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ABSTRACT

NIPP1 is a ubiquitously expressed regulatory subunit of protein phosphatase-1. Its embryonic
deletion in keratinocytes causes chronic sterile skin inflammation, epidermal hyperproliferation
and resistance to mutagens in adult mice. To explore the primary effects of NIPP1 deletion, we
first examined hair-cycle progression of NIPP1 skin knockouts (SKOs). The entry of the 1% hair
cycle in the SKOs was delayed due to prolonged quiescence of hair-follicle stem cells (HFSCs).
In contrast, the entry of the 2" hair cycle in the SKOs was advanced as a result of precocious
activation of HFSCs. The epidermis of SKOs progressively accumulated senescent cells and
this cell-fate switch was accelerated by DNA damage. Primary keratinocytes from SKO
neonates and human NIPP1-depleted HaCaT keratinocytes failed to proliferate and showed an
increase in the expression of cell-cycle inhibitors (p21, pl6/Ink4a and/or pl9/Arf) and
senescence-associated-secretory-phenotype (SASP) factors as well as in DNA damage (YH2AX
and 53bpl). Our data demonstrate that the primary effect of NIPP1 deletion in keratinocytes is
a cell-cycle arrest and premature senescence that gradually progresses to chronic senescence

and likely contributes to the decreased sensitivity of SKOs to mutagens.

INTRODUCTION

NIPP1 (nuclear inhibitor of protein phosphatase-1), also known as PPP1RS8, is a regulator of
the nuclear pool of PP1 (Heroes et al. 2013; Minnebo et al. 2013; O’Connell et al. 2012). The
PP1:NIPP1 holoenzyme is inactive under basal circumstances, but becomes active in conditions
of DNA damage through phosphorylation of NIPP1 at Y335 by (a) Src-family kinase(s) (Wu
etal., 2023). NIPP1-Y335 phosphorylation results in the de-inhibition of associated PP1 and an
enhanced substrate recruitment via the ForkHead-Associated (FHA) domain of NIPPL,
resulting in substrate dephosphorylation. All known NIPP1 FHA-ligands (CDC5L, EZH2,

MELK, SF3B1, KAP1) play a role in DNA-damage repair (Beke et al. 2015; Rondinelli et al.
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2017; Savage et al. 2014; Smith-Moore et al. 2018; Zhang et al. 2009), but it remains unclear
how their dephosphorylation by PP1:NIPP1 affects DNA repair. Since PP1:NIPP1 activation is
a late response to DNA damage, it likely contributes to the timely recovery from DNA-damage
repair (Wu et al. 2023). Consistent with this view, the deletion of NIPP1 from liver or skin
results in constitutive DNA-damage repair, as evidenced by an increase in the expression of
DNA-repair factors and a strong reduction in the sensitivity to chemical mutagens (Verbinnen
et al. 2020a). Conversely, the overexpression of a PP1-NIPP1 fusion protein or the constitutive
activation of PP1:NIPP1 by expression of a phospho-mimicking NIPP1 mutant (Y335E) causes
the accumulation of DNA damage, consistent with precocious DNA-damage repair silencing
(Winkler et al. 2018; Wu et al. 2023).

In addition to its role in DNA-damage repair, NIPP1 is also (in)directly implicated in cell
proliferation (Ferreira et al., 2018a). NIPP1 depletion reduces the proliferation rate of
embryonic stem cells (Van Eynde et al. 2004), spermatogonia (Ferreira et al. 2017), and
cultured cancer cells (Van Dessel et al. 2015). In contrast, the embryonic liver- or skin-specific
knockout (SKO) of NIPP1 results in enhanced proliferation in adult mice of biliary epithelial
cells and keratinocytes, respectively (Boens et al. 2016; Verbinnen et al. 2020b). Skin
hyperplasia in the SKOs is associated with a massive expression of pro-inflammatory
chemokines by keratinocytes, culminating in sterile skin inflammation (Verbinnen et al.,
2020b). The hyperplastic phenotype of SKO keratinocytes is suppressed by inhibition of
inflammation, indicating that hyperproliferation is a secondary effect caused by immune-cell
infiltration. The molecular mechanism of the increased expression of chemokines and DNA-
repair factors after NIPP1 depletion in keratinocytes remains unknown.

To differentiate between primary and secondary effects of NIPP1 depletion, and to gain
further insights into the role of NIPP1 in cell proliferation, we compared the phenotype of SKOs

before and after the development of inflammation. We focussed on the first and second



postnatal hair cycles in back skin, which are characterized by synchronized, consecutive phases
of growth (anagen), regression (catagen) and quiescence (telogen), and are critically dependent
on the cyclic proliferation of hair follicle stem cells (HFSCs) (Alonso and Fuchs 2006; Mdller-
Rover et al. 2001; Schneider et al. 2009). We found that HFSCs in the 1% telogen of SKO hair
follicles (HFs) displayed prolonged quiescence. In contrast, HFSCs in the 2" telogen were
precociously activated. Proliferating keratinocytes in aging SKOs became senescent and this
altered cell fate quickened by the induction of DNA damage. A senescent phenotype was also
observed in primary keratinocytes from newborn SKO mice and in human NIPP1-depleted
HaCaT cells. Our data suggest that the primary effect of NIPP1 depletion in keratinocytes is a

cell-cycle arrest that gradually develops into chronic senescence.

RESULTS

NIPP1 depletion affects the hair cycle in an age-dependent manner

To delineate the contribution of NIPP1 to hair growth in mouse back skin, we used the
previously generated NIPP1 skin-knockout model (Verbinnen et al., 2020b). In this model,
NIPP1 is selectively removed from keratinocytes starting from embryonic (E) day 14.5 through
recombination of a floxed Ppp1r8 allele by Cre-recombinase under control of the Keratin-14
promoter. Mice with the genotypes Tg(Krt14-Cre)/Ppplr8"+ and Tg(Krt14-Cre)/Ppplr8i-
were used as control (CTR) and skin-knockout (SKO) mice, respectively. We confirmed the
depletion of NIPP1 in the back skin using reverse transcription-quantitative PCR (RT-qPCR)
(Figure S1a) and immunostaining (Figure S1b). As expected, NIPP1 in the SKOs was depleted
in the epidermal layer and the contiguous epidermal components of dorsal HFs, including the
bulge and hair germ (HG), but not in the dermis and dermal papilla (DP) (Figure S1b). To assess
the first and the second telogen-anagen transition, we monitored hair re-growth after shaving at

either postnatal day (PD) 19-21 (telogen of the 1% hair cycle; further denoted as PD20) or PD31



(anagen of the 1% hair cycle), respectively (Figure 1a) (Kimura-Ueki et al. 2012; Li et al. 2020).
Hair-cycle progression was followed by the transition from pink (telogen) to grey/black (mid
anagen), and hair regrowth (late anagen) (Muller-Rover et al. 2001; Stenn and Paus 2001).
Following shaving at PD20, both CTR and SKO HFs were in the 1% telogen (telogen-1; Figure
1b, c). However, while CTR HFs recovered the hair coat at PD31, the SKO HFs showed a delay
in hair coat recovery of 5.5 £ 1.5 (n = 5-6) days, hinting at a prolonged telogen-1 in SKOs
(Figure 1d). After CTR and SKO HFs entered the 2" telogen at ~PD43, as demonstrated by
pink skin color (Figure le-f), CTR HFs remained in telogen-2 until ~PD115 whereas SKO HFs
entered the 2" hair cycle precociously (Figure 1g) and formed the full hair coat at ~PD84
(versus ~PD119 in CTR; Figure 1h). These differences were gender-independent (Figure Slc,
d) and indicative for precocious HFSC activation and hair-cycle entry in the SKOs. We also
performed back-skin depilation experiments of telogen HFs at PD21 to induce a synchronized
anagen initiation and HFSC activation (Miiller-Rover et al. 2001). These experiments disclosed
a delayed depilation-induced anagen entry in the SKOs (Figure 1i and Sle, f), consistent with
a prolonged telogen-1 (Figure 1d). Finally, a morphological analysis of hairs plucked at PD56
revealed that the main hair types were formed in similar proportions in CTRs and SKOs, i.e.
~2% guard, ~20% awl and ~78% zigzag hairs (Duverger and Morasso 2009) (Figure 1j).
However, the awl and zigzag hairs, but not the guard hairs, were significantly shorter in the
SKOs (Figure 1Kk), suggesting a shorter growth phase (anagen 1) of the 1% hair cycle, without
perturbance of the entry of telogen-2 (Figure 11) (Plikus 2012). Nevertheless, we cannot exclude
that the shorter hair length of the SKOs is (partially) attributed to a slower hair-growth rate. We
also noted that ~70% of zigzag hairs, characterized by 1 medulla column and a zigzag bending,
lost their bending in SKOs (Figure S1g, h), suggesting a (minor) defect in hair differentiation.

In summary, the embryonic deletion of NIPP1 in epidermal cells resulted in a prolonged telogen



of the 1% hair cycle and a precocious entry of the 2" hair cycle (Figure 1), with only minor

effects on hair differentiation.

Hair-follicle stem cells in the 15t telogen of SKO HFs show a delay in activation

Based on our macroscopic data (Figure 1), we selected PD21, PD28, PD56 and PD77 for further
histological analysis of the dorsal skin. Haematoxylin & Eosin (H&E) stainings of CTR and
SKO skin showed that CTR and SKO HFs at these ages all resided in the dermal layer, except
for SKO HFs at PD77, which extended deep into the subcutis, indicating that they were in late
anagen (Figure 2a). Accordingly, morphological classification of dorsal HFs (see supplemental
Materials & Methods section for experimental details), demonstrated that most HFs of CTRs
and SKOs were in telogen-1 at PD21, telogen-1 and early anagen-1 at PD28 and telogen-2 at
PD56 (Figure 2b). However, at PD77 nearly all CTR HFs resided in telogen-2, while the HFs
of SKOs had already progressed to mid/late anagen-2, consistent with their permeation into the
subcutis (Figure 2a).

To determine whether the altered hair-cycle entries in SKOs (Figure 1) were due to
differences in HFSC activation, we performed immunostainings on dorsal skin for both CD34,
a bulge HFSC marker, and Ki67, a proliferation marker. Ki67*/CD34" cells were denoted as
‘proliferating bulge HFSCs’ (Figure 2c, d), and Ki67"/CD34" cells between the bulge and
dermal papilla were designated as ‘proliferating HG cells’ (Figure 2e, f). At PD21, there was
no difference in the number of proliferating bulge HFSCs (Figure 2d), but the SKOs had less
proliferating HG cells (Figure 2f), indicating that SKO HFs were more dormant than their CTR
counterparts, in accordance with the delayed 1% telogen-anagen transition in the SKOs (Figure
1b-d). However, HFs from SKOs did eventually activate, as demonstrated by the increased
number of proliferating HFSCs and HG cells at PD28 (Figure S2a, b). At PD28, the

proliferation rate of SKO HG cells was even higher than that of CTR cells (Figure 2f), pointing



at a delayed HG activation of SKO HFs. In contrast, at PD56 and/or PD77, the number of
proliferating HFSCs and HG cells in the SKOs was significantly higher than in CTRs (Figure
2d), in agreement with the precocious 2" telogen-anagen transition in the SKOs (Figure 1e-h).
Premature HFSC activation in SKOs at PD56 did not appear to be caused by a loss of the old
bulge, as shown by CD34 immunostainings (Figure 2c). Neither did a flow-cytometry analysis
reveal differences in the number of basal (CD34"9"/ITGA6") and suprabasal
(CD34"9"/ITGA6'%) HFSCs between CTRs and SKOs at PD56 (Figure S2c, d). Also, the
number of FOXP3* regulatory T (Treg) cells, which have also been implicated in HFSC
activation (Ali et al. 2017), was not different between CTRs and SKOs at PD56/77 (Figure S2e,
f). However, we observed a significant increase in CD45" immune cells in SKO back skin at
PD56, as reported earlier (Verbinnen et al. 2020b), but not yet at PD21 and PD28 (Figure 2g,
S2g). These data show that the premature onset of the 2" anagen in SKOs coincides with
increased immune-cell infiltration, indicating that the precocious activation of HFSCs at anagen
of the 2" hair cycle could be a secondary effect caused by an immune response. In conclusion,
HFSCs primarily showed prolonged quiescence and delayed activation when NIPP1 was

depleted.

Primary keratinocytes from newborn SKOs undergo premature senescence

To identify cell-autonomous effects of the embryonic deletion of NIPP1 in skin, we isolated
primary keratinocytes (PKs) from the dorsal skin of newborn CTR and SKO pups. The removal
of NIPP1 in the SKO PKs was verified by RT-qPCR (Figure S3a). PKs from SKOs were
severely impaired in both proliferation (Figure 3a) and colony formation (Figure 3b, c). This
phenotype did not seem to result from an adhesion defect, as the confluency of the seeded SKO
PKs did not decrease over time (Figure 3a). Moreover, PKs of SKOs harvested immediately (0

days) or 2 days after seeding on collagen-I/fibronectin-l coated plates, showed a normal



expression of the adhesion marker Itga6 (Figure 3d). RT-gPCR analysis also revealed a similar
decrease of differentiated CTR and SKO PKs after a 2-day seeding, as evidenced by the same
loss of differentiation markers (Krtl0 and Lor) (Figure 3e and S3b). However, the Krtl4
transcript levels were not affected within the same period (Figure S3c).

A flow-cytometric analysis showed that, 2 days after seeding, 58 = 8 % (n = 4) of SKO PKs
were in the Go/G1 phase, as compared to only 42 + 8 % (n = 4) of CTR PKSs (Fig. 3f, g). The
CTR and SKO cells showed a minor difference in the expression of the early differentiation
markers Invol, Krtl and Krt10 (Fig. S3d-f), but not in that of the late differentiation markers
Krt16 and Krt17 (Fig. S3g-h) at days 2-6 post-seeding. However, the higher proportion of SKO
PKs in Go/G1 and the proliferation arrest correlated with an increased expression of the cell-
cycle inhibitor p21, encoded by Cdknla, as shown by both RT-qPCR (Figure S3i) and
immunostainings (Figure 3h, i). At days 4-6 post-seeding, we also detected an increased
expression of the cell-cycle inhibitor p19/Arf, encoded by the Cdkn2a locus (Figure 3j).
However, the expression of p16/Ink4a, encoded by the same locus, was not affected (Figure
S3)).

In addition to a p19/21-mediated cell-cycle arrest, we obtained various lines of evidence
for the development of premature senescence in SKO PKs. First, immunostainings revealed a
decreased level of the nuclear intermediate filament LaminB1 and the nuclear chromatin protein
HMGBL as well as an increased level of the DNA-damage sensor 53bpl in SKO PKs at 6 days
after seeding (Figure 4a-f). Second, a persistent DNA damage was detected in SKO PKs, as
indicated by an increased level of yH2AX at 2-6 days post seeding, as shown by
immunostaining (Figure 4g, h). Finally, various proteins of the ‘senescence-associated
secretory phenotype’ (SASP) were upregulated in SKO PKs, including the chemokines Cxcll
and Ccl2 (Figure 4i and S4a), the interleukins Il11a and I11b (Figure 4j and S4b) and the matrix

metalloproteinases Mmp3 and Mmp9 (Figure 4k and S4c). However, the SASP factor 116 was



not increased (Figure S4d). This is consistent with the well-established heterogeneity of SASP
composition as a result of differences in the cellular context and timing. Taken together, our
data demonstrate that NIPP1-depleted PKs suffered from DNA-damage induced premature

senescence since DNA damage was already increased from 2 days after seeding.

Keratinocytes in SKOs also gradually develop senescence

We noted that 17% of SKOs (n=30) died within 480 days after birth, as compared to only 3%
for the CTRs (n=30). This suggested that SKOs aged faster, consistent with the increased
accumulation of senescent cells in SKO skin. The pelage of 63-weeks-old SKOs could also be
visually distinguished from CTR mice by sparser hair distribution (global alopecia), a hair coat
with a more greasy and prickly appearance, and a depigmented and flaky tail (Figure S5a). This
prompted us to investigate whether the expression levels of various senescence markers,
including cell-cycle inhibitors, SASP factors, yH2AX, Senescence-Associated (SA)-fB-
galactosidase, LaminB1 and HMGBJ1, were also affected in the skin of NIPP1 SKOs. In tail
skin, the Cdkn2a locus was hyper-activated in the SKOs from 4 weeks (p19/Arf) and 8 weeks
(p16/Ink4a) onwards, as detected by RT-gPCR (Figure 5a, Table S1), RNA-Seq (Table S1 in
Verbinnen et al., 2020b) and immunoblotting (Figure 5b). We also explored the expression of
the Cdkn2a locus in basal epidermal cells (BECs, CD34/ITGA6" and HFSCs
(CD34M9"/ITGABMI) that were purified from tail skin of 8-weeks-old CTR and SKO mice by
fluorescence-activated cell sorter (FACS) (Figure S5b). The relative expression of the Cdkna2
locus was increased in both SKO HFSCs and BECs, suggesting that the Cdkna2 locus is
activated in various epidermal cells and is not limited to a specific cell type (Figure 5c). In
contrast, the expression of p21 was unaltered, except at 4 weeks, in the SKO tail skin (Figure
5a, Table S1). Various SASP factors (Ccl1, Ccl2, Cxcl1, 111b and Mmp9), but not 116, were also

strongly upregulated in the SKO tail skin from 3 and/or 4 weeks onwards (Figure 5a, S5c and
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Table S1). The number of YH2AX-positive cells was >2-fold higher than in CTRs (Figure 5d),
which is in agreement with the phenotype in SKO PKs (Figure 4g, h). The development of the
(premature) senescent phenotype in tail skin at 8 weeks was also confirmed by the increased
number of cells that stained positive for SA-B-galactosidase, as quantified by flow cytometry
(Figure 5e and S5d). Importantly, the increased expression of cell-cycle inhibitors and (some)
SASP factors was still detected at 40 weeks (Figure 5a, Table S1), hinting at chronic
senescence. Consistent with this interpretation, the level of the nuclear intermediate filament
LaminB1 (Lmnbl) was decreased in SKO tail skin at 40 weeks, as shown by RT-gPCR and
immunostaining (Figure 5a and 5f, Table S1) (Freund et al. 2012). Together, these data
demonstrate that (a subset of) keratinocytes in the tail of SKOs gradually developed chronic
senescence and accumulated DNA double-strand breaks. The phenotype in the back skin of
SKOs turned out to be much milder and was limited to an increased expression of SASP factors
from 3 weeks onwards (Figure 5g, Table S2). The global levels of p16/Ink4Aa, p19/Arf and
p21 transcripts were not altered at 52 weeks in the SKO back skin (Figure 5g, Table S2).
However, immunostaining showed a decreased expression of LaminB1 (Figure 5h) as well as
HMGB1 (Figure 5i) in back skin of 8-week-old SKOs. Furthermore, RT-gPCR analysis
revealed a >2-fold increased expression of p21 in basal HFSCs (CD34"9"/ITGA6"") and a
39%-increased expression in basal epidermal cells (BECs, CD34/ITGA6M") that were isolated
from the back skin of SKOs of 3 weeks (Figure 5j and S5e). Both HFSCS and BECs were
positive for the expression of Krtl4, while the stem cell marker Cd34 was only expressed in
HFSCs, confirming the identity of the isolated cell population (Figure S5f, g). In conclusion,
our data disclosed senescence in SKO skin, which was first detected in cultured PKs, and
developed faster in tail skin than in back skin.

We speculated that the distinct susceptibility of dorsal and tail skin to the development of

senescence was linked to structural differences and/or to the higher exposure of tail skin to
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environmental and physical stress (Quigley et al. 2016). To examine whether enhanced stress
signaling in tail skin promotes the development of senescence, we investigated the effect of a
topical treatment with a DNA-damaging agent on the onset of senescence in the back skin of
SKOs. More specifically, we examined the expression of cell-cycle inhibitors and SASP factors
after a short-term (4h) application of the chemical mutagen 7,12-dimethylbenz[a]anthracene
(DMBA) for 7-8 weeks. This treatment indeed induced a manifold increase in the expression
of pl6/Inkda and pl9/Arf, but not p21, in SKO back skin, and these effects were absent
(p16/Ink4a) or less pronounced (p19/Arf) in CTR back skin (Figure 5k-m). The number of
DMBA-induced yH2AX-positive cells was also about twofold higher in treated SKOs
compared to CTRs (Verbinnen et al. 2020a). Importantly, Ccl1 and Ccl2 expression was already
increased in the SKOs before application of DMBA (Figure 5n), indicating that the induction
of senescence was not merely the consequence of a SASP response, but was critically dependent

on the accumulation of DNA damage after DMBA treatment.

Depletion of NIPP1 in human keratinocytes also causes senescence

Finally, we examined whether the senescent phenotype of NIPP1-depleted cells was a
peculiarity of mouse keratinocytes or also applied to human keratinocytes. We have previously
reported that the siRNA-mediated knockdown of NIPP1 in human HaCaT cells reduced cell
proliferation and induced expression of various cytokines, in agreement with a SASP response
(Verbinnen et al. 2020b), and similar to what we observed for mouse PKs (Figure 3 and 4).
Consistent with the composition of the SASP response in SKO PKs and SKO mice, we found
that IL1A, but not IL6, was increased after SiRNA-mediated knockdown of NIPP1 in HaCaT
cells (Figure 6a and S6). Human IL8, which does not exist in mice, but is considered as the
functional homolog of mouse Cxcll and Cxcl2, was also increased in NIPP1-depleted HaCaT

cells (Figure 6b). Furthermore, we found that NIPP1 depletion also resulted in an increase in
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transcription levels of p21 from 24h onwards and of p16/INK4A at 72h, but had no effect on
the expression of pl4/ARF, the human pl9/Arf homologue (Figure 6¢c-e). A consecutive
expression of p21 and p16/INK4A has also been reported in a senescence model induced by
EZH2-depletion (Ito et al. 2018). Immunoblotting confirmed an increased expression of p21
protein at 48 and 72h after sSiRNA-mediated knockdown of NIPP1 in HaCaT cells (Figure 6f,
g). However, a siRNA-mediated knockdown of p53 eliminated the increased expression of p21
in NIPP1-depleted cells, suggesting that the p21 upregulation depends on p53 (Figure 6h).
NIPP1-depleted cells also showed a decrease in the expression of LaminB1 (Figure 6i) and an
increase in the signal of yH2AX (Figure 6j, k), underscoring the senescent phenotype. Together,
our data demonstrate that the senescent phenotype induced by NIPP1 depletion is conserved

between human and mouse keratinocytes.

DISCUSSION

To delineate the primary effects of NIPP1 depletion in keratinocytes, we first compared hair-
growth phenotypes of SKOs during adolescence and adulthood. The 2" hair cycle in SKOs was
advanced, which can be explained by hyperproliferation of HFSCs caused by SASP-induced
immune-cell infiltration (Figure 1, 2). In contrast, the entry into the 1% hair cycle, before the
onset of an inflammatory response, was delayed in the SKOs and correlated with prolonged
quiescence of HFSCs. Quiescence is a reversible cell-cycle arrest that prevents stem-cell
depletion and reduces cell-fate plasticity (Lee et al. 2021). Exit from quiescence and the
concomitant activation of HFSCs is regulated by cell-cycle regulators like p21 that hamper the
Gi/S-transition through inhibition of cyclin-dependent kinases (CDK) that phosphorylate the
Retinoblastoma protein (Blanpain et al. 2004; Engeland 2022; Kulaberoglu et al. 2016; Lee et
al. 2013). Consistent with prolonged HFSC quiescence, HFSCs purified from SKO HFs at

telogen-1 expressed more p21 than CTR HFSCs (Figure 5). However, a p21-associated cell-
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cycle arrest was also apparent in cultured primary keratinocytes from SKO neonates (Figure 3),
demonstrating that more differentiated proliferating keratinocytes were also affected. The
epidermis of adolescent SKO mice also expressed SASP factors, but did not yet show an
increased immune-cell recruitment, hinting at an early phase of senescence (Figure 5).
Eventually, this phenotype developed into late and chronic senescence in young adult SKOs,
characterized by a strongly increased expression of cell-cycle inhibitors (p16/Ink4a and/or
p19/Arf) and SASP factors, and the decreased expression of LaminB1 (Figure 5). Secreted
SASP factors likely contributed to the expansion and maturation of the senescent phenotype in
adult SKOs, as they are known to induce senescence in neighbouring cells (Wang et al. 2022)
and to recruit immune cells, culminating in inflammation (Herranz and Gil 2018). Intriguingly,
senescence developed faster in tail epidermis than in back epidermis (Figure 5). This may be
due to more pronounced DNA damage in tail skin caused by enhanced exposure to physical
stress (Quigley et al. 2016), resulting in a persistent DNA-damage response (DDR) (Hernandez-
Segura et al. 2018). Consistent with enhanced DDR signaling, PKs and adult SKO epidermis
indeed showed augmented levels of yYH2AX (Figure 4 and 5).

NIPP1 belongs to the large group of Regulatory Interactors of Protein Phosphatase One
(RIPPOs) that control the activity and substrate specificity of the associated PP1. Previous data
linked PP1 to senescence through association with a RIPPO, known as Rapl-interacting factor
1 or RIF1 (Zhang et al. 2023). Here, we identified NIPP1 as an extra player in the development
of senescence. While loss of NIPP1 induces senescence (this work), knockdown of RIF1 or PP1
reduced premature senescence (Zhang et al. 2023). We speculate that this different response is
linked to the different substrate selectivity of the holoenzymes PP1:RIF1 and PP1:NIPP1. In
addition to the well-established role of reversible protein (de)phosphorylation in the control of
senescence, other post-translational modifications, such as (de)acetylation, are also involved.

SIRT7 is a member of the sirtuin (SIRT) family of lysine deacetylases that exhibits deacetylase
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activity towards histone H3K18 as well as non-histone substrates (Raza et al. 2024).
Overexpression of SIRT7 delays stress-induced premature senescence in cells treated with
doxorubicin (Blank and Grummt 2017; Kiran et al. 2015) and SIRT7 levels decline upon aging
and in senescent cells (Raza et al. 2024). Intriguingly, loss of SIRT7 in mice delays hair-follicle
cycling and hair growth by hindering telogen-to-anagen transition, and also correlates with
premature aging (Li et al. 2020; Raza et al. 2024), similar to what we observed after NIPP1
depletion.

Our data suggest that the increased expression of p2l is due to a p53-mediated
transactivation of the p21-encoding Cdknla gene (Figure 6) (Engeland 2022; Fischer 2017;
Fischer et al. 2014). However, this does not exclude the involvement of transcriptional (co-)
repressors such as RUNX1 or EZH2. RUNXL1 represses CDKNAL expression through
recruitment of the Polycomb Repressive Complex 1 (PRC1), while EZH2 inhibits CDKNAL
expression through recruitment of histone deacetylase 1 (HDAC1) and/or trimethylation of
histone H3 at Lys 27 (Adhikari and Davie 2020; Fan etal. 2011; Lee etal. 2013; Yu et al. 2012).
As the deletion of NIPP1 in spermatogonia resulted in the hyperphosphorylation and
proteasomal degradation of EZH2 (Ferreira et al. 2018b), it is tempting to speculate that the
hypoproliferation of NIPP1-depleted keratinocytes stems from a decreased ability of EZH2 to
repress the Cdknla locus. Since EZH2 is also implicated in the degradation of stalled replication
forks (Rondinelli et al. 2017), its functional removal in SKOs may also result in the
accumulation of stalled replication forks and DNA damage, which triggers p53-dependent
expression of p21 (Engeland 2022; Fischer 2017; Fischer et al. 2014). Furthermore, the loss of
functional EZH2 results in decreased H3K27 trimethylation of the Cdkn2a locus and an
increased expression of p16/Ink4a, p19/Arf and SASP factors (Ezhkova et al. 2011; Ezhkova
et al. 2009; Ito et al. 2018). Another NIPP1 FHA ligand that may contribute to the observed

NIPP1 SKO phenotype is KAP1 (Smith-Moore et al. 2018), which functions as a repressor of

15



p21 transcription (Lee et al. 2007; Okamoto et al. 2006; Santos and Gil 2014). Hence, in future
studies it will be important to delineate the contribution of dysregulated NIPP1 FHA ligands,
including EZH2 and KAP1, to the observed phenotype of the SKOs.

In conclusion, our previous (Verbinnen et al., 2020 a; b) and present data allow us to
propose a model for the ontogenesis of the complex postnatal phenotype associated with the
embryonic deletion of NIPP1. The first effect appears to be a p21-associated cell-cycle arrest
of proliferating keratinocytes, which is apparent in cultured neonatal keratinocytes and in
adolescent epidermis. We speculate that DNA damage, resulting from the skewed
phosphoregulation of NIPP1 FHA ligands, functions as the primary trigger for the induction of
p21. The reversible cell-cycle arrest of proliferating keratinocytes in adolescent SKOs accounts
for the retarded onset of the 1% hair cycle and coincides with an increased expression of SASP
factors. Secreted SASP factors subsequently induce or worsen senescence in neighbouring
cells. SASP factors also mediate the recruitment of immune cells, leading to inflammation and
hyperproliferation of remaining non-senescent proliferating keratinocytes. This accounts for the
accelerated onset of the 2" hair cycle in young adult mice. Persistent DDR signaling also results
in the induction of p16/Ink4a and/or p19/Arf. A subset of senescent cells is gradually removed
by recruited NK and T cells (Rao and Jackson 2016; Wang et al. 2022), resulting in the depletion
of epidermal stem cells and premature aging. Senescence and, ultimately, the removal of
DMBA-targeted keratinocytes, in addition to an increased expression of DNA-repair factors
(Verbinnen et al., 2020a), can explain the strong resistance of adult SKOs to chemically-

induced mutagenesis.

MATERIALS AND METHODS

Animals
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Mice were housed in a pathogen-free animal facility under standard 12h-light/dark cycles with
water and chow ab libitum. Krt14-Cre mediated CTR and SKO mice were previously described
Verbinnen et al. (2020b). Both sexes were used throughout the study. Genomic DNA was
extracted from ear biopsies by incubation for 1 hour at 96 °C with lysis reagent (25 mM NaOH,
0.2 mM EDTA). The extracts were neutralized with 50 mM unbuffered MOPS. Primers used
for genotyping are shown in Table S3. PCR products were loaded on 2% agarose gels and
images were acquired using the E-Box device (Vilber). The dorsal skin of mice was treated
with 7,12-dimethylbenz[a]anthracene (DMBA) for 4 hours according to Verbinnen et al.
(2020a). For the collection of tissue, animals were euthanized with an overdose of the
pentobarbital Dolethal. All experimental protocols were in accordance with and approved by
the Guide of Care of Experimental Animals of the KU Leuven Ethical Committee (license

numbers 053/2018 and 021/2023).

Hair(-cycle) analysis

For hair-cycle analysis, the dorsal skin of mice was trimmed with an electric hair clipper
(Clipper Aesculap Isis) at PD19-21 (telogen-1) (shaving experiment Figure 1b-d) or PD31
(shaving experiment Figure le-h) in a posterior-to-anterior direction and care was taken to
avoid wounds, as described in Wang et al. (2023). For the long-term hair cycle analysis (Figure
1e-h), mice were tracked from PD 31 until PD 160, and newly grown fur was periodically
shaved. The color of the shaved patch and hair regrowth was monitored and photographed daily
(experiment Figure 1b-d) or every other day (experiment Figure 1e-h) until hair-coat recovery.
For both hair-cycle experiments, photographs were chronologically arranged and analysed. The
hair-cycle stages were determined as described by Miiller-Réver et al. (2001).

Depilation experiments of dorsal skin was performed at PD21 (telogen-1). A + 2-cm? area

of back skin was shaved and depilated using wax-strips (\VVeet) after anaesthesia with iso-flurane
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(Iso-Vet). Mice were monitored and photographed daily for hair-coat recovery. Hair analysis

(Figure 1j, k and S1g, h) is described in Supplementary Materials and Methods.

Flow cytometry

Suprabasal and basal HFSCs, BECs and PKs were analysed by flow cytometry as detailed in
Supplementary Materials and Methods. Senescence-associated -Galactosidase (SA-B-Gal)
was detected in tail epidermal cells obtained from 8-week-old CTR and SKO mice by flow
cytometry. Tail skin pieces were prepared and single cells obtained according to Verbinnen et
al. (2020b) and stained using a CellEvent™ Senescence Green Flow Cytometry Assay Kit
(Invitrogen; C10840), according to the manufacturer’s instructions with some minor

modifications as detailed in Supplementary Materials and Methods.

Histological, immunohistochemical and immunofluoresence analysis and biochemical

procedures

Skin samples from the upper part of the back skin were taken, as recommended by Wang et al.
(2023). For histological and immunohistochemical stainings on paraffin-embedded tissues,
dorsal-skin sections were treated as described by Verbinnen et al. (2020b).
Immunohistochemistry on frozen sections and immunofluorescence on CTR and SKO
keratinocytes that were cultured for 2,4, 6 days on collagen-1/fibronectin-1 coated plates were
performed and analysed as described in Supplementary Materials and Methods. Total protein
lysates from tail epidermis and HaCaT cells were made and subjected to Western blot analyses
as described in Supplementary Materials and Methods. All antibodies are listed in

Supplementary Table S4.

Isolation and growth assays of primary Keratinocytes and cell culture
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Keratinocytes were isolated from 1-2-day old CTR and SKO pups, seeded on collagen 1/
fibronectin I-coated plates, harvested and analysed as detailed in Supplementary Materials and
Methods. HaCaT cells and 3T3-J2 cells were maintained and treated as described in

Supplementary Materials and Methods.

RT-gPCR

Total RNA was isolated from snap-frozen mouse epidermis, FACS-purified HFSCs and BECs,
PKs and HaCaT cells. cDNA synthesis and RT-gPCR were carried out as described in

Supplementary Materials and Methods. All RT-gPCR primers are listed in Table S5.

Statistical analysis

All results are shown as means + standard deviation (SD) and all data from RT-qPCR and
Western Blot analysis are shown in fold change relative to one CTR value. Statistical analysis
was performed using GraphPad Prism Software 8.0 (GraphPad software, Inc) or R version 4.2.2
(https://www.R-project.org/). Statistical significance was determined using an unpaired two-
tailed Student’s t-test with or without Welch’s correction, or Mann-Whitney U test. When
multiple groups or more than one variance was analysed, one-way and two-way analysis of

variance ANOVA was used.
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FIGURE LEGENDS

Figure 1. Skewed hair-cycle progression in NIPP1-depleted skin.

a. Scheme of the synchronized first hair cycles in mice. PD20, start of hair-shaving experiment
as detailed in (b); PD31, start of hair-shaving experiment as detailed in (e).

b. Schematic representation of hair-shaving experiments of adolescent mice. The dorsal skin
of CTR and SKO mice were shaved once at either PD19-21 (telogen-1, denoted as PD20)
and monitored daily for hair formation until PD41. The timing of hair growth in CTRs and
SKOs is indicated.

c. Representative pictures of CTR/SKO mice from the hair-shaving experiment detailed in
panel (b).

d. Quantification of the data in panel (c). The age of hair regrowth (days) was quantified. CTR,
n=6; SKO, n=5.

e. Schematic representation of hair-shaving experiments of adult mice. Mice were shaved
daily from PD31 (anagen-1) onwards and monitored until PD160. The timepoints for
(dis)coloration (upper part) and hair coat formation (lower part) in CTRs and SKOs are
indicated.

f. Representative pictures of CTR/SKO mice from the hair-shaving experiment described in
panel (e).

g. Quantification of the data in panel (f). The period between the 2" telogen (black-to-pink
discoloration) and mid-2" anagen (returning to black) was quantified in days.
Quantification of the data per gender is described in Figure S1c. CTR, n=6 (4 females and
2 males); SKO, n=5 (2 females and 3 males).

h. Quantification of the data in panel (f). The age of mice at the time of hair coat formation
was quantified. Quantification of the data per gender is described in Figure S1c. CTR, n=6

(4 females and 2 males); SKO, n=5 (2 females and 3 males).
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i. CTRs and SKOs were depilated at DP21 and followed daily for hair regrowth. The bars
show the days post depilation needed for initiation of hair regrowth. CTR, n=6; SKO, n=5.

J.  Quantification of the three mean hair types (Guard, Awl and Zigzag) of CTRs and SKOs
at PD56 (n=3, >100 hairs per mouse).

k. Violin plots of the length of the indicated hair types in panel (j). Long dotted line, median;
small dotted line, 25 and 75 percentiles.

I.  Schematic representation of the first two hair cycles in CTR and SKO mice. PD43, start of
telogen-2 in both CTR and SKO; PD80, mid-anagen-2 in SKO; PD115, mid-anagen-2 in
CTR.

Results are shown as means = SD. ns = non-significant; *, p < 0.05; **, p < 0.01; ***, p <

0.001. Unpaired student’s T-test (d, g-j), Mann-Whitney U test (k). Ana, anagen; Cat, catagen;

CTR, Tg(Krt14-Cre/Ppp1r8"*); DPD, days post depilation; E, embryonic; PD, postnatal day;

SKO, Tg(Krt14-Cre/Ppp1r8"-); Tel, telogen.

Figure 2. SKO HFSCs show primarily delayed activation.

a. H&E staining of dorsal skin sections at the indicated ages. Scale bar = 100 pm.

b. Quantification of distinct hair-cycle phases at the indicated ages. PD21, PD28 and PD77, n
=4; PD56, n=6; 10 HFs/mouse were analysed.

c. Immunostaining for CD34 (green) and Ki67 (red) of mouse dorsal skin sections at the
indicated ages. The pictures show the bulge region. The old bulge (OB) and new bulge (NB)
are marked. DAPI (blue) was used as a nuclear counterstain. Scale bar = 100 pm.

d. Quantification of the data in panel (c). Number of CD34*/Ki67" cells at the indicated ages,
expressed as a percentage of all CD34" bulge cells. PD21 and PD28, n =4; PD56, n=6;

PD77, n = 4; 10 HFs/mouse were analysed.
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e. Immunostaining for CD34 (green) and Ki67 (red) of mouse dorsal skin sections at the
indicated ages. The pictures show the HG region. DAPI (blue) was used as a nuclear
counterstain. Scale bar = 100 pm.

f. Quantification of the data in panel (e). Total number of Ki67* cells per HG at the indicated
ages. PD21 and PD28, n =4; PD56, n=6; 3-10 HGs per mouse were analysed.

g. Quantification of immunostainings (Figure S2g) for the pan-immune-cell marker CD45*
cells of mouse dorsal skin sections at the indicated ages (n=4, > 10 area’s per mouse). Area
= 100,000 pum?. For each mouse, > 10 pictures were analysed and the area was extrapolated
to 100,000 pm?.

Data are represented as means + SD (b, g) or as violin plots (d, f), which show the median and

quartiles. ns = non-significant; *, p < 0.05; **, p < 0.01; ***, p <0.001 (unpaired Student’s T-

test (b, g), Mann-Whitney U-test (d, f)). C, catagen; CTR, Tg(Krt14-Cre/Ppplr8"*); EA, early

anagen; H&E, Hematoxylin and Eosin; HF, hair follicle; HG, hair germ; LA, late anagen; MA,

mid anagen; NB, new bulge; OB, old bulge; PD, postnatal day; SKO, Tg(Krt14-Cre/Ppp1r8f-

); T, telogen.

Figure 3. Proliferation defect of primary keratinocytes from SKOs.

a. CTR and SKO PKs were grown on collagen-I/fibronectin-1 coated plates for 5 days and
proliferation curves were determined by confluency measurements using IncuCyte. CTR,
n=3; SKO, n=2.

b. PKs were seeded on inactivated 3T3-J2 feeder cells and grown for 10 days to form colonies.
The colonies were visualized with crystal violet. A representative picture of a colony assay
is shown. CTR, n=3; SKO, n=4.

c. Quantification of the data in panel (b). The total area covered by the colonies was quantified,

as described in Materials and Methods. CTR, n=3; SKO, n=4.
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d. —e.RT-gPCR analysis of Itga6 (d) and Krt10 (e) transcripts in freshly isolated PKs (0 days)
and PKs harvested 2 days after plating (2 days). n=6.

f. Flow-cytometric cell-cycle analysis with propidium iodide of PKs harvested 2 days after
seeding. An overlay of a flow-cytometric plot of CTR and SKO PKs is shown, which is
representative for 4 independent experiments.

g. Quantification of the cell-cycle phases based on flow-cytometry data illustrated in panel (f).
n=4.

h. Immunostaining for p21 (red) in CTR and SKO PKs at 2, 4 and 6 days after plating on
collagen-I/fibronectin-1 coated coverslips. DAPI (blue) was used as a nuclear counterstain.
Scale bar =50 pm.

i. Quantification of the data of panel (h). The number of p21-positive cells are expressed as a
percentage of the total number of cells 2-6 days post seeding. n=6-8 biological replicates,
with n > 50 cells per replicate.

J. RT-gPCR analysis of p19/Arf transcript levels in PKs cultured for 2-6 days on collagen-
I/fibronectin-1 coated plates.

Hprt was used as a housekeeping gene for normalization in all RT-gPCR analysis. Results
are shown as means £ SD; ns = non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001,
**** = p < 0.0001 (unpaired Student’s T-test (c, g, j-1); 2-way ANOVA (d, e, i). CTR,

Tg(Krt14-Cre/Ppplr8f+); PI, propidium iodide; SKO, Tg(Krt14-Cre/Ppplr8™-).

Figure 4. Primary keratinocytes express senescent hallmarks after NIPP1 depletion.
a. Immunostaining for LaminB1 (green) in CTR and SKO PKs at 6 days after plating on
collagen-I/fibronectin-1 coated coverslips. DAPI (blue) was used as a nuclear counterstain.

Scale bar = 20 pm.
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. Quantification of the data of panel (a). Scatter plots show the mean fluorescent intensity of
LaminB1 at the nuclear envelope normalized to CTR. CTR, n=5; SKO, n=5; with n > 25
nuclei per replicate.

Immunostaining for HMGBL1 (green) in CTR and SKO PKs at 6 days after plating on
collagen-1/fibronectin-1 coated coverslips. DAPI (blue) was used as a nuclear counterstain.
Scale bar =20 pm.

. Quantification of the data of panel (c). Scatter plots show the nuclear mean fluorescent
intensity of HMGB1 normalized to CTR. CTR, n=5; SKO, n=6; with n > 27 nuclei per
replicate.

Immunostaining for 53BP1 (green) in CTR and SKO PKs at 6 days after plating on
collagen-I/fibronectin-1 coated coverslips. DAPI (blue) was used as a nuclear counterstain.
Scale bar = 20 pm.

Quantification of the data of panel (e). Scatter plots show the nuclear mean fluorescent
intensity of 53BP1 normalized to CTR. CTR, n=5; SKO, n=5; with n > 39 nuclei per
replicate.

. Immunostaining for yH2AX (green) in CTR and SKO PKs at 2, 4 and 6 days after plating
on collagen-I/fibronectin-1 coated coverslips. DAPI (blue) was used as a nuclear
counterstain. Scale bar = 20 pm.

. Quantification of the data of panel (g.). Scatter plots show the nuclear mean fluorescent
intensity of YH2AX at the corresponding timepoints normalized to each CTR. CTR, n=5;
SKO, n=6; with n > 22 nuclei per replicate.

— k. RT-gPCR analysis of Cxcl1 (i), Il11a (j) and Mmp3 (K) transcript levels in PKs cultured

for 2-6 days on collagen-I/fibronectin-I coated plates. n=6 (i, kK); n=5 (j).

Hprt was used as a housekeeping gene for normalization in all RT-qPCR analysis. Data are

represented as means = SD (i — k) or as violin plots (b, d, f, h), which show the median and
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quartiles; ns = non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** = p < 0.0001
(Mann Whitney U-test (b, d, f, h); unpaired Student’s T-test (i — k) ). CTR, Tg(Krtl4-

Cre/Ppplr8™*); SKO, Tg(Krt14-Cre/Ppplr8f-).

Figure 5. Loss of NIPP1 in epidermal cells results in premature senescence.

a. The expression of various cell-cycle inhibitors and SASP-factors was measured at the
indicated various ages in tail epidermis by RT-qPCR. Data are represented as heatmaps
relative to 3-week old CTR mice in log2 fold change (FC). n=4, see Table S1 for average +
SD and statistical test results.

b. The protein levels of p16 and p19 in extracts of tail epidermis from 8-week old CTRs and
SKOs, as visualized by immunoblotting. y-Tubulin was used as a loading control. n=4.

c. RT-gPCR analysis of Cdkn2a locus transcript levels in isolated HFSCs and BECs from tail
skin of 8-week-old CTRs and SKOs, as compared to their total epidermal expression levels.
n=4.

d. Immunostaining of YH2AX (green) in tail epidermis of 8-week-old CTR and SKO mice.
DAPI (blue) was used as a counterstain. Scale bar = 25 um. The right panel shows the
quantification of the number of yH2AX-positive cells per mm epidermis from 10
subsequent images per animal (n=4).

e. Flow cytometric quantification of the percentage of senescence-associated B-Galactosidase
(SA-B-Gal) positive cells in epidermal tissue from tail skin of 8-week-old CTR and SKO
mice (n=6). The percentage of the SA- B-Gal+ subpopulation was normalized for each
experiment to the CTR group.

f.  Immunostaining for LaminB1 (green) of mouse tail skin sections at 9 months of age. DAPI

(blue) was used as a nuclear counterstain. Scale bar = 50 um. The right panel shows the
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quantification of the mean fluorescent intensity of LaminB1 in epidermal nuclei relative to
CTR. n = 4 mice for each genotype with 9-13 pictures analysed per mouse.

RT-gPCR analysis for the expression of cell-cycle inhibitors and SASP-factors in back
epidermis. Data are represented as heatmaps relative to 3-week-old CTR mice in log2 fold
change (FC). n=4, see Table S2 for average + SD and statistical test results.
Immunostaining of mouse dorsal skin sections at PD56 for LaminB1 (green). DAPI (blue)
was used as a nuclear counterstain. Scale bar = 50 pum. The right panel shows the
quantification of the mean fluorescent intensity of LaminB1 in epidermal nuclei relative to
the CTR. n = 4 mice for each genotype with 10-16 subsequent pictures analysed per mouse.
Immunostaining for HMGB1 (green) of mouse dorsal skin sections at PD56. DAPI (blue)
was used as a nuclear counterstain. Scale bar = 50 pum. The right panel shows the
quantification of the mean fluorescent intensity of HMGBL1 in epidermal nuclei relative to
CTR. n =4 mice for each genotype with 7-15 subsequent pictures analysed per mouse.
RT-gPCR analysis of Cdknal transcript level in isolated HFSCs and BECs from dorsal skin
of 3-week-old CTRs and SKOs. n=3.

. —n. RT-gPCR analysis of p16/Inkda (k), p19/Arf (1), Cdknla (m) and Ccl2 (n) transcript

levels in back epidermis of untreated and 4h-DMBA treated mice at 7-8 weeks. n=3 — 5.

Hprt (a, ¢, g, k —n) or Actin (j) were used as a normalization control for all RT-qgPCR analysis.

Results are shown as means + SD (c, d, e, j — n) or as violin plots (f, h, i), which show the

median and quartiles; # = n.d., not-detected; ns = non-significant; *, p < 0.05; **, p < 0.01; ***,

p < 0.001, **** = p < 0.0001 (2-way ANOVA (k — n), unpaired student’s T-test (a, d, g, j),

unpaired T-test with Welch’s correction (e, f, h, i). BECs, basal epidermal cells; CTR,

Tg(Krt14-Cre/Ppplr8?+); DMBA, dimethylbenz[a]-anthracene; HFSCs, hair follicle stem

cells; SKO, Tg(Krt14-Cre/Ppplrsf-).
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Figure 6. NIPP1 knockdown induces senescence in human keratinocytes.

a.

—e. RT-gPCR analysis of IL1A (a), IL8 (b), CDKN1A (c), INK4A (d) and ARF (e) transcripts
in human keratinocyte cell line HaCaT after treatment with nontargeted siRNA (CTR
siRNA) or NIPP1-specific sSiRNA (NIPP1 siRNA) for 24h, 48h and 72h (n=3).

The level of NIPP1 and p21 protein in human HaCaT cells after treatment with nontargeted
siIRNA (CTR siRNA) or NIPP1-specific sSiRNA (NIPP1 siRNA) for 24h, 48h and 72h was
determined by immunoblotting. Tata-binding protein (TBP) was used as a loading control.
Representative blots for 3 independent experiments are shown.

Quantification of the p21 proteins levels, as shown in panel (d), and normalised to TBP
levels. n=3.

The level of p53, NIPP1 and p21 protein in human HaCat cells after treatment with non-
targeted sSIRNA (CTR siRNA), NIPP1-specific siRNA (NIPP1 siRNA) and/or p53-specific
siRNA (p53 siRNA) for 48h was determined by immunoblotting. -actin was used as a
loading control. Representative blots for 3 independent experiments are shown.

The level of NIPP1 and LaminB1 protein in human HaCaT cells after treatment with non-
targeted siRNA (CTR siRNA) or NIPP1-specific siRNA (NIPP1 siRNA) for 48h, 72h and
96h was determined by immunoblotting. B-actin was used as a loading control.
Representative blots for 2 (48h) and 3 (72h, 96h) independent experiments are shown.
Immunostaining for yYH2AX (red) and NIPP1 (green) in human HaCaT cells after treatment
with nontargeted siRNA (CTR siRNA) or NIPP1-specific sSiRNA (NIPP1 siRNA) for 72
and 96 hours. DAPI (blue) was used as a nuclear counterstain. Scale bar = 20 um.
Quantification of nuclear yYH2AX intensity shown in panel (j) relative to each CTR. n>97

nuclei per independent experiment (n=3).

HPRT was used as a normalization control for all RT-gPCR analysis. Data are represented as

means + SD (a — e, g) or as violin plots (k), which show the median and quartiles; ns = non-

32



significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p <0.0001 (unpaired Student’s T-

test).

33



Fl1IPE A

a
E14.5 PD20 PD31
| | >
‘ Morphogenesis ‘ Tel1 ‘ Ana1 ’ Cat1 ‘ Tel2 Ana2
< >«
1%t hair cycle 2" hair cycle
b c d
PD19 PD24 PD29 PD31 PD36 PD41 501 **
4 ’ d " = d
} Ke]
.................... Dally monitoring g ‘ 2
~PD20 ~PD31 ~PD36 PD41 "8
| | | | ©
[ | [ | T
Shaving SKO @)
Hair coat formation 5
e Daily monitoring f

............................................................... PD31 PD43 PD8O0 PD84 PD115 PD120 9
PD31 ~PD43 ~PD80 ~PD115 PD160 N 4
| | |

| | | o
/SKO SKO O
Pink Black coloration
~PD84 ~PD119
| | 2l
[ [ ol
Shaving SKO

Hair coat formation

h i
_ * k% - KKk — 100+ -ns
150 0o 8 15 . ‘i\o, e

S _ 1201 £ =) o § 751 1 T

S —~ S o}

T = O % & 101 8% 3

£ 90+ 50 S = 509 <

P O = O ® ns =

€ 2 60 =8 &< 2

=R T2 5 g 25 °

T 30- T e e =

® 0- | :(EU
0- © o CTR SKO
. 0
r Awl Zigz ] ' '
lo CTR @ SKO © CTR @ SKO| ‘D Guard B1 Awl B Zigzag Zigzag  Awl Guard
O CTRO SKO
| E14.5 PD|20 PD|31 PD|43 PD|80 PDI115
| -
T T T T T L

CTR‘ Morphogenesis ‘ Tell ‘ Ana1 . Cat ‘ Tel2 ‘ Ana2 3

SKO‘ Morphogenesis ‘ Tell ‘ Ana1 ‘Cat‘ Tel2 ‘ Ana2




FIGURE 2

PD77

PD56

PD28

PD21

PD77

PD56

L
T a

PD28

[}

PD21

o o0 o o o
© © ¥

o
=)
(%) s4H pasuobaje)

o CTR
O SKO
o o—

EA MA LA C

0

o o
© ¥ q

%) S4H pesuobaien

100
8

0

(]

o CTR
@ SKO
o o—

EA MA LA C

0

o o o
© <

%) S4H pasuoBere)

100
8
0

o CTR
O SKO
o o—

EA MA LA C

T

a

o 9 9o o o
® © I

%) S4H pasuobajed

100

PD77

PD56

PD28

PD21

SKO

CTR

SKO

CTR

SKO

CTR

SKO

CTR

o
<
[m)]
N~
©
X
<
[se]
o
O

PD77

PD56

PD28

PD21

o o o o
© < N
(%) @binq Jad s|j80
LL9D1/,#£aD abejusoiad

ok ok k

o o o o o
¥ ® Q -

(%) @bnq Jad s|j00
LL9D1/,#£aD abejusoiad

ns

o o o o
& o

(%) ebnq Jed s|j80
LL9D1/,#£aD ebejusosed

ns

o =) S S
~N

© ¥
(%) @bjnq Jad sjje0
+L9M/,¥£aD sbejusoied

i

|
L A
&>

[0 CTRE SKO)

&
Il
<
(B cTR@ sko

PD56

PD28

PD21

SKO

CTR

SKO

CTR

SKO

CTR

CD34 Ki67 DAPI

T T
PD28 PD56

o
%I
PD21

™ N — o
1D yoes 0} aAne|al
eaJe/s||90 aAnIsod-GaD

o

PD56
*ok ok

of 4

[Te) o [To)

OH Jad s||80 L /91y

—=C-
\AAIIIAA-Vv

*
o
©

1

PD28

OH Jad s|192 , /9M

PD21

© O O O o
0 < ® N -

OH Jed s]j90 , J9IM

© CTRIO SKO

| CTR @ SKO|

[0 CTR & SKO|

[0 CTR O SKO



FIGURE 3
a

CTR SKO

‘ © Odays @ 2days

2 days

CTR

SKO

4 days

o 259" ¢cTR
SE = sko
O~
c 9
§ -02) 1.5+
m —
O g 1.0
00—+
0 1 2 3 4
Time (days)
Krt10
e s f
15, _n
g %%k %k % % %k %k
o o o
55 1.0 0o L
59 5
T Q 3
2 = 0.5
°

5

CTR

SKO

COCTR
0 SKO

800 =

800 =

T T T
0 50K 100K 150K

Propidium lodide (Pl) —p

p21 positive (%)

(7 e - N
4,
,3 - ns E
S 157 kkkk g
BE |
SO 10 89
o) 9 O =
Qo 32
o > =]
c s ]
g © 05 ©
S5O ] =
k) = ol
2 0.0 0 days 2 days
g,\ 807  xx%
3 -7
§° s s
©
S 404
Q.
g
= 20+
‘ ©
| o
. 0 T T T
Gy/G; S G,y/M
o CTR @ SKO
40- J p1Y/Arf
30 o e c% 50+ ns % *
® o %J @ ~ 401 D
20 S5 a9
% g 5 30 @)
o 204 Qo
10+ 6) o % = 20
w > 10+
O__lﬁﬁ_ % @q’%‘
2 4 6 = O——&)ﬂﬂi T O
2days 4days 6 days

Days post seeding

o CTR @ SKO



FIGURE 4

I

410

410

410

OoMs

(O))

OMS

OMS

yH2AX DAPI

53BP1 DAPI

HMGB1 DAPI

o
<
o
o
£
IS
S
4

©

O

*okokok

% 3k 3k %k

* %k %k k

%k kk

k% kk

2500+

Y10 0} pazijewuou

(%) Aususiul XyzHA

—¢
4

Te)

25001
2000+
1500+
1000+

Y10 0} pazijewlou
(%) Aususyur Ldagg

o o
S

* —m
Y —o
I ! T T T
o O O o o
o O O O
< (92 N -~

H1D 0} pazijewJou

(%) Aysusjur LAONH

I T T T t

o O o o o

SO o © O

<t O N -
¥1D 0} pazijewlou

(%) Aususyur L guiwe

6 days

4 days
[0 CTR @ sKO)|

2 days

CTR SKO

CTR SKO

CTR SKO

Mmp3

4

1a

Cxcl1

T T T T T
N < o N

- O

(shep z YLD 0} aAnejal)

abueyo pjo4

%%k

O
*
d

ook Kk

o]
&
i

&
| & |
4

] - -

(shep z YLD 0} aAnelal)

abueyo pjo4

I 1
o 1 o W’ o

e
* OR@M
;) S—Em
: &

=y

(skep z Y10 0y anejal
abueyo pjo4

4 days 6 days

2 days

4 days 6 days

2 days

4 days 6 days

2 days

© CTR O SKO © CTR O SKO

© CTR O SKO



FIGURE 5

a ‘ocus
CTR SKO -’580 ¥k  kkkk K
Al k: 3 4 8 40 3 4 8 40 p16| — ‘ w - o
o) )
ge (weeks) : | : | : \ ; | | . E’E 60 m]
Ppp1r8-| p19 2 ; ;-* ki ((.D) A
Cell cycle Cdkn1a- NIPPl‘ — = - - ‘ 8 £ 407
el C p16/inkda- # # # # s 2
inhibitors p1YAF #  # # L2 204
Lmnb1 TN e —— g
Ccl1+ ~ ol®@ )
CcCﬁ— -. d HFSC Epi
SASP Xe1 7
factors Cxcl2 2 25 * © CTR O SKO
Mmp9- a 8w O
I1a- [ | 5 o E 20 |:T(D
I11b+ =
53 ]
3215 l
Qo
E r . h . ] j é € 10 -
nd. 6 4 2 0 2 4 6 N £ 5
Log2 Fold Change o =
5 0
- o CTR O SKO
YH2AX DAPI Back epidermis
CTR SKO
e f g Age(weeks) 3 4 8 52 3 4 8 52
* 1 1 1 1 1 1 1 1
— — 3k 3k 3k %k Ppp1r8-
s _
.0 “ a 4 S 200 Cell cycle [ Cdkn1ar
g9 £ >5 Mo E)16//nk4a- # # # # # #
83 a4 B o 1907 pIv/Af| # # # # # # N
ga § ha A Lmnb1
8 E o £ @ 100+ Cel 1+
(—i— S E 5 v Ccl2-
O c E 4 Cxcl1
P X T < Mmp9-
© 2 - O__I—l—
30 CTR SKO ita
b CTR SKO 111b+
LaminB1 DAPI E | v -
nd. 6 4 2 0 2 4 6
Log2 Fold Change
h |
o gm 2004  k*k*k*k ;@(I 200 skskokk
G 20 150 20 150
29 ‘ 22 *
Lo fole]
.E &-’ 100+ ? A S g 1004 v ‘
m® - ®
£ E 50 ¥ & E 50 S
o € o S o
4 © < T c
n - Ofﬁf Ofﬁ—li
CTR SKO CTR SKO
LaminB1 DAPI HMGB1 DAPI
k p16/Ink4a I p19/Arf m Cdkn1a n Ccl2
*% ns ns
*k
Cdkn1a % ns ns
1 = $2% g oY L " 20 s -
o o g 2.0+ ns () E 3 [0) E ) E - -
qé’g 3 8)0 ns E)O ns 8’0 1.5 OD 8’0 104 ]
@ ¥ 1.54{ — T O —_ ® O ®© O
T o e = e L o =
55 2 S5 ®» S o 21 G o 1.01 S o
T .2 3 2104 %-% 32 T2 .
C © [ S 4] o koI
=g 1 “%o&### oM g 09 e
. £ 0.0 0- 0.0- 0-
HFSC BEC & oF & <X & & & &
<& ()@ <& O® & O® & OQ
o CTR @ SKO RO o S SIS

© CTR @ SKO| | o CTR m SKO| | © CTR 1 sKO| | © CTR 1 sKO|




FIGURE 6

a IL1A v I8 v CDKN1A u p16/INK4A
ns ns %k %k %k
4, ¥ RXE X 10 Frkwo ok Ax A3‘ kk  kkk  kkok A6‘ T T
o ® ,5_2 81 = ofE
&5 34 20 20 2. 20 44
§ o S o 6 a8 20
Jege’
S p 2 S 5 2 5 2
> T .2 44 3z, T2z,
32 o LS P82
"t f : Al il
- ﬂ ﬁ o B B & ol B ﬁ oLl I 17
0 24h 48h 72h 24h  48h 72h 24h  48h 72h 24h  48h 72h
; O CTR siRNA O CTR siRNA O CTR siRNA
o
O ﬁITPRP?";%A O NIPP1 siRNA O NIPP1 siRNA O NIPP1 siRNA
24h 48h 72h
€ p14/ARF f < < < g 40-
ns nsons <Z( E <Z( DZ_{ <Z( DZ_: c E ns %k %k %k k %k %k %k %k
~ 1.57 o n X [ » o = — —
x ® - ®» = » - ‘B 301
55 x ¢ x 2 x 2 ® O
c = = =k = kK = O O
g o 1.01 Oz o z o z 5% 20/
5o 55 kDa - x 9
o2 0.5 40 kDa - - NIPP1 o =
o T h
g 25 kDa - N o 107
- p21 =
0.0 : : 15 kDa - 0 m A
24h 48h 72h 40 kDa { = TBP 24h 48h 72h
O CTR siRNA . .
O NIPP1 siRNA ‘ O CTRsiRNA O NIPP1 SIRNA‘
h | 48h 72h 96h J 72 hours 96 hours
< < <
CTR siRNA + - - - <Z( 5 <Z( 5 <Z( E <
NIPP1siRNA - + - + T 2 5 X o g
»n » » [
i - - o o o
p53 siRNA + o+ lg_: & lg_: & ID—: & %
50 kDa - 65 kDa { N S — — ‘ LaminB1
40 kDa E NIPP1 50 kDa s
25 kDa - 40 kDa 1‘ - — ‘ NIPP1 4
15 KD S P21 a
a .
_ 40 kDa 4.-----‘ B-actin =
YH2AX NIPP1 DAPI
k 3% 3k % %k % 3k %k %k
;\3& 1250+
> O 1000+
3o
§ 3 750+
£ X 500
< E
N £ 2504
T2 bAd sl

T T
72 hours 96 hours

3 CTRsiRNA
3 NIPP1 siRNA




SUPPLEMENTAL FIGURES AND TABLES

Embryonic NIPP1 depletion in keratinocytes triggers a cell-cycle

arrest and premature senescence in adult mice

Marloes C. M. Jonkhout!, Tijs Vanhessche!”, Monica Ferreiral”, Iris Verbinnen?, Fabienne
Withof!, Gerd van der Hoeven?!, Kathelijne Szekér!, Zahra Azhir!, Wen-Hui Lien?, Aleyde
Van Eynde! and Mathieu Bollen?

!Laboratory of Biosignaling & Therapeutics, KU Leuven Department of Cellular and
Molecular Medicine, University of Leuven, Belgium
2 de Duve Institute, Faculty of Medicine, Université catholique de Louvain, Brussels, Belgium

“ contributed equally

SUPPLEMENTAL INFORMATION

- Supplemental legends to the Figures S1-S6

- Supplemental Materials and Methods

- Supplemental Table S1. Mean expression levels of various transcripts in tail epidermis
of CTR and SKO mice at 3, 4, 8 and 40 weeks of age.

- Supplemental Table S2. Mean expression levels of various transcripts in back
epidermis of CTR and SKO mice at 3, 4, 8 and 52 weeks of age.

- Supplemental Table S3. List of primers used for genotyping.

- Supplemental Table S4. List of antibodies.

- Supplemental Table S5. List of RT-gPCR primes.

- Supplemental References



Supplemental legends to the Figures

Supplemental Figure S1. Alterations of hair-cycle progression and hair differentiation in
dorsal skin of SKOs.

a.

RT-qPCR analysis of Ppp1r8 levels in mouse skin at the indicated ages. Hprt was used as
a housekeeping gene for normalization (n=4).

NIPP1 immunostaining (green) of dorsal sections at PD21, PD28, PD56 and PD77. DAPI
(blue) was used as a nuclear counterstain. Epidermis, dermis, DP and bulge are indicated in
the CTR section of PD21. Scale bar = 200 um. e, epidermis; d, dermis; DP, dermal papilla
Quantification of the data in panel (1f). The period between the 2nd telogen (black-to-pink
discoloration) and mid-2nd anagen (returning to black) was quantified in days per gender.
CTR, n=6 (4 females and 2 males); SKO, n=5 (2 females and 3 males).

Quantification of the data in panel (1f). The age of mice at the time of hair coat formation
was quantified in days per gender. CTR, n=6 (4 females and 2 males); SKO, n=5 (2 females
and 3 males).

Scheme of the experimental approach for depilation-induced anagen at telogen-1. Mice
were depilated at PD21 and followed-up daily until DPD17. DPD, day post depilation;
DPD9, the timepoint when hair regrowth was detected in CTR; DPD11, timepoint when
hair regrowth was detected in SKO.

Representative pictures of depilated dorsal skin of CTR/SKO of the set-up described in
panel (c). CTR, n=6; SKO, n=5.

Representative pictures of zigzag hairs of CTR and SKO mice at PD56. For SKOs, zigzag
hairs with and without bending are shown. Scale bar = 500 um

The proportion of (un)bended zigzag hairs on the back skin of CTRs and SKOs at PD56.
Results are shown as means = SD and are derived from 3 mice/group (76-100 zigzag hairs/

mouse).

Data are represented as means + SD; ns = non-significant; *, p < 0.05; **, p < 0.01; *** p <
0.001; **** = p < 0.0001 (unpaired Student’s T-test (a, c, d), 2-way ANOVA (h) ). CTR,
Tg(Krt14-Cre/Ppplr8™"+); SKO, Tg(Krt14-Cre/Ppplr8i-).



Supplemental Figure S2. Quantification of HFSCs and immune cells in CTR and SKO

mice.

a. Comparison of CD34%/Ki67" cells at PD21 and PD28, based on quantification of data in
Figure 2c, expressed as a percentage of total CD34" bulge cells (n = 4; 10 HFs/mouse
analysed).

b. Comparison of the total number of Ki67" cells per HG at PD21 and PD28, based on
quantification of data in Figure 2e, (n = 4; 10 HFs/mouse analysed).

c. Scheme of suprabasal and basal HFSCs (left), and flow-cytometric analysis of suprabasal
and basal HFSCs in CTRs and SKOs at PD56 (right).

d. Quantification of the data shown in (c). CTR, n=5; SKO, n=6.

e. —f. Immunostaining (top) and quantification (bottom) of FoxP3 (red) of dorsal skin sections
at PD56 (e) and PD77 (f). DAPI (blue) was used as a nuclear counterstain. Scale bar = 100
um. Quantification of FoxP3* cells relative to the tissue area in the field of view and the
mean intensity (a.u.) of the staining shown at PD56 (e) and PD77 (f). PD56, n=6 and PD77,
n=4, > 10 contiguous pictures each.

g. Immunostaining for CD45 (green) of dorsal-skin sections at PD21, PD28 and PD56. DAPI
was used as nuclear counterstain. Scale bar = 50 pum.

Data are represented as means = SD (d —f) or as violin plots (a, b). ns = non-significant; *, p <

0.05; **, p < 0.01; ***, p <0.001; **** p <0.0001, using unpaired Student’s T-test (d — f) or

Mann-Whitney U-test (a, b). BEC, basal epidermal cell; CTR, Tg(Krt14-Cre/Ppp1r8"*); HG,

hair germ; PD, postnatal day; SKO, Tg(Krt14-Cre/Ppp1r8f").

Supplemental Figure S3. Gene expression analysis of PKs from CTR and SKO pups.

a. RT-gPCR analysis of Ppplr8 transcript levels in freshly isolated CTR and SKO
keratinocytes at O to 6 days after seeding on collagen-1/fibronectin-I coated plates, n=6.

b. —c. RT-gPCR analysis of Lor (b) and Krt14 (c) transcript levels in freshly isolated PKs
(0 days) and PKs harvested 2 days after seeding on collagen-I1/fibronectin-I coated plates
(2 days), n=6 (b), n> 3 (c).

d. —h.RT-gPCR analysis of Invol (c), Krtl (d), Krt10 (e), Krt16 (f) and Krt17 (g) transcript
levels in CTR and SKO PKs cultured for 2-, 4- or 6 days, relative to CTR 2 days. n=6.

i. RT-gPCR analysis of Cdknla transcript in CTR and SKO PKs at 2 days after seeding
on collagen-I/fibronectin-I coated plates, (n=5).

J. RT-gPCR analysis of p16/Ink4a (i) transcript levels in CTR and SKO PKs cultured for
2-,4- or 6 days on plates, relative to CTR 6 days. CTR n=6, SKO n=5, # = non-detected.
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Hprt was used as a housekeeping gene for normalization. PKs were seeded on Collagen-

I/fibronectin-1 coated plates. Data are represented as means + SD; ns = non-significant; *, p <
0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001 (unpaired Student’s T-test (a, d — i),
unpaired T-test with Welch’s correction (j), 2-way ANOVA (b, c¢) ). CTR, Tg(Krtl4-
Cre/Ppplr8f'*); PKs, primary keratinocytes; SKO, Tg(Krt14-Cre/Ppp1r8f-).

Supplemental Figure S4. NIPP1-depleted primary keratinocytes express SASP markers.

a.

—d. RT-gPCR analysis of Ccl2 (a), l11b (b), Mmp9 (c) and 116 (d) transcript levels in PKs
cultured for 2-6 days on collagen-I/fibronectin-I coated plates (n=5-6). Hprt was used as a
housekeeping gene for normalization in all RT-gPCR analysis. Results are shown as means
+ SD; ns = non-significant; *, p < 0.05; **, p < 0.01; *** p <0.001; **** = p <0.0001
(unpaired Student’s T-test). CTR, Tg(Krt14-Cre/Ppplr81'*); PKs, primary keratinocytes;
SKO, Tg(Krt14-Cre/Ppp1rsf-)

Supplemental Figure S5. Characterization of NIPP1 skin knockout mice and isolated

epidermal cells.

a.
b.

Pictures show CTR and SKO mice at the age of 63 weeks. n=3.

RT-gqPCR analysis of Cd34 transcript levels in isolated HFSCs and BECs from tail skin of
CTRs and SKOs at 8-weeks of age. Hprt was used as normalization control. The results are
shown as means + SD relative to CTR epidermis. N=3 (HFSCs and BECs); n=4 (epidermis)
RT-gPCR analysis of 116 transcript levels in tail skin of CTRs and SKOs at the indicated
ages (weeks). Hprt was used as normalization control. The results are shown as means *
SD relative to CTR of 3-week-old mice. N=4 (all, except CTR 4-weeks (n=3).

Flow cytometry plots showing the population of senescence-associated -Galactosidase
(SA-B-Gal) positive cells, gated for singlets and alive (eFluor780°) cells. Representative
plots are shown for 3 independent experiments, with 2 mice per genotype (1 male, 1 female).
RT-gqPCR analysis of Pppl1r8 transcript levels in isolated HFSCs and BECs from dorsal
skin of CTRs and SKOs at PD21. Actin was used as normalization control. The results are
shown as means + SD relative to each CTR. N=3.

— g. RT-gPCR analysis of Cd34 (f) and Krt14 (g) transcript levels in isolated HFSCs and
BECs from dorsal skin of 3-week-old CTRs and SKOs compared to their total epidermal
transcript levels. Actin was used as normalization control. The results are shown as means
+ SD relative to CTR epidermis. N==3 (HFSCs and BECs); n=4 (epidermis).



h. RT-gqPCR analysis Ccll transcript levels in back epidermis of untreated and 4h-DMBA
treated mice at 7-8 weeks. Hprt was used as normalization control and results are shown as
means + SD relative to CTR untreated. N=4.

ns = non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001 (unpaired

Student’s T test (b, ¢, e —g), 2-way ANOVA (h) ). BECs, basal epidermal cells; CTR, Tg(Krt14-

Cre/Ppplr8?*); DMBA, dimethylbenz[a]-anthracene; Epi, epidermis; HFSCs, hair follicle

stem cells; SKO, Tg(Krt14-Cre/Ppp1rsf-).

Supplemental Figure S6. IL6 expression in human keratinocytes is not affected by NIPP1
depletion.

RT-gPCR analysis IL6 transcript levels in HaCat cells cultured for 24, 48 and 72 hours with
scrambled siRNA (CTR siRNA) or siRNA for NIPP1 (NIPP1 siRNA). HPRT was used as a
housekeeping gene for normalization in all RT-gPCR analysis. Results are shown as means +
SD relative to each CTR; ns = non-significant; *, p < 0.05; **, p < 0.01; *** p < 0.001; ****
= p <0.0001 (unpaired Student’s T-test). CTR, control. n=3.



SUPPLEMENTAL MATERIALS AND METHODS

Hair analysis

For the analysis of hair type and length, hair was pulled out from the dorsal skin of euthanised
2-month-old mice. Hairs were roughly oriented and were stuck between two slides. Images
were made with a Leica DMI 4000B microscope and approximately 100 hairs per animal were
counted, distinguishing between zigzag, guard, awl and auchene hairs according to Botchkarev

et al. (2005). Zigzag hairs were identified by the appearance of 1 medullar column.

Flow cytometry

Suprabasal and basal HFSCs of dorsal skin of 8-week old mice were analysed by flow
cytometry. Basal HFSCs and BECs of dorsal skin of 3-week old mice were sorted by FACS.
Dorsal skin was incubated for 30-40 minutes at 37°C in 0.25% trypsin-EDTA (Gibco). The
epidermis was scraped off using a scalpel and incubated with 4% fetal bovine serum (FBS,
Sigma-Aldrich) in PBS before passing through 70-pum and 40-pum cell strainers (VWR
International). Next, the cells were pelleted by centrifugation (300 x g) for 15 minutes at 4°C,
stained for 30 minutes on ice with fluorescently labelled antibodies (PE-ITGa6/CD49f,
eFluor660-CD34, PE/Cy7-CD45, PE/Cy7-CD31), and washed twice with 4% FBS in PBS. To
compensate for spectral overlap, UltraComp eBeads (Thermo Fisher Scientific) were single
stained and recorded, and compensation was calculated. The cells were gated for single events,
viability and CD45/CD31-negativity, and then analysed or sorted for ITGa6/CD34 expression.
Cells with ITGa6"" and CD34"9-expression were classified as basal HFSCs, with
ITGa6"Y/CD34"9" cells as suprabasal HFSCs, and with ITGa6"9"/CD34'°" cells as BECs. For
quantification, cells were analysed with the BD FACSCanto 1, equipped with BD FACSDiva
software (version 6) (FACS core facility, KU Leuven) and further analysed with FlowJo (V10)
software. For the isolation of basal HFSCs and BECs, cells were sorted in a BD FACSArialll,
equipped with BD FACSDiva software (version 6) (FACS core facility, KU Leuven).

Basal HFSCs and BECs of tail skin of 8-week old mice were sorted by FACS according to
Verbinnen et al. (2020b). Senescence-associated B-Galactosidase (SA-B-Gal) was detected in
tail epidermal cells obtained from 8-week-old CTR and SKO mice by flow cytometry. Tail skin
pieces were prepared and single cells obtained according to Verbinnen et al. (2020b) and stained
using a CellEvent™ Senescence Green Flow Cytometry Assay Kit (Invitrogen; C10840),
according to the manufacturer’s instructions with some minor modifications. Cells were
incubated with eBioscience Fixable Viability Dye eFluor780 (1/10.000; Invitrogen) for 30
minutes prior to fixation to stain for live and dead cells. Cells were washed in PBS containing
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1% BSA and fixed in 2% PFA/PBS for 10 minutes prior to staining with 1X CellEvent™
Senescence Green Probe in the dark for 1 hour. To compensate for spectral overlap, a mix of
CTR and SKO cells was single stained and recorded, and compensation was calculated. The
cells were gated for single events and viability (eFluor780 negative) prior to analysis. Cells
were recorded with the BD FACSCanto Il using the 488nm and 633nm lasers and 530/30 and
780/60 filters, equipped with BD FACSDiva software (version 6) (FACS core facility, KU
Leuven) and further analysed with FlowJo (V10) software.

For flow-cytometric analysis of primary keratinocytes (PK), CTR and SKO PKs were
grown on collagen-I1/fibronectin-1 (C/F) coated plates for 2 days. Cells were harvested, washed
with PBS, pelleted, fixed in 70% EtOH/PBS, and stored at -20°C. On the day of flow-cytometric
analysis, the cells were rehydrated with PBS and incubated for 30 minutes at 37°C with PBS,
supplemented with 0.1 mg/ml DNase-free RNase (Sigma) and 0.5% Triton X100.
Subsequently, the cells were stained with propidium iodide (PI, Invitrogen, final concentration
of 140 pg/ml) and analysed with the BD FACSCanto 11, equipped with BD FACSDiva software
(version 6) (FACS core facility, KU Leuven), and gated for singlets.

Histological, immunohistochemical and immunofluoresence analysis

For histological and immunohistochemical stainings on paraffin-embedded tissues, dorsal-skin
sections were treated as described by Verbinnen et al. (2020b). Skin samples from the upper
part of the back skin were taken, as recommended by Wang et al. (2023). Tissues were
immediately fixed in 4% paraformaldehyde (PFA) in PBS, washed with PBS and maintained
in 70% ethanol before dehydration in the histokinette and embedding in paraffin at the
Histology & Imaging Facility (VIB Research Center for Brain & Disease Research, KU
Leuven). Skin sections of 5 um were cut using a microtome (ThermoScientific HM340E) and
dehydrated through immersion in consecutively 100%, 90%, 70% and 50% ethanol. H&E
stainings were carried out as described by Verbinnen et al. (2020b). For immunohistochemical
staining of NIPP1, an antigen retrieval treatment was necessary and sections were treated for 7
min at 37°C with 0.25 mg/ml trypsin (Sigma-Aldrich) in 0.1% CaClz.. Subsequently,
endogenous peroxidase activity was blocked for 20 min with 0.3% H202 in MeOH. Next, the
sections were permeabilised (0.5% Triton-X100 in PBS) for 30 minutes, blocked for 60 min
with 10% normal goat serum (NGS, Sigma) in blocking reagent (PerkinElmer), and incubated
overnight at 4°C with primary antibody. Subsequently, the sections were incubated for 60 min
with goat-anti-rabbit HRP (horse radish peroxidase) (1/200) in blocking reagent and the signal
was amplified with fluorescein (PerkinElmer). For yH2AX and CDA45 stainings, an antigen
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retrieval for 20 minutes at 100°C in citrate buffer (pH 6.0, DAKO) was performed. Prior to
overnight incubation with primary antibody, the sections were permeabilised (0.5% Triton-
X100 in PBS) for 5 min and blocked for 60 min at room temperature in 3% bovine serum
albumin (BSA)/10% FBS/0.25% fish gelatine (Sigma-Aldrich)/0.1% Tween in PBS and
incubated overnight at RT with primary anti-CD45 antibody or at 4°C with primary anti-yH2AX
antibody. Sections were incubated at room temperature for 2h with secondary goat anti-rat or
goat anti-rabbit Alexa Fluor (AF) 488-conjugated antibody (Thermofisher). For both the
LaminB1 and HMGBL1 staining, antigen retrieval was performed for 20 min at 100°C using a
Tris-EDTA-based buffer at pH 9.0, purchased from Abcam (ab93684), according to the
manufacturer’s instructions. Subsequently, endogenous peroxidase activity was blocked for 20
min with 0.3% H202 in MeOH. Next, the sections were permeabilized (0.1% Triton-X100 in
TBS) for 30 minutes, blocked for 60 min with 10% normal goat serum (NGS, Sigma) in TBS
containing 0.1%Tween-20. Sections were incubated overnight at 4°C with primary anti-
LAMINBL1 or anti-HMGBL1 antibody in TBS containing 1%BSA and 0.1%Tween-20. Sections
were incubated at room temperature for 1h with goat-anti-rabbit Alexa Fluor (AF) 488-
conjugated antibody (Thermofisher) containing 1%BSA and 0.1%Tween-20. For all stainings,
slides were mounted with ProLong Gold DAPI-anti fade reagent (Invitrogen).The used
antibodies and their dilutions are detailed in Table S4.

For immunohistochemistry on frozen sections, dorsal-skin sections were fixed for 15 min
at room temperature in PBS containing 4% paraformaldehyde (PFA), washed twice with 1M
ammonium chloride, and incubated overnight at 4°C in 30% sucrose. The tissues were
embedded in OCT-Tissuetek (Sakura), cut at 10 um using a Cryostar NX70 cryostat (VIB
Research Center for Brain & Disease Research, KU Leuven), and mounted on Superfrost Plus
Gold slides (Thermofisher). Depending on the used antibody, sections were fixed in methanol
or acetone, blocked in 1% BSA/0.1% Tween in PBS containing 10% NGS or normal donkey
serum (NDS), and incubated overnight at 4°C with the desired antibody. The used antibodies
and their dilutions are detailed in Table S4. Sections were incubated for 1h with goat anti-rat
AF488-conjugated, goat anti-rabbit AF546-conjugated and donkey anti-rabbit AF555-
conjugated antibodies. Slides were mounted with ProLong Gold DAPI-anti fade reagent
(Invitrogen). Microscopy was carried out using a Leica DMI 4000B confocal microscope and
a Leica DM5500 light microscope (VIB Research Center for Brain & Disease Research, KU
Leuven). Images were processed with LAS AF and ImageJ software.

For immunofluorescence analysis, CTR and SKO keratinocytes were cultured for 2, 4 and
6 days on C/F-coated coverslips in 24-well plates. Keratinocytes were washed in PBS, fixed for
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15 min at 37°C in 4% PFA/PBS, and permeabilized for 15 min at room temperature in PBS plus
0.1% Triton X-100. Subsequently, the cells were blocked for 60 min at room temperature in
3% BSA/PBS and incubated overnight at 4°C with a primary antibody diluted in 3% BSA/PBS.
The samples were then washed 3 times in PBS and incubated for 3 hours at room temperature
with secondary Alexa Fluor-conjugated antibodies in 3% BSA/PBS. Finally, the samples were
washed again 3 times in PBS and mounted on Superfrost-slides (Thermofisher) with Mowiol
(Sigma-Aldrich). The used antibodies and their dilutions are detailed in Table S4. Microscopy
was carried out using a Leica DMI 4000B confocal microscope.

All obtained images were processed and analysed with ImageJ software (NIH, version
1.54g). For yH2AX, 53BP1 and HMGBL1 stainings in mouse tissue, primary mouse
keratinocytes and human keratinocytes, the nuclear staining intensity was measured using a
written macro. Nuclei were identified based on the DAPI signal, which allowed the
quantification of nuclear intensity of yYH2AX, 53BP1 and HMGBL1 staining. For the LaminB1
staining in primary keratinocytes and mouse tissue, the above described macro was used with
some modifications. Two masks were produced from the identified nuclei, one dilated and one
eroded, in which LaminB1 staining intensity was measured. The subtraction of the intensity of
the eroded from the dilated area allowed the measurement of the LaminB1 intensity within the

nuclear envelope and was adjusted for the measured area.

Protein extraction

Epidermal lysates were made according to Verbinnen et al. (2020b). Briefly, epidermal tissue
was resuspended in modified RIPA buffer containing 50 mM Tris-HCl at pH 7.5, 0.3 M NacCl,
0.5% Triton X-100, 0.2% sodium dodecyl sulfate (SDS), 1 mM EDTA, 0.2% sodium
deoxycholate, and supplemented with protease inhibitors (1 mM phenylmethanesulfonyl
fluoride, 1 mM benzamidine, 5 uM leupeptin) and protein phosphatase inhibitors (25 mM
sodium fluoride, 1 mM orthovanadate). After a 20-min incubation on ice the epidermal tissue
was homogenized for 4 minutes on ice using a Polytron Homogenizer and centrifuged (11,337
x g) for 4 minutes at 4°C. The supernatant (sup 1) was kept and the remaining pellet was
resuspended for 30 min at 37°C in nuclease buffer containing 50 mM Tris-HCI at pH 7.5, 6
units/pl micrococcal nuclease (Thermo Scientific), 1.5 mM CaClz and a cocktail of protease
and protein phosphatase inhibitors as detailed above. After re-sedimentation, the supernatant
(sup) 2 was pooled with sup 1. The protein concentration of the combined supernatant was

determined using the Pierce™ BCA Protein Assay Kit (Thermofisher).



HaCaT cells (kindly donated by prof. Garmyn, UZ Leuven) were washed twice with PBS
and lysed with modified RIPA lysis buffer and supplemented with cocktail of protease and
protein phosphatase inhibitors as detailed above. Lysates were kept on ice for 10 min and then
sonicated for 5 min on ice using 30-sec intervals. Next, the lysates were centrifuged for 10 min
at 2415 x g and the supernatants were used for immunoblotting. The protein concentration of
the supernatants was determined using the Pierce™ BCA Protein Assay Kit (Thermofisher).
Protein lysates were further processed for SDS-PAGE and immunoblotting as mentioned
earlier.

Gel electrophoresis was performed using 4-12% and 10% NuPAGE Bis-Tris gradient gels
(Invitrogen) and transferred on a polyvinylidene fluoride membrane (GE Healthcare).
Membranes were blocked using 5% BSA in TBS-0.1%Tween20 (for phosphosite-antibodies)
or 5% non-fat dry milk in TBS plus 0.1% Tween 20. Membranes were incubated overnight at
4°C with primary antibodies and for 1h at room temperature with secondary antibodies,
conjugated to HRP. HRP was detected using ECL reagent (Perkin Elmer, Life Sciences) in the
ImageQuant LAS4000 imaging system (GE Healthcare). The used antibodies and their dilution
are detailed in Table S4.

Cell culture
HaCaT cells were maintained in high-glucose DMEM medium, supplemented with 10% FCS,
5% Penicillin (Gibco), 5% Streptomycin (Gibco) and 5% sodium pyruvate (Sigma-Aldrich).
Stealth siRNA (Invitrogen) for PPP1R8 (5’-GGAACCUCACAAGCCUCAGCAAAUU-3’), a
scrambled  version (5-GGAACUCGAACCUCCACGAACAAUU-3*) and/or TP53
SMARTPool siGENOME SsiRNA (Dharmacon, M-003323-03) was transfected using
Lipofectamine RNAiIMax (Invitrogen) in Penicillin/Streptomycin-free medium. The medium
was refreshed after 24h and maintained another 24 to 72 hours prior to cell analysis.

3T3-J2 fibroblasts were kindly donated by Dr. Howard Green (Harvard College). The
fibroblasts were cultured at 37°C and 5% COz2 in a cell-culture incubator in F-medium,
consisting of DMEM/F12 in a 3:1 ratio, containing 10% bovine calf serum (BCS, Gibco), 1%
Penicillin (Gibco), 1% Streptomycin (Gibco) and 0.03% Sodium-Bicarbonate (Gibco).
Fibroblasts were inactivated by treatment for 2h with 8 pg/ml mitomycin C (Fisher Bioreagents)

and used as ‘feeder’ cells.

Isolation and growth assays of primary keratinocytes
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Keratinocytes were isolated from 1-2-day old CTR and SKO pups as described by Blanpain et
al. (2004) (5) and Lichti et al. (2008) (6). Tissues for genotyping were isolated post mortem.
The keratinocytes were seeded at 37°C and 5% CO:2 in E-medium, comprising Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) and Ham’s F-12 Nutrient Mix (Gibco) in a 3:1 ratio,
and supplemented with 5 mM L-Glutamine (Gibco), 1% Penicillin (Gibco), 1% Streptomycin
(Gibco), 0.03% Sodium-Bicarbonate (Gibco), 15% FBS (Sigma) chelated with Chelex 100
Resin (BioRad), 5 pg/ml insulin (Sigma-Aldrich), 5 pg/ml transferrin (Sigma-Aldrich), 20 pM
3,3’,5-triiodo-L-thyronine (Sigma-Aldrich), 1 nM cholera toxin (Sigma-Aldrich) and 0.42
pg/ml hydrocortisone (Millipore). The keratinocytes were kept on collagen 1 (ChemCruz) /
fibronectin I (Sigma) (C/F)-coated plates and either harvested at the indicated time points for
RNA extraction or for immunofluorescence staining.

To perform colony-formation assays, approximately 1 x 10* keratinocytes were plated in
triplicate on 6-well plates in E-medium with inactivated feeder cells. The medium was refreshed
every 2 days. After 10 days, the colonies were fixed for 2 hours in 2.5% glutaraldehyde and
0.2% crystal violet (w/v), washed three times with distilled water, and imaged using the
digitalization option on the ImageQuant LAS Image4000 imaging system (GE Healthcare). The
colony area was measured using the ‘ColonyArea’ macro in ImageJ.

The proliferation of primary keratinocytes was measured with IncuCyte ZOOM (Sartorius).
Briefly, keratinocytes were seeded in four dilutions ranging from 8.889 cells to 50.000 cells per
well in triplicate on C/F coated 96-well plates. Comparable starting confluences were used for
analysis. Image scheduling, collection and analysis were conducted with the IncuCyte ZOOM
and IncuCyte ZOOM software (EssenBioscience). Plates were imaged every 2 hours with a 10x
objective in the phase-contrast channel. Cellular confluency was measured in the phase-contrast
channel using the standard Basic Analyzer processing definition of the IncuCyte Zoom
software, with a segmentation adjustment of 0.8. The confluence of SKO PKs was calculated

relative to the CTR values and plotted over time.

RT-gPCR

RNA isolation, cDNA synthesis and quantitative real-time-PCR (RT-qPCR) were carried out
as described by Verbinnen et al. (2020b), with slight modifications. RT-gPCR reactions were
performed using the Rotor-Gene Q instrument (Corbett Research) with 1.2 ul cDNA and Apex
gPCR GREEN Master Mix with Low ROX (Gentaur) according to manufacturer’s instructions.
The measured Ct-values were analysed with the 224 method and normalized to the
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housekeeping genes Hprt, Actin or HPRT, as indicated. All used RT-gPCR primers were
manufactured at Integrated DNA Technologies and the sequences are shown in Table S5.
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Supplemental Table S1. Mean expression levels of various transcripts in tail epidermis of CTR and SKO mice at 3, 4, 8 and 40 weeks of
age. Hprt was used as a housekeeping gene for normalization. Data are represented as means + SD and normalized to CTR 3 weeks (n=4); n.d.,
not detectable; ns = non-significant; *, p < 0.05; **, p < 0.01; ***, p <0.001; **** p <0.0001 (unpaired Student’s T-test, SKO compared to CTR

for each age).

Group CTR SKO
(Wigﬁs) 3 4 8 40 3 4 8 0
Average + STDEV Average + STDEV Average + STDEV Average + STDEV Average + STDEV Average + STDEV Average + STDEV Average + STDEV
Ppplr8 | 1+ 00566 | 07622 + 00982 | 04592 + 00391 | 05861 + 00614 | 00382 + 00068 v | 00304 + 00153 . | 00217 + 00096 . | 00471 & 00372 o
Cdknla | 1+ 01287 | 24573 + 06176 | 1,1162 + 01914 | 10114 + 00344 | 12357 +  0,2028 ns 35050 + 03642  * | 12740 + 01608  ns | 13417 + 04207  ns
Inkda nd. nd. nd. 10000 + 03626 nd. nd. | 203778 & 137508  * | 27,6089 + 164180  *
Arf nd. nd. | 10000 + 03528 | 16171 + 02884 nd. | 27639 + 11213 ** | 472015 + 27,9402  * | 40,0252 & 174550  **
Lmnbl | 1 + 02514 | 12383 + 04327 | 10000 + 01255 | 05615 + 01181 | 06981 +  0,1089 ns 06865 + 01089  ns | 05692 + 01027  ** | 01391 + 00837
Cdl |1 + 03411 | 15982 + 12426 | 01802 + 01065 | 03435 + 01367 | 198196 + 60081  *** | 126016 + 37518  ** | 2920 & 15927  * | 10258 + 02089  **
Cd2 |1 % 03171 | 14058 + 07954 | 02816 + 02297 | 15782 + 05246 | 239069 + 12,4112 * 322153 + 106928  * | 116772 + 66145  * | 123835 + 95018  ns
Cxell |1 + 0638l | 24862 + 07843 | 01779 + 01179 | 06807 + 05600 | 61758 +  2,6213 o | 400276 + 340342 ns | 67774 + 5657  ns | 15502  + 10860  ns
Cxel2 | 1 + 13432 | 02566 + 01779 | 00156 + 00045 | 00828 + 00593 | 05053 + 04583 ns 21441 + 22958 ns | 02736 + 03055 ns | 04483 + 04561  ns
Mmp9 | 1 + 01804 | 26384 + 07574 | 01646 + 00584 | 02357 x 00774 | 14960 + 04943 ns | 115304 + 5232  * | 12906 & 02770  ** | 03751 £ 02206  Ns
lla | 1 =+ 02424 | 87856 =+ 73135 | 52428 + 10159 | 60175 + 11502 | 046901 + 05644  ns | 29,1680 + 16,7309 ns | 58639 + 42168 ns | 23273 + 07626
b |1 + 08753 | 01211 =+ 00167 | 00847 =+ 00298 | 01145 + 00361 | 27720 + 15335  ns | 38624 + 22568 * | 07687 + 04100  * | 11971 + 14350 ns
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Supplemental Table S2. Mean expression levels of various transcripts in back epidermis of CTR and SKO mice at 3, 4, 8 and 52 weeks of
age. Hprt was used as a housekeeping gene for normalization. Data are represented as means + SD and normalized to CTR 3 weeks (n=4); n.d.,
not detectable; ns = non-significant; *, p < 0.05; **, p < 0.01; ***; p < 0.001; **** p <0.0001 (unpaired Student’s T-test, SKO compared to CTR
for each age).

Group CTR SKO
(WAegﬁs) 3 4 8 52 3 4 8 52
Average + STDEV Average + STDEV Average + STDEV Average + STDEV Average + STDEV Average + STDEV Average + STDEV Average + STDEV
Ppplr8 1 % 0,3358 1,4380 + 0,4829 0,2771 + 0,0961 0,7667 + 0,1641 0,1134 + 0,0796 el 0,0466 + 0,0489 * 0,0281 + 0,0242 el 0,0474 + 0,0159 Hoxx
Cdknla 1 % 0,3129 1,3483 + 0,9019 0,9702 + 0,3748 0,8870 + 0,2005 0,8107 + 0,1635 ns 1,1539 + 0,2832 ns 0,9991 + 0,4132 ns 1,2736 + 04073 ns
Ink4a n.d. n.d. n.d. 1,0000 + 2,0000 n.d. n.d. n.d. 1,3195 + 2,6390 ns
Arf n.d. n.d. n.d. 1,0000 + 2,0000 n.d. n.d. n.d. 25,4027 + 22,6839 ns
Lmnbl 1 =+ 0,5358 0,8032 + 0,5155 0,5812 + 0,3432 0,7187 + 0,0831 1,0702 + 0,4876 ns 0,8675 + 0,2968 ns 0,7132 + 0,2633 ns 0,7432 + 0,0764 ns
Ccll 1 = 0,3965 0,5359 + 0,3746 0,1023 + 0,0554 0,0627 + 0,0814 5,8100 + 2,3399 * 3,7378 + 3,0000 ns 0,9903 + 0,3382 * 1,3552 + 10571 ns
Ccl2 1 % 1,1976 0,6399 + 0,5824 0,2253 + 0,1442 0,1078 + 0,0980 5,9053 + 0,3342 falaiad 2,7087 + 1,8157 ns 2,1966 + 0,4702 falaiad 1,0649 + 06137 *
Cxcll 1 = 0,6590 0,5244 + 0,5031 1,1763 + 0,6305 0,3571 + 0,0371 3,1252 + 1,5487 * 0,8282 + 0,3288 ns 2,6586 + 1,2266 ns 3,8430 + 48286 ns
Cxcl2 1 =+ 0,9612 2,3647 + 2,7952 1,2455 + 0,9495 0,7959 + 0,9795 0,3978 + 0,4395 ns 3,1302 + 3,4430 ns 0,5804 + 0,0624 ns 0,1234 + 00353 ns
Mmp9 1 = 0,5219 2,5467 + 1,5260 1,4153 + 0,9567 1,8597 + 0,6513 0,7564 + 0,2966 ns 3,5055 + 0,9491 ns 1,0437 + 0,3105 ns 1,6111 + 0,4689 Ns
llla 1 =+ 0,4407 0,7682 + 0,3765 0,6710 + 0,3471 0,5819 + 0,4125 2,2478 + 0,9262 ns 0,6183 + 0,5128 ns 0,7527 + 0,2785 ns 0,8355 + 0,4448 ns
1l1b 1 =+ 0,1966 1,8900 + 0,6360 1,1197 + 0,3075 5,9869 + 8,0091 1,0089 + 0,2453 ns 1,6874 + 0,9055 ns 1,8306 + 0,6700 ns 10,9905 + 10,5695 ns
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Supplemental Table S3. List of primers used for genotyping

PCR Sequence (5'-> 3")
Krtl4 Forward primer CTT GCG AACCTC ATCACTCG
Reverse primer AGG GAT CTG ATC GGG AGT TG
KO Forward primer CCT CAG CAG ATA GCC CAC GG
Reverse primer CGC ATCGCCTTC TATCGCCTT CTT GAC
Neodel Forward primer CCACCCTCTCCTTTACTTTGTCTTC

Reverse primer

GGA GAG GAG TAATGAGAG GAGTTG TG
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Supplemental Table S4. List of antibodies.

Ta_rget(- Clone Catalog Supplier Dilution Method
conjugate) number
CD34-eFluor660 RAM34 50-0341-82 Thermo Fisher 1/100 FC
CDApITGaS- GoH3 12-0495-82  Thermo Fisher 1/500 FC
CD45-PE.Cy7 30-F11 103114 BioLegend 1/50 FC
CD31-PE.Cy7 390 561410 BD Pharmingen 1/50 FC
DAPI D1306 Thermo Fisher 0.1 pg/ml FC
eBioscience
Fixable Viability Invitrogen 1/10000 FC
Dye-eFluor780
Propidium P3566 Invitrogen 1/10 FC
lodide
vyH2AX(ph- Cell Signaling i

Ser139) 20E3 9718 Technologies 1/50 IHC-FFPE

CD45 30-F11 553076 BD Biosciences 1/100 IHC-FFPE
HMGB1 EPR3507 ab79823 Abcam 1/300 IHC-FFPE
LaminB1 EPR12221165' ab229025 Abcam 1/1000 IHC-FFPE

NIPP1 HPA027452 Sigma 1/100 IHC-FFPE

CDh34 RAM34 14-0341-82 Thermo Fisher 1/50 IHC-Fr

FoxP3 D6OSR 12653S Cell Signaling 1/100 IHC-Fr

Technologies
Ki67 SP6 ab16667 Abcam 1/250 IHC-Fr
YH2AX(ph- i - )

Ser139) JBW301 05-636 Millipore 1/200; 1/100 IF

53bpl NB100-304 Novus Biologicals 1/1000 IF
HMGB1 EPR3507 ab79823 Abcam 1/250 IF
LaminB1 EPR12221165' ab229025 Abcam 1/1000 IF

NIPP1 HPA027452 Sigma 1/100 IF

p21 orb31546 Bio-Orbyt 1/100 IF

DAPI 1/10000 IF

. 1/2000;

B-actin AC-15 5c-69879 Santa Cruz 1/5000 WB
y-Tubulin ab11317 Abcam 1/2000 wWB
Laminb1 EPR12221165' ab229025 Abcam 1/1000 WB

NIPP1 HPA027452 Sigma 1/1000 WB

pl6 EPR20418 ab2111542 Abcam 1/1000 WB

pl19 5-C3-1 NB200-174 Novus Biologicals 1/1000 WB

p21 12D1 29475 Cell Signaling 1/1000 WB
Technologies

053 92825 Cell Signaling 1/1000 WB
Technologies

TATA binding ab51841 Abcam 1/5000 WB

protein
y-Tubulin ab11317 Abcam 1/2000 WB
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FC, flow cytometry; FFPE, Formalin-Fixed Paraffin-Embedded; Fr, frozen, cryosections; IHC,

immunohistochemistry; WB, Western blot
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Supplemental Table S5. List of RT-gPCR primers.

Gene Sense primer (5'-3") Antisense primer (5'-3")
Actin ACCAACTGGGACGACATGGAGAAGA TACGACCAGAGGCATACAGGGACA
Ccll CCGTGTGGATACAGGATGTT GAAGCTCTTTCTTCAAGGTGTTC
Ccl2 CTGGAGCATCCACGTGTT GCCTACTCATTGGGATCATCTT
Cd34 ACCAGCCATCTCAGAGACTAT GTAGTAGGCAGTATGCCAGTTG
Cdkn2a locus | GCTGGGTGGTCTTTGTGTA TTAGCTCTGCTCTTGGGATTG
Cxcll TTCACCTCAAGAACATCCAGAG AAGCCTCGCGACCATTC
Cxcl2 TCAAGAACATCCAGAGCTTGAG CTTCAGGGTCAAGGCAAACT
Hprt CTGGTGAAAAGGACCTCTCG TGAAGTACATTATAGTCAAGGGCA
Hprt #2 GGACTGATTATGGACAGGACTG GCTCTTCAGTCTGATAAAATCTAC
HPRT TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT
Il1a TCAACCAAACTATATATATCAGGATGTGG CGAGTAGGCATACATGTCAAATTTTAC
IL1A TGTATGTGACTGCCCAAGATGAAG AGAGGAGGTTGGTCTCACTACC
l11b TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG
IL1B CCACAGACCTTCCAGGAGAATG GTGCAGTTCAGTGATCGTACAGG
116 AACAGTGTGGGAAGCAAGTCCA ATCGAAGCTGGAACTGCAGCAA
IL6 AGCCACTCACCTCTTCAGAACGAA CAGTGCCTCTTTGCTGCTTTCACA
IL8 GAGAGTGATTGAGAGTGGACCAC CACAACCCTCTGCACCCAGTTT
Invol GCCTTCTCCCTCCTGTGAGT CTTGAGAGGTCCCTGAACCA
Itga6 AAGGTTTGGAGCAGATTGTTT TTTCAGGAAGTTCCCGTTTCT
Lor TCACTCATCTTCCCTGGTGCTT GTCTTTCCACAACCCACAGGA
Krtl CAGCAGGTAGACACCACAAC ACTCATTCTCTGCGTTGGTC
Krt10 GACAACTGACAATGCCAACG CTTTAGGTAGGCCAGCTCTTC
Krt14 CGCCGCCCCTGGTGTGG ATCTGGCGGTTGGTGGAGGTCA
Krt16 GTGGCCTCTAACAGTGATCTAAT TTTGGTCTCTTCTAGGCTGTTC
Krtl7 CAGGCTGGGGTCAGCTAGT CCAAAGTTGCCTCCATAACC
Lmnbl GAGGCGGCACTAAACTCTAAG CTCATGCTTCCTCCTTGTCTC
Mmp3 CTATGCACCTGGACCAGGGA AGAGAGATGGAAACGGGACAAG
Mmp9 CAGCCAACTATGACCAGGATAA TCGCTGGTACAGGAAGAGTA
p16/Inkda AATCTCCGCGAGGAAAGC AGAAGAGCTGCTACGTGAAC
P16/INK4AA | CCCAACGCACCGAATAGTTA CAGGTACCGTGCGACATC
p19/Arf CTTGGTCACTGTGAGGATTCAG CACCGTAGTTGAGCAGAAGAG
P19/ARF ATGGTGCGCAGGTTCTT CATCATGACCTGGTCTTCTAGG
p21/Cdknla | CCCTCACTCTGTGTGTCTTAAT TTTAAGTTTGGAGACTGGGAGAG
P21/CDKN1A | CCTCATCCCGTGTTCTCCTTT GTACCACCCAGCGGACAAGT

Ppplr8

TACATCTGGATGTGGTGAAAGG

GGTCGATAGTGAAGTCACACAG
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