential roles and mechanisms in the car-
cinogenesis of HNSCC remains unclear. On the other hand, PRMT5
becomes an attractive therapeutic target in PRMT5-dysregulated diseases.
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PRMT5 inhibitors display clinical potential in a variety of tumors, but
data on the effects of these inhibitors on HNSCC are not available [18–
21]. Obviously, it is urgent to disclose the role of PRMT5 in HNSCC car-
cinogenesis and its potential as a therapeutic target.

In this study, we demonstrated the role of PRMT5 in the carcinogen-
esis and metastasis of HNSCC and assessed the therapeutic potential of a
PRMT5 specific inhibitor in HNSCC using in vivo and in vitro studies.
Mechanistically, we revealed that H3R2me2s, catalyzed by PRMT5, pro-
moted the enrichment of H3K4me3 in the Twist1 promoter region by
recruiting WDR5, and transcriptional activation of Twist1. Activation
of this important transcription factor promoted cancer initiation and inva-
sion. Our findings uncover a novel mechanism of PRMT5 in HNSCC
and define a potential therapeutic target for HNSCC.
Methods

Patients, animals and HNSCC cell lines

All experiments involving human tissues were approved by the Ethics
Committee of the Hospital of Stomatology, Sun Yat-sen University. Writ-
ten informed consent was obtained in accordance with the Declaration of
Helsinki. All human tissues were collected from the Department of Oral
and Maxillofacial Surgery of the First Affiliated Hospital and Hospital
of Stomatology, Sun Yat-sen University from 2004 to 2018.

All procedures involving BALB/c nude mice and Sprague-Dawley (SD)
rats (the Animal Care Unit of Guangdong, China) were approved by Insti-
tutional Animal Care and Use Committee, Sun Yat-sen University. All
animal experiments were complied with the ARRIVE guidelines and car-
ried out in accordance with the National Institutes of Health guide for the
care and use of Laboratory animals (NIH Publications No. 8023, revised
1978).

HSC6 from Professor J. Silvio Gutkind (NIH, Bethesda, MD, USA)
and SCC25 from American Type Culture Collection (ATCC) (Manassas,
VA, USA) were used as subjects. All cell lines were cultured as previously
described [22,23].

Animal experiments

For the subcutaneous xenograft, 6 � 107 HSC6 cells were subcuta-
neously inoculated into the back of 4-week-old BALB/c nude mice. For
the orthotopic xenograft, 5 � 105 HSC6 cells were inoculated submucos-
ally into the tongue of 4-week-old BALB/c nude mice as described before
[24].

For 4-Nitroquinoline-1-Oxide (4NQO)-induced carcinogenetic
model, 0.002% 4NQO in the drinking water was used for 12 weeks. Rats
were randomly divided into 2 groups (n � 8 for each group) at week 12:
control and EPZ015666 (30 mg/kg). At the end of week 22, the rats were
sacrificed to obtain the lesions in the tongue tissues.

For Patient-Derived tumor Xenograft (PDX) model, the primary
tumor tissues from patients with tongue squamous cell carcinoma were
collected, minced into 1�2 mm3 and implanted into BALB/c nude mice
(n = 4, 4 pieces/mice) and passaged on to derived as P1, P2 and subse-
quent passages as described before [25]. The tumor tissues of the ``P2''
generation were collected and equally implanted into the subcutaneous
of 4-week-old BALB/c mice. When the tumors grew to 50 mm3, mice
were randomly divided into two groups: Control and EPZ015666
(30 mg/kg).

Immunochemistry (IHC)

Immunochemistry was performed as previously described with the
appropriate primary antibody (PRMT5 1:150, Ki67 1:400, Pan-
cytokeratin 1:400, Twist1 1:250) [23]. Information of primary antibodies
were listed in supplementary data Table S1. For statistical analysis, 5 fields
of view were randomly selected from each sample, and the percentage of
positive cells was calculated using Image J software (NIH, Bethesda,
MD, USA). The proportion of positive cells was calculated as follows:
0, <25%; 1, <50%; 2, <75%; 3, �75%.
Lentivirus transfection and RNA interference

PRMT5-associated lentiviruses (CTRL, MYC-PRMT5, shCTRL,
shPRMT5) and Twist1-associated lentiviruses (NC, Flag-Twist1) (Cyagen
Biosciences, China) were transfected into HSC6 and SCC25 respectively
(Target sequence of shPRMT5: GGACCTGAGAGATGATATA). After
24 hours of infection, the virus solution was removed. Then, puromycin
was added to screen for stable transfected cell lines after 3 days of culture.

For siRNA transfection, 20 nM of siRNA against WDR5 (Target
sequences are as follows: SiWDR5-1: GCGTGAGGATATGGGATGT;
SiWDR5-2: GTCGTGATCTCAACAGCTT; SiWDR5-3:
GGAAGTGCCTCAAGACTTT) or a negative control (Ribobio, China)
was used. Lipofectamine RNAiMax (Invitrogen, USA) was used for the
transfection according to the manufacturer's instructions.
Proliferation and colony formation assay

Cell proliferation was examined using the Cell Counting Kit-8 (CCK-
8, Sigma-Aldrich, USA). For colony formation assay, cells were digested
and blown into individual cells. Each group of cells was inoculated into
a 6-well (500 cells/well), gently mixed and incubated for 10–14 days.
When macroscopic clones appeared, the culture was terminated. After
formaldehyde fixation and crystal violet staining, the clone formation rate
was calculated by directly counting the clones with naked eyes.
RNA isolation and real-time quantitative PCR (RT-qPCR)

According to the manufacturer's instructions, RNA was extracted by
Trizol (Invitrogen, USA) method, and then reverse transcription was per-
formed using Takara's reverse transcription system (Takara, Shiga, Japan)
to obtain cDNA. The obtained cDNA was subjected to real-time quanti-
tative PCR by Roche's 20 lL system. The PCR primer sequences were
listed in supplementary data Table S2.
Chromatin immunoprecipitation-qPCR (ChIP-qPCR)

ChIP was performed with appropriate antibody ratios (H3R2me2s
1:100; H4R3me2s 1:100; H3K4me3 1:50; WDR5 1:50; Set1 1:50)
according to the instructions of a ChIP assay kit (Millipore, USA). The
primer sequences were listed as follows:

Primer1: Forward TCCCCAGTTACACTTGGATGC;
Reverse GGCCAGGAACATACTGGCTT.

Primer2: Forward AGCCCTCTGAATACCAAACTGG;
Reverse GGAGGGAGGGGGCACTAATA.
Western blot and Co-immunoprecipitation (Co-IP)

Western blot analysis was performed with primary antibody concentra-
tion according to the instructions (GAPDH: 1:2000, PRMT5, Twist, E-
cadherin, N-cadherin, WDR5, H3R2me2s and H3K4me3 are 1:1000)
and performed as previously described. Co-immunoprecipitation was per-
formed as previously described (H3R2me2s: 1:100; Set1:1:50;
H3K4me3:1:100) [26]. Information of primary and secondary antibodies
was listed in supplementary data Table S1.
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Cell migration and invasion assay

Cell migration and invasion assays were performed in a 24-well plate
with 8-lm pore size chamber inserts (Corning, Toledo, OH, USA) as pre-
viously described [23].

Data acquisition

Level 3 RNA-Seq data of HNSCC were downloaded from the TCGA
data portal (https://portal.gdc.cancer.gov/, up to December 8, 2018).
RNA-seq data of ESCC and LUSCC were downloaded from the UCSC
Xena (https://xenabrowser.net/datapages/, up to September 30, 2019).

Statistical analysis

Each experiment was repeated at least three times. The experimental
data obtained were presented as mean þ SD and analyzed by Graphpad
Prism 5 (GraphPad Software, San Diego, CA, USA) and SPSS22.0 statis-
tical software (SPSS, Chicago, IL, USA). The significance was analyzed
using chi-square test, Student's t test, rank sum test, Fish's exact test,
one-way ANOVA and Log-rank test as described in each corresponding
figure legends. Statistical significance was set at p less than 0.05.

Results

PRMT5 is overexpressed in HNSCC patients and correlates with
metastasis and poor prognosis

To determine the expression level of PRMT5 in squamous cell carci-
noma (SCC) patients, we analyzed 502 head and neck, 501 lung and
81 esophageal SCC patients from The Cancer Genome Atlas (TCGA)
database and showed that PRMT5 mRNA level was significantly upregu-
lated in these 3 types of SCC tissues (Fig. 1A). We then examined the pro-
tein level of PRMT5 in 104 HNSCC, 30 dysplastic, and 36 normal oral
mucosa tissues by immunochemistry. PRMT5 expression was low or
absent in normal tissues, but upregulated in dysplastic and cancerous tis-
sues, with positive expression in both cytoplasm and nucleus (Fig. 1B). In
an experimental model of carcinogenesis, 4NQO-induced rats SCC,
PRMT5 was also increased in dysplastic and cancerous tissues (Fig. 1C).
These findings suggested a positive correlation between PRMT5 upregu-
lation and HNSCC progression.

Further correlation of PRMT5 expression with clinical pathological
parameters in HNSCC patents indicated that high PRMT5 expression
was associated with lymph node metastasis and advanced clinical stages,
but not with gender, age, T stage or histological grade (Table S3,
Fig. 1D). Survival analysis of this cohort showed that patients with lower
expression of PRMT5 showed significantly better overall survival (OS)
(Fig. 1E). Furthermore, we found a similar trend in TCGA database
whereby higher PRMT5 expression indicated lower OS (Fig. 1F). These
data provide evidence that PRMT5 is involved in the pathogenesis of
HNSCC and could serve as a prognostic biomarker for HNSCC patients.

PRMT5 regulates proliferation and invasion of HNSCC in vitro and
in vivo

We initially determined the expression levels of PRMT5 in 7 HNSCC
cell lines and Normal Oral Keratinocytes (NOK) by Western blot analysis.
As showed in Fig. S1A, the expression of PRMT5 in all tested cancer cell
lines was higher than that of NOK. To investigate the effects of PRMT5
overexpression on the biological behavior of HNSCC, we engineered the
HNSCC cell line, SCC25, and oral SCC cell line, HSC6, to stably over-
express PRMT5 (Fig. S1B and C). In both SCCs, overexpression of
PRMT5 promoted proliferation, colony formation. To validate that
PRMT5 is critical for HNSCC proliferation and colony formation, we
used short hairpin RNA (shRNA) to deplete PRMT5 in HSC6 and
SCC25 cells. Depletion of endogenous PRMT5 significantly inhibited
proliferation and colony formation in these HNSCC (Fig. 2A and B).
We then investigate the role of PRMT5 in regulating HNSCC motility.
Overexpression of PRMT5 promoted migration and invasion in HSC6
and SCC25 cells, and depletion of PRMT5 using shRNA inhibited migra-
tion and invasion (Fig. 2C).

To study the role of endogenous PRMT5 in cancer growth and metas-
tasis, we used a xenograft model with subcutaneous implantation of
shPRMT5-HSC6 or shCTRL-HSC6 cells on the back of BALB/c nude
mice and followed up for 1–4 weeks. The shPRMT5 group developed sig-
nificantly smaller tumor compared to the shCTRL group (Fig. 2D),
whereas the body weight between the two groups showed no significant
difference (Fig. S1D). Proliferating cells within the tumor were detected
with Ki-67 immunostaining. The number of Ki-67-positive (Ki67+) cells
in shPRMT5 group was significantly lower than that in the shCTRL
group (Fig. 2E).

To determine effects of PRMT5 on cervical lymph node metastasis, we
employed an orthotopic xenograft model implanting shPRMT5-HSC6
cells or shCTRL-HSC6 cells in the tongue of BALB/c nude mice. PRMT5
knockdown inhibited the growth of primary tumors (Fig. 2F) without sig-
nificant effects on body weights (Fig. S1E), which is consistent with results
from the subcutaneous xenograft model. Metastasis was detected using
pan-cytokeratin (PCK) antibody staining of the cervical lymph node tis-
sue. We showed that PRMT5 knockdown significantly reduced the rate
of cervical lymph node metastasis compared with the control group
(Fig. 2G and H; Fig. S1F). No distant metastasis was detected
(Fig. S1G). Taken together, these findings indicate that PRMT5 promotes
tumorigenesis and cervical lymph node metastasis of HNSCC.
PRMT5 inhibitor inhibits carcinogenesis, growth and metastasis of
HNSCC in vivo

To further study the function of endogenous PRMT5 in HNSCC, we
used a PRMT5 specific inhibitor that could competitively bind to the sub-
strate of PRMT5, EPZ015666. This compound demonstrated significant
anti-leukemia activity in vitro and in vivo [21]. As showed in Fig. S2A-C,
EPZ015666 inhibits the proliferation, migration and invasion of HNSCC
cells in vitro. To assess the effects of PRMT5 inhibition on HNSCC, we
established the 4NQO-induced carcinogenesis model in Sprague Dawley
(SD) rats and started administration of EPZ015666 (30 mg/kg) or vehicle
control via tail vein injection at week 12 (Fig. S3A). When the experiment
was terminated at week 22, we found that EPZ015666 significantly
reduced the lesion area on the rat tongue surface (Fig. 3A). Each tongue
was pathologically diagnosed and categorized into normal, dysplasia and
cancer areas. The carcinogenesis rate of EPZ015666-treated group was sig-
nificantly lower than that of control group (Fig. 3B). These data indicate
that EPZ015666 inhibits carcinogenesis of HNSCC.

To determine if EPZ015666 exerts an effect on cervical lymph node
metastasis, we employed the orthotopic xenograft model using HSC6
implantation in the tongue of BALB/c nude mice. EPZ015666 inhibited
the growth of primary tumors (Fig. 3C). Similarly, EPZ015666 signifi-
cantly reduced the rate of cervical lymph node metastasis when compared
with the control group (Fig. S3D; Fig. 3D and E). Moreover, EPZ015666
had no significant effect on the body weights of nude mice and showed no
obvious toxicity or distant metastasis (Fig. S3B–E). We also tested the
effects of EPZ015666 in subcutaneous xenograft models using HSC6 in
BALB/c nude mice. EPZ015666 significantly decreased tumor volume
compared to the control group and a more dramatic inhibitory effect
was observed when a higher dose of EPZ015666 was used (Fig. 3F). Addi-
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Fig. 1. PRMT5 is upregulated in HNSCC and correlates with metastasis and patient survival. (A) Analysis of PRMT5 in HNSCC, ESCC, LUSCC and
normal control in TCGA database. (Student's t-test). (B) Representation and quantification of IHC staining of normal oral mucosa (n = 36), dysplasia
tissues (n = 30) and HNSCC tissues (n = 104) using anti-PRMT5. Scale bar, 50 lm, 20 lm. (Chi-Square test). (C) Representation and quantification of
IHC staining of normal oral mucosa (n = 9), dysplasia tissues (n = 6) and cancer tissues (n = 15) of rats using anti-PRMT5. Scale bar, 50 lm, 20 lm.
(Chi-Square test). (D) Quantification of PRMT5 protein levels according to IHC scores in N-regional lymph nodes metastatic HNSCC tissues (n = 31)
and non-metastatic HNSCC tissues (n = 62). (Student's t test). (E) Kaplan–Meier overall survival curve of PRMT5 for HNSCC patients (n = 68) (cut-off
value: score = 2). (log-rank test). (F) Kaplan–Meier overall survival curve of PRMT5 for HNSCC patients (n = 486) in TCGA database (cut-off
value:11.594). (log-rank test).
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Fig. 2. PRMT5 promotes cell proliferation, migration and invasion of HNSCC in vitro and in vivo. (A) The effects of PRMT5 gain- or loss-of-function
on in vitro proliferation of HNSCC cells measured by CCK8 conversion. Values are mean þ SD from three independent experiments. (Student's t test).
(B) The effects of PRMT5 gain- or loss-of-function on in vitro proliferation of HNSCC cells measured by colony formation assay. (Student's t test). (C)
Representative photos and quantification of the effects of PRMT5 gain- or loss-of-function on in vitro invasion and migration ability of HNSCC cells.
(Student's t test). (D) The appearance of HSC-6 xenografts and quantification of the volume change of HSC-6 xenografts transfected by shCTRL (n = 6)
and shPRMT5 (n = 6) in BALB/c nude mice. Data represent mean þ SD. (Student's t test). (E) Representative IHC staining of Ki-67 and quantification
of Ki-67+ cells in shCTRL and shPRMT5 groups. (Student's t test). (F) Representative HE staining of longitudinal section of tongues and quantification
of the volume of orthotopic tumors in shCTRL (n = 12) and shPRMT5 groups (n = 12) in orthotopic xenografts. (Student's t test). (G) Representative
IHC staining of metastatic tumor cells in cervical lymph nodes of shCTRL and shPRMT5 groups using anti-pan-cytokeratin (PCK). Scale bar, 200 lm,
20 lm. (H) Statistical analysis of different rates in cervical lymph node metastasis between shCTRL and shPRMT5 groups. (fisher's exact test).
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tionally, EPZ015666 showed no significant effect on the body weight of
nude mice and no toxic effects on major organ (Fig. S4A–C). EPZ015666
inhibited HNSCC cell proliferation, as the number of Ki67+ cells in the
EPZ015666 group was significantly lower than that of the control group
(Fig. 3G). These results demonstrate that EPZ015666 inhibit tumorigen-
esis and cervical lymph node metastasis of HNSCC.

To determine if EPZ015666 is effective for HNSCC patients, we
established a Patient-Derived tumor Xenograft (PDX) model using patient
tumor tissue expanded in BALB/c nude mice (Fig. 3H; Fig. S4D).
EPZ015666 significantly inhibited the growth of PDX tumors and
showed no significant effect on body weight or liver/kidney toxicity
(Fig. 3I; Fig. S4E–G). In addition, EPZ015666 significantly reduced
the number of Ki67+ cells in PDX tumors (Fig. 3J). These data present
EPZ015666 as a promising therapeutic reagent for HNSCC patients.

PRMT5 inhibition downregulates Twist1 expression

SCC initiation and metastasis are associated with a cellular process
called epithelial-mesenchymal transition (EMT), in which epithelial SCCs
gradually lose their epithelial characteristics while acquiring mesenchymal
features. Cancer cells can exist as a transitional or hybrid EMT state during
cancer progression [27,28]. We examined EMT-related transcription fac-
tors in response to PRMT5 knockdown and identified Twist1 as a down-
stream effector for PRMT5 in both HSC6 and SCC25 cell, while Zeb1/2,
SNAI1/2 and Twist2 did not change significantly or consistently in two
cell lines (Fig. 4A). Twist1 transcription is also repressed by PRMT5 inhi-
bitor EPZ015666 (Fig. 4B). We further examined Twist1 expression at
the protein level and demonstrated that overexpressing PRMT5 enhanced
Twist1 level, while depleting PRMT5 reduced Twist1 level (Fig. 4D).
Consistently, overexpressing PRMT5 promoted EMT, as indicated by
the decrease of epithelial marker E-cadherin and increase of mesenchymal
marker N-cadherin. On the contrary, depleting PRMT5 increased epithe-
lial marker E-cadherin expression and decreased mesenchymal marker N-
cadherin expression (Fig. 4C and D). PRMT5 inhibitor EPZ015666 exhi-
bit similar effects as PRMT5 depletion (Fig. 4E). These findings demon-
strate that PRMT5, endogenous or overexpressed, drives HNSCC towards
the mesenchymal state along the EMT process.

PRMT5 promotes H3K4me3 by recruiting WDR5 through
H3R2me2s to activate Twist1

PRMT5 is a major type II arginine methyltransferase, which is respon-
sible for symmetric methylation of arginine residues in histone tails [5].
Fig. 3. PRMT5 inhibition represses carcinogenesis and metastasis of HNSCC
rat tongue tissues in 4NQO group (n = 15) and 4NQO + EPZ015666 group
between 4NQO group (n = 15) and 4NQO + EPZ015666 group (30 mg/
longitudinal section of tongues and quantification of orthotopic tumor in
orthotopic xenografts of BALB/c nude mice. (Student's t test). (D) Represen
BALB/c mice using anti-pan-cytokeratin (PCK). Scale bar, 200 lm, 20 lm. (
between Control group (n = 12) and EPZ015666 group (30 mg/kg, n = 12) i
xenografts and quantification of the volume change of HSC-6 xenografts in
(15 mg/kg, 30 mg/kg). Data represent mean þ SD. (one-way ANOVA). (G) R
control and different concentration of EPZ015666 (15 mg/kg, 30 mg/kg). (St
tissues were collected, minced and implanted into BALB/c nude mice and p
equally implanted into 4-week-old BALB/c mice which were randomly d
appearance of PDX xenografts and quantification of the volume change of P
Data represent mean þ SD. (Student's t test). (J) Representative immunosta
EPZ015666 groups (30 mg/kg, n = 6) in PDX model. (Student's t test).
PRMT5 methylates H3R2, H4R3 and H3R8, through which controls
transcription activation or repression [5–7,9,13]. We surveyed the sym-
metric methylation level of H3R2, H4R3 and H3R8. H3R2me2s,
H4R3me2s and H3R8me2s were all significantly decreased by depletion
or inhibition of PRMT5 (Fig. 5A and B). H3R2me2s and H4R3me2s
was significantly increased by overexpression of PRMT5, but H3R8me2s
displayed no obvious change (Fig. 5A and B). We further showed that
PRMT5 depletion or inhibition resulted in a significant decrease of
H3R2me2s enrichment in Twist1 promoter region (Fig. 5C and D) with-
out a significant effect on H4R3me2s enrichment in the same region
(Fig. S5A).

H3R2me2s enhances the recruitment of WDR5, a core subunit of the
human MLL/Set1 complex (COMPASS) [29,30]. To examine whether
PRMT5-regulated H3R2me2s controls WDR5 recruitment in HNSCC,
we performed Co-immunoprecipitation (Co-IP) assay and showed that
PRMT5 knockdown reduced H3R2me2s and its associated WDR5 with-
out changing WDR5 expression (Fig. 5E). The WDR5-associated MLL/
Set1 complex ``write'' the H3K4me3 mark at promoter regions, which
enables chromatin remodeling and transcription activation [30,31]. We
found that overexpression of PRMT5 increased trimethylation of
H3K4, H3K4me3, while knockdown of PRMT5 decreased the level of
H3K4me3 in HNSCC cells (Fig. S5B). Focusing on the Twist1 promoter
region, we demonstrated that PRMT5 knockdown or inhibition reduced
the enrichment of H3K4me3, as well as the occupancy of WDR5 and
Set1 at Twist1 promoter region (Fig. 5F–K). The MLL complex not only
``write'' the H3K4me3 mark, but also ``read'' this mark, and its binding
to H3K4me3 is required for MLL-activated transcription [32]. We
showed that WDR5-associated MLL/Set1 complex also bound to
H3K4me3 in HNSCC cells (Fig. S5C).

To determine the requirement of WDR5 in PRMT5-elicited deposi-
tion of H3K4me3, we depleted WDR5 using small interfering RNA
(SiRNA) and showed that WDR5 knockdown significantly reduced the
enrichment of H3K4me3 at Twist1 promoter (Fig. 5L). We also used a
pharmacological inhibitor of WDR5, OICR9429, which blocks WDR5
interaction with MLL and histone 3 [33]. OICR9429 also reduced the
enrichment of H3K4me3 at Twist1 promoter (Fig. 5M). As expected
from the above findings, WDR5 knockdown reduced Twist transcription
and protein expression (Fig. 5N, S5E). Furthermore, WDR5 knockdown
or using OICR-9429 in HSC6 and SCC25 cells decreased the total level
of H3K4me3 and expression of mesenchymal marker N-cadherin while
increasing the expression of E-cadherin (Figs. 5N, S5F).

Taken together, these data demonstrate that PRMT5-deposited
H3R2me2s on Twist1 promoter recruits the MLL/Set1/WDR5 complex
in vivo. (A) Representative appearance and quantification of lesion area of
(30 mg/kg, n = 13). (Student's t test). (B) Quantification of various lesions
kg, n = 13) of rat. (Rank sum test). (C) Representative HE staining of
control group (n = 12) and EPZ015666 group (30 mg/kg, n = 12) in
tative IHC staining of metastatic tumor cells in cervical lymph nodes of
E) Statistical analysis of differences in cervical lymph node metastasis rates
n orthotopic xenografts. (fisher's exact test). (F) The appearance of HSC-6
BALB/c nude mice affected by different concentration of EPZ015666
epresentative IHC staining of Ki-67 and quantification of Ki-67+ cells in
udent's t test). (H) Schematic diagram of PDX. Briefly, the primary tumor
assaged on to derived as P1 and P2. The ``P2'' tissues were collected and
ivided into two groups: Control and EPZ015666 (30 mg/kg). (I) The
DX xenografts in BALB/c nude mice affected by 30 mg/kg EPZ015666.
ining of Ki-67 and quantification of Ki-67+ cells in control (n = 6) and



Fig. 4. PRMT5 inhibition induces downregulation of Twist1. (A) Quantitative RT-PCR analysis of EMT transcriptional factor (Twist1, Twist2, Zeb1,
Zeb2, SNAI1, SNAI2) mRNA levels in HNSCC cells when PRMT5 knockdown in vitro. Values are mean þ SD from three independent experiments.
(Student's t test). (B) Quantitative RT-PCR analysis of Twist1 mRNA levels in HNSCC when treated with 10 lM EPZ015666 for 4 days in vitro.
Values are mean þ SD from three independent experiments. (Student's t test). (C) Quantitative RT-PCR analysis of E-cadherin and N-cadherin mRNA
levels in HNSCC after PRMT5 gain- or loss-of-function in vitro. Values are mean þ SD from three independent experiments. (Student's t test). (D)
Immunoblot of E-cadherin, N-cadherin and Twist1 when PRMT5 gain- or loss-of-function in vitro. (E) Immunoblot of E-cadherin, N-cadherin and
Twist1 after treated with 10 lM EPZ015666 for 4 days in vitro.
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Fig. 5. PRMT5 promotes Twist1 through H3R2me2s-WDR5-H3K4me3 axis. (A) Immunoblot of histone H3R2me2s, H4R3me2s and
H3R8me2s after PRMT5 gain- or loss-of-function in vitro. (B) Immunoblot of histone H3R2me2s, H4R3me2s and H3R8me2s after treated with
10 lM EPZ015666 for 4 days in vitro. (C, D) Quantification of the binding levels of H3R2me2s in Twist1 promoter region after PRMT5
knockdown (C) or treated with 10 lM EPZ015666 for 4 days in vitro (D) in HNSCC cells. Values are mean þ SD from three independent
experiments. (Student's t test). (E) Representative co-IP of WDR5 and H3R2me2s when knockdown PRMT5 in HNSCC cells. (F–K)
Quantification of the binding levels of H3K4me3, WDR5 and Set1 in Twist1 promoter region after PRMT5 knockdown (F–H) or treated with
10 lM EPZ015666 for 4 days in vitro (I–K) in HNSCC cells. Values are mean þ SD from three independent experiments. (Student's t test). (L
and M) Quantification of the binding levels of H3K4me3 in Twist1 promoter region after WDR5 knockdown (L) or using 20 lM OICR-9429
(M) in HNSCC cells. Values are mean þ SD from three independent experiments. (Student's t test). (N) Immunoblot of EMT-related proteins and
histone H3K4me3 after WDR5 knockdown in vitro.
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via WDR5. Subsequently, the MLL/Set1/WDR5 complex catalyzes
H3K4me3 to activate Twist1 transcription and promote EMT in
HNSCCs.

Overexpression of Twist1 abrogates the effects of EPZ015666 on
HNSCC cells

Twist1 was significantly upregulated in HNSCC patient tissues as
demonstrated by analysis of the TCGA database (Fig. 6A). Higher expres-
sion of Twist1 correlated with significantly lower probability of survival
(Fig. 6B). There was also a positive correlation between PRMT5 and
Twist1 at the transcriptional level from TCGA database analysis
(Fig. 6C). To validate this positive correlation, immunochemistry of
PRMT5 and Twist1was conducted in serial sections of 25 human
HNSCC tissues and 11 rat tongue cancer tissues. The number of
PRMT5-positive cells positively correlated with Twist1-positive cells with
a co-efficiency of 0.9463 in patient tissues and 0.8477 in rat tissues
(Fig. 6D). In addition, EPZ015666 reduced the number of Twist1-
positive cells in tumors developed from subcutaneously-implanted
HSC6 cells and 4NQO-induced cancerous tissues (Fig. 6E).

HSC6 and SCC25 cell lines with stable overexpression of a flag-tagged
Twist1 (Flag-Twist1) were generated to perform rescue experiments. As
expected, overexpression of Twist1 promoted EMT in HSC6 and
SCC25 cells, as shown by the repression of epithelial E-cadherin and pro-
motion of mesenchymal N-cadherin (Fig. 6F). These HNSCCs with
Twist1 overexpression were resistant to EPZ0156660s inhibitory effects
on EMT (Fig. 6F). Similarly, Twist1-overexpressing HNSCCs were resis-
tant to EPZ0156660s inhibitory effects on migration and invasion
(Fig. 6G).

Discussion

PRMT5 was overexpressed in a variety of tumors and is closely related
to poor prognosis, but the role of PRMT5 in cancer initiation is not fully
understood [13,14,19,21]. Amino et al reported that there was no statis-
tical difference between the expression of PRMT5 in epithelial dysplastic
and OSCC tissues although PRMT5 expression in these two tissues is sig-
nificantly higher than in normal tissues [16]. Our data showed that
PRMT5 expression was significantly increased in dysplastic and cancerous
tissues compared with normal tissues when its expression in cancer was sig-
nificantly higher than dysplasia. Meanwhile, higher levels of PRMT5
expression in HNSCC were associated with more advanced clinical stages,
higher incidence of lymph node metastasis, and poor OS. Our findings
indicated that PRMT5 played important roles in the initiation of HNSCC
and closely related to the malignant phenotype.

Metastasis remains the primary challenge in cancer treatment. The
most common site of metastasis in HNSCC is cervical lymph node,
because drainage channel of the neck is rich in lymph nodes with more
than 400 in number [34]. More than 30% of patients with HNSCC have
cervical lymph node metastasis at the time of diagnosis, and cervical lymph
node metastasis is heavily associated poor prognosis [35]. Our results sug-
Fig. 6. Overexpression of Twist1 restores effects of EPZ015666 on HNSCC
database. (Student's t test). (B) Kaplan–Meier overall survival curve of Twist1
smooth curve fitting for the relationship between PRMT5 and Twist1. (D) R
in the serial section of HNSCC tissues (n = 25, blue line, r = 0.9463, p < 0.0
4NQO (n = 11, red line, r = 0.8477, p < 0.001, Pearson's correlation). (E) R
and EPZ015666 group of Rats (n = 11/6) and Mice (n = 6/6) Data represent
E-cadherin in Twist1 overexpression cells with or without treated with 10 lM
invasion in Twist1 overexpression cells with or without treated with 10 l
independent experiments. (one-way ANOVA). (H) The schematic diagram o
gested that patients with a high level of PRMT5 expression are more prone
to cervical lymph node metastasis. Experiments using rodent tumor mod-
els also confirmed that PRMT5 loss-of-function inhibited cervical lymph
node metastasis. Our findings suggested high PRMT5 expression as a
potential marker to predict whether a patient needs cervical lymph node
dissection.

As the latest potent and selective inhibitor for PRMT5, EPZ015666
offers highly anticipated therapeutic strategies in mantle cell lymphoma,
multiple myeloma, glioblastoma and triple-negative breast cancer [18–
21]. However, till now, the role of EPZ015666 in HNSCC is rarely stud-
ied. In the present study, we provide the most comprehensive study on the
inhibitory effects of EPZ015666 in HNSCC. EPZ015666 can not only
inhibit the proliferation of HNSCC in vivo, but also inhibit the regional
cervical lymph node metastasis in vivo. What's more important,
EPZ015666 could inhibit the 4NQO-induced carcinogenesis of rats
and the patient-derived tumors of HNSCC. These suggest that targeted
intervention of PRMT5 can benefit patients with HNSCC during the
tumor initiation, development and metastasis stages. EPZ015666 is
expected to become a promising antitumor drug in HNSCC.

Activation of the epithelial-mesenchymal transition (EMT) program is
considered a key mechanism by which cancer epithelial cells acquire a
malignant phenotype [36,37]. PRMT5 promotes EMT probably via
EGFR/AKT/b-catenin pathway in pancreatic cancer [38]. PRMT5/
MEP50 are necessary to maintain EMT markers and enhance epigenetic
mechanisms of TGF-b response [7]. In our study, we found that overex-
pressed PRMT5 could repress expression of epithelial gene E-cadherin,
and induce expression of mesenchymal gene N-cadherin. Twist1, a basic
helix-loop-helix (bHLH) transcription factor, was responsible for the ini-
tiation, EMT and metastasis of HNSCC in our study. Twist1 is originally
thought to play a key regulatory role in embryogenesis, but silenced in
most adult tissues [39]. Recent studies identified that Twist1 is an onco-
gene that is overexpressed in tumor tissues and plays multiple roles in
tumor invasion and metastasis [40,41]. In the present study, Twist1 over-
expression was positively correlated with PRMT5 overexpression, and cor-
related with poor prognosis of HNSCC patients.

PRMT5 is a major type II PRMTs that symmetrically di-methylate his-
tone tails at H4R3, H3R8 and H3R2. H4R3me2s and H3R8me2s are
associated with transcriptional repression, while H3R2me2s is associated
with transcriptional activation [6,13,29]. Actually, methylation of histones
by PRMT5 does not always occur simultaneously. In epidermal squamous
cell carcinoma, H4R3me2s and H3R8me2s formation depended upon
environment [42]. In lung carcinoma, knockdown PRMT5 could not
resulted in downregulation of H3R8me2s but H4R3me2s and H3R2me2s
[7]. Our study demonstrated that PRMT5 symmetrically di-methylated
H4R3 and H3R2, but not H3R8, in HNSCC. Further results showed
that PRMT5 loss-of-function caused a significant decrease of H3R2me2s
enrichment in Twist1 promoter region, suggesting that PRMT5 promotes
transcriptional activation of Twist1 through deposition of H3R2me2s.
H3R2me2s is a novel histone marker associated with gene transcriptional
activation and that WDR5 can be recruited by it [29]. WDR5, a core sub-
unit of the human MLL and Set1 complex (COMPASS), strongly stimu-
cells. (A) Analysis of Twist1 in HNSCC and Normal control in TCGA
for HNSCC patients (n = 486) in TCGA database. (log-rank test). (C) A
epresentative IHC staining and correlation analysis of PRMT5 and Twist1
01, Pearson's correlation) and tongue cancer tissues from rats induced by
epresentative IHC staining and quantitative analysis of Twist1 in Control
mean þ SD. (Student's t test). (F) Immunoblot of Twist1, N-cadherin and
EPZ015666 for 4 days in vitro. (G) Quantitative analysis of migration and
M EPZ015666 for 4 days in vitro. Values are mean þ SD from three
f targeting PRMT5 represses carcinogenesis and metastasis of HNSCC.
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lates the catalytic activity of MLL1 for the deposition of H4K4me3 [43–
45]. Chen et al declared that H3R2me1 but not H3R2me2s could recruit
WDR5 and activate snail in A549 cell lines [7]. In our study, we con-
firmed that H3R2me2s enhances binding of WDR5 to the Twist1 pro-
moter. This suggests that the role of PRMT5 in regulating histones and
downstream mechanisms may be different in different cell lines.

It has been reported that WDR5 was related to EMT, and was con-
firmed in colorectal cancer and breast cancer [46–48]. WDR5 could form
a complex with Twist1 and lncRNA HOTTIP in the promoter region of
HOXA9 to promote the metastasis of prostate cancer [49]. In our results,
WDR5 loss-of-function leads to the inhibition of EMT of HNSCC cells.
What's more, WDR5, Set1, H3K4me3 all enriched in Twist1 promoter
to trans-activate Twist1. H3K4me3 is a nearly universal chromatin mod-
ification of the transcription initiation site of active genes in eukaryotes,
and its level is highly correlated with the amount of transcription [50].
Therefore, we concluded that the PRMT5-catalyzed H3R2me2s induced
transcriptional activation of Twist1 by recruiting the WDR5, MLL, Set1
complex and subsequent H3K4 trimethylation at Twist1 promoter.
Conclusions

In summary, our studies uncovered that PRMT5 could promote
H3K4me3-mediated Twist1 transcription by which PRMT5 induced car-
cinogenesis and metastasis in HNSCC. Our study also presented PRMT5
as a potential biomarker that predicts patient survival and an attractive
therapeutic target in HNSCC.
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