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SUMMARY
Concurrent mutation of a RAS oncogene and the tumor suppressor p53 is common in tumorigenesis, and
inflammation can promote RAS-driven tumorigenesis without the need to mutate p53. Here, we show, us-
ing a well-established mutant RAS and an inflammation-driven mouse skin tumor model, that loss of the
p53 inhibitor iASPP facilitates tumorigenesis. Specifically, iASPP regulates expression of a subset of p63
and AP1 targets, including genes involved in skin differentiation and inflammation, suggesting that loss
of iASPP in keratinocytes supports a tumor-promoting inflammatory microenvironment. Mechanistically,
JNK-mediated phosphorylation regulates iASPP function and inhibits iASPP binding with AP1 components,
such as JUND, via PXXP/SH3 domain-mediated interaction. Our results uncover a JNK-iASPP-AP1 regula-
tory axis that is crucial for tissue homeostasis. We show that iASPP is a tumor suppressor and an AP1
coregulator.
INTRODUCTION

Acquisition of an activating RAS signaling pathway (EGFR,

BRAF, KRAS) mutation and loss of tumor suppression,

commonly caused by p53 mutation or deletion, is a central para-

digm in carcinogenesis. Inflammation enables mutant RAS to

bypass the requirement for loss of tumor suppression to

drive tumorigenesis. In a well-established mouse skin tumor

model, the chemical carcinogen 7,12-dimethylbenz(a)anthra-

cene (DMBA) induces H-Ras mutation in keratinocytes, and

the tumor-promoting agent TPA (12-O-tetradecanoylphorbol-

13-acetate) induces inflammation to facilitate tumorigenesis. In

this model, papillomas often occur without genetic alteration of

the TP53 (p53) gene. Surprisingly, wild-type (WT) p53 facilitates

papilloma initiation, although loss of p53 promotes papilloma-to-

carcinoma conversion (Kemp et al., 1993). The underlying mech-

anisms remain largely unknown.
This is an open access article und
Themaster transcription factor of squamous epithelium is p63,

a member of p53 family, mainly expressed in the proliferative

basal and supra-basal epithelial cells. Inherited point mutations

in the p63 DNA binding domain cause human congenital disor-

ders, such as ectrodactyly ectodermal dysplasia clefting and an-

kyloblepharon-ectodermal dysplasia-cleft lip/palate syndrome

due to deregulated keratinocyte differentiation and abnormal

squamous epithelium stratification (Brunner et al., 2002). Over-

expression of DNp63, an N-terminal truncated isoform of p63,

often occurs in squamous epithelial cancers of the skin, head,

and neck (Lo Muzio et al., 2005; Smirnov et al., 2019). Unlike

p53, p63 mutations are a rare event in human cancers; the mo-

lecular cause for this remains unknown.

Although p63 shares high sequence similarity with p53 in the

DNA binding domain, binding a similar consensus sequence (De

Laurenzi et al., 2000), only a small group of genes (such as

CDKN1A (p21)) are transcriptionally regulated by all p53 family
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Figure 1. iASPP suppresses skin tumorigenesis driven by chemically induced mutant Ras and inflammation

(A) Diagram of the DMBA/TPA two-stage tumor induction protocol. Krt14-Cre;Ppp1r13l+/+, Krt14-Cre;Ppp1r13lD8/+, and Krt14-Cre;Ppp1r13lD8/D8 mice are

abbreviated as WT, HET, and KO, respectively. Arrows indicate treatment time points.

(B) Representative images showing a dorsal view of papillomas on WT and KO mice.

(C) Papilloma incidence represented as a percentage of mice bearing papillomas in iASPP WT (7%, n = 14), HET (11%, n = 9), and KO (91%, n = 11) mice.

(D) Mean number of papillomas per mouse in WT, HET, and KO mice during DMBA/TPA treatment. Line plot shows mean values, shading represents SEM.

(E) H&E staining of papillomas in iASPP WT and KO mice. Absence of invasion into dermis is shown on enlarged images. Scale bar, 200 mm.

For p calculations for (C) and (D), see STAR Methods.
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members in cells and in vivo, with most targets specific to individ-

ual p53 family members (Osada et al., 2005; Testoni et al., 2006).

Likemany transcription factors influencing cell fate, transcriptional

target selection by p53 family members is regulated by cellular

factors that are cell context dependent. Many p53 binding pro-

teins exist, and the evolutionarily conserved ASPP protein family

(ASPP1, ASPP2, and iASPP) was identified as the first family

able to regulate p53 target selection (Bergamaschi et al., 2003,

2004; Samuels-Lev et al., 2001). Due to its ability to bind the

DNA binding domains of p63 and p73, iASPP is also one of the

few identified common regulators of p53 family members (Robin-

son et al., 2008). Experimentally, iASPP deletion causes cellular

senescence in vitro (Chikh et al., 2011; Notari et al., 2011). The

importance of the iASPP/p63 complex is supported by in vivo re-

sults in animals and humans. iASPP deletion causes abnormal

hair growth in mice and cattle, and skin abnormalities in humans

(Dedei�c et al., 2018; Falik-Zaccai et al., 2017; Herron et al.,

2005; Simpson et al., 2009). In vivo, iASPP deletion in keratin

14-expressing keratinocytes causesmouse squamous epithelium

abnormalities, and phenotypes such as open eyelids at birth and

delayed wound healing (Dedei�c et al., 2018). In normal human

skin, nuclear iASPPco-localizeswith p63 in humanbasal epithelial

cells and abnormal skin develops in patients carrying defective

PPP1R13L (encoding iASPP) (Falik-Zaccai et al., 2017; Notari

et al., 2011; Robinson et al., 2019). We hypothesized that part of

iASPP’s function in skin may be mediated through its ability to

bind p63 and regulate transcriptional target selection.
2 Cell Reports 41, 111503, October 18, 2022
iASPP is an inhibitor of NF-kB (Ge et al., 2021; Herron et al.,

2005; Hu et al., 2015; Yang et al., 1999); a key driver of inflamma-

tory signaling pathways and a suppressor of skin tumorigenesis

(Dajee et al., 2003). As iASPP is a known p53 inhibitor, an impor-

tant regulator of p63 in skin homeostasis, and an inhibitor of NF-

kB, we hypothesized that iASPP activity may affect how mutant

RAS and inflammation drives tumorigenesis. Here, we identify a

crucial role of iASPP in regulating selective transcription of p63

and AP1 targets, and show that iASPP coordinates crosstalk be-

tween TGFa/EGFR/JNK and p53/p63 pathways to maintain tis-

sue homeostasis, leading to pathogenesis when dysregulated.

RESULTS

iASPP suppresses skin tumorigenesis driven by
chemically induced mutant Ras and inflammation
iASPP was specifically deleted in keratinocytes by

crossing Ppp1r13lfloxD8/floxD8 mice with cytokeratin 14 pro-

moter-linked Cre-expressing mice (Krt14-Cre), as described

previously (Dedei�c et al., 2018). The resulting mutant mice,

Krt14-Cre;Ppp1r13l+/+, Krt14-Cre;Ppp1r13lD8/+, and Krt14-

Cre;Ppp1r13lD8/D8, are referred to as iASPP-WT, iASPP-HET,

and iASPP-KO, respectively. These mice were treated with

topical DMBA, followed by twice-weekly doses of TPA for

15 weeks (Figure 1A). DMBA induces specific and irreversible

activating mutations in the Hras proto-oncogene, and TPA, an

activator of protein kinase C (Arcoleo and Weinstein, 1985),
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induces inflammation, promoting tumorigenesis. After treat-

ment, we observed significantly more papillomas in iASPP-KO

than in iASPP-WT animals (Figures 1B–1D) and Hras mutations

were confirmed (Figure S1A). Almost all iASPP-KO mice devel-

oped exophytic papillomas, with higher incidence and earlier

onset than iASPP-WT or heterozygous animals (Figures 1C

and 1D). DMBA/TPA treatment induced nuclear p53 and iASPP

at basal layers of papillomas (Figures S1B and S1C). All exam-

ined papillomas were benign, with no signs of epidermal inva-

sion. Underlying muscle layers (Figure 1E) were well differenti-

ated, expressing differentiation markers, such as loricrin, and

were covered with extensive layers of keratin (Figure S1D). Of

note, iASPP-KO papillomas showed increased numbers of cells

strongly positive for differentiation markers keratin 1 (CK1) and

involucrin (Figure S1E). Papillomas also showed infiltration of im-

mune cells, such as macrophages (F4/80), neutrophils (MPO),

T cells (CD3), and B cells (CD45R) (Figure S1F). These results

show that, in contrast to its oncogenic property, iASPP is a par-

adoxical suppressor of tumorigenesis driven by mutant Ras and

inflammation.

Loss of iASPP selectively enhances p63 binding to
regions containing AP1 motifs
To gain insight into how iASPP suppresses papilloma formation,

we used primary mouse keratinocytes with tamoxifen-inducible

iASPP deletion, derived from Ppp1r13lflox/flox;Cre+ERT mice.

Absence of iASPP expression after tamoxifen treatment was

confirmed by IF staining (Figure 2A). Bulk RNA-sequencing

was conducted from mouse primary keratinocytes with or

without tamoxifen treatment. Using an adjusted p value

threshold of 0.05, we identified 867 and 969 genes with signifi-

cantly higher expression in iASPP-WT and in iASPP-KO kerati-

nocytes, respectively, while expression of 13,484 genes re-

mained unchanged (Figure 2B).

Gene set enrichment analysis (GSEA) using the gene ontology-

biological process (GO-BP) and Hallmark collections showed

that gene sets enriched in iASPP-KO cells were strongly associ-

ated with keratinization, inflammation, andmetabolism, whereas

gene sets related to cell division and E2F targets were among the

top pathways enriched in iASPP-WT cells (Figure S2A). Given the

potential link with E2F signaling, we also conducted GSEA using

the C3 Legacy TFT database, which lists genes with highly

conserved TF motifs in promoter regions (Figure S2B). Genes

with E2F motifs in promoter regions were strongly enriched

among iASPP-WT cells. Genes with AP1/bZip motifs, including

a TRE (TPA responsive element)-like site (TGANTCA) and a

CRE (cAMP response element)-like site (TCANNTGAY), were

the only motifs significantly enriched among upregulated genes

in iASPP KO. Genes with promoter motifs related to NF-kB, a

transcription factor shown to be inhibited by iASPP (Yang

et al., 1999), did not show significant upregulation following

iASPP KO in this analysis.

The GO-BP keratinization gene set, and its parent ontology

keratinocyte differentiation, contain many genes expressed in

the upper epidermal layers. Many of these keratinocyte differen-

tiation genes had significantly higher expression in iASPP-KO

cells, including upper epidermal genes, such as Sppr2d, Sprr2e,

and S100a7a, which were among the top 50 upregulated genes
in iASPP-KO cells (Figures 2B, S2C, and S2D). These findings

emphasize iASPP’s key role in negatively regulating the tran-

scription of keratinization-related genes, consistent with previ-

ous studies showing that iASPP deficiency facilitates cell-cycle

arrest and cellular senescence in vitro and enhances squamous

differentiation in vivo (Chikh et al., 2011; Notari et al., 2011).

As the TF p63 is the master regulator of epidermal prolifera-

tion, differentiation, and homeostasis, and iASPP binds the

DNA binding region of p63, we examined how iASPP may influ-

ence p63 genome binding and target regulation by performing

p63 ChIP-seq in iASPP-WT and iASPP-KO keratinocytes (Fig-

ure 2A). We identified 20,922 p63-bound loci across both sam-

ples, most of which (17,160) were not affected by the presence

or absence of iASPP (Figure 2C). However, usingMAnorm differ-

ential binding analysis with a significance threshold of 53 10�3,

we identified 1,877 and 1,885 loci with significantly enriched p63

binding in iASPP-WT and iASPP-KO cells, respectively

(Figure 2C).

The p63 motifs found in iASPP-WT- and iASPP-KO-enriched

peaks were highly similar (Figure S2E), suggesting that iASPP

did not directly alter p63 sequence selectivity. We therefore

tested whether iASPP affects p63 target selectivity by modu-

lating interactions with other TFs. We extracted the DNA

sequence from each p63-bound peak region and scored them

for the presence of all 579 TF motifs in the JASPAR CORE

2018 database, based on the maximum similarity of each

sequence to the canonical motifs in this database. Examining

the association between TF motif scores and the changes in

p63 binding signal for these same peak regions in iASPPKO cells

showed that motif scores from the AP1 family had the greatest

correlation with increased p63 binding in iASPP KO (Figure 2D).

Motif scores from p53 family members and NF-kB were not

strongly correlated with changes in p63 binding (Figure 2D).

This suggested that p63-bound sequences containing AP1 mo-

tifs were most likely to show increased p63 binding following

iASPP depletion.

We assessed whether the link between AP1 and p63 binding

enrichment in iASPP KO keratinocytes was dependent on p63

motif strength (Figure S2F). Among peaks containing a weak un-

derlying p63 motif (i.e., bottom quintile of p63 motif scores),

iASPP-KO-enriched peaks were more likely than iASPP-WT-en-

riched peaks to have a significant AP1 (JUNB) motif (49% versus

12%). A similar trend was noted for peaks with p63 motifs

scoring in the top quintile, but with substantially less difference

between groups (31% of iASPP-KO peaks versus 17% of

iASPP-WT peaks) (Figure S2F). Thus, AP1 may be important to

helpmediate p63 binding to target sequences containing weaker

p63 motifs, and this mode of binding at weak p63 sites contain-

ing AP1 motifs is particularly sensitive to the presence or

absence of iASPP.

iASPP depletion affects expression of epidermal
differentiation genes
To integrate the ChIP-seq and transcriptomic findings, we as-

signed each p63 peak to the nearest gene and examined the

subset of peaks annotated to genes expressed in ourmouse ker-

atinocyte RNA-seq data. A small proportion of p63-bound peaks

(12.4%) were located within 2 kb of a transcription start site
Cell Reports 41, 111503, October 18, 2022 3
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Figure 2. Loss of iASPP selectively enhances p63 binding to regions containing AP1 motifs

(A) Left, study workflow diagram. Right, IF staining of iASPP in WT and KO primary mouse keratinocytes. Scale bar, 10 mm.

(B) Left, in the volcano plot, genes are assigned a color depending onwhether they are determined to be significant (adjusted p < 0.05) and in which condition they

are significantly enriched. Right, heatmap showing scaled VST-normalized counts for the 50 genes most significantly enriched in iASPP KO. In orange: five genes

from the GO-BP keratinocyte differentiation pathway.

(C) MA plot showing the average signal (A values) and log2-transformed fold changes (M values) for each p63 peak. Using MAnorm-derived p with a significance

threshold of 5 3 10�3, we defined each peak as not enriched (gray) or significantly enriched in iASPP KO (orange) or WT (blue).

(D) Dot plot showing the correlation between TF motif scores (FIMO) and enhanced p63 binding in iASPP KO. Among all 579 JASPAR 2018 CORE vertebrate

motifs, AP1 (MA0490.1/JUNB) and E2F1 motifs have the highest and lowest association scores, respectively. p53 and NF-kB show intermediate ranking.
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(TSS), whereas 40.7% were in regions 2–20 kb from a TSS, and

46.9% were associated with distal elements located over 20 kb

from the TSS (Figure 3A). Genes bound by p63 peaks were

significantly more likely to be upregulated in iASPP KO cells

than the reference set of all expressed genes (odds ratio

[OR] = 1.3, p = 2.67 3 10�6), suggesting that p63 targets were

more likely to be upregulated by iASPP depletion (Figure S3A).

Of these p63-bound genes, those associated with peaks

showing significantly increased p63 binding (MAnorm

p < 5 3 10�3) after iASPP deletion had a particularly high likeli-

hood of upregulation (OR = 1.82, p = 2.01 3 10�9) (Figure S3A).

Genes with p63 peaks without differential p63 binding had a
4 Cell Reports 41, 111503, October 18, 2022
weaker, but still significant link with upregulation after iASPP

depletion (OR = 1.32, p = 8.11 3 10�7), whereas genes with

p63 peaks that increased in iASPP-WT cells were not signifi-

cantly linked with transcriptional upregulation (OR = 1.17, p =

0.252) (Figure S3A).

Genes with p63 peaks within 20 kb of the TSS that contained

an AP1 motif in the peak region were significantly more likely to

be upregulated after iASPP KO (OR = 1.73, p = 4.32 3 10�10)

(Figure S3B). In addition, genes with p63 peaks within 20 kb of

the TSS containing an AP1 motif but no detectable p63 motif

were strongly associated with increased gene expression

(OR = 2.13, p = 3.03 3 10�5) (Figure S3C). In these regions,
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Figure 3. iASPP depletion affects expression of epidermal differentiation genes

(A) Peaks annotated to expressed genes were categorized in regions according to their distance from TSS: promoter region (within 2 kb either side of TSS),

enhancer region (outside of promoter but within 20 kb upstream or downstream), or other. Pie chart shows the percentage of peaks in each region.

(B) Left, diagram of the mouse EDC. Right, volcano plot with significantly differentially expressed EDC genes after iASPP KO labeled.

(C) p63 binding (by ChIP-seq) and TF motifs (FIMO) at example peak regions as indicated. ChIP-seq signal values are presented as signal per million reads. VST-

transformed RNA-seq expression values for the highlighted genes are shown below the genome schematic. Adjusted p values for expression were calculated by

DESeq2 (see STAR Methods for calculation).
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p63 may bind to a non-canonical p63 motif that did not meet the

significance thresholds used in this study, or p63 binding may be

indirect, presumably through interaction with other TFs, such as

AP1. Therefore, similarly to the ChIP-seq analysis, the presence

of iASPP showed the greatest transcriptional impact on gene tar-

gets bound by p63 at sites that contained AP1 motifs but not

strong p63 motifs.

Notably, several genes in the epidermal differentiation com-

plex (EDC), a gene-rich locus on chromosome 3 containing a

number of genes controlling epidermal development, were

strongly upregulated in iASPP-KO keratinocytes (Figure 3B).
Genes within the EDC were much more likely to be upregulated

upon iASPP depletion compared with all genes (OR = 4.42, p =

2.42 3 10�12) (Figure S3D), and we found similar results for the

subset of EDC genes bound by p63 within 20 kb of the TSS

(OR = 4.12, p = 5.513 10�4; Figure S3D), suggesting that iASPP

may interfere in particular with p63 transactivational activity in

the EDC. For two exemplar EDC regions bound by p63 (en-

hancers of genes encoding involucrin [Ivl] and the S100-family

members S100a7a/S100a8/S100a9), iASPP deletion resulted in

both significantly increased p63 binding and significantly

increased gene expression (Figure 3C). For both targets, AP1
Cell Reports 41, 111503, October 18, 2022 5
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Figure 4. iASPP deficient keratinocytes induce pro-inflammatory gene expression in vitro and attract macrophages in vivo
(A) qPCR analysis of mRNA expression levels of inflammatory genes (and iASPP gene Ppp1r13l) in iASPP WT and KO primary keratinocytes at 0, 1, and 6 h after

treatment with TNF-a. Values are mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n = 3 biological replicates.

(B) Left, IHC staining of S100a8 and S100a9 in untreated skin sections from iASPPWT and KOmice (adjacent sections). Scale bar, 50 mm. Right, IB of iASPP and

S100a9 expression levels in iASPP WT (�tamoxifen) and KO (+tamoxifen) primary keratinocytes.

(legend continued on next page)

6 Cell Reports 41, 111503, October 18, 2022
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motifs are present in the p63 binding region. By contrast, for

Mdm2, a target of p53 family members that is not involved in ker-

atinocyte differentiation, no impact on p63 genome occupancy

at theMdm2 promoter peak was observed, despite upregulation

of RNA expression of this gene. To assess whether the AP1

pathway is also activated in the DMBA/TPA model used in our

study, we tested expression of AP1 members JunB, cJun, and

JunD in papilloma samples by immunohistochemistry (IHC)

and confirmed strong nuclear staining of all three proteins (Fig-

ure S3E). Together, iASPP depletion generally results in enrich-

ment of p63 genome occupancy at binding sites containing

AP1 motifs, leading to increased expression of target genes

around these loci. In keratinocytes, this modulation of p63

genome binding by iASPP particularly impacts the EDC, which

likely contributes to the previously reported role of iASPP in

modulating squamous differentiation.

iASPP-deficient keratinocytes induce pro-inflammatory
gene expression in vitro and attractmacrophages in vivo

S100a8 and S100a9 are well-known pro-inflammatory genes

(Wang et al., 2018), and inflammatory gene sets were among

the most upregulated following iASPP depletion (Figure S2A).

Several genes in inflammatory pathways were among the top

50 upregulated genes following iASPP depletion, including key

inflammatory mediators, such as S100a8, Cxcl1, Il1a, and Il1f6/

Il36a (Figure S4A). To validate a link between iASPP status and

inflammation, we treated iASPP-WT and iASPP-KO keratino-

cytes with TNF-a, a potent pro-inflammatory cytokine, for 1 or

6 h. The levels of mRNA for Il1a, Il36a, S100a8, and S100a9

were significantly higher in iASPP-KO cells compared with WT

at 6 h after TNF-a stimulation, whereas there were no significant

changes in expression levels of Il36b, Il6, Il1b, Tnf, and Cxcl1.

In addition, the S100a9 expression level was significantly

increased in iASPP-KO cells, even in the absence of TNF-a treat-

ment (Figure 4A). Greater expression of S100a9 protein in

iASPP-KO cells was shown by immunoblotting (IB) of iASPP-

WT and iASPP-KO keratinocytes (Figure 4B). IHC staining of

adjacent sections from untreated iASPP-KO skin sections with

anti-S100a8 and anti-S100a9 antibodies showed increased

expression in certain skin regions. In contrast, S100a8 and

S100a9 were hardly detectable in iASPP-WT mouse skin sec-

tions (Figure 4B). These data support the idea that iASPP im-

pedes the expression of a subset of pro-inflammatory genes,

including S100a8 and S100a9, in mouse keratinocytes in vitro

and in vivo.

S100a8 and S100a9 affect keratinocyte proliferation and influ-

ence the skin microenvironment in vivo when secreted by kera-

tinocytes (Nukui et al., 2008). In our model, iASPP is only deleted

in keratin-14-expressing keratinocytes, thus we can examine

how iASPP may influence skin homeostasis and inflammatory

responses in a cell-intrinsic or -extrinsic manner. iASPP-WT

and iASPP-KO mice were treated with TPA or acetone (solvent
(C) H&E analysis of acetone- or TPA-treated skin sections from iASPP WT and K

same samples. Values are mean ± SD. n = 3 (WT) and n = 4 (KO) mice in aceton

(D) IHC staining of F4/80-positivemacrophages in acetone- or TPA-treated skin se

quantification of the same samples. Values are mean + SD. Same cohort as in (C

See STAR Methods for p calculations for (A), (C), and (D).
control for TPA) (Figure S4B). Histological examination of H&E-

stained mouse skin sections showed no significant difference

in dermal cellularity and interfollicular epidermis (IFE) thickness

between acetone-treated iASPP-WT and iASPP-KO skin (Fig-

ure 4C). In the TPA-treated cohort, epidermal hyperplasia was

clearly visible, indicating cutaneous inflammation. A small in-

crease in IFE thickness was observed in TPA-treated iASPP-

KO skin versus TPA-treated iASPP-WT mouse skin. However,

the difference was not statistically significant (iASPP-WT

mean = 29.3 mm versus iASPP-KO mean = 36.0 mm, p = 0.145,

Figure 4C). To measure the impact of iASPP depletion on skin

cell proliferation in vivo, BrdU was injected into acetone- or

TPA-treated iASPP-WT and iASPP-KO mice 1 h before termina-

tion. IF staining of BrdU on skin sections showed similar numbers

of BrdU-positive cells per length of the keratin-14-postive IFE

(number/mm) in acetone-treated iASPP-WT and iASPP-KO

mice. An increase in BrdU incorporation within the IFE was de-

tected upon TPA treatment. TPA-treated iASPP-deficient IFE

showed a slightly higher, but not statistically significant, fre-

quency of BrdU-positive cells per length of basal IFE than the

WT (Figure S4C). Terminal deoxynucleotidyl transferase dUTP

nick end labeling to detect apoptotic events on these skin sec-

tions (Figure S4C) showed no significant difference per length

of IFE (number/mm) in WT versus iASPP-KO in acetone- or

TPA-treated groups.

To investigate whether iASPP status in keratin-14-expressing

keratinocytes influences the tissue microenvironment, mouse

skin sections after TPA treatment were stained with a panel of

immune cell markers. Short-term TPA treatment of iASPP-WT

mice dorsal skin induced an infiltration of macrophages (F4/80)

and neutrophils (MPO) (Figures 4D and S4D), and a smaller in-

crease in the number of mast cells (toluidine blue) and blood

vasculature (CD31) (Figures S4E and S4F). iASPP-KO mice

showed increased infiltrating F4/80+ macrophages in both

acetone- and TPA-treated groups (Figure 4D). iASPP status

had no significant effect on neutrophil infiltration or distribution

of blood vasculature. IF staining to examine the infiltration of

adaptive immune cell populations showed that iASPP-deficient

skin contained an increased number of CD45R+ B cells per

skin area (number/mm2) relative to WT acetone-treated skin,

and a smaller increase relative to WT in TPA-treated skin (Fig-

ure S4G). iASPP status did not seem to affect numbers of infil-

trating CD3+ T or CD8+ T cells per skin area in acetone- or

TPA-treated skin (Figures S4H and S4I). Together, this suggests

that iASPP depletion leads to upregulation of a subset of pro-in-

flammatory genes, such as S100a8 and S100a9, in vitro and

in vivo. iASPP status alone has minimal impact on skin homeo-

stasis. However, in response to inflammatory stimuli, iASPP defi-

ciency in keratinocytes significantly enhances infiltrating innate

immune cells, especially macrophages. These data are consis-

tent with TPA as a potent inducer of AP1 and S100a8 and

S100a9 being transcriptional targets of AP1 (Zenz et al., 2007).
O mice. Scale bar, 50 mm. Histograms below show epidermal thickness in the

e cohort; n = 4 (WT), n = 3 (KO) mice in TPA cohort.

ctions from iASPPWT and KOmice. Scale bar, 50 mm.Histograms below show

).
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Hence, iASPP may influence skin inflammatory responses via

alteration of the microenvironment in vivo.

Cross-regulation between iASPP and JNK/AP1
To investigate how iASPP influences p63 and AP1 transcriptional

activity at their co-regulated targets, we used a p63-bound re-

gion from the enhancer of the involucrin gene (Ivl) containing

both a p63 and an AP1 motif. We subcloned the 600 bp region

around the p63 peak, located 5.8 kb upstream of the Ivl TSS,

into a pGL3-promoter luciferase vector containing a minimal

SV40 promoter, generating a reporter to measure enhancer

activity at this region upstream of involucrin (IVL-luc). In a

human keratinocyte cell line, HaCaT, iASPP depletion by RNAi

enhanced IVL-luc luciferase activity; whereas, under the same

conditions, knockdown of p63 resulted in repressed IVL-luc ac-

tivity (Figure 5A). Further, using a well-known AP1 reporter con-

taining three repeated AP1 binding motifs (3xAP1-luc) in HaCaT

cells, we observed a 2.3-fold increase in 3xAP1-luc luciferase af-

ter iASPP knockdown compared with scrambled control on

average, although this increase was not significant after correc-

tion for multiple testing (adjusted p = 0.055). Under the same

conditions, si-p63 showed a less significant increase in 3xAP1-

luc activity (Figure 5A).

In both mouse and human keratinocytes, iASPP is mainly de-

tected in the cytoplasm. Our previous studies showed that N-ter-

minal truncated iASPP enters the nucleus via the RaDAR nuclear

import pathway (Lu et al., 2014; Slee et al., 2004) and that nuclear

iASPP is associated with metastasis (Lu et al., 2013). We thus

tested whether AP1 signaling pathways influence iASPP’s

cellular localization and function. UV is one of themost important

natural inducers of N-terminal Jun kinase (JNK) and AP1

signaling and a potent skin carcinogen. We treated HaCaT cells

with increasing doses of UV and examined iASPP expression by

IF staining at various time points (Figures S5A and S5B). Nuclear

iASPP was detected by LX49.3 anti-iASPP antibody, which rec-

ognizes amino acids 492–509 near the iASPP C terminus. A

dose-response and kinetics study showed that nuclear iASPP

is present in most cells 24 h post UV exposure at 5 mJ/cm2 or

above (Figures S5A and S5B). Interestingly, an anti-iASPP anti-

body, LX128.5, which recognizes a dephosphorylated region

within the 110–122 aa epitope at the N terminus of iASPP (Lu
Figure 5. Cross-regulation between iASPP and JNK/AP1

(A) Upper, luciferase assay in HaCaT cells using involucrin enhancer reporter and 3

normalized over renilla luminescence. Values are mean fold change over scram

expression in the same samples.

(B) Upper, diagram of iASPP structure and epitopes of anti-iASPP antibodies LX

5 mJ/cm2 UV irradiation, stained with either LX49.3 or LX128.5 as indicated. Arr

(C) IF staining of iASPP (LX49.3) and cytokeratin 10 (CK10) in organotypic epide

150 mJ/cm2 UV irradiation. Scale bar, 25 mm.

(D) IHC analysis of iASPP expression in a sample of human skin from healthy do

(E) Barplot showing ratio of intensity of 75/100 kDa iASPP bands determined by

subcellular fractionation. Values are mean ratio + SD, n = 5 biological replicates.

(F) IB of iASPP, p53, and p63 expression levels in p53 wild-type (HEKn, EPC2, SK

lines upon UV irradiation. FL-iASPP and CL-iASPP refer to full-length and cleave

(G) IB of iASPP and caspase-3 expression levels in whole lysates or nuclear frac

(H) IF staining of iASPP localization in HaCaT cells pre-treated with either JNK in

indicated. Arrow heads indicate nuclear iASPP. Scale bar, 10 mm.

(I) IB of iASPP expression in cytoplasmic and nuclear fractions of HaCaT cells tr
et al., 2013), mainly detected cytoplasmic iASPP 24 h after 5

mJ/cm2 UV exposure (Figure 5B). Similar results were found in

primary human keratinocytes (HEKn) and two p53 null human

cancer cell lines, H1299 (non-small cell lung carcinoma) and

Saos-2 (osteosarcoma) (Figure S5C). UV also induced nuclear

localization of iASPP in basal layer cells of organotypic epidermal

tissue derived from immortalized keratinocytes (Ker-CT) (Fig-

ure 5C) and HaCaT cells (Figure S5D). We also analyzed iASPP

localization in human keratinocytes affected by inflammation us-

ing skin sections from healthy donors, or psoriasis or eczema pa-

tients. While high levels of iASPP expression were detected in

both the cytoplasm and nucleus of keratinocytes in all normal

skin sections, keratinocytes in psoriasis and eczema samples

mainly expressed nuclear iASPP. This expression pattern was

common to all affected skin biopsies examined (Figures 5D

and S7).

To understand how UV induces nuclear iASPP, we subfractio-

nated HaCaT cells with or without the indicated treatments and

immunoblotted them with LX128.5 and LX49.3 antibodies (Fig-

ure S5E). UV only had a small impact on the level of full-length

iASPP (�100 kDa, detected by both LX128.5 and LX49.3 anti-

bodies). UV mostly induced the accumulation of a shorter

75 kDa fragment, detected by LX49.3 but not LX128.5. In all nu-

clear fractions tested, the iASPP 75 kDa/100 kDa ratio is >1,

often >5, after UV irradiation (Figure 5E). In contrast, in cyto-

plasmic fractions, the 75/100 kDa ratio is close to 1 or less. IB

of lysates of HaCaT cells depleted of iASPP by RNAi confirmed

the specificity of both antibodies (Figure S5E). UV can induce

75 kDa nuclear iASPP in a panel of eight cell lines, irrespective

of their p63 expression level and p53 mutation status (Figure 5F)

indicating that UV induces 75 kDa nuclear iASPP independent of

p63 and p53.

iASPP is a known substrate of effector caspases, such as

caspase-3, with amolecular weight of around 75 kDa for cleaved

iASPP product (Hu et al., 2015). In addition, UV activates

caspase-3 activity (Park and Jang, 2014). HaCaT cells were

thus treated with ZVAD, a pan-caspase inhibitor, or VX-765, a

selective inhibitor of caspase-1/4, in the presence or absence

of UV. ZVAD but not VX-765 was able to prevent UV from

inducing 75 kDa iASPP. Detection of 75 kDa iASPP is associated

with the intensity of cleaved activated caspase-3, and is
xAP1 reporter after knockdown of iASPP or p63. Luciferase luminescence was

ble + SD. For p calculation, see STAR Methods. Lower, IB of iASPP and p63

49.3 and LX128.5 as indicated. Lower, IF staining of iASPP in HaCaT cells ±

ow indicates nuclear iASPP. Scale bar, 10 mm.

rmis tissue from immortalized Ker-CT cells. Tissues were collected 24 h post

nors or patients with psoriasis or eczema. Scale bar, 50 mm.

IB using LX49.3 antibody in HaCaT cells upon UV irradiation and subjected to

ML23), p53 mutant (HaCaT, SKML37, Hap1), or p53 null (H1299, Saos-2) cell

d iASPP, respectively.

tions of HaCaT and MCF7 cells 24 h ± 5 mJ/cm2 UV irradiation.

hibitor or p38 inhibitor for 1 h and collected 24 h ± 5 mJ/cm2 UV irradiation as

eated with JNK activator anisomycin for 1 or 24 h.
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Figure 6. iASPP SH3 domain interacts with JunD N-terminal PxxP motif to inhibit AP1 transcriptional activity

(A) Luciferase activity assay in H1299 cells using 3xAP1 reporter after overexpression of FL-tagged (1–295) or V5-tagged (295–828) iASPP combined with p53,

HA-tagged TAp63a, or HA-tagged DNp63a. Luciferase activity was normalized over renilla activity. Values are mean fold change over empty vector ± SD.

(B) Left, IB of pull down assay using immobilized Halo-tagged ASPP CTDs to pull down in vitro translated (IVT) Myc-tagged AP1 proteins. PD, pull down. Right,

barplot showing the mean PD efficiency relative to input determined by densitometric quantification of the IB from left panel. Values are mean ± SD. n = 3

biological replicates.

(C) Isothermal titration calorimetry (ITC) results of JunD peptide binding to WT iASPP CTD (left) or iASPP CTD N813A/Y814A mutant (right). Top diagrams show

raw titration profiles and bottom diagrams show integrated heat. Best fit of single-site binding model is shown as a solid black line with the resulting equilibrium

binding constant (KD). Fit parameters are found in Table S2.

(D) IB of pull down assay using Halo-tagged iASPP CTD to pull down IVT Myc-tagged JunD WT and mutants.

(E) IB of pull down assay using Halo-tagged iASPP CTD to pull down IVT Myc-tagged cJun, JunB, JunD, or p63 ± of either JunD peptide or PP1 peptide.

(F) Left, co-IP using anti-iASPP antibodies in lysates of control or UV-irradiated HaCaT cells. IB for JunD. Right, co-IP using anti-JunD antibody in lysates of

control or UV-irradiated HaCaT cells. IB for iASPP (LX49.3). Short and Long refer to short and long forms of JunD, respectively.

(legend continued on next page)
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amplified in the presence of proteosome inhibitor MG132 (Fig-

ure S5F). Unlike HaCaT and other cell lines examined above,

UV did not lead to the accumulation of 75 kDa iASPP in cyto-

plasmic or nuclear fractions inMCF7 cells, a caspase-3-deficient

human breast cancer cell line (Figure 5G). Expression of myc-

tagged WT caspase-3 but not the catalytically dead caspase-3

(C163A) mutant in MCF7 cells produced detectable amounts of

75 kDa iASPP (Figure S5G). These data demonstrate that UV

induces a caspase cleaved 75 kDa product, which we call CL-

iASPP.

To test the potential involvement of JNK activity in UV-induced

nuclear accumulation of cleaved CL-iASPP, HaCaT cells were

pre-treated with DMSO, a JNK inhibitor (JNK inhibitor VIII), or

p38 kinase inhibitor (SB-202190) before UV exposure. Treatment

with the JNK inhibitor but not p38 inhibitor prevented UV-

induced nuclear iASPP (Figure 5H). IB confirmed that pre-treat-

ment with the JNK but not p38 inhibitor significantly impaired UV

induction of 75 kDa CL-iASPP (Figure S5H). A JNK activator, ani-

somycin, induced the accumulation of 75 kDa CL-iASPP (Fig-

ure 5I). JNK-induced iASPP cleavage is not human specific as

similar results were also obtained in a mouse keratinocyte cell

line XB2 (Figure S5I). These results suggest a regulation loop be-

tween iASPP and the JNK/AP1 pathway.

iASPP SH3 domain interacts with JunD N-terminal PxxP
motif to inhibit AP1 transcriptional activity
iASPP may inhibit the transcriptional activity of AP1 directly by

binding to AP1 components or indirectly via iASPP’s ability to

bind and inhibit the transcriptional activity of p63, since a p63-

JunB complex has been reported previously (Sundqvist et al.,

2020). Full-length p63 (TAp63a), expressed in skin at low levels,

is inactive due to its dimeric structure and closed conformation

(Deutsch et al., 2011), whereas the most expressed p63 isoform

is an active N-truncated DNp63a, featuring an alternative trans-

activation domain to TAp63a. We previously showed that D294

is the caspase-3 cleavage site that generates a 75 kDa iASPP

fragment (Hu et al., 2015). We tested the ability of overexpressed

full-length iASPP or iASPP fragments containing amino acids

1–294 or 295–828 to inhibit AP1 activity in H1299 cells using a

3xAP1 luciferase reporter. H1299 is null for p53 and the p63

expression level is low (Sethi et al., 2015) or undetectable (Fig-

ure 5F), but it has WT endogenous iASPP (note: it is not possible

to generate iASPP null cell lines). Expression of full-length or

fragments of iASPP, p53, or TAp63a had minimal impact on

3xAP1 luciferase reporter activity, while expression of DNp63a-

induced 3xAP1 luciferase activity. Co-expression of full-length

or truncated iASPP reduced DNp63a-induced 3xAP1 activity

(Figures 6A and S6A). These observations suggest that iASPP

may directly inhibit AP1 activity.

Several AP1 components, such as JunD, contain a PxxP motif

at their N terminus and iASPP contains a classic SH3 domain in

its C-terminal domain (CTD) that interacts with PxxP motifs. We
(G) Co-IP using LX49.3 in lysates of control or UV-irradiated HaCaT cells treated w

short and long forms of JunD respectively.

(H) Luciferase activity of WT JunD and indicated JunDmutants ± iASPP in H1299 c

renilla activity. Values are mean fold change over empty vector ± SD. n = 4 biolo

For p calculation for (A), (B), and (H), see STAR Methods.
incubated recombinant iASPP CTD fused to Halo-Tag with

in vitro translated JunD, JunB, c-Jun, and c-Fos (Figure 6B). All

three Jun family members but not c-Fos were pulled down

with iASPP CTD. Based on the amount of input, the proportion

of JunD in complex with iASPP was higher compared with

JunB and c-Jun. Under the same conditions, ASPP1 and

ASPP2CTDwere less effective at binding to Jun familymembers

(Figure 6B).

The JunD N terminus contains a classic PxxP motif,

whereas JunB and c-Jun N-terminal regions do not. Unlike

iASPP, ASPP1 and ASPP2 contain an atypical SH3 domain

(Bergamaschi et al., 2006), suggesting that iASPP may form

a complex with JunD via classic SH3/PxxP motif binding. To

test this, we purified the isolated CTDs of ASPP1, ASPP2,

and iASPP, including their SH3 domains, and synthesized a

peptide with the PxxP motif of JunD (62–81 aa). A direct inter-

action between iASPP and JunD was confirmed by isothermal

titration calorimetry (Figure 6C), whereas ASPP1 or ASPP2

CTDs failed to bind JunD (Figure S6B). Y814 in the iASPP

SH3 domain is a highly conserved classic SH3 domain residue

known to contact proline in PxxP motifs, and is absent in

ASPP1 and ASPP2 (Bergamaschi et al., 2006). Mutation of

Y814 and its adjacent residue N813 prevented iASPP-JunD

binding (Figure 6C), confirming the importance of the SH3

domain. To investigate the specificity of the interaction for

the JunD PxxP motif, we generated a series of full-length

JunD mutants: deleted PxxP motif (69–74 aa; D-xxP); mutated

PxxP (P69A, P72A, R74A; mutPxxP); phosphomimic T71D;

and a non-phosphorylatable T71V mutation, as T71 is within

the PxxP motif and is predicted to be a potential JNK site (Fig-

ure 6D). The PxxP and phosphomimic JunD mutants failed to

bind iASPP, whereas JunD T71V bound as effectively as the

WT, supporting a direct SH3-PxxP binding between iASPP

and non-phosphorylated JunD. We also tested whether the

iASPP-JunD interaction can be competed with either a JunD

peptide or a well-characterized PxxP-containing high-affinity

binding peptide derived from the phosphatase PP1, able to

bind iASPP SH3 domain (Bertran et al., 2019). The PP1 pep-

tide effectively inhibited interactions between iASPP and

p63, JunD, JunB, or c-Jun (Figure 6E). The JunD peptide

significantly reduced iASPP binding to JunD, JunB, and

c-Jun but not to p63 (Figure 6E), suggesting that iASPP may

have a higher binding affinity for p63 than Jun family mem-

bers, or have a second interaction site with p63.

The iASPP/JunD complex was detected in untreated HaCaT

cells using two different anti-iASPP antibodies, LX49.3 and

LX128.5 (Figure 6F, left). Importantly, iASPP failed to complex

with JunD in UV-treated HaCaT cells, and this was not due to

reduced iASPP or JunD expression (Figure 6F). Similarly, using

an anti-JunD antibody, the iASPP/JunD complex was only de-

tected in untreated HaCaT cells (Figure 6F, right). Both anti-

iASPP antibodies pulled down JunB in untreated HaCaT cells,
ith DMSO, JNK inhibitor, or p38 inhibitor. IB for JunD. Short and Long refer to

ells using 3xAP1 reporter as a readout. Luciferase activity was normalized over

gical replicates.
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while less JunB was pulled down in UV-treated cells, possibly

due to a lower level of JunB or a change in interactions. UV

caused a large increase in levels of c-Jun and c-Fos (Figure S6C).

In the same experiment as that shown for iASPP/JunB and

iASPP/JunD, the anti-iASPP antibody LX49.3 but not LX128.5

pulled down some c-Jun protein in UV-treated cells. However,

c-Jun pull down was highly variable among experiments (see

the table in Figure S6D for a summary). c-Fos failed to co-immu-

noprecipitate with iASPP under all conditions tested (Fig-

ure S6C). Lysates from subcellular fractionation of both human

and mouse keratinocytes, HaCaT and IMOK, respectively,

were used to immunoprecipitate iASPP using LX49.3 and

LX128.5. LX128.5 robustly co-immunoprecipitated JunD or

JunB in the nuclear fractionation lysates in both cell lines,

whereas LX49.3 was less effective (Figure S6E), in agreement

with our result from unfractionated lysates (Figure 6F). The spec-

ificity of JunD binding was confirmed by JunD knockdown

(Figure S6F).

To test whether JNK activation may inhibit the iASPP/JunD

complex, we treated HaCaT cells with a JNK inhibitor or a

p38 inhibitor with or without UV treatment. iASPP failed to

pull down JunD in UV-treated cells in the presence of p38 ki-

nase inhibitor or the control agent DMSO. Importantly, addition

of JNK inhibitor enabled detection of the iASPP/JunD complex

in UV-treated cells (Figure 6G). These data demonstrate that

JNK activation prevents iASPP/JunD interaction, explaining

why the iASPP/JunD complex is not detected in UV-irradiated

cells.

We tested the ability of iASPP to influence the transcriptional

activities of JunD, JunB, and c-Jun using a 3xAP1 luciferase

reporter in H1299 cells (Figure S6G). Consistent with our

biochemical findings, iASPP had a greater inhibitory effect on

the transcriptional activity of JunD compared with JunB and

c-Jun, whereas the transcriptional activity of JunD with a

mutated PxxP motif or phosphomimic T71D (as used in Fig-

ure 6D) was not repressed by iASPP (Figures 6H and S6H). Ac-

tivity of JunD with the T71V mutation was repressed by iASPP.

Together, our results suggest that iASPP inhibits AP1 activity

directly by forming a complex with JunD through SH3/PxxP

motif binding.

DISCUSSION

Our findings reveal two key functions for iASPP: as a tumor sup-

pressor and as an AP1 coregulator (Figures 7A and 7B). The dis-

covery that iASPP can act as a tumor suppressor is in contrast to

previous findings that iASPP is an oncogene: (1) iASPP is an in-

hibitor of p53-induced apoptosis (Bergamaschi et al., 2003); (2)

iASPP is required for cell proliferation as iASPP deficiency

causes cellular senescence (Chikh et al., 2011); (3) iASPP inhibits

keratinocyte differentiation (Notari et al., 2011); (4) iASPP is over-

expressed in various cancer cells in vitro and in vivo, and nuclear

iASPP associates with cancermetastasis (Lu et al., 2013); and (5)

iASPP deletion induces p53-mediated cell death in cancer cells

in vitro or reduced tumor growth in vivo in a xenograft mouse

model (Lin et al., 2011; Wang et al., 2015).

Prior studies were mainly focused on cell-intrinsic roles of

iASPP. In the in vivo skin tumormodel here, interactions between
12 Cell Reports 41, 111503, October 18, 2022
keratinocytes and the tissue microenvironment are either tumor

promoting or tumor suppressive. Skin has been called a second

immune system, as keratinocytes can secrete cytokines, such as

IL1-a and S100a8/S100a9 (Jiang et al., 2020). A subset of iASPP-

repressed targets are pro-inflammatory genes, such as Il1a,

Il1f6, S100a8, and S100a9, so, compared with iASPPWT, iASPP

KO keratinocytes may secrete more pro-inflammatory cyto-

kines, such as S100a8 and S100a9, attracting immune cells,

includingmyeloid-derived suppressor cells, to form a tumor-pro-

moting microenvironment (Cheng et al., 2008). Thus, iASPP

depletion in keratinocytes may influence the microenvironment,

which in turn has an effect on keratinocyte growth (e.g., promot-

ing papilloma formation) (Figure 7A). While the loss of iASPP

increased the papilloma onset and burden, iASPP-KO papil-

lomas showed higher expression of differentiation markers

(e.g., involucrin), suggesting a more ‘‘benign’’ tumor phenotype.

This can be partially explained by activation of the p53 pathway

in the absence of iASPP. Future studies are needed to establish

whether the tumor-suppressive function of iASPP is p53 depen-

dent or not.

AP1 was first identified as a TPA-activated transcription factor

(Angel et al., 1987) and is also an important regulator of

epidermal differentiation and skin tumor development (Eckert

et al., 2013), consistent with iASPP being an inhibitor of AP1

and a suppressor of DMBA/TPA-induced tumorigenesis in

mouse skin (Figure 7B). Given that NF-kB is also a key regulator

in skin homeostasis and inflammation, and that iASPP was firstly

identified as a binding partner of RelA and an inhibitor of NF-kB

(Yang et al., 1999), it is interesting that, in our analysis, AP1 target

genes were more affected than NF-kB targets by iASPP deple-

tion and that iASPP affects p63 genome occupancy surrounding

AP1 motifs rather than NF-kB targets. These findings suggest

that iASPP-AP1 interactions may have distinct importance in

p63-regulated squamous lineages, whereas iASPP-NF-kB may

be important in other contexts.

Several AP1 components are expressed in the skin. For

example, in epidermis, JunD is expressed in all cell layers,

whereas c-Jun and JunB are more restricted, with expression

levels changing during differentiation (Mehic et al., 2005). AP1

complexes, particularly those involving c-Jun or cFos, influence

the transcriptional activity and function of p53 and its family

members (Schreiber et al., 1999; Subramanian et al., 2015). Pre-

vious analysis of ChIP and expression data predicted that JunD

cooperates with p63, modulating its ability to bind transcriptional

targets in human keratinocytes (Sethi et al., 2014) by an unknown

mechanism. Our findings that JunD is the Jun member that

iASPP binds most robustly in human keratinocytes and that

iASPP deficiency results in profound upregulation of a subset

of p63 and AP1 target genes, suggest that iASPP may be a

missing link connecting p63 and JunD (Figure 7B). p63 was

recently reported to form a complex with JunB (Sundqvist

et al., 2020), and we also observed that iASPP can bind JunB.

Hence, iASPP may alter multiple p63/AP1 co-regulatory

complexes.

Mechanistically, our evidence suggests that iASPP regulates

expression of a subset of AP1 target genes via direct binding

to AP1 components, particularly to JunD. Interaction is via a

type II SH3 domain interacting peptide (PxxP) in an AP1 subunit
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Figure 7. Proposed models of iASPP-mediated regulation of

tumorigenesis and the JNK-iASPP-AP1 axis

Diagrams to show (A) how loss of iASPP in keratinocytes may enhance

inflammation and create a pro-tumorigenicmicroenvironment; (B) how

iASPP may regulate selective transcription of p63 and AP1 targets

either alone or in combination; (C) iASPP SH3 domain and JunD PxxP

motif mediate iASPP-JunD interaction; (D) regulatory loop of JNK/

iASPP/AP1 axis.
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and the SH3 domain of iASPP (Figure 7C). In JunD, the PxxP

sequence is located N-terminal to the transactivation domain

(Hirai et al., 1989). As the DNA binding domain of JunD and the

leucine zipper dimerization domains are at the C-terminal end,

transcriptional inhibition by iASPP is unlikely to be via block of

DNA binding or dimerization. Instead, the proximity of iASPP

binding to the transactivation domain suggests that steric hin-

drance of the transcriptional machinery or cofactors may be

the relevant mechanism.

JunD is expressed in a wide range of cell types in addition to

keratinocytes, so the iASPP/JunD interaction is likely to influence

the target selectivity of other transcription factors that cooperate

with JunD. Interestingly, JunD is generally considered a tumor

suppressor, but has been reported as an inhibitor of p53-

induced cellular senescence in vitro (Weitzman et al., 2000)

and as an oncogene in vivo through its ability to cooperate

with mutant RAS to drive lung tumorigenesis (Ruiz et al., 2021).

Thus, the ability of iASPP to bind and inhibit JunD activity may

contribute to iASPP’s tumor-suppressive function in mutant

RAS and inflammation-driven tumorigenesis. Environmental

stimuli that induce JNK/AP1 and inflammation stimulate a tu-

mor-promoting microenvironment and JNK is required for

mutant RAS-driven tumorigenesis (Cellurale et al., 2011). Our

finding that JNK activation can inhibit the iASPP/JunD interac-

tion (Figure 7D) suggests that part of the tumor-promoting func-

tion of these stimuli and JNK activation may be achieved via the

JNK-iASPP-AP1 axis, by preventing iASPP binding to JunD to

suppress tumor growth.

In untreated keratinocytes, most iASPP is cytoplasmic but

some can be detected in the nucleus. Shuttling of iASPP to the

nucleus can be increased by cyclin B/CDK1 at G2M under

normal physiological conditions (Lu et al., 2013). JNK activation

can induce caspase-mediated cleavage of iASPP, and CL-

iASPP enters the nucleus. Consistent with a role of iASPP in tran-

scriptional regulation, our cellular fractionation data showed that

iASPP/JunD and iASPP/JunB complexes can occur in the nu-

cleus in untreated human and mouse keratinocytes. Phosphory-

lation of JunD mediated by JNK may prevent iASPP binding

(Figure 7D), but further work is required to assess the extent to

which this modulates transcriptional inhibition in vivo. We cannot

exclude the possibility that a small amount of JunB and JunD

may form complexes with iASPP in the cytoplasm, possibly be-

ing retained there. Monomeric Jun proteins can shuttle between

the nucleus and cytoplasm (Malnou et al., 2007).

Finally, our discovery of a connection between iASPP and the

JNK/AP1 pathways explains the previous observation that two

spontaneous iASPP mutant mice (Wa3 and Woe2) (Herron

et al., 2005; Toonen et al., 2012) have highly similar phenotypic

features (eyelids open at birth, wavy hair) to TGF-a (Wa1),

EGFR (Wa2), and JNK1/2 double-deficient mice (Luetteke

et al., 1993, 1994; Weston et al., 2004). Since TGFa is the ligand

of EGFR, and that JNK1/2 proteins are the downstream effectors

of TGF-a/EGFR/RAS signaling, it is understandable that defi-

ciency in any pathway componentmay result in overlapping phe-

notypes, and our results now link iASPP to this axis. The physical

and functional interactions between p63 and the JNK/iASPP/

AP1 axis are of great biological importance in tissue homeostasis

and skin inflammation. Dysregulation of the JNK/iASPP/AP1 axis
14 Cell Reports 41, 111503, October 18, 2022
is likely to impact on many other pathological conditions beyond

the skin.

Limitations of the study
This study has several limitations. First, due to restrictions of

permitted animal experiments, it was impossible to assess the

impact of iASPP on the conversion from benign papilloma to ma-

lignant cutaneous carcinomas. Second, some in vivo observa-

tions in the DMBA/TPAmodel may not reflect a human skin tumor

setting, asmouse and human skin are not identical. Third, some of

the iASPP/p63 targets identified in this study may be mouse spe-

cific, as only 40% of the human genome aligns to the mouse

genome. Furthermore, promoter and enhancer regions are more

diverse than coding regions. Combined RNA-seq and p63 ChIP-

seq studies performed in human keratinocytes with or without

iASPP expression will help identify evolutionarily conserved p63/

iASPP targets between mouse and human.
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REAGENT SOURCE IDENTIFIER

Antibodies

iASPP Ascites LX049.3

iASPP Ascites LX128.5

p53 Ascites DO-1

p53 Leica Biosystems Cat# P53-CM5P-L, RRID: AB_2895247

p63a (H-129) Santa Cruz Cat# sc-8344, RRID: AB_653766

p63 (4A4) Santa Cruz Cat# sc-8431, RRID: AB_628091

Caspase-3 (E87) Abcam Cat# ab32351, RRID: AB_725946

Lamin A/C (636) Santa Cruz Cat# sc-7292, RRID: AB_627875

Phospho-p38 (D-8) Santa Cruz Cat# sc-7973, RRID: AB_670359

Phospho-JNK (G-7) Santa Cruz Cat# sc-6254, RRID: AB_628232

CK10 Bio Legend Cat# 905403, RRID: AB_2749902

BrdU (BU1/75) Abcam Cat# ab6326, RRID: AB_305426

CD3 Abcam Cat# ab5690, RRID: AB_305055

CD31 Abcam Cat# ab28364, RRID: AB_726362

CD45R BD Biosciences Cat# 550286, RRID: AB_393581

CD8 Stratech Cat# bs-0648R, RRID: AB_10857537

F4/80 AbD Serotec Cat# MCA497R, RRID: AB_323279

CK1 (AF87) Covance Cat# PRB-149P-100, RRID: AB_291572

CK6 Covance Cat# PRB-169P-100, RRID: AB_10063923

CK13 (EPR3671) Abcam Cat# ab92551, RRID: AB_2134681

CK14 (AF64) Covance Cat# PRB-155P, RRID: AB_292096

Loricrin (AF62) Covance Cat# PRB-145P-100, RRID: AB_10064155

Involucrin Covance Cat# PRB-140C, RRID: AB_291569

MPO (E15) Santa Cruz Cat# sc-34159, RRID: AB_2282186

S100a8 R&D Cat# AF3059, RRID: AB_2184254

S100a9 R&D Cat# AF2065, RRID: AB_2184263

HA-tag Santa Cruz Cat# sc-7392 HRP, RRID: AB_2894930

Mouse IgG Ascites N/A

JunD Santa Cruz Cat# sc-271938, RRID: AB_10650101

JunB Santa Cruz Cat# sc-8051, RRID: AB_2130023

cJun Santa Cruz Cat# sc-1694, RRID: AB_631263

cFos Cell Signalling Cat# 2250, RRID: AB_2247211

b-tubulin Abcam Cat# ab11308, RRID: AB_297911

b-actin (C4) HRP Santa Cruz Cat# sc-47778 HRP, RRID: AB_2714189

Myc-tag (4A6) Merck Millipore Cat# 05-724, RRID: AB_309938

Myc-Tag (9B11) Cell Signaling Cat# 2276, RRID: AB_331783

V5-tag (SV5-Pk1) Bio Rad Cat# MCA1360, RRID: AB_322378

Anti-Mouse immunoglobulins/HRP Dako Cat# P0161, RRID: AB_2687969

Anti-Rabbit immunoglobulins/HRP Dako Cat# P0217, RRID: AB_2728719

Anti-Goat immunoglobulins/HRP Dako Cat# P0449, RRID: AB_2617143

Anti-Mouse IgG (Fab Fragment) HRP Sigma-Aldrich Cat# A9917, RRID: AB_258476

AlexaFluor488 anti-Mouse IgG (H+L) Invitrogen Cat# A-11001, RRID: AB_2534069

AlexaFluor546 anti-Mouse IgG (H+L) Invitrogen Cat# A-11003, RRID: AB_141370

AlexaFluor488 anti-Rabbit IgG (H+L) Invitrogen Cat# A-11008, RRID: AB_143165
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AlexaFluor546 anti-Rabbit IgG (H+L) Invitrogen Cat# A-11035, RRID: AB_143051

AlexaFluor546 anti-Rat IgG (H+L) Invitrogen Cat# A-11081, RRID: AB_141738

Biotinylated Anti-Mouse antibody Vector Labs Cat# BA-9200, RRID: AB_2336171

Biotinylated Anti-Rabbit antibody Vector Labs Cat# BA-1000, RRID: AB_2313606

Biotinylated Anti-Goat antibody Vector Labs Cat# BA-9500, RRID: AB_2336123

Bacterial and virus strains

Escherichia coli Rosetta (DE3)

Competent Cells

Merck Millipore Cat# 70954

Escherichia coli NEB 5-alpha

Competent Cells

NEB Cat# C2987

Chemicals, peptides, and recombinant proteins

PP1alpha peptide (WNPGGRPITPPRNSA) TUCF custom made

JunD peptide (WLKPAAAPPPT

PLRADGAPSA)

TUCF custom made

JunD pT71 peptide (WLKPAAAPPP[pT]

PLRADGAPSA)

TUCF custom made

NuPAGE LDS Sample Buffer (4X) Thermo Fisher Cat# NP0008

Benzonase Nuclease Merck Millipore Cat# 70746

DAPI Sigma-Aldrich Cat# D8417-5MG

Z-VAD-FMK Santa Cruz Cat# sc-3067

Z-VAD(Ome)-FMK Santa Cruz Cat# sc-311561A

VX-765 Sigma-Aldrich Cat# 5313720001

JNK Inhibitor VIII Santa Cruz Biotecnology Cat# sc-202673

P38 MAPK Inhibitor Sigma-Aldrich Cat# SB 202190

MG132 Sigma-Aldrich Cat# M7449

DMBA Sigma-Aldrich Cat# D3254

TPA Sigma-Aldrich Cat# 79346

Anisomycin Sigma-Aldrich Cat# A9789

Critical commercial assays

TnT Quick Coupled Transcription/

Translation System T7

Promega Cat# L1170

NE-PER Nuclear and Cytoplasmic

Extraction Reagent

Thermo Fisher Cat# 78835

ECL Prime Western Blotting System Sigma-Aldrich Cat# RPN2232

Dual luciferase Reporter assay system Promega Cat# E1960

Lipofectamine RNAiMAX ThermoFisher Cat# 13778150

Fugene 6 Promega Cat# E2691

Deposited data

Mouse keratinocyte RNA-seq (iASPP

KO/WT)

this study GEO: GSE188371

Mouse keratinocyte p63 ChIP-seq

(iASPP KO/WT)

this study GEO: GSE188447

Sequencing data this study GEO: GSE188448

Western blot and microscopy images this study Mendeley Data: https://doi.org/10.17632/23yddhm5sn.1

Original code this study Zenodo: https://doi.org/10.5281/zenodo.6887187

Original code for analysis this study GitHub: https://github.com/t-carroll/

iASPP_keratinocyte_ChIPseq_RNAseq

Experimental models: Cell lines

HaCaT this study N/A

MCF-7 this study N/A

(Continued on next page)
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H1299 this study N/A

HEKn Promocell Cat# C-12001

EPC-2 this study N/A

IMOK this study N/A

Ker-CT ATCC Cat# CRL-4048, RRID: CVCL_S877

Hap1 this study N/A

Saos-2 this study N/A

SKML23 this study N/A

SKML37 this study N/A

XB2 this study N/A

Experimental models: Organisms/strains

Krt14-Cre+;Ppp1r13l�/� this study N/A

Ppp1r13lflox/flox;Cre+ERT this study N/A

Tg(Krt14-Cre)1Amc The Jackson Lab. RRID: IMSR_JAX:004782

Ppp1r13lloxP/loxP (Notari et al., 2011) N/A

Gt(ROSA)26Sor<tm1(cre/ERT)Brn> (Notari et al., 2011) N/A

Oligonucleotides

qPCR primers this study (see Table S1)

PCR primers for mice genotyping this study (see Table S1)

PCR primers for detection of mutant Ras this study (see Table S1)

PCR primers for cloning this study (see Table S1)

siGENOME Human PPP1R13L siRNA Dharmacon Cat# M-003815-01-0005

siGENOME Human TP63 siRNA Dharmacon Cat# MQ-003330-01-0002

ON-TARGETplus Human JunD siRNA Dharmacon Cat# LQ-003900-00-0002

RISC-free control siRNA Dharmacon Cat# D-001220-01-20

Recombinant DNA

pcDNA3.1(+)-Myc-DNp63a Coutandin et al. (2016) N/A

pET-15b-His10-TEV-ASPP1 CTD

(887–1090)

this study N/A

pET-15b-His10-TEV-ASPP2 CTD

(925–1128)

this study N/A

pET-15b-His10-TEV-iASPP CTD (625–828) this study N/A

pET-15b-His10-TEV-iASPP CTD N813A

Y814A (625–828)

this study N/A

pCDNA3.1-iASPP-v5 Hu et al., 2015 N/A

pCDNA3.1-iASPP (1–294)-v5 Hu et al., 2015 N/A

pCDNA3.1-iASPP (295–828)-v5 Hu et al., 2015 N/A

pCDNA3.1-p53 this study N/A

pCDNA3.1-TAp63a-HA this study N/A

pCDNA3.1-DNp63a-HA this study N/A

pGL3-promoter-IVL this study N/A

pGL3-basic-3xAP1 Addgene Cat# 40342

pGL3-IVL-Luc this study N/A

pcDNA3-caspase3-WT-Myc Addgene Cat# 11813

pcDNA3-caspase3-C163A-Myc Addgene Cat# 11814

pRL-TK (Renilla) Invitrogen Cat# E2241

pcDNA3.1(+)-Myc-c-Fos this study N/A

pcDNA3.1(+)-Myc- c-Jun this study N/A

pcDNA3.1(+)-Myc-JunB this study N/A

(Continued on next page)
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Continued

REAGENT SOURCE IDENTIFIER

pcDNA3.1(+)-Myc-JunD this study N/A

pcDNA3.1(+)-Myc-JunD DPxxP this study N/A

pcDNA3.1(+)-Myc-JunD mutPxxP this study N/A

pcDNA3.1(+)-Myc-JunD T71D this study N/A

pcDNA3.1(+)-Myc-JunD T71V this study N/A

pLX304-FOS-V5 Addgene Cat# 59140

pMIEG3-c-Jun Addgene Cat# 40348

pCS2 Flag-JunB Addgene Cat# 29687

pBabe JUND-HA neo Addgene Cat# 58489

pENTR4-HaloTag (w876-1) Addgene Cat# 29644

pET-15b-His10-Halo-TEV-3xGS this study N/A

pET-15b-His10-Halo-TEV-3xGS_ASPP1

CTD (887–1090)

this study N/A

pET-15b-His10-Halo-TEV-3xGS_ASPP2

CTD (925–1128)

this study N/A

pET-15b-His10-Halo-TEV-3xGS_iASPP

CTD (625–828)

this study N/A

Software and algorithms

GraphPad Prism 8 GraphPad Software https://www.graphpad.com/scientific-software/prism/

Clustal Omega Goujon et al. (2010); Sievers

et al. (2011)

https://www.ebi.ac.uk/Tools/msa/clustalo/

NITPIC v1.2.7 Keller et al. (2012); Scheuermann

and Brautigam (2015)

https://www.utsouthwestern.edu/labs/mbr/software/

SEDPHAT v15.2b Houtman et al. (2007) http://www.analyticalultracentrifugation.com/sedphat/

GUSSI v1.4.2 Brautigam (2015) https://www.utsouthwestern.edu/labs/mbr/software/

UCSF Sparky 3.114 T. D. Goddard and D. G. Kneller,

SPARKY 3, University of

California, San Francisco

https://www.cgl.ucsf.edu/home/sparky/

ImageJ 1.52a Schneider et al. (2012) https://imagej.net/

FastQC v0.11.9 Andrews (2010) https://www.bioinformatics.babraham.ac.uk/projects/

fastqc/

Cutadapt v2.10 Martin (2011) https://cutadapt.readthedocs.io/en/stable/

bwa v0.7.17-r1188 Li and Durbin (2009) https://github.com/lh3/bwa

FIMO v5.0.2 Buske et al. (2010) https://meme-suite.org/meme/doc/download.html

MAnorm v1.3.0 Shao et al. (2012) https://manorm.readthedocs.io

SAMtools v1.10 Li et al. (2009) http://samtools.sourceforge.net/

MACS2 v2.2.7.1 Zhang et al. (2008) https://github.com/macs3-project/MACS/releases/tag/

v2.2.7.1

ChIPpeakAnno v3.20.1 Zhu et al. (2010) https://bioconductor.org/packages/release/bioc/html/

ChIPpeakAnno.html

STAR v2.7.3a Dobin et al. (2013) https://github.com/alexdobin/STAR

DESeq2 v1.26.0 Love et al., 2014 https://bioconductor.org/packages/release/bioc/html/

DESeq2.html

featureCounts v2.0.0 Liao et al. (2013) http://subread.sourceforge.net/

FGSEA v1.19.2 Korotkevich et al. (2019) https://github.com/ctlab/fgsea

limma v342.2 Ritchie et al. (2015) https://bioconductor.org/packages/release/bioc/html/

limma.html

pheatmap v1.0.12 Kolde (2012) https://cran.r-project.org/package=pheatmap

EnhancedVolcano v1.4.0 Blighe et al. (2018) https://bioconductor.org/packages/release/bioc/html/

EnhancedVolcano.html

tidyverse v1.3.0 Wickham et al. (2019) https://www.tidyverse.org/

(Continued on next page)
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R v3.6.1 R Core Team https://www.r-project.org/

STREME v5.4.1 Bailey and Birol, 2021 https://meme-suite.org/meme/tools/streme

Other

Magne� HaloTag� Beads Promega Cat# G7282

Protein G agarose beads Roche Cat# 5015952001
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xin Lu

(xin.lu@ludwig.ox.ac.uk).

Materials availability
All plasmids and cell lines generated in this study will be made available on request.

Data and code availability
d The sequencing data generated during this study is available at GEO under SuperSeries (GEO: GSE188448). A publicly acces-

sible UCSC genome browser session to assist visualization of ChIP-seq results from this study is available at http://genome.

ucsc.edu/s/CarrollTM/iASPP_keratinocyte_p63. Original western blots and microscopy images have been deposited to Men-

deley (Mendeley Data: https://doi.org/10.17632/23yddhm5sn.1) and are publicly available as of the date of publication.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication (Zenodo: https://doi.org/10.

5281/zenodo.7023228). Code to reproduce this analysis can be also found at GitHub: github.com/t-carroll/

iASPP_keratinocyte_ChIPseq_RNAseq.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse experiments and genotyping
All animal procedures were approved by local ethical review and licensed by the UK Home Office (PPL: 30/2862). Animals were kept

in individually ventilated cages (IVCs) at theWellcome Trust Centre for HumanGenetics, Oxford. Ppp1r13lflox/flox;Cre+ERTmouse col-

onies with 4-hydroxytamoxifen (4OHT) inducible recombinase expression were generated by crossing Ppp1r13lloxP/loxP mice with

Gt(ROSA)26Sor<tm1(cre/ERT)Brn> mice in a mixed genetic background of C57BL/6 and 129/Sv, as described previously (Notari

et al., 2011). C57BL/6 transgenic mice containing loxP sites flanking Ppp1r13l exon8 were generated following 9 generations of

back crossing with C57BL6 mice. They were further crossed with Tg(KRT14-cre)1Amc mice that contain transgene expressing re-

combinase under Krt14 promoter (The Jackson Laboratory) in a C57BL/6 background to generate Krt14-Cre+;Ppp1r13l�/� mutant

mice. The resulting mutant would have specific deletion of Ppp1r13l exon8 in CK14-positive basal epithelial cells only. Genotyping of

Krt14-Cre+;Ppp1r13l�/� mutants and Ppp1r13lflox/flox;Cre+ERT mouse colonies was performed using the primers listed in Table S1.

For characterisation of HRas mutational status, a nested PCR and Restriction Fragment Length Polymorphism (RFLP) analysis of

DNA samples extracted from mouse tissues was carried out. The HRas 61st codon was amplified using PCR1_F and PCR1_R

primers on 500 ng of the extracted DNA sample to give a 267 bp fragment. Nested PCR was carried out on the PCR product with

primers PCR2_F and PCR2_R to give a 176 bp product. Primers used for the analysis are listed in the Table S1. For 5-bromo-2-

deoxyuridine (BrdU) incorporation, 1 mg/kg BrdU solution (Sigma-Aldrich) was injected 1 h prior to sacrificing the animals.

DMBA/TPA treatment
Dorsal hair of 8–10 week-old Krt14-Cre+;Ppp1r13l�/� C57BL/6 female mice was carefully removed with a shaver one day before

the application of chemicals. A single dose of 25 mg 7,12-Dimethylbenzanthracene (DMBA) in 200 mL acetone, or acetone alone for

the 12-O-tetradecanoyl-13-phorbol acetate (TPA) control group, was applied on shaved dorsal skin. This was followed by twice

weekly application of 4 mg TPA in 200 mL acetone for 15 weeks. Animals were monitored closely throughout the assay in terms of

weight, activity and tumour development. Mice could be observed for up to 1 year or when endpoints were reached requiring im-

mediate termination by the Schedule 1 method as listed on the project license. For the induction of inflammation in the skin by

short-term TPA treatments, 4 mg TPA in 200 mL acetone, or acetone only for negative control, was applied on days 0 and 4.

Mice were sacrificed 24 h after the last TPA application and injected with BrdU 1 h prior to Schedule 1. All epidermal growths

were referred to as papilloma.
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Primary keratinocytes culture
Primary mouse keratinocytes were isolated as previously described (Lichti et al., 2008). Briefly, skin derived from day 2 pups was

floated on 0.25%Trypsin-EDTA (Gibco) overnight at 4�C, and keratinocytes were plated on rat collagen type I (BDBioscience) coated

dishes in low-calciummedium (EMEM (Gibco), 8% calcium-stripped FBS, 50 mg/mL gentamicin, 0.05 mM calcium chloride and pen/

strep mix) supplemented with 0.4 mg/mL hydrocortisone, 5 mg/mL insulin, 10 ng/mL EGF and 0.1 nM cholera toxin. Media was re-

placed after 24 h with or without 1 mM tamoxifen, and cells were maintained at 35�C and 7% CO2 for 4 days. For TNFa stimulation,

mouse TNFa (Peprotech) cytokine was used at a final concentration of 10 ng/mL in cell cultures after incubation in serum-free low

calcium Dulbecco Modified Eagle’s Medium (DMEM, Gibco) for 16 h before cytokine assays.

Cell culture and treatments
HaCaT, MCF-7, H1299 and Saos-2 cell lines were cultured in DMEM, SKML23 and SKML37 - in EMEM, primary human epidermal

keratinocytes HEKn - in EpiLife (ThermoFisher), EPC2 cells - in Keratinocyte SFMmedium (ThermoFisher). DMEM and EMEMmedia

were complemented with 10% (v/v) foetal bovine serum (FBS) (Biosera), 2 mM L-glutamine (ThermoFisher), and 100 units/mL peni-

cillin and 100 mg/mL streptomycin (ThermoFisher). Cells were grown in a humidified incubator at 37�C with 5% CO2. Cell lines were

monthly tested for mycoplasma using MycoAlert Kit (Lonza). For induction of apoptosis, cells were exposed to UV (UVP CL-1000

ultraviolet crosslinker). For inhibition of caspase activity, cells were pre-incubated with 20 mM Z-VAD-FMK, VX-765, MG132, JNK

inhibitor or p38 MAPK inhibitor for 1 h before exposure to UV irradiation. For JNK activation, cells were treated with 200 ng/mL ani-

somycin (Sigma) for 1 h or 24 h before UV exposure. Cell lines and compounds used in this study are listed in key resources table.

Human epidermal organotypic culture
Ker-CT cells or HaCaT cells (3 3 105) were resuspended in CnT-PR keratinocyte medium (Cell-n-Tech) and seeded onto MilliCell

inserts (MilliPore). Inserts were immersed in growth medium in 60 mm culture dishes. After 3 days, the medium was substituted

with CnT-3D Barrier medium (Cell-n-Tech) overnight (16 h). The day after, the medium was removed, and the inserts were put in

the low level CnT-3D Barrier medium to induce air-lifting. The Barrier medium was changed every two days for three weeks. Inserts

with epidermal organotypic cultures were fixed in 10% formalin buffered solution for 24 h and then processed and embedded in

paraffin.

Human samples
Paraffin sections of human skin samples from normal skin (n = 5), psoriasis (n = 10) and eczema (n = 10) patients were obtained from

the Oxford Centre for Histopathology Research (OCHRe) under ethical approval (NRES approval: 09/H0606/78) and in collaboration

with Dr. R. Asher, consultant dermatopathologist at the Oxford John Radcliffe Hospital.

METHOD DETAILS

Western blot (IB)
Cell pellets were lysed with 8 M urea buffer on ice for 30 min and lysates were then cleared by centrifugation at 13,000 g for 20 min at

4�C. For subcellular fractionation, cytoplasmic and nuclear fractions were separated using NE-PERNuclear andCytoplasmic Extrac-

tion kit (ThermoFisher). Bradford protein assay (BioRad) was used to measure protein concentration. Proteins were separated on

SDS-PAGE and transferred onto nitrocellulose membranes, blocked at room temperature for 1 h in 5% non-fat dry milk in TBS buffer

with 0.1% Tween-20 (TBST) and incubated with primary antibodies overnight at 4�C. Membranes were then washed for 30 min in

TBST, incubated with horseradish peroxidase-coupled secondary antibodies (Dako) at 1:4,000 in TBST at room temperature for 1

h, and visualised with ECL Prime Western Blotting System reagents. Antibodies and reagents used in this study are listed in key re-

sources table.

IF and confocal microscopy
Cells grown on coverslips in a 24 well plate were fixed in 4% paraformaldehyde solution for 10 min, followed by two washes in PBS

and fixation in methanol for 1 min. Coverslips were washed in PBS and cells were permeabilised with 0.2% Triton X-100 solution for

10 min. Coverslips were washed in PBS and subsequently blocked with 1% fish gelatin (Sigma-Aldrich) for 1 h at room temperature

followed by incubation with primary antibodies overnight at 4�C. The day after, coverslips were washed 3 times with PBS for 15 min

each. Cells were then incubated with the fluorescently labelled secondary antibodies (1:1,000) and 1 mg/mL DAPI for 1 h. Samples

were washed with PBS, rinsed in water and mounted using Mowiol� onto slides. Images were captured using LSM710 confocal mi-

croscope. Antibodies used in this study are listed in key resources table.

Luciferase activity assay
H1299 cells were plated on 24 well clear-bottom plates (Corning) and the day after transfected with renilla, reporter plasmids, and

expression plasmids using Fugene 6 (Promega). At 24 h after transfection, the luciferase activity in cell lysates was measured using

Dual luciferase Reporter assay system (Promega). Plasmids used in this study are listed in key resources table.
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RNA interference
For iASPP or p63 knock-down, cells were transfected with siGENOMEHuman PPP1R13L, TP63 or JUND siRNAs (Dharmacon) using

Lipofectamine RNAiMAX (Invitrogen) for 48 h or 72 h. siRNAs used in this study are listed in key resources table.

cDNA overexpression
Cells were plated at 70% confluency. The day after, cells were transfected using Fugene 6 transfection reagent. Cells were collected

or subjected to analysis 24 h or 48 h after transfection. Plasmids used in this study are listed in key resources table.

Immunohistochemistry
Paraffin sections of mouse tissues of 4 mm thickness were deparaffinised and hydrated. For 3,30-diaminobenzidine (DAB) staining,

endogenous peroxidases were inactivated by incubating in 3% (v/v) hydrogen peroxide in methanol for 10 min at RT. Heat-induced

antigen retrieval was performed in 0.01 M sodium citrate pH 6 buffer at 100�C for 4 minutes. Slides were left in the buffer to cool, and

samples were blocked with 5% normal goat/donkey serum (NGS/NDS) in PBS for 1 h at room temperature. Sections were incubated

in primary antibody diluted in 5% NGS/NDS overnight at 4�C inside a humidified chamber. Slides were washed with PBS, and sec-

ondary biotinylated antibodies diluted in 5%NGS/NDSwere added for 1 h in the dark at RT. For DAB staining, biotinylated secondary

antibodies were used, and slides were washed in PBS after incubation. Sections were then incubated in avidin-biotin peroxidase

solution (VECTASTAIN Elite ABC Reagent, Vector Labs) for 15 min at room temperature. Slides were washed in PBS. Sections

were then incubated in HRP substrate solution (DAB substrate kit, Vector Labs) for 10 min at room temperature. Slides were rinsed

in water, counterstained in haematoxylin for 5 sec and washed again. The slides were dehydrated through an increasing gradient of

ethanol, cleared in two changes of histoclear for 5 min and mounted with mounting medium (Vectamount, Vector Labs) and cover-

slips. For IF staining, 1 mg/mL DAPI was added along with the appropriate fluorophore conjugated secondary antibodies in the block-

ing solution. Slides were washed with PBS andmounted with fluoromount-Gmounting media (Southern Biotech) and coverslips. For

cell counting from DAB/IF stained tissue sections, averaged data for each tissue sample were collected from 3 different tissue sec-

tions at least 40 mm apart, from at least 3 different fields of view under the microscope for each section. Positive staining was quan-

tified by automated counting using ImageJ software. Positively stained immune cells were quantitatively analysed using the publicly

available Yen thresholding algorithm on ImageJ, with settings of circularity 0.25–1 and size 100–10,000 on all samples. The numbers

of positive stained immune cells were then divided by the area of skin section to obtain the tumor of immune cell population within

each sample. Antibodies used in this study are listed in key resources table.

Haematoxylin and eosin (H&E) staining
Paraffin sections were deparaffinised, rehydrated in a gradient of ethanol (100%, 90%, 70%, 30%) and washed in water. Slides were

incubated in Harris haematoxylin for 3 minutes. Slides were rinsed in running tap water and differentiated in 1% acidic alcohol for 1

sec. Slides were washed again in tap water and immersed in Scott’s water for 30 sec. Slides were rinsed in tap water and stained in

eosin for 4 min. Slides were then washed in water and dehydrated with an increasing gradient of ethanol solutions. Slides were

cleared using histoclear, and mounted with non-aqueous mounting medium and coverslips.

Toluidine blue staining for mast cells
Paraffin sections were deparaffinised and rehydrated as in H&E staining. Slides were incubated in 10% toluidine blue solution for

1–2 minutes and were washed in water. Slides were then dehydrated in ethanol gradients and cleared in histoclear as described

in the H&E staining protocol.

mRNA extraction and qPCR
Total RNA was extracted from cells with the RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. On-column DNase I

digestion was performed. For cDNA conversion, 500 ng of total RNA sample were retrotranscribed using the SuperScript II First

Strand Synthesis System (Invitrogen) with oligo(dT) primers. Quantitative PCR (qPCR) was performed on cDNA samples using the

QuantiTect SYBr Green PCR Kit (Qiagen) on the 7500 real time PCR system (Applied Biosystems). Each qPCR reaction was carried

out in duplicates. The expression level of target genes was analysed using the comparative Ct method (DDCt) with GAPDH as the

internal control. The experiment was repeated on three independent cultures of primary mouse keratinocytes. Primers used for

the analysis are listed in the Table S1.

Library preparation and sequencing
For RNA sequencing, wild-type and iASPP deficient keratinocytes, prepared as described above, were subjected to RNA extraction

protocol using RNAeasy Mini Kit (Qiagen) using DNase I digestion step. One mg of isolated RNA was used for RNA-sequencing, as

previously described (Kouwenhoven et al., 2015). In brief, rRNA was depleted using the Ribo-Zero rRNA Removal Kit (Epicentre) ac-

cording to the manufacturer’s instructions, followed by RNA fragmentation. The fragmented rRNA depleted RNA was used for the

first strand and second strand reactions. Subsequently, five ng of ds-cDNA was prepared for sequencing. Adaptors were ligated

to the DNA fragments, followed by a pre-PCR of 4 cycles, size selection (�300 bp) and subsequently 11 cycles of PCR amplification.

Single-read sequencing (1 3 42nt) was then performed on final libraries using the Illumina NextSeq 500. For ChIP sequencing,
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primary mouse keratinocytes from WT and iASPP KO mice were subjected to ChIP using the H129 anti-p63 antibody (Santa Cruz),

followed by standard Illumina library preparation, as described previously (Kouwenhoven et al., 2015). In brief, a total of 6 ng ChIPped

DNA or input control DNA as measured by Qubit (Invitrogen) was prepared for sequencing. Adaptors were ligated to the DNA frag-

ments, followed by a pre-PCR of 4 cycles, size selection (�300 bp) and subsequently 11 cycles of PCR amplification. Final libraries

were then sequenced using a paired-end format (2 3 43nt) on the Illumina NextSeq, following standard manufacturer’s protocols.

Approximately 50 million reads were acquired for ChIP samples, and 30 million reads for input controls.

Cloning and mutagenesis
iASPP (92–828) and iASPP (295–828)were obtainedbyPCR frompcDNA3.1(+)-iASPP and subsequently subcloned into the pcDNA3.1

vector by TA cloning. pcDNA3.1(+)-Myc-c-Fos, pcDNA3.1(+)-c-Jun, pcDNA3.1(+)-Myc-JunB and pcDNA3.1(+)-Myc-DNp63a were

generated by subcloning of respective PCR products in a pcDNA3.1(+) vector with an N-terminal Myc-tag using BamHI and XhoI re-

striction sites. pcDNA3.1(+)-Myc-JunD was generated similarly but instead using BamHI and XbaI restriction sites. For recombinant

expression in E. coli, respective PCRproductswere introduced in pET-15b-His10-TEV (N-terminal His10-tag followed by TEV protease

cleavage site) or pET-15b-His10-Halo-TEV-3xGS (N-terminal His10-tag followed by Halo-tag, TEV protease cleavage site and

GSGSGS linker) by subcloning using BamHI and XhoI restriction sites. The pET-15b-His10-Halo-TEV-3xGS vector was generated

by subcloning Halo in pET-15b vector using NcoI and XhoI restriction sites. The His10-tag was added by the 50 oligo and the TEV pro-

tease cleavage site, linker, BamHI site and stop codon by the 30 oligo. All successive constructs carrying mutations were produced by

site-directed mutagenesis. Primers used for cloning are listed in Table S1.

IP
Cell pellets were lysed in lysis buffer from NE-PER Nuclear and Cytoplasmic Extraction kit (ThermoFisher) following manufacturer’s

instructions. Then, protein G agarose beads were blocked with 5% FBS for 1 h at 4�C. After blocking, the beads and the antibody

were added to the lysates and incubated overnight at 4�C under rotation. The day after, the beads were washed 4 times with NP40

lysis buffer and eluted in 4x Laemmli buffer at 95�C for 10 min. The eluates were separated by SDS-PAGE.

Protein expression and purification
All expression plasmids were transformed in E. coli strain Rosetta DE3 (Novagen) for protein production. Cells were grown in 2xYT

medium to anODof�0.8. Expressionwas carried out for�18 h at 16�C.Cells were harvested, resuspended in ice-cold IMACAbuffer

(25 mM Tris pH 7.8, 200 mM NaCl, 20 mM ß-ME, 5% Glycerol and 25 mM imidazole) supplemented with lysozyme (Sigma), RNAse

(Sigma), DNAse (Sigma) and protease inhibitors (Carl Roth) and lysed by sonification. Lysate was cleared by centrifugation at 4�C. All
subsequent purification steps were performed at 4�C using an ÄKTA Purifier chromatography system (Cytiva). All proteins were pu-

rified byNi2+-affinity chromatography in the first step usingHisTrap columns (Cytiva). Halo fusion proteins were then subjected to ion-

exchange (IEX) chromatography. Before loading them on HiTrap Q columns (Cytiva), salt concentration was reduced to under

100 mM by dilution with IEX A buffer (25 mM Tris pH7.8, 50 mM NaCl; 20 mM ß-ME, 5% Glycerol). Protein bound to the IEX column

was eluted with a gradient from 50 mM to 1,000 mM NaCl over 20 column volumes using IEX B buffer (25 mM Tris pH7.8, 1,000 mM

NaCl, 20 mM ß-ME, 5% Glycerol). As a final purification step, Halo fusion proteins were loaded on a Superdex 200 size exclusion

chromatography (SEC) column (Cytiva) equilibrated in the final storage buffer (25 mM HEPES pH 7.5, 150 mM NaCl; 0.5 mM

TCEP; 10% Glycerol). His-tagged proteins were instead supplemented with His-tagged TEV protease for cleavage of the His10-

Tag after Ni2+-affinity purification and dialysed over night at 4�C in IMAC A buffer. The cleaved His10-Tag and TEV protease were

remove by reverse Ni2+-affinity purification. The flow-through containing the cleaved protein was then further purified by IEX chro-

matography, as for the Halo fusion proteins. In a final polishing step, proteins were loaded on a Superdex 75 SEC column (Cytiva)

equilibrated in the final storage and assay buffer (25mMHEPES pH 7.5, 150mMNaCl; 0.5mMTCEP). All proteins were concentrated

by centrifugation, snap frozen in liquid nitrogen and stored at�80�C until use. Plasmids used in this study are listed in key resources

table.

Halo pulldown
Myc-tagged AP1 family proteins and p63 were produced by in vitro translation (Promega) of pcDNA3.1(+) plasmids for 90 min at

30�C. After, reactions were supplemented with Benzonase (Merck Millipore) and incubated for 30 min at 30�C to digest DNA and

RNA, followed by centrifugation for 10 min at 13,000 rpm to remove any aggregates. 100 mg of purified Halo fusion proteins were

immobilized on 25 mL magnetic Halo beads slurry in pulldown buffer (50 mMHEPES pH7.5, 200 mMNaCl, 0.5 mM TCEP, 0.1% Sur-

factant P-20) for at least 4 h at 4�C. After removal of unbound protein, loaded beads were incubated with 20 mL in vitro translated

protein in pulldown buffer for 3 h at 4�C under rotation. For displacement pulldown assays, JunD or PP1 peptides were added to

a final concentration of 25 mM. After incubation, beads were washed four times with 400 mL ice-cold pulldown buffer and bound pro-

teins were eluted by incubation in 1x LDS sample buffer supplement with DTT for 10 min at 70�C. Five mL of in vitro translated protein

wasmixed with 95 mL SDS-PAGE sample buffer serving as input sample. The samples were analysed by western blot using anti-Myc

tag antibody. The signal intensities were quantified by densitometric analysis using ImageJ software. Relative pulldown efficiency

was calculated by normalizing the pulldown signals to the corresponding input signal. Statistical significance was calculated by

RM 1-way ANOVA.
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Isothermal calorimetry
All isothermal calorimetry (ITC) experiments were performed on VP-ITC (MicroCal). Dissolved peptides as well as purified proteins

were dialysed in ITC buffer (25 mMHEPES pH 7.5, 150mMNaCl, 500 mMTCEP) overnight at 4�C. All measurements were performed

with 25 titration steps of 10 mL each. 450 mM JunD or JunD pT71 peptide were titrated to 30 mM ASPP family CTDs at 12�C. Binding
curves were analysed using NITPIC (Keller et al., 2012; Scheuermann and Brautigam, 2015) including subtraction of dilution heat

measurement of each ligand. The thermodynamic parameters (DH and TDS), the equilibrium dissociation constant (KD) and the

incompetent fractions of A (incfA) and B (incfB) were determined with SEDPHAT (Houtman et al., 2007) assuming an AB hetero as-

sociation model. Final ITC figures were generated by GUSSI (Brautigam, 2015).

Bioinformatic analyses
For both RNA-seq andChIP-seq data, raw FASTQ fileswere assessed for quality and adapter content using FastQC (Andrews, 2010).

Cutadapt (Martin, 2011) was used to remove adapters prior to alignment to the Mus musculus reference genome (mm10).

RNA-seq data were aligned using STAR v2.7.3a (Dobin et al., 2013) with the GENCODE vM25 primary assembly comprehensive

gene annotation set (Frankish et al., 2019). Gene counts were then generated using featureCounts (Liao et al., 2013). Differential

expression was conducted in R (R Core Team, 2019) using DESeq2 (Love et al., 2014). Briefly, DESeq2 was used to identify differ-

entially expressed genes after iASPP knockout, with adjustment for batch-specific effects. Genes having an adjusted p < 0.05 were

determined to be significant. Moderated log2 fold changes generated with the ‘ashr’ method (Stephens, 2016) were used for volcano

plots and to rank genes for gene set enrichment analysis (GSEA) using FGSEA (Korotkevich et al., 2019). Gene set collections (Hall-

mark (Liberzon et al., 2015), Gene Ontology Biologic Process (The Gene Ontology Consortium, 2019), and TFT Legacy (Xie et al.,

2005) curated by MSigDB were employed with FGSEA. For heatmaps, VST-normalized counts with batch-specific effects removed

by limma (Ritchie et al., 2015) were used as input to the pheatmap package (Kolde, 2012). Further downstream visualization was done

using EnhancedVolcano (Blighe et al., 2018) and tidyverse (Wickham et al., 2019).

ChIP-seq reads were aligned to mm10 using BWA-backtrack (Li and Durbin, 2009). Reads aligning to the major autosome and sex

chromosome contigs were selected, and duplicates were removed using SAMtools (Li et al., 2009). MACS2 (Zhang et al., 2008) was

used to call peaks with a significance threshold of q < 0.05, and to generate bigwig files normalized to signal per million reads for

visualization. Peaks overlapping with ENCODE Blacklist (Amemiya et al., 2019) regions were discarded for downstream analysis.

MAnorm (Shao et al., 2012) was then used to calculate the average amplitude (A) values for each peak across iASPP KO and WT

conditions, as well as the normalized log fold-change (M) between the two conditions and the associated p-value of differential

enrichment for each peak. A p-value threshold of 5,10�3 was selected to define significantly enriched peaks in either iASPP WT

or iASPP KO. Sequences of enriched peak regions were extracted using bedtools getfasta. These sequences were used to generate

the average p63 motif in both iASPP WT- and iASPP KO-enriched peaks using STREME (Bailey and Birol, 2021), with default argu-

ments, except for increasing the maximum motif length to 25 and searching for a maximum of one motif.

For correlation of M values with the presence of TF motifs in each peak, FIMO (Buske et al., 2010) was used to find the top hits for

each of the 579 TFmotifs in the JASPAR 2018CORE vertebrates non-redundantmotif set (Khan et al., 2018). Briefly, options for FIMO

were set to output all possiblematches for each combination ofmotifs and peak sequences, and this output was filtered to select only

the most significant match for each motif and peak sequence. Within results for each motif, adjustment of FIMO p-values across all

peaks was performed using the Benjamini-Hochberg false discovery rate (FDR) procedure (Benjamini and Hochberg, 1995), and a

FDR of 1,10�3 was used as a threshold to call the presence or absence of a motif in each peak region. We then calculated the

Spearman correlation coefficient between M values and the FIMO score of the top-ranked hit for each of the 579 JASPAR motifs

across all peaks, and ranked all motifs by this correlation coefficient.

A UCSC genome browser session was created for the visualization of the ChIP-seq data alongside the results from MACS2,

MAnorm, and FIMO (for selected motifs). This genome browser session is publicly available at http://genome.ucsc.edu/s/

CarrollTM/iASPP_keratinocyte_p63.

Peaks were then annotated to the transcription start site (TSS) of the nearest feature in the mm10 genome using ChIPpeakAnno

(Zhu et al., 2010). For the purposes of this study, we considered all peaks within 2 kb upstream or downstream of the TSS to bind in

the promoter region, while all peaks outside the promoter region within 20 kb upstream or downstreamwere considered to bind in the

enhancer region. For purposes of integration with the RNA-seq data, only peaks annotated to genes passing DESeq2’s low count

expression filter were considered. To give evidence as to whether membership of a gene in various subcategories of interest from

this integrated dataset may play a role in its differential expression, we compared the proportions of differentially upregulated and

downregulated genes in the subcategory to these proportions calculated from the full integrated dataset. A Pearson’s chi-squared

test was performed between the two proportions, and the resulting p-value and odds ratio were used to evaluate the significance and

magnitude of the effect that membership in these subcategories has on the probability of differential expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in Prism 8 (GraphPad), with the exception of RNA-seq and ChIP-seq analyses, which were

conducted in R. The logrank (Mantel-Cox) test was performed to determine the statistical significance of tumor-free survival of

Krt14-iASPP mice in the DMBA/TPA cohort. T-testing was used in data on papilloma number per mouse and to compare epidermal
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features and cell composition between two groups (iASPP KO and WT). In case of multiple t-testing, p-values were corrected using

the 2-stage Benjamini, Krieger, & Yekutieli (BKY) FDR procedure. For quantification of immunohistochemical staining, qPCR ana-

lyses and pulldown experiments, one-way or two-way/mixed ANOVA tests were used to determine significance of differences be-

tweenmultiple groups. Dunnett’s multiple-comparison tests (against control column only) were conducted to obtain p values for spe-

cific comparisons following one-way ANOVAs, and �Sidák’s multiple comparison test was used following two-way/mixed-effect

ANOVAs. Adjusted p values <0.05 were considered significant. Specific p-values for related figures are listed below: Figures 7C -

P = 2 3 10�6 by logrank test test (WT vs KO); Figure 1D - P by multiple t-test (between WT and KO for each time point) with false

discovery (BKY) correction for multiple testing; Figure 3C - Displayed adjusted P for expression were calculated by DESeq2; Fig-

ure 4A - P were calculated for differences between iASPP genotype at each timepoint by RM two-way ANOVA followed by �Sidák’s

correction formultiple comparison testing; Figure 4C -P by t-test with false discovery (BKY) correction formultiple testing; Figure 4D -

P by t-test with false discovery (BKY) correction formultiple testing; Figure 5A -P by RM1-way ANOVA followed byDunnett’smultiple

comparison test; Figure 6A - P by RM 1-way ANOVA was performed separately for EV, p53, TAp63, and DNp63 groups. P for differ-

ences between iASPP expression vectors and control were then calculated within each group using Dunnett’s multiple comparison

test; Figure 6B - P by RM 1-way ANOVA (for each of cJun, JunB, and JunD groups). Pwas then calculated for differences in pulldown

efficiency between ASPP family members and control using Dunnett’s post-hoc test for multiple testing; Figure 6H - P by mixed ef-

fects 2-way ANOVA, followed by calculation of P for differences in luciferase activity with or without iASPP-V5 for each JunD variant

using �Sidák’s correction for multiple comparison testing. Significance tests and thresholds used for RNA-seq and ChIP-seq analyses

are stated in the related methods sections.
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