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Mettl3-catalyzed m°A regulates histone modifier and
modification expression in self-renewing somatic tissue

Alexandra M. Maldonado Lépez', Eun Kyung Ko'?, Sijia Huang?, Gina Pacella’?,
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N6-methyladenosine (m®A) is the most abundant modification on messenger RNAs (MRNAs) and is catalyzed by
methyltransferase-like protein 3 (Mettl3). To understand the role of m°®A in a self-renewing somatic tissue, we
deleted MettI3 in epidermal progenitors in vivo. Mice lacking Mett/3 demonstrate marked features of dysfunc-
tional development and self-renewal, including a loss of hair follicle morphogenesis and impaired cell adhesion
and polarity associated with oral ulcerations. We show that Mettl3 promotes the m®A-mediated degradation of
mRNAs encoding critical histone modifying enzymes. Depletion of Mettl3 results in the loss of m°A on these
mRNAs and increases their expression and associated modifications, resulting in widespread gene expression
abnormalities that mirror the gross phenotypic abnormalities. Collectively, these results have identified an ad-
ditional layer of gene regulation within epithelial tissues, revealing an essential role for m®A in the regulation of
chromatin modifiers, and underscoring a critical role for Mettl3-catalyzed m®A in proper epithelial development
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and self-renewal.

INTRODUCTION

Self-renewing somatic tissues, such as the cutaneous and oral epi-
thelia, provide an essential protective barrier throughout life that is
constantly self-renewing through a stepwise differentiation
program. In the skin, stem-like progenitor cells such as epidermal
keratinocytes progress upwards to become terminally differentiated
cells that make up a barrier against water loss, injury, and microbes
(1). This highly coordinated differentiation process requires pre-
cisely regulated spatiotemporal changes in gene expression (2), dys-
function of which can promote both neoplastic and inflammatory
skin diseases (3). One emerging area of gene regulation is that of
epitranscriptomics (4), or regulated RNA chemical modifications
that offer an additional layer of gene regulation beyond modifica-
tions to DNA and histones (5). While epitranscriptomic mecha-
nisms have been implicated in a variety of processes ranging from
stem cell differentiation to cancer, the role of the epitranscriptome
in self-renewing epithelial tissues is poorly understood.

Among RNA modifications, N6-methyladenosine (m°A) is the
most abundant chemical modification of mRNAs and is enriched
in long internal exons, in the 3’ untranslated region (3'UTR) and
near stop codons in human and mouse transcriptomes (6). m®A
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is catalyzed cotranscriptionally on nascent pre-mRNA by an evolu-
tionarily conserved, multicomponent writer complex with one
known catalytic component, methyltransferase-like 3 (Mettl3).
Mettl3-mediated m°®A has been shown to regulate various aspects
of mRNA metabolism, including both its stability and degradation
by phase separation (7), as well as its translation (8-10).

At the organismal level, Mettl3-mediated m°A has been shown
to regulate various aspects of cell development and homeostasis. For
example, it facilitates rapid transcriptome turnover during cell dif-
ferentiation to maintain homeostasis (11). Studies have shown thata
reduction in m°®A levels promotes cell differentiation, while an
overall increase of methylation induces stemness and, therefore,
suppresses cell differentiation (12). Consistent with this, the loss
of m®A via deletion of the writer catalytic subunit Mettl3 promotes
differentiation of mouse T cells (13), and down-regulation of Mett]3
promotes up-regulation of hematopoietic cell differentiation genes
(I14). In contrast, overexpression of Mettl3 has been found in nu-
merous cancers, including epithelial cancers such as oral and cuta-
neous squamous cell carcinomas (SCCs), and has been shown to be
associated with stem-like properties and to accelerate the prolifera-
tion, invasion, and migration of SCC cells (15, 16). Despite this, a
deep mechanistic understanding of the functional roles of Mettl3
and m°A in self-renewing stratifying somatic epithelia is lacking.
Therefore, in this study, we combined both genome-wide
methods and in vivo modeling to better understand the role of
the Mettl3-m®A epitranscriptome in these critical tissues.

RESULTS

Loss of MettlI3 leads to grossly abnormal epidermal and
tongue development

To better understand the role of the epitranscriptome in stratifying
epithelia, we created mice with an epithelial-specific deletion of
Mettl3 by crossing mice floxed for Mettl3 with mice carrying a
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keratin 14 (Krt14)—Cre (Krt14-Cre; Mettl3"" or “Mettl3-eKO"),asa  Phenotypically, Mett/3-eKO mice displayed pink skin at P5 and
whole-body deletion of MettI3 is embryonic lethal (17). Mettl3-eKO  P6 that was notably different in comparison to wild-type (WT) con-
mice did not survive past 1 week of age; thus, we harvested them for  trols (Fig. 1A), suggesting a potential failure to enter anagen, the
our experimental purposes on postnatal day 5 or 6 (P5 or P6). period of active hair growth from P1 to P12 (18-20). In addition,
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Fig. 1. Loss of MettI3 leads to grossly abnormal epidermal and tongue development. (A) Postnatal day 6 (P6) Mett/3-eKO mice display a complete absence of hairand
are half the size of WT control littermates. (B) Mett/3-eKO mice weigh less than controls and MettI3-heterozygotes (“Hets"). (C) IHC of murine dorsal skin. The dotted orange
line demarcates the epidermis-dermis junction. The orange arrow signals the nucleus of the keratinocyte in which MettI3 is found. Controls have Mettl3 present through-
out the epidermis, but the staining is gone in the Mett/3-eKO epidermis. (D) Mett/3-eKO skin displays malformed hair follicles (silver arrows), as well as loss of cell polarity in
the basal epidermal cells along with thicker granular and cornified layers. (E) Mett/3-eKO oral epithelium of the tongue has malformed filiform papillae and tastebuds. (F)
MettI3-eKO tongues also display large ulcers in the posterior dorsal aspect.
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Mettl3-eKO mice were also about half the size of WT littermates
(Fig. 1A). Notably, we observed that MettI3 heterozygotes
weighed more than Mett/3-eKO mice, but less than WT control
mice, suggesting that there is a correlation between weight loss
with the loss of each allele of Mettl3 (Fig. 1B). Together, these
gross observations underscored how critical Mettl3 is for proper ep-
ithelial development.

We next examined the epithelial tissues histologically. Immuno-
histochemistry (IHC) confirmed a complete loss of Mett]3 through-
out the epidermis (Fig. 1C). Using hematoxylin and eosin (H&E)
staining, we saw that the skin of WT mice demonstrated normally
formed epidermal layers with fully developed hair follicles and
visible hair growth. In contrast, the Mett13-eKO epidermis revealed
several morphological abnormalities. In the basal layer of the inter-
follicular epidermis (IFE), we found that the cell nuclei were not
parallel to each other and displayed a loss of cell polarity, together
suggesting potential defects in cell adhesion and proliferation (21).
Consistent with a previous study, we observed notable abnormali-
ties in hair follicle morphogenesis (Fig. 1D and fig. S1A) (22).
Beyond the loss of cell polarity in the basal IFE, the typical clear
separation observed between Krt14 and keratin 10 layers of the
IFE were more blurred, suggesting potential dysregulation of the
differentiation process (fig. S1B). Consistent with this, we observed
increased numbers of Ki67-positive staining cells in both the basal
and suprabasal cells in Mett[3-eKO mice in comparison to WT
mice, suggestive of potentially accelerated transition of basal pro-
genitors to the suprabasal layers (fig. S1C). In addition, the supra-
basal IFE displayed increased thickness of several epidermal layers,
including stratum granulosum as well as the stratum corneum
(Fig. 1D and fig. S1D). For example, while overall expression of
the stratum corneum protein filaggrin did not appear changed,
there was a clear thickened stratum granulosum layer below the
stratum corneum (fig. S1D).

Because the Krt14-Cre system would also delete Mett/3 in the
oral epithelium (23), we next examined the murine tongue. While
WT control tongues demonstrated normal taste buds and filiform
papillae across the dorsal lingual epithelium, MettI3-eKO mice dis-
played severely impaired development of these features (Fig. 1E),
consistent with previous work showing that loss of Mettl3 led to
severe defects in taste bud development and abnormal epithelial
thickening (24). More unexpectedly, however, we observed that
80% of Mettl3-eKO mice were found to have full-thickness ulcera-
tions in the posterior aspect of the tongue, while none were present
in WT controls, nor in Mettl3-heterozygotes (Krt14-Cre; Mett13*'™)
(Fig. 1F), suggesting the MettI3-eKO mice had impaired cell adhe-
sion. Together, these results demonstrated that Mettl3 is a critical
regulator of normal epithelial development and homeostasis.

Mettl3 loss promotes marked transcriptional dysregulation

To begin to address the mechanisms behind how Mettl3 loss drove
these marked phenotypic changes, we next performed RNA se-
quencing (RNA-seq) from the dissected epidermis of Mettl3-eKO
mice in comparison with their WT control littermates. Consistent
with Mettl3's established role in mRNA transcript regulation, as
well as the numerous phenotypic abnormalities we were observing,
Mettl3-eKO mice displayed profound transcriptional dysregulation,
with almost 4000 genes displaying significant differential expression
upon Mettl3 deletion (Fig. 2A) (table S1). In line with the increased
epidermal thickening we observed in the Mett/3-eKO mice, Gene
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Ontology (GO) analysis of up-regulated genes identified categories
such as "keratinization” and "keratinocyte differentiation,” along
with specific transcripts like Krt6a, Krt6b, Krt16, and Krtl7
(Fig. 2, B and C), all of which are associated with both thickened
acral skin such as the human palm or sole, as well as in wounded
and/or stressed keratinocytes after injury. Numerous other tran-
scripts associated with keratinocyte terminal differentiation were
significantly up-regulated, including prodifferentiation transcrip-
tion factors (Grhl3), several small proline rich protein (Sprria,
Sprr2b, Sprr2d, Sprr2f, and Sprr2g), genes and several late cornified
envelope (Lce3a, Lce3b, Lee3d, and Lce3f) genes, as well as Tgm1
and Sfn. However, as not all canonical differentiation genes
seemed altered (fig. S1E), these results suggested that it was not a
simple “turning on” of differentiation, but rather dysregulation.

In addition, we noted enriched up-regulated categories of “RNA
modification” and “protein modification process,” which was par-
ticularly intriguing given the emerging role Mettl3 and m°A have
been shown to play in the regulation of other epigenetic modifiers
in a context-specific fashion (25). Transcripts identified by the
“protein modification process” were particularly notable for the
broad representation of numerous chromatin modifiers, and in par-
ticular, histone methyltransferases. These included four H3K4
methyltransferases, Setdla, Setdlb, Kmt2b (MII2), and Kmt2d
(MI14), as well as methyltransferases for H3K36 (Setd2), H3K9
(Setdbl), and H3K79 (Dot1l) (Fig. 2D). This was particularly inter-
esting, as it has been shown previously that forced reduction of
H3K4me3 by knockdown of KMT2B could reduce TGMI in
normal human epidermal keratinocytes (NHEKs). In addition,
knockdown of KMT2D caused a reduction of SPRR2B, together
suggesting that these H3K4 methyltransferases may activate many
genes involved in different stages of epidermal progenitor cell dif-
ferentiation (26). In support of this, more recent work has demon-
strated the importance of Kmt2d (Mll4) in promoting epidermal
differentiation and tumor suppression in vivo (27), while in con-
trast, enzymes that remove H3K4 methylation can suppress the ex-
pression of these terminal differentiation genes (28).

Next, we performed GO analysis on the down-regulated tran-
scripts. In contrast to the enrichment of genes associated with dif-
ferentiation seen among the up-regulated transcripts, down-
regulated transcripts were enriched for pathways and categories typ-
ically associated with epithelial progenitor cells and more develop-
mental pathways. These included categories such as “regulation of
non-canonical Wnt signaling,” “epithelial cell proliferation,” “extra-
cellular matrix (ECM) organization,” “collagen fibril organization,’
“cell adhesion,” and “pattern specification process” (Fig. 2E). All of
these GO terms represent categories known to be important for the
development and establishment of the basal layer of epithelial
surface tissues like the skin epidermis and oral epithelium as well
as hair follicle morphogenesis. For example, when examining the
transcripts that made up these categories, we noted that numerous
collagen genes were down-regulated (Fig. 2F), including Coll7al
(collagen XVII) (fig. S1, A and B), which facilitates epidermal-
dermal attachment and regulates proliferation of epidermal stem
cells in the IFE (29). Intriguingly, mutations in human COL17A1
are associated with junctional epidermolysis bullosa, a genetic blis-
tering disease of the skin (30, 31), while autoantibodies against col-
lagen XVII are also known to be the primary cause of mucous
membrane pemphigoid, a mucous membrane—dominated autoim-
mune subepithelial blistering disease that causes oral epithelial
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Fig. 2. Mettl3 loss promotes marked transcriptional dysregulation. (A) RNA-seq was performed on epidermis from Mett/3-eKO P6 mice (n = 3) versus control litter-
mates (n = 3). A log, fold change of +0.5 and an adjusted P value of <0.01 was done to visualize the significant changes. (B) Biological Process Terms Gene Ontology
(GO:BP) analysis of up-regulated transcripts in Mett/3-eKO mice. UV, ultraviolet. (C) Highly significant up-regulated transcripts in Mett/3-eKO mice from the “keratinization”
category. (D) Highly significant transcripts from the up-regulated “protein modification process” category. (E) GO:BP analysis of down-regulated transcripts in Mett/3-eKO
mice. (F) Highly significant down-regulated transcripts of the down-regulated extracellular matrix (ECM) organization category.

blistering (32). Collectively, these data present an overall picture
whereby a loss of Mettl3 promotes a more differentiated, less pro-
genitor cell-like phenotype. While the aberrant expression of nu-
merous terminal differentiation transcripts may explain the
thickened outer layers of the epidermis, the loss of transcripts in-
volved in adhesion, including to the epithelial basement membrane,
may offer insight into the loss of polarity observed in the epidermis,
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as well as the ulcerations observed in the tongue. Last, the broad up-
regulation of numerous chromatin modifying enzymes and histone
methyltransferases demonstrated that a loss of Mettl3 may function
to promote extensive gene expression alterations (and gross pheno-
typic abnormalities) through large-scale disruption of epigenetic
and chromatin states.
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Mettl3-mediated m®A dynamically regulates chromatin
modifier mRNAs in epithelia

To gain further insight into the underlying mechanisms behind the
phenotype in the Mett13-eKO mice and how Mettl3 and m°®A func-
tion in epithelial tissues, we further examined human tissues such as
the skin epidermis. Here, we observed that Mettl3 was present in the
nuclei of keratinocytes, and its abundance decreased gradually from
the basal stem-like progenitors to the terminally differentiated cor-
nified layer (Fig. 3A). Investigation of both mouse (fig. S2, A to F)
and human (fig. S3, A to F) publicly available single-cell RNA-seq
data atlases clearly demonstrated that the expression of Mettl3 in
epidermal keratinocytes gradually diminishes with epidermal dif-
ferentiation and mirrors that same pattern to what is seen with
basal marker Krt14. In contrast, differentiation genes and markers
display the opposite pattern (figs. S2, A to F, and S3, A to F). Con-
sistent with this, we found that the global amount of m°A present in
transcripts of differentiated keratinocytes was reduced in compari-
son to the progenitors upon in vitro differentiation of primary
human keratinocytes (Fig. 3B). Together, these results suggested
that higher levels of expression of Mettl3 and m°A were associated
with a more stem-like progenitor cell state, while reduced levels cor-
related with more differentiated epidermal cells and layers. This was
consistent with our RNA-seq data that suggested that in vivo dele-
tion of Mettl3 promoted a more differentiated, less progenitor-like
transcriptional phenotype.

Next, using this human epidermal progenitor cell model, we
knocked down Mettl3 via small interfering RNAs (siRNAs) and ex-
amined m°A (fig. S4A). We then performed m®A sequencing (m°A-
seq) to map m°A across all the mRNAs in the transcriptome. As
previously reported, m°®A was enriched in DRACH motifs (fig.
S4B). After calling common peaks across all human donor
samples (table S2), we performed GO analysis to identify any en-
riched categories of m°A-modified mRNAs within the epidermal
progenitors. Intriguingly, similar to the RNA-seq data in mice,
our human model m°®A-seq was enriched in categories representing
epigenetic modifications, such as “peptidyl-lysine modification,”
“macromolecule methylation,” “histone modification,” and “chro-
matin organization” (Fig. 3C). Within these categories, we found
represented many of the same H3K4 methyltransferase transcripts
including SETD1A, SETD1B, KMT2B, and KMT2D (Fig. 3D). We
next confirmed that siRNA Mettl3 knockdown keratinocytes dis-
played global reductions in m°A (Fig. 3E) and then further interro-
gated these results to elucidate which transcripts lose m°A upon
Mettl3 depletion (table S2). To do this, we performed GO analysis
on transcripts that displayed a significant reduction in m°A with
siRNA Mettl3 knockdown, and once again, we saw that transcripts
pertaining to the biological process categories of “histone methyla-
tion,” "histone modification,” and “chromatin organization” were
particularly enriched for a loss of m°A (Fig. 3F). Notably, all of
these epigenetic modifiers were among the 378 transcripts that dis-
played both reduced m®A and increased mRNA abundance with
Mettl3 depletion (Fig. 3G). In contrast, only 152 transcripts that
lost m®A also showed reduced mRNA expression (fig. S4C).
Direct visualization of these changes demonstrated that the intensi-
ty of m°A enrichment had decreased substantially in the transcripts
of SETDI1A, SETD1B, KMT2B, and KMT2D in long internal exons,
stop codons, and/or 3'UTRs (Fig. 3H). These data suggested that
Mettl3-mediated m°A was directly regulating the abundance of
these chromatin modifier mRNAs. In contrast, canonical
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keratinocyte genes associated with either the progenitor state
(COL17AI and COL7A1) or the differentiated state (LCE genes
and SPRR genes) that were dysregulated with Mettl3 deletion did
not display m°®A enrichment or loss. To look at these expression as-
sociations in a human disease context, we examined gene expression
data from The Cancer Genome Atlas (TCGA). Intriguingly, consis-
tent with our results, we found an inverse correlation between
METTL3 expression and the expression of histone methyltransfer-
ases in two epithelial cancers [head and neck SCC (HNSCC) and
lung SCC (LUSC)] (fig. S4, D and E), suggesting that the gene reg-
ulatory relationships observed in our model systems under homeo-
static conditions might also be reflective of what is occurring in
diverse disease states.

MettI3 loss increases mRNA half-life and enhances the
expression of chromatin modifiers

Given our data demonstrating that a loss of Mettl3-mediated m°®A
on chromatin modifying enzyme transcripts was associated with
their increased expression, we wanted to test whether Mettl3 deple-
tion was affecting the degradation of these transcripts. To do this,
we used a mRNA turnover assay (33), which measures mRNA
stability following the inhibition of transcription with actinomycin
D. By inhibiting the synthesis of new mRNA, this allows for the
measurement of mRNA decay by measuring mRNA abundance
(34). Using this approach we measured the mRNA half-life of the
KMT2B, KMT2D, SETD1A, and SETDIB transcripts in epidermal
progenitors. In addition, to test whether these associations were due
directly to the depletion of m°A over these transcripts (in contrast to
some other non-catalytic function of Mettl3), we used a highly spe-
cific catalytic inhibitor of Mettl3 (STM2457). STM2457 potently
and significantly reduced global m°A levels and generally recapitu-
lated the gene expression changes observed in our mouse model in
the epidermal progenitors following just 48 hours of exposure (fig.
S5B). Through this approach, we observed that KMT2B, KMT2D,
SETDIB, and SETDIA transcripts displayed evidence of a longer
mRNA half-life upon Mettl3-mediated m°A inhibition (Fig. 4A
and fig. S5C). Similar trends were observed using genetic depletion
studies with both siRNAs and shRNAs for METTL3 (fig. S5D).
While not all results reached statistical significance in every case,
the trends were consistent across the differing systems and also con-
trasted sharply with other dysregulated transcript that did not
display similar patterns. For example, collagen genes that lost ex-
pression in the Mettl3-eKO mice displayed a more linear degrada-
tion pattern without evidence of increased stability in contrast to the
chromatin modifier genes (fig. S5, E versus F). Collectively, these
data supported a model whereby the loss of Mettl3-mediated m°A
was leading to reduced degradation of chromatin modifier mRNA
transcripts.

Given these findings, we next asked whether these increases in
mRNA transcript levels were also seen at the protein level, suggest-
ing reduced mRNA degradation. We first examined Setdla given its
relatively abundant expression in human skin as per the Human
Protein Atlas, as well as its essentiality for early mouse embryonic
development (35). Western blotting demonstrated an up-regulation
of Setdla protein levels in MettI3-eKO mice in comparison to WT
controls (Fig. 4, B and C). Upon staining the epidermis of MettI3-
eKO mice with Setdla antibodies, we both confirmed the increased
expression of the protein but also noted that it was particularly en-
riched in the basal epidermal progenitors of the Mett/3-eKO mice in
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Fig. 3. Mettl3-mediated m°A dynamically regulates chromatin modifier mRNAs in epithelia. (A) IHC of Mettl3 in normal human skin, where above the dotted line is
the epidermis. (B) Quantitative analysis of the m°A level by liquid chromatography-tandem mass spectrometry done in proliferating versus differentiated neonatal
human epidermal keratinocytes (NHEKs) demonstrates reduced global m®A with differentiation. (C) GO analysis of transcripts which contain m°A peaks enriched in
epidermal progenitors. (D) Representative transcripts of the “histone modification” GO:BP category. DAPI, 4,6-diamidino-2-phenylindole. (E) Mettl3 siRNA reduces
visible m®A in NHEKs. (F) GO analysis of transcripts which contain m°A peaks that are lost with siRNA depletion of Mettl3. (G) Overlap of the up-regulated transcripts
by RNA-seq (pink) and transcripts that lost m°A peaks with Mettl3 depletion (purple). (H) UCSC Genome Browser on Human (GRCh37/hg19) tracks from the m®A-seq
analysis to visualize the decrease of m®A peaks in representative "histone modification” transcripts in control (green) and Mettl3-depleted NHEKs (purple).
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with METTL3 depletion. Transcripts were normalized by glyceraldehyde-3-phosphate dehydrogenase. DMSO, dimethyl sulfoxide. (B) Immunoblotting of Mettl3 in control
versus Mett/3-eKO P6 mouse epidermis. (C) High-molecular weight Western blot for Setd1a in P6 mouse epidermis. (D) IHC for Setd1a in P6 mouse epidermis. (E) IHC for
H3K4me2 in P6 mouse epidermis. (F) IHC for H3K4me3 in P6 mouse epidermis.
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comparison to WT mice where it was largely absent from the basal
cells (Fig 4D). As Setdla is one of the major H3K4 histone methyl-
transferases in cells, we next interrogated levels of H3K4me2, which
marks the gene body for activation, and H3K4me3, which primarily
marks transcription start sites (36, 37). Consistent with increased
expression of multiple H3K4 methyltransferases including Setdla,
we found increased levels of both modifications throughout the epi-
dermis (Fig. 4, E and F). In addition, similar to Setdla expression,
we also saw a particular enrichment of the modifications in the basal
epidermal progenitors of Mettl3-eKO mice in comparison to WT
controls (Fig. 4, E and F).

Together, these data suggest a model whereby Mettl3-catalyzed
m°A on H3K4 methyltransferase mRNAs promotes their degrada-
tion. In the absence of Mettl3, m®A is lost on these transcripts and
their reduced degradation leads to their increased mRNA and
protein abundance, ultimately resulting in both extensive epigenetic
and phenotypic dysregulation (Fig. 5). Notably, enzymes that
remove H3K4 methylation (i.e., the histone demethylase, LSD1)
have been shown to repress differentiation (28), while enzymes
that catalyze H3K4 methylation (i.e., KMT2D/MLL4) have been
shown to promote differentiation (26, 27, 38). Thus, this aberrant
increased expression of these modifiers and the resulting increased
H3K4 methylation in basal epidermal progenitors can promote the
aberrant activation of more terminal differentiation genes and a loss
of the progenitor state. This model is also consistent with emerging
data demonstrating the existence of extensive cross-talk between ep-
itranscriptomics and epigenetics (25).
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Fig. 5. Schematic of Mettl3-mediated m°®A gene regulation in self-renewing
stratifying epithelial tissues. Loss of the MettI3-m°A epitranscriptome promotes
the up-regulation of chromatin modifiers by reducing mRNA degradation to
promote increased mRNA half-life. This up-regulation of chromatin modifiers
and, in turn, their associated histone modifications leads to dysfunctional epider-
mal development and differentiation.
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DISCUSSION
Our present study demonstrates that Mettl3 is critical for the proper
development of stratifying epithelial tissues and for maintaining the
precise regulation of chromatin modifiers and histone modifica-
tions in these tissues. Building upon previous evidence of a role
for Mettl3 in hair follicle development (22), our results demonstrate
a critical role for Mettl3 and m®A in the direct regulation of the epi-
genome in stratifying epithelia. Specifically, we find that deletion of
the m°A catalytic writer protein Mettl3 in the epithelial tissues of
mice results in a notable phenotype in which the Mett/3-eKO
mice are half the size and weight of their control littermates, are
hairless, and unable to survive past a week while WT control litter-
mates are healthy and thriving. In addition to the loss of normal hair
follicle structures, basal layer keratinocytes in the IFE display a loss
of polarity and adhesion along the basement membrane, while the
oral epithelium of the tongue displays notable ulcerations. In con-
trast, the more differentiated granular and the cornified layers are
thicker. Consistent with these phenotypic alterations, RNA-seq
demonstrated a broad loss of expression of genes involved in the
epidermal progenitor state and adhesion to the basement mem-
brane. These included adhesion genes like Col7al and Coll7al, as
well as genes associated with Wnt signaling and hair follicle stem
cells (i.e., Lefl, Wnt5a, Wnt7a, and Krt15). In contrast, up-regulated
genes included a variety of proteins associated with epithelial thick-
ening and differentiation as well as numerous epigenetic regulators.
Mechanistically, we find that Mettl3 depletion reduces m°®A pref-
erentially at chromatin modifying enzymes, and at H3K4 methyl-
transferases in particular. Using a highly specific inhibitor of
Mettl3's catalytic function recapitulated these results, supporting
the conclusion that these results were due directly to the loss of
mC°A on these transcripts (Fig. 4 and fig. S5). This results in specific
notable increases in the mRNA levels of these transcripts due to im-
paired degradation (Figs. 4 and 5). While previous data have shown
that increases in H3K4 methylation are associated with epithelial
differentiation (26, 27, 38), our data demonstrate that Mettl3 and
m°A follow the opposite pattern and display reduced levels with dif-
ferentiation. Our results further show that the observed changes in
expression of differentiation genes (decreases in progenitor- and
epidermal basement membrane-associated genes along with con-
comitant increases in terminal differentiation genes) are more
likely secondary effects due to the widespread epigenetic dysregula-
tion that occurs, in contrast to the direct m®A-mediated effects that
loss of Mettl3 promotes on chromatin modifying transcripts.
Consistent with this model is a growing consensus in the field
that a primary function of m°A is to promote mRNA degradation
(39). For example, recent evidence suggests that YTHDF epitran-
scriptomic reader proteins act redundantly to induce degradation
of the same mRNAs (40). In addition, these data are in line with
extensive emerging evidence to show abundant interplay between
epigenetics and the Mettl3-m°®A epitranscriptome (25). For
example, m®A has been shown to also promote the destabilization
and degradation of chromatin modifying enzymes in neural stem
cells (41). Furthermore, in addition to our results suggesting that
H3K4 methylation was the primary modification to be regulated,
other more recent studies have observed similar phenomena affect-
ing heterochromatic marks such as H3K27me3 (42) and
H3K9me2 (43).
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In summary, our results demonstrate how m°®A regulates epige-
netic regulators in epithelial tissues. They have revealed an addition-
al layer of complexity to the epigenetic regulation of epithelial
development and differentiation. While these results underscore
the essential nature of normal Mettl3 and m°A function during ep-
ithelial development, important outstanding questions still remain,
including what effects the postdevelopment somatic loss of Mettl3
might have. In addition, much remains to be found regarding the
importance of epitranscriptomic regulation in epithelial diseases,
particularly beyond cancers. However, even with the little we do
know at this time, already potential therapeutic opportunities can
be envisioned. For example, while Mettl3 has been shown to be
overexpressed in epithelial cancers like SCCs (44), KMT2D/MLL4
is a known tumor suppressor that is frequently lost in those same
cancers (28). As there are numerous inhibitors of Mettl3 being de-
veloped currently (45, 46), these data suggest that Mettl3 inhibition
could play a dually effective role of both inhibiting Mettl3 and in-
creasing the expression of important tumor suppressors like
KMT2D/MLLA4. Given the great interest in and potential of drugs
targeting epigenetic and epitranscriptomic regulators, we anticipate
the results presented here will help inform those future studies in
lieu of the epigenetic-epitranscriptomic cross-talk uncovered here.

MATERIALS AND METHODS

Mice

All animal protocols were reviewed and approved by the Institution-
al Animal Care and Use Committee of the University of Pennsylva-
nia. Mice were maintained on a C57BL/6 background. Mice
carrying Mettl3 floxed alleles crossed with Krt14-Cre transgenic
mice. Krtl4-Cre; Mettl3"? (Mettl3-eKO) were considered
mutants. Unless noted otherwise, littermates homozygous for the
Mettl3 alleles of interest lacking Krt14-Cre were used as controls.
The generation of Metti3V" mice has been described elsewhere (13).

Genotyping

Polymerase chain reaction (PCR) was done using a Thermo Phire
Animal Tissue PCR kit (F140WH). All experimental mice were an
equal mix of males and females. The number of animals used per
experiment is stated in the figure legends.

Weight collection

Before euthanasia, mice at 6 days of age were measured for total
body weight. Data figures are the composite of multiple litters of
Mettl3-eKO or littermate controls. A one-way analysis of variance
(ANOVA) was used to calculate the significance between groups
when considered for genotype. All P values are noted in figure
legends and were considered significant if P < 0.05 and nonsignif-
icant (NS) if P > 0.05.

Mice RNA and protein extraction

Murine epidermis was dissociated from the dermis before the iso-
lation of bulk RNA and protein. Following the euthanasia of 6-day-
old mice, the skin was dissected, and the underlying fat pad was
removed using a scalpel. The resulting tissue was floated dermis
side down in dispase (5 U/ml; Corning) in phosphate-buffered
saline (PBS) for 40 min at 37°C. The epidermis was then removed
using a scalpel, and for RNA, the epidermis was flash frozen in
TRIzol and stored at —80°C until RNA isolation. RN A was extracted
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using an RNeasy kit (no. 74104, QIAGEN) at the same time and
date for all mice belonging to a single experimental cohort (i.e.,
RNA-seq) regardless of the date of murine euthanasia to reduce
batch effects and stored at —80°C. For protein, the epidermis was
placed directly into cold PBS and centrifuged at 4°C for 5 min at
2500 rpm. To the resulting pellet, protein lysis buffer (Cell Signaling
Technology) containing a protease inhibitor cocktail was added,
and the mixture was homogenized, sonicated, rotated at 4°C for
10 min, and then centrifuged at 4°C at full speed for 10 min.
Lysates were quantified using the Bradford assay. Frozen lysates
were stored at —80°C.

Two-dimensional cell culture

Proliferating primary NHEKSs (or epidermal progenitors) cells were
isolated from deidentified discarded neonatal foreskin provided by
Core B - Skin Translational Research Core (STaR) of the Penn Skin
Biology and Diseases Resource-based Center (NIH P30-AR069589).
NHEK medium is a filtered 50:50 mix of 1x keratinocyte serum-free
medium (keratinocyte-SFM) supplemented with human recombi-
nant epidermal growth factor and pituitary extract combined with
medium 154 supplemented with human keratinocyte growth sup-
plement and 1% 10,000 penicillin-streptomycin (U/ml). Incubator:
37°C with 5% CO,. Proliferating NHEKSs were cultured in NHEK
medium under normal incubating conditions. Differentiating
NHEKs arise from seeding proliferating NHEKs in NHEK
medium for the first 24 hours after seeding and then changing
the NHEK medium containing 1.22 mM calcium chloride
(CaCl,) for 72 hours.

Small interfering RNAs

Proliferating NHEK cells were cultured in penicillin-streptomycin
free NHEK media, and 24 hours later, the scrambled control
siRNAs (siCTRL) or the siRNAs against METTL3 (siMETTL3)
were added at 500 nM dose for 72 hours under normal incubation
conditions, changing to fresh penicillin-streptomycin free medium
at 48 hours to prevent cell differentiation. Cells were harvested 72
hours after transfection.

Polymerase chain reaction

Complementary DNA was obtained using a high-capacity RNA-to-
DNA kit (no. 4368814, Thermo Fisher Scientific). For quantitative
real-time PCR, Power SYBR Green PCR Master Mix (no. 4367659,
Thermo Fisher Scientific) was used. Quantitative real-time PCR
data analysis was performed by first obtaining the normalized
cycle threshold (Ct) values (normalized to B-actin and GAPDH
RNA), and the 27*2“T method was applied to calculate the relative
gene expression. ViiA 7 Real-Time PCR System was used to
perform the reaction (Applied Biosystems). The average and SDs
were assessed for significance using a Student's ¢ test. All P values
are noted in the figure legends and were considered significant if P <
0.05 and nonsignificant (NS) if P > 0.05.

Short hairpin RNAs

We generated stable fresh METTL3 knockdown in proliferating
NHEK cells and, after two or three passages to avoid compensatory
mechanisms of loss of knockdown, we performed experiments.
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STM2547 treatment

Proliferating NHEK cells were cultured in NHEK media, and 24
hours later, dimethyl sulfoxide (vehicle control) or STM2457
(Selleck, no. S9870) at 8.5 uM was added for 48 hours under
normal incubation conditions. Cells were harvested 48 hours to in-
vestigate METTL3 catalytic inhibition.

mRNA turnover assay

To assess the half-life of mRNA, actinomycin D was used to treat the
proliferating NHEK cells after short hairpin RNA knockdown or
STM2547 treatment. After the treatment, mRNA expression level
at 0, 2, 4, and 6 hours was analyzed via real-time quantitative
PCR with half-life statistics performed via a nonlinear analysis of
a one phase decay model as described previously (33).

Quantitative analysis of the m®A level via liquid
chromatography-tandem mass spectrometry

The PolyA+ RNA was extracted from total RNA using the Dyna-
beads mRNA Purification Kit (Ambion) following the manufactur-
er's instructions. Purified RNA was digested and dephosphorylated
to single nucleosides using Nucleoside Digestion Mix (NEB,
M0649S) at 37°C for 1 hour. The detailed procedure was as previ-
ously described (47). The nucleosides were quantified using reten-
tion time and the nucleoside-to-base ion mass transitions of 282.1
t0 150.1 (m°A) and 268.0 to 136.0 (A). All quantifications were per-
formed by converting the peak area from the liquid chromatogra-
phy—tandem mass spectrometry to moles using the standard curve
obtained from pure nucleoside standards running with the same
group of samples. Then, the percentage ratio of m°A to A was
used to compare the different modification levels.

Single-cell RNA-seq analyses

Single-cell RNA-seq (scRNA-seq) data from murine skin and kera-
tinocytes was derived from the Gene Expression Omnibus dataset
GSE154679. Human skin scRNA-seq data were obtained from the
GTEx Portal dbGaP accession number phs000424.v9. The human
(48) and murine (49) data were separately processed and analyzed
as follows: Data were individually filtered on the basis of standard
filtering before combining them using Seurat V4 62. First, poorly
sequenced cells with a low number of genes detected were excluded.
Then, cells that were likely to be doublets were removed. Additional
removal of doublets was done with a doublet finder (scDblFinder)
to further filter doublets (50). Each dataset was then normalized,
filtered for epidermal keratinocytes, and visualized with FindVaria-
bleFeatures, ScaleData, and RunPCA. This was followed by
RunUMAP (performing reductions with Harmony that signifi-
cantly improve batch effects (51), FindNeighbors, and FindClusters.
Last, selection and visualization via violin plots was conducted of
METTL3/Mettl3, KRT14/Krt14, KRT10/Krt10, KRT1/Krtl, and
LOR/Lor transcripts.

m°®A sequencing

Total RNA was extracted using the Qiagen RNeasy Mini kit (catalog
no./ID: 74104). The following protocol was performed with 35 to 50
ug of total RNA. mRNA was purified with Dynabeads mRNA pu-
rification kit (Invitrogen Catalog No. 61006). Fragmentation of the
mRNA was performed using the Ambion RNA fragmentation re-
agents (catalog no. AM8740), and then the mRNA was subjected
to the RNA Clean and Concentrator-5 (catalog no. R1013 from
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Zymo Research). mRNA quality was checked by Aligent BioAnalyz-
er 2100 using the RNA 6000 Pico Kit (part number 5067-1513). One
round of m°A immunoprecipitation was performed using the
EpiMark N6-Methyladenosine Enrichment Kit (NEB no. E1610S)
and protocol. m°A-seq libraries were prepared using the
NEBNext Ultra Directional RNA library preparation kit for Illumi-
na (NEB no. E7760). Library quality was checked by Agilent BioA-
nalyzer 2100 using the High Sensitivity DNA kit (part number
5067-4626), and libraries were quantified using the Library Quant
Kit for Illumina (NEB no. 7630). Libraries were then sequenced
using a NextSeq 500 platform [75-base pair (bp) single-end
reads]. All kits were used following the manufacturer'’s instructions.

m°A-seq data processing

First, sequence quality was verified using fastqc. We used bowtie2 to
map reads to the genome of mouse (mm10) with default parame-
ters. Then, bedtools were used to remove the reads that contained
low-quality bases (MAPQ <10) and undetermined bases. Mapped
reads of input (IP) and input libraries were processed by macs2 call-
peak function, which identifies m°A peaks with bed or bam format
that can be adapted for visualization on the UCSC genome browser.
We called the peaks using the threshold of false discovery rate <
0.05, no shifting model building, extension size of 200 bp, and the
removal of duplicates. HOMER is used for both the annotation of
the called peaks and the de novo and known motif finding followed
by localization of the motif with respect to peak summit. The differ-
entially expressed peaks were selected with an absolute value of a
fold change >2 (and P < 0.05) by R package deseq2 (52). Specifically
for the motif analysis, HOMER was used for the de novo and known
motif finding by perl scripts. In particular, we specified the motif
finding size parameter in findMotifsGenome.pl to 200 bp. We
sorted the predicted motif in the fig. S2B. According to the P
value, and the smaller the P value, the higher the rank. The most
commonly reported motif structures are RRACH (where R = A or
G, H = A, Cor U). The differential m°A peaks were characterized by
the GGACT motif, which is the first-rank motif structure from the
merged prosiCtrl sample.

RNA sequencing

Total RNA was extracted using the Qiagen RNeasy Mini kit (Cat
No./ID: 74104). The following protocol was performed with 1 pg
of total RNA. mRNA was purified using the NEBNext poly(A)
mRNA magnetic isolation module. RNA-seq libraries were pre-
pared using NEBNext Ultra Directional RNA library preparation
kit for Illumina (NEB no. E7760). Library quality was checked by
Agilent BioAnalyzer 2100 using the DNA 1000 kit (part number
5067-1504), and libraries were quantified using the Library Quant
Kit for Illumina (NEB no. 7630). Libraries were then sequenced
using a NextSeq 500 platform (75-bp single-end reads).

RNA-seq data processing

All RNA-seq was aligned using RNA STAR (53) under default set-
tings to Mus musculus GRCm38 FPKM (fragments per kilobase per
million mapped fragments) generation and differential expression
analysis were performed using DESeq2 (52). Statistical significance
was obtained using an adjusted P value (padj) generated by DESeq2
of less than 0.01.
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GO analyses

All GO analyses were performed using PANTHER on Bioconductor
(DOI: 10.18129/B9.bioc. PANTHER.db) to determine statistically
overrepresented GO terms using Fisher's exact test under the cate-
gory "biological process.” P values for GO terms are false discovery
rate statistics. The top eight plotted GO terms represent the GO
terms with the highest fold enrichment under PANTHER's
default hierarchical clustering categorization. GO term figures are
generated using ggplot2.

Immunoblotting

Samples were separated by electrophoresis in 4 to 20% SDS—poly-
acrylamide gel electrophoresis gels with 30 pg per lane, transferred
to a polyvinylidene difluoride membrane, and blotted with antibod-
ies. Secondary horseradish peroxidase (HRP)-conjugated second-
ary antibodies (Santa Cruz Biotechnology) and Amersham ECL
Prime Western Blotting Detection Reagents (catalog no.
RPN2232, GE Healthcare) were used for detection. For high-molec-
ular weight proteins, samples were separated by electrophoresis in 3
to 18% tris-acetate gel electrophoresis gels with 30 ug per lane,
transferred to a polyvinylidene difluoride membrane, and blotted
with antibodies. Secondary HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology) and Amersham ECL Prime Western
Blotting Detection Reagents (catalog no. RPN2232, GE Healthcare)
were used for detection.

Histology

Mouse dorsal and ventral skin tissues were processed for histolog-
ical examination by Core A - Cutaneous Phenomics and Transcrip-
tomics (CPAT) Core of the Penn Skin Biology and Diseases
Resource-based Center (NIH P30-AR069589) and mounted on
frost-free slides. H&E staining was processed by Penn Skin
Biology and Disease Resource-based Center Core A. A Leica DM6
B microscope was used to observe and capture representative
images. Exposure times and microscope intensity were kept cons-
tant for all human samples and across mouse littermate
comparisons.

Immunohistochemistry

Tissue slides were baked for 1 hour at 65°C, deparaffinized in
xylene, and rehydrated through a series of graded alcohols. After
diH,0 washes, slides were treated with antigen unmasking solution
(1:100; SKU H-3300-250, Vector Laboratories) at 95°C for 12 min
according to the manufacturer’s protocol. Hydrogen peroxide,
blocking, primary antibody binding, HRP-conjugated secondary
antibody, and 3, 3’-diaminobenzidine (DAB) were done using the
Mouse and Rabbit Specific HRP/DAB IHC Detection Kit - Micro-
polymer (ab236466, Abcam). Before the protein block, tissues were
treated with 0.1% Triton X-100 diluted in 1x tris-buffered saline
(TBS) for 5 min to unmask the antigens expressed in the nucleus.
After overnight primary antibody incubation at 4°C and endoge-
nous treatment with secondary anti-rabbit antibody at room tem-
perature (RT) for 20 min, the staining was visualized with DAB
with exposure times synchronized throughout all tissue samples
within an antibody group for the exact same time. All slides were
counterstained with hematoxylin (Hematoxylin QS, H-3404,
Vector Laboratories) for 20 s at RT, dehydrated in ethanol,
cleared in xylene, and mounted with VectaMount (permanent
mounting medium, H-5000, Vector Laboratories).
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Immunocytochemistry

Proliferating NHEKs with METTL3-KD were cultured in a chamber
slide after being coated with 0.1% gelatin for 30 min at 37°C. After
48 hours, the chamber slides were fixed with 4% paraformaldehyde
for 25 min at RT and then washed with 1x DPBS. Chambers were
permeabilized with 0.5% Triton X-100 in Dulbecco’s PBS for 10 min
and blocked with 10% bovine serum albumin (BSA) in Dulbecco's
PBS for 2 hours in RT at gentle shaking. Primary antibodies diluted
in 5% BSA in Dulbecco’s PBS were incubated overnight at 4°C with
gentle shaking. Following fluorescent secondary antibody treatment
1 hour at RT in gentle shaking, the sections were mounted with
ProLong Gold with 4’,6-diamidino-2-phenylindole (DAPI)
(catalog no. P36935, Thermo Fisher Scientific).

TCGA RNA-seq analyses

Data from TCGA was downloaded from cBioportal (www.
cbioportal.org/) on 19 April 2023. Specifically, RNA-seq v2 data
of HNSCC and LUSC was downloaded. For each gene, the correla-
tion between genes in each RNA-seq dataset was analyzed using
Pearson analysis and the P values were extracted using R function
rquery.cormat. The correlation plot was drawn using the corrplot
(version 0.92) package in R 4.1.2.

Immunofluorescence

Tissue slides were baked for 1 hour at 65°C, deparaffinized in
xylene, and rehydrated through a series of graded alcohols. After
diH,O washes, slides were treated with antigen unmasking solution
(1:100; SKU H-3300-250, Vector Laboratories) at 95°C for 12 min
according to the manufacturer’s protocol. Hydrogen peroxide,
blocking, primary antibody binding, and secondary antibody
binding were done using the Mouse and Rabbit Specific HRP/
DAB IHC Detection Kit - Micro-polymer (ab236466, Abcam).
Before the protein block, tissues were treated with 0.1% Triton X-
100 diluted in 1x TBS for 5 min to unmask the antigens expressed in
the nucleus. After overnight, primary antibody incubation at 4°C
and endogenous treatment with secondary fluorescent antibodies
at RT for 1 hour. All slides are mounted with ProLong Gold antifade
reagent with DAPI (P36935, Invitrogen).

Statistical analyses

All statistical analyses were performed using R or GraphPad Prism
8. Details of each statistical test are included in Materials and
Methods. Sample sizes and P values are included in the figure
legends or main figures. Investigators were not blinded during ex-
periments or outcome assessment.

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Figs. S1 to S6

Other Supplementary Material for this
manuscript includes the following:
Data S1 and S2
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