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The DNA damage response links human squamous
proliferation with differentiation

Rut Molinuevo®, Ana Freije’®, Lizbeth Contreras!@®, Juan R. Sanz"**@®, and Alberto Gandarillas**@®

How rapid cell multiplication leads to cell differentiation in developing tissues is still enigmatic. This question is central to
morphogenesis, cell number control, and homeostasis. Self-renewal epidermoid epithelia are continuously exposed to
mutagens and are the most common target of cancer. Unknown mechanisms commit rapidly proliferating cells to post-
mitotic terminal differentiation. We have over-activated or inhibited the endogenous DNA damage response (DDR) pathways
by combinations of activating TopBP1 protein, specific shRNAs, or chemical inhibitors for ATR, ATM, and/or DNA-PK. The
results dissect and demonstrate that these signals control keratinocyte differentiation in proliferating cells independently of
actual DNA damage. The DDR limits keratinocyte multiplication upon hyperproliferative stimuli. Moreover, knocking down
H2AX, a common target of the DDR pathways, inhibits the epidermoid phenotype. The results altogether show that the DDR is
required to maintain the balance proliferation differentiation and suggest that is part of the squamous program. We propose

a homeostatic model where genetic damage is automatically and continuously cleansed by cell-autonomous mechanisms.

Introduction

During expansion and regeneration, developing tissues undergo a
phase of rapid cell proliferation that eventually needs to cease to
ensure tissue integrity and function. Apoptosis is a well-known
mechanism that limits proliferation during embryogenesis and
adult development (Chen and Zhao, 1998; Gliicksmann, 1965;
Pampfer and Donnay, 1999). However, apoptosis is not suitable
when the tissue expands to accomplish a specialized function. An
alternative limit to proliferation is terminal differentiation, whose
role in anti-oncogenic protection has been scarcely studied. DNA
damage has been shown to induce differentiation in a growing
body of systems (Puri et al., 2002; Santos et al., 2014; Wang et al.,
2012). The molecular mechanisms determining the time when cell
division must lead to terminal differentiation in developing tissues
remain obscure yet critical to maintain homeostasis and to avoid
carcinogenesis.

Human epidermis is a stratified squamous epithelium with
high self-renewal capacity that is continuously developing
throughout adult life. As in squamous epithelia of the head and
neck, esophagus, or cervix, keratinocytes from the upper layers
of the epidermis are continuously replaced by new differenti-
ating cells that emerge from the basal layer. Stem cells in the
basal layer are mainly quiescent but undergo a rapid phase of
clonal expansion before terminal differentiation (Watt et al.,

2006). This transition is concomitant with the down-
regulation of p53, the inactivation of cell cycle inhibitor Rb
(retinoblastoma), and the induction of the main DNA replica-
tion driver, cyclin E (Dazard et al., 2000; Freije et al., 2012;
Harvat et al., 1998; Hauser et al., 2004; Paramio et al., 1998;
Zanet et al., 2010). In spite of their active proliferative state,
these cells are committed to differentiate after only four or five
cell divisions (Watt et al., 2006) by unknown mechanisms.
Rapidly expanding cells’ commitment to differentiate is key to
development and cancer.

We have shown that the balance between proliferation and
differentiation upon oncogenic alterations in the epidermis is
established by a differentiation-mitosis checkpoint (Freije et al.,
2012, 2014; Gandarillas et al., 2015; Gandarillas and Watt, 1997).
Cell cycle deregulation by oncogenic alterations promotes rep-
lication stress (RS) and induces the DNA damage response (DDR;
Macheret and Halazonetis, 2015). The differentiation-mitosis
checkpoint is consistent with an oncogene-induced differentia-
tion response that involves accumulation of DNA damage due to
RS and the activation of the G2/M checkpoints (Freije et al.,
2014; Molinuevo et al., 2017). Activation of the terminal differ-
entiation program during an active cycle renders the mitosis
block irreversible and drives keratinocytes to endoreplicate and
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to increase in size. Hence, the oncogene-induced differentiation
response might act as a protective mechanism against oncogenic
alterations in the epidermis. However, it remains to be deter-
mined whether DNA damage-induced differentiation is part of
the natural squamous differentiation program.

Nuclear DNA is continuously damaged in many ways. DNA
lesions interfere with DNA replication, transcription, and
genome integrity. Propagation of the damage must be avoided
to ensure homeostasis and prevention of disease. Activation of
the DDR depends on three serine/threonine protein kinases of
the phosphoinositide 3-kinase (PI3K)-related kinase family:
ataxia-telangiectasia-mutated (ATM), ATM and Rad3-related
(ATR), and DNA-protein kinase complex (DNA-PK; Lopez-
Contreras and Fernandez-Capetillo, 2012). While ATM and
DNA-PK respond primarily to double strand breaks (DSBs),
ATR is activated by a wider range of DNA lesions produced
during DNA replication, including DSB and single strand
breaks (Zou and Elledge, 2003). Upon activation, all the three
kinases converge in the phosphorylation of the histone H2AX
on serine 139 (YH2AX; Fernandez-Capetillo et al., 2004; Rogakou
et al,, 1998). YH2AX signaling at the DSB is required for DNA
damage signal amplification and subsequent accumulation of
numerous DDR proteins (Ciccia and Elledge, 2010). DDR in-
volves DNA lesion recognition and a signaling cascade that
arrests the cell cycle and promotes DNA repair. The DDR
is also responsible for the induction of senescence or apo-
ptosis in cells with extensive irreparable DNA damage, lim-
iting the propagation of mutated cells (Lopez-Contreras and
Fernandez-Capetillo, 2012).

Here we show that the DNA damage produced by loss of cell
cycle control in rapidly proliferating human epidermal kerati-
nocytes and the activation of the DDR are an essential part of the
keratinocyte squamous differentiation program. We performed
gain or loss of functions in the DDR cascade. The results alto-
gether show that DDR mediates the keratinocyte transition from
proliferation to differentiation. Accumulation of DNA damage is
detected in the skin in situ, at the frontier between the prolif-
erative and differentiated layers of cells. Furthermore, the data
suggest that DDR is required for and might be part of the
squamous phenotype.

Results

Primary keratinocytes undergo DNA damage

during proliferation

To investigate whether the DDR caused by proliferative RS can
drive squamous differentiation, we first determined whether
DNA damage occurs in normal keratinocytes in the absence of
exogenous genotoxic agents. By immunofluorescence (IF), we
detected accumulation of the DNA damage marker yH2AX in the
proliferative front of the primary keratinocyte colonies (Fig. 1a).
yYH2AX was strikingly strong in metaphasic chromosomes (Fig.
S1 a). Consistent with RS (McManus and Hendzel, 2005), the
YH2AX signal increased during S phase and peaked at G2/M
(Fig. 1 b and Fig. S1 b; 10x increase of antibody signal). In ad-
dition, in flow cytometry (FC) YH2AX-positive cells are mostly
(average 80/20%, Fig. 1b) within the small cells with low-scatter

Molinuevo et al.
The DDR signals control epidermoid differentiation

TR
(: k(J
IV

parameters compartment (proliferative cells; Jones and Watt,
1993; Sanz-Gémez et al., 2020b).

Keratinocytes are resistant to apoptosis unless they undergo
Sunburn (Bell and Megeney, 2017; Sanz-Gémez et al., 2020a).
Consistently, no apoptotic sub-Gl cells were detected in the
stratifying cultures (Fig. 1 b and Fig. S1 b). Furthermore, there
was a strong correlation between expression of yH2AX and
proliferative markers Ki67 and cyclin A (Fig. 1, c and d).

The DNA repair marker protein 53BP1 was profusely detected
in primary keratinocytes (Fig. S1, ¢ and d). 53BP1 promotes
nonhomologous end-joining-mediated repair of DSB by inter-
acting with DSB-responsive proteins (Fernandez-Vidal et al.,
2017). As described in other systems, three patterns of expres-
sion of 53BP1 were found: (1) mild and homogenous stain in the
whole nucleus, (2) discrete foci, and (3) large single spots (Fig.
S1 ¢, arrows). The first pattern corresponds to the absence of
substantial DNA repair. The second pattern corresponds to ac-
tive DNA repair (Fernandez-Vidal et al., 2017), and it was pre-
sent in exponentially proliferating keratinocytes and very
frequent in keratinocytes treated with the genotoxic agent
doxorubicin (DOXO; Fig. Sl c). Large nuclear single spots of
53BP1 (53BP1 nuclear bodies [NBs]) have been associated with
mitotic transmission of DNA lesions resulting in unrepaired
persistent DNA damage foci that are silenced in order to avoid
transcription of aberrant mRNA (Fernandez-Vidal et al., 2017;
Lukas et al., 2011; Mata-Garrido et al., 2016; Vancurova et al.,
2019). As expected, 53BP1 NBs colocalized with yH2AX foci (Fig.
S1d, arrows). 53BP1 NBs were present mostly in keratinocytes
accumulating cyclin E but not in cells expressing cyclin A or
cyclin B (Fig. 1 e and Fig. S2 b), suggesting that they are mainly
formed in DNA replicating cells. Cyclin E accumulates in post-
mitotic keratinocytes that have already initiated terminal dif-
ferentiation and undergo endoreplication (Zanet et al., 2010;
Freije et al., 2012). However, 53BP1 and cyclin E did not colocalize
within the nucleus (Fig. 1 e, left panel). This further indicates that
53BP1 NBs are excluded from replication. Furthermore, 53BP1 NBs
also localized to areas dull for the chromatin insulator CCCTC
binding factor CTCF (Fig. S2 c).

Consistent with DNA damage accumulating in proliferative
cells, YH2AX was scarce in suprabasal differentiating cells in the
keratinocyte colonies, as monitored by double labeling with
involucrin (Inv) or keratin K16 (K16) markers (Fig. 2, a and b).
Interestingly, 53BP1 NBs were frequent in stratifying differen-
tiating keratinocytes (Fig. S2 b, arrow), suggesting that these
cells accumulate unrepaired DNA damage.

By using an antibody that recognizes protein residues phos-
phorylated by ATM or ATR (p-Res), we further confirmed that
the DDR is activated in proliferative keratinocytes (Fig. 2 d).
Double staining YH2AX and p-Res show partial colocalization
(Fig. S2 d). Interestingly, a strong pan-nuclear p-Res staining
was found in stratifying cells expressing the differentiation
marker Inv (Fig. 2 c). In contrast, proliferating keratinocytes,
negative for Inv expression, displayed scarce p-Res foci (Fig. 2 c,
arrowheads). Interestingly, we observed that the p-Res foci co-
localized with y-tubulin in interphasic and mitotic cells (Fig. 2, d
and e; and Fig. S2, e-g). We did not detect this colocalization
with antibodies to YH2AX or CTCF. Given that y-tubulin is a
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Figure 1. DNA damage signaling is active in proliferative human keratinocytes. (a) Detection of yH2AX (red). Note that yH2AX is mostly present in the
proliferative fronts of the colonies (arrow). Broken line draws the center of the colony. Bar histograms: percentage of yH2AX-positive cells (left) or foci per cell
(right) in the fronts or the center of the colonies. Amplified inset shows the numerous yH2AX foci of a peripheral nucleus. (b) FC analysis of DNA content (PI)
and DNA damage (yH2AX) of primary keratinocytes. Dot plot: Side scatter (SCC) versus yH2AX expression. Note that most yH2AX-positive cells (red) display
low SCC. Quantitation in bar histogram. Right plot: Cell cycle analysis of yH2AX-positive (red) or -negative (gray) cells. (c and d) Double IF for Ki67 (green, c) or
cyclin A (CycA; green, d) and yH2AX (red). Bar histograms show percentage of yH2AX-positive cells that are positive or negative for Ki67 (a) or CycA (d).
(e) Double IF for 53BP1 (green) and cyclin E (CycE; red, left panel), or cyclin B1 (CycB; red, right panel). Smaller panels: Separate colors as indicated of amplified
region in white box (CycE). Note that 53BP1 NBs are mostly coexpressed with CycE, but they do not colocalize (arrow); they are excluded with mitotic CycB. Bar
histogram: 53BP1 NBs positive for CycE, CycA, or CycB. Scale bar, 50 pm; inset scale bar, 10 pm. Blue in microscopy photographs is nuclear DNA by DAPI. Data
in a, d, and e are mean * SEM of at least n = 1,000 (a, d, and e) or n = 500 (c) cells of five or three fields, in b from sextuplicate samples, of representative
experiments. Datasets were compared by an unpaired t test (two-sided). **, P < 0.01; ****, P < 10-°. See also Fig. S1, Fig. S2, and Fig. S3.
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Figure 2. DNA damage signaling is detected in the keratinocyte transition proliferation/differentiation. (a and b) Double IF for yH2AX (green) and the
differentiation markers Inv (a, red) or K16 (b, red). Arrows point at the active front of the colony. Bar graph in the right panel displays the average number of
YH2AX foci per nucleus in Inv (a) or K16 (b) negative (white) or positive (red) cells. Data are mean + SEM of representative experiments. Datasets were
compared by an unpaired t test (two-sided). P < 0.0001. (c) Double IF for p-Res (green) and Inv (red). Arrows point at stratifying Inv-positive cells strong for
p-Res. Arrowhead basal cells dull for p-Res. (d and e) Double IF for p-Res (red) and y-tubulin (ytub, green) localizing to interphasic (d) and mitotic (e)
centrosomes (arrows). Scale bar, 50 um. Nuclear DNA in blue by DAPI. See also Fig. S1 and Fig. S2.

main component of the centrosomes and these have a critical
function in mitosis (Conduit et al., 2015), this result suggests that
the DDR through ATR/ATM substrates might have a function in
controlling the keratinocyte mitosis. The p-Res seemed to be
surrounded by y-tubulin and might localize to a discrete regu-
latory region of the centrosome.

The RS caused by cell cycle acceleration in proliferating
keratinocytes likely is responsible for the DNA damage signals
described above. Consistently, increasing concentrations of se-
rum proportionally induced the yYH2AX signal and paradoxically
hampered the clonogenic capacity of keratinocytes (Fig. S3).
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The ATR pathway activates the squamous differentiation
program of primary keratinocytes

ATR is the main initiator of the DDR cascade upon RS (Flynn and
Zou, 2011). The activation of the DDR kinase ATR has been
shown to be sufficient to induce senescence even in the absence
of DNA damage (Toledo et al., 2008). We aimed to investigate
whether there is a relationship between the ATR signaling and
the cell decision toward squamous differentiation. To this aim,
we made use of a construct carrying a domain of the TopBP1
protein. TopBP1 is upstream of and activates ATR by driving its
phosphorylation (Flynn and Zou, 2011). When constitutively
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expressed, TopBP1 renders ATR active even in the absence of
DNA damage (Toledo et al., 2008). We overexpressed a construct
carrying TopBP1FR (a fusion protein containing the ATR acti-
vating domain of TopBPI and the mutant domain of estrogen
receptor ER) in human primary keratinocytes of the skin. This is
a fusion protein containing the ATR activating domain of TopBP1
and the mutant domain of estrogen receptor ER, which is reg-
ulatable by 4-hydroxytamoxifen (OHT; Toledo et al., 2008).The
exogenous chimeric protein (TopBPIER) was mainly cyto-
plasmatic and weakly detectable in the absence of OHT. How-
ever, it translocated to the nucleus and was up-regulated 48 h
after addition of OHT (Fig. S4 a). The lower level of expression of
the protein in the absence of OHT might be due to proteosomal
degradation (Herold et al., 2008). We also analyzed the early
DNA damage marker YH2AX. H2AX histone is a well charac-
terized target of the DDR kinases (Burma et al., 2001; Ward and
Chen, 2001). The phosphorylated form yH2AX increased in re-
sponse to 48 h OHT in the presence of TopBP1ER (Fig. 3, a-c; and
Fig. S4 c), suggesting that TopBP1ER translocation to the nucleus
was sufficient for ATR activation. Consistently, p-Res also in-
creased upon addition of OHT, confirming the activation of ATR
(Fig. S4 b). TopBP1 is also known to participate in the regulation
of DNA replication (Kumagai et al., 2010; Makiniemi et al.,
2001). Hence, in order to check that the increased yH2AX sig-
nal was specifically induced by ATR activation and not by any
perturbation produced during DNA replication by TopBP1ER, we
performed comet assays to detect actual physical DNA breaks.
We did not detect any increase in DNA fragmentation 48 h after
OHT treatment, as measured by comet tail length (Fig. 3 d),
demonstrating that yYH2AX signal upon TopBP1ER was produced
by ATR activation and not by increased DNA damage.

Interestingly, ATR activation by TopBP1ER induced a signifi-
cant 60% of the expression of the squamous differentiation
marker Inv (Fig. 3, e and f see Materials and methods). In
agreement with the activation of a differentiation response, the
proportion of keratinocytes that increased in size and com-
plexity rose 100% as measured by light scatter parameters
(Fig. 3 f and Fig. S4 d). Almost complete loss of clonogenic ca-
pacity after addition of OHT for 4 d demonstrated that ATR ir-
reversibly induced post-mitotic terminal differentiation (Fig. 3,
g and h). Taken together, the results show that ATR signaling
was sufficient for the activation of the squamous differentiation
program of keratinocytes, even in a manner independent of
actual DNA damage.

ATR silencing leads to DNA damage accumulation and
squamous differentiation

Once we observed that gain of ATR function triggers keratino-
cyte differentiation, we aimed to achieve the opposite, loss of
function, to see whether inhibition of the endogenous pathway
would inhibit differentiation. Therefore, we infected primary
keratinocytes with a lentiviral construct carrying a specific
shRNA against ATR (shATR). We confirmed that ATR expression
was efficiently silenced 4 d after infection (Fig. 4 a). Unexpect-
edly, ATR silencing inhibited proliferation (Fig. S4 e) and in-
creased the percentage of cells blocked at G2/M or entering the
polyploid compartment of the cell cycle (Fig. 4, b and c). In
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agreement with the activation of terminal differentiation, we de-
tected an increase in the percentage of cells displaying high scatter
parameters (HS; Fig. 4 d and Fig. S4 f) or expressing Inv (Fig. 4 e) or
the postmitotic differentiation marker keratin K1 (K1; Fig. 4, f and
g). Also unexpectedly, ATR depletion brought about as a conse-
quence a striking increase in YH2AX signal (Fig. 4 g). Contrary to
our expectations, the silencing ATR caused up-regulation of
YH2AX and activated the squamous differentiation response of
keratinocytes. These results further support a direct relationship
between the DDR and terminal differentiation. However, they also
suggest that this relationship is not ATR-specific. ATM or DNA-PK
might compensate for the loss of ATR. An initial defect in the DDR
caused by the inhibition of ATR might impair DNA repair and as a
consequence induce ATM and/or DNA-PK.

Inhibition of the DDR impairs squamous differentiation of
primary keratinocytes

Although ATR, ATM, and DNA-PK respond primarily to differ-
ent types of DNA damage, they might cooperate actively in
the phosphorylation of common substrates and in the activation
of the DDR (Lopez-Contreras and Fernandez-Capetillo, 2012).
Therefore, we aimed to inhibit ATR, ATM, and DNA-PK simul-
taneously. Given the difficulty to perform triple lentiviral in-
fections with shRNA against each of these proteins, we made use
of commercially available chemical inhibitors. The inhibition of
ATM or DNA-PK had no effect individually on yH2AX signal
(Fig. S5, a and b) or the differentiation response of keratinocytes
(Fig. S5, a and b). By 3 d upon inhibition of ATR (ATRi) with a
well-established chemical inhibitor, there was a striking in-
crease in YH2AX (Fig. 5 a). A 3-d ATRi treatment strikingly in-
duced irreversible terminal differentiation 48 h later (day 5), as
detected by the increase in the percentage of cells displaying HS
(Fig. 5b) or expressing Inv (Fig. 5 c). This was in agreement with
the results above after silencing ATR by use of specific shRNA
(Fig. 4). However, a 5-h short treatment with the ATR inhibitor
decreased the yYH2AX signal in keratinocytes (Fig. 5 a). While 5 h
is too short a time to measure differentiation, these results
further suggest that the loss of ATR function was being com-
pensated for by another pathway.

Aiming to identify the pathway compensating for ATR inhi-
bition, we treated keratinocytes simultaneously with ATRi and
an ATM inhibitor (ATMi). However, in this case, the YH2AX
signal further increased (Fig. 5, d and e). Remarkably, the
YH2AX signal decreased when we added a DNA-PK inhibitor
(DNA-PKi) to the mix with respect to the effect upon the double
inhibition of ATR/ATM (Fig. 5, d and e). Interestingly, the triple
inhibition or the double inhibition of ATR/ATM, but not the
single inhibition of ATR, impaired the YH2AX signal in meta-
phasic chromosomes, at the point of the cell cycle at which this
signal peaks (Fig. SI a), suggesting that ATM/ATR are respon-
sible for the metaphase phosphorylation of H2AX. It was pre-
viously suggested that ATM is responsible for mitotic activation
of H2AX in a variety of cell lines (McManus and Hendzel, 2005).
In addition, ATRi induced the formation of 53BP1 foci, whereas
ATRi + ATMi impaired it (Fig. 5 f). This effect can be explained
by the fact that 53BPI recruitment to DNA lesions is also de-
pendent on ATM kinase activity (Lee et al., 2009; Schmidt et al.,
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Figure 3. Activation of ATR itself promotes squamous differentiation in human keratinocytes. (a) IF for yH2AX (red) in primary cells expressing
TopBP1ER, after 48 h in the absence or presence of OHT, as indicated. Nuclear DNA by DAPI. Scale bar, 50 um. (b) Immunodetection of TopBP1ER by an anti-
estrogen receptor antibody (ER) or yH2AX by WB in keratinocytes expressing control pMXPIE empty vector (CT) or TopBP1%R, OHT as indicated. GAPDH as
loading control. A DOXO 24-h treatment was used as positive control in b-d. (c) Percentage of keratinocytes positive for yH2AX relative to CT + OHT (100%), as
determined by FC. OHT as indicated. (d) Quantitation of DNA breaks by comet tail lengths, in pixels, of keratinocytes infected with CT or TopBP1ER, OHT
treatment as in a. Plot: Black small bars indicate the tail average length, n = 168 cells of eight fields per slide. Photos: Representative average comets for each
treatment. (e) Representative FC for Inv expression in cells infected with CT or TopBP1tR, after 4 d OHT. Positive (+) keratinocytes according to negative
isotype antibody control (red broken line). (f) Percentage of keratinocytes in e displaying HS typical of differentiation or Inv expression, relative to CT + OHT.
(g) Clonogenicity assays of keratinocytes infected with CT or TopBP1ER vectors and released after 4 d in OHT. Representative images of triplicate samples of
representative experiments. (h) Percentage of large proliferative colonies in g, relative to CT + OHT. Data are mean + SEM of duplicate (c and d) or triplicate (f
and h) samples. See also Fig. S4. Datasets were compared by an unpaired t test (two-sided). *, P < 0.05; **, P < 0.0

2014) and might explain the defect in DNA repair, accumulation  capability of 53BP1 to form foci (Fig. 5 f). We confirmed that the
of unrepaired DNA damage, and subsequent increase of YH2AX.  partial loss of YH2AX upon the triple inhibition was specifically
Adding DNA-PKi to the mix did not cause any effect in the produced by the inhibition of the DDR and not by an increase in
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triplicate (a, ¢, and d) samples. Datasets were compared by an unpaired t test (two-sided). **, P < 0.01. See also Fig. S4.

DNA repair, since the levels of DNA fragmentation detected by the
comet assay remained high and unchanged with respect to the
double inhibition of ATR and ATM (Fig. 5 g). Why a significant
YH2AX signal was maintained in spite of the triple inhibition might
be explained by an incomplete inhibition of the kinase(s) or by a
still unknown additional kinase. Nevertheless, the results indicate
that inhibition of ATR, ATM, and DNA-PK simultaneously in
keratinocytes attenuated the DDR-associated yYH2AX signal.

Next, we examined the effect of inhibiting the DDR on the
squamous differentiation response. Inhibition of ATR and ATM
separately or together induced a striking increase in the per-
centage of keratinocytes displaying HS (Fig. 6 a) or expressing
Inv (Fig. 6, a and b). Of note, although simultaneous inhibition of
ATR, ATM, and DNA-PK did not display any effect on light
scatter parameters (Fig. 6 a), it decreased the percentage of cells
expressing Inv (Fig. 6, a and b). In addition, clonogenicity assays
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showed that while ATR and ATM inhibition drastically abolished
the colony-forming potential of keratinocytes, it was partially
rescued by the inhibition of DNA-PK (Fig. 6 c). Although the
inhibition of terminal differentiation was not complete, it was
proportional to the inhibition of the YH2AX signal. Taken to-
gether, the results consistently showed a proportional relation-
ship between the YH2AX signaling and the differentiation
response of keratinocytes. It must also be noted that the increase
of the serum concentration in the culture medium caused a
paradoxical reduction in the clonogenic capacity of keratinocytes
that was in agreement with the increase in yYH2AX (Fig. S3 b).

Suppression of H2AX impairs squamous differentiation and
induces an epidermal-to-mesenchymal transition

The three DDR pathways ATR, ATM, and DNA-PK converge on
the phosphorylation of H2AX, and we found a direct correlation
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Figure 5. Inhibition of the three DDR kinases impairs yH2AX signaling and causes accumulation of DNA damage in human keratinocytes. (a) De-
tection of yH2AX signal in cells treated with the DMSO vehicle as control (CT) or with ATRi for 5 h or 3 d as indicated, as measured by FC (+, positive cells
according to negative isotype antibody control: red broken line). Bar histogram represents the percentage of keratinocytes positive for yH2AX relative to CT.
(b) Light scatter parameters of cells treated for 5 d, as indicated. Red box gates HS, quantitated in the bar histogram, relative to CT. (c) Expression of Inv in cells
treated for 5 d, as indicated, by FC (+, positive cells as in a, quantitated in the bar histogram, relative to CT). (d) Detection of yH2AX signal in keratinocytes
treated with DMSO as indicated (CT), ATRi, ATRi + ATMi, or ATRi + ATMi + DNA-PKi for 3 d, analyzed by FC (+, positive cells as in a, quantitated in the bar
histogram, relative to CT). (e) Detection of yH2AX (red) by IF. Scale bar, 50 um. (f) Detection of 53BP1 (green) by IF in cells treated as in a. Scale bar, 25 pm.
Nuclear DNA by DAPI. (g) Left: Quantification of comet tail lengths, in pixels, n = 145 cells of seven fields per slide of keratinocytes treated for 5 d as indicated.
Horizontal bars indicate tail length average. Right: Representative average nuclear comets. Data are mean + SEM of duplicate (b-d and g) or triplicate (a)
samples. Datasets were compared by an unpaired t test (two-sided). *, P < 0.05; **, P < 0.01. Scale bar, 50 um. See also Fig. S5. FSC, forward scatter; SSC, side
scatter.

between the YH2AX signal and squamous differentiation.
Therefore, it was tempting to inhibit H2AX altogether. We si-
lenced the expression of H2AX by infecting keratinocytes
with a lentiviral construct carrying a specific shRNA (shH2AX).
Infection with the construct significantly (not completely)
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suppressed the expression of total H2AX (Fig. 7, a-c) and in-
hibited the yYH2AX signal even when global DNA damage was
induced by DOXO (Fig. 7 d), although the inhibition was not
complete. The mitotic YH2AX signal was also suppressed (not
shown) upon shH2AX, indicating the specificity of the labeling.
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In agreement with the role of YH2AX in the recruitment of
repair factors (Ward et al., 2003), H2AX silencing significantly
impaired the formation of 53BP1 foci (Fig. 8 a). In addition,
higher levels of DNA fragmentation were detected by comet
assay in cells lacking H2AX (Fig. 8 b), likely due to inefficient
DNA repair. Similarly, H2AX silencing significantly induced
ATM and/or ATR substrate phosphorylation (Fig. 8 a). There-
fore, and as expected, H2AX silencing brought about an accu-
mulation of DNA damage.

Epidermal keratinocytes are known to differentiate from a
mitotic arrest induced by DNA damage (Freije et al., 2012, 2014;

Molinuevo et al.
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Molinuevo et al., 2017). H2AX depletion decreased the expres-
sion of the S phase regulator cyclin E and induced the expression
of mitotic cyclin A and cyclin B (Fig. 7 c). In addition, it increased
the expression of the metaphasic marker histone phospho-H3
(Fig. 7 c). When we examined the effect of H2AX silencing in
the squamous differentiation response, we found a decrease
in the expression of Inv and K1 (Fig. 9, a-d). H2AX silencing
strikingly diminished the percentage of cells displaying HS or
expressing Inv after treatment with DOXO (Fig. 9, a-c). Taken
together, the results showed that H2AX depletion inhibits ke-
ratinocyte squamous differentiation.
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Figure 7. Silencing of H2AX in human keratinocytes induces proliferative markers. (a and b) Loss of expression of total H2AX in primary keratinocytes
infected with an shRNA against H2AX (shH2AX) or with the corresponding empty control vector pLKO1 (CT), by IF (a) or by real-time (RT) PCR (b, fold change
with respect to control empty vector, CT). Data are mean + SEM of triplicate samples. **, P < 0.01. (c) Detection of total H2AX, yH2AX, cyclin E (CycE), cyclin A
(CycA), cyclin B (CycB), and p-histone H3 (p-H3) by WB in cellular protein fractions of shH2AX or CT cells, GAPDH (GDH) as loading control. (d) Expression of
YH2AX in CT or shH2AX keratinocytes treated for 48 h with DMSO (top) or DOXO (bottom), as analyzed by FC (+, positive keratinocytes according to negative
isotype antibody control: red broken line). Bar histogram displays the percentage of keratinocytes positive for yH2AX relative to CT. Data are mean + SEM of
duplicate (d) or triplicate (b) samples. Datasets were analyzed by an unpaired t test (two-sided). **, P < 0.01. Scale bar, 50 pm. Nuclear DNA by DAPI. RT-PCR,

real-time PCR.

Loss of H2AX not only inhibited keratinocyte terminal dif-
ferentiation. We also observed loss of the epidermoid markers.
We detected an increase in the expression of simple epithelial
keratin K8 (K8; Fig. 9, d and f) and a decrease of epidermal
keratin K5 (K5; Fig. 9, d and e). Of note, in antibiotic unselected
cultures transduced with shH2AX, the expression of K8 was
specifically detected in colonies negative for YH2AX signaling
and vice versa (Fig. 9 g). K8 is marker of simple epithelia and is
expressed in the skin only in epidermoid carcinoma (Caulin
et al.,, 1993; Tiwari et al., 2017).

DNA damage signaling is detected in the epidermis in situ

Keratinocytes growing in vitro are stimulated by growth factors
driving the cell cycle, and this might cause a higher rate of RS. If
the DDR plays a role in normal epidermal homeostasis, then
YH2AX should accumulate in cells that proliferate actively
in situ. We immunostained human neonatal foreskin and adult
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facial and back skin for yYH2AX. Positive cells for YH2AX sig-
naling were found in basal and peribasal cells, often in patches.
These patches were found in the basal layer (Fig. 10 a, left panel)
or in the first differentiating suprabasal layers expressing the
differentiation marker K1 (Fig. 10 a, right panel). As described
above, maximum yH2AX signal is detected during mitosis
(McManus and Hendzel, 2005), and we found a strong yH2AX
signal in peribasal metaphasic keratinocytes expressing Kl
(Fig. 10 a, inset in right panel). Expression of K1 is incompatible
with cell division (Kartasova et al., 1992). As observed in vitro,
YH2AX was scarcely detected in suprabasal layers (Fig. 10 a).
Deregulation of S phase cyclin E causes RS and accumulates in
suprabasal layers of the epidermis (Freije et al., 2012; Zanet
et al,, 2010). It is interesting that cells within the proliferative
basal layer accumulating cyclin E also accumulate YH2AX (ar-
rows in Fig. 10 b). In contrast, 53BP1 NBs are detectable in su-
prabasal layers (Fig. 10 c). Therefore, the results indicate that
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strong YH2AX in the epidermis, as observed in vitro, takes place
at the boundary between proliferation and differentiation. Of
note, strong YH2AX are also detected in the highly proliferative
germinal matrix of the hair follicle (Fig. 10 d).

Discussion

Continuous self-renewal involves continuous cell multiplication
and requires robust mechanisms to maintain the balance be-
tween proliferation and differentiation. We uncover a kerati-
nocyte regulation that automatically and cell-autonomously links
proliferation with differentiation via RS.

ATR, ATM, and DNA-PK initiate the DDR by triggering a
complex signaling cascade with a degree of overlapping (Blackford
and Jackson, 2017). We have demonstrated the involvement of
the DDR pathway in keratinocyte differentiation by gain and
by loss of function: first, by over-activating ATR by over-
expression of TopBP1; second, by inhibiting ATR by shRNA;
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and third, by combinations of inhibitors of either two or the
three kinases. The early inhibition but later up-regulation of
YH2AX upon suppression of ATR function showed that other
kinases were compensating for the loss of function. This was
further confirmed as suppression of the three pathways re-
sulted in attenuation of the DNA damage signal and also ter-
minal differentiation.

The implications of these findings are important. We have
previously demonstrated that oncogenic or UV irradiation-
induced DNA damage or induction of a mitosis block triggers
squamous differentiation in keratinocytes of the skin and head
and neck in vitro and in vivo (de Pedro et al., 2018; Sanz-Gémez
et al., 2018). This response is controlled by mitosis checkpoints
and might act as an anti-oncogenic self-protective mechanism
(Gandarillas, 2012). The results presented here show that the
keratinocyte DDR not only induces differentiation in response to
genotoxic or oncogenic damage but also establishes a natural
homeostatic link between proliferation and differentiation. This
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Figure 9. Inhibition of the yH2AX signaling in human keratinocytes inhibits squamous differentiation and the squamous phenotype. (a) Expression of
Inv in CT or shH2AX cells treated for 48 h with DMSO or DOXO, by FC (+, positive keratinocytes according to negative isotype antibody control: red broken
line). (b) Light scatter parameters of CT or shH2AX keratinocytes treated for 48 h with DMSO or DOXO, by FC. Red box represents cells displaying HS.
(c) Percentage of keratinocytes expressing Inv (left) or displaying HS (right) relative to CT keratinocytes. (d) Expression of K1, K8, and K5 in CT or shH2AX
keratinocytes, by real-time (RT) PCR (fold change with respect to CT). (e) Expression of K5 (red) in CT or shH2AX keratinocytes, by IF. (f) Expression of Inv and
K8 in CT or shH2AX keratinocytes by WB in insoluble protein fractions of cells in a (same number of cells loaded per lane), by IF. (g) Expression of K8 (green)
and yH2AX (red) in unselected shH2AX keratinocytes after infections with CT or shH2AX vectors, by IF. Note that expression of K8 in the colonies is excluding
with yH2AX. Nuclear DNA in blue by DAPI. Data are mean + SEM of duplicate (c) or triplicate (d) samples. Datasets were compared by an unpaired t test (two-
sided). *, P < 0.05; **, P < 0.01. Scale bar, 50 um. FSC, forward scatter; SSC, side scatter.

would explain why actively proliferative keratinocytes are have been reported to have a function in the centrosome
committed to terminal differentiation (Watt et al., 2006). For  (Conduit et al., 2015). ATR and ATM also localize to the cen-
instance, our analyses with increasing serum concentrations trosome and might inhibit centrosomal disassembly (Smith
show that hyperplastic stimuli result in a loss of clonogenic et al., 2009; Zhang et al., 2007). Thus, the DDR upon RS might
potential. This resembles physiological squamous hyperplasia, control post-mitotic keratinocyte differentiation not only via the
consistently involving expansion of the differentiated layers. control of cyclin B-dependent Cdkl but also by directly im-
This might explain the mechanisms by which cell growth results  pairing the centrosome separation required for mitosis.
in differentiation in developing tissues. ATR, ATM, and DNA-PK pathways converge on the phos-
It is interesting that we detected ATR/ATM-phosphorylated phorylation of YH2AX. Of note, YH2AX was required for a nor-
residues in the keratinocyte centrosomes. Kinases that are es- mal ratio of squamous differentiation. It is therefore possible to
sential for mitosis such as Polo-like kinase 1 or Aurora B kinase = propose that the signal resulting from unrepaired DNA damage
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usually detected in patches of basal proliferative cells (left panel, arrows) or stratifying differentiating cells (right panel; arrows). yH2AX is also detected in
mushroom peribasal cells detaching from the basal layer, expressing K1 (inset in right panel). Amplified inset in left panel shows yH2AX foci. Bar histogram
shows the percentage of yH2AX-positive cells in basal, peribasal (Perib.), or suprabasal (Suprab.) layers. (b) Double IF for yH2AX (green) and cyclin E (CycE;
red), separate channels and merge as indicated. Arrows point at basal cells strong for yH2AX. (c) IF for 53BP1 (green). 53BP1 bodies are evident in peribasal and
suprabasal layers. (d) Detection of yH2AX in the hair follicle germinal matrix (arrows) where keratinocytes are hyperproliferative (DAPI in red). White arrows
indicate strong yH2AX cells; yellow arrow indicates the direction of the hair shaft where differentiating cells are incorporated to the hair. Broken lines indicate
basement membrane. CL, cornified layer; Dp, dermal papilla; M, matrix. Scale bar, 20 pm; inset scale bar, 3 um. Nuclear DNA by DAPI (blue). In d, DAPI was
made red for better visualizing; yH2AX in green. Quantifications in a are mean + SEM of 100-160 cells from three fields per each section of three different
individuals. Datasets were compared by an unpaired t test (two-sided). *, P < 0.05; **, P < 0.01. Scale bar, 50 pm; inset scale bar, 6 um, left panel, and 5 pm,
right panel. (e) Model for automatic cleansing of squamous epithelia. Basal cells in the epidermis are tightly packed and diving cells have no space. DNA-
damaged cells due to active proliferation and RS as a DDR (1), block in mitosis by checkpoints and become larger due to prolonged mitotic arrest and (2) due to
lateral forces by more adherent neighbor cells when a new cell division occurs even at a distant spot, are pushed (mushroom cell; Régnier et al., 1986) and

spilled into suprabasal layers (stratification; 3). For every stratifying cell (4), one cell will be shed from the surface of the epidermis, thus maintaining self-
renewal homeostasis (see also Video 1).

upon a certain threshold due to RS induces terminal differenti-
ation. In addition, by confocal microscopy, we previously found

H2AX, it might be due to an alternative signal that senses un-
repaired DNA damage or to the detectable H2AX still remaining

that strongly positive YH2AX keratinocytes in vitro stratify into
the differentiated layers (Freije et al., 2014). Moreover, inhi-
bition of the endogenous DNA repair Poly (ADP-ribose) pol-
ymerase in primary keratinocytes enhanced stratification and
differentiation, further supporting a role for continuous RS-
induced DNA damage in differentiation. Although in our study
there was still some degree of differentiation after suppressing
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upon the shRNA. Nevertheless, terminal differentiation was
systematically proportional to the level of YH2AX. Even more
strikingly, the YH2AX signal was sufficient per se to modulate
differentiation. Neither the over-activation of ATR nor the in-
hibition of the three pathways caused real DNA damage in the
time frame of the assays, yet they increased or decreased the
differentiation outcome, respectively. These findings indicate
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that it is the DDR signal, rather than actual DNA damage, that
drives terminal differentiation. Although the inhibition of the
three pathways only attenuated the YH2AX signal and the dif-
ferentiation response, the result is exciting because it shows that
the endogenous DDR signals control differentiation. The imbal-
ance of the DDR signals either positively or negatively seems to
result in terminal differentiation, what is possibly a robust self-
defense mechanism of a self-renewal tissue continuously ex-
posed to mutagens.

Finally, suppression of H2AX not only diminished the ratio of
terminal differentiation but also induced expression of the
simple epithelial marker K8 and the mesenchymal marker vi-
mentin. These are changes typical of an epithelial-to-mesen-
chymal transition (EMT) and suggest that the YH2AX signal is
part of the squamous phenotype. It is interesting that we have
found loss of the YH2AX signal in aggressive metastatic skin
carcinomas (Alonso-Lecue et al., 2017) and that skin carcino-
genesis involves an EMT that induces the expression of simple
epithelial markers such as K8 (Moll et al., 2008). Interestingly,
the inactivation of H2AX has also been shown to induce EMT in
a colon cancer cell line (Weyemi et al., 2016). It is also interesting
that we found a strong YH2AX signal in metaphase. The role of
YH2AX in mitosis is unclear and has been scarcely studied.
However, it has been proposed to have an ATM-dependent role
in chromosome segregation (McManus and Hendzel, 2005). We
also show evidence that mitotic yYH2AX might be induced by
ATM and found a significant signal of residues phosphorylated
by ATR/ATM in the centrosomes. Since, as already discussed,
squamous differentiation is controlled by mitotic checkpoints,
ATR/ATM might control squamous differentiation by parallel
mechanisms: by triggering the mitotic checkpoints due to DNA
damage and by controlling chromosome segregation.

The homeostatic control of squamous differentiation by un-
repaired DNA damage points at an automatic mechanism for
linking rapid proliferation with differentiation and cleansing
squamous self-renewal epithelia of mutational burden. Cells
bearing irreparable DNA damaged might undergo DDR-induced
mitotic block due to the mitotic checkpoints. These mitotically
arrested cells become larger, round up, and lose adherence to the
basement membrane. By lack of space, these larger cells would
be squished and pushed by neighbor more adherent prolifera-
tive cells at their base, and the pressure would make them
stratify (Fig. 10 e). Stratifying cells in turn push other suprabasal
cells upwards as a domino effect, resulting in final cell shedding
from the surface of the skin (Video 1). Squished cells might ac-
quire the appearance of a mushroom cell (Fig. 10 e). These cells
were previously described in the epidermis to start expressing
post-mitotic differentiation keratins in the basal layer (Régnier
et al., 1986), and their nature is not well understood. Interest-
ingly, we found that mushroom cells accumulate mitotic
markers such as cyclin A or cyclin B (Zanet et al., 2010), further
suggesting a natural link between mitosis arrest and differen-
tiation. It is also noteworthy that lack of essential mitotic
kinases Aurora B kinase or Polo-like kinase 1 in vivo produces a
fully differentiated squamous epithelia (Sanz-Gémez et al.,
2020a). The frequent presence of 53BP1 NBs in differentiating
cells in vitro and in situ supports the notion that irreparable
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damage leads to differentiation. 53BP1 NBs are considered areas of
the genome-containing lesions that were not repaired, were
transmitted through mitosis, and must be under-transcribed
(Fernandez-Vidal et al., 2017; Lukas et al, 2011; Mata-Garrido
et al., 2016; Vancurova et al., 2019).

Another example of how the DNA damage differentiation re-
sponse can control homeostasis is the hair follicle. The matrix of
the follicle is more actively cycling than normal epidermis. It is
unclear where rapid proliferation takes place within the matrix.
Strong YH2AX suggests that cells multiply mostly just above the
dermal papilla. It is tempting to speculate that RS drives hair cells
into the hair by inducing terminal and differentiation stratification
as in epidermal cells. Acute DNA damage by chemotherapeutics
would drive terminal differentiation in the stem cells, subsequently
causing hair loss. Given that we have found a differentiation re-
sponse to oncogenic or genotoxic damage in head and neck squa-
mous epithelial cells (Sanz-Gémez et al., 2018), we are tempted to
propose a homeostatic role of the DNA damage differentiation re-
sponse in all squamous epithelia. It is further exciting to speculate
that the DNA-damaging sources squamous epithelia are exposed to,
such as the UV light of the sun, are at the origin of the stratified
epithelia that in turn protect the germinative cell pools.

By the automatic cell-autonomous mechanism proposed, the
healthy squamous epithelium of the skin, oral cavity, throat, or
esophagus would at the same time suppress proliferation of ge-
netically altered cells and, due to the induction of terminal dif-
ferentiation, maintain tissue homeostasis (Fig. 10 and Video 1).
Mutations in the mitosis checkpoints would allow cells with high
mutational burden in aged skin to bypass differentiation and
give rise to squamous carcinomas. The challenge now is to
identify the pathway and molecules that trigger squamous dif-
ferentiation downstream of the DDR in stratified epithelia, the
most frequent target of cancer.

Materials and methods

Cell culture, plasmids, and viral infections

Ethical permission for this study was requested, approved, and ob-
tained from the Ethical Committee for Clinical Research of Cantabria
Council, Spain. In all cases, human tissue material discarded after
surgery was obtained with written consent presented by clinicians
to the patients, and it was treated anonymously.

Primary keratinocytes were isolated from neonatal human
foreskin and cultured in the presence of a mitomycin C (MC)-
treated mouse fibroblast 3T3 J2 feeder layer in Rheinwald FAD
medium (Ham’s F12 medium/DMEM [1:3], 1.8 x 10~* M adenine)
supplemented with 10% FBS and a cocktail of 0.5 pg/ml of hy-
drocortisone, 5 pg/ml of insulin, 1071° M cholera enterotoxin, and
10 ng/ml of epidermal growth factor (1.2 mM Ca?*; Gandarillas and
Watt, 1997; Rheinwald, 1989). J2 cells were treated with MC for 2 h
to suppress proliferation. Cells were routinely tested for and free
of mycoplasma contamination. Low passages (1-4) of four strains
of keratinocytes were used.

For gene delivery in primary keratinocytes, the following
constructs driven by constitutive promoters were used: (i) ret-
roviral: pMXPIE-empty and pMXPIE-TopBP1®R (kind gift from
O. Fernandez-Capetillo, CNIO, Madrid, Spain; Toledo et al,
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2008), a TopBPl-activating domain fused to a mutant estrogen
receptor that responds to OHT (Sigma-Aldrich); (ii) lentiviral:
empty plKO.1 (Sigma-Aldrich, SHC001) and plKO.1 constructs
coding for shRNA against ATR (Sigma-Aldrich, shATR,
TRCNO0000196538; 5'-CCGGGATGAACACATGGGATATTTACT
CGAGTAAATATCCCATGTGTTCATCTTTTTTG-3') or H2AX
(Sigma—Aldrich, shH2AX, TRCN0000073281; 5'-CCGGCAACA
AGAAGACGCGAATCATCTCGAGATGATTCGCGTCTTCTTGTT
GTTTTTG-3').

Retroviral production and infection of primary keratinocytes for
delivery of pMXPIE and pMXPIE-TopBPIER constructs were per-
formed as follows (Gandarillas and Watt, 1997). The constructs were
transfected by calcium phosphate precipitation into ecotropic
packaging cells GP+E. 2 d later, 2 pg/ml puromycin was added for
selection of vector-expressing cells. The supernatant was centrifuged
to remove any cells, and after addition of 8 pg/ml polybrene, it was
used to infect AM12 amphotrophic packaging cells. AMI2 cells were
grown to confluence and treated with MC for 2 h to suppress pro-
liferation. MC-treated AMI2 cells and keratinocytes were co-
cultured in FAD medium. After 2 d, AMI12 cells were removed by
use of 250 mM EDTA and replaced with 3T3 J2 (mouse fibroblast
feeder layer). 1 d later, 1 pg/ml puromycin (Sigma-Aldrich, P8833)
was added for selection of vector expressing keratinocytes. Estrogen
receptor fusion proteins are well known to leak, and TopBP1ER
leaked without the inducer, OHT. The accumulation of the TopBP1
leak over 4-5 d causes TopBPIER-expressing cells to be more dif-
ferentiated without OHT than the empty vector control cells.

Lentiviral production and infection were performed as follows
(extended protocols in Freije et al., 2020): a day before transfection,
the HEK293T producer cells were plated at 5 x 108 in 100-mm dishes.
Transient transfection of HEK293T cells at 70% confluence of was
performed with DNA solution: packaging plasmid (psPAX-2, 7.5 ug;
Addgene, 12260), envelope vector (VSV-G, 2.5 pg; Addgene, 11653),
and the target plasmid (10 pg) using jetPei (VWR, 101-01) as the
transfection reagent solution. 24 h after transfection, the lentivirus-
containing supernatant was collected. For plKO.l and shH2AX,
keratinocytes were infected in FAD medium. For infections with
plKO.1 and shATR, keratinocytes were infected in low-calcium
concentration medium (<0.1 mM Ca; keratinocyte media 2 [Promo-
cell]; and defined keratinocyte serum-free medium [Invitrogen]).

Keratinocytes growing in FAD medium were treated with the
following inhibitors, as indicated: ATR inhibitor (3 uM; Sell-
eckchem, AZ20), ATM inhibitor (1 uM; Tocris, KU5593), and
DNA-PKi (1 uM; Selleckchem, NU7441). For clonogenicity assays,
2,500 cells were plated per T6 well triplicates and cultured in
FAD medium. ~10 d later, the cultures were washed with cold 1x
PBS and fixed with 3.7% formaldehyde (Sigma-Aldrich, F8775)
for 10 min. Wells were washed with cold PBS and stained with
rhodamine-Nile blue solution (1% Rhodamine B [Sigma-Aldrich,
R6626]; 1% Nile Blue A [Sigma-Aldrich, N5632]) in distilled
water. After staining, tissue wells or dishes were washed three
times with distilled water (Jones and Watt, 1993).

Antibodies

The following primary antibodies from Santa Cruz Biotechnol-
ogy were used: anti-cyclin A2 antibody (rabbit polyclonal,
H-432, sc-751, lot F2410; IF and Western blotting [WB]), anti-
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cyclin Bl (mouse monoclonal, GNSI, sc-245, lot FO313; IF and
WB), anti-cyclin E1 (mouse monoclonal, HE12, sc-247, lot H2511;
IF and WB), anti-GAPDH (rabbit polyclonal, FL-335, sc-25778, lot
E0212; WB), anti-pH3 SerlO (rabbit polyclonal, sc-8656-R, lot
11415; WB), anti-Ki67 (rabbit polyclonal, C-20, sc-7844; IF), anti-
H2AX (goat polyclonal, C-20, sc-54606; IF and WB), anti-
estrogen receptor (rabbit polyclonal, MC-20, sc-542, lot K09409;
IF and WB), and anti-K16 (mouse monoclonal, sc-53255, lot
F2812; IF). The primary antibodies used from Sigma-Aldrich
were anti-Inv (mouse monoclonal, SY5, 1-9018, lot 071M4784;
IF, FC, and WB), anti-y-tubulin (mouse monoclonal, GTU-88,
T6557; IF), anti-K5 (rabbit polyclonal, C-terminal, ESAB450165,
lot 310246; IF), anti-IgG (mouse, I-5381; IF, FC, and WB), anti-IgG
(rabbit, R9133; IF, FC, and WB), and anti-K8 (mouse monoclonal,
M20, C5301; IF and WB). Other antibodies used were anti-
YH2AX (mouse monoclonal, Millipore, JBW301, 05-636-1, lot
1997719; IF, FC, and WB), anti-K1 (rabbit polyclonal, Covance,
Poly19052, lot 09KC02022; IF and FC), anti-53BP1 (rabbit poly-
clonal, Bethyl, A300-272A; IF), anti-phospho-ATR and -ATM
substrates (rabbit polyclonal, Cell Signaling Technology, 2851S,
lot 7; IF), anti-CTCF (mouse monoclonal, BD Biosciences, 48,
612148; IF), and anti-BrdU (mouse monoclonal, Sigma-Aldrich,
B8434).

The following secondary antibodies from Jackson Im-
munoResearch were used: Alexa Fluor 488-conjugated goat
polyclonal anti-rabbit (111-547-003) or anti-mouse (115-547-
003) IgG antibodies (FC and IF); and Alexa Fluor 594-conjugated
goat polyclonal anti-rabbit (111-517-003) or anti-mouse (115-517-
003) IgG antibodies (IF). HRP-conjugated goat anti-rabbit
(170-6515) or anti-mouse (170-6516) IgG antibodies from Bio-
Rad were used for WB.

FC

For FC, keratinocytes were harvested by trypsin, washed once
with PBS, fixed, and stained with primary and secondary anti-
bodies. For DNA synthesis analyses, keratinocytes were cultured
in the presence of BrdU (10 uM, Sigma-Aldrich, B5002) for 1.5 h
before harvest, washed twice, centrifuged, and fixed in cold 70%
ethanol (Fluka, 02860). Cells were subsequently incubated with
anti-BrdU for 1 h at RT, then washed twice with cold washing
buffer (5% FBS, 0.5% Tween 20, Sigma-Aldrich, P1379, in PBS)
and incubated with secondary antimouse Alexa Fluor 488 for1h
at RT in the dark, washed twice. Cells were then stained with
propidium iodide (PI, 25 pg/ml, Life Technologies, overnight;
Gandarillas et al., 2000; Freije et al., 2014).

For Inv staining, cells were fixed in 3.7% paraformaldehyde
(Sigma-Aldrich, 158127) for 10 min at RT, washed twice with cold
washing buffer (Gandarillas et al., 2000), and permeabilized
with cold 6% saponin (Sigma-Aldrich, S4521) PBS for 20 min at
RT. Cells were then incubated 1 h at RT with anti-Inv (SY5) in
cold PBS/saponin/fetal calf serum (PSF) buffer (0.2% saponin,
0.5% FBS in PBS), washed twice with cold PSF buffer, and in-
cubated with the corresponding secondary anti-mouse Alexa
Fluor 488 for 1 h at RT in the dark. After staining, cells were
firmly resuspended and filtered through a 70-pM mesh to
minimize the presence of aggregates and then analyzed on a
Becton Dickinson FACSCanto cytometer. For each sample,
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10,000 events were gated and acquired in list mode (Sanz-
Gémez et al., 2020b).

For K1 or YH2AX staining, cells were washed and fixed in cold
70% ethanol (Merck), and immediately mixed with mild vortex
agitation for 1 min. Cells were then incubated with anti-K1 and
anti-yH2AX, respectively, for 1 h at RT and washed twice with
cold washing buffer (0.5% FBS, Tween-20 in PBS) and incubated
with the secondary anti-rabbit and anti-mouse Alexa Fluor 488
for 1h at RT in the dark. After staining, cells were analyzed with
the cytometer as above.

All antibody staining was controlled by the use of a similar
concentration of isotype-negative Igs (mouse IgGs or rabbit
serum).

IF on attached cells

For IF on attached cells, keratinocytes were grown on glass
coverslips. For Inv detection, cells were fixed with 3.7% form-
aldehyde in PBS for 10 min and permeabilized with -20°C cold
methanol for 5 min. For other proteins, cells were fixed with
-20°C cold methanol for 10 min. After fixation, samples were
washed twice with PBS and once with PBS 0.05% Tween 20.
Cells were incubated 1 h with primary antibodies in a wet
chamber at RT. Later, they were washed twice in PBS 0.05%
Tween 20 and incubated with the corresponding secondary
antibodies (anti-rabbit or anti-mouse IgG, Jackson ImmunoR-
esearch) for 1 h at RT in the dark. Cells were then washed with
PBS 0.05% Tween 20, and DAPI (0.2 pg/ml, Sigma-Aldrich,
D9542) dye was added for nuclear DNA staining and incubated
for 10 min at RT in the dark. Last, coverslips were mounted on
slides with Prolong Gold Antifade Mountant Reagent (Life
Technologies, P36934).

IF on paraffin-embedded tissue from neonatal foreskin and
adult facial and back skin was performed following standard
protocols. Sections were de-paraffined and rehydrated. For an-
tigen retrieval, sections were boiled in 1.8% 100 mM mono-
hydrate citric acid and 8.2% 100 mM dehydrate sodium citrate.

The microscope used for IF was a Carl Zeiss Axio Imager.D2
(20°C), coded for transmitted-light bright field, with phototube
30°/25 fitted with Zeiss 10x/0.3 oo/, 20x/0.5 0/0.17, and 40x/
0.75 0/0.17 EC Plan Neofluar objectives. The images were ac-
quired with a Zeiss AxioCam MRm Rev3 camera and light source
for fluorescence illumination HXP 120C Kubler codex and con-
trolled by Zeiss AxioVision Rel 4.8.25 SP3 software. For FITC
fluorescence, Alexa Fluor 488 was excited at A 493 nm and de-
tected at A 519 nm, and Alexa Fluor 594 was excited at A 591 nm
and detected at A 614 nm. Images were analyzed by Image]
software (National Institutes of Health, version 1.4.3.67).

Whole-cell extracts and WB

For determination of soluble protein fraction, cells were har-
vested by trypsin, washed with PBS, and incubated in cold lysis
buffer (100 mM NaCl, 50 mM Tris, pH 7.5, 10 mM EDTA, 1% NP-
40, 2.5 mM sodium pyrophosphate, 5 mM NaF, 2.5 mM
B-glycerophosphate, and 1 mM DTT supplemented with pro-
tease inhibitors of Boehringer Ingelheim) for 20 min on ice and
centrifuged. The supernatant was collected as a soluble frac-
tion. Protein quantification was determined by fluorometric
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system Qubit 4.0 (Life Technologies). 80 pg of protein were
separated by SDS-PAGE (10% or 12%) and transferred to ni-
trocellulose membranes. Membranes were blocked with tris-
buffered saline/0.1% Tween 20 5% milk for 1 h at RT, incubated
overnight with primary antibodies at 4°C, washed twice with
tris-buffered saline/0.1% Tween 20 for 15 min, and incubated
with the corresponding secondary antibodies for 1 h. Finally,
blots were subjected to enhanced chemiluminescence substrate
(Lumi-Light, Roche Applied Science) following the supplier’s
protocol, or using the Odyssey Infrared Imaging System (LI-
COR,; Freije et al., 2012). For detection of proteins in the highly
insoluble cellular fraction (K8, Inv), the resultant pellet after lyses
was incubated in urea lysis buffer (10 mM Tris, pH 8, 5% SDS, 5%
B-mercaptoethanol, 4 M urea; Achtstaetter et al., 1986). The same
number of cells was loaded onto the gel in all lanes (8,000).

Confocal microscopy

For 3D confocal reconstruction, keratinocytes were grown on
glass coverslips, fixed, and stained. Coverslips were washed with
PBS and stained with DAPI dye (0.1 pg/ml). They were mounted
with Prolong Gold Antifade Mountant Reagent (Life Technolo-
gies, P36934), and visualized and photographed with AxioVision
Zeiss fluorescent microscopy (Freije et al., 2014). 28 Z-stack 3D
digital images were reconstructed after frame collection every
0.86 pm in the z axis by confocal microscopy (Nikon AlR; 20x
NA 0.75) and processed and scaled up 0.5x to 1.92 um by NIS
Elements software (AR, 3.2 64 bits; Nikon).

It must be noted that Inv is not a 100% accurate marker. First,
because of the technique, cells have to be permeabilized, nega-
tive cells take the antibody nonspecifically, and the positive peak
does not separate perfectly from the negative peak. As a result,
some positive and negative cells always overlap. Second, the Inv
epitope is lost at late differentiation because the protein is cross-
linked into the cornified envelope. Therefore, Inv quantification
is an underestimation. In addition, primary keratinocytes are
never synchronized; there is always a balance between prolif-
eration and differentiation. Results were in histograms nor-
malized to the control (100%) estimated as 20% positive cells.
What we do with treatments is drive the balance toward pro-
liferation or differentiation. For all these reasons, we use various
different protein markers. We use parallel suprabasal markers
Kl/keratin K10 or K16 by various techniques. K1, keratin K10,
and K16 are suprabasal post-mitotic markers (Sanz-Gémez et al.,
2020b). In addition, we analyze the light-scattering properties
(size and complexity), which are very reliable and more sensi-
tive (Jones et al., 1995; Jones and Watt, 1993; Sanz-Gémez et al.,
2020b), and finally, we subject cells to clonogenicity capacity
assays, which are the final proof for terminal differentiation or
proliferation (loss or gain of clonogenic capacity). In the ex-
periments performed in this study, the differentiation effects
were consistent and striking. In addition, YH2AX is a transient
signal, whereas differentiation is permanent until cells eventu-
ally detach, and therefore the degree of the induction can be
different.

For single or double quantitation of IFs, several fields were
scored for total and positive and/or negative cells for a total of
500-1,000 per sample out of at least five different fields in
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representative experiments. For yYH2AX foci, their number was
scored in linear nonsaturated images in 50-100 cells per sample
out of 5-10 different fields in representative experiments. For
in situ tissue staining, 100-160 cells per microsection were
scored out of three fields for each of three independent samples
from three human individuals.

Real-time PCR

Total RNA was isolated and reverse-transcribed using Nucleo-
Spin RNA (Macherey-Nagel) and the iScript cDNA synthesis kit
(Bio-Rad) according to the manufacturer’s instructions. The
cDNAs (2 ul) were amplified by real-time PCR (Bio-Rad iQ SYBR
Green supermix) and normalized to B-actin mRNA levels. Pri-
mers used in this study are human ATR, 5'-CGGGAAATACTA
GAACCTCA-3’, 5'-CATAATGCTACAGCAGGTGA-3’; human Ki,
5'-CCAGCCAGAGTAGGACCAGT-3', 5'-TGCAGCAAAACAAGG
AAATG-3’; human K5, 5'-CAAGCGTACCACTGCTGAGA-3', 5'-
CTATCCAGG TCCAGGTTGCG-3'; human K8, 5'-GGAGAAGCT
GAAGCTGGAGG-3’, 5'-CCATGGACAGCACCACAGAT-3'; human
H2AX, 5'-CGACAACAAGAAGACGCGAA-3’, 5GGGCCCTCTTAG
TACTCCTG-3’; and human a-actin, 5'-AAAATCTGGCACCAC
ACCTTC-3', 5'-AGCACAGCCTGGATAGCAA-3'.

Comet assay

Alkaline comet assays were performed. Glass slides were pre-
viously treated to ensure suitable adhesion of agarose. They
were immersed in ether-ethanol (1:2) for 1 h, and ethanol 70%
for 30 min, and then dried and covered with normal 0.5%
melting agarose (Pronadisa, 8016) for 5 min (65°C). Cells were
trypsinized avoiding exposure to light. All incubations were
performed in the dark at 4°C. 50,000 cells were resuspended in
20 pl of PBS and 75 pl of 0.5% low melting agarose (Invitrogen,
15517-014) in distilled water and maintained at 37°C. 90 pl of
this mix were pipetted on the slide and covered with a cover-
slip. Slides were incubated for 10 min, and coverslips were
removed. Low-melting agarose (0.5%) was added to the slides
and covered with new coverslips. Slides were incubated for
10 min. Coverslips were removed, and samples were incubated
for 1 h in cold lysis solution (10% DMSO, 1% Triton X-100) and
89% lysis buffer (pH 10, NaCl 2.5 M, EDTA 100 mM, Tris 10
mM, NaOH 200 mM). Samples were incubated in cold elec-
trophoresis buffer (83% EDTA 0.1 M, 17% NaOH 300 mM) for
20 min, and then electrophoresis was applied at 25 V for 20 min
at 4°C. Samples were washed twice with neutralizing buffer
(pH 7.5, Tris 400 nM) and fixed with absolute ethanol. Samples
were dried at RT and stained with RedSafe (1:500; InTron,
21141; Ritchie et al., 2009). For quantitation, the length of the
nuclear tails in pixels was determined by Image] software
(National Institutes of Health, version 1.4.3.67).

Statistical analyses

Data are averages of duplicate or triplicate samples of repre-
sentative independent experiments. Most assays were per-
formed at least on two human primary cell strains. All results
are presented as mean + SEM. Datasets were compared using an
unpaired Student’s t test (two-sided) as indicated in the figure
legends. Data distribution was assumed to be normal, but this
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was not formally tested. A P value <0.05 was considered good
statistical significance.

Online supplemental material

Fig. S1 shows that DNA damage signal yH2AX in human kera-
tinocytes peaks at metaphase, where it depends on both ATM
and ATR. Fig. S2 shows localization of DNA damage/repair
markers in human keratinocytes. Fig. S3 shows that increasing
serum concentration induces YH2AX in human keratinocytes
and results in loss of proliferative potential. Fig. S4 shows that
gain or loss of ATR activity affects terminal keratinocyte dif-
ferentiation. Fig. S5 shows that inhibition of ATM or DNA-PK
individually neither induces YH2AX nor affects terminal dif-
ferentiation in human keratinocytes. Video 1 shows a model for
automatic cleansing of stratified squamous epithelia.
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Figure S1. DNA damage signal yH2AX in human keratinocytes peaks at metaphase, where it depends on both ATM and ATR. (a) Expression of yH2AX
(red) is highest in metaphasic exponentially proliferating keratinocytes treated with DMSO vehicle only (CT, arrowheads). This localization is present upon a
single 24-h treatment with ATRi, ATMi, or combined ATMi/DNA-PKi, but is inhibited by combined ATRi/ATMi or by ATRi/ATMi/DNA-PKi. (b) FC analyses of
DNA content (PI) and DNA damage (yH2AX) in primary keratinocytes treated with the genotoxic agent DOXO (right) for 24 h. yH2AX-positive cells according to
negative isotype antibody (red). DMSO vehicle as CT (left). (c and d) Double IF for yH2AX (red) and 53BP1 (green) in keratinocytes. In ¢, the three patterns of
53BP1: (i) diffuse in absence of significant DNA damage (arrowhead), (ii) granulated when acute DNA damage (arrow), and (jii) large spots corresponding to
unrepaired NBs (thin arrowheads). Note that 53BP1 NBs colocalize with yH2AX spots (arrows in d). Scale bar, 50 pm. Nuclear DNA by DAPI. This figure
complements Fig. 1 and Fig. 2.
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Figure S2. Localization of DNA damage/repair markers in human keratinocytes. (a) Double IF for cyclin A (CycA; red, arrows) and 53BP1 (green). Note
that cells displaying 53BP1 NBs are negative for cyclin A. (b) 3D confocal reconstruction of human primary keratinocytes immunostained for Inv (red) and 53BP1
(green). Note that 53BP1 NBs are found mainly in stratifying cells at the transition proliferation/differentiation (arrow and broken line). (c) Double IF for 53B8P1
(green) and CTCF (red). Note that 53BP1 NBs colocalize with nuclear regions dull for CTCF (arrow). (d) Double IF for ATR/ATM-phosphorylated target residues
(p-Res; green) and yH2AX (red). Note that strong labeling tends to colocalize (arrow), but not all of it does. (e-g) Double IF for centrosomal y-tubulin (ytub,
green, arrows) and 53BP1 (red, e), or yH2AX (red, f) or CTCF (red, g). Nuclear DNA by DAPI (blue). Scale bars, 50 pm (a, b, and g) or 25 um (d). This figure
complements Fig. 1 and Fig. 2.
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Figure S3. Increasing serum concentration induces yH2AX in human keratinocytes and results in loss of proliferative potential. (a) FC analyses of
primary keratinocytes cultured in increasing serum concentrations as indicated, from top to bottom for DNA content by PI, yH2AX (DNA damage), yH2AX
versus light side scatter (SCC), SCC versus forward scatter (FSC). Red gate is for yH2AX-positive cells according to negative isotype control, or cells displaying
HS typical of squamous differentiation. (b) Clonogenicity assays of keratinocytes cultured in increasing serum concentrations for 9 d. Figure shows repre-
sentative images of triplicate samples. (c) Quantifications of cells in the G2/M phase of the cell cycle, positive for yH2AX, or displaying HS, according to gates in
a. Right last histogram displays number of growing colonies relative to 2% serum in the culture medium. Data are mean + SEM of triplicate samples. Datasets
were compared by an unpaired t test (two-sided). *, P < 0.05; **, P < 0.01. This figure complements Fig. 1.
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Figure S4. Gain or loss of ATR activity affects terminal keratinocyte differentiation. (a and b) Expression of estrogen receptor (ER, red, a) or p-Res (red,
b) in keratinocytes infected with control vector pMXPIE (CT) or with the TopB1PER construct, 48 h in the absence or presence of OHT. (c) yH2AX expression in
keratinocytes as in a, by FC (+, positive keratinocytes according to negative isotype antibody control). (d) Phase contrast images of cells in a after 4 d in the
presence of OHT, as indicated. (e) Phase contrast images of keratinocytes 4 d after infection with specific shATR or with the corresponding control vector
plKO.1 (CT). (f) Light scatter parameters of keratinocytes 4 d after infection with shATR or with CT. Red box gates cells with HS typical of terminal differ-
entiation. Scale bar, 50 um. This figure complements Fig. 3 and Fig. 4. FSC, forward scatter; SSC, side scatter.
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Figure S5. Inhibition of ATM or DNA-PK individually neither induces yH2AX nor affects terminal differentiation in human keratinocytes. Expression
of yH2AX (left) or Inv (right) in keratinocytes treated with (a) ATMi or (b) DNA-PKi for 3 or 5 d (yH2AX or Inv, respectively), as measured by FC (+, positive
keratinocytes according to negative isotype antibody control: red broken line). DMSO vehicle was used as control (CT). Bar histograms represent the cor-
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samples. ns: no statistically significant differences. This figure complements Fig. 5 and Fig. 6.

Video 1. Model for automatic cleansing of stratified squamous epithelia. Basal proliferative cells harboring an irreparable mutational burden (red nuclei;
damaged nucleus), due to the induction of the mitotic checkpoints by the DDR, block mitosis (G2/M arrest). Basal cells are tightly packed within the tissue.
When cells spend a long time in G2/M for DNA repair, they increase in size, lose adherence, and are pushed by more adherent proliferative neighbor cells about
to divide, giving the typical mushroom appearance previously described (Régnier et al., 1986). Dividing cells do not have to be next to the mitosis-blocked cell to
push a mitotically arrested cell upwards due to transmission of lateral forces. When a basal cell stratifies into the peribasal layer, it pushes other suprabasal
cells above so that on the surface of the skin, a cell is detached (shedding). This automatic cell-autonomous mechanism might suffice in a steady-state
epidermis or even upon UV light-induced DNA damage, to maintain the balance of the tissue.
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