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The roles of microRNAs (miRNAs) and the miRNA processing machin-
ery in the regulation of stem cell biology are not well understood.
Here, we show that the p53 family member and p63 isoform, ANp63,
is a transcriptional activator of a cofactor critical for miRNA processing
(DGCRS8). This regulation gives rise to a unique miRNA signature re-
sulting in reprogramming cells to multipotency. Strikingly, ANp63~~
epidermal cells display profound defects in terminal differentiation
and express a subset of markers and miRNAs present in embryonic
stem cells and fibroblasts induced to pluripotency using Yamanaka
factors. Moreover, ANp63~~ epidermal cells transduced with an in-
ducible DGCR8 plasmid can differentiate into multiple cell fates in
vitro and in vivo. We found that human primary keratinocytes de-
pleted of ANp63 or DGCR8 can be reprogrammed in 6 d and express
a unique miRNA and gene expression signature that is similar but
not identical to human induced pluripotent stem cells. Our data re-
veal a role for ANp63 in the transcriptional regulation of DGCR8 to
reprogram adult somatic cells into multipotent stem cells.

he factors required to reprogram adult somatic cells to in-

duced pluripotent stem (iPS) cells is an area of intense re-
search. The introduction of defined factors, such as octamer-
binding transcription factor 4 (Oct4) sex determining region Y—
box 2 (Sox2) kruppel-like factor 4 (Klf4), and the transcription
factor c-myc, gives rise to the efficient reprogramming of fibro-
blasts to iPS cells (1). Cells deficient for p53 also show enhanced
ability for reprogramming with the addition of Oct4 and Sox2
only (2-6). This enhanced reprogramming is thought to be due
to loss of cell cycle checkpoints that lead to genomic instability of
these iPS cells (7-9). In addition, overexpression of oncogenes
or down-regulation of tumor suppressor genes, while leading to
the generation of cells that are pluripotent, can also lead to the
production of tumorigenic cells (4). Consequently, alternative
methods for creating iPS cells or cells with stem-like properties
from somatic cells are desirable. Here, we show that down-reg-
ulation of the p53 family member, ANp63, or down-regulation of
its transcriptional target, DGCRS, in adult keratinocytes leads to
the generation of induced multipotent stem (iMS) cells.

Both microRNAs (miRNAs) and the p53 family member, p63,
have been implicated in processes that control stem cell pro-
liferation and cell fate determination (10-14). As demonstrated
using genetically engineered mice, p63 is critical for the de-
velopment and maintenance of stratified epithelial tissues (11,
13). Previous studies using p63-deficient mice and human kera-
tinocytes have shown that epidermal genes are suppressed by p63
and likely by ANp63, leading to the misexpression of mesodermal
genes (15-17), indicating possible mechanisms for the failure of
appropriate stratification of the epidermis in p63~'~ mice. These
previous studies did not make use of cellular or in vivo systems
allowing dissection of the functions of the distinct isoforms of
p63. Recent mouse models with deletions of specific p63 iso-
forms have allowed dissection of the functions of these isoforms
(14, 18-21). There are two major groups of isoforms: those with
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a transactivation domain (7A4p63) that structurally resemble p53
and those lacking this domain (ANp63); however, ANp63 also
transcriptionally regulates unique target genes shown to be in-
volved in limb and epidermal morphogenesis (18, 22). To further
study the role of ANp63 in skin development, we generated
ANp63 conditional KO mice (ANp63™") to specifically delete
ANp63. We then generated ANp63 KO mice and found that in
contrast to the skin of p63~/'~ mice, the ANp63~~ mice developed
a disorganized epidermis that expressed some markers of ter-
minal differentiation similar to the phenotype observed in an-
other mouse model deficient for ANp63 (ANp63<P/€7) (19) or
with in vivo siRNA knockdown of ANp63a (18). The ANp639P/<P
mice are born with a fragile epidermis that has accelerated dif-
ferentiation in some areas of the epidermis and expression of
keratin 8 (K8) and keratin 18 (K18) in other areas (19). The mice
expressing an siRNA to knock down ANp63a exhibited skin that
is hyperproliferative, and cells within the basal layer fail to exit
the cell cycle (18). These observations are similar to the phe-
notypes observed in our allele of the ANp63~'~ mice, which have
areas of terminal differentiation in the epidermis, expression of
K8 and K18, and hyperproliferative skin.

However, we found that epidermal cell lines derived from the
epidermis of ANp63~'~ mice morphologically resembled embry-
onic and induced pluripotent stem cells. Using a genome-wide
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analysis, we found that epidermal cell lines deficient for ANp63
express genes associated with pluripotency. We previously iden-
tified TAp63 as a transcriptional activator of Dicer (20) and hy-
pothesized that ANp63 may similarly regulate enzymes required
for miRNA biogenesis. Indeed, we found that ANp63 transcrip-
tionally activates DGCRS and in turn regulates a unique miRNA
signature. Murine ANp63-deficient epidermal cell lines had the
ability to self-renew and could be differentiated into multiple cell
fates on reexpression of DGCRS. We recapitulated this stem cell-
like morphology of ANp63~'~ mouse epidermal cell lines in normal
human epidermal keratinocytes (NHEKS) by deletion of ANp63 or
DGCRS. Our data indicate that down-regulation of ANp63 or
DGCRS in mouse and human keratinocytes can be reprogrammed
into multipotent stem cells.

Results and Discussion

Generation of a ANp63 Conditional KO Mouse. To understand the
roles of ANp63 in vivo, we generated a ANp63 conditional KO
mouse (ANp63fn) using the cre-loxP system (SI Appendix, Fig.
S1), allowing for tissue-specific deletion of the ANp63 isoforms
and retention of the 74p63 isoforms. LoxP sites were inserted in
to the p63 gene flanking exon 3’ (SI Appendix, Fig. S1 A and B).
ANp63~~ mice were generated by intercrossing the ANp63
conditional KO mice (ANp63™/") to FLPeR transgenic mice (23)
to eliminate the intervening neo cassette (ANp63™") (SI Ap-
pendix, Fig. S1C). Resulting mice were intercrossed to female
germ line-specific cre transgenic mice (Zp3-cre) (24) to generate
ANp63*/~ mice that were further intercrossed to generate ANp63~~
mice (SI Appendix, Fig. S1 B and C). We found that ANp63~~
mice are born at the proper Mendelian ratios but die within hours
after birth similar to the p63~~ mice (13). Quantitative RT-PCR
(qRT-PCR) performed on embryos at embryonic day (E)9.5 or on
skin from embryos at E18.5 confirmed the absence of ANp63
mRNA (P < 0.0001; ST Appendix, Fig. S1D) and protein expression
(SI Appendix, Fig. S1E) with maintenance of WT levels of TA4p63
mRNA expression (SI Appendix, Fig. S1F).

Epidermis from ANp63~'~ Displays Defects in Terminal Differentiation.
The phenotype of the ANp63~~ mice was reminiscent of the p63~/~
mice (11, 13) (SI Appendix, Fig. S1 G-J). The ANp63~~ mice de-
veloped a fragile epidermis that easily detached from the dermis
(SI Appendix, Fig. S1I). Microscopic analysis by H&E staining of
E18.5 embryos (SI Appendix, Fig. S1 K-N) revealed the presence of
rudimentary stratified epithelium with nests of basal epidermal
cells that were apparent in patches over 20-30% of the embryo (SI
Appendix, Fig. SIM). This phenotype is in contrast to the absence
of a stratified epidermis in p63~'~ embryos (SI Appendix, Fig. SIN).
Interestingly, the ANp63*'~ mice appeared to have excess folds of
skin (SI Appendix, Fig. S1H). Analysis of H&E-stained cross sec-
tions of the epidermis of ANp63™'~ mice revealed the presence of
an expanded epidermal basal layer (S Appendix, Fig. S1L).
Given that the ANp63*/~ embryos had an expanded epidermis
with basaloid cells above the basal epithelium and that the
ANp63~'~ embryos also developed a disorganized epidermis, we
hypothesized that loss of one or both alleles of ANp63 leads to
defects in epidermal differentiation. To test this hypothesis, we
performed immunofluorescence (IF) for markers of epidermal
differentiation assessing the expression of keratin 5 (K5) and
keratin 14 (K14) in the basal layer, keratin 10 (K10) and keratin
1 (K1) in the spinous layer, and filaggrin (Fila) in the granular
layer. All markers of epidermal differentiation were appropri-
ately expressed in WT embryos (SI Appendix, Fig. S2 A, E, I, M,
and Q). Interestingly, both ANp63*'~ and ANp63~'~ embryos
expressed K5 and K14 in multiple epidermal layers (SI Appendix,
Fig. S2 B, C, R, and S). The ANp63™'~ embryos also expressed
K10, K1, and Fila in multiple epidermal layers that were several
cell layers thick (SI Appendix, Fig. S2 F, J, N, and R) in contrast
to WT embryos, which expressed these markers in single or
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double cell layers (SI Appendix, Fig. S2 E, I, M, and Q). The
ANp637~"~ embryos also expressed K10 and Fila in a few scarce
patches, but the expression was present only over 5-10% of the
embryo (S Appendix, Fig. S2 G, K, O, and S), suggesting a failure
to terminally differentiate in the absence of ANp63. Given the
apparent disorganization of the epidermis of ANp63*~ and
ANp63~'~ embryos, we asked whether cells in the epidermis ex-
pressed multiple differentiation markers simultaneously. We did
this by performing double IF for K14 and K10. In WT embryos,
K14 is expressed in the basal layer and K10 in the spinous layer
of the epidermis (SI Appendix, Fig. S20Q). In both the ANp63™'~
and ANp63~'~ embryos, we detected overlapping expression of
K14 and K10 in multiple layers of the epidermis (SI Appendix,
Fig. S2 R and §), indicating that ANp63 is required for terminal
epidermal differentiation. The epidermis of p63~~ embryos did
not express any markers of terminal epidermal differentiation
(SI Appendix, Fig. S2 D, H, L, P, T, X, and B’) as reported
previously (13, 25).

Because of the appearance of basaloid cells in skin from
ANp63*~ and ANp63~/~ embryos, we asked whether skin from
these mice expressed keratins of simple epithelia K8 and KI18.
Although we found a few positive cells in WT skin (SI Appendix,
Fig. S2 U and Y), skin from ANp63*/~ and ANp63~'~ embryos
had many areas of positive cells expressed in layers above the
basal epithelium (SI Appendix, Fig. S2 V, W, Z, and A’).

ANp63-Deficient Epidermal Cells Are Hyperproliferative. The pres-
ence of an expanded epidermis expressing markers associated
with simple epithelia in ANp63 mutant mice suggested that cells
within this tissue are hyperproliferative and may have the ability
to self-renew. To ask whether there was a hyperproliferation of
epidermal cells in the skin of ANp63*'~ and ANp63~'~ embryos,
ANp63*~ and ANp63~~ embryos were labeled with bromode-
oxyuridine (BrdU). By performing double immunofluorescence
for BrdU and K5 (SI Appendix, Fig. S2 C'-E") or BrdU and K10
(SI Appendix, Fig. S2 F'-H'), we found that the skin of ANp63*/~
and ANp63~'~ embryos have hyperproliferative and expanded
basal and spinous layers as evidenced by the simultaneous ex-
pression of K5 and BrdU (SI Appendix, Fig. S2 D, E’, and I') and
K10 and BrdU (SI Appendix, Fig. S2 G', H', and J), respectively.

To ask whether epidermal cells deficient for ANp63 hyper-
proliferate, ANp63™" (WT) and ANp63* (ANp63-deficient) epi-
dermal cell lines were serially passaged under diluting conditions
and stained with rhodamine B to score for the morphology of
epidermal clones (Fig. 14) (12, 14, 26). To quantify the pro-
liferative capacity of these clones, we serially passaged WT and
ANp63*™ cell lines (1,000 cells per passage) five times, followed by
a pulse with BrdU after each passage. We then performed double
IF using anti-BrdU and anti-K5 antibodies. We scored for BrdU
positivity in each colony at each passage by counting the number
of BrdU-positive cells within each of 50 colonies (SI Appendix,
Table S1). Colonies of WT epidermal cell lines were initially
proliferative (passage 1), but by passage 5, greater than 75% of
these colonies incorporated very little BrdU (Fig. 1 B and C and S/
Appendix, Table S1), indicating an inability to proliferate beyond
passage 5. In contrast, colonies derived from ANp63-deficient
epidermal cell lines incorporated high levels of BrdU even at
passage 5 (Fig. 1 B and C and SI Appendix, Table S1), indicating
the ability to hyperproliferate and self-renew.

ANp63-Deficient Epidermal Cell Lines Express High Levels of Some
Factors Associated with Induced Pluripotency. Based on the ability
of ANp63-deficient epidermal cells to proliferate over several
serial passages, we asked whether these cells express Oct4, Nanog,
Sox2, and stage-specific embryonic antigen 1 (SSEA-1) by IF (Fig.
1D). Indeed, we found that ANp63~'~ epidermal cell lines express
Nanog, Sox2, and SSEA-1 at levels comparable to mouse induced
pluripotent stem (iPS) cells generated by introduction of Yamanaka
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factors (miPSY*™; Fig. 1D), whereas WT keratinocytes (WT-KCs)
do not express these markers. We found that Oct4 expression in
ANp637~~ epidermal cell lines is higher than WT-KCs but lower
than miPS™®™, Indeed, by Western blot analysis, we noted vari-
ability in the levels of Oct4 expression in the ANp63~~ epidermal
cell lines (Fig. 1 E and F). These data indicate that ANp63~~
epidermal cell lines express factors associated with induced plu-
ripotency and that different cell lines express these markers at
different levels, which may be due to cell line to cell line variation
or selection that occurs in cell culture. We therefore used the
highest Oct4-expressing cell lines for our downstream analysis.

DGCRS Is a Direct Transcriptional Target of ANp63. We showed pre-
viously that TAp63 transcriptionally regulates Dicer, a critical
enzyme involved in miRNA biogenesis (20). We therefore asked
whether ANp63 could be a transcriptional regulator of enzymes
involved in miRNA biogenesis. To do this, we performed qRT-
PCR for Dicer, DGCRS, and Drosha using total RNA derived
from WT and ANp63~~ epidermal cell lines. Interestingly,
DGCRS mRNA expression was markedly decreased in the
ANp637~'~ and ANp63*'~ epidermal cell lines (Fig. 24 and SI
Appendix, Fig. S3 A and B). DGCRS protein levels are also low
in ANp63~'~ epidermal cell lines and skin compared with their
WT counterparts (Fig. 2 B-D). We found that, although the
DGCRS levels were reduced in ANp63~~ epidermal cell lines,
there was variable expression of DGCRS in different ANp63~/~
epidermal cell lines (Fig. 2 C and D). We asked whether TAp63
may be similarly regulating DGCRS and thus performed qRT-
PCR for DGCRS using total RNA isolated from TAp63~'~ epi-
dermal cell lines and compared it to the expression in ANp63~/~
epidermal cell lines (Fig. 2E). We found that DGCR8 mRNA is
expressed at WT levels in the absence of TAp63, indicating that
ANp63 is a transcriptional regulator of DGCRS and TAp63 is not.

To determine whether DGCRS is a direct transcriptional tar-
get of ANp63, we performed ChIP analysis using p63 antibodies
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Fig. 1. ANp63-deficient epidermal cells are pro-
liferative. (A) Epidermal colonies of the indicated
genotypes stained with rhodamine B. Passages 1
(P1), 3 (P3), and 5 (P5) are shown. (B) Immuno-
staining for BrdU (green) and K5 (red) in P3 and
P5 epidermal cells. (C) Quantification of BrdU in-
corporation in P1, P3, and P5 colonies after 8 d in
culture. Asterisks indicate statistical significance
(P < 0.001). (D) IF performed on the indicated cells
using the indicated antibodies. (E) Western blot
performed on lysates from miPSY>™ and ANp63~/~
cells derived from two independent embryos (7 and
2) using the indicated antibodies. Actin was used as
loading control. (F) Quantification of the Western
blot in E.

and primers specific for two putative p53/p63 binding sites that
we identified within intron 1 of DGCRS (SI Appendix, Table S2).
We found that p63 robustly binds to one of these sites (site 1;
Fig. 2 F and G), indicating that DGCRS is a p63 target gene.
To determine whether p63 isoforms can transactivate a
DGCRS-luciferase reporter gene, we cloned the site bound to
p63 in the ChIP assay (site 1) into a vector containing the luciferase
reporter gene (Fig. 2G). We cotransfected the DGCRS-luciferase
reporter gene (Dgcr8 S-luc) (Fig. 2G) and each p63 isoform in-
dividually (TAp63a, B, vy, or ANp63a, B, ) into p53~/—p63~/~
mouse embryonic fibroblasts (MEFs) (Fig. 2H). Only the ANp63
isoforms could transactivate the reporter gene with ANp63a and
exhibiting the highest transactivation activity (Fig. 2I). To ask
whether the cloned p63 binding site is critical for transactivation of
the DGCRS-luciferase reporter gene, we mutated the p63 consen-
sus site from ctgCATGtat ctectaaga agcCTTGecea to ctgTTTTtat
ctectaaga agcTTTTcca using site-directed mutagenesis, where the
nucleotides in capital letters make up the core of the half site (Fig.
2G). None of the p63 isoforms transactivated the mutant DGCRS8
reporter gene (DgcrS8 SM-luc; Fig. 2I), indicating that ANp63
transcriptionally activates DGCRS by binding to site 1.

Oct4, Sox2, and Nanog Are Down-Regulated in ANp63~'~ Epidermal
Cell Lines Through Reexpression of DGCR8. DGCRS has been shown
to be critical for repression of Oct4, Sox2, and Nanog expression
(27), which are critical factors in the maintenance of stem cell
pluripotency. To determine the expression levels of Oct4, Sox2,
and Nanog in ANp63~~ epidermal cell lines expressing DGCRS,
we performed immunoblotting using lysates from ANp63~'~
epidermal cells (-DGCRS) and ANp63~'~ epidermal cells ex-
pressing DGCRS8 (+DGCRS) and compared them to WT-KCs,
mES, and miPSY*™ cells (Fig. 2J). We found that ANp63~/~
epidermal cell lines without DGCRS expressed Sox2 and Nanog
at levels higher than that of miPSY*™ cells and somewhat lower
than levels expressed in mES cells (Fig. 27). Reexpression of
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Fig. 2. DGCRS is a transcriptional target of ANp63. (A) gRT-PCR for Dicer, DGCR8, and Drosha using total RNA from epidermal cell lines of the indicated
genotypes. (B) IHC using an antibody for DGCR8 on skin samples from indicated mouse embryos. (C) Western blot analysis using lysates from WT and ANp63~/~
epidermal cell lines derived from three independent embryos (7-3) using the indicated antibodies. Actin was used as loading control. (D) Quantification of the
Western blot in C. All values were normalized to WT 1. (E) qRT-PCR for DGCR8 using total RNA from epidermal cell lines of the indicated genotypes. (F)
Quantitative real-time PCR of DNA purified in ChIP assay using epidermal cell lines and p63-binding site (site 1), no binding of p63 to site 2, or nonspecific
binding site (NSBS). (G) Schematic showing DGCRS8 site 1 (Dgcr8 S) and DGCR8 mutant of site 1 (Dgcr8 SM) luciferase reporter genes. (H) Western blot analysis
using lysates from p53~/~;p63~~ MEFs transfected with the indicated p63 isoforms. Actin was used as loading control. (/) Luciferase assay for DGCR8 in p53™";
p63~'~ MEFs transfected with the indicated plasmids. Each bar represents the average of the fold activation of three independent experiments. Values are
normalized to p53~/~;p63~~ MEFs transfected with vector alone. The asterisks indicate statistical significance (P < 0.001). (J) Western blot analysis of mouse
embryonic stem (mES) cells, mouse-induced pluripotent stem cells (miPSY2™), WT-KCs, and ANp63"‘ epidermal cell lines expressing DGCR8 (+) or not (-)
using the indicated antibodies. Asterisk indicates nonspecific band. Upper Oct4 blot is a longer exposure of the one immediately below it. Actin was used as
loading control.
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DGCRS in ANp63~'~ epidermal cell lines extinguished expression
of Sox2 and Nanog (Fig. 27). The pattern for Oct4 was similar
in that it was expressed in ANp63~'~ epidermal cell lines, albeit at
lower levels than in mES and miPSY*™ cells, and expression was
again extinguished in ANp63~'~ epidermal cell lines with ectopic
expression of DGCRS8 (Fig. 2/). These data indicate that
ANp63~'~ epidermal cell lines express Sox2, Nanog, and Oct4
and that expression of these pluripotent markers is repressed
after reexpression of DGCRS.

Because cells deficient for p53 have been shown to have an
enhanced ability to be reprogrammed into iPS cells (2-6), we
asked whether ANp63~'~ epidermal cells express p53. We found
that levels of p53 are comparable in ANp63~'~ epidermal cells
and in mES and miPS (Fig. 2/). We also assayed for expression of
ANp63 in these cells and found that, although ANp63 is robustly
expressed in WT-KCs, it is not expressed in mES or miPS cells
(Fig. 2J), indicating that ANp63 is not expressed in stem cells.

Global Down-Regulation of miRNAs in ANp63~'~ Epidermal Cell Lines.
Because we found that ANp63 transcriptionally activates DGCRS,
we determined the expression of miRNAs and mRNAs in the
ANp63~'~ epidermal cells using miRNA-Seq and RNA-Seq ex-
periments. Importantly, there are critical microRNAs that have
been shown to reprogram cells, such as miR-369 (28, 29). To
determine the miRNA signature of the ANp63~'~ epidermal
cells, we performed miRNA-Seq experiments on RNA isolated
from ANp63~'~ epidermal cell lines and compared them to WT-
KCs, iPSY*™ and mouse ES cells (Fig. 3). Using Pearson’s
correlation analysis, we found that the ANp63~/~ epidermal cell
lines clustered most closely with mouse iPSY*™ and ES cells
(Fig. 34 and B). We found a large number of microRNAs to be
down-regulated in the ANp63~'~ epidermal cell lines consistent
with low levels of DGCRS expression in these cells (Fig. 3B). We
found a global down-regulation of miRNAs in the ANp63~~ epi-
dermal cells including miR-200a, miR-200b, miR-200c, miR-141,
miR-203, miR-205, miR-34a, and miR-34b (Fig. 3B). These
miRNAs were also found to be down-regulated in iPSY*™ and ES
cells. In addition, we found some miRNAs to be significantly up-
regulated in ANp63~/~ epidermal cell lines including miR-134,
miR-9, and miR-369, which have been found to enhance reprog-
ramming (28, 29) or are up-regulated in iPS cells reprogrammed
with Yamanaka factors (30) (Fig. 3B).

We next asked whether expression of DGCRS could restore the
miRNA signature of ANp63~~ epidermal cell lines to WT-KCs
when cultured in keratinocyte media. Indeed, we found that
ANp63~'~ epidermal cell lines expressing DGCRS had a very similar
miRNA signature to WT-KCs (Fig. 3 A and B), indicating that
critical miRNAs required for terminal differentiation of ANp63~~
epidermal cells into keratinocytes is controlled through DGCRS.

There were also a number of miRNAs that were differentially
regulated in ANp63~~ epidermal cell lines that were distinct
from the published ES cell and iPS cell miRNA profiles, in-
dicating that ANp63~'~ epidermal cells have a unique miRNA
signature (Fig. 3B and SI Appendix, Fig. S44). RNA-Seq using
RNA isolated from WT-KCs, ANp63_/_ epidermal cell lines,
miPSY*™, and mES cells revealed that the gene expression sig-
nature of the ANp63~'~ epidermal cell lines partially resembled
the miPSY*™ and mES cells (SI Appendix, Fig. S4B).

ANp63-Deficient Epidermal Cells Can Differentiate into Multiple Cell
Fates in Vitro. Because we have shown that activation of a miRNA
signature involved in terminal differentiation in ANp63-deficient
epidermal cells is dependent on e)gpression of DGCRS, we cul-
tured ANp63-deficient (ANp63**) epidermal cells without
DGCRS and with DGCRS in keratinocyte media or neuroec-
todermal media (Fig. 4 A and B). Only ANp63-deficient epi-
dermal cells expressing DGCRS and cultured in keratinocyte
or neuroectodermal media exhibited a terminally differentiated
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morphology (Fig. 4 4 and B) and expressed markers of keratinocyte
differentiation, similar to levels expressed in WT-KCs (Fig. 4C) or
expressed markers of the neurons nestin and NeuN (Fig. 4D).

ANp63-Deficient Epidermal Cells Expressing DGCR8 Can Differentiate
into Multiple Cell Fates in Vivo. To further determine whether
ANp63~'~ epidermal cell lines are pluripotent, we asked whether
cells lacking ANp63 can form teratomas after injection into mice.
We found that ANp63~'~ epidermal cell lines alone can form
poorly differentiated teratomas (Fig. 4 E and F). Further H&E
analysis revealed that the teratomas generated with ANp63 ™~
epidermal cells have some structures like the muscle fibers
shown in Fig. 41; however, there were many areas consistent with
poor terminal differentiation (Fig. 4L), suggesting that DGCRS
is required for ANp63~~ epidermal cells to fully terminally dif-
ferentiate into multiple cell fates. To test this hypothesis, we
transduced ANp63~'~ epidermal cell lines with a tetracycline-
inducible DGCRS vector. These cells were injected into SCID
mice, allowed to form teratomas for 4 wk, and fed doxycycline
for 2 wk to induce DGCRS expression. The ANp63~'~ epidermal
cell lines expressing DGCRS formed well-differentiated ter-
atomas (Fig. 4 G, J, and M) similar to what are observed using
mouse ES cells (Fig. 4 E, H, and K). To better characterize these
teratomas, we performed IF staining using markers for the me-
soderm (brachyury), ectoderm (nestin), and endoderm (alpha-
fetoprotein AFP). We found that teratomas generated using
ANp63~'~ epidermal cell lines contain a few cells that express the
mesoderm marker, brachyury (Fig. 40), the ectoderm marker,
nestin (Fig. 4R), and the endoderm marker, AFP (Fig. 4U). On
the other hand, teratomas generated using ANp63~'~ epidermal
cells expressing DGCRS (Fig. 4G) form well-differentiated ter-
atomas that contain many cells that express markers of the me-
soderm (Fig. 4P), ectoderm (Fig. 45), and endoderm (Fig. 4V),
similar to the number of expressing cells seen in teratomas from
WT mES cells (Fig. 4 N, Q, and T). These data indicate that
ANp637'~ epidermal cells are multipotent stem cells that can be
reprogrammed and terminally differentiated into multiple cell
fates when DGCRS is reexpressed.

ANp63-Deficient Epidermal Cells Contribute to Various Differentiated
Tissues in Chimeric Mouse Embryos. Because ANp63~'~ epidermal
cells can contribute to differentiated cells in teratomas, we next
asked whether ANp63~'~ epidermal cells could contribute to
multiple differentiated tissues of the developing mouse. To do
this, we performed blastocyst injections using iPSY*™ expressing
GFP (iPS S3 cells) (31) and ANp63~~ epidermal cell lines
expressing GFP (Fig. 5 A-J and SI Appendix, Tables S3 and S4).
Indeed, we found that ANp63~'~ epidermal cell lines expressing
GFP form high contribution chimeric embryos at day E13.5 (Fig.
5C, D, H, and I) comparable to what is seen with mouse iPS cells
created using Yamanaka factors expressing GFP (Fig. 5 4, B, F,
and G). We analyzed skin, muscle, liver, and brain from E13.5
chimeric embryos generated from iPSY*™ cells and ANp63~/~
epidermal cell lines by co-IF for GFP expression (green) and the
indicated markers of various differentiated tissues: K5 (red) for
skin (Fig. 5 K and O), myosin II MF-20 (red) for muscle (Fig. 5 L
and P), AFP (red) for liver (Fig. 5 M and Q), and nestin (red) for
brain (Fig. 5 N and R). Both iPSY*™ cells and ANp63~~ epi-
dermal cells contributed similarly to the tissues of these chimeric
embryos (Fig. 5 K-R). We also analyzed E18.5 chimeric embryos
generated from ANp63~~ epidermal cell lines marked by GFP
(green) and found that these cells were also positive for keratin 5
(red) in the skin (Fig. 55), villin (red) in the intestinal tract (Fig.
5T), and AFP (red) in the liver (Fig. 5U), again indicating that
ANp637~ epidermal cells contribute to multiple tissues. Within
each embryo, we also detected areas where the tissues were GFP
negative (SI Appendix, Fig. S5), and thus we found that the
ANp63~'~ epidermal cells contributed to 70-80% of the chimeric
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Fig. 3. miRNA signature of ANp63~'~ epidermal cell lines. (A) Pearson’s correlation analysis from miRNA-Seq performed using the indicated samples. (B) Heat map
showing supervised hierarchical clustering. Low miRNA expression is indicated in green and high expression in red. Boxes indicate miRNAs that were most sig-
nificantly up- (red) or down- (green) regulated in the ANp63/iPS cell signature. The signature that was found to be most highly significant is boxed in black.

embryo. Although the ANp63~~ epidermal cell lines contributed ~ E18.5 chimeric embryos. Specifically, these chimeras had a thick-
to multiple tissues, we did detect abnormalities within the skin of  ened epidermis (Fig. 5V) and inappropriate expression of K8 (Fig.
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5W) and K18 (Fig. 5X) similar to ANp63™'~ mice (SI Appendix,
Figs. SIL and 2 V and Z). These abnormalities were further
detected when we examined six litters of chimeric mice born from
these cells at postnatal day 1 (P1) and found that they die shortly
after birth due to skin defects (SI Appendix, Table S4) and are
cannibalized by their mothers similar to the ANp63~'~ mice. Given
the remarkable contribution of ANp63 ™/~ epidermal cells to many
lineages in the embryos examined, we asked whether it was pos-
sible that the ANp63~~ epidermal cell lines had become con-
taminated with the mouse iPS cells made using Yamanaka factors
(iPSY*™). To address this, we performed Southern blot analysis for
KIf4. We found that iPSY*™ cells expressed both endogenous and
exogenous KIf4 DNA (Fig. 5Y), whereas ANp63~'~ epidermal cell
lines expressed endogenous Kif4 DNA only (Fig. 5Y), indicating
that ANp63~'~ epidermal cell lines are not contaminated with
iPSY*™ cells. Some mouse and human iPSY*™ cells have been shown
to have abnormal karyotype (2-9). Indeed, genomic instability and
loss of cell cycle checkpoints have been shown to enhance reprog-
ramming of iPS cells (2-9). To determine whether the ANp63™~
epidermal cell lines exhibit abnormalities, we performed karyotyp-
ing and found that these cells do exhibit chromosomal abnormali-
ties, including duplications of chromosomes 6 and 15. These types
of abnormalities are typical to cell culture models and are similar
to those previously detected in other iPS cells (Fig. 5Z) (9).

E578 | www.pnas.org/cgi/doi/10.1073/pnas.1319743111

Relative mRNA
-

Neuronal

A As+pDGCRE A4 _A/A-pDGCRE

Nestin NeuN

ANp63-/- epidermal + DGCR8

Fig. 4. ANp63-deficient epidermal cell lines are
multipotent. (A and B) ANp63-deficient epidermal
cell lines (4/A) without or with DGCR8 (+pDGCRS8)
and cultured in keratinocyte media (A) or neuro-
ectodermal media (B). (C) Western blot analysis of
epidermal cell lines shown in A. (D) qRT-PCR for
nestin and NeuN using total RNA from epidermal
cell lines shown in B. (E-G) IHC analysis using ter-
atomas of the indicated genotypes and an antibody
for DGCR8 (200x magnification) and Insets (400x
magnification). Arrowheads in Insets point to exam-
ples of positive cells. (H—-M) H&E-stained cross sec-
tions of teratomas of the indicated genotypes. (N-V)
IF of teratomas of the indicated genotypes. Arrow-
heads indicate examples of positive cells (red). Mag-
nification, 200x.

Normal Human Epidermal Keratinocytes Depleted of ANp63 or DGCR8
Are Multipotent. To determine whether knockdown of ANp63 or
DGCRS could induce pluripotency or multipotency in human
epidermal keratinocytes, we knocked down ANp63 or DGCRS
with lentiviral siRNAs expressing GFP in NHEKSs (SI Appendix,
Fig. S6 A and B) and observed colonies with small tightly packed
cells (cf. SI Appendix, Fig. S6 C-F). Six to 10 d subsequent to
knock down of ANp63 or DGCRS in NHEKS (SI Appendix, Fig.
S6I), markers of pluripotency (Nanog, Tra-1-60, and Oct4) could
be detected (Fig. 6 A-T). NHEKSs transduced with Yamanaka
factors (Oct4, Sox2, KIf4, and c-myc) expressed markers of plu-
ripotency between days 7 and 10 (Fig. 6 K-O and SI Appendix, Fig.
S6I). We next asked the efficiency of reprogramming of NHEKs
with knock down of ANp63 or DGCRS compared with NHEKSs
transduced with Oct4, Sox2, Klf4, and c-myc and found that
NHEKSs depleted of ANp63 or DGCRS had a reprogramming
efficiency of 0.07% and 0.1%, respectively, compared with 0.03%
for NHEKS expressing Oct4, Sox2, Klf4, and c-myc (Fig. 6 A-J and
SI Appendix, Table S5). These cells also efficiently formed em-
bryoid bodies (SI Appendix, Fig. S6 G and H) comparable to those
formed by human iPS cells expressing Yamanaka factors hiPS**™,
Importantly, we also found that multiple NHEK clones stably
transduced with shANp63 or shDGCRS retained silencing of
ANp63 (SI Appendix, Fig. S6J) or DGCRS (SI Appendix, Fig. S6K)

Chakravarti et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319743111/-/DCSupplemental/sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1319743111

Mouse iPS (Yamanaka Factors) ANp63-/- Epidermal Cells (EC)

Non-Chimeric

mipstam)

ANp63-/- EC

Keratin 5

ANp63-/- EC

ANp63-/- EC

and expression of Oct4, Sox2, and Nanog at equal or higher levels
to human iPS (hiPS) cells (SI Appendix, Fig. S6 L-Q). NHEKs
with knockdown of ANp63 (Fig. 6 A-E) or DGCRS (Fig. 6 F-J)
also expressed SSEA-4, Tra-1-60, Oct4, Sox2, and Nanog, similar
to the expression in hiPSY*™ cells (Fig. 6 K-O), whereas NHEKs
alone do not express these markers of pluripotency (Fig. 6 P-T).
We next asked whether these cells could form teratomas in SCID
mice (Fig. 6 U-T"). Indeed, we found that these cells form dif-
ferentiated teratomas with structures representing the endoderm
(Fig. 6 U and Y), mesoderm (Fig. 6 V, W, Z, and A’), and ectoderm
(Fig. 6 X and B’). Additionally, we performed double IF using
antibodies for GFP to mark human vs. mouse cells and antibodies
for markers of the endoderm (AFP), mesoderm (MF-20), and
ectoderm (KS5). This analysis revealed that the human NHEK-
shANp63 and NHEK-shDGCRS, which express GFP, also had
robust expression of AFP (Fig. 6 C'-H"), MF 20 (Fig. 6 I'-N"), and
keratin 5 (Fig. 6 O'-T"). These data indicate that the NHEK-
shANp63 and NHEK-shDGCRS cells contribute to differentiated
cells within the teratomas. Taken together, these data indicate that
human keratinocytes can be reprogrammed into multiple cell fates
by knock down of ANp63 or DGCRS in a rapid (6 d) and effi-
cient manner.
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Fig. 5. Generation of chimeric mouse embryos
from ANp63~~ epidermal cell lines. (A-E) Bright-
field images of chimeric embryos at day 13.5 (E13.5)
generated from mouse-induced pluripotent stem
(miPS) cells expressing Yamanaka factors and GFP
(Yamanaka factors) (A and B) or ANp63~~ epider-
mal cell lines expressing GFP (C and D). (E) Day E13.5
embryos from WT nonchimeric mice. (F-J) Fluores-
cent (GFP) images of chimeric embryos at E13.5
generated from Yamanaka miPS cells expressing
GFP (Yamanaka factors) (F and G) or ANp63~'~ epi-
dermal cell lines expressing GFP (H and /). (J) Day
E13.5 embryos from WT nonchimeric mice. (K-R)
Double immunofluorescence for GFP (green) and
the indicated tissue-specific markers for the basal
cells of the epidermis (keratin5, red) (K and O),
muscle (MF-20, red) (L and P), liver (AFP, red) (M and
Q), and brain (nestin, red) (N and R) on day E13.5
embryos generated from Yamanaka miPS cells
expressing GFP (Yamanaka factors) or ANp63~~
epidermal cell lines as indicated. (S-U) Double im-
munofluorescence of E18.5 chimeric embryos gen-
erated from ANp63~'~ epidermal cell lines for GFP
(green) and tissue-specific markers for the basal
cells of the epidermis (keratin 5, red) (S), intestine
(villin, red) (T), and liver (AFP, red) (U). DAPI (blue)
or hematoxylin (purple) was used as counterstain.
Magnification, 200x. (V-X) Cross sections from skin
of E18.5 chimeric embryos generated from ANp63~~
epidermal cell lines and stained with H&E (V), keratin
8 (brown) (W), and keratin 18 (red) (X). Yellow arrows
indicate examples of positive cells. (Y) Southern blot
analysis using genomic DNA extracted from mouse
iPS cells reprogrammed with Yamanaka factors
(miPSY®™) and ANp63~~ epidermal cell lines. A probe
for KIf4 was used to indicate endogenous (endo) and
PPEETEE T exogenous (exo) KIf4 DNA. (Z) Representative image
ol S of karyotypic analysis of ANp63 ™~ epidermal cell lines.

~&=Exo KIf4

*
e

; 8
4 a0 8 Ree
i

ANp63-Deficient Mouse and Human Epidermal Cells Have a Unique
miRNA-mRNA Signature That Partially Overlaps with Human iPS
Cells Generated Using Yamanaka Factors. We performed miRNA-
Seq and RNA-Seq using RNA isolated from NHEKs with
knockdown of ANp63 or DGCRS and compared them to mouse
and human iPS cells generated using Yamanaka factors. Im-
portantly, we found using Pearson’s correlation analysis and
principal component analysis that mouse and human epi-
dermal cells deficient of ANp63 or DGCRS clustered most
closely with mouse iPSY2™ mouse ES, and human iPSY*™
cells (S Appendix, Fig. S7 A and B). Moreover, we found that
the seven most significantly differentially expressed miRNAs
(miR-9, miR-146b, miR-30c, let-7e, miR-23a, miR141, miR-31,
and miR-205) in mouse ANp63~'~ epidermal cells were also
differentially expressed in human cells (NHEKS) with knock-
down of ANp63 or DGCRS8 (SI Appendix, Fig. S7C). Both
mouse and human cells deficient for ANp63 or DGCRS ex-
pressed the same miRNA signature and clustered closely with
mouse and human iPS cells (S Appendix, Fig. S6 A-C). This
miRNA signature indicates that these miRNAs are conserved
between human and mouse cells reprogrammed through the
ANp63/DGCRS pathway.
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Fig. 6. NHEKs deficient for ANp63 or DGCR8 are pluripotent and form teratomas. (A-T) IF using normal human epidermal keratinocytes of the indicated
genotypes and antibodies. (U-B’) Micrographs of H&E-stained cross sections. (C'-T’) Double IF performed on teratomas generated using an antibody against
the indicated tissue-specific proteins (red) (C, F, I, L', O’, and R’) and GFP (green) (D', G, J/, M’, P, and S’). Merged panels are shown for each (€', H', K', N’, Q’,
and T’). Magnification, 200x.
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Last, we performed RNA-Seq analysis and found that the
gene expression signature of these human cells clustered most
closely with ANp63~'~ epidermal cells, miPSY*™, and mES cells
derived from the mouse using Pearson’s correlation analysis (S/
Appendix, Fig. S7D), principal component analysis (SI Appendix,
Fig. STE), and supervised hierarchical clustering (SI Appendix,
Fig. S8).

In summary, ANp63 is required for transcriptional activation
of DGCRS in epidermal cells leading to terminal differentiation
of tissues like the epidermis. We show here that loss of ANp63
leads to cells that have self-renewing but limited terminal dif-
ferentiation capacity. When DGCRS is reexpressed in cells de-
ficient for ANp63, these cells can terminally differentiate into all
three germ layers. We dubbed these cells iMS cells because of
their remarkable plasticity and ability to differentiate into mul-
tiple cell lineages. Based on our results using human keratino-
cytes, we predict that epidermal cells can be extracted from
patient skin biopsies and reprogrammed into multipotent stem
cells by knockdown of ANp63 or DGCRS. Indeed, inducible
knockdown of ANp63 and/or DGCRS may be preferable to the
overexpression of potentially oncogenic factors such as c-myc or
the down-regulation of the critical tumor suppressor gene, p53.
In the future, understanding the mechanisms used by the in-
dividual p63 isoforms in maintaining progenitor and stem cells in
various tissues is key to understanding its complex roles in stem
cell maintenance, as well as cancer development and metastasis.
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with WT mouse ES cells or ANp63~'~ epidermal cells transduced with the tet-
inducible DGCR8 vector as described previously (1). Mice were administered
2 mg/mL doxycycline in the drinking water to induce expression of DGCR8
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