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CHAPTER I 

INTRODUCTION 

The structure and development of the skin 

The skin lies at the surface of the human body, offering a physical barrier against 

environmental hazards from without, while also preventing excessive water loss from within1,2. 

The structure of the skin has been well studied in the past, documented as early as the third 

century BCE3, but a more refined appreciation of its structure wasn’t possible until the 

development of light microscopy, and centuries later, electron microscopy. In general, the 

mammalian skin can be divided broadly into the epidermis and dermis. The dermis is composed 

mainly of connective tissue and provides a foundation for the epidermis. It also contains blood 

vessels and lymphatics that supply the epidermis, as well as hair follicles, sweat glands, and 

nerve fibers. 

The epidermis is above the dermis and constitutes the main protective barrier of the skin. 

It can be further divided into four layers, from superficial to deep: the corneal layer, the granular 

layer, the spinous layer, and the basal layer. The basal layer lies at the base of the epidermis, 

and is composed of basal cells anchored to the basement membrane, which is the interphase 

between epidermis and dermis. The basal cells constantly proliferate, giving rise to 

differentiated keratinocytes, which migrate towards the upper layers4-8. As keratinocytes 

migrate and differentiate, they acquire distinct morphological features seen in each layer: the 
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intercellular spinous ridges in the spinous layer, which is in fact a fixation artifact created by 

intercellular tight junctions, the hyaline granules in the granular layer, and the flat, anuclear 

cells in the corneal layer (Figure 1.1). In addition to the difference in cellular morphology, the 

undifferentiated basal cells and the differentiated suprabasal cells can also be distinguished by 

different sets of keratin proteins expressed in the cells, with the former expressing keratin 

5(Krt5) and keratin 14(Krt14) and the latter expressing keratin 1(Krt1) and keratin 10 (Krt10).  

The keratinocytes are the main component of the epidermis and are responsible for creating the 

physical barrier. Other cells types are also present in the epidermis, including melanocytes, 

Langerhans cells, and Merkel cells. Melanocytes generate melanin pigments, which are taken 

up by the keratinocytes and provide protection against ultraviolet light damage while also 

giving the skin a darker appearance. Langerhans cells are specialized dendritic cells that 

provide a first line of immunological defense in the skin. Merkel cells contain 

mechanoreceptors and can transmit light touch sensations. 
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Figure 1.1: Epidermis layers and skin differentiation. The cross section of the epidermis 

and the basement membrane underneath is depicted. Basal keratinocytes are attached to the 

basement membrane and are the only proliferative cells in normal skin epidermis. When basal 

cells proliferate, they can replenish the stem cell pool, or differentiate and migrate upwards as 

depicted on the left. When basal cells are committed to differentiation, they move away from 

the basement membrane and generate three layers of differentiated cells: the spinous layer, 

granular layer and corneal layer. Key morphological features and protein markers of each layer 

are shown in the right. 

 

Genetic regulators of skin homeostasis 

The skin, as superficial and plain as it may seem, conceals great depth and complexity in 

its intricate regulatory mechanisms. Indeed, the skin is a tightly regulated organ with constant 

turnover, which is essential for maintaining its protective function1. Loss of homeostasis can 

lead to various skin diseases, including skin squamous cell carcinoma9. Epidermal homeostasis 

consists of a balancing act between proliferation and differentiation of the epidermal stem cells. 
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While the precise regulatory mechanism of skin homeostasis remains elusive10, a few central 

players have been identified. One of the more well-established drivers of epidermal basal cell 

stemness is the transcription factor p6311, which can maintain proliferating basal keratinocytes 

by suppressing cell cycle inhibitors, including p21, Ink4a, and Arf, while inducing the 

expression of cell cycle genes12. Loss of P63 leads to severe defects in skin epithelium, 

resulting in loss of barrier function and prenatal death in mice13. In humans, mutations in the 

P63 gene also leads to numerous skin defects, such as ectodermal dysplasia14. 

Another critical regulator of epidermal stem cells is MYC. MYC is perhaps most well-

known as one of the four “Yamanaka factors” capable of reprogramming differentiated cells, 

indicating its dominant role in driving stem cell fate15,16. Not surprisingly, MYC is also critically 

involved in epidermal homeostasis17-20. MYC is highly expressed in the basal cells and down-

regulated in the differentiated cells21, and can maintain epidermal stemness via several 

pathways. For example, MYC can drive the expression of NSUN2 (NOP2/Sun RNA 

Methyltransferase 2, also known as MISU) and induce cell proliferation22. MYC can also 

induce SETD8 expression, which activates P63 and supports epidermal survival23. Conversely, 

MYC ablation leads to impaired epidermal homeostasis20. While there is strong evidence 

supporting MYC’s being one of the master regulators in epidermal stem cells, it is likely the 

level of MYC is finely balanced to fit this role, and how this is achieved remains unsolved21.  
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The role of lncRNA in skin homeostasis 

Long non-coding RNAs (lncRNAs) are RNAs that are longer than 200 nucleotides and 

not translated into functional protein. It is estimated that the human genome contains 10,000 to 

100,000 lncRNAs. The majority of the lncRNAs have no known function and are considered 

translational by-products. However, a growing number of lncRNAs have been found to play 

important roles in cell regulation, which can be achieved through their interaction with DNA, 

RNA or protein24. 

Various lncRNAs have been implicated in regulating skin homeostasis25,26. ANCR (anti-

differentiation ncRNA, also known as DANCR) and TINCR (terminally-induced ncRNA) are 

among the earliest lncRNAs reported to regulate tissue differentiation. ANCR can maintain 

epidermal stem cell state by suppressing differentiation genes27, whereas TINCR supports 

epidermal differentiation by forming a complex with STAU1 protein that stabilizes 

differentiation mRNAs28. More recently, many additional lncRNAs have been reported to 

contribute to skin homeostasis, including SMRT2 (squamous cell carcinoma misregulated 

transcript-2)29, BLNCR (beta1-adjacent long non-coding RNA)30, LINC00094131, uc.29113 and 

PRANCR (progenitor renewal associated non-coding RNA)32. SMRT-2 and uc.291 promote 

epidermal differentiation. Conversely, BLNCR, LINC000941, and PRANCR maintain 

epidermal stem cell self-renewal and survival. Most of these lncRNAs were discovered through 

sequencing studies and screening assays, and it is likely that there are still many undiscovered 
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lncRNAs that may have a role in skin homeostasis. 

 

Chemical modifications on RNA 

As with DNA and protein, RNA can also be chemically modified to fine tune its 

function33,34. The external modifications at the 5’ cap and 3’ poly-A tail on mRNAs are among 

the first discovered RNA modifications and have been found to play important roles in 

transcript transportation, splicing, and translation. With the advent of analytical chemistry and 

high-throughput sequencing methods, many additional mRNA modifications have been 

uncovered in the past decade.  

N6-methyladenosine (m6A) is the most common internal mRNA modification and occurs 

in poly-adenylated RNAs, including mRNA and lncRNA35. The regulatory mechanism of m6A 

modification, as well as its role in both stem cell development and cancer pathogenesis, has 

been intensively studied and will be the focus of the next two subchapters. Methylation can 

also occur at the N1 position of the mRNA (m1A). The N1 position is located at the Watson-

Crick interface and m1A generates a positive charge, which can affect RNA-protein interaction 

or RNA secondary structure36,37. N1-methyladenosines occurs almost exclusively at the 

translation start site and m1A can facilitate transcript translation. Finally, the N6, 2’-O-

dimethyladenosine (m6Am) is another adenosine methylation that occurs at the translation start 

site38,39. The methyltransferase PCIF1 has recently been identified to generate m6Am and can 

increase the stability of the modified transcript40. 
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As with the cytosine in DNA, the cytosine in RNA can also be methylated (m5C), though 

the modification is less abundant compared to m6A41-43. The m5C modification is generated by 

the methyltransferase NSUN family (primarily NUSN2) as well as DNMT2, and can occur on 

a wide range of RNA species, including rRNA, tRNA, mRNA, lncRNA, and mitochondrial 

RNA44-46. The function of m5C is also diverse and depends on the modified RNA. For example, 

it can facilitate ribosome assembly in rRNA or increase nuclear export in mRNA. And as with 

methylcystosine in DNA, the RNA methylcytosine can be further oxidized by the TET2 (ten 

eleven translocation 2) protein to generate 5-hydroxymethylcytosine (hm5C)47. Current 

evidence suggests that hm5C occurs mostly on tRNA and its main function is to facilitate tRNA 

assembly48. 

 

Mechanisms of RNA m6A modification 

RNA m6A modification was first reported in 1974 as the most prevalent form of RNA 

methylation41. The majority of m6A modifications are distributed near the stop codons and 3’ 

untranslated region (3’UTR) on the transcripts, and the modification is installed on a specific 

sequence motif RRACH (R=A/G, H=A/C/U)49-51. m6A is generated by a writer protein complex 

composed of multiple protein subunits, though at its core is the heteroduplex METTL3 

(methyltransferase-like 3) and METTL14 (methyltransferase-like 14)52,53. METTL3 provides 

the catalytic function, whereas METTL14 is essential for RNA binding.  
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The transcript specificity of m6A modification is regulated via several elements that can 

direct METTL3 or METTL14 to certain transcripts54,55. For example, after ultraviolet radiation, 

METTL3/METTL14 can localize to the site with DNA damage and increase m6A abundance56. 

The methyltransferase complex can also interact with transcription factors of the SMAD family 

to facilitate m6A modification on the SMAD-driven transcripts57. Finally, modified histone can 

also play a role in coordinating m6A modification, as the histone H3 lysine trimethylation 

(H3K36me3) has been shown to recruit METTL1458. 

In addition to the METTL3/METTL14 complex, two novel m6A methyltransferases have 

been recently reported: METTL16 (methyltransferase-like 16) and ZCCHC4 (Zinc Finger 

CCHC-Type Containing 4), though with very different substrates. METTL16 generates m6A 

modification on U6 small nuclear RNA (snRNA) as well as the MAT2A mRNA59-61, whereas 

ZCCHC4 targets 28s rRNA62,63.   

RNA m6A modification can be removed by two demethylases, FTO (fat mass and obesity-

associated) and ALKBH5 (AlkB homolog 5). FTO not only removes m6A modifications from 

mRNA, but also demethylates m1A from tRNA and m6Am from snRNA and mRNA64,65. In 

contrast, currently ALKBH5 has only been reported to demethylate m6A66. FTO and ALKBH5 

each have distinct tissue distribution patterns, with FTO being more concentrated in the central 

nervous system67 and ALKBH5 in the testis66, which may account for their different biological 

roles.  
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In addition to the “writer” and “eraser” proteins, which add and remove m6A, there are 

also “reader” proteins that interact with m6A and dictate the functional consequences of the 

modified RNA. The m6A reader is a rapidly expanding class of proteins with a wide range of 

functions. The YTH (YT521-B homology) family proteins YTHDF1-3 (YTH domain family 

1-3) and YTHDC1-2 (YTH domain containing 1-2) are the among the earliest m6A readers 

identified. YTHDF2 facilitates the degradation of the m6A-modified transcripts68,69, whereas 

YTHDF1 and YTHDF3 support the translation of the transcript70,71. YTHDC1 regulates 

splicing72,73, whereas YTHDC2 increases transcript stability74,75. Another type of reader protein 

can interact with RNA only after it has been modified with m6A, which changes its 

conformation and allows RNA-protein interaction, a mechanism referred to as the “m6A-

switch”. This was first reported in HNRNPs (heterogeneous nuclear ribonucleoproteins) such 

as HNRNPC76. Other reported m6A reader proteins include IGF2BP1-3 (insulin-like growth 

factor 2 mRNA-binding protein 1-3)77,78, FMRP (fragile X mental retardation protein)79 and 

Prrc2a (proline rich coiled-coil 2A)80. As the readers are the ultimate determinant of m6A 

function, they are represented by a diverse class of proteins with context dependent roles, and 

the list is likely to continue to expand rapidly in the coming decade. 
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Figure 1.2: Various proteins regulate RNA m6A modification. METTL3 and METTL14 

forms the core of the writer protein and transfer methyl groups to specific sites on 

polyadenylated RNAs. Eraser proteins, including FTO and ALKBH5, can remove the methyl 

group. Modified RNAs can have a broad range of outcomes depending on the different reader 

proteins.   

 

RNA m6A modification in development and disease 

The importance of RNA m6A modification in regulating the developmental process is best 

demonstrated by the detrimental effect of depleting METTL3 or its homologs in various model 

organisms. In yeasts, knocking out IME4, the METTL3 homolog, leads to impaired meiosis81, 

whereas in drosophila, IME4 knockout causes developmental arrest82. Knockout of either 

METTL3 or METTL14 is embryonically lethal in mice, and in both human and mouse 

embryonic stem cells, METTL3 knockout drives the stem cells into a differentiation fate83,84. 

While m6A modification can regulate gene expression through a wide range of methods, its 

essential function in controlling stem cell development may lie in its function to create groups 

of transcripts that can be coordinated to facilitate cell fate transition34,85. Recent studies also 

shed light on the regulatory role of m6A in different tissues. For example, it has been found to 
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be crucial for spermatogenesis in the testis86, neurogenesis in the brain87-89, maintaining β-cell 

function in the pancreas90, immune cell regulation91,92, and cardiac homeostasis93.  

Conversely, dysregulation of the m6A machinery has been linked to a wide range of human 

pathologies, such as type 2 diabetes94, cardiovascular diseases95, chronic obstructive 

pulmonary disease96, Alzheimer’s disease97, and viral infection98. In addition, a broad range of 

cancers have also been linked to m6A dysregulation. These include acute myeloid leukemia 

(AML)99-101, glioblastoma (GBM)102-104, lung cancer105,106, breast cancer107,108, and hepatic cell 

carcinoma109,110, with many others still under evaluation111,112. Interestingly, m6A modification 

could act as both a driver for malignancy and also a tumor suppressor depending on the context. 

For example, in AML cells, overexpression of METTL14 leads to increased m6A modifications 

on MYC and MYB transcripts. These oncogenic transcripts are stabilized by the modification 

and in turn drive AML progression100. In contrast, glioblastoma stem cells depend on a low 

level of m6A to maintain growth and self-renewal104. This observation attests to the context-

dependent nature of m6A modification, and extra care should be taken to untangle its regulatory 

role in a complex system. 
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CHAPTER II 

RNA N6-METHYLADENOSINE MODIFICATION REGULATES EPIDERMAL 

STEMNESS  

INTRODUCTION 

The skin acts as our first line of defense against various environmental hazards, such as 

microorganisms, chemical toxins, extreme temperature, and ultraviolet radiation. In addition, 

its role in preventing water loss is also vital to our body function. While static in appearance, 

the skin is one of the most dynamic organs of the body, as the old skin at the surface is shed off 

daily and replaced by newly differentiated skin cells from the lower layers. This constant 

turnover of skin tissue is achieved through a sophisticated balance between epidermal stem cell 

proliferation and differentiation1,2. While the genetic regulation of skin homeostasis has been 

the focus of skin research over several decades, recent findings are beginning to shed light on 

the potential role of epigenetic regulatory mechanisms that may fine-tune the transition 

between different epidermal cell fates113-115.  

The recent characterization of RNA N6-methyladenosine (m6A) modification has opened 

up a new chapter in epigenetic regulation. RNA with m6A modification can lead to changes in 

stability, splicing, localization and translation34,85. It has been found that embryonic stem cells 

can rapidly respond to external cues and commit to differentiation through m6A-mediated 

decay of pro-pluripotency transcripts84. RNA m6A modification has also been found to be 
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essential during the development of immune92 and neuronal systems87, and dysregulation of 

m6A modification protein is reported in various cancers112. While RNA m6A modification has 

not yet been studied in skin development, our preliminary analysis showed that m6A writers, 

including METTL3 and METTL14, have decreased expression level in differentiated skin. We 

thus hypothesized that RNA m6A modification may play an important role in regulating 

epidermal homeostasis.  

Using a mouse genetics approach, we found that conditional ablation of Mettl14 in the 

skin epidermis resulted in impaired skin development, including fewer basal cells and aberrant 

differentiation. By isolating and culturing the Mettl14-depleted epidermal progenitor cells and 

utilizing a wide range of classical stem cell assays, we were able to demonstrate that the skin 

phenotype was due to an imbalance in the stem cell program, shifting the cells from 

proliferation to differentiation. Finally, to further characterize the RNA methylome that 

regulates epidermal proliferation and differentiation, we performed RNA m6A-sequencing on 

epidermal progenitor cells before and after induced differentiation and found that RNA 

processing and metabolism pathways may be regulated by m6A methylation. In addition, we 

also noticed several long non-coding RNAs (lncRNAs) showing significant changes in 

methylation level after differentiation. Our study shows that RNA m6A modification plays an 

essential role in maintaining epidermal stemness, which may be achieved through methylation 

of lncRNAs. 
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MATERIALS AND METHODS 

Antibodies and chemical reagents 

Guinea pig Krt5, rabbit Krt10, and Loricrin antibodies were generous gifts from Dr. Elaine 

Fuchs at Rockefeller University. Rabbit Krt 14 and Krt 10 antibodies were obtained from 

Covance (Princeton, NJ). Rat monoclonal b4-integrin (CD104) was obtained from BD 

Pharmingen (Franklin lakes, NJ). P63 antibody was obtained from Genetex (Irvine, CA). 

METTL14 antibody was obtained from Sigma (St Louis, MO). MYC, GAPDH, and α-tubulin 

antibodies were obtained from ProteinTech (Rosemont, IL). HA-conjugated beads were 

obtained from Sigma (St. Louis, MO). Rabbit polyclonal antibodies against Ki67 were obtained 

from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Other chemicals or reagents were 

obtained from Sigma, unless otherwise indicated. 

 

Generation of Mettl14 cKO mice 

The Mettl14 conditionally targeted strain (Mettl14flox/flox) was kindly provided by Dr. 

Chuan He (University of Chicago). Mettl14 conditional knockout (cKO) animals were 

generated by breeding the strain with K14-Cre or K14-CreERT2. To avoid a potential maternal 

effect, we used male mice with K14-Cre or CreERT2 transgene for breeding. Genotyping was 

conducted by PCR of tail skin DNAs. All mice used in this study were bred and maintained at 

the animal resource center (ARC) of the University of Chicago in accordance with institutional 
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guidelines. 

 

Quantification of RNA m6A modification levels via mass spectrometry 

Total RNA was subjected to two rounds of poly(A) selection with the Dynabeads mRNA 

purification kit (Invitrogen). 25 ng of the purified mRNA was digested by nuclease P1 (1 U) in 

20 µl of buffer containing 20 mM NH4OAc pH 5.5 at 42°C for 2 h, followed by the addition 

of FastAP buffer (2.3 µl, Thermo Scientific) and alkaline phosphatase (1 U) and incubation at 

37°C for 4 h. The sample was then filtered (0.22 lm pore size, 4 mm diameter, Millipore), and 

5 µl of the solution was injected into the LC-MS/MS (liquid chromatography-mass 

spectrometry/mass spectrometry). The nucleosides were separated by reverse-phase ultra-

performance liquid chromatography on a C18 column (Agilent) with online mass spectrometry 

detection using a Sciex 6500+ triple-quadrupole LC mass spectrometer in positive electrospray 

ionization mode. The nucleosides were quantified by using the nucleoside-to-base ion mass 

transitions of 282–150 (m6A) and 268–136 (A). Quantification was carried out by comparison 

with a standard curve obtained from pure nucleoside standards run with the same batch of 

samples. The ratio of m6A to A was calculated based on the calibrated concentrations. 

 

Histology and immunostaining 

For FFPE (formalin-fixed paraffin-embedded) tissue, skin samples were fixed in 10% 
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formalin for 24 hours, then dehydrated via xylene exchange overnight and embedded in 

paraffin. 0.5 µm sections were made and stained with HE (hematoxylin and eosin). For 

immunohistochemistry staining (IHC), sections were stained on a Leica Bond RX automatic 

stainer. Epitope retrieval solution II (Leica Biosystems, AR9640) was used for 20 minutes\ 

heat-induced antigen retrieval (HIAR). Antibodies were applied on tissue sections for 60 

minutes of incubation and the antigen-antibody binding was detected with Bond polymer refine 

detection (polymer HRP, Leica Biosystems, DS9800). For quantification, slides were inspected 

under the microscope at high power (400x magnification) and epidermal cells were counted 

manually by a trained pathologist.  

For frozen sections, skin samples were embedded in Tissue-Tek OCT compound (Sakura) 

and 0.7 µm sections made on a cryostat. The sections were fixed in 10% formalin and stained 

with HE. For immunofluorescence staining (IF), sections were fixed in 4% paraformaldehyde, 

permeabilized in 0.1% Triton X100 and blocked in blocking solution (2.5% normal goat serum, 

2.5% normal donkey serum, 2% gelatin, 0.1% Triton X100 and 1% bovine serum albumin in 

PBS).  

 

Skin wound healing assay 

For skin wound healing assays, same sex littermates of ~12-week old mice were 

anesthetized and two full-thickness excisional wounds were made on both sides of the dorsal 
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midline following a previously described protocol116. Mice were housed separately and no self-

induced trauma was observed in control or cKO mice. Tissue was collected 2–6 days after 

wounding and wound re-epithelialization was evaluated by histological analyses. 

Hyperproliferative epidermis was identified by HE staining and the length that extended into 

the wounds was measured and quantified. 

 

Cell culture 

Primary mouse keratinocytes were isolated from the epidermis of newborn mice using 

trypsin after prior separation of the epidermis from the dermis by an overnight dispase 

treatment. Keratinocytes were plated on mitomycin C–treated 3T3 fibroblast feeder cells until 

passage three. Cells were cultured in E-media supplemented with 15% serum with a final 

concentration of 0.05 mM Ca2+.  

 

Protein biochemical analysis  

Western blot was performed as described previously117. Cell lysates were prepared with 

RIPA (radioimmunoprecipiation assay) buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 10% 

Glycerol, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, 1% Sodium Deoxycholate, 0.1% 

SDS) containing protease inhibitors and phosphatase inhibitors. Equal amounts of the cell 

lysates were separated using SDS-polyacrylamide gel electrophoresis (PAGE) and 
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electroblotted onto a nitrocellulose (NC) membrane. The immunoblot was incubated with 

Odyssey blocking buffer (Li-Cor) at room temperature for 1 hour, followed by an overnight 

incubation with the primary antibody. Blots were washed three times with Tween 20/Tris-

buffered saline (TBST) and incubated with a 1:10,000 dilution of secondary antibody for 1 

hour at room temperature. Blots were washed three times with TBST. Visualization and 

quantification were carried out with a LI-COR Odyssey scanner and software (LI-COR 

Biosciences, Nebraska, USA). 

 

Analysis of m6A-sequencing 

Total RNA was isolated from primary mouse keratinocyte with or without calcium shift-

induced differentiation. Polyadenylated RNA was further enriched from total RNA using a 

Dynabeads mRNA purification kit (Invitrogen). RNA was fragmented using a Bioruptor 

ultrasonicator (Diagenode) with 30 second on/off for 30 cycles. m6A-immunoprecipitation was 

performed using a Epimark N6-methyladenosine enrichment kit (New England Biolabs) and 

library preparation was performed using an Illumina TruSeq Stranded mRNA Sample Prep Kit 

according to previously published protocols118. Sequencing was carried out at the University 

of Chicago Genomics Facility on an Illumina HiSeq4000 machine in single-read mode with 50 

base pairs per read. m6A-seq data were analyzed according to the protocol previously 

described119. Briefly, HISAT2 (version 2.1.0)120 was used to align the sequence reads to 
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reference genome and transcriptome (mm10). Then, the exomePeak R/Bioconductor package 

(version 3.7) was used to find m6A peaks and the QNB package (version 1.1.11)121 was used 

to identify differentially methylated regions. Significant peaks with false discovery rate less 

than 0.05 were annotated to the RefSeq database (mm10). Differential gene expression was 

calculated using DESeq2 (version 1.18.1) using the sequencing reads from input samples122. 

Gene ontology (GO) analysis on the differentially methylated genes was performed using the 

Cytoscape app with BINGO plugin123. Gene Set Enrichment Analysis was performed using 

GSEA software created by Broad Institute124,125. 

 

Statistical analysis 

Statistical analysis was performed using Excel, OriginPro, GraphpadPrism or SciDAVis 

software. Box plots were used to describe the entire population without assumptions about the 

statistical distribution. A Student’s t-test was used to assess the statistical significance (P value) 

of the difference for the experiments. 

RESULTS 

Mettl14 depletion in skin leads to defects in skin homeostasis and regeneration 

To investigate our hypothesis that RNA m6A-modification contributes to epidermal 

homeostasis, we first tested whether loss of m6A-modification can lead to phenotypic changes 

in skin. Mettl14 knockout is embryonically lethal in mice126. We thus developed a skin 
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conditional knockout (cKO) model of Mettl14. A targeting cassette with two loxP 

sites was engineered into the Mettl14 locus in mouse chromosome 3 by homologous 

recombination87. To conditionally delete Mettl14 in the skin epithelium, we bred Mettl14fl/fl 

mice with transgenic mice carrying K14-Cre recombinase, which can efficiently excise floxed 

genomic DNA by embryonic day E15.5116,127(Figure 2.1 A, B, C). Mettl14 cKO mice were 

born in the expected Mendelian ratio but exhibit significant perinatal lethality. Mettl14 cKO 

animals are smaller and often have tighter, smoother, and shiny skin compared with their wild 

type (WT) littermates (Figure 2.1 D). Immunohistochemistry confirms loss of Mettl14 in skin 

epithelial cells in the cKO animals (Figure 2.1 E). In addition, mass spectrometry analysis 

showed a dramatic decrease in global mRNA m6A modification in Mettl14 cKO skin epidermis, 

consistent with the known role of Mettl14 as an indispensable m6A writer protein (Figure 2.1 

F). 
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Figure 2.1: Development of Mettl14 cKO mice. A. Schematic illustration of the breeding 

program for developing the Mettl14 cKO mice. B. Schematic illustration of the Cre 

recombinase reaction that removes exon 7-9 from the METTL14 gene. C. Representative 

genotyping results for mice bearing Mettl14fl and K14-Cre alleles. fl: floxed. D. Mettl14 cKO 

pup (P3) with a WT littermate. Note the small size and shiny skin appearance of the cKO mice. 

E. Immunohistochemistry confirms loss of Mettl14 expression in skin in cKO animals. F. Level 

of total RNA m6A modification in WT and Mettl14 cKO skin were determined by mass 

spectrometry and shown in a box and whisker plot. The plot indicates the mean (solid diamond 

within the box), 25th percentile (bottom line of the box), median (middle line of the box), 75th 

percentile (top line of the box), 5th and 95th percentile (whiskers), 1st and 99th percentile (solid 

triangles) and minimum and maximum measurements (solid squares). n=9 (biological repeats), 

P<0.01 (Student’s t-test). 
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To understand the role of Mettl14 in skin development, we analyzed WT and Mett14 cKO 

skin from newborn pups. Skin histology shows that the epidermis of the cKO mouse is 

noticeably thicker with a decreased number of hair follicles (Figure 2.2 A). Transcription factor 

p63 is a master regulator controlling epidermal morphogenesis and stemness12,13. 

Immunofluorescence staining demonstrates a significantly reduced number of p63-positive 

basal cells in cKO skin (Figure 2.2 B, C). Along with decreased and disoriented basal 

progenitor cells, Mettl14 cKO skin epidermis has an expanded spinous layer as determined by 

staining with the early differentiation marker Keratin 10 (Figure 2.2 D, E). 
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Figure 2.2: Mettl14 regulates skin homeostasis. A. HE staining of newborn pup skin sections 

from WT and Mettl14 cKO mice. B. Quantification of epidermal thickness. C. Expression of 

p63 in skin epidermis was examined by immunofluorescence staining in WT and cKO mice. 

D. Quantification of P63+ cells. E. Skin stratification in WT and cKO skin was determined by 

immunofluorescence staining with different antibodies as indicated. Krt14: Keratin 14; Krt10: 

Keratin 10; β4: β4-integrin; DAPI for nucleus staining. The dashed line denotes the basement 

membrane that separates dermis and epidermis (Epi).  F. Quantification of differentiated 

suprabasal cells. The box and whisker plots in B, D, F show the mean (solid diamond within 

the box), 25th percentile (bottom line of the box), median (middle line of the box), 75th 

percentile (top line of the box), 5th and 95th percentile (whiskers), 1st and 99th percentile (solid 

triangles) and minimum and maximum measurements (solid squares). n=9 (biological repeats), 

P<0.01 (Student’s t-test). 
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Wounding in skin can mobilize quiescent epidermal progenitor cells for proliferation and 

migration. To circumvent the issue of perinatal lethality in Mettl14 cKO animals, we bred the 

Metttl14fl/fl mice with transgenic mice carrying the K14-Cre-ERT2 allele116,127. The resultant 

inducible cKO animals can grow to adulthood with no apparent changes in skin epidermis or 

hair coat. However, when challenged by skin injury after administration of tamoxifen, Mettl14 

cKO skin exhibited a significant delay in repairing full-thickness wounds as compared to WT 

skin (Figure 2.3 A, B). Histological analysis revealed that the area of hyperproliferative 

epithelium that typically proliferates and migrates into the wound site was significantly 

diminished following injury (Figure 2.3 C). Wound-induced hyperproliferation of epidermal 

cells was also inhibited in cKO skin (Figure 2.3 D). Together, these results strongly suggest 

that m6A modification of RNA mediated by Mettl14 plays a critical role in skin tissue 

homeostasis and wound repair in vivo. 
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Figure 2.3: Mettl14 regulates wound healing. A. Representative images of skin wounds in 

WT and cKO animals at different time points. Scale bars represent 25mm. B. Wound healing 

as monitored by wound size 8 days post injury. n=3; P<0.01 (Student’s t-test). Error bar 

represents SD (standard deviation). C. Histological staining of skin sections at the wound edges. 

Halves of wound sections are shown. Note significant reduction of HPE (hyperproliferative 

epidermis) in cKO skin. Es: eschar. Dotted lines denote epidermal boundaries. D. 

Quantification of Ki67-positive cells present in wound HPE, shown in a box and whisker plot. 

The plot indicates the mean (solid diamond within the box), 25th percentile (bottom line of the 

box), median (middle line of the box), 75th percentile (top line of the box), 5th and 95th 

percentile (whiskers), 1st and 99th percentile (solid triangles) and minimum and maximum 

measurements (solid squares). n=19, P<0.01 (Student’s t-test). 
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Mettl14 loss impairs epidermal stemness 

Although wound-induced hyperproliferation in adult epidermis is inhibited upon ablation 

of Mettl14, epidermal proliferation, as measured by ki-67 staining, is not significantly affected 

in the newborn skin of cKO mice (Figure 2.4 A). Potential markers for long-term epidermal 

progenitor cells are not clearly defined in vivo, and different models have been proposed for 

epidermal tissue maintenance6,128-137. However, accumulating evidence reveals the existence of 

distinct basal cell populations with hierarchical organization and proliferation dynamics in skin 

epidermis, including slow-cycling progenitor cells and committed progenitor cells with limited 

proliferative potential128-133,138. With classical label-retaining analysis (Figure 2.4 B), we found 

that loss of Mettl14 in skin leads to a dramatic decrease in the number of slow cycling, label 

retaining cells in the basal layer (Figure 2.4 C, D). Upon culture in vitro, primary epidermal 

keratinocytes will generate three different types of colonies, named holoclones, meroclones, 

and paraclones, with only holoclones containing undifferentiated epidermal progenitor cells139-

141. Deletion of Mettl14 led to a dramatic reduction in the number of holoclones when primary 

cells were cultured on 3T3 feeder layers (Figure 2.4 E). Whereas WT holoclone cells are 

typically small and tightly packed with undifferentiated morphology, the KO colonies usually 

have cells that are large and multinucleated with senescent or differentiated morphology 

(Figure 2.4 F). Immunoblots confirmed loss of Mettl14 expression in KO cells. Expression of 

p63 was also significantly reduced in KO cells (Figure 2.4 G). When passaged in vitro, the 
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KO cells proliferate slower with significantly longer doubling time (Figure 2.4 H) and reduced 

EdU (5-ethynyl-2’-deoxyuridine) incorporation (Figure 2.4 I) compared with WT controls. All 

of this evidence suggests that epidermal stem cells are functionally impaired following Mettl14 

deletion. 

Figure 2.4: Mettl14 depletion leads to epidermal stem cell loss. Continued on next page. 
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Figure [2.4], continued. A. Immunohistochemistry staining shows similar epidermal 

proliferation in WT and Mettl14 cKO skin. B. Schematic depiction of the design of EdU (5-

ethynyl-2’-deoxyuridine) pulse-chase experiments. C. EdU staining of WT or Mettl14 cKO 

skin after pulse-chase labeling. Skin samples were counterstained with antibody against β4-

integrin. Note reduced EdU label-retaining cells in cKO skin epidermis. D. Quantification of 

label-retaining cells in WT or Mettl14 cKO skin. n=19, P<0.01 (Student’s t-test). E. 

Quantification of the number of holoclones derived from WT and Mettl14 cKO skin. n=24, 

P<0.01 (Student’s t-test). F. Morphology of primary keratinocytes isolated from WT or Mettl14 

cKO skin. G. Expression of Mettl14 and p63 in WT and KO cells was determined by 

immunoblots with respective antibodies. Immunoblot for GAPDH was used as loading control. 

H. Proliferation of WT and Mettl14 null cells in vitro was quantified and shown in a dot plot. 

n=3, P<0.01 (Student’s t-test) for Day 6, 9, and 12, and P<0.05 (Student’s t-test) for Day 3. 

Error bar represents SD. I. EdU incorporation assay shows reduced proliferation capability of 

Mettl14 null cells in vitro. n=6; P<0.01 (Student’s t-test). The box and whisker plots in D and 

E show the mean (solid diamond within the box), 25th percentile (bottom line of the box), 

median (middle line of the box), 75th percentile (top line of the box), 5th and 95th percentile 

(whiskers), 1st and 99th percentile (solid triangles) and minimum and maximum measurements 

(solid squares). 

 

To further investigate the change in epidermal stemness, we carried out two additional 

classical stem cell assays. We first tested the colony forming efficiency (CFE) of the epidermal 

progenitor cells by culturing the cells at a very low density (100 cell/cm2) and allowing the 

colony to form over 7 days. As expected, CFE was markedly decreased upon loss of Mettl14 

(Figure 2.5 A, B). More importantly, re-expression of WT Mettl14 but not the Mettl14-R298P 

mutant that is deficient in methyltransferase activity142, can restore the CFE in vitro (Figure 

2.5 C), which suggests that the CFE of epidermal stem cells is dependent on Mettl14 activity. 

We next carried out a clonal competition and lineage trace analysis143 using our skin organoid 

culture and transplantation model144,145. As Mettl14-deficient cells failed to sustain long-term 
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culture in vitro, we isolated primary epidermal keratinocytes from the inducible Mettl14 KO 

strain. Before treatment with tamoxifen, the inducible KO cells and their WT counterparts grew 

at a similar rate. To monitor their epidermal regeneration capacity and trace their fate upon 

engraftment, we transduced the WT and inducible KO cells with lentivirus encoding either 

H2B-RFP or H2B-GFP. Fluorescently labeled cells were mixed at a 1:1 ratio to generate skin 

organoids. Interestingly, whereas clone size measurement with fluorescent microscopy 

revealed no significant changes between WT and inducible KO cells before tamoxifen 

treatment, induction of Cre recombination with tamoxifen led to continual loss of Mettl14 KO 

cells in the skin, which became barely detectible 14 days after tamoxifen treatment (Figure 2.5 

D, E). These results indicate that Mettl14 is essential for maintaining epidermal stemness. 

Figure 2.5: Mettl14 is required for maintaining epidermal stemness. Continued on next 

page. 
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Figure [2.5], continued. A. CFE (colony formation efficiency) of WT and Mettl14 null cells 

was determined in vitro. B. Colonies from each well are quantified and shown in a bar graph. 

n=19, P<0.01 (Student’s t-test). Error bar represents SD. C. CFE (colony formation efficiency) 

of WT, Mettl14 KO, and Mettl14 KO cells with re-expression of Mettl14 or Mettl14-R298P 

mutant was determined in vitro. Error bar represents SD. D. Fluorescence microscopy 

demonstrates different survival capability of WT and inducible Mettl14 KO cells with or 

without Tamoxifen (TAM) treatment. E. Ratio of WT and inducible Mettl14 KO cells in the 

co-culture model was quantified and shown in dot plots for KO cells with TAM treatment 

compared with WT cells or KO cells without TAM stimulation at both Day 7 and 14. Error bar 

represents SD. n=8, P<0.01 (Student’s t-test). 

 

RNA N6-methyladenosine sequencing and Gene Ontology analysis 

To uncover how changes in the RNA methylomes regulate epidermal stem cell self-

renewal and differentiation, we performed m6A sequencing (m6A-seq) and RNA sequencing 

(RNA-seq) of polyadenylated RNAs isolated from undifferentiated epidermal progenitor cells 

and from epidermal progenitor cells with induced differentiation via calcium shift146. Our 

profiling identified 7,379 and 6,945 RNA species with m6A modifications in progenitor cells 

and differentiated cells, respectively. Among them, 260 RNAs have markedly reduced m6A 

modification upon differentiation (fold change > 2), whereas 1,474 RNAs have elevated levels 

of m6A modification. GO (Gene Ontology) term enrichment analysis of RNAs with altered 

m6A modification revealed a variety of enriched clusters following keratinocyte differentiation 

(Figure 2.6 A, B), including annotations pertaining to RNA processing and binding. 

Long non-coding RNAs (lncRNAs) have emerged as an important class of regulators 

involved in many processes, including skin development and homeostasis26,28. Our analysis 
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revealed substantially altered m6A modifications of different lncRNAs during skin 

differentiation, including Gas5 (growth arrest-specific 5), Neat1 (nuclear enriched abundant 

transcript 1), Malat1 (metastasis-associated lung adenocarcinoma transcript 1), Snhg18 (small 

nucleolar RNA host gene 18) and Pvt1 (Plasmacytoma variant translocation 1) (Figure 2.6 C). 

Our analyses point towards an intriguing possibility that m6A modification on lncRNA may act 

as an important regulator of epidermal stemness. 
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Figure 2.6: Mapped enrichment results from RNA methylome profiling. A. Transcripts 

with at least a two-fold decrease in m6A level in differentiated versus undifferentiated cells 

were analyzed and visualized for overrepresented GO Biological Process terms using 

Cytoscape with Bingo plugin. Nodes represent gene sets with shared enrichment annotation. 

Diameter of nodes correspond to the number of genes associated with enrichment term. The 

color of the node represents the corrected p value. White nodes are not over-represented, 

whereas colored nodes are over-represented. B. Analysis for overrepresented GO Molecular 

Function terms using the same method as in A. C. Profiling of RNA methylome by m6A-seq 

shows significant changes in lncRNA modifications upon epidermal differentiation in vitro.  
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DISCUSSION 

Defects in skin epidermal differentiation or wound repair can result in dire consequences 

for our survival because the skin provides an essential barrier protecting us against many 

different types of environmental damage2,141. Tissue homeostasis and regeneration of our skin 

are driven by the epidermal basal progenitor cells and are controlled by the critical balance 

between cell proliferation, cell differentiation, and cell death. Stemness and differentiation of 

epidermal progenitor cells are controlled by a complex and choreographed signaling network; 

however, the complexity of the multilevel regulation of these processes remains ill defined.  

RNA m6A modification has been uncovered as one of the most important mechanisms of 

regulating RNA post-transcriptionally. The m6A proteins, including writers, erasers, and 

readers, are highly conserved across a wide range of species, both in prokaryotes and 

eukaryotes147. The m6A machinery is especially important for embryonic stem cell 

development, as it provides a means for rapid turn-over of transcriptome and facilitates change 

in cell fate84. Conversely, dysregulated m6A pathway has been implicated in a wide range of 

cancers, including acute myeloid leukemia101 and glioblastoma104. 

We probed the role of m6A modification in epidermal development by conditionally 

ablating Mettl14, one of the main m6A writer proteins, in epidermal cells. We found that loss 

of m6A modification led to significant disruption of epidermal development, including loss of 

the basal stem cell population, and abnormal proliferation of differentiated cells at the 
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suprabasal layer. Importantly, Mettl14 knockout also led to significant defects in skin wound 

healing, indicating an inability of epidermal stem cells to proliferate and mobilize under tissue 

stress.  

Mettl14 cKO mice also showed defects in hair follicle formation shortly after birth. In the 

skin sections from newborn cKO pups, the hair follicles are deformed and are fewer in number. 

During embryogenesis, hair follicle development initiates with the “first dermal signal”, which 

induces the placode to form in the epidermis at E14.5148. The placode then continues to expand 

downward and differentiate to form the hair shaft. The epidermis thus contributes to hair 

follicle development in two important ways. First, the dermal-epidermal cross talk between 

E14.5-E15.5 is essential for the placode to develop into germ and peg. Second, the epidermal 

stem cells need to migrate downwards and differentiate into the hair follicle epithelium at 

E18.5149. It is thus likely that RNA m6A modification may play a role during one or both of 

these processes. Future studies will be needed to determine the precise role of RNA m6A 

modification in hair development. 

We also observed that a significant number of Mettl14 cKO pups die prematurely, usually 

around day 3-5 after birth. Abnormal skin development can impair the barrier function of the 

skin, leading to increased susceptibility to environmental hazards or excessive water loss 

through the skin150. We examined the barrier function of the pups using a toluidine blue 

penetration test151, but found no evidence of impaired skin permeability in the cKO pups. In 
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our Mettl14 cKO mice, expression of Cre recombinase is driven by the K14 promoter, which 

is expressed in the epidermis during development. However, K14 is also expressed in 

esophageal epithelium during development, and malformation of the esophagus can also lead 

to malnutrition and premature death. We microscopically examined sections taken from the 

esophagus of newborn Mettl14 cKO pups, but also did not find any abnormality. The precise 

reason for early mortality in our Mettl14 cKO remains to be identified. Our preliminary 

investigation is also insufficient to completely rule out defects in barrier function or esophageal 

malformation as a cause. More sensitive studies may be needed, such as transepithelial water 

loss (TEWL) measurement or ultrastructure microscopy. 

On the cellular level, the EdU incorporation assay revealed that the Mett14 cKO mice are 

almost devoid of the slow-cycling quiescent stem cell population in the basal epidermis. The 

Mettl14 cKO epidermal progenitor cells also grew at a significantly slower rate in vitro, and 

failed to from colonies when plated at low density. Finally, the Mettl14 cKO epidermal 

progenitor cells were also out-competed when co-cultured with WT cells. These well-

established stem cell assays all point to the same conclusion: that Mettl14 is critical in 

maintaining epidermal stemness. 

The molecular and cellular functions of RNA m6A modification have mostly been 

explored in the context of embryonic stem cells and cancer cells. However, several studies also 

highlight the importance of this regulatory mechanism in development and adult tissue 
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homeostasis. Interestingly, studies on RNA m6A modification in neuronal development reveal 

findings strikingly similar to ours. Specifically, mice with conditional knockout of Mettl14 in 

neuronal stem cells show a significant decrease in neuronal stem cell proliferation, as well as 

premature differentiation88. In addition, the differentiated neuronal cells still retain normal 

identity. In our model, although there is a significant reduction in the number of epidermal stem 

cells in the basal layer accompanied by an increased number of differentiated cells in the 

suprabasal layer, the differentiated cells can still migrate upward and constitute the spinous 

layer, granular layer, and corneal layer without apparent disorder or functional impairment. 

This suggests that like neuronal stem cells, the main role of RNA m6A modification is 

regulating stem cell self-renewal as opposed to directing differentiation. However, the 

mechanisms by which m6A modification regulates stem cell self-renewal in neuronal stem cells 

and epidermal stem cells are different. In the neuron, m6A modification regulates histone 

modification by destabilizing transcripts of histone modifiers, such as CBP and p30088. In 

contrast, our m6A-seq data did not reveal prominent changes in histone modification transcripts 

between undifferentiated and differentiated epidermal progenitor cells. Instead, our Gene 

Ontology analysis suggests that m6A regulation may affect epidermal stemness through 

lncRNAs.  

Protein coding regions comprise only 1-2% of our genome, and a major component of the 

noncoding genome are lncRNAs. Compared with mRNAs, lncRNAs usually have a relatively 
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low expression level but strong tissue-specific patterns. Although nearly 28,000 lncRNAs have 

been cataloged in the human genome, most lncRNAs have not been functionally characterized. 

To date, only a few lncRNAs have been identified as playing an important role in epidermal 

stemness and homeostasis with cultured human primary keratinocytes or human skin tissue 

samples as model systems, including DANCR (differentiation antagonizing non-protein-

coding RNA)27, TINCR (terminal differentiation-induced noncoding RNA)28, PRANCR 

(progenitor renewal associated noncoding RNA)32, SMRT-2 (SCC mis-regulated transcripts-

2)29, and uc.291 (UC-containing lncRNA)152. Consistent with previous reports27, our RNA-seq 

revealed a significant decrease in ANCR transcript level upon calcium-induced differentiation 

of mouse epidermal progenitor cells. However, contradictory to the role of TINCR in 

promoting epidermal differentiation28, transcripts of Gm20219, the mouse homolog of TINCR, 

is significantly reduced in differentiated mouse keratinocytes. It is noteworthy that lncRNAs 

are less sequence-conserved compared with protein-coding RNAs, and many functional 

lncRNAs are human- or primate-specific. It is likely that Gm20219 and TINCR may function 

in a different manner in mouse and human epidermal cells. Neither ANCR nor TINCR shows 

significant changes in m6A modifications upon epidermal differentiation, suggesting their 

functions are regulated by different mechanisms in skin epithelial cells. 

Data analysis from our m6A-seq data revealed five lncRNAs with significant changes in 

m6A modification level upon epidermal differentiation, including Gas5, Neat1, Malat1, Snhg18, 
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and Pvt1. Curiously, none of the five lncRNAs have been studied in epidermal cells, but have 

all been implicated to play a role in cancer. Three of the lncRNAs, Gas5, Malat1, and Pvt1, 

have been reported to be regulated through m6A modification in cancer cells. RNA m6A 

modification on Gas5 facilitates its degradation through the m6A reader YTHDF3. In contrast, 

Malat1-m6A is recognized by another reader, YTHDC1, to regulate nuclear speckle formation. 

From our sequencing analysis, Gas5 transcript level did not change with its methylation status. 

We also did not find significant changes in nuclear speckle formation from microscopy and 

ultra-microscopy observation in epidermal cells before and after differentiation. This suggests 

that Gas5 and Malat1 methylation may not play an important role in epidermal regulation, 

though it is still possible they may act through a different mechanism than cancer cells. Pvt1 is 

another interesting candidate, because Pvt1 has been shown to interact with and stabilize MYC 

in cancer cells, and it acts as an oncogene in this manner. In osteosarcoma cells, Pvt1 has been 

found to be demethylated by ALKBH5 to decrease YTHDF2-mediated degradation, suggesting 

that Pvt1 is also regulated by m6A modification153. Since MYC is not only over-expressed in a 

wide range of cancers, but is also one of the master regulators of epidermal homeostasis, the 

potential interaction between Pvt1 and MYC in epidermal stem cells is of particular interest for 

further investigation. 
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CHAPTER III 

RNA N6-METHYLADENOSINE MODIFICATION ENHANCES PVT1-MYC 

INTERACTION AND INCREASES MYC STABILITY 

INTRODUCTION 

Epidermal homeostasis is maintained by epidermal stem cells located in the basal layer. 

The epidermal stem cells are constantly challenged to make a decision: to remain dormant; to 

proliferate, which will replenish the stem cell population; or to differentiate, which can 

replenish the functional cells in the upper layers. This decision is orchestrated by a host of 

control mechanisms and is achieved through genetic as well as epigenetic means. In the 

previous chapter, we demonstrated that an additional layer of epidermal stem cell control is 

governed at the transcriptomic level, specifically, via RNA m6A modification. Through an 

m6A-sequencing approach, we identified several potential long non-coding RNAs (lncRNAs) 

that are modified by m6A during skin differentiation.  

We decided to focus on Pvt1, one of the lncRNAs identified in our sequencing results. 

The main rationale is that Pvt1 is the only lncRNA that shows a decreased methylation level 

after induced epidermal differentiation, which is consistent with the decreased expression of 

Mettl14 and global reduction in RNA methylation observed in differentiated cells. Additionally, 

Pvt1 is a very attractive target because it has been found to be up-regulated in many cancers 

and has been proposed to possess oncogenic properties via binding and stabilizing the 
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oncoprotein MYC154. Because MYC is also one of the master regulators of epidermal stemness, 

we hypothesized that m6A modification is required for Pvt1-MYC interaction and that loss of 

m6A leads to decreased MYC level and epidermal differentiation. 

Using CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats-

CRISPR-associated protein 9) mediated Pvt1 knockout, we were able to demonstrate that Pvt1 

is indeed required for epidermal stemness and that its function is dependent on m6A 

modification on Pvt1. We were able to further show that loss of Pvt1 m6A modification leads 

to decreased MYC interaction as well as rapid MYC degradation in vitro. In addition, the loss 

of epidermal stemness observed in the Mettl14 knockout cells can be rescued by expressing 

MYC externally, both in cell culture and in skin organoids. These results strongly support our 

hypothesis that m6A modification of Pvt1 enhances its interaction with MYC, which stabilizes 

MYC and maintains epidermal stemness.  

 

MATERIALS AND METHODS 

Antibodies and chemical reagents 

P63 antibody was obtained from Genetex (Irvine, CA). Mettl14 antibody was obtained 

from Sigma (St Louis, MO). MYC, GAPDH, and α-tubulin antibodies were obtained from 

ProteinTech (Rosemont, IL). HA-conjugated beads and HA antibodies were obtained from 

Sigma (St. Louis, MO). Rabbit polyclonal antibodies against Ki67 were obtained from Santa 
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Cruz Biotechnology, Inc. (Santa Cruz, CA). Other chemicals or reagents were obtained from 

Sigma, unless otherwise indicated. 

 

Cell culture 

Primary mouse keratinocytes were isolated from the epidermis of newborn mice using 

trypsin after prior separation of the epidermis from the dermis by an overnight dispase 

treatment. Keratinocytes were plated on mitomycin C–treated 3T3 fibroblast feeder cells until 

passage three. Cells were cultured in E-media supplemented with 15% serum with a final 

concentration of 0.05 mM Ca2+.  

 

Protein biochemical analysis  

Western blot was performed as described previously117. Cell lysates were prepared with 

RIPA (radioimmunoprecipitation assay) buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 10% 

Glycerol, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, 1% Sodium Deoxycholate, 0.1% 

SDS) containing protease inhibitors and phosphatase inhibitors. Equal amounts of the cell 

lysates were separated using SDS-polyacrylamide gel electrophoresis (PAGE) and 

electroblotted onto a nitrocellulose (NC) membrane. The immunoblot was incubated with 

Odyssey blocking buffer (Li-Cor) at room temperature for 1 hour, followed by an overnight 

incubation with the primary antibody. Blots were washed three times with Tween 20/Tris-

buffered saline (TBST) and incubated with a 1:10,000 dilution of secondary antibody for 1 

hour at room temperature. Blots were washed three times with TBST. Visualization and 
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quantification were carried out with the LI-COR Odyssey scanner and software (LI-COR 

Biosciences, Nebraska, USA). 

 

RNA extraction and quantitative RT–PCR 

Total RNA was isolated with TRIzol reagent (Invitrogen) using Direct-zol kit (Zymo 

Research). mRNA was extracted from the total RNA using a Dynabeads mRNA purification 

kit (Invitrogen). mRNA concentration was measured by ultraviolet absorbance at 260 nm. For 

analysis of mRNA expression, 200–500 ng of RNA was reverse-transcribed into cDNA using 

the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). Quantitative 

realtime PCR analysis was then performed using PerfeCTa SYBER green Supermix 

(Quantabio) on the StepOnePlus RT–PCR system (Thermo Fisher Scientific). GAPDH or 

ACTB was used as endogenous control. Each sample was run in triplicate. 

 

Quantification of RNA m6A methylation via m6A-immunoprecipitation 

Protein G Dynabeads (Thermo Scientific) were washed and resuspended in 

immunoprecipitation (IP) buffer containing 20 mM Tris (pH 7.4), 750 mM NaCl, and 0.5% 

NP40. Next, m6A antibody (New England Biolabs) was added to the beads and incubated for 

30 min at 4°C. After incubation, the supernatant was removed and washed with IP buffer, then 

purified RNA was added and incubated for 1 hour at 4°C. The beads were then washed with 
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low salt buffer containing 10 mM Tris (pH 7.4), 10 mM NaCl, 0.1% NP40, followed by a 

second wash with high salt buffer containing 10 mM Tris (pH 7.4), 500 mM NaCl, 0.1% NP40. 

Finally, the RNA was eluted with RLT buffer (Qiagen) and further purified using the RNA 

Clean and Concentrator-5 kit (Zymo Research). The relative level of m6A-modified RNA was 

quantified via RT–PCR as described in the previous section. 

 

Quantification of Pvt1-MYC interaction via MYC-immunoprecipitation 

Cell lysate was collected from transfected 293 cells expressing MYC with HA tag. 50 µl 

anti-HA agarose beads (Peirce) were added to the lysate and incubated at 4°C for 1 hour. After 

incubation, the beads were washed with RNA–protein binding buffer containing 25 mM Tris 

(pH 7.4), 150 mM KCl, 5 mM EDTA, 0.5 mM DTT, 0.5% NP40, and SUPERNase (Invitrogen) 

0.1 U/µl. Next, purified RNA was added to the MYC-HA beads and incubated for 2 hours at 

4°C. Finally, the beads were washed with RNA–protein binding buffer and the RNA was 

purified using the RNA Clean and Concentrator-5 kit (Zymo Research). The relative level of 

MYC-bound Pvt1 was determined by RT–PCR as described in the previous section. 

 

FTO demethylation of RNA 

Removal of m6A methylation of mRNA and lncRNA was performed as previously 

described64. In brief, 200 ng of polyadenylated RNA purified from cultured cells was incubated 
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with 2 µM purified FTO in a 20 µl reaction system. The reaction buffer was composed of 50 

mM HEPES buffer (pH6.5), 100 mM KCl, 2 mM MgCl2, 2 mM L-ascorbic acid, 300 µM α-

ketoglutarate, 150 µM (NH4)2Fe(SO4)2•6H2O, and SUPERNase (Invitrogen) 0.2 U/µl. After 

1 hour of incubation, the reaction was quenched by adding 5 mM EDTA. For the control group, 

EDTA was added prior to incubation. The demethylated RNA was purified using the RNA 

Clean and Concentrator-5 kit (Zymo Research). 

 

Skin organoid culture and grafting 

Skin organoid culture and grafting has previously been performed in our lab and 

described144,145. In brief, decellularized dermis (1 cm × 1 cm) was prepared from newborn CD1 

mice. 1.5 × 106 cultured keratinocytes were seeded onto the dermis in a cell culture insert. After 

overnight attachment, the skin culture was exposed to air/liquid interphase. To transplant the 

graft to 8-12 week old nude mice (Jackson lab, Nu/J strain), two 1 cm × 1 cm wounds were 

introduced on the back skin. After transplantation, the wound edge was sealed with surgical 

glue. The grafted animals were housed separately, and the wound bandages were usually 

removed 1 week post-surgery. All the experiments included more than three biological 

replicates (independent skin grafts). For phenotypic analysis, at least three sections were taken 

from each graft for analysis and quantification by staining. 
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Histology and immunostaining 

For FFPE (formalin-fixed paraffin-embedded) tissue, skin samples were fixed in 10% 

formalin for 24 hours, then dehydrated via xylene exchange overnight and embedded in 

paraffin. 0.5 µm sections were made and stained with HE (hematoxylin and eosin). For 

immunohistochemistry staining (IHC), sections were stained on a Leica Bond RX automatic 

stainer. Epitope retrieval solution II (Leica Biosystems, AR9640) was used for 20 minute heat-

induced antigen retrieval (HIAR). Antibodies were applied on tissue sections for 60 minutes of 

incubation and the antigen-antibody binding was detected using Bond polymer refine detection 

(polymer HRP, Leica Biosystems, DS9800). For quantification, slides were inspected under 

the microscope at high power (400x magnification) and epidermal cells were counted manually 

by a trained pathologist.  

For frozen sections, skin samples were embedded in Tissue-Tek OCT compound (Sakura) 

and 0.7 µm sections made on a cryostat. The sections were fixed in 10% formalin and stained 

with HE. For immunofluorescence staining (IF), sections were fixed in 4% paraformaldehyde, 

permeabilized in 0.1% Triton X100 and blocked in blocking solution (2.5% normal goat serum, 

2.5% normal donkey serum, 2% gelatin, 0.1% Triton X100 and 1% bovine serum albumin in 

PBS).  
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MYC protein stability assay 

Primary keratinocytes were treated with 20 nM cycloheximide (CHX). Whole cell lysates 

were collected at 0, 30, 60, 90, 120, 180, and 300 min post-CHX treatment and subjected to 

immunoblotting with MYC antibody, as described in the previous section. Band intensity was 

determined by densitometry. 

 

Statistical analysis 

Statistical analysis was performed using Excel, OriginPro, GraphpadPrism or SciDAVis 

software. Box plots were used to describe the entire population without assumptions about the 

statistical distribution. A Student’s t-test was used to assess the statistical significance (P value) 

of the difference for the experiments. 

RESULTS 

Pvt1 loss leads to epidermal stemness defect 

Our m6A sequencing analysis revealed the possibility that m6A methylation of lncRNAs 

may drive epidermal stemness. Of the five lncRNAs we identified that showed significant 

change in m6A level after induced epidermal differentiation, Pvt1 was the only one with 

reduced methylation after differentiation, which is consistent with the global RNA methylation 

pattern in differentiated epidermal cells. We thus hypothesized that Pvt1 m6A modification is 

required for epidermal stemness. 



47 
 

While Pvt1 has been previously reported to be m6A modified, the modification site has 

not been determined153. We first sought to determine the methylation sites on Pvt1. From the 

m6A-sequencing data, we were able to identify two m6A clusters on Pvt1 transcript in exon 2. 

Next, we matched the consensus m6A sequence Pu[G>A]m6AC[A/C/U] with the sequence of 

the two clusters, which revealed five potential m6A modification sites on Pvt1: A282, A294 

and A303 in the first cluster and A446 and A452 in the second. To further evaluate the m6A 

modification status of these two clusters, we created mutations at the five putative sites, 

replacing A (adenosine) with G (guanosine), and measuring the m6A modification level via 

m6A-immunprecipitation followed by RT-PCR on Pvt1. Interestingly, when either one of the 

clusters was mutated, the Pvt1 m6A modification level was reduced by approximately 50%, 

and when both clusters were mutated, Pvt1 methylation was nearly depleted (Figure 3.1 A). 

Thus we confirmed that both of these clusters constitute the dominant m6A-modifiction site on 

the Pvt1 transcript.  

While several lncRNAs have been implicated in epidermal cell regulation, the role of Pvt1 

in skin development has not yet been explored. To this end, we first developed a CRISPR-Cas9 

mediated knockout line by targeting two guided RNAs against the complementary sequences 

at both ends of the lncRNA gene (Figure 3.1 B). Interestingly, the Pvt1 KO cells failed to 

propagate after selection, suggesting that it is an essential gene for maintaining stemness of 

epidermal progenitor cells in vitro. To overcome this, we used a doxycycline-inducible 
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platform to deliver the Cas9 (CRISPR-associated protein 9) protein (iCas9)155, together with a 

PiggyBac transposon vector encoding the two gRNAs required for Pvt1 deletion156. In stably 

transduced cells, induction with doxycycline led to a significant reduction in Pvt1 expression 

(Figure 3.1 C).  

We next evaluated the impact of epidermal stemness on the Pvt1 knockout cells using 

colony formation assays. As expected, upon doxycycline-induced knockout of Pvt1, the 

number of colonies dropped significantly compared to WT cells or non-induced cells (Figure 

3.1 D). As our CRISPR-mediated knockout approach may also result in the potential removal 

of genetic regulatory elements on MYC157, we tested the change in epidermal stemness using 

siRNA against Pvt1 transcripts and observed a similar effect (Figure 3.1 E, F). This suggests 

that the stemness defect caused by Pvt1 depletion does not occur at the genomic level, but 

instead at the transcriptomic level. Importantly, we were able to rescue the colony forming 

defect by re-introducing WT Pvt1, but not the mutant Pvt1 with all five m6A-sites mutated 

(PVT1-A5G) (Figure 3.1 D). This indicates that not only is Pvt1 essential for epidermal 

stemness, but its regulatory action is also dependent on m6A modification.  
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Figure 3.1: Pvt1 m6A modification is required for epidermal stemness. A. Mutations in the 

predicted m6A modification sites can significantly reduce Pvt1 methylation. B. Targeting 

strategy for deletion of Pvt1 in cultured mouse epidermal progenitor cells. iCas9: inducible 

Cas9. gRNA: guide RNA. C. Deletion of endogenous Pvt1 by an inducible Cas9 (iCas9) system 

can significantly reduce Pvt1 RNA level. n=3, P<0.01 (Student’s t-test). Error bar represents 

SD. D. CFE of WT, Pvt1 inducible KO, and Pvt1 inducible KO cells rescued with WT or mutant 

Pvt1 was quantified and presented in a bar graph. n=3, **: P<0.01 (Student’s t-test). E. 

Decrease of Pvt1 level upon transfection of siRNA, as determined by RT-PCR. F. CFE of WT 

control cells and cells with Pvt1 knockdown (siRNA). 
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Mutation of the m6A-sites on Pvt1 can potentially lead to alterations in the secondary 

structure of the transcript due to change in base-pairing stability, which may in turn cause 

changes in Pvt1 function or stability and confound our analysis. To account for this, we 

performed an in silico analysis to determine the secondary structure of Pvt1 using the RNAfold 

software158, and found that three of the five adenosines on the m6A modification sites may 

potentially be involved in base-pairing (Figure 3.2 A-C). To this end, we prepared a Pvt1 

mutant with the three corresponding T residuals mutated to C (PVT1-A5GT3C) to preserve 

base-pairing stability and minimize the potential impact on secondary structure. When the 

PVT1-A5GT3C mutant was expressed in Pvt1 knockout cells, it also failed to restore the 

number of colonies (Figure 3.2 D), suggesting that failure of the PVT1-A5G mutant to restore 

epidermal stemness is due to the mutant’s inability to become methylated and not due to to 

secondary structure changes from the mutation.   
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Figure 3.2: Stemness defect in Pvt1-A5G is not due to disruption of secondary structure 

base-pairing. A. Predicted Pvt1 secondary structure using RNAfold software. Figure was 

generated using the draw tool RNAstucture (http://rna.urmc.rochester.edu/RNAstructureWeb/). 

The two clusters with m6A modification are indicated by the brown and blue squares. B. First 

m6A cluster on Pvt1. A282 and A294 are predicted to pair with U345 and U330. C. Second 

m6A cluster on Pvt1. A446 is predicted to pair with U705. D. Expression of the Pvt1-A5GT3C 

mutant, which has the 3 pairing uracils mutated to cytosine, cannot restore CFE in vitro, 

resembling the effect of the Pvt1-A5G mutant.   
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Finally, to further confirm that Pvt1 regulates epidermal stemness in vivo, we took 

advantage of the mouse skin organoid and transplantation model that was recently established 

by our group144,145. Skin organoids derived from WT and inducible Pvt1 KO cells can both be 

efficiently grafted to host mice and regenerate skin. However, upon doxycycline administration, 

the KO skin grafts grew notably thicker with expansion of spinous cells and a decrease in p63-

positive basal cells, resembling the phenotypes of Mettl14 cKO skin. (Figure 3.3 A-F).  

We further assessed the changes in epidermal stemness using a clonal competition assay. 

We transduced the WT and inducible Pvt1 KO cells with lentivirus encoding either H2B-RFP 

or H2B-GFP and mixed the cells at a 1:1 ratio to generate the skin organoids. Interestingly, 

induction of Cas9 with doxycycline for Pvt1 deletion led to continual loss of KO cells in the 

skin (Figure 3.3 G, H). Taken together, our results provide compelling evidence that lncRNA 

Pvt1 plays an important role in sustaining epidermal stemness, which requires m6A 

modification of Pvt1. 
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Figure 3.3: Pvt1 regulates epidermal stemness and tissue homeostasis. A. Schematic 

depicting the process of skin organoid transplant. Epidermal progenitor cells are cultured on 

top of a dermal matrix isolated from newborn mice to form a 3D organoid, which is 

subsequently exposed to air to induce differentiation. Finally, the organoid is grafted on the 

back of a nude mouse. B. Skin organoids derived from WT or Pvt1 inducible KO cells were 

grafted to nude mice. The regenerated skin was analyzed by HE staining. C. Epidermal 

thickness of WT and Pvt1 KO skin grafts was n=18, P<0.01 (Student’s t-test). D. Number of 

p63-positive cells in WT and cKO skin was quantified andis shown in a bar graph. n=5, P<0.01 

(Student’s t-test). Error bar represents SD. Continued on next page. 
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Figure [3.3], continued. E. The number of Krt10 (Keratin 10)-positive epidermal cells in WT 

or Pvt1 inducible KO skin grafts was quantified andis shown in a bar graph. n=4; P<0.01 

(Student’s t-test). Error bar represents SD. (standard deviation). F. The number of suprabasal 

epidermal cells in WT or Pvt1 inducible KO skin grafts was quantified andis shown in a box 

plot. n=14; P<0.01 (Student’s t-test). G. Fluorescence microscopy demonstrates differing 

survival capability of WT and Pvt1 inducible KO cells with or without doxycycline (Dox) 

treatment. H. Ratio of WT and Pvt1 inducible KO cells in the co-culture model was quantified 

andis shown in a dot plot. n=8, P<0.01 (Student’s t-test) for KO cells with Dox treatment 

compared with WT cells or KO cells without Dox stimulation at both Day 7 and 14. Error bar 

represents SD. The box and whisker plot in C and F shows the mean (solid diamond within the 

box), 25th percentile (bottom line of the box), median (middle line of the box), 75th percentile 

(top line of the box), 5th and 95th percentile (whiskers), 1st and 99th percentile (solid triangles) 

and minimum and maximum measurements (solid squares). 

 

N6-methyladenosine modification on Pvt1 enhances its interaction with MYC and 

protects MYC from rapid degradation 

MYC plays a central role in regulating epidermal proliferation and differentiation17-20. 

However, many puzzles still remain regarding how MYC itself is regulated. It is very likely 

that MYC regulation happens across multiple levels, from the genes to transcripts to protein, 

simultaneously. It may also be highly dependent on context and cell-type. To confirm the role 

of MYC in driving epidermal cell proliferation, we performed immunoblotting on 

differentiated epidermal progenitor cells and found that MYC was decreased at the protein 

level compared to undifferentiated cells (Figure 3.4 A). We next analyzed the RNA-seq data 

from epidermal cells before and after induced differentiation to probe for evidence of MYC 

alteration at the transcriptomic level. Gene set enrichment analysis (GSEA) showed that MYC-

targeted gene sets are significantly upregulated in epidermal progenitor cells before 
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differentiation, and they are the gene sets with the highest enrichment scores among the 

Hallmark (H) gene sets125 (Figure 3.4 B). Using a complementary approach, we also found 

that MYC-regulated genes are significantly upregulated in epidermal progenitor cells using 

hierarchical cluster analysis159 (Figure 3.4 C). Interestingly, MYC transcript level per se was 

not significantly altered when comparing differentiated and undifferentiated epidermal stem 

cells in our RNA-seq data, suggesting that MYC regulation occurs at a post-transcriptional 

level. 

As a critical signaling molecule, the MYC protein has a relatively short half-life, and its 

degradation is mediated by phosphorylation at a key threonine residue at its N terminus. Pvt1 

interaction with MYC has been shown to inhibit this phosphorylation and protect MYC from 

protein degradation machinery in cancer cells154. Based on our finding that Pvt1 regulates 

epidermal stem cell through m6A-modification, we thus speculated that methylation of Pvt1 

may act as an “m6A switch” that regulates its interaction with MYC in this context. 

First, we confirmed the interaction between Pvt1 and MYC by immunoprecipitation of 

the Pvt1-MYC complex and determining the level of Pvt1 transcripts via RT-PCR. As expected, 

Pvt1 transcripts were greatly enriched after immunoprecipitation compared to input (Figure 

3.4 D). Next, to show that m6A modification is required for Pvt1-MYC interaction, we tested 

Pvt1-MYC interaction using the same RNA-protein immunoprecipitation assay on epidermal 

progenitor cells before and after induced differentiation. We have previously shown that 
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differentiated epidermal progenitor cells will have reduced Mettl14 level as well as decreased 

Pvt1 m6A level. Consistent with our hypothesis, differentiated epidermal cells showed 

significant reduction in Pvt1-MYC interaction (Figure 3.4 E). However, induced 

differentiation can result in a wide range of molecular changes in the epidermal cells. It is thus 

possible that the change in Pvt1-MYC interaction is not directly caused by reduced Pvt1 

methylation. To this end, we isolated RNA from epidermal progenitor cells and treated the RNA 

with FTO, the m6A eraser protein, to remove the m6A modification, then tested Pvt1-MYC 

interaction. FTO treatment has previously been demonstrated as an efficient method to remove 

m6A modifications from purified RNA64. We were also able to confirm the removal of m6A on 

Pvt1 via m6A pulldown and RT-PCR (Figure 3.4 F). We found that after RNA was treated with 

FTO, Pvt1-MYC interaction is significantly reduced compared to the control group in which 

the FTO reaction is neutralized by EDTA (Figure 3.4 G). We also isolated the RNA from Pvt1 

knockout cells that expressed the Pvt1 mutant with all m6A modification sites mutated (Pvt1-

A5G) and repeated the test. Similarly, the mutant Pvt1-A5G showed significantly less 

interaction with MYC compared to WT Pvt1 (Figure 3.4 H). The results were also the same 

when we used the Pvt1-A5GT3C mutant, which can restore potential secondary structure 

disruptions (Figure 3.4 I). The concordant results from these complementary Pvt1-MYC 

interaction assays provide strong evidence that m6A-modification enhances Pvt1-MYC 

interaction in epidermal stem cells.  
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Figure 3.4: Pvt1-MYC interaction is dependent on m6A modification on Pvt1. A. 

Immunoblots show decreased MYC protein level in keratinocytes after inducing differentiation 

by calcium shift (high Ca2+). B. Gene set enrichment analysis (GSEA) on RNA-seq data. The 

Hallmark (H) gene sets curated from the Molecular Signatures Database (MSigDB) were 

analyzed for enrichment significance with 1000 random permutations of gene sets, showing 

that MYC-targeted gene sets are significantly enriched (nominal-p<0.001, FDR-q<0.25) in 

epidermal progenitor cells (low Ca2+) compared to after differentiation (high Ca2+). C. 

Unbiased hierarchical cluster analysis (HCA) of MYC-targeted genes using a MYC-

upregulated gene set curated by Dang et al. Continued on next page. 
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Figure [3.4], continued. D. Relative transcript level after MYC-RNA immunoprecipitation 

was determined by RT-PCR using input as a control and quantified using ddCT method. n=3; 

P<0.005 (Student’s t-test). Error bar represents SD. E. Interaction between Pvt1 and MYC was 

determined by immunoprecipitation followed by RT-PCR. Note the significant decrease in Pvt1 

and MYC interaction upon calcium shift-induced differentiation. n=3, P<0.01 (Student’s t-test). 

F. Pvt1 m6A methylation level was determined by α-m6A immunoprecipitation followed by RT-

PCR. Treatment with FTO can significantly reduce Pvt1 methylation. G. MYC/Pvt1 interaction 

significantly decreases after m6A on Pvt1 was removed by adding FTO. H. MYC/Pvt1 

interaction is significantly lower in the mutant with m6A site mutated (A5G) compared to WT 

Pvt1. I. MYC/Pvt1 interaction is also decreased in the Pvt1 A5GT3C mutant that has secondary 

structure base-pairing restored. Note that the level of decrease is similar between the two 

mutants A5G and A5GT3C. For D-I, error bars represent SD.  

 

Pvt1-MYC interaction has been shown to increase MYC stability and enhance cell 

proliferation in cancer cells. However, whether this interaction serves a similar function in 

epidermal stem cells has not been explored. To this end, we tested MYC stability by evaluating 

MYC protein levels at different time intervals after addition of cycloheximide, an agent that 

prevents de novo protein synthesis. We found that MYC protein can remain stable in epidermal 

progenitor cells for up to three hours (Figure 3.5 A). However, when cells are differentiated, 

MYC was almost completely degraded after one hour (Figure 3.5 A). Similarly, epidermal 

cells with either Mettl14 or Pvt1 knocked out showed MYC degradation after one hour (Figure 

3.4 B, C, D). Taken together, our data suggests that MYC protein can be stabilized by 

interaction with Pvt1. Importantly, m6A modification acts as a switch mechanism to trigger 

Pvt1-MYC interaction.  
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Figure 3.5: Pvt1-MYC interaction stabilizes MYC. A. Epidermal progenitor cells before 

(Low) and after (Hi) calcium shift-induced differentiation were treated with cycloheximide. 

Cell lysates were collected at 0, 30, 60, 90, 120, 180, and 300 minutes post treatment and 

subjected to immunoblotting with antibodies against MYC or α-tubulin (internal control). Note 

the rapid drop in MYC level after induced differentiation. B-C. MYC stability was tested on 

WT versus Mettl14 cKO (B) or WT versus Pvt1 KO (C) epidermal progenitor cells using the 

same cycloheximide assay. D. Band intensity of MYC at different time points after 

cycloheximide treatment was determined by densitometry and the amount of MYC was 

calculated and quantified. n=3. Error bar represents SD. 
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MYC can restore the epidermal stemness defect caused by Mettl14 depletion 

We have discovered that loss of Mettl14 prevents m6A modification on Pvt1, and without 

methylation, Pvt1 cannot interact with MYC, resulting in rapid degradation of MYC protein. 

To confirm the relevance of MYC in this Mettl14-Pvt1-MYC axis in epidermal stemness, we 

performed a rescue experiment by creating Mettl14 KO cells with an inducible expression of 

MYC. In this system, treatment with doxycycline induces MYC expression in a dose-

dependent manner (Figure 3.6 A). 

We prepared skin organoids using the Mettl14 KO cells with or without inducible MYC 

and grafted the paired organoids to a host mouse on two sides of its back. We then examined 

the skin organoids seven days after treating the host with doxycycline. The skin sections 

revealed a dramatic change between the two organoids on the same host. The Mettl14 KO 

organoid resembled the skin from the Mettl14 KO mice, with increased thickness of the spinous 

layer and a decreased number of p63-positive basal cells, whereas the Metll14 KO organoids 

with inducible MYC resembled skin from WT mice, with normal epidermal thickness and basal 

cell count (Figure 3.6 B-F). This supports our hypothesis that MYC is downstream to the 

Mettl14-Pvt1 regulation. 

We also conducted a MYC rescue experiment using clonal competition assays, as was 

done previously for Pvt1 KO cells. As expected, re-expression of MYC enabled the Mettl14 

KO cells to compete with WT cells (Figure 3.6 G, H). Taken together, our data indicates that 
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Mettl14-mediated RNA modification drives epidermal stemness through a Pvt1-MYC 

signaling cascade. 

 

Figure 3.6: MYC can restore skin homeostasis defect in Mett14 KO skin. A. Immunoblots 

show inducible expression of MYC upon doxycycline (Dox) stimulation in engineered Mettl14 

KO cells. B. Skin organoids derived from Mettl14 KO cells or KO cells rescued with exogenous 

expression of MYC were grafted to nude mice. The regenerated skin was analyzed by HE 

staining. C. Epidermal thickness of KO and KO skin rescued with MYC expression was 

quantified and presented in a box and whisker plot. n=18, P<0.01 (Student’s t-test). Continued 

on next page. 
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Figure [3.6], continued. D. Number of p63-positive cells in KO and KO skin rescued with 

MYC expression was quantified andis shown in a bar graph. n=5, P<0.01 (Student’s t-test). 

Error bar represents SD.  E. The number of Krt10 (Keratin 10)-positive epidermal cells in 

skin grafts derived from Mettl14 KO cells and KO cells rescued with MYC expression was 

quantified andis shown in a bar graph. n=4; P<0.01 (Student’s t-test). Error bar represents SD. 

F. The number of suprabasal epidermal cells in skin grafts derived from Mettl14 KO cells and 

KO cells rescued with MYC expression is shown in a box plot. n=14; P<0.01 (Student’s t-test). 

G. Fluorescence microscopy demonstrates different survival capability of WT and Mettl14 KO 

cells with inducible expression of MYC. H. Ratio of WT and Mettl14 KO cells with inducible 

expression of MYC in the co-culture model was quantified and is shown in a dot plot. n=8, 

P<0.01 (Student’s t-test) for KO cells without Dox treatment (no MYC expression) compared 

with WT cells or KO cells with Dox stimulation (exogenous MYC expression) at both Day 7 

and 14. Error bar represents SD. 

 

DISCUSSION 

Our results reveal that lncRNA Pvt1 plays a pivotal role in skin tissue homeostasis. Pvt1 

associates with MYC protein and prevents its degradation154, and our data showed that m6A 

methylation is an important regulator of this process. Using in vitro culture and skin 

transplantation models, we showed that RNA m6A modification mediated by the 

Mettl3/Mettl14 complex regulates epidermal stemness by controlling Pvt1 and MYC 

interaction through Pvt1 methylation, uncovering a key and novel molecular mechanism 

underlying skin tissue homeostasis, regeneration, and wound repair.  

MYC is a proto-oncogene critically involved in many cellular processes. In the skin 

epidermis, deletion of endogenous MYC by the Krt5 promoter-driven expression of Cre leads 

to skin hypoplasia, impaired epidermal stem cell self-renewal, and delayed wound healing in 

vivo20, resembling the phenotypes of Mettl14 deletion and CRISPR-mediated KO of Pvt1 in 
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skin epidermal cells. In another study, when MYC is ablated by an inducible Cre-ER system, 

tissue homeostasis in adult skin interfollicular epidermis and hair follicles seems to be normal, 

but cKO skin is more resistant to Ras-induced carcinogenesis as a result of upregulation of 

p21160. Interestingly, constitutive or inducible overexpression of MYC in basal progenitor cells 

causes both increased keratinocyte proliferation and differentiation in vivo. Constitutive MYC 

overexpression driven by the Krt5 promoter also leads to spontaneous skin carcinogenesis as 

the animals age21. Together, this suggests that MYC plays a multifaceted role in skin tissue 

homeostasis and tumorigenesis, depending on the level and duration of MYC activation. MYC 

protein level is significantly reduced in Mettl14 null cells, and ectopic expression of MYC in 

Mettl14 KO cells can restore epidermal stemness, strongly suggesting that MYC is a key 

downstream effector of Mettl14 in regulation of skin tissue homeostasis. 

Aberrant skin tissue homeostasis can contribute to the etiology of many skin diseases, 

including inflammatory skin disorders and skin cancers. Cutaneous SCC (squamous cell 

carcinoma) is one of the most common cancers in the United States161,162, and it can be highly 

invasive and metastatic, leading to severe morbidity and mortality for the patients163. Increasing 

evidence suggests that m6A modification of mRNA and lncRNA are involved in cancer 

development and progression34,112. Key players in the m6A pathway, including writer, eraser, 

and reader proteins, have been shown to play diverse roles in different types of tumorigenesis. 

Recently, Zhou et al (2019) have shown that expression of METTL3 is upregulated in 
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cutaneous SCCs and that a knockdown of METTL3 in SCC cell lines in vitro can inhibit 

tumorigenicity by reducing p63 expression164. Understanding the molecular mechanisms 

underlying epidermal stemness and homeostasis provides an essential basis for developing 

effective therapies for skin diseases, including skin SCC. 

In closing, our studies provide important insights into the molecular mechanisms whereby 

RNA post-transcriptional modification regulates epidermal stemness and tissue homeostasis. 
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CHAPTER IV 

DISCUSSION AND CONCLUSION 

Skin homeostasis and wound repair is driven by the epidermal stem cells located at the 

basal layer of the skin epidermis, which not only proliferate to replenish the stem cell pool, but 

also migrate upwards and differentiate to replace the functional upper layers that are 

continually lost. The delicate balance between cell proliferation, differentiation and death is 

essential for the function of the skin. Conversely, aberrant tissue homeostasis can lead to dire 

consequences for our survival. On one end of the spectrum, non-healing skin tissue, as seen 

commonly in patients with diabetes, can lead to severe infections that can be fatal to patients. 

On the other end, uncontrolled skin growth can lead to skin tumors such as cutaneous squamous 

cell carcinoma, one of the most common cancers in the US. Although cutaneous squamous cell 

carcinoma rarely metastasizes and has a low mortality rate, it is characterized by its highly 

recurrent nature, resulting in numerous co-morbidities and creating a large psychological and 

economic burden for patients.  

Despite decades of research, there are still many unsolved questions regarding skin 

homeostasis, in particular about the mechanisms by which the epidermal stem cells regulate 

transition between cell fates. This lack of understanding has prevented us from developing 

better treatments for skin conditions at either end of the disease spectrum. For example, 

treatment for non-healing diabetic skin wounds is usually restricted to passively applying 

hydrogels, or using skin grafts in severe cases. The condition will ultimately recur, as the 
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treatment does not target the core of the problem, which lies in the altered state of the epidermal 

stem cells. Similarly, surgical excision remains the standard of treatment for cutaneous 

squamous cell carcinoma patients, and no effective medical treatment has been developed to 

date. There is thus an unmet need to better characterize skin stem cell biology, and to potentially 

use the findings to develop better treatment options for patients with related skin conditions. 

RNA m6A modification has previously been found essential for the development of 

embryonic stem cells, as well as other cell types such as neurons. Our study is the first to reveal 

that RNA m6A modification is also critical for regulating epidermal stem cells. However, the 

mechanism in which m6A modification regulates stem cell fate is vastly different in epidermal 

stem cells as opposed to embryonic stem cells and neurons. In embryonic stem cells, m6A 

modification is integrated into the transcription process of cell fate-related genes. The modified 

transcripts interact with the reader protein YTHDF2, facilitating the degradation of the 

transcripts68. This allows for rapid turnover of groups of transcripts and is crucial for cell fate 

transition. In neuronal stem cells, m6A modification on transcripts of histone-modification 

genes causes rapid degradation to change the cellular epigenetic landscape88. In contrast, while 

our study points toward Pvt1 as the main m6A modification target responsible for maintaining 

epidermal stemness, we did not find a correlation between the level of m6A modification and 

transcript level of Pvt1, suggesting that m6A does not determine transcript turnover of Pvt1. 

Notably, this observation contrasts with that reported in osteosarcoma cells, in which Pvt1 
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methylation leads to clearance via the YTHDF2 reader protein153. This discrepancy likely 

represents another example of context-dependent regulation in the human body, especially 

considering that skin and bone lineages separate very early during embryonic development 

(ectoderm versus mesoderm). Instead, our findings revealed an alternative lncRNA regulatory 

mechanism, termed “m6A switch”, by which the m6A modification changes the properties of 

an RNA to interact with an RNA-binding protein, in this case, Pvt1-MYC interaction. As has 

been shown in cancer cells, we were able to further confirm that Pvt1-MYC interaction 

stabilizes MYC and the transcription of MYC-regulated genes enables epidermal stem cells to 

maintain stemness. 

In conclusion, our research has uncovered a novel mechanism of skin stem cell regulation. 

The m6A writer proteins Mettl3/Mettl14 methylate lncRNA Pvt1 on two clusters, enhancing 

Pvt1-MYC interaction and leading to increased MYC stability and transcription of downstream 

genes that can maintain epidermal stem cell fate (Figure 4.1). We believe this represents a 

paradigm shift in our understanding of epidermal regulation, as previous research has mainly 

focused on regulation at the genetic and epigenetic level, whereas the level of RNA 

modification, or “epitranscriptomic” level, has been widely ignored. Importantly, 

understanding this mechanism will provide us novel drug targets that can potentially improve 

the lives of patients with skin diseases caused by loss of skin homeostasis. 
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As with most scientific breakthroughs, our findings also reveal new questions that need 

to be addressed. While it is impossible to list all of the areas to be subsequently explored, we 

will summarize some of the more interesting questions in the following sections. 

 

Figure 4.1: Summary of the Mett14-Pvt1-MYC axis in epidermal regulation. In the 

presence of METTL14, PVT1 is m6A-modifed, allowing it to bind to MYC and stabilize the 

protein. MYC can then activate programs that drive stem cell self-renewal. In contrast, loss of 

METTL14 leads to a decrease in m6A modification on PVT1. Without the m6A switch, PVT1 

has low affinity to MYC, leading to rapid degradation of MYC and cell differentiation. 

 

FUTURE DIRECTIONS 

Do other lncRNAs play a role in epidermal stem cell regulation? 

In addition to Pvt1, we found four other lncRNAs (Gas5, Malat1, Neat1, Snhg18) with 

significant change in methylation level in epidermal progenitor cells after induced 

differentiation. We focused on Pvt1 first, mainly because it the only lncRNA that has decreased 

methylation level after differentiation, which is consistent with the drop in Mettl14 expression 
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in differentiated epidermal cells. However, methylation level can be regulated not only via m6A 

writer proteins, but also through eraser proteins. In particular, both FTO and ALKBH5 have 

been reported to regulate m6A level in different contexts. It is thus conceivable that the 

methylation change on the other four lncRNAs may also serve a biological role during 

epidermal differentiation. To this end, clarifying the potential roles of these lncRNAs will 

greatly expand our understanding of skin homeostasis. 

Gas5 belongs to the Gas multigene family, which consists of the genes Gas1-Gas5. Gas 

family genes share a common N-terminus but differ in the C-terminus165. Gas5 lncRNA has 

been reported to play a tumor suppressive function in multiple cancers, including lung cancer166, 

gastric cancer167, and liver cancer168. Gas5 can interact with various proteins and miRNAs, 

serving as a molecular sponge or transporter depending on the context, and has been shown to 

participate in a wide range of signaling pathways, including the DNA damage response 

pathway, glucocorticoid response pathway, and mTOR/Akt pathway. Studies in gastric cancer 

cells found that Gas5 can be methylated and YTHDF3 interacts with m6A-Gas5 to facilitate its 

degradation169. This could be a potential regulatory mechanism in skin epidermis, as our 

sequencing data showed that after differentiation, there is a significant increase in Gas5 m6A 

modification, but a decrease in Gas5 transcript level. Interestingly, Gas5 has also been reported 

to regulate MYC translation through its interaction with eIF4E170, and could thus also serve as 

an additional mechanism to fine-tine MYC level in epidermal stem cells. 
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Neat1 and Malat1 (also known as Neat2) are lncRNAs with genes located in adjacent 

regions on the genome, and both genes are highly conserved across vertebrates171. The two 

lncRNAs are also closely related in terms of their localization and functions. Many genetic loci 

and transcription factors are co-enriched by both Neat1 and Malat1. Neat1 is located in 

paraspeckles, whereas Malat1 is located in nuclear speckles, and the two may have 

complementary binding and functions in genome organization172. Additionally, both lncRNAs 

have been reported to be regulated by m6A-modification, albeit with distinct mechanisms and 

also under different contexts. In gastric cancer cells, Neat1 may regulate the polycomb 

repressive complex protein EZH2 via ALKB5-mediated demethylation173, promoting cell 

invasion. In esophageal cancer cells, Malat1 with m6A modification interacts with the m6A 

reader YTHDC1 to maintain nuclear speckle organization, which can promote cancer 

metastasis174. Additionally, Malat1 is also the first discovered example of an “m6A-switch”, as 

m6A-modification induces a structural change in the Malat1 hairpin and exposes the U5-tract 

for recognition and binding to the HNRNPC protein175. The interaction between Malat1 and 

HNRNPC has been reported to play a role in cell cycle regulation in HeLa cells176, and it would 

be interesting to see if Malat1-HNRNPC also acts in epidermal stem cell regulation.   

Snhg18 is the last lncRNA we found with a change in methylation level during epidermal 

stem cell differentiation. Snhg18 belongs to the small nucleolar host gene family of lncRNAs. 

Many lncRNAs from the snhg family have been implicated as playing a role in cancer. Snhg18 
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has been associated with oncogenic properties in lung cancer177 and gliomas178. However, little 

information is known in terms of the regulatory mechanism of snhg18.  

Our research on Pvt1 will provide us with a framework to tackle the other lncRNAs as 

well. We can first perform classical knockout or overexpression studies on epidermal 

progenitor cells in combination with our organoid transplant platform. This will give us an 

initial impression of the roles these lncRNAs may play in epidermal stem cell regulation. We 

can next follow the reported evidence from other tissue systems to probe the downstream target 

of each lncRNA. For example, we can examine whether m6A-modified Gas5 is degraded by 

YTHDF3 by knocking down YTHDF3 and determining whether the Gas5 level is increased 

using RT-PCR. Similarly, for Malat1, we can look for changes in interaction between Malat1 

and HNRNPC by RNA-protein immunoprecipitation as we did for Pvt1-MYC. However, as 

many lncRNAs act in a tissue or cell-type dependent manner, it is possible that we will not find 

these lncRNA interactions in skin cells. Instead, we may have to resort to large-scale screening 

studies, such as a CRISPR-Cas9 screening, to look for potential lncRNA targets. 

 

Does circular Pvt1 play any role in the Pvt1-MYC axis in epidermal stem cells? 

Circular RNAs (circRNAs) represent a distinctive group of non-coding RNAs (lncRNAs) 

with a characteristic closed-loop structure. Many linear RNAs also have circular isoforms that 

are generated through a non-canonical back-splicing mechanism. CircRNAs can regulate cell 
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function by acting as a sponge against miRNAs or RNA-binding proteins, or interact with 

proteins as an enhancer or scaffold179. In epidermal stem cells, circRNAs have been found to 

be upregulated during differentiation, though the precise mechanism by which circRNAs 

regulate epidermal differentiation has not yet been defined180.  

As with mRNAs and lncRNAs, N6-methyladenosine modification can also be added to 

circRNAs via the METTL3/METTL14 methyltransferase complex and removed by the eraser 

protein FTO181. Similarly, m6A modification on circRNAs could also result in different 

outcomes depending on the reader protein. The reader protein YTHDF2 facilitates the 

degradation of m6A-modified circRNA182, whereas another reader in the same family, YTFDF3, 

can recruit the protein-initiation complex and translate the m6A-modified circRNA through a 

cap-independent process181. Interestingly, m6A-modification can also alter the interaction 

between circRNA and RNA-binding proteins. For example, m6A- circNSUN2 interacts with 

the IGF2BP2 protein to form a complex with HMGA2 mRNA and promote its translation183. 

Based on our finding that m6A modification on Pvt1 may play a critical role in maintaining 

epidermal stemness, one potential area to explore is whether the regulatory effect is achieved 

via Pvt1 or circPvt1; in particular, whether m6A modification occurs on circPvt1 and whether 

it can also affect its interaction with MYC. Indeed, circPvt1 has been implicated as playing a 

role in immune diseases and multiple cancers184,185, including skin squamous cell carcinoma186. 

Twenty-six circPvt1 isoforms have been documented in the NIH database, CircInteractome 
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(https://circinteractome.nia.nih.gov/). Curiously, the most common isoform is composed of the 

entirety of exon 2, which is also where we found the two m6A clusters in our study. One 

limitation on many previous studies of Pvt1 is the use of conventional RT-PCR, RNA 

microarray, or RNA-seq methods to study these lncRNAs. These methods cannot reliably 

detect circRNAs because circRNAs share the same sequence as their linear counterparts. In 

addition, circRNAs lack the poly-A tail of linear RNAs and thus are usually removed during 

the RNA isolation process in most RNA-seq protocols. 

To determine whether circPvt1 is affected by m6A modification, we can perform RNA 

m6A immunoprecipitation and RT-PCR to examine the level of m6A-modified Pvt1 compared 

to circPvt1. To detect circPvt1 with RT-PCR methods, we can use convergent primers that cover 

the unique back-splicing junction of the circPvt1 isoform to specifically detect circPvt1 and 

not the linear form. As an additional validation, we can also treat the RNA with RNase R, which 

specifically degrades linear RNAs but not circRNAs187. We can also confirm the m6A 

modification site by comparing the m6A level of circPvt1 in WT Pvt1 versus the Pvt1-A5G 

mutant, which lacks the m6A sites. We can determine if MYC protein interacts with m6A-

modified Pvt1 by performing MYC RNA-immunoprecipitation and RT-PCR using circPVT1-

specific primers (i.e., convergent primers). Finally, to determine if m6A-modified circPVT1 

also plays a role in epidermal development, we can knock down circPvt1 by using siRNA 

https://circinteractome.nia.nih.gov/
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targeting the specific back-splicing junction sites of circPvt1 in epidermal progenitor cells and 

observe the effect on stemness.  

 

Is m6A-Pvt1-MYC dysregulated in cutaneous squamous cell carcinoma? 

Based on the cell of origin, skin cancer can be generally divided into melanocytic 

(melanoma) or keratinocytic (basal cell carcinoma and squamous cell carcinoma). Clinically 

and pharmaceutically, melanoma has received broad attention due to its high mortality rate, 

and as a result, the past decade has seen great advances in understanding the pathobiology of 

melanoma, leading to major breakthroughs in targeted therapies and immunotherapies. In 

contrast, non-melanoma skin cancers (NMSC), even though they are the most common 

malignancy in the US and are associated with significant life and economic burdens, have 

received little attention in the cancer field188-190. Currently, treatment of cutaneous squamous 

cell carcinoma is largely based on surgical excision. While effective in most cases, the tumor 

tends to recur locally, which greatly impacts the patients’ quality of life and increases their 

economic burden. In addition, surgical excision is not applicable for patients with advanced or 

metastatic tumors. There are only two targeted agents approved for cutaneous squamous cell 

carcinoma, cetuximab and vemodeglib; however, the effectiveness of these drugs is still in 

question191,192. Identifying whether m6A-Pvt1 plays a role in NMSC will be of great interest 

because it can provide novel drug targets. 
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There is accumulating evidence that MYC is a driver of cutaneous squamous cell 

carcinoma. The gene is commonly amplified in squamous cell carcinoma samples193, and 

epidermis lacking MYC is resistant to Ras-driven tumorigenesis in mouse models160. Finally, 

mice with epidermal expression of the MYC-T58A mutant show accelerated skin tumor 

development in the DMBA/TPA carcinogenesis model194. This is of particular interest to us 

because Pvt1 also stabilizes MYC through phosphorylation of the T58 residue154. METTL3 has 

recently been found to be upregulated in cutaneous squamous cell carcinoma samples, and 

METTL3 knockdown can inhibit tumor growth in vitro and in vivo164. Based on our discovery 

of how m6A-Pvt1 regulates MYC and drives epidermal stemness, it is very plausible that 

METTL3/METTL14 is upregulated in cutaneous squamous cell carcinomas, which increases 

the m6A level of Pvt1, leading to enhanced Pvt1-MYC interaction and stabilization of MYC 

oncoprotein.  

To prove this hypothesis, we can first examine the level of m6A modification in cutaneous 

squamous cell carcinoma cell lines or tissue samples from patients. We can next evaluate 

whether our epidermal Mettl14 cKO mouse is resistant to DMBA/TPA-induced carcinogenesis. 

Finally, we can graft skin cells with inducible Pvt1 or the Pvt1-A5G mutant that prevents its 

methylation, and examine whether the tumor-resistance can be removed by external Pvt1 (but 

not Pvt1-A5G). This will provide strong evidence of the causal effect of m6A-Pvt1 in driving 

cutaneous squamous cell carcinoma. 
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How can the discovery of the m6A-Pvt1/MYC axis be translated into a clinical setting? 

Skin homeostasis is a tightly regulated process, and aberrant regulation can lead to many 

human diseases. Lack of epidermal stem cell proliferation and mobility can lead to poor healing 

of skin wounds, whereas uncontrolled proliferation can result in cutaneous tumors. There is a 

severe lack of medical options for either of these diseases, and our findings have a potential to 

fill this niche. Importantly, recent research has reported that RNA m6A-modification is a 

druggable target, either via an FTO inhibitor195 or a METTL3 inhibitor196. Interestingly, both 

of these m6A-modifying drugs have been used to successfully treat AML in pre-clinical models, 

yet these drugs are expected to act in opposing ways in regards to m6A level. FTO inhibition 

leads to increased methylation, whereas METTL3 inhibition reduces methylation. This 

observation highlights the context-dependent nature of RNA m6A modifications, as it can be 

oncogenic or tumor suppressive depending on its target, and extreme care should be taken to 

minimize potential off-target effects of the drug. The optimal drug design would thus be a 

targeted approach in which small molecules can be guided to precise subcellular locations 

where they are expected to function. For example, based on our discovery in epidermal stem 

cells, lack of RNA m6A modification on Pvt1 leads to decreased epidermal proliferation and 

migration. Thus, for patients with poor wound healing, we can design an antisense 

oligonucleotide (ASO) specifically targeting Pvt1 transcript and tether it to an FTO inhibitor. 

This will restrict FTO inhibition to only affect proteins in close proximity to Pvt1 and greatly 
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reduce the probability of FTO removing m6A from other transcripts. Conversely, as we expect 

Pvt1 methylation to drive cutaneous squamous cell cancer, we can use Pvt1-ASO tethered to a 

METTL3 inhibitor, which will reduce the m6A modifications on Pvt1 and decrease its 

interaction with MYC, leading to MYC degradation and tumor shrinkage (Figure 4.2). In 

summary, understanding the role of m6A regulation in epidermis has given us potential drug 

targets that may be utilized to treat various skin diseases caused by homeostasis defects, and 

using a targeted drug design will allow us to direct small molecular inhibitors to the exact m6A 

target to reduce complications caused by off-target drug effects. 
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Figure 4.2: Using a targeted approach to design m6A drugs. RNA m6A modification is an 

important regulatory mechanism for a wide range of mRNAs and lncRNAs (left). Conventional 

treatment inhibiting METTL3 can reduce the m6A on all RNAs indiscriminately, and cause 

adverse effects due to removal of m6A from unintentional targets (upper right). By using a 

targeted approach, such as tethering the METTL3 inhibitor to an antisense oligo (ASO) specific 

to PVT1, it is possible to greatly reduce off-target effects, as only METTL3 in close proximity 

to the target (PVT1) will be inhibited (lower right). 
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