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Abstract

Chronic rhinosinusitis with nasal polyps (CRSWNP) is a heterogeneous and common upper airway disease divided
into various inflammatory endotypes. Recent epidemiological findings showed a T helper 2 (Th2)-skewed dominance
in CRSWNP patients. Histone modification alterations can regulate transcriptional and translational expression, result-
ing in abnormal pathogenic changes and the occurrence of diseases. Trimethylation of histone H3 lysine 4 (H3K4me3)
is considered an activator of gene expression through modulation of accessibility for transcription, which is closely
related to CRSWNP. H3K4me3 levels in the human nasal epithelium may change under Th2-biased inflammatory con-
ditions, resulting in exaggerated local nasal Th2 responses via the regulation of naive CD4™ T-cell differentiation. Here,
we revealed that the level of SET and MYND domain-containing protein 3 (SMYD3)-mediated H3K4me3 was increased
in NPs from Th2 CRSWNP patients compared with those from healthy controls. We demonstrated that SMYD3-medi-
ated H3K4me3 is increased in human nasal epithelial cells under Th2-biased inflammatory conditions via S-adenosy!-
L-methionine (SAM) production and further found that the H3K4me3"9" status of insulin-like growth factor 2 (IGF2)
produced in primary human nasal epithelial cells could promote naive CD4* T-cell differentiation into Th2 cells.
Moreover, we found that SAM production was dependent on the c-Myc/methionine adenosyltransferase 2A (MAT2A)
axis in the nasal epithelium. Understanding histone modifications in the nasal epithelium has immense potential util-
ity in the development of novel classes of therapeutics targeting Th2 polarization in Th2 CRSWNP.

Keywords H3K4me3, SMYD3, IGF2, Th2 CRSWNP

Introduction

Chronic rhinosinusitis with nasal polyps (CRSwWNP) is
a complex respiratory disease characterized by hetero-
geneous airway inflammation. Local inflammation and
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immune responses in the nasal mucosa are responsible
for the pathophysiological features of the endotype clas-
sifications of CRSWNP, which include type 1, type 2, and
type 3 [1-3]. Given that the T helper 2 (Th2)-skewed
inflammatory endotype of CRSWNP (Th2 CRSwNP) is
closely associated with refractoriness and comorbidi-
ties and is highly prevalent [4, 5], it has garnered more
attention. From a pathophysiological perspective, Th2
CRSwNP is notably characterized by local Th2 inflam-
mation and immune dominance in the nasal mucosa,
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activation and recruitment of Th2 cells and of high local
production of Th2 cytokines, including Interleukin (IL)-
4, IL-5 and IL-13 [6-8]. The differentiation of naive
CD4" T cells into various lineages of Th cells is crucial
in many immune diseases [9], and Th2 cell differentia-
tion from naive CD4+ T cells contributes to the onset of
Th2 CRSwNP. However, the specific interaction mecha-
nisms and regulatory factors involved in this process
are incompletely understood and require further eluci-
dation. Given the crucial role of the nasal epithelium as
the first line of defence against hazards and pathogens,
any abnormalities in the nasal epithelium can result in
pathogenic changes within both the epithelium itself and
the surrounding microenvironment. The nasal epithe-
lium has been widely recognized as a key factor in the
pathogenesis of CRSWNP since the late 1990s. Histone
modifications are major epigenetic modifications with
crucial regulatory effects on gene transcription [10] and
participate in many human diseases. Based on advanced
techniques and extensive data on histone modifications
[11-14], pathologic changes in airway diseases, including
inflammatory factor production, immune responses and
remodelling processes, have been proven to be closely
correlated with changes in histone modifications in the
airway epithelium. Among various histone modifications,
trimethylation of histone H3 lysine 4 (H3K4me3) has
been extensively studied and shown to be closely associ-
ated with transcriptional activation, and it is particularly
located near transcription start sites (TSSs) [15, 16]. SET
and MYND domain-containing protein 3 (SMYD3) has
been identified as a vital methyltransferase responsible
for H3K4me3 [17-19]. SMYD3 plays a role in promot-
ing gene expression and contains two critical binding
regions, namely, S-adenosyl-L-methionine (SAM)- and
substrate-binding pockets [20]. Additionally, the transfer
of methyl groups from SAM to histones via specific his-
tone methyltransferases (HMTs) has been verified to be a
vital process for the activation of gene expression through
H3K4me3. IL-4-driven SMYD3-mediated H3K4me3
depends on SAM production, as SMYD3 is a SAM-
dependent enzyme. Notably, plasticity of the human
nasal epithelium in a Th2-biased inflammatory environ-
ment can lead to changes in histone modification levels.
In this process, the activity of upstream and downstream
HMTs as key mediators connecting Th2 stimulation and
H3K4me3 attracted our attention. Insulin-like growth
factor 2 (IGF2), considered a regulator of Th differentia-
tion and transcription, is controlled by epigenetic marks
on differentially methylated regions (DMRs) [21, 22],
suggesting that the H3K4me3 status of IGF2 might be a
key factor affecting the Th-biased microenvironment.

We hypothesize that H3K4me3 modifications in the
nasal epithelium, which regulate transcriptional activity
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during Th2 CRSwNP development, are closely linked
with the local immune response. Subsequently, we vali-
dated our hypothesis through in vitro experiments,
showing the patterns in nasal epithelial cells in a Th2
cytokine-predominant microenvironment were simi-
lar to those in tissues. Furthermore, we elucidated the
pathway through which Th2 cytokines interfere with the
SMYD3-mediated H3K4me3"&" status, thereby exerting
a promoting effect on Th2 differentiation via IGF2.

Results

Aberrant global H3K4me3 levels and specific
methyltransferases-SMYD3 among Th2-CRSwNP, non-Th2
CRSwWNP and control groups

To explore the role of H3K4me3 modification remodel-
ling in Th2 CRSwWNP development, we first assessed the
levels of H3K4me3 in NP tissues from Th2-CRSwNP and
non-Th2 CRSwNP patients (n=3/group) and inferior tur-
binate (IT) tissues from control individuals (n=3) by a H3
modification assay. The global H3K4me3 level was signif-
icantly increased in NP tissues in the Th2 CRSwNP group
but decreased in the non-Th2 CRSwNP group compared
with the control group (Fig. 1a). Additionally, Western
blot analysis of H3K4me3 revealed a modification pat-
tern comparable to that shown above (Fig. 1b). To deter-
mine the HMT responsible for H3K4me3 in the human
nasal epithelium, we performed single-cell sequencing
to profile H3K4me3-related enzymes. SMYD3 displayed
a higher expression level and percentage than any of the
other eight enzymes evaluated (Fig. 1c). Furthermore,
SMYD3 was predominantly expressed in secretory and
club cells (Fig. 1d). Subsequently, SMYD3 protein expres-
sion in all participants was measured and found to show a
trend similar to that of the changes in H3K4me3 (Fig. 1e).
Collectively, these data indicate that the SMYD3-medi-
ated H3K4me3high status may play an essential role in
Th2 CRSwNP development.

Altered levels of H3K4me3 and SMYD3 in primary human
nasal epithelial cells (HNECs) in the Th2-dominant
microenvironment

We used typical Th2 cytokines (including IL-4, IL-5
and IL-13) to stimulate primary human nasal epithe-
lial cells and found that compared with IL-5 and IL-13,
IL-4 showed a significant and strong positive correla-
tion with H3K4me3 modification and SMYD3 expres-
sion (Fig. 2a, b). Therefore, nasal epithelial cells were
pretreated with IL-4 (10 ng/mL) to mimic the Th2
milieu in vitro. The protein levels of H3K4me3 and
SMYD3 were then measured by immunoblotting, and
IL-4 was found to lead to high levels of H3K4me3 and
SMYD3 expression. To validate the causal correlation
between SMYD3 and H3K4me3, we employed BCI-121
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Fig. 1 Elevated levels of SMYD3-mediated H3K4me3 in the Th2-CRSWNP group but decreased levels in the non-Th2 CRSWNP group

compared with the control group. A-B Histone H3 modification assay (A) and immunoblot analysis (B) of H3K4me3 in the three groups
(control, Th2 CRSWNP and non-Th2 CRSwWNP). H3 was used as a loading control for Western blotting. (n=3/group). Statistical significance,

one-way ANOVA***p <0.001,;**p <0.01. T: Th2 nasal polyps; C: control; N: non-Th2 nasal polyps. C and D Single-cell analysis of the distribution

of specific H3K4me3-related enzymes (KMT2A, KMT2B, KMT2C, KMT2D, KDM4A, KDM5B, SETD1A, SETD1B and SMYD3) in various types of cells

and in subgroups of epithelial cells. E Immunoblot analysis of SMYD3 expression in the three groups described in (B). GAPDH was used as a loading
control for Western blotting..T: Th2 nasal polyps; C: control; N: non-Th2 nasal polyps (n=3/group)

as a small molecule inhibitor of SMYD3. BCI-121 spe-
cifically targets the substrate pocket of SMYD3, thereby
inhibiting its activity [19, 23]. Consistent with the
above results, the increases in the levels of H3K4me3
and SMYD3 in response to IL-4 stimulation were sig-
nificantly attenuated in the presence of BCI-121 (50
uM) (Fig. 2c, Fig. S2).

H3K4me3"9" nasal epithelial cells induce the differentiation
of cocultured naive CD4* T cells into Th2 cells

Previous studies [24] demonstrated that the level of his-
tone modification in the airway epithelium can impact
the local immune response and microenvironment. In
the context of Th2 CRSwNP, the local Th2 polarization
observed in the nasal mucosa may result from histone

modification alterations in the nasal epithelium in the
Th2-dominant microenvironment. Combined with this
knowledge, we hypothesized that modifications in
SMYD3-mediated H3K4me3 in the nasal epithelium play
a role in promoting Th2 cell differentiation from naive
CD4+T cells. To test this hypothesis, we conducted an
experiment in which we cocultured primary nasal epithe-
lial cells that were pretreated with IL-4 in the presence or
absence of BCI-121 with naive CD4+T cells in a Tran-
swell system. After 72 h, we determined the percentages
of Thl and Th2 cells using flow cytometry. The percent-
age of Th2 cells was increased in the IL-4-treated nasal
epithelial cell group compared to the untreated group,
while this increase was partially reversed when BCI-121
was added to the culture (Fig. 3a, b). We also measured
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the concentrations of Th1l and Th2 cytokines in the cul-
ture supernatants of the three groups by enzyme-linked
immunosorbent assay (ELISA), and the results were con-
sistent with the flow cytometry data (Fig. 3c).

These findings indicate that nasal epithelial cells with
high SMYD3-mediated H3K4me3 levels may promote
the differentiation of naive CD4 + T cells into Th2 cells
by secreting certain mediators. To identify the crucial
mediator, we performed H3K4me3 chromatin immuno-
precipitation followed by next-generation sequencing
(ChIP-seq) to assess a range of N-terminal posttran-
scriptional modifications (marks), including H3K4me3,
in nasal epithelial cells that were either untreated or
stimulated with IL-4 and/or BCI-121.

Th2 cell differentiation from naive CD4 +T cells

is enhanced by IGF2 produced by H3K4me3"9" nasal
epithelial cells pretreated with IL-4

The H3K4me3 ChIP-seq data revealed that the den-
sity and distribution of H3K4me3 peaks varied across

>

IL-4 IL-5 IL-13

Relative SMYD3 mRNA expression
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genomic regions, including intergenic, 1st intron, 1st
exon, other intron, other exon, and promoter-TSS
regions. Notably, the distribution of H3K4me3 modi-
fications exhibited a predominant focus on intergenic
and promoter-TSS regions (Fig. 4a), and there were
evident differences in the differential peaks in patients
with Th2 CRSwWNP compared with healthy controls, as
well as in the IL-4 group compared with the IL-4+ BCI-
121 group (Fig. 4b). Consistent with this pattern, from
our functional analysis of the IL-4 H3K4me3"&" group,
Gene Ontology (GO) term enrichment analysis showed
that IL-4 treatment induced upregulation of functions
related to histone modification enzymes and epithelial
changes (Fig. 4c-e). Regarding HMT activity, we analysed
the molecular functions and biological processes related
to the specific gene SMYD3 (Fig. 4f, g), and enrichment
of GO:0000979 with SMYD3 was notable, along with
robust H3K4me3 modification. There are two impor-
tant GO terms regarding transcriptional regulation at
the chromosome level, namely, GO:0003682 (chromatin

Ctrl IL-13  IL-4
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SMYD3
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Fig. 2 IL-4 stimulation induces robust SMYD3-mediated H3K4me3 modification in primary human nasal epithelial cells, and treatment

with an SMYD3 inhibitor reduces this effect. A Quantitative RT-PCR analysis results showing increased transcript levels of SMYD3 in human nasal
epithelial cells from controls (untreated and treated with various cytokines (IL-4, IL-5 and IL-13)) (n=3). Statistical significance, one-way ANOVA;***
p<0.001. BWestern blot analysis of H3K4me3 levels in human nasal epithelial cells treated with IL-13 or IL-4. C Immunoblot analysis of SMYD3
and H3K4me3 levels in primary human nasal epithelial cells stimulated with IL-4 and IL-4 +BCI-121 (50 uM) cultured in the ALl system (n=3).1: IL-4

stimulation; C: control; B: IL-4 stimulation + BCI-121 treatment
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Fig. 3 The SMYD3-mediated H3K4me3 modification level in primary human nasal epithelial cells influences the differentiation of cocultured
naive CD4+T cells. A-B FACS results showing the percentage of Th2 cells in cocultures of primary human nasal epithelial cells pretreated with IL-4
in the presence or absence of BCI-121 for 72 h. The quantitative data are shown in (B) (=6 donors). C ELISA of IL-4, IL-5, IL-13 and IFN-y secretion
by cocultured naive CD4+T cells in the control group, IL-4 group and IL-4 stimulation + BCI-121 treatment group. Statistical significance (B-C),

one-way ANOVA***p <0.001;**p<0.01;%*p<0.05

binding) and GO:0000979 (RNA polymerase II core
promoter sequence-specific DNA binding), and the lat-
ter term shows enrichment of SMYD3. Moreover, most
of the functions of SMYD3 are related to histone modi-
fications and transcriptional activity, which might also
explain from another perspective why SMYD3 functions
as a specific H3K4me3 HMT impacting gene expression
regulation in human nasal epithelial cells. However, the
functions of SMYD3 did exhibit differences between
NPs and nasal epithelial cells, partially due to the com-
plex sources of SMYD3 (Fig. 4h). Detailed information is
shown in Supplementary Tables 1, 2, 3, 4 and 5.

Moreover, Integrative Genomics Viewer (IGV) revealed
higher enrichment of H3K4me3 on the IGF2 gene in the
IL-4 group than in the IL-44BCI-121 group, and this
enrichment was particularly prominent in the intergenic
region (Fig. 5a). IGF2, a member of the growth hormone
family involved in the immune pathogenesis of allergic
diseases, is synthesized from an imprinted gene located
in the p15.5 region on chromosome 11. It was found to
be abundant in human nasal polyps by the Hartnell team
[25]. Recently, the functions and roles of IGF2 in con-
trolling T-cell differentiation, immune development and
physiology have been acknowledged [26—-30], suggesting
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Fig.4 A Pie charts showing the distribution of H3K4me3 peaks across different genomic regions in human nasal epithelial cells and Th2 NP tissue.
B Density of H3K4me3 peaks in the Th2 CRSWNP vs. HC and IL-4 vs. IL-4+BCl-121 groups. C-E Top enriched GO terms for biological processes (BPs),
molecular functions (MFs) and cellular components (CCs) associated with epithelial cells, HMT activity and transcription in the H3K4me3"e" group.
F-G Top enriched GO terms related to the specific gene SMYD3 in primary human nasal epithelial cells (IL.-4 vs. control groups), including BP and MF
terms. H GO term enrichment analysis of biological processes, cellular components, and molecular functions to assess the biological function

of the SMYD3 gene in NPs from Th2 CRSwWNP patients

that epithelial cell-derived IGF2 acts as a trigger, induc-
ing the differentiation of naive CD4 T cells into Th2 cells.

Generally, H3K4me3 modification activates gene tran-
scription, and enrichment of H3K4me3 is associated
with high gene expression levels. We hypothesized that
the IL-4-driven significant enrichment of H3K4me3 in
IGF2 may promote IGF2 expression at both the trans-
lational and transcriptional levels. To investigate this
possibility, we performed an IGF2 array analysis on the
supernatant of cultured nasal epithelial cell. IL-4 stimu-
lation increased the expression of IGF2 in epithelial
cells. When BCI-121 was added, there was a moder-
ate decrease in IGF2 expression compared to that in the
group stimulated by IL-4 alone (Fig. 5b). Similarly, the
expression of IGF2 in nasal epithelial cells was signifi-
cantly increased at both the transcriptional and trans-
lational levels following IL-4 stimulation. Conversely,
treatment with BCI-121 resulted in a noticeable decrease
in IGF2 expression (Fig. 5 ¢, d). In addition, we assessed
IGF2 protein expression in NPs and ITs and found that
the expression of IGF2 protein was higher in NPs from
the Th2 CRSwNP group and lower in NPs from the non-
Th2 CRSwWNP group than in NPs from the control group

(Fig. 5e). Hence, we hypothesized that IGF2 may play a
crucial role in inducing Th2 differentiation during Th2
CRSwNP development. To this end, we cocultured naive
CD4+T cells with IGF2 for 72 h. Flow cytometric analy-
sis revealed a higher proportion of Th2 cells in the IGF2
group than in the control group (Fig. 6a, b). Further-
more, naive CD4+T cells (na+) expressed high levels
of IGF1R on their surface compared to other cells (na-)
(Fig. S3), confirming that a receptor for the IGF2 ligand
is expressed on naive CD4% T cell. Next, we measured
the concentrations of IFN-y, IL-4, IL-5, and IL-13 in the
supernatants of naive CD4% T cells activated by IGF2
stimulation (Fig. 6c) and found that they were increased,
consistent with the results of flow cytometric analysis.
Furthermore, to test whether IGF-2 derived from nasal
epithelial cells induces Th2 differentiation, we deter-
mined the proportion of Th2 cells after culture of naive
CD4* T cells with supernatants from IL-4-treated nasal
epithelial cells both in the presence and absence of xentu-
zumab (0.1 pmol/L, an IGF-2 neutralizing antibody). This
analysis clearly showed that IGF-2 originating from nasal
epithelial cells can induce Th2 differentiation, as depicted
in Fig. 6d.
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Fig. 5 IL-4 stimulation increased the H3K4me3 level in IGF2 and increased IGF2 expression. A Integrated Genomics Viewer (IGV) visualization

of the H3K4me3 enrichment status across the IGF2 gene, revealing that IL-4 promoted high H3K4me3 level-associated transcriptional

activation of IGF2 in human nasal epithelial cells. The gene symbol is denoted at the bottom. B-D Primary human nasal epithelial cells

with the SMYD3-mediated H3K4me3."9" status express high levels of IGF2, as determined by ELISA (B), immunoblotting (C) and quantitative
RT-PCR (D). E Immunoblot analysis of IGF2 protein expression in [Ts from the control group and NPs from the Th2 CRSwNP and non-Th2 CRSwNP
groups (n=9). Statistical significance (B and D), one-way ANOVA;***p <0.001;**p <0.01;* p <0.05; ns, not significant (p>0.05)

The IL-4-driven SMYD3-mediated H3K4me3"i9 status H3K4me3"#" status of IGF2 in primary human nasal epi-
of IGF2 in human nasal epithelial cells is mediated thelial cells. Our findings demonstrate that the activity of
via the c-Myc-MAT2A axis SMYD3 is a key factor in this process. First, the crosstalk

Through in vitro studies, we investigated the mecha- between IL-4 and IGF2 mediated by signal transducer and
nism underlying the IL-4-driven SMYD3-mediated activator of transcription 6 (STAT6) and phosphorylation
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of STAT6 has been demonstrated in immune cells [31,
32]. Because of the close relationship between IL-4 and
p-STAT6, we performed Western blot analysis, and the
results showed that IL-4 stimulation increased the level
of p-STAT6 in nasal epithelial cells, supporting our
hypothesis that the IL-4-induced robust production of
IGF2 by nasal epithelial cells in the Th2-biased inflam-
matory milieu might rely on IL-4-mediated activation
of p-STAT6 (Fig. 7a). As shown above, the upregulation
of IGF2 expression was due to the H3K4me3"e" sta-
tus of IGF2, but the mediators linking IL-4/p-STAT6 to
SMYD3-mediated H3K4me3 remain elusive. In our effort
to identify the underlying pathway, SAM and methionine
adenosyltransferase 2A (MAT2A) attracted our attention:
the former serves as a principal methyl group donor for
histone and DNA methylation during epigenetic regula-
tion by regulating HMT activity [33—35], and the latter
is an enzyme responsible for regulating SAM synthesis
[36—38]. We observed that the concentration of SAM
(Fig. 7b) and the expression of MAT2A were increased
by IL-4 treatment in nasal epithelial cells (Fig. 7a, c).
Moreover, there was a positive correlation between
the SAM concentration and the MAT2A mRNA level
(Fig. 7D), supporting the unique function of MAT2A
related to SAM in IL-4-treated nasal epithelial cells.
Consistent with published reports [39, 40], c-Myc, as a
"bridge" linking MAT2A and IL-4/p-STAT6, might func-
tion as a mediator during this process, and its expression
was found to be increased in the IL-4 group by Western
blot analysis. Moreover, our Western blot and qRT-PCR
results also showed that IL-4 treatment induced upregu-
lation of c-Myc (Fig. 7a, e). In support of the promotive
effect of c-Myc on MAT2A expression, downregulation
of MAT2A was observed after treatment with KJ Pyr 9
[41] an inhibitor of c-Myc, supporting the regulatory
effect of c-Myc on MAT2A (Fig. 7f). Based on the above
observations, we speculated that the c-Myc/MAT2A
axis plays a crucial role in IL-4-driven SMYD3-mediated
H3K4me3 modification by regulating SAM produc-
tion. In confirmation of this hypothesis, the addition of
either the c-Myc inhibitor KJ Pyr 9 (10 uM) or PF-9366
(10 uM), an inhibitor of MAT2A [42], to the IL-4-treated
group resulted in decreased SMYD3 expression and
decreased H3K4me3 modification, as shown by Western
blotting (Fig. 7g, h), providing proof that MAT2A activity
could affect SMYD3 activity [43]. Moreover, we quanti-
fied the effects of the two inhibitors, demonstrating by
Western blotting that they affected the protein levels of
their targets c-Myc and MAT2A (Fig. 7i). HMTs control
histone modification levels, and SAM, a universal source
of methyl groups for histone methylation, plays a vital
role in mediating histone modification via HMT activity.
Specifically, according to recent studies [34, 44—46], SAM
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might affect H3K4me3 modification more strongly than
other types of histone modifications. In addition, SAM is
linked to histone methylation via SMYD3, which trans-
fers a methyl group from SAM to the histone substrate
to result in H3K4me3, indicating a positive link between
SAM and H3K4me3 modification. Next, we evaluated the
levels of SAM and SAH and the SAM/SAH ratio under
identical stimulatory conditions (Fig. 7b). IL-4 stimula-
tion induced SAM secretion by epithelial cells, whereas
exposure to BCI-121 resulted in a significant reduction
in the SAM level. Both inhibitors decreased the level of
SMYD3-mediated H3K4me3, which further decreased
IGF2 expression at the translational and transcriptional
levels (Fig. 7h, k). Consequently, SMYD3 inhibition led
to a decrease in the H3K4me3 level by restricting SAM
recruitment to histone sites, which in turn suppressed
the H3K4me3 modification of IGF2, resulting in mitiga-
tion of Th2 polarization.

Discussion

Epigenetic remodelling in the airway epithelium is closely
associated with the inflammatory endotypes of chronic
respiratory disorders, such as type 2 asthma [47] and
CRSwNP [48]. In this study, we demonstrated that Th2
stimulation can result in increased levels of SMYD3-
mediated H3K4me3 in the nasal epithelium, contributing
to Th2 CRSwNP development. Moreover, we confirmed
that the SMYD3-mediated H3K4me3"" status in the
nasal epithelium is associated with the surrounding
local Th2-biased inflammatory microenvironment. Fur-
thermore, we revealed the mechanism by which over-
expressed IGF2, secreted by nasal epithelial cells and
dependent on the SMYD3-mediated H3K4me3"" sta-
tus, is controlled by the c-Myc/MAT2A axis in the nasal
epithelium. This mechanism promotes local differentia-
tion of Th2 cells from naive CD4+T cells. The level of
H3K4me3 in CRSwNP patients was previously evalu-
ated by the authors [49]. However, one limitation of that
study was the lack of further investigation into whether
the H3K4me3 level differs across patients with various
inflammatory endotypes of CRSWNP. The concept of the
"CRSWNP endotype" has gained recognition worldwide,
as it delineates distinct pathophysiological aetiologies
and therapeutic approaches for CRSWNP based on the
specific endotype in clinical settings. Our research find-
ings highlight distinct patterns between Th2 CRSwNP
and non-Th2 CRSwNP, revealing differential altera-
tions in H3K4me3 modifications across the endotypes
of CRSwNP. Understanding the correlations between
H3K4me3 and endotypes of CRSwNP might provide
novel insights for alleviating refractory Th2 CRSWNP and
for identifying therapeutic approaches to manage refrac-
tory Th2 CRSwNP.
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We acknowledge the presence of a complex and mul-
tifactorial network involving diverse types of histone
modifications, not just H3K4me3, throughout the
development of Th2 CRSwNP. It is essential to further
investigate the involvement of other histone modifica-
tions in this process, as they could provide additional
insights into the mechanisms underlying Th2 CRSwNP.
For example, high levels of H3K9me3 and histone H3
lysine 18 (H3K18) acetylation in airway epithelium in the
asthma group were found to be closely linked to mucosal
inflammatory cell recruitment and remodelling processes
[50-52], respectively. Additionally, histone H3 lysine 27
acetylation (H3K27ac) in the airway epithelium is closely
associated with airway remodelling through the regula-
tion of goblet cell differentiation [53]. These findings sug-
gest that diverse types of histone modifications may exert
unique effects during CRSWNP development. To gain a
deeper understanding of the relationship between the
histone modification status in the nasal epithelium and
the pathogenesis of different CRSWNP endotypes, we can
reveal new perspectives that contribute to defining the
aetiology, diagnosing the condition, and providing effec-
tive therapeutic interventions.

Since the nasal epithelium is the first site of contact
with inhaled environmental agents, it is well positioned
for environmental factors to influence gene expression
and ultimately disease susceptibility through epigenetic
modifications. Here, we highlighted the impact of Th2-
dominant microenvironment-induced alterations in the
H3K4me3 status of IGF2 within the nasal epithelium on
the local immune environment. However, importantly,
our study has clear limitations regarding the identifica-
tion of correlations between environmental factors and
histone modifications in the nasal epithelium. The spe-
cific alterations in H3K4me3 within the epithelium trig-
gered by external environmental stimuli, such as PM 2.5,
bacterial byproducts, or metabolic factors, as well as the
related mechanisms, remain unknown.

On the basis of recent studies on the functional roles
of metabolism in epigenetic modification [54, 55],
SAM metabolism is closely interconnected with his-
tone enzymes by influencing methyl group metabolism.
SMYD3 is a methyltransferase associated with SAM,
linking SAM and H3K4me3 modification by transfer-
ring a methyl group from SAM to a histone substrate
[56]. These findings suggest that cell metabolism is
closely associated with the level of histone modifica-
tions in the nasal epithelium. Our data demonstrate
that methyl group metabolism impacts the develop-
ment of the IL-4-driven SMYD3-mediated H3K4me-
3high status in nasal epithelial cells and promotes Th2
differentiation. However, we acknowledge the pos-
sibility of an interactive association between SAM

Page 9 of 17

and SMYD3 activity, as there may be factors influenc-
ing both. Accurate quantification of the production of
SAM for SMYD3 or histone methylation remains chal-
lenging. However, the changes in histone modifica-
tions observed in Th2 CRSwNP offer new insights into
the therapeutic potential of targeting inflammation-
induced histone modifications.

These data emphasize a role of IGF2 in the induc-
tion of Th2 polarization by the SMYD3-mediated
H3K4me3Me" status in the nasal epithelium and indi-
cate that IGF2 might be a novel target for predicting or
treating Th2 CRSwNP. On the basis of previous reports,
IGF2 binding to IGF1R regulates CD4 T-cell differen-
tiation [57-59], consistent with our data. Interestingly,
IGFIR is also expressed in nasal epithelial cells [60].
However, whether IGF2 can directly influence the epi-
thelium itself was not explicitly demonstrated in our
study and requires further investigation. Due to the
long-term surgical and medicinal treatments needed,
patients with Th2 CRSwNP often have a large financial
burden. Recently, there have been literature reports and
clinical trials regarding various therapeutic strategies
targeting IGF2/IGFIR, including neutralizing mono-
clonal antibodies or combinations of agents that block
their activity, such as xentuzumab (BI836845) and
teprotumumab [61-65]. The application of antibodies
specific for IGF2 for Th2 CRSwWNP may identify new
targets for combination therapies to alleviate or prevent
local Th2 inflammation.

Materials and methods

Reagents and antibodies

Detailed reagent and antibody information is provided in
the Supplementary Reagents section.

Histone lysine modifications and histone modification
multiplex assay

To extract total histones from NPs and ITs, the EpiQuikrM
Total Histone Extraction Kit was used according to the
manufacturer’s protocol (Cat # OP-0006, EpiGentek).
Th2 and non-Th2 CRSwNP diagnoses were made based
on the levels of Th cytokines, including IL-4, IL-13, IL-17
and IFN-y. In brief, frozen human tissues were weighed,
cut into small pieces, homogenized with a homogenizer
in 1X Pre-Lysis buffer, and centrifuged at 10,000 rpm
for 1 min at 4 °C. Cells were centrifuged at 1000 rpm
for 5 min at 4 °C, resuspended in 1X Pre-Lysis buffer for
10 min with gentle stirring and centrifuged at 10,000 rpm
for 1 min at 4 °C. After the supernatant was removed,
the pellets were resuspended in 100 pL of lysis buffer
and incubated on ice for 30 min. The samples were cen-
trifuged at 12,000 rpm for 5 min at 4 °C. Balance-dith-
iothreitol (DTT) buffer was added to each supernatant.
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Histone concentrations were quantified by measuring the
OD values using a bovine serum albumin (BSA) stand-
ard. Multiple modifications on H3 were assessed using
the EpiQuik Histone H3 Modification Multiplex Assay
Kit (Cat # P-3100, EpiGentek) according to the manu-
facturer’s instructions. In brief, histones were extracted
as described above. Strip wells were coated with the cor-
responding capture antibodies, and the antibodies were
detected with a detection antibody. Data were acquired
via a microplate reader within 2 to 10 min at 450 nm with
an optional reference wavelength of 655 nm. H3 modi-
fications were quantified following the manufacturer’s
instructions.

Western blot analysis

Protein concentrations in the lysates were determined
using an enhanced BCA Protein Assay Kit. Equal
amounts of protein from each sample were subjected
to separation by SDS-PAGE, electrophoretic transfer,
immunoblotting and chemiluminescence detection as
previously described [66]. Detailed information on the
related antibodies is listed in the Supplementary Rea-
gents section. Protein expression levels in the samples
were normalized to those of GAPDH and H3.

Primary human nasal epithelial cells and cell lines

Human nasal epithelial cells were brushed and collected
as we previously described [67, 68]. In brief, primary
nasal epithelial cells were collected from an Endobrush
cytological sampling brush, passaged once in Pneuma-
Cult-Ex Medium (STEMCELL Technologies, Cologne,
Germany) for differentiation, and then seeded on the
polyester membranes of Transwell-Clear inserts (Corn-
ing, Lowell, Mass). When the cells were confluent, the
medium in the apical chamber of the Transwell apparatus
was removed, and the medium in the basal chamber was
replaced with PneumaCult ALI Maintenance Medium
(STEMCELL Technologies) for an additional 3 weeks for
further analysis.

The human bronchial epithelial cell line BEAS-2B
was obtained from the American Type Culture Col-
lection (Manassas, VA, USA) and maintained in RPMI
1640 medium containing 10% foetal bovine serum (FBS;
Thermo Fisher Scientific, Waltham, MA, USA), strep-
tomycin (100U/mL), and penicillin (100U/mL) in a

(See figure on next page.)
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humidified incubator at 37 °C in an atmosphere of 5%
CO2.

Purification of naive CD4 +T cells

PBMCs were isolated from healthy human volunteers
(20-40 mL/person) as previously described [69]. Next,
naive CD4 T cells were purified from PBMCs by using a
Naive CD4+T Cell Isolation Kit II following the manu-
facturer’s instructions [70, 71]. Naive CD4+T cells were
cultured in RPMI 1640 medium at 37 °C in a humidified
incubator with 5% CO2 to establish the coculture system.

Stimulation of nasal epithelial cells with IL-4,
establishment of the coculture model, and flow cytometry
Primary human nasal epithelial cells were cultured by
using an air-liquid interface (ALI) method in a Tran-
swell apparatus as previously mentioned [72]. In brief,
the culture medium was refreshed every other day. Once
the cells were completely confluent, the culture medium
in the apical chamber was removed to allow further
cell differentiation at the air-liquid interface (ALI) for
2-3 weeks, and the resulting epithelial cell cultures were
used for in vitro studies. For the expression regulation
experiments, human nasal epithelial cells from control
subjects were cultured with the ALI method and treated
with IL-4 and BCI-121. Nasal epithelial cells were incu-
bated with IL-4 prior to coculture with naive CD4+T
cells in RPMI 1640 medium (IL-4- and BCI-121-free).
The detailed procedure is shown in Fig. 8a.

Naive CD4+T cells in complete medium were seeded
immediately following isolation by density gradient cen-
trifugation in the bottom compartments of Transwell
chambers in 24-well plates (1.5x10° cells/well). Cells
were maintained in the coculture system for 72 h. A
diagram of the coculture system is presented in Fig. 8b.
Moreover, the supernatant in the bottom compartment
of the Transwell plate was collected and assayed for
secretion of the proteins of interest by ELISA, and cells
were collected by flow cytometry to estimate the percent-
age of Th2 cells. Then, the cells were stained with fluores-
cently labelled primary antibodies and analysed by flow
cytometry (Beckman CytoFlex S flow cytometer with
CytExpert software) as reported previously [69]. Anti-
body information is provided in the Supplemental Rea-
gents section.

Fig.6 IL-4 induces an increase in SMYD3-mediated H3K4me3 modification of IGF2 expressed in primary human nasal epithelial cells to promote
the differentiation of naive CD4 + cells into Th2 cells. A-B IGF2 stimulation induces the differentiation of naive CD4+T cells into Th2 cells,

as determined by FACS. C The concentrations of a range of secreted classical cytokines associated with Th2 and Th1 cells (IL-4, IL-13, IL-5, IFN-y
and IL-2) were measured with ELISA kits (mean +s.d. n=6). Statistical significance,Mann-Whitney U test;*** p < 10.7* p < 0.05; ns, not significant
(p>0.05). D IGF-2 derived from nasal epithelial cells induces the differentiation of naive CD4+T cells into Th2 cells, as determined by FACS (n=6

donors)
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Fig. 7 A Immunoblot analysis of the indicated proteins in the pathway of the SMYD3-mediated H3K4me3high status in primary human nasal
epithelial cells induced by IL-4 (T) treatment compared with controls (C) (n=3). B Effects of IL.-4 and/or BCI-121 on the SAM level in nasal epithelial
cells (n=8 per group; error bars, s.d.) and SAH levels and SAM/SAH ratios in nasal epithelial cells (group n=6 per group; error bars, s.d) (In the SAH
experiment, two of the 8 samples were completely exhausted). C Quantitative RT-PCR analysis of the MAT2A transcript level in human nasal
epithelial cells stimulated with IL-4 for the indicated times (n=4). D Positive correlation between the mRNA expression level of MAT2A and the level
of SAM (n=10), R?=0.7770. E Quantitative RT-PCR analysis of the c-Myc transcript level in human nasal epithelial cells stimulated with IL-4

for the indicated times (n=4). F Immunoblot analysis of the effect of MAT2A expression on primary human nasal epithelial cells pretreated with IL-4
after exposure to the c-Myc inhibitor KJ Pyr 9 (10 uM). G-H Immunoblot analysis of H3K4me3, SMYD3 and IGF2 protein expression in primary
human nasal epithelial cells pretreated with IL-4 after exposure to KJ Pyr 9 (10 uM) with or without PF-9366 (10 uM). I Immunoblot analysis of c-Myc
and MAT2A protein expression in primary human nasal epithelial cells pretreated with IL-4 after exposure to KJ Pyr 9 (10 uM) with or without
PF-9366 (10 uM). J ELISA of IGF2 as described in (H) (n=4). K Quantitative RT-PCR analysis of the IGF2 transcript level as described in (H) (n=4).
Statistical significance (C and E), unpaired Wilcoxon test; (B and K), one-way ANOVA;***p <0.001;**p <0.01; % p < 0.05

(ChIP assay and bioinformatics pipeline outlined in the SimpleChIP® Plus Sonication Chromatin
All tissues were harvested for IP. The tissue preparation IP System manual (Cell Signaling Technology, # 56383).
method and ChIP protocol closely adhered to the steps  For DNA quantification and qualification, genomic DNA
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Fig. 8 Schematic representation of the air-liquid interface (ALI) culture model of IL.-4-human nasal epithelial cells, administration of BCl-121

and coculture with naive CD4 +T cells. Primary human nasal epithelial cells were seeded onto Transwell membranes and allowed to grow

to confluence for 4-7 days. Cells were exposed to air at the apical side (air-liquid interface; ALI) and stimulated for approximately 2—-3 weeks

at the basal side with medium (containing high concentrations of retinoic acid to induce mucociliary differentiation). To establish IL-4-treated
human nasal epithelial cells, IL-4 was added to the basal medium upon the first exposure of the cells to air, and the medium with or without IL-4
was refreshed every 2 days for approximately 2-3 weeks (A). Then, when the nasal epithelial cells had differentiated, naive CD4 +T cells were added

to the basal medium with refreshment of IL-4-free medium and BCI-

degradation and contamination were monitored on 1%
agarose gels. DNA purity was evaluated using a Nano-
Photometer® spectrophotometer (IMPLEN, CA, USA).
The DNA concentration was measured using a Qubit®
DNA Assay Kit in a Qubit® 2.0 fluorometer (Life Tech-
nologies, CA, USA). For library preparation and quan-
tification, 50 ng of DNA per sample was used as input
material for ChIP sample preparation. Sequencing librar-

ies were generated using the NEBNext® Ultra™ DNA

121-free medium (B)

Library Prep Kit for Illlumina® (NEB, USA) following the
manufacturer’s recommendations, and indexing barcodes
were added to attribute sequences to each sample. The
library preparations were then sequenced on an Illumina
platform, and 2x 150 bp paired-end sequencing reads
were generated.

ChIP sequencing library preparation and data analy-
sis were conducted by LC-Bio (Hangzhou, Zhejiang
310018, China). Raw sequencing data were cleaned
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using FASTQC (v0.11.5) to filter out adapters and
low-quality reads, and the unique mapped reads were
collected by mapping the cleaned reads to a reference
genome with no more than two mismatches by Bowtie
2. MACS2 (v2.1.1) was used to call peaks, resulting in
robust and high-resolution ChIP-seq peak predictions.
The peaks were annotated to the related genes using
Homer (v4.10). deepTools (v2.4.1) was used to plot
gene coverage of the reads near TSSs and transcription
termination sites (TTSs). ChIPseeker (v1.5.1) was used
to visualize the read distribution on chromosomes.
Homer (v4.10) was used to search motifs and analyse
transcription factors.

qPCR
The detailed procedures for RNA isolation, complemen-
tary DNA (cDNA) synthesis, and qRT-PCR analysis are
reported in our earlier studies. In brief, total RNA was
extracted with TRIzol reagent (Cat # 15596018, Invitrogen)
according to the manufacturer’s instructions and was then
used to synthesize first-strand cDNA using the 5X Prime-
Script Kit (Cat # RR036A, Takara). Quantitative PCR was
performed on the Applied Biosystems 7500 Standard Real-
Time PCR System, and the relative expression of each gene
was normalized to GAPDH expression. The primers used
for gene amplification were as follows. MAT2A: (forward)
5-ATGAACGGACAGCTCAACGG-3; (reverse) 5-CCA
GCAAGAAGGATCATTCCAG-3’; c-myc: (forward) 5-
AAGGTCAGAGTCTGGATCAC-3; (reverse) 5- TAA
CTACCTTGGGGGCCTTT-3’; IGF2: (forward) 5-'GTG
GCATCGTTGAGGAGTG’-3; (reverse) 5-GTGGCATCG
TTGAGGAGTG-3; GAPDH: (forward) 5-AGATCATCA
GCAATGCCTCCT-3; (reverse) 5-TGAGTCCTTCCA
CGATACCAA-3.

ELISA

The IL-4, IL-13, IL-5, IL-2 and IFN-y concentrations in
the supernatants were measured using commercially
available ELISA kits according to the manufacturer’s
instructions. The IGF2 concentration was assessed with
ELISA kits, and the SAM and SAH concentrations were
quantified using commercially available ELISA kits.

Single-nucleus RNA sequencing

Our team used frozen tissue as a source material to
obtain purified nuclei for single-nucleus RNA sequenc-
ing. The Chromium Single Cell 3’ Kit V3 was used to
construct libraries. The Illumina platform was used to
perform sequencing. This analysis comprised two main
processes (preprocessing pipeline, annotation and gene
expression analysis), and the detailed procedures were
described in previous publications [73, 74].
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Statistics

GraphPad Prism software for Windows (version 8.0; San
Diego, CA, USA) was utilized for all statistical analyses
in this study. Standard two-tailed, unpaired Student’s
t test or one-way ANOVA was used for comparisons of
parameters between two groups or among more than
two groups, respectively. The data are expressed as the
mean ts.d. values. P<0.05 and P<0.01 were considered
to indicate significant differences and highly significant
differences, respectively. In vitro experiments were con-
ducted at least two times with reproducibly consistent
results (n >3 donors per group in each experiment).

Samples and study approval

Adult patients with CRSWNP and control subjects were
randomly recruited from the First Affiliated Hospital of Sun
Yat-sen University. The study was endorsed by the Research
Ethics Committee of Sun Yat-sen University. Tissues were
obtained from the participants and divided into the control,
Th2 and non-Th2 groups according to a panel (Fig. S1).

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-023-01375-y.

Additional file 1.
Additional file 2.
Additional file 3.
Additional file 4.
Additional file 5.
Additional file 6.

Authors’ contributions

LY and YW conceived and designed the study. LY and YW contributed to the
work equally and should be regarded as co-first authors. WPW and YW supervised
the project. TL, ZQL, SML, Y.Y and CH.C performed the single cell sequencing
experiments and data analyses. LY performed mass experiments and TL, SM.LY.Y
assisted in experiments. W.PW and YW provided critical advice on experimental
design and data interpretation. LY wrote the manuscript.

Funding

This study was supported by National Natural Science Foundation of China
(NSFC) grants 82020108009, 81870696 (W.PW.), and 82171766 (W.Y.); Guang-
dong Natural Science Foundation of China grants 20188030312008 (W.PW.)
and 2021A1515010273 (W.Y.); and Guangzhou Science and Technology
Project of China grant 202102020498 (W.Y.).

Availability of data and materials
The datasets generated and/or analysed during the current study are available
from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

The protocol for the study involving human participants was approved by
the Institutional Review Board of the First Affiliated Hospital of Sun Yat-sen
University ([2020]302). All participants provided written informed consent to
participate in this study.


https://doi.org/10.1186/s12964-023-01375-y
https://doi.org/10.1186/s12964-023-01375-y

Yu et al. Cell Communication and Signaling

(2023) 21:345

Competing interests
The authors declare no competing interests.

Received: 6 July 2023 Accepted: 31 October 2023
Published online: 30 November 2023

References

1.

Kato A. Group 2 innate lymphoid cells in airway diseases. Chest.
2019;156(1):141-9. https://doi.org/10.1016/j.chest.2019.04.101.

Abbas EE, Li C, Xie A, Lu S, Tang L, Liu Y, et al. Distinct clinical pathology
and microbiota in chronic rhinosinusitis with nasal polyps endotypes.
Laryngoscope. 2021;131(1):E34-44. https://doi.org/10.1002/lary.28858.
Lou H, MengY, Piao Y, Wang C, Zhang L, Bachert C. Predictive significance
of tissue eosinophilia for nasal polyp recurrence in the Chinese popula-
tion. Am J Rhinol Allergy. 2015;29(5):350-6. https://doi.org/10.2500/ajra.
2015.294231.

Wang M, Zhang N, Zheng M, Li Y, Meng L, Ruan Y, et al. Cross-talk
between T(H)2 and T(H)17 pathways in patients with chronic rhinosi-
nusitis with nasal polyps. J Allergy Clin Immunol. 2019;144(5):1254-64.
https://doi.org/10.1016/jjaci.2019.06.023.

Krabbendam L, Bal SM, Spits H, Golebski K. New insights into the
function, development, and plasticity of type 2 innate lymphoid cells.
Immunol Rev. 2018;286(1):74-85. https://doi.org/10.1111/imr.12708.
Schleimer RP. Immunopathogenesis of chronic rhinosinusitis and nasal
polyposis. Annu Rev Pathol. 2017;12:331-57. https://doi.org/10.1146/
annurev-pathol-052016-100401.

Tomassen P, Vandeplas G, Van Zele T, Cardell LO, Arebro J, Olze H, et al.
Inflammatory endotypes of chronic rhinosinusitis based on cluster analy-
sis of biomarkers. J Allergy Clin Immunol. 2016;137(5):1449-56 e4. https://
doi.org/10.1016/j,jaci.2015.12.1324.

Wang X, Zhang N, Bo M, Holtappels G, Zheng M, Lou H, et al. Diver-

sity of T(H) cytokine profiles in patients with chronic rhinosinusitis: a
multicenter study in Europe, Asia, and Oceania. J Allergy Clin Immunol.
2016;138(5):1344-53. https://doi.org/10.1016/},jaci.2016.05.041.

KannoY, Vahedi G, Hirahara K, Singleton K, O'Shea JJ. Transcriptional and
epigenetic control of T helper cell specification: molecular mechanisms
underlying commitment and plasticity. Annu Rev Immunol. 2012;30:707-
31. https://doi.org/10.1146/annurev-immunol-020711-075058.

Karlic R, Chung HR, Lasserre J, Vlahovicek K, Vingron M. Histone modifica-
tion levels are predictive for gene expression. Proc Natl Acad Sci U S A.
2010;107(7):2926-31. https://doi.org/10.1073/pnas.0909344107.

. Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, et al. High-

resolution profiling of histone methylations in the human genome. Cell.
2007;129(4):823-37. https://doi.org/10.1016/j.cell.2007.05.009.

Bernstein BE, Stamatoyannopoulos JA, Costello JF, Ren B, Milosavljevic A,
Meissner A, et al. The NIH roadmap epigenomics mapping consortium.
Nat Biotechnol. 2010;28(10):1045-8. https://doi.org/10.1038/nbt10
10-1045.

Consortium EP, Birney E, Stamatoyannopoulos JA, Dutta A, Guigo R,
Gingeras TR, et al. Identification and analysis of functional elements

in 1% of the human genome by the ENCODE pilot project. Nature.
2007,447(7146):799-816. https://doi.org/10.1038/nature05874.

Koch CM, Andrews RM, Flicek P, Dillon SC, Karaoz U, Clelland GK, et al. The
landscape of histone modifications across 1% of the human genome in
five human cell lines. Genome Res. 2007;17(6):691-707. https://doi.org/
10.1101/gr.5704207.

Bernstein BE, Humphrey EL, Erlich RL, Schneider R, Bouman P, Liu JS, et al.
Methylation of histone H3 Lys 4 in coding regions of active genes. Proc
Natl Acad Sci U S A. 2002;99(13):8695-700. https://doi.org/10.1073/pnas.
082249499.

Noma K, Grewal SI. Histone H3 lysine 4 methylation is mediated by Set1
and promotes maintenance of active chromatin states in fission yeast.
Proc Natl Acad Sci U S A. 2002;,99(Suppl 4):16438-45. https://doi.org/10.
1073/pnas.182436399.

Hamamoto R, Furukawa Y, Morita M, limura Y, Silva FP, Li M, et al. SMYD3
encodes a histone methyltransferase involved in the proliferation of can-
cer cells. Nat Cell Biol. 2004;6(8):731-40. https://doi.org/10.1038/ncb1151.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Page 150f 17

. Asuthkar S, Venkataraman S, Avilala J, Shishido K, Vibhakar R, Veo B, et al.

SMYD3 promotes cell cycle progression by inducing cyclin D3 transcrip-
tion and stabilizing the cyclin D1 protein in medulloblastoma. Cancers
(Basel). 2022;14(7):1673. https://doi.org/10.3390/cancers14071673.

. Peserico A, Germani A, Sanese P, Barbosa AJ, Di Virgilio V, Fittipaldi R, et al.

A SMYD3 small-molecule inhibitor impairing cancer cell growth. J Cell
Physiol. 2015;230(10):2447-60. https://doi.org/10.1002/jcp.24975.

Fabini E, Manoni E, Ferroni C, Rio AD, Bartolini M. Small-molecule
inhibitors of lysine methyltransferases SMYD2 and SMYD3: current
trends. Future Med Chem. 2019;11(8):901-21. https://doi.org/10.4155/
fmc-2018-0380.

DeChiara TM, Robertson EJ, Efstratiadis A. Parental imprinting of the
mouse insulin-like growth factor Il gene. Cell. 1991,64(4):849-59. https://
doi.org/10.1016/0092-8674(91)90513-x.

Selenou C, Brioude F, Giabicani E, Sobrier ML, Netchine I. IGF2: develop-
ment, genetic and epigenetic abnormalities. Cells. 2022;11(12):1886.
https://doi.org/10.3390/cells11121886.

Jiang Y, LyuT, Che X, Jia N, Li Q, Feng W. Overexpression of SMYD3 in ovar-
ian cancer is associated with ovarian cancer proliferation and apoptosis
via methylating H3K4 and H4K20. J Cancer. 2019;10(17):4072-84. https://
doi.org/10.7150/jca.29861.

Kidd CD, Thompson PJ, Barrett L, Baltic S. Histone Modifications and
asthma. The interface of the epigenetic and genetic landscapes. Am

J Respir Cell Mol Biol. 2016;54(1):3-12. https://doi.org/10.1165/rcmb.
2015-0050TR.

Hartnell A, Heinemann A, Conroy DM, Wait R, Sturm GJ, Caversaccio M,
et al. Identification of selective basophil chemoattractants in human
nasal polyps as insulin-like growth factor-1 and insulin-like growth fac-
tor-2. J Immunol. 2004;173(10):6448-57. https://doi.org/10.4049/jimmu
nol.173.10.6448.

Hansenne I, Renard-Charlet C, Greimers R, Geenen V. Dendritic cell
differentiation and immune tolerance to insulin-related peptides in Igf2-
deficient mice. J Immunol. 2006;176(8):4651-7. https://doi.org/10.4049/
jimmunol.176.8.4651.

Kooijman R, van Buul-Offers SC, Scholtens LE, Schuurman HJ, Van den
Brande LJ, Zegers BJ. T cell development in insulin-like growth factor-Il
transgenic mice. J Immunol. 1995;154(11):5736-45.

Kecha O, Brilot F, Martens H, Franchimont N, Renard C, Greimers R,

et al. Involvement of insulin-like growth factors in early T cell devel-
opment: a study using fetal thymic organ cultures. Endocrinology.
2000;141(3):1209-17. https://doi.org/10.1210/endo.141.3.7360.

DuL, LinL, LiQ Liu K, HuangY,Wang X, et al. IGF-2 preprograms matur-
ing macrophages to acquire oxidative phosphorylation-dependent
anti-inflammatory properties. Cell Metab. 2019;29(6):1363-75 e8. https://
doi.org/10.1016/j.cmet.2019.01.006.

Kermani H, Goffinet L, Mottet M, Bodart G, Morrhaye G, Dardenne O, et al.
Expression of the growth hormone/insulin-like growth factor axis during
Balb/c thymus ontogeny and effects of growth hormone upon ex vivo T
cell differentiation. NeurolmmunoModulation. 2012;19(3):137-47. https://
doi.org/10.1159/000328844.

LvJ, Liu C, Chen FK, Feng ZP, Jia L, Liu PJ, et al. M2-like tumour-associated
macrophage-secreted IGF promotes thyroid cancer stemness and
metastasis by activating the PI3K/AKT/mTOR pathway. Mol Med Rep.
2021;24(2):1-10. https://doi.org/10.3892/mmr.2021.12249.

Chao R, Li D, Yue Z, Huang C, Kou Y, Zhou Q, et al. Interleukin-4 restores
insulin sensitivity in insulin-resistant osteoblasts by increasing the expres-
sion of insulin receptor substrate 1. Biochemistry (Mosc). 2020;85(3):334-
43, https://doi.org/10.1134/50006297920030098.

Pegg AE. Functions of polyamines in mammals. J Biol Chem.
2016;291(29):14904-12. https://doi.org/10.1074/jbc.R116.731661.
Shyh-Chang N, Locasale JW, Lyssiotis CA, Zheng Y, Teo RY, Ratanasirin-
trawoot S, et al. Influence of threonine metabolism on S-adenosylmethio-
nine and histone methylation. Science. 2013;339(6116):222-6. https://doi.
org/10.1126/science.1226603.

Su X, Wellen KE, Rabinowitz JD. Metabolic control of methylation and
acetylation. Curr Opin Chem Biol. 2016;30:52-60. https://doi.org/10.
1016/j.cbpa.2015.10.030.

Fuchs RT, Grundy FJ, Henkin TM. The S(MK) box is a new SAM-binding
RNA for translational regulation of SAM synthetase. Nat Struct Mol Biol.
2006;13(3):226-33. https://doi.org/10.1038/nsmb1059.


https://doi.org/10.1016/j.chest.2019.04.101
https://doi.org/10.1002/lary.28858
https://doi.org/10.2500/ajra.2015.29.4231
https://doi.org/10.2500/ajra.2015.29.4231
https://doi.org/10.1016/j.jaci.2019.06.023
https://doi.org/10.1111/imr.12708
https://doi.org/10.1146/annurev-pathol-052016-100401
https://doi.org/10.1146/annurev-pathol-052016-100401
https://doi.org/10.1016/j.jaci.2015.12.1324
https://doi.org/10.1016/j.jaci.2015.12.1324
https://doi.org/10.1016/j.jaci.2016.05.041
https://doi.org/10.1146/annurev-immunol-020711-075058
https://doi.org/10.1073/pnas.0909344107
https://doi.org/10.1016/j.cell.2007.05.009
https://doi.org/10.1038/nbt1010-1045
https://doi.org/10.1038/nbt1010-1045
https://doi.org/10.1038/nature05874
https://doi.org/10.1101/gr.5704207
https://doi.org/10.1101/gr.5704207
https://doi.org/10.1073/pnas.082249499
https://doi.org/10.1073/pnas.082249499
https://doi.org/10.1073/pnas.182436399
https://doi.org/10.1073/pnas.182436399
https://doi.org/10.1038/ncb1151
https://doi.org/10.3390/cancers14071673
https://doi.org/10.1002/jcp.24975
https://doi.org/10.4155/fmc-2018-0380
https://doi.org/10.4155/fmc-2018-0380
https://doi.org/10.1016/0092-8674(91)90513-x
https://doi.org/10.1016/0092-8674(91)90513-x
https://doi.org/10.3390/cells11121886
https://doi.org/10.7150/jca.29861
https://doi.org/10.7150/jca.29861
https://doi.org/10.1165/rcmb.2015-0050TR
https://doi.org/10.1165/rcmb.2015-0050TR
https://doi.org/10.4049/jimmunol.173.10.6448
https://doi.org/10.4049/jimmunol.173.10.6448
https://doi.org/10.4049/jimmunol.176.8.4651
https://doi.org/10.4049/jimmunol.176.8.4651
https://doi.org/10.1210/endo.141.3.7360
https://doi.org/10.1016/j.cmet.2019.01.006
https://doi.org/10.1016/j.cmet.2019.01.006
https://doi.org/10.1159/000328844
https://doi.org/10.1159/000328844
https://doi.org/10.3892/mmr.2021.12249
https://doi.org/10.1134/S0006297920030098
https://doi.org/10.1074/jbc.R116.731661
https://doi.org/10.1126/science.1226603
https://doi.org/10.1126/science.1226603
https://doi.org/10.1016/j.cbpa.2015.10.030
https://doi.org/10.1016/j.cbpa.2015.10.030
https://doi.org/10.1038/nsmb1059

Yu et al. Cell Communication and Signaling

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

(2023) 21:345

LaMonte BL, Hughes JA. In vivo hydrolysis of S-adenosylmethionine
induces the met regulon of escherichia coli. Microbiology (Reading).
2006;152(Pt 5):1451-9. https://doi.org/10.1099/mic.0.28489-0.

Sadhu MJ, Moresco JJ, Zimmer AD, Yates JR 3rd, Rine J. Multiple inputs
control sulfur-containing amino acid synthesis in Saccharomyces cer-
evisiae. Mol Biol Cell. 2014;25(10):1653-65. https://doi.org/10.1091/mbc.
E13-12-0755.

LiuT, Yang H, Fan W, Tu J, LiTWH, Wang J, et al. Mechanisms of MAFG
dysregulation in cholestatic liver injury and development of liver cancer.
Gastroenterology. 2018;155(2):557-71 e14. https://doi.org/10.1053/.
gastro.2018.04.032.

Dey P, Li J, Zhang J, Chaurasiya S, Strom A, Wang H, et al. Oncogenic
KRAS-driven metabolic reprogramming in pancreatic cancer cells

utilizes cytokines from the tumor microenvironment. Cancer Discov.
2020;10(4):608-25. https://doi.org/10.1158/2159-8290.CD-19-0297.

Hsin IL, Shen HP, Chang HY, Ko JL, Wang PH. Suppression of PI3K/Akt/
mTOR/c-Myc/mtp53 Positive feedback loop induces cell cycle arrest by
dual PI3K/mTOR inhibitor PQR309 in endometrial cancer cell lines. Cells.
2021;10(11):2916. https://doi.org/10.3390/cells10112916.

Quinlan CL, Kaiser SE, Bolanos B, Nowlin D, Grantner R, Karlicek-Bryant S,
et al. Targeting S-adenosylmethionine biosynthesis with a novel allosteric
inhibitor of Mat2A. Nat Chem Biol. 2017;13(7):785-92. https://doi.org/10.
1038/nchembio.2384.

Tang S, Fang Y, Huang G, Xu X, Padilla-Banks E, Fan W, et al. Methionine
metabolism is essential for SIRT1-regulated mouse embryonic stem cell
maintenance and embryonic development. EMBO J. 2017;36(21):3175-
93. https://doi.org/10.15252/embj.201796708.

Tang X, Keenan MM, Wu J, Lin CA, Dubois L, Thompson JW, et al. Compre-
hensive profiling of amino acid response uncovers unique methionine-
deprived response dependent on intact creatine biosynthesis. PLoS
Genet. 2015;11(4):21005158. https://doi.org/10.1371/journal.pgen.10051
58.

Ulanovskaya OA, Zuhl AM, Cravatt BE. NNMT promotes epigenetic remod-
eling in cancer by creating a metabolic methylation sink. Nat Chem Biol.
2013;9(5):300-6. https://doi.org/10.1038/nchembio.1204.

Shiraki N, Shiraki Y, Tsuyama T, Obata F, Miura M, Nagae G, et al. Methio-
nine metabolism regulates maintenance and differentiation of human
pluripotent stem cells. Cell Metab. 2014;19(5):780-94. https://doi.org/10.
1016/j.cmet.2014.03.017.

Fu L, Zhao J, Huang J, Li N, Dong X, He Y, et al. A mitochondrial STAT3-
methionine metabolism axis promotes ILC2-driven allergic lung inflam-
mation. J Allergy Clin Immunol. 2022;149(6):2091-104. https://doi.org/10.
1016/}jaci.2021.12.783.

Duan S, Han X, Jiao J, Wang M, Li Y, Wang Y, et al. Histone deacetylase
activity is a novel target for epithelial barrier defects in patients with
eosinophilic chronic rhinosinusitis with nasal polyps. Clin Exp Allergy.
2023;53(4):443-54. https://doi.org/10.1111/cea.14258.

Yu L, LiN, Zhang J, Jiang Y. IL-13 regulates human nasal epithelial cell
differentiation via H3K4me3 modification. J Inflamm Res. 2017;10:181-8.
https://doi.org/10.2147/JIR.S149156.

Stefanowicz D, Lee JY, Lee K, Shaheen F, Koo HK, Booth S, et al. Elevated
H3K18 acetylation in airway epithelial cells of asthmatic subjects. Respir
Res. 2015;16(1):95. https://doi.org/10.1186/512931-015-0254-y.
Puddicombe SM, Polosa R, Richter A, Krishna MT, Howarth PH, Holgate ST,
et al. Involvement of the epidermal growth factor receptor in epithelial
repair in asthma. FASEB J. 2000;14(10):1362-74. https://doi.org/10.1096/f).
14.10.1362.

Mullings RE, Wilson SJ, Puddicombe SM, Lordan JL, Bucchieri F, Dju-
kanovic R, et al. Signal transducer and activator of transcription 6 (STAT-6)
expression and function in asthmatic bronchial epithelium. J Allergy Clin
Immunol. 2001;108(5):832-8. https://doi.org/10.1067/mai.2001.119554.
McErlean P, Kelly A, Dhariwal J, Kirtland M, Watson J, Ranz |, et al. Profiling
of H3K27Ac reveals the influence of asthma on the epigenome of the
airway epithelium. Front Genet. 2020;11:585746. https://doi.org/10.3389/
fgene.2020.585746.

Donohoe DR, Bultman SJ. Metaboloepigenetics: interrelationships
between energy metabolism and epigenetic control of gene expression.
J Cell Physiol. 2012;227(9):3169-77. https//doi.org/10.1002/jcp.24054.
Carey BW, Finley LW, Cross JR, Allis CD, Thompson CB. Intracellular
alpha-ketoglutarate maintains the pluripotency of embryonic stem cells.
Nature. 2015;518(7539):413-6. https://doi.org/10.1038/nature13981.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 16 of 17

Van Aller GS, Graves AP, Elkins PA, Bonnette WG, McDevitt PJ, Zappacosta
F, et al. Structure-based design of a novel SMYD3 inhibitor that bridges
the SAM-and MEKK2-binding pockets. Structure. 2016;24(5):774-81.
https://doi.org/10.1016/j.5tr.2016.03.010.

Lee K, Gudapati P, Dragovic S, Spencer C, Joyce S, Killeen N, et al. Mam-
malian target of rapamycin protein complex 2 regulates differentiation
of Th1 and Th2 cell subsets via distinct signaling pathways. Immunity.
2010;32(6):743-53. https://doi.org/10.1016/j.immuni.2010.06.002.
Delgoffe GM, Pollizzi KN, Waickman AT, Heikamp E, Meyers DJ, Horton
MR, et al. The kinase mTOR regulates the differentiation of helper T cells
through the selective activation of signaling by mTORC1 and mTORC2.
Nat Immunol. 2011;12(4):295-303. https://doi.org/10.1038/ni.2005.
Wang P, Zhang Q Tan L, Xu Y, Xie X, Zhao Y. The Regulatory Effects of
mTOR complexes in the differentiation and function of CD4(+) T cell sub-
sets. J Immunol Res. 2020;2020:3406032. https://doi.org/10.1155/2020/
3406032.

Fundova P, Filipovsky T, Funda DP, Hovorka O, Holy R, Navara M et al.
Expression of IGF-1R and iNOS in nasal polyps; epithelial cell homeostasis
and innate immune mechanisms in pathogenesis of nasal polyposis.
Folia Microbiol (Praha). 2008;53(6):558-62. doi:https://doi.org/10.1007/
$12223-008-0089-8.

Dransfield DT, Cohen EH, Chang Q, Sparrow LG, Bentley JD, Dolezal O,

et al. A human monoclonal antibody against insulin-like growth factor-Il
blocks the growth of human hepatocellular carcinoma cell lines in vitro
and in vivo. Mol Cancer Ther. 2010;9(6):1809-19. https://doi.org/10.1158/
1535-7163.MCT-09-1134.

Mireuta M, Birman E, Barmash M, Pollak M. Quantification of binding of
IGF-1 to BI 836845, a candidate therapeutic antibody against IGF-1 and
IGF-2, and effects of this antibody on IGF-1:IGFBP-3 complexes in vitro
and in male C57BL/6 mice. Endocrinology. 2014;155(3):703-15. https://
doi.org/10.1210/en.2013-1791.

Fernando R, Caldera O, Smith TJ. Therapeutic IGF-I receptor inhibition
alters fibrocyte immune phenotype in thyroid-associated ophthalmopa-
thy. Proc Natl Acad Sci U S A. 2021;118(52):e2114244118. https://doi.org/
10.1073/pnas.2114244118.

Luo L, Zhang Z, Qiu N, Ling L, Jia X, Song Y, et al. Disruption of FOXO3a-
miRNA feedback inhibition of IGF2/IGF-1R/IRS1 signaling confers
Herceptin resistance in HER2-positive breast cancer. Nat Commun.
2021;12(1):2699. https://doi.org/10.1038/541467-021-23052-9.

Pappo AS, Vassal G, Crowley JJ, Bolejack V, Hogendoorn PC, Chugh R, et al.
A phase 2 trial of R1507, a monoclonal antibody to the insulin-like growth
factor-1 receptor (IGF-1R), in patients with recurrent or refractory rhab-
domyosarcoma, osteosarcoma, synovial sarcoma, and other soft tissue
sarcomas: results of a sarcoma alliance for research through collaboration
study. Cancer. 2014;120(16):2448-56. https://doi.org/10.1002/cncr.28728.
WeiY, Zhang J, Wu X, Sun W, Wei F, Liu W, et al. Activated pyrin

domain containing 3 (NLRP3) inflammasome in neutrophilic chronic
rhinosinusitis with nasal polyps (CRSWNP). J Allergy Clin Immunol.
2020;145(3):1002-5 e16. https://doi.org/10.1016/}.jaci.2020.01.009.
Bojkova D, Bechtel M, McLaughlin KM, McGreig JE, Klann K, Bellinghausen
C, et al. Aprotinin inhibits SARS-CoV-2 replication. Cells. 2020;9(11):2377.
https://doi.org/10.3390/cells9112377.

Scudieri P, Musante |, Venturini A, Guidone D, Genovese M, Cresta F, et al.
lonocytes and CFTR chloride channel expression in normal and cystic
fibrosis nasal and bronchial epithelial cells. Cells. 2020;9(9):2090. https://
doi.org/10.3390/cells9092090.

Gao WX, Sun YQ, Shi J, Li CL, Fang SB, Wang D, et al. Effects of mes-
enchymal stem cells from human induced pluripotent stem cells on
differentiation, maturation, and function of dendritic cells. Stem Cell Res
Ther. 2017;8(1):48. https://doi.org/10.1186/513287-017-0499-0.

Shen W, Falahati R, Stark R, Leitenberg D, Ladisch S. Modulation of

CD4 Th cell differentiation by ganglioside GD1a in vitro. J Immunol.
2005;175(8):4927-34. https://doi.org/10.4049/jimmunol.175.8.4927.
Fernandez-Sesma A, Marukian S, Ebersole BJ, Kaminski D, Park MS, Yuen
T, et al. Influenza virus evades innate and adaptive immunity via the

NS1 protein. J Virol. 2006;80(13):6295-304. https://doi.org/10.1128/JVI.
02381-05.

Li LY, Zhou YT, Sun L, Liu XY, Li J, Hong Y, et al. Downregulation of MCM2
contributes to the reduced growth potential of epithelial progenitor cells
in chronic nasal inflammation. J Allergy Clin Immunol. 2021;147(5):1966-
73 e3. https://doi.org/10.1016/jjaci.2020.11.026.


https://doi.org/10.1099/mic.0.28489-0
https://doi.org/10.1091/mbc.E13-12-0755
https://doi.org/10.1091/mbc.E13-12-0755
https://doi.org/10.1053/j.gastro.2018.04.032
https://doi.org/10.1053/j.gastro.2018.04.032
https://doi.org/10.1158/2159-8290.CD-19-0297
https://doi.org/10.3390/cells10112916
https://doi.org/10.1038/nchembio.2384
https://doi.org/10.1038/nchembio.2384
https://doi.org/10.15252/embj.201796708
https://doi.org/10.1371/journal.pgen.1005158
https://doi.org/10.1371/journal.pgen.1005158
https://doi.org/10.1038/nchembio.1204
https://doi.org/10.1016/j.cmet.2014.03.017
https://doi.org/10.1016/j.cmet.2014.03.017
https://doi.org/10.1016/j.jaci.2021.12.783
https://doi.org/10.1016/j.jaci.2021.12.783
https://doi.org/10.1111/cea.14258
https://doi.org/10.2147/JIR.S149156
https://doi.org/10.1186/s12931-015-0254-y
https://doi.org/10.1096/fj.14.10.1362
https://doi.org/10.1096/fj.14.10.1362
https://doi.org/10.1067/mai.2001.119554
https://doi.org/10.3389/fgene.2020.585746
https://doi.org/10.3389/fgene.2020.585746
https://doi.org/10.1002/jcp.24054
https://doi.org/10.1038/nature13981
https://doi.org/10.1016/j.str.2016.03.010
https://doi.org/10.1016/j.immuni.2010.06.002
https://doi.org/10.1038/ni.2005
https://doi.org/10.1155/2020/3406032
https://doi.org/10.1155/2020/3406032
https://doi.org/10.1007/s12223-008-0089-8
https://doi.org/10.1007/s12223-008-0089-8
https://doi.org/10.1158/1535-7163.MCT-09-1134
https://doi.org/10.1158/1535-7163.MCT-09-1134
https://doi.org/10.1210/en.2013-1791
https://doi.org/10.1210/en.2013-1791
https://doi.org/10.1073/pnas.2114244118
https://doi.org/10.1073/pnas.2114244118
https://doi.org/10.1038/s41467-021-23052-9
https://doi.org/10.1002/cncr.28728
https://doi.org/10.1016/j.jaci.2020.01.009
https://doi.org/10.3390/cells9112377
https://doi.org/10.3390/cells9092090
https://doi.org/10.3390/cells9092090
https://doi.org/10.1186/s13287-017-0499-0
https://doi.org/10.4049/jimmunol.175.8.4927
https://doi.org/10.1128/JVI.02381-05
https://doi.org/10.1128/JVI.02381-05
https://doi.org/10.1016/j.jaci.2020.11.026

Yu et al. Cell Communication and Signaling (2023) 21:345

73. Ma J, Tibbitt CA, Georen SK, Christian M, Murrell B, Cardell LO, et al. Single-
cell analysis pinpoints distinct populations of cytotoxic CD4(+) T cells and
an IL-10(+)CD109(+) T(H)2 cell population in nasal polyps. Sci Immunol.
2021,6(62):eabg6356. https://doi.org/10.1126/sciimmunol.abg6356.

74. Wang W, XuY,Wang L, Zhu Z, Aodeng S, Chen H, et al. Single-cell profil-
ing identifies mechanisms of inflammatory heterogeneity in chronic
rhinosinusitis. Nat Immunol. 2022;23(10):1484-94. https://doi.org/10.
1038/541590-022-01312-0.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1126/sciimmunol.abg6356
https://doi.org/10.1038/s41590-022-01312-0
https://doi.org/10.1038/s41590-022-01312-0

	The SMYD3-dependent H3K4me3 status of IGF2 intensifies local Th2 differentiation in CRSwNP via positive feedback
	Abstract 
	Introduction
	Results
	Aberrant global H3K4me3 levels and specific methyltransferases-SMYD3 among Th2-CRSwNP, non-Th2 CRSwNP and control groups
	Altered levels of H3K4me3 and SMYD3 in primary human nasal epithelial cells (HNECs) in the Th2-dominant microenvironment
	H3K4me3high nasal epithelial cells induce the differentiation of cocultured naïve CD4+ T cells into Th2 cells
	Th2 cell differentiation from naïve CD4 + T cells is enhanced by IGF2 produced by H3K4me3high nasal epithelial cells pretreated with IL-4
	The IL-4-driven SMYD3-mediated H3K4me3high status of IGF2 in human nasal epithelial cells is mediated via the c-Myc-MAT2A axis

	Discussion
	Materials and methods
	Reagents and antibodies
	Histone lysine modifications and histone modification multiplex assay
	Western blot analysis
	Primary human nasal epithelial cells and cell lines
	Purification of naïve CD4 + T cells
	Stimulation of nasal epithelial cells with IL-4, establishment of the coculture model, and flow cytometry
	(ChIP assay and bioinformatics pipeline
	qPCR
	ELISA
	Single-nucleus RNA sequencing
	Statistics
	Samples and study approval

	Anchor 24
	References


