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TO THE EDITOR

Epidermolysis bullosa simplex is a
hereditary skin blistering disorder
characterized by basal intraepidermal
blistering (Has et al., 2020). Patho-
genic variants in several genes may
underlie epidermolysis bullosa sim-
plex. One of them is KLHL24, encod-
ing KLHL24 protein. Dominantly
acting KLHL24 variants reported to be
involved in epidermolysis bullosa
simplex reside in the methionine start
codon and result in loss of 28 N-ter-
minal amino acids of the KLHL24
protein, referred to as KLHL24-AN28
(He et al., 2016; Lee et al., 2017; Lin
et al., 2016). Although subjected to
variability, the skin fragility phenotype
of patients presented at birth with

aplasia cutis congenita and mainly
acral and pretibial skin fragility with
subsequent scarring that persisted
throughout early childhood and got
alleviated into adolescence
(Alkhalifah et al., 2018; He et al.,
2016; Lee et al.,, 2017; Lin et al,
2016; Yenamandra et al., 2018). In
the skin, ubiquitin ligase KLHL24 was
shown to mediate proteasomal degra-
dation of the basal epidermal
expressed intermediate filament pro-
tein, keratin (K) 14. The more stable
KLHL24-AN28 mutant causes exces-
sive ubiquitination of K14 and subse-
quently  basal keratinocyte  (KC)
fragility (He et al., 2016; Lin et al.,
2016). Electron microscopy consis-
tently showed a  paucity of

Abbreviations: hiPSC, human induced pluripotent stem cell; K, keratin; KC, keratinocyte
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intermediate filaments in basal KCs of
patients skin (He et al., 2016; Lee
et al., 2017; Lin et al., 2016;
Yenamandra et al., 2018), and K14
appeared fragmented in cultured KCs
(He et al., 2016; Lin et al., 2016).
Nonetheless, K14 fragmentation did
not consistently correlate with more
pronounced degrees of K14 degrada-
tion (Buichau et al., 2018) because K14
protein was unaffected (Lee et al.,
2017; Yenamandra et al., 2018) or
even increased (He et al., 2016) in
patients. In this study, we questioned
whether K14 degradation could be
more profound in fetal-stage patient
KCs, given the spontaneous age-
related alleviation of disease severity.
Previously, human induced pluripo-
tent stem cell (hiPSC)-derived KC
models have been successful in reca-
pitulating the in vivo signature of skin
disease (Ali et al., 2020; Kidwai et al.,
2013). hiPSC-derived lineages exhibit
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Figure 1. Comparison of primary versus hiPSC-derived KCs with a gain-of-function variant in KLHL24. (a) Inmunofluorescence staining of K14 and K5 on

cryosections of ex vivo skin. Bar =200 pm. (b) The left panel depicts western blot analysis of K14, K5, and several desmosomal proteins (PP, DC, DG, and PG) in
primary KCs from patients and nonfamilial controls. In the middle and the right panel, western blot analysis of patient 11:3-hiPSC-derived KCs, with (shKLHL24)
and without (shNT) RNAi of KLHL24, is depicted, where both undifferentiated and more differentiated KCs are derived from the same hiPSC differentiation, in
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the properties of fetal-stage cells, in-
dependent of the age of the somatic
cell donor (Studer et al.,, 2015).
Furthermore, previous studies showed
that RNA interference of KLHL24 in
KCs caused increased K14 protein
levels (He et al., 2016; Lin et al.,
2016).  Therefore, by applying
KLHL24 RNA interference, we could
evaluate whether K14 degradation is
higher in fetal-like hiPSC-KCs than in
matured primary KCs of the same
individual.

Our previously reported patients (11:3
and 1l1:2), carrying the heterozygous
KLHL24:c.1A>G variant, had typical
aplasia cutis congenita and skin
fragility that improved during child-
hood, although dilated cardiomyopathy
was diagnosed in early adulthood
(Vermeer et al., 2021; Yenamandra
et al., 2018). We investigated all bio-
psied skin samples using multiple anti-
bodies directed against K5 and K14,
which showed no marked reduction in
immunofluorescence signal compared
with control, albeit a slightly different
distribution more at the base of basal
KCs (Figure Ta and Supplementary
Figure S1).

Patient-derived hiPSC with and
without stable interference of KLHL24
mRNA, previously used for engineered
heart tissues to study desmin degrada-
tion (Vermeer et al., 2021), was used for
KC differentiation. For both hiPSC-
derived and primary KC cultures, un-
differentiated KCs were maintained in
CnT-PR low calcium ion conditions
(CELLNTEC, Bern, Switzerland),
whereas epidermal differentiation was
induced using CnT-PR-D high calcium
ion medium. Undifferentiated primary
KCs of patients indeed showed no
reduction in K5/K14 or desmosomal
protein levels on quantitative western
blot ~ compared  with  controls
(Figure 1b). In addition, vimentin
expression in primary skin fibroblasts,

P
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previously affected in some other pa-
tients (He et al., 2016), was not affected
and was similar to  controls
(Supplementary Figure S2). In contrast,
the analysis indicated that K5/K14
levels were low in undifferentiated pa-
tient hiPSC-derived KCs, whereas un-
differentiated hiPSC-derived KCs with
RNA interference of KLHL24 had
several fold higher levels of K5 (3-fold;
P < 0.05), K14 (4-fold; P < 0.01), and
several desmosomal proteins (Figure 1b
and ¢ and methods described in
Supplementary Figure S3). By contrast,
K14 and desmosomal protein levels
were steadily present after epidermal
differentiation and were no longer
affected by KLHL24 knockdown in
more differentiated patient hiPSC-
derived KCs (Figure 1b).

To unravel differences in maturity
and aging between the two culture
types, we robustly investigated RNA
expression and protein levels from
multiple control and patient de-
rivatives. All primary KC cultures had
much higher levels of K5/K14 protein
than  hiPSC-derived KC  cultures
(Figure 1d), whereas K19, a marker of
fetal but not adult KCs, was near absent
in primary cultures, yet high in hiPSC-
derived cultures (Tan et al., 2014). The
replicate capacity (CDKNTA: p21°P?)
(Dabelsteen et al., 2009) of both cul-
tures seemed similar; however, the
lifespan of hiPSC-derived cultures was
expected to be higher because the
expression of CDKNIB (p16™¢*)
(Dabelsteen et al., 2009) was up to 10-
fold lower (P < 0.05) (Figure Te).
Moreover, some keratin and desmo-
somal genes were differentially
expressed between the two culture
types (Supplementary Figure S4), which
all suggests a difference in the aging
and maturity status of both culture
types. Although KLHL24 protein levels
were too low to be detected
(Supplementary ~ Figure S5),  the

abundance of KLHL24 mRNA to K14
protein was higher in hiPSC-derived
than in primary KCs. Nonetheless,
because this ratio did not differ be-
tween undifferentiated and more
differentiated ~ hiPSC-derived ~ KCs
(Figure 1f), the correlation of KLHL24 to
K14 is not always direct. In line with
our hypothesis, ubiquitinated K14
levels were highest in patient shNT-
hiPSC-derived KCs than in all other
culture  groups (Figure 1g and
Supplementary Figure S6).

The in vivo turnover of keratins is a
highly dynamic process and is critical
during development and epidermal
differentiation (He et al., 2016). K14
protein levels are high in basal undif-
ferentiated layers and gradually go
down toward more differentiated
epidermal layers (Lin et al., 2016),
whereas KRT14 mRNA expression is
only downregulated after terminal dif-
ferentiation (Kopan and Fuchs, 1989).
The KLHL24 ubiquitin ligase is part of
the ubiquitin proteasomal system that
targets K14 for proteasomal degrada-
tion. Lin et al. (2016) found the
expression pattern of KLHL24 mRNA in
the skin to be opposite to the expression
pattern of K14 protein. This anti-
correlation  was  substantiated in
cultured mouse KCs, where expression
of KLHL24 was higher in undifferenti-
ated than in more differentiated KCs
(Lin et al., 2016). However, we could
not observe this, and our data suggest
that the correlation between KLHL24
and K14 is not direct and perhaps
influenced by KLHL24 (in)activity or
post-translational modifications of K14
that may or may not allow targeting.
Indeed, many studies with mutant
KLHL24-AN28 cells of patients have
not shown reduced K14 levels
(Alkhalifah et al., 2018; He et al., 2016;
Lee et al.,, 2017; Yenamandra et al.,
2018). Contrary to their mature primary
counterparts, patient  hiPSC-derived

‘sequence from left to right. **P < 0.01 (Mann—Whitney U test, 4-fold increase in K14 in shKLHL24 vs. shNT-KCs in low Ca"), *P < 0.05 (3-fold increase in K5
and PP3; 2-fold increase in DG2 in shKLHL24 vs. shNT-KCs in low Ca®"), and *P < 0.05 (1.5-fold increase in K5 in shKLHL24 vs. shNT-KCs in high Ca®™). (¢
Immunofluorescence staining of K5 in Ctrl and patient hiPSC-derived KCs cultured in low Ca®*. Bar = 20 pm. (d) Western blot analysis, corrected for equal cell
counts by trypsinization, comparing primary with hiPSC-derived KCs directly (IVL, LOR, and K19) (e) Comparison of RNA expression specific for replication
(p21) and lifespan (p16) in all culture groups. *P < 0.05 and **P < 0.01 (two-way ANOVA, compared with control primary KCs in low Ca?*). (f) Comparison of
RNA expression of KLHL24, KRT14, and KRT5 in all culture groups. *P < 0.05 (Mann—Whitney U test, KLHL24 expression difference of 50% in shKLHL24 vs.
shNT-KCs). (g) Western blot analysis of ubiquitinated K14 levels (>55 kDa) in undifferentiated primary versus hiPSC-derived KCs, with and without incubation
with 10 UM Bz for 6 h. Functional K14 levels (55 kDa) in this blot are bleached/white due to high loading and longer exposure time. Bz, bortezomib; Ca*,
calcium ion; Ctrl, control; DC, desmocollin; DG, desmoglein; FC, fold change; h, hour; hiPSC, human induced pluripotent stem cell; IVL, involucrin; K, keratin;
KC, keratinocyte; LOR, loricrin; NT, not targeted; PG, plakoglobin; PP, plakophilin; Pt, patient; RNAi, RNA interference; sh, short hairpin; y, year.
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KCs did show low levels of K14, sug-
gestive of a higher degree of
KLHL24-mediated degradation in these
fetal-stage cells. Nonetheless, KLHL24
knockdown only increased K14 protein
levels in undifferentiated patient hiPSC-
derived KCs but not in more differenti-
ated KCs. These observations are in line
with subsequent basal KC fragility in
patients. In fact, keratins, other than K5/
K14, become more important further up
in the epidermis. Strikingly, the age-
related decrease in phenotype severity
is also often observed in patients with
epidermolysis  bullosa simplex with
pathogenic KRT5 and KRT14 variants
(Coulombe et al., 2009). In addition, K5
and K14 mutant KCs also show lower
desmosomal protein levels (Liovic
et al.,, 2009) because proper expres-
sion of K5/K14 is needed for stable
desmosomal interactions (Kroger et al.,
2013). Intriguingly, only in our undif-
ferentiated patient hiPSC-derived KCs,
we saw a similar trend where aberrant
desmosomal protein levels normalized
alongside K5/K14 after knockdown of
KLHL24.

In conclusion, our findings indicate
that K14 degradation is most pro-
nounced in fetal-stage undifferentiated
KCs of patients with start codon variants
in KLHL24, reflecting the clinical
observation of severe aplasia cutis
congenita and skin fragility at birth that
quickly improves over time.
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Supplementary Figure S1. Immunofluorescence staining of ex vivo skin. Imnmunofluorescence staining of
K14 (clone LL002 and RCK107, Abcam, Cambridge, UK) and K5&8 (clone RCK102, Thermo Fisher
Scientific, Waltham, MA) antigens on cryosections of all gathered patients I1:3 and I1:2 (KLHL24-AN28)
skin biopsies compared with best possible age-matched nonfamilial control individuals (KLHL24). Bar =
200 pm. K, keratin; y, year.
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Supplementary Figure S2. Assessment of skin FBs in culture. Primary FBs, isolated from skin biopsies, were cultured in regular high glucose DMEM medium
with 15% fetal calf serum and 1% P/S. (@) Immunofluorescence staining of vimentin (VIM 13.2, Sigma-Aldrich, St. Louis, MO), nuclear lamins (N-18, Santa Cruz
Biotechnology, Santa Cruz, CA), and actin (phalloidin-rhodamine) on methanol—acetone fixated cultured skin FBs derived from biopsies of patients 1I:3 and I1:2
(KLHL24-AN28) compared with one familial and one nonfamilial control individual (KLHL24). Bar = 50 um. (b) Western blots showing protein levels of
vimentin, lamin A and C, and vinculin in cultured skin FBs. Passage numbers are located below the blots. Ctrl, control; FB, fibroblast; P/S, penicillin/
streptomycin.
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hiPSC-derived KCs

a 0.2 mM calcium b 1.2 mM calcium

K5 (79055)

d hiPSC-derived KCs (0.2 mM calcium)
KLHL24 KLHL24-AN28

K5 (19055)

Supplementary Figure S3. Characterization of hiPSC-derived KCs. hiPSC differentiation to KCs was performed as previously described (Kidwai et al., 2013a,
2013b) with minor modifications. hiPSCs were plated on Geltrex-coated 6-well plates in E8 medium (Gibco, Thermo Fisher Scientific, Waltham, MA) using Y-
27632 (Bio-Techne Corporation, Minneapolis, MN) at day —2. At day 0, hiPSCs were incubated with DMEM—HAM'’s F12 (3:1), 50 ug/ml ascorbic acid (Sigma-
Aldrich, St. Louis, MO), 2% knockout serum replacement (Gibco, Thermo Fisher Scientific, Waltham, MA), 5 pg/ml bovine insulin solution (Sigma-Aldrich, St.
Louis, MO) , 10 ng/ml hEGF (Sigma-Aldrich, St. Louis, MO), and 0.5 puM retinoic acid (Sigma-Aldrich, St. Louis, MO) until day 20 (note: high calcium medium).
On days 9, 10, and 11, 25 ng/ml activin A (PeproTech, Thermo Fisher Scientific, Waltham, MA) was added to the medium. On day 20, cells were dissociated
and plated on collagen-I (Corning Inc., New York, NY) and Geltrex-coated 6-well plates in CnT-PR low Ca®* medium (CELLnTEC, Bern, Switzerland). Only
properly differentiated KCs attached and were able to sustain the selective CnT-PR medium. With each differentiation, all cells were kept in a low Ca?* medium
for 4 days to proliferate until confluency. Hereinafter, half of the cells were kept as undifferentiated KCs, maintained in low Ca®* conditions for another 6 days,
whereas epidermal differentiation was induced in the other half of cells, using CnT-PR-D high Ca®* medium for 6 days, to represent more differentiated KCs.
Cells were isolated 30 days after the onset of hiPSC to KC differentiation. Primary KCs were cultured in the same media formulations from CELLnTEC as
previously described (Giurdanella et al., 2018). Primary and hiPSC-derived KC cultures were free of antibiotics and regularly checked for mycoplasma
contaminations. The medical ethical committee of the University of Groningen (METc 2017/391; Groningen, The Netherlands) approved the participation of
human subjects and all gave their written informed consent, also described in our previous publications (Vermeer et al., 2021; Yenamandra et al., 2018).
Antibodies used for western blot and/or staining are K14 (LL002, Abcam, Cambridge, UK), K5 (19055, BioLegend, San Diego, CA), DG2 (10G11, Thermo Fisher
Scientific, Waltham, MA), DG3 (G194, PROGEN, Heidelberg, Germany), DC3 (U114, PROGEN, Heidelberg, Germany), DP (5A3), DG1 (EPR6766, Abcam,
Cambridge, UK), PP1 (PP1-5C2, PROGEN, Heidelberg, Germany), PP3 (270.6.2, PROGEN, Heidelberg, Germany), PG (15F11, Sigma-Aldrich, St. Louis, MO),
K19 (SAB2101302, Sigma-Aldrich, St. Louis, MO), IVL (Sy5, Abcam, Cambridge, UK), LOR (Poly19051, BioLegend, San Diego, CA), and loading control
GAPDH (10R-G109A, Fitzgerald Industried International, Acton, MA) or vinculin (SPM227, Abcam, Cambridge, UK). (a) Contrast images showing the
morphology of hiPSC-derived KCs in low (0.2 mM) and high (1.2 mM) calcium medium. Bar = 50 um. (b) Images showing immunofluorescence K5 positive
staining of 2% formalin fixated hiPSC-derived KCs in low (0.2 mM) and high (1.2 mM) calcium medium. Bar = 50 pm. (c) Immunofluorescence staining of
hiPSC-derived KCs for desmosomal proteins after culture using high (1.2 mM) calcium medium. Bar = 50 pm. (d) K5 staining in hiPSC-derived KCs of control
(KLHL24) and patient (KLHL24-AN28) in low (0.2 mM) calcium. Bar = 20 pm. A zoom-in of these images is provided in Figure 1c. Ca®™, calcium ion; DC,
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Supplementary Figure S4. Gene expression comparison of primary and hiPSC-derived KCs. Comparison of RNA expression (ddCt-values) measured in Ctrls and
Pts primary KCs (passage 3—6) and Ctrls, Pt shNT, and shKLHL24-hiPSC-derived KCs cultured in 0.2 mM and 1.2 mM calcium (isolated 30 days after onset of
hiPSC differentiation) using violin-plots. All groups are relative to the baseline levels of primary KCs of Ctrls cultured in 0.2 mM calcium. The negative ddCt-
values represent upregulated expression levels and positive values represent downregulated expression levels. On the right side of each graph, mean + SD of Ct-
values are depicted as averages of primary KCs versus hiPSC-derived KCs. Housekeeping Ct-values for 3684 in primary KCs are on average 19.1 £ 0.6 and in
hiPSC-derived KCs 19.4 + 0.8. Ctrl-primary-KCs (n = 5/7 samples, 4 donors), Pt-primary-KCs (n = 6/5 samples, 2 donors), Ctrl-hiPSC-derived KCs (n = 5
samples, 3 donors), Pt-shNT-hiPSC-derived KCs (n = 9 samples, 1 donor, 2 hiPSC lines), Pt-shKLHL24-hiPSC-derived KCs (n = 9 samples, 1 donor, 2 hiPSC
lines). Ctrl, control; hiPSC, human induced pluripotent stem cell; KC, keratinocyte; NT, not targeted; Pt, patient; sh, short hairpin.

P

|
desmocollin; DG, desmoglein; DP, desmoplakin; hEGF, human epidermal growth factor; hiPSC, human induced pluripotent stem cell; IVL, involucrin; K,
keratin; KC, keratinocyte; LOR, loricrin; PG, plakoglobin; PP plakophilin.
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Supplementary Figure S5. Assessment of endogenous levels of KLHL24. (a) Visualizing immunofluorescence staining of KLHL24 (clone ab104089, Abcam,
Cambridge, UK) on cryosections of all gathered patients 11:3 and 11:2 (KLHL24-AN28) skin biopsies compared with best possible age-matched nonfamilial
control individuals (KLHL24). Bar = 200 pm. (b) Visualizing immunofluorescence staining of KLHL24 (clone ab104089) on methanol—acetone fixated cultured
skin FBs derived from biopsies of patients 1I:3 and 11:2 compared with one familial and one nonfamilial control individual. Bar = 50 pm. (c) Western blot
showing KLHL24 protein levels in cultured skin FBs. Passage numbers are located below the blots. (d) Western blot showing KLHL24 protein levels in cultured
skin KCs from multiple control individuals. (e) Western blot showing KLHL24 protein levels in patient hiPSC-derived KCs with and without RNAi of KLHL24.
Short till long exposure times and low and higher antibody titers were used with the aim to observe KLHL24 protein levels, which remained unsuccessful. FB,
fibroblast; hiPSC, human induced pluripotent stem cell; KC, keratinocyte; NT, not targeted; RNAi, RNA interference; sh, short hairpin; y, year.
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Supplementary Figure S6. Response to Bz treatment in primary and hiPSC-derived KCs. Western blot
depicting broad spectrum ubiquitin antibody (FK2, Sigma-Aldrich, St. Louis, MO) detection in primary
KCs and hiPSC-derived KCs, treated without and with 10 uM of Bz (Sigma-Aldrich, St. Louis, MO) for 6 h.
One can observe a clear decrease in unbound-ubiquitin levels, whereas bound-ubiquitin levels increased
(high kDa smear), within all the groups. Ctrl, control; h, hour; hiPSC, human induced pluripotent stem

cell; Bz, bortezomib; h, hour; KC, keratinocyte; NC, negative control (derived from skin fibroblasts); NT,
not targeted.
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