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ABSTRACT
Numerous regulatory factors in epidermal differentiation and their role in regulating different cell states
have been identified in recent years. However, the genetic interactions between these regulators over the
dynamic course of differentiation have not been studied. In this Extra-View article, we review recent work
by Lopez-Pajares et al. that explores a new regulatory network in epidermal differentiation. They analyze
the changing transcriptome throughout epidermal regeneration to identify 3 separate gene sets enriched
in the progenitor, early and late differentiation states. Using expression module mapping, MAF along with
MAFB, are identified as transcription factors essential for epidermal differentiation. Through double knock-
down of MAF:MAFB using siRNA and CRISPR/Cas9-mediated knockout, epidermal differentiation was
shown to be impaired both in-vitro and in-vivo, confirming MAF:MAFB’s role to activate genes that drive
differentiation. Lopez-Pajares and collaborators integrated 42 published regulator gene sets and the MAF:
MAFB gene set into the dynamic differentiation gene expression landscape and found that lncRNAs TINCR
and ANCR act as upstream regulators of MAF:MAFB. Furthermore, ChIP-seq analysis of MAF:MAFB
identified key transcription factor genes linked to epidermal differentiation as downstream effectors.
Combined, these findings illustrate a dynamically regulated network with MAF:MAFB as a crucial link for
progenitor gene repression and differentiation gene activation.
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Introduction

The skin epidermis is vital for the body to regulate transepider-
mal water loss as well as to defend against environmental stres-
sors. As a stratified squamous epithelial tissue, the epidermis is
composed of multiple cell layers: a basal layer, that contains tis-
sue renewing progenitor cells; a spinous layer that contains cells
early in differentiation; and, the granular and cornified layers,
which provides the outermost lipid barrier.1 While the process
of morphological development in the epidermis is well charac-
terized, our understanding of the molecular mechanisms that
underlie differentiation continues to grow. To maintain
homeostasis of epidermal tissue a careful balance of progenitor
cell self-renewal and terminal differentiation is crucial.1,2

Recent work has identified mechanisms that drive progenitor
differentiation, such as the Notch signaling pathway, as well as
the involvement of structural proteins that are key for terminal
differentiation, such as Keratins 1 and 10.3-9 Conversely, the
epigenetic regulators DNMT1, EZH2 and ACTL6a have been
shown to enforce the progenitor state.10-12 However, the major-
ity of these regulators have been studied on an individual basis.
Progenitor cell differentiation requires initiation of a complex,
coordinated, and tightly regulated program, yet the specific
mechanisms enforcing stage-dependent gene patterns remain
unclear. Thus, further investigation, with particular attention to
the role of transcription factors (TFs), is warranted.

This extra views article will focus on a recent study by Lopez-
Pajares et al. that characterizes genetic signatures in progenitor

and differentiation states and identifies a novel network of tran-
scription factors and lncRNAs that allows for the most complete
view to date of the genetic interactions that drive human epider-
mal differentiation.13

MAF and MAFB are key to progenitor differentiation

Recent studies have identified mechanisms that coordinate gene
expression to drive differentiation. For example, Moriyama et al.
used loss- and gain-of-function studies to understand the down-
stream effects of the Notch signaling pathway.14 By condition-
ally down-regulating Notch signaling in embryonic mouse
epidermis, they observed a thinner epidermis characterized by a
reduction in the spinous and granular layers. Furthermore,
Notch was found to up- and down-regulate genes throughout
the epidermis using mechanisms both dependent and indepen-
dent of the Hes-1 transcription factor. Interestingly, Ctip2, a
C2H2 zinc finger transcription factor, has been found to induce
Notch1 in differentiating keratinocytes. Chromatin immuno-
precipitation (ChIP) analysis revealed that the Ctip2:Notch1
interaction was direct and additional data suggested that Ctip2
positively regulates Notch1 as well.15 Together, these studies
provides excellent examples of mechanistic regulation of epider-
mal differentiation, however additional mechanism remain
undefined.

To explore novel mechanisms involved in epidermal differen-
tiation, Lopez-Pajares et al. analyzed dynamic gene expression
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from progenitors to fully stratified epithelium in regenerated epi-
dermal tissue.13 Three genetic signatures, defined as progenitor,
early, and late differentiation, were identified based on transcrip-
tomic analysis throughout the 7-day regeneration period. Expres-
sion module mapping was then used to identify transcriptional
regulators whose expression patterns correlated with progenitor
and differentiation gene signatures. Out of 100 regulators pre-
dicted to regulate epidermal differentiation, the transcription fac-
tor, MAF, was the most frequently associated with differentiation
modules. Its family member, MAFB, was also highly correlated
with differentiation modules. Intriguingly, expression modules
predicted that MAF and MAFB might serve to activate and
repress genes during differentiation.

MAF and MAFB (MAF:MAFB) are basic leucine zipper TFs
that are part of the AP-1 superfamily.16,17 The MAF subfamily
contains both small (150-160 amino acids) and large (240-340)
MAFs which have been linked to controlling cell states and termi-
nal differentiation in cell types such as pancreatic b cells, as well
as in numerous tissues such as bone, brain and kidney.16,18-20

MAF andMAFB protein expression has been observed in the epi-
dermis and hair during rat embryonic development, however
their mechanistic role in epidermis was unknown.21,22 Lopez-
Pajares et al. confirmed the expression of MAF and MAFB in the
epidermis, where they were found to be exclusively expressed in
the suprabasal layers of normal adult human skin.13

To build on the initial findings that MAF and MAFB may be
important TFs for differentiation, loss- and gain-of function
experiments in organotypic tissue were employed to establish
their role in differentiation. First, single and double siRNA-
mediated knockdown of MAF and MAFB demonstrated
impaired differentiation characterized by loss of expression of
known differentiation marker genes, such as KRT1, FLG and
LOR.13 To confirm these results and observe long-term effects
of MAF:MAFB depletion the authors turned to CRISPR/Cas9
genome-editing to completely ablate both MAF and MAFB in
primary epidermal keratinocytes. These cells were then used to
generate tissue xenografts and were followed for 21 d.13 This
was the first example of a CRISPR/Cas9 gene-edited human
primary epithelial tissue. Similar to short-term studies, the
MAF:MAFB ablated cells failed to activate numerous differenti-
ation genes. To determine if MAF:MAFB can drive differentia-
tion gene expression, gain-of-function experiments were
carried out that enforced expression of MAF:MAFB in progeni-
tor keratinocytes. Strikingly, expression of keratin-1 was
observed in the basal layer of organotypic epidermal tissue
overexpressing MAF:MAFB, as well as aberrant expression of
loricrin, a marker of late-terminal differentiation, in the spi-
nous layer. Finally, gain-of-function experiments using clono-
genic growth assays and MARK-IT, a stem cell competition
assay in tissue, demonstrated that progenitors overexpressing
MAF:MAFB failed to self-renew and indicated a role for MAF:
MAFB in promoting cell cycle exit. Together, these results
show that MAF:MAFB are key regulators of epidermal
differentiation.

MAF:MAFB in the known epidermal genetic Landscape

To fully understand how the MAF:MAFB TFs function within the
epidermis, the effects of MAF:MAFB loss during differentiation

was assessed at the transcriptome level. In total, 393 genes were
found to be differentially expressedwithMAF:MAFB loss, of which
315 were downregulated and 78 were upregulated.13 GO term anal-
ysis showed that genes downregulated by MAF:MAFB loss were
associated with epidermal differentiation, whereas the upregulated
genes were associated with progenitor function.13 Interestingly, the
loss of either MAF or MAFB resulted in very little gene expression
change, implying that they may functionally compensate for each
other.

Further bioinformatic analysis was performed using gene
set enrichment analysis (GSEA) to incorporate the MAF:
MAFB gene set into the known landscape of epidermal regu-
lators. The authors used 42 published gene sets to create a
catalog of which epidermal regulators control the distinct
differentiation gene signatures.13 Multi-dimensional GSEA
was performed to statistically determine specific target gene
signatures for these regulators throughout differentiation.
MAF:MAFB were shown to control genes involved in late
differentiation, with comparable numbers to p63, KLF4 and
ZNF750, known critical regulators of terminal differentia-
tion. Expectedly, the reverse GSEA, assessing repressed
genes, found that MAF:MAFB was repressing gene in the
progenitor signature.

Beyond MAF:MAFB’s repression of the progenitor state and
activation of pro-differentiation genes, Lopez-Pajares et al.
found that the MAFs regulate other downstream TFs. Using
ChIP-seq coupled with transcriptome analysis 80 genes were
identified as directly bound and regulated by both MAF and
MAFB.13 These genes were found to be enriched for transcrip-
tional regulation based on GO term analysis. Among these
genes were GRHL3, KLF4, ZNF750 and PRDM1, TFs known
to promote differentiation. MAF:MAFB was shown to be
required for expression of these TFs, and ChIP-qPCR verified
that MAF:MAFB were bound near the genomic loci encoding
these TFs.13 Using FOCIS analysis, a bioinformatic method to
interrogate genomic intervals for TF binding, MAF:MAFB
bound genomic intervals were enriched for the p63 motif. p63
is a TF known as a master regulator of epidermal homeostasis
and these data suggested that MAF:MAFB work cooperatively
with p63.23,24 Lopez-Pajares et al. confirmed these findings
using sequential ChIP-qPCR to show that MAF:MAFB and
p63 were localized to the same genomic regions during differ-
entiation.13 Interestingly, they also showed that MAF:MAFB
are themselves regulated by p63, thus generating a complex reg-
ulatory network of TFs orchestrating epidermal differentiation
gene expression.

Upstream regulators of MAF:MAFB

Several regulators of epidermal progenitor maintenance and
terminal differentiation have been identified to date. In particu-
lar, epigenetic factors appear to be important for epidermal pro-
genitor maintenance. In addition to DNMT1 and EZH2
mentioned above, Bmi-1, a member of the PRC1 Polycomb
group (PcG) complex that modifies chromatin and represses
genes through methylation, and other PcG’s have been identi-
fied as central regulators of keratinocyte function.25,26 Bmi-1
specifically was found to have expression in the basal and supra-
basal layers and has been linked to progenitor maintenance.
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Furthermore, increasing levels of Bmi-1 correlated with a
decrease in pro-differentiation factors such as AP-1.25,26

In a similar manner, long non-coding RNAs (lncRNA) have
emerged as important regulators in the maintenance of and dif-
ferentiation of stem cells within various cell types.27 In pluripo-
tent stem cells, lncRNAs have been found to activate or repress
many pluripotency-related transcription factors.28 In the epi-
dermis, the lncRNA ANCR has been implicated as a suppressor
of progenitor differentiation while another lncRNA, TINCR, is
important for terminal epidermal differentiation.29–31

Using the catalog of epidermal gene sets, Lopez-Pajares et al.
analyzed MAF:MAFB expression changes within these sets to
predict upstream regulators of MAF:MAFB. Unexpectedly, an
entire network of factors were predicted to predominantly
repress MAF:MAFB expression, and interestingly 2 lncRNAs
with opposing function converged on MAF:MAFB.13 One of
these was ANCR (an anti-differentiation lncRNA). Indeed, in
the absence of ANCR, MAF and MAFB expression was induced
in progenitor keratinocytes. Phenotypic rescue experiments of
ANCR loss with concomitant MAF:MAFB loss suggested that

MAF:MAFB were acting downstream of ANCR, as predicted.
Of note, EZH2-mediated gene silencing has been described in
epidermis, and recently ANCR has been implicated in osteo-
blasts to recruit EZH2 to deposit H3K27me3 repressive marks
on target genes, analogous to the mechanism described for Bmi-
1.12,32 Lopez-Pajares et al. showed this is also the mechanism by
which ANCR suppresses MAF:MAFB expression in epidermis.
These data suggest that repression of MAF:MAFB in the progen-
itor state is crucial for epidermal homeostasis.

Another predicted upstream regulators of MAF:MAFB was
TINCR, a pro-differentiation lncRNA. TINCR has been found to
cooperatively work with STAU1, an RNA-binding protein, to sta-
bilize pro-differentiatingmRNAs.29 Together, they bind tomRNAs
to ensure expression and drive differentiation throughmediation of
transcript stability. To confirm the prediction that TINCR is an
upstream regulator of MAF:MAFB, TINCR loss-of-function stud-
ies showed suppression of MAF:MAFB expression. Furthermore,
mRNA stability assays indicated that TINCRwas required to stabi-
lize MAF:MAFB mRNA.13 Rescue experiments where TINCR
depletion was combined with MAF:MAFB overexpression was

Figure 1. MAF:MAFB are central players in an epidermal differentiation regulatory network. In epidermal progenitors, lncRNA ANCR recruits EZH2 to suppress MAF/MAFB
expression and enforce the progenitor state. During differentiation, p63 induces MAF/MAFB gene expression and lncRNA TINCR functions with STAU1 to stabilize MAF/
MAFB transcripts. MAF/MAFB suppress the progenitor state and induce the expression of downstream transcription factors, ZNF750, KLF4, PRDM1 and GRHL3, in part by
cooperating with p63, to promote epidermal differentiation.
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able to drive differentiation gene expression, thus placing MAF:
MAFB downstream of TINCR. Altogether, the findings by
Lopez-Pajares et al. generated an intricate lncRNA-TF network
critical for epidermal differentiation (Fig. 1).

Concluding remarks

Throughout epidermal differentiation the network of transcription
factors guiding this process is dynamically changing, illustrating
the complexity of themechanisms that drive differentiation.

Lopez-Pajares et al. have presented the most complete view of
the epidermal differentiation transcriptional landscape and our
understanding of epidermal differentiation has never been more
defined. There is still much more to learn about the mechanisms
underlying the transformation from progenitor stem cell to fully
differentiated progeny. Among regulators of epidermal differentia-
tion, the transcription factors MAF and MAFB have emerged as
critical regulators of progenitor exit as well as terminal differentia-
tion. As such, it is likely that additional regulators that may act as
activating or repressive partners with MAF:MAFB may provide
insight into additional regulatory mechanisms involved in differ-
entiation. Furthermore, the entire scope of MAF:MAFB gene tar-
gets remains unclear. Thus, chromosome conformation capture
coupled with the current ChIP-seq data will provide a better
understanding of the MAF:MAFB gene regulatory network, as
well as provide insight into MAF:MAFB mediated epigenomic
effects. While these further studies will enhance our insight into
gene regulatory networks operating during differentiation, the
work presented, along with others, has allowed for the best frame-
work to currently understand mechanisms regulating epidermal
differentiation.
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