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ENKD1 promotes epidermal stratification by requlating spindle
orientation in basal keratinocytes
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Stratification of the epidermis is essential for the barrier function of the skin. However, the molecular mechanisms governing
epidermal stratification are not fully understood. Herein, we demonstrate that enkurin domain-containing protein 1 (ENKD1)
contributes to epidermal stratification by modulating the cell-division orientation of basal keratinocytes. The epidermis of Enkd1
knockout mice is thinner than that of wild-type mice due to reduced generation of suprabasal cells from basal keratinocytes
through asymmetric division. Depletion of ENKD1 impairs proper orientation of the mitotic spindle and delays mitotic progression
in cultured cells. Mechanistic investigation further reveals that ENKD1 is a novel microtubule-binding protein that promotes the
stability of astral microtubules. Introduction of the microtubule-binding domain of ENKD1 can largely rescue the spindle orientation
defects in ENKD1-depleted cells. These findings establish ENKD1 as a critical regulator of astral microtubule stability and spindle
orientation that stimulates epidermal stratification in mammalian cells.
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INTRODUCTION

The stratified regenerative epithelium forming the epidermis
functions as the first barrier to prevent the body from pathogens
and water loss [1]. Epidermal dysfunction is implicated in various
skin diseases including xerosis, ichthyosis, atopic dermatitis, and
psoriasis [2-5]. The stratified epidermis is formed of several cell
layers, where keratinocytes in the basal layer exit from the cell cycle,
differentiate, and move upward to form more superficial strata
during epidermal development [6, 7]. In addition, during skin
wound healing, basal keratinocytes are activated and initiate
proliferation, differentiation and migration for epidermal remodel-
ing and proper epidermal stratification and homeostasis. The
balance between proliferation and differentiation of basal kerati-
nocytes is known to play an essential role in epidermal stratification,
thus maintaining the barrier function of the epidermis.

There is mounting evidence that proper spindle orientation of
basal keratinocytes is critical for the stratification of the epidermis
[8-11]. In mice, basal keratinocytes divide symmetrically to
generate stem-like proliferative epidermal cells at embryonic day
8.5 (E8.5), and the spindle orientation shifts from parallel to
perpendicular to the basement membrane at around E13.5,
contributing to asymmetric division and the generation of
terminally differentiated suprabasal cells [12]. Despite clear
knowledge about the timeline of epidermal stratification, the
underlying molecular mechanisms of epidermal stratification and
homeostasis remain not fully understood.

Precise spatiotemporal regulation of astral microtubules is
essential for asymmetric cell division, and many microtubule-

binding proteins are involved in this process [13-15]. For example,
crotonylation of end-binding protein 1 (EB1), a microtubule plus-
end tracking protein, promotes the dynamic interaction between
astral microtubules and the leucine-glycine-asparagine (LGN)-
nuclear mitotic apparatus (NuMA) complex at the cell cortex,
thereby accurately controlling spindle orientation [16]. A systema-
tic analysis of the subcellular distribution of human proteins
identified enkurin domain-containing protein 1 (ENKD1, previously
known as C160rf48) as a potential microtubule-binding protein
[17]. However, the precise structure and function of this protein
remain unknown. In this study, we present the first evidence that
ENKD1 controls epidermal stratification through its actions on
astral microtubules and spindle orientation in basal keratinocytes.

RESULTS

ENKD1 is critical for asymmetric division of basal
keratinocytes during epidermal development

In an effort to uncover novel regulators of epidermal stratification,
we identified ENKD1 as a protein significantly changed during
mouse embryonic epidermal development. To investigate the
involvement of ENKD1 in epidermal development, we generated
Enkd1 knockout mice with the Enkd1 deletion under the control of
the Ubc-ERT2 promoter, which is expressed in a wide variety of
tissues (Fig. S1). Tamoxifen-induced excision of Enkdl was
confirmed (Fig. 1A). To assess the function of the skin barrier,
toluidine blue was applied from the outside to investigate if the
dye can penetrate into the epidermis [18]. Strikingly, whole-body
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Fig. 1 ENKD1 is essential for epidermal development. A Immunoblot analysis of ENKD1 in mouse skin after tamoxifen treatment. B

Representative images of newborn mice stained with toluidine blue. C Hematoxylin and eosin staining of the epidermis of newborn mice.
Dashed lines represent the dividing line between dermis and epidermis. Scale bar, 40 pm. D Quantification of the thickness of dorsal
epidermis. E Schematic showing the epidermal layers and their markers. F Immunoblot analysis of the indicated markers in the epidermis. G
Representative images of the epidermis from newborn mice stained with the indicated markers. Scale bar, 30 pm. H Quantification of the
thickness of keratin 10 (K10)- and loricrin-positive layers. | Representative images of the epidermis from E11.5 and E13.5 mice stained with
anti-keratin 5 (K5) and anti-phospho-histone H3 (pHH3) antibodies and DAPI. Scale bar, 10 pm. J Quantification of the spindle angle of basal

keratinocytes as in I. **P < 0.01; ***P < 0.001.

penetration of toluidine blue was observed in newborn hetero-
zygous (Enkd1™*Cre) and homozygous (Enkd1""Cre) mice while
the skin of wild-type (WT) mice was nearly impermeable to the
dye (Fig. 1B), suggesting that the barrier function of epidermis is
severely impaired by ENKD1 depletion. Moreover, hematoxylin
and eosin (HE) staining revealed a thinner epidermis of Enkd1
knockout mice compared with that of WT mice (Fig. 1C, D), which
is consistent with the severe barrier defect of epidermis in Enkd1
knockout mice.

The epidermis is composed of the stratum corneum, granular,
spinous, and basal layers (Fig. 1E). We next examined which layers
were affected by ENKD1 depletion. Inmunoblotting revealed that

SPRINGER NATURE

ENKD1 depletion decreased the levels of keratin 10 (a spinous cell
marker) and loricrin (a granular cell marker) without affecting
keratin 5 and keratin 14 (basal cell markers) (Fig. 1F), suggesting a
decrease in granular and spinous layers. We investigated this
possibility by immunostaining the epidermis from newborn mice.
We observed a significant reduction in the thickness of granular
and spinous layers in both Enkd1™*Cre and Enkd1™"Cre mice
(Fig. 1G, H).

Since the granular and spinous layers consist of post-mitotic
suprabasal keratinocytes derived from basal keratinocytes through
asymmetric division [19], it is possible that the decrease in
granular and spinous layers is due to a defect in asymmetric

Cell Death & Differentiation (2022) 29:1719-1729
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Fig.2 ENKD1 depletion delays mitotic progression and causes cell-division misorientation. A Immunoblot analysis of the level of ENKD1 in
different cell cycle stages. B Immunoblot analysis of the knockdown efficacy of ENKD1 siRNAs in HeLa-H2B cells. C Time-lapse images showing
delayed mitotic progression and uneven timing of daughter cell adhesion to the substratum in siENKD1-treated HelLa-H2B cells compared
with control. Dashed lines indicate daughter cells that are not in the same focal plane. Scale bar, 20 um. Quantification of the duration of
mitotic phases (D) and misoriented cell division (E) in cells treated as in C. ns not significant; *P < 0.05; ***P < 0.001.

division of basal keratinocytes. To test this possibility, we
examined the cell-division orientation of basal keratinocytes. In
WT mice, the basal keratinocytes divided symmetrically with an
orientation parallel to the basement membrane at E11.5, and the
cell-division orientation changed to perpendicular at E13.5 (Fig. 11,
J). In contrast, in Enkd ™Cre mice, at E11.5 and E13.5, the majority
of basal keratinocytes divided at an angle between 15° and 75°,
indicative of misoriented division of basal keratinocytes (Fig. 11, J).
These data suggest that ENKD1 plays a vital role in facilitating
oriented division of basal keratinocytes.

Loss of ENKD1 leads to misoriented cell division and inhibits
cell proliferation

To analyze the role of ENKD1 in mitotic progression, we first
examined its level in different cell cycle stages. We found that
ENKD1 was highly expressed in S, G2, and M phases (Fig. 2A),
indicating a potential role for this protein in mitotic progression.
We then knocked down ENKD1 (Fig. 2B) and performed time-lapse
imaging to record the mitotic progression of Hela cells stably
expressing GFP-tagged histone 2B (Fig. 2C). ENKD1 deficiency
delayed mitotic progression due to the prolonged metaphase and
anaphase/telophase (Fig. 2C, D). Strikingly, ENKD1 depletion
increased misoriented cell division, in which daughter cells
adhered to the substratum with uneven timing (Fig. 2C, E). Taken
together, these results indicate a critical role for ENKD1 in oriented
cell division.

To further dissect how ENKD1 depletion impairs epidermal
stratification, we investigated the in vivo function of ENKD1 in cell
proliferation and apoptosis. Immunofluorescence staining with
two cell proliferation markers, EdU and phospho-histone H3
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(pHH3), demonstrated that the proliferation rate of basal
keratinocytes and suprabasal cells was significantly reduced in
both Enkd1™*Cre and Enkd1™"7Cre mice (Fig. S2A, B), whereas there
was no obvious difference in the occurrence of apoptosis in basal
keratinocytes and suprabasal cells of these mice (Fig. S2C, D).
Consistently, immunoblotting revealed that ENKD1 deficiency led
to a decrease in the levels of cell proliferation markers such as
Ki67, proliferating cell nuclear antigen (PCNA), and pHH3, but did
not affect the levels of apoptosis markers such as B-cell CLL/
lymphoma 2 (BCL-2), BCL-2 associated X protein (BAX), caspase 3,
and cleaved caspase 3 (CC-3) (Fig. S2E). We then sought to verify
the effects of ENKD1 on cell proliferation and apoptosis using
cultured HaCaT human skin keratinocytes. Consistent with the
in vivo findings, knockdown of ENKD1 suppressed the prolifera-
tion of HaCaT cells (Fig. S3A, B, E), but did not significantly affect
the rate of apoptosis in these cells (Fig. S3C-E).

ENKD1 is essential for spindle orientation in keratinocytes

To explore the cellular mechanisms leading to impaired epidermal
development in Enkd1 knockout mice, we analyzed changes in
spindle orientation in HaCaT keratinocytes. The knockdown
efficacy of ENKD1 siRNAs in these cells was confirmed by
immunoblotting (Fig. 3A). To confirm the role of ENKD1 in spindle
orientation, we measured the angle between the spindle axis and
the substratum (Fig. 3B). Time-lapse microscopy revealed that the
spindle orientation in ENKD1-depleted cells was dramatically
altered compared to the control group (Fig. 3C, D). Although the
spindle length was not affected (Fig. 3E, F), the average spindle
angle was significantly increased (Fig. 3E, G) and the spindle angle
distribution was wider in ENKD1-depleted cells (Fig. 3E, H),
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Fig. 3 Loss of ENKD1 leads to spindle orientation defects. A Immunoblots showing the efficacy of ENKD1 siRNAs in HaCaT keratinocytes. B
Schematic depicting the measurement of the spindle angle (a). C Time-lapse images of mitotic cells transfected with GFP-a-tubulin and
control or ENKD1 siRNAs. Scale bar, 15 um. D Quantification of changes in spindle orientation in cells treated as in C. Representative
immunofluorescence images (E), spindle length (F), spindle angle (G), and spindle angle distribution (H) of metaphase HaCaT cells transfected
with control or ENKD1 siRNAs and stained with anti-a-tubulin (red) and anti-y-tubulin (green) antibodies and DAPI (blue). The position of the z
stage is indicated in micrometers; 3D, x-y projection. Scale bar, 10 pm. Representative immunofluorescence images (I) and spindle angle
distribution (J) of metaphase HaCaT cells transfected with ENKD1 siRNA and dsRed or ENKD1-dsRed followed by staining with anti-a-tubulin
(green) and anti-y-tubulin (yellow) antibodies and DAPI (blue). Scale bar, 10 pm. ns not significant; ***P < 0.001.

indicative of spindle misorientation. To confirm the specific role
for ENKD1 in spindle orientation, we overexpressed ENKD1-dsRed
in ENKD1-depleted cells and found that reintroduction of ENKD1
rescued siENKD1-induced spindle misorientation (Fig. 3l, J). These
data indicate that ENKD1 is essential for spindle orientation in
keratinocytes.

SPRINGER NATURE

ENKD1 promotes the stability of astral microtubules in mitotic
cells

Numerous studies have demonstrated that the interaction
between astral microtubules and the cell cortex dictates spindle
orientation [15, 20, 21]. Thus, we examined the effect of ENKD1
on astral microtubule stability. Immunostaining of mitotic cells

Cell Death & Differentiation (2022) 29:1719-1729
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Fig. 4 ENKD1 enhances the stability of astral microtubules in mitotic cells. A Immunofluorescence images of metaphase HaCaT cells

stained with anti-a-tubulin antibodies. Scale bars, 10 pum (upper pan

el) and 5 pm (lower panel). B Schematic for the measurement of relative

astral microtubule intensity. C Quantification of relative astral microtubule intensity in cells treated as in A. D Immunofluorescence images of
metaphase HaCaT cells treated with control or paclitaxel and stained with anti-a-tubulin antibodies. Scale bar, 10 pm. E Quantification of
relative astral microtubule intensity in cells treated as in D. F Immunofluorescence images of metaphase HaCaT cells transfected with control
or ENKD1 siRNAs and stained with anti-EB1 antibodies and DAPI. Dashed white lines outline cell boundaries. Scale bars, 4 pm. G Quantification
of the distance between EB1 comets and spindle poles in cells treated as in F. H Immunofluorescence images of metaphase HaCaT cells
treated on ice for 30 min to induce astral microtubule disassembly and then incubated at 37 °C to allow astral microtubule regrowth, followed
by staining with anti-a-tubulin antibodies. Scale bars, 8 pm. I Quantification of astral microtubule intensity in cells treated as in H. ns not

significant; ***P < 0.001.

revealed that ENKD1 depletion reduced astral microtubules by
approximately 20% compared with control (Fig. 4A-C). Impor-
tantly, the impaired astral microtubules caused by ENKD1
depletion could be rescued by the microtubule stabilizing agent
paclitaxel (Fig. 4D, E). The microtubule plus-end tracking
protein EB1 plays a critical role in controlling astral microtubule
stability during mitosis [22, 23]. We found that ENKD1 depletion
markedly reduced the distance between EB1 comets and the
spindle pole, indicative of shortened astral microtubule length
(Fig. 4F, G). Furthermore, we disassembled astral microtubules on
ice and then analyzed the role of ENKD1 in astral microtubule
regrowth. We found that ENKD1 depletion attenuated the
regrowth of astral microtubules (Fig. 4H, I). These findings suggest
a critical role for ENKD1 in regulating astral microtubule stability
during mitosis.

Cell Death & Differentiation (2022) 29:1719-1729

ENKD1 is crucial for microtubule stability in interphase cells

To gain further insights into the role of ENKD1, we examined its
effect on interphase microtubules. Immunofluorescence analysis
revealed that ENKD1 deficiency exacerbated ice-induced micro-
tubule depolymerization (Fig. 5A, B). After complete microtubule
depolymerization, we incubated cells at 37 °C to induce micro-
tubule regrowth. Consistently, ENKD1 deficiency attenuated
microtubule regrowth (Fig. 5C, D). To substantiate the role of
ENKD1 in microtubule stability, we overexpressed ENKD1 in
HaCaT cells and found that its overexpression induced micro-
tubule bundles resistant to ice-induced microtubule depolymer-
ization (Fig. 5E, F). As acetylated microtubules represent stable
microtubules, we thus examined whether ENKD1 affects micro-
tubule acetylation. Both immunoblotting and immunofluores-
cence microscopy confirmed that ENKD1 knockdown decreased
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Fig. 5 ENKD1 promotes the stability of interphase microtubules. A Immunofluorescence images of HaCaT cells transfected with control or
ENKD1 siRNAs and incubated on ice for the indicated time, followed by staining with anti-a-tubulin antibodies and DAPI. Scale bar, 10 pm. B
Quantification of microtubule intensity in cells treated as in A. C Immunostaining with anti-a-tubulin antibodies and DAPI in HaCaT cells
transfected with control or ENKD1 siRNAs, followed by incubating on ice for 45 min to induce complete microtubule disassembly and
incubation at 37 °C for the indicated time. Scale bar, 10 pm. D Quantification of microtubule intensity in cells treated as in C. E Immunostaining
with anti-a-tubulin antibodies and DAPI in HaCaT cells transfected with GFP or GFP-ENKD1, followed by incubation on ice for the indicated
time. Scale bar, 10 um. F Quantification of microtubule intensity in cells treated as in E. G Immunoblots showing levels of ENKD1, acetylated o-
tubulin, a-tubulin, and p-actin in HaCaT cells transfected with control or ENKD1 siRNAs. H Immunostaining with anti-acetylated a-tubulin
antibodies and DAPI in HaCaT cells transfected with control or ENKD1 siRNAs. Scale bar, 10 pm. | Immunostaining with anti-acetylated o-
tubulin antibodies and DAPI in HaCaT cells transfected with GFP or GFP-ENKD1. Scale bar, 10 pm. J Immunoblotting with anti-acetylated o-
tubulin, a-tubulin, GFP, and p-actin antibodies in HaCaT cells transfected with GFP or GFP-ENKD1. ns not significant; ***P < 0.001.

microtubule acetylation (Fig. 5G, H) and, conversely, ENKD1 (Fig. 6A) and mitotic spindle microtubules (Fig. 6B). To examine

overexpression promoted microtubule acetylation (Fig. 5I, J). whether ENKD1 is a novel microtubule-binding protein, we
Collectively, these data indicate that ENKD1 play a crucial role in performed immunoprecipitation experiments. We found that both
regulating microtubule stability. GFP-tagged and GST-tagged ENKD1 interacted with a-tubulin

(Fig. 6C, D). Furthermore, microtubule co-sedimentation assays
ENKD1 is a novel microtubule-binding protein that interacts showed that exogenously expressed GFP-ENKD1 was present in
with microtubules via the 91-171 amino acid region microtubule pellets in the presence of paclitaxel and GTP (P/G),

We next investigated whether ENKD1 regulates microtubule whereas GFP was present in supernatants (Fig. 6E). Consistently,
stability directly. Immunofluorescence analysis demonstrated endogenous ENKD1 was pelleted along with microtubules (Fig. 6F),
that GFP-ENKD1 co-localized with both interphase microtubules indicating an interaction between ENKD1 and microtubules.

SPRINGER NATURE Cell Death & Differentiation (2022) 29:1719-1729
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by microtubules in the presence of paclitaxel and GTP.

To identify the domains of ENKD1 that mediate its interaction
with microtubules, we constructed a series of GFP-tagged ENKD1
truncations (Fig. 7A). Immunofluorescence microscopy revealed
that the 91-250 amino acid (aa) region was required for the co-
localization of ENKD1 with microtubules (Fig. 7B). Immunopreci-
pitation further confirmed the requirement of this region for the
binding of ENKD1 to microtubules (Fig. 7C). To establish the
minimal region in ENKD1 responsible for its binding to
microtubules, we split the 91-250 aa region into three fragments:
91-171 aa, 172-210 aa, and 211-250 aa (Fig. 7D), and found that
the 91-171 aa region was indispensable for ENKD1 binding to
microtubules (Fig. 7E). In addition, we found that deletion of this
region abolished the interaction between ENKD1 and microtu-
bules (Fig. 7F). Importantly, full-length ENKD1 and the 91-171 aa
region, but not A(91-171), rescued the spindle orientation defects
caused by ENKD1 depletion (Fig. 7G-I). Taken together, these data
indicate that ENKD1 is a novel microtubule-binding protein that
regulates spindle orientation via its microtubule-binding activity.

DISCUSSION

The epidermis is the largest tissue of the human body, and it
undergoes constant renewal throughout life [24, 25]. Under-
standing the mechanisms underlying epidermal stratification is
important due to the potential to exploit these mechanisms for
wound repair, skin transplantation, and treatment of various skin
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diseases [26-28]. In this study, we have identified a critical role for
ENKD1 in epidermal development. Although Enkd1 knockout mice
survive and grow normally, their skin is thinner due to the reduced
generation of suprabasal cells, indicating a defect in epidermal
stratification. Given the importance of epidermal stratification in
maintaining skin barrier function, it is therefore tempting to
speculate that Enkd1 knockout mice may suffer from severe
infectious diseases when they are exposed to pathogens. In
addition, ENKD1 is essential for the proliferation of basal
keratinocytes and suprabasal cells. Consistently, ENKD1 is found
to promote the growth of non-small cell lung cancer cells [29],
suggesting that the alteration of ENKD1 expression might be
implicated in cancer development.

The anchorage of astral microtubules by evolutionarily con-
served cortical force generators, such as the NuMA/LGN/Gai
complex, plays a crucial role in spindle orientation [21, 30]. There is
emerging evidence that perturbation of astral microtubules leads
to spindle misorientation [21, 31]. The present study demonstrates
ENKD1 as a novel microtubule-binding protein, with its
microtubule-binding activity critical for the regulation of spindle
orientation in basal keratinocytes, further supporting the impor-
tance of microtubule-binding proteins in spindle orientation. The
cylindromatosis (CYLD) tumor suppressor protein, a microtubule-
binding deubiquitinase, has been shown to modulate spindle
orientation by stabilizing astral microtubules and stimulating
dishevelled-NuMA-dynein/dynactin complex formation, thus

SPRINGER NATURE

1725



T. Zhong et al.

1726

A o c =
MT binding = Q9 =
1 91 250 346 e . 33s%9
1-346 [ I— ] + 38283
19— - gl -
91-250 ——————— + TS
250-346 —— - il el el el R
1-250 + CRRCECRCRCRT)
91-346 [ — + IB: a-tubulin il & W 55
- -72
L =3
o
B GFP-ENKD1 iy —
91-250  250-346  1-250  91-346 - 1B: GFP ®
= A S -
3 - -26
=5
It IB: a-tubulin ~55
o -72
o —
o = - _55
& IB: GFP -
' =
. _26
[O]
F T -PIG +PIG
IS PSP kDa
o| GFP puw W -26
D [T
1 o1 171 210 250 346 MT binding O |a-tubulin smes~ ®®-55
Full Vi + - ' 72
91-171 + dO| GOFF ww =
INCYIE T A) Y ———— - 62z .
A(171-210) C—— s e + W] ertubulin' =< - 55
A(210-250) e — ] * - 72
171-346 = = 4~| GCFP =w =
W .
(_')9/ a-tubulin - - 55
E <
GFP-ENKD1
G

GFP a-tubulin

Merge

dsRed

SIENKD1#2
1-346

A91-171)

H 60- E
> ns >
2 404 o | —_
oy W
% % *kk :g;- dkk
S0l ® o & o
c% O ] o @ _
z 7T 2
0 T T T T >
> © X N
bg@ r\fbb‘ ,\f(\\ ’<\ : 0 4 0
KON 0 75(%) 0 100(%) O 75(%) 0 100(%)
siENKD1#2 SiENKD1#2

anchoring astral microtubules to the cortical force generators [15].
It will be interesting to examine whether ENKD1 acts as a bridge
connecting astral microtubules to the cell cortex.

The present study shows that the 91-171 aa region of ENKD1 is
responsible for its interaction with microtubules; however, this
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region does not contain any conserved microtubule-binding
motifs like the cytoskeleton-associated protein-glycine-rich
domain [32, 33]. Enkurin, a flagellar protein initially identified as
a potential regulator of transient receptor potential (TRP)
channels, is essential for sperm motility [34, 35]. ENKD1 contains
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Fig. 7 ENKD1 interacts with microtubules via the 91-171 amino acid region. A Schematic showing the microtubule-binding ability of full-
length ENKD1 and truncated mutants. B Representative images of HaCaT cells transfected with GFP or GFP-ENKD1 plasmids and stained with
anti-a-tubulin antibodies. Scale bar, 10 pm. € Immunoprecipitation and immunoblotting showing the interaction between GFP-ENKD1
proteins and a-tubulin. D Schematic showing the microtubule-binding ability of full-length ENKD1 and truncated mutants. E Representative
images of HaCaT cells transfected with the indicated plasmids and stained with anti-a-tubulin antibodies. Scale bar, 10 pm. F Microtubule co-
sedimentation showing that the 91-171 amino acid region of ENKD1 interacted with microtubules. Representative images (G), average
spindle angle (H), and the distribution of the spindle angle (I) of ENKD1-depleted HaCaT cells transfected with dsRed, ENKD1-dsRed or its
truncated mutants, and stained with anti-a-tubulin (green) and anti-y-tubulin (yellow) antibodies and DAPI (blue). The position of the z stage
is indicated in micrometers; 3D, x-y projection. Scale bar, 6 um. ns not significant; ***P < 0.001.

an enkurin domain (250-343 aa); however, our study reveals that
the enkurin domain of ENKD1 does not mediate its interaction
with microtubules. As epidermal keratinocytes broadly express
many TRP channels [36], it might be important to analyze whether
the enkurin domain is involved in the regulation of spindle
orientation in basal keratinocytes and epidermal stratification
through TRP channel interactions. In addition, a recent study using
evolutionary proteomics has identified ENKD1 as a potential ciliary
protein [37]. The amino acid sequences of ENKD1 are highly
conserved across multiple species (Fig. S4). Given the importance
of primary cilia in epidermal development, it will be interesting to
investigate in the future whether a ciliary function of
ENKD1 synergizes with its microtubule-binding activity to regulate
epidermal stratification.

In conclusion, the present study identifies a critical role for
ENKD1 in epidermal stratification by modulating the cell-division
orientation of basal keratinocytes. In addition, we demonstrate
that ENKD1 is a novel microtubule-binding protein and promotes
the stability of astral microtubules, thereby facilitating proper
orientation of the mitotic spindle. These results, together with
previous findings [15], indicate that microtubule-binding proteins
may act as important regulators of epidermal stratification. Further
studies are warranted to study the structural details of how these
proteins regulate microtubule properties and whether their
alterations are associated with epidermal diseases.

MATERIALS AND METHODS

Materials

Antibodies targeting ENKD1 (#ab224560), keratin 5 (#ab52635), keratin 10
(#ab9025), pHH3 (#ab10543), a-tubulin (#ab7291), Ki67 (#ab16667), PCNA
(#ab92552), caspase 3 (#ab13847), CC-3 (#ab214430), and Alexa Fluor-
conjugated secondary antibodies (#ab150081, #ab175694, #ab150117,
#ab175699) were purchased from Abcam (Cambridge, UK). Antibodies
targeting acetylated a-tubulin (#T7451), y-tubulin (#T6557, #73320), GFP
(#G1544), GST (#SAB5300159), BAX (#SAB4502546), BCL-2 (#SAB4500003),
and f-actin (#A5441) were from Sigma-Aldrich (St Louis, MO, USA).
Antibodies targeting keratin 14 (#CY5683, Abways, Shanghai, China),
loricrin (#55439-1-AP, ProteinTech, Rosemont, IL, USA), and EB1 (#610534,
BD Bioscience, San Jose, CA, USA) were purchased from the indicated
sources. Horseradish peroxidase—conjugated secondary antibodies were
from Santa Cruz Biotechnology (#sc2004, #sc2005, Santa Cruz, CA, USA).
4'6-diamidino-2-phenylindole (DAPI), tamoxifen, and paclitaxel were
obtained from Sigma-Aldrich. Mammalian plasmids expressing ENKD1-
dsRed, GFP-ENKD1 and GST-ENKD1 were constructed by inserting the
Enkd1 cDNA into the pDsRed1-N1, pEGFP-C1, and pEBG vectors,
respectively. Mammalian plasmids expressing GFP-ENKD1 truncations
were constructed by PCR with pEGFP-C1-ENKD1 as a template. Human
ENKD1 siRNAs (#1: 5'-GGCCCAAAGUCUUCGUGAA-3'; #2: 5-GUGGACUU-
CAUUCGUCACA-3') were synthesized by RiboBio (Guangzhou, China).

Cell culture

HaCaT, Hela, and HEK-293T cells were obtained from the American Type
Culture Collection. HeLa cells stably expressing GFP-histone 2B (HeLa-H2B)
were obtained as described previously [14, 15]. Cells were cultured in
DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum. Plasmids were transfected into cells with
Lipofectamine 3000 (Thermo Fisher Scientific) and siRNAs were transfected
with Lipofectamine RNAimax (Thermo Fisher Scientific). All cell lines were
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assessed regularly for mycoplasma contamination using a MycoAlert PLUS
Mycoplasma Detection Kit (Lonza, Basel, Switzerland).

Animal experiments

Enkd 1™ mice were generated via the CRISPR/Cas9 system by creating loxP
sites flanking exon 3 of the Enkd1 gene. Enkd1™" mice were crossed with
Ubc-Cre/ERT2 mice (The Jackson Laboratories, Bar Harbor, ME, USA) for the
generation of tamoxifen-inducible Enkd1 knockout mice. Experiments were
performed according to Guide to the Care and Use of Experimental
Animals of Shandong Normal University. Frozen and paraffin-embedded
sections of the epidermis from E11.5, E13.5, and newborn WT C57BL/6
mice and Enkd1 knockout mice were immunostained with the indicated
antibodies, and results were assessed by blinded evaluators. Sample sizes
were determined according to the standard protocols in the field. No
randomization was used to allocate male mice to groups.

Epidermal barrier assays

Newborn mice at postnatal day 1 (P1) were euthanized with CO, and
washed with methanol. Then the mice were submerged in 0.2% toluidine
blue solution for 15 min, followed by washing three times with 90%
ethanol and once with distilled water. The epidermal barrier function was
then determined by the extent of penetration of toluidine blue through
the skin, where blue/purple staining indicates a defective barrier.

Cell proliferation and apoptosis assays

For in vivo Edu staining, P1 newborn mice received a hypodermic injection
of EdU. The epidermis was harvested 4h later, embedded, frozen
sectioned, and stained with the Cell-Light Apollo Stain Kit (RiboBio)
according to the manufacturer’s instructions. For in vitro EdU staining, cells
were treated with EdU for 24 h, and then analyzed with the EdU cell
proliferation detection kit (RiboBio) according to the manufacturer’s
instructions. Images were taken with a Leica TCS SP8 confocal microscope
(Leica, Wetzlar, Germany). The 3-(4,5)-dimethylthiahiazol-2-y1)-2,5-diphenyl
tetrazolium bromide (MTT) calorimetric assay was performed to examine
the amount of living cells. To examine apoptosis, cells were stained with
the FITC Annexin-V Apoptosis Detection Kit (BD Biosciences) followed by
examination with a flow cytometer (BD Biosciences) or stained with
terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) Apoptosis Detection Kit (Abcam) and imaged with the TCS SP8
confocal microscope (Leica).

Fluorescence microscopy

Cells grown on coverslips were fixed with 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, and blocked with 2% bovine serum
albumin (BSA). Then, cells were sequentially probed with the primary
antibodies, fluorophore-conjugated secondary antibodies, and DAPI. The
coverslips were mounted with mounting medium and imaged with the
TCS SP8 confocal microscope. The spindle angle was determined as
described previously [15]. The distance between EB1 comets and spindle
poles was analyzed with the Image J software. For time-lapse microscopy,
mitotic progression were recorded with the TCS SP8 confocal microscope
equipped with a live-cell chamber as described [38].

Immunoblotting, immunoprecipitation, and GST pulldown

Cells were lysed using cell lysis buffer (Beyotime Biotechnology, Shanghai,
China), and cell lysates were mixed with sodium dodecyl sulfate (SDS)
sample buffer. Proteins were loaded into 10% SDS-polyacrylamide gel,
resolved by electrophoresis, and transferred onto polyvinylidene difluoride
membranes (Millipore, Burlington, MA, USA). The membranes were
blocked in Tris-buffered saline containing 0.1% Tween 20 and 5% fat-
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free milk and sequentially incubated with primary antibodies and
horseradish peroxidase-conjugated secondary antibodies. Targeted pro-
teins were visualized with an enhanced chemiluminescence substrate kit
(Millipore). For immunoprecipitation and GST pulldown, cell lysates were
incubated with anti-GFP agarose beads and glutathione agarose beads
overnight at 4 °C, respectively. Immunoprecipitates and pulldown pellets
were immunoblotted with the indicated antibodies.

Microtubule co-sedimentation

Microtubule co-sedimentation was performed as described with minor
modifications [39]. Briefly, nocodazole-treated cells were collected and
extracted with PEM/Triton/protease inhibitor buffer followed by centrifu-
gation at 14,000 x g at 4 °C for 30 min. The supernatant was added to an
equal volume of PEM buffer supplemented with GTP and paclitaxel, and
incubated at 4 °C for 20 min. The samples were overlaid on a cushion of
PEM buffer containing 50% sucrose, GTP, and paclitaxel and centrifuged at
30,000 x g for 30 min. Proteins present in the supernatant and pellet
fractions were analyzed by immunoblotting.

Data plotting and statistical analysis

Prism 8 (Graph Pad) was used for data plotting and statistical analysis. All
experiments were repeated independently at least three times, and data
are expressed as mean + standard error of the mean (SEM). Significant
difference for each experiment was determined by Student's t-test
for pairwise comparisons and one-way or two-way analysis of variance
(ANOVA) for comparison of multiple groups, as appropriate, using the built-
in analysis tools of Prism 8. Normal distribution, variation within each group,
and sample independence were assumed to be met. All measurements
were taken from distinct samples, and no data were excluded. Sample sizes
were determined according to the standard protocols. Asterisks denote P-
value as follows: *P < 0.05; **P < 0.01; ***P < 0.001.

DATA AVAILABILITY
The authors declare that all data supporting the findings of this study are available
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