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Abstract

Shadow cells are characterized by an eosinophilic cytoplasm and a ghost-like nuclear contour;
the cell shape is preserved, in spite of nuclear disappearance. Shadow cell nests (SCNs) are
frequently observed in pilomatricoma (PMX), where the transitional cells immediately adja-
cent to SCNs often have a crescent-shaped nucleus showing fragmentation similar to that of
apoptotic bodies. They show nuclear accumulation of beta-catenin and DNA double strand
breaks (as revealed by in situ 3'-tailing reaction or immunohistochemistry for single-stranded
DNA [ssDNA]), while they are negative for cleaved caspase-3 or cleaved lamin A, suggesting
that shadow cell differentiation (SCD) is a caspase-independent programmed cell death. SCD
can be differentiated from epidermal keratinization (EK) and trichilemmal keratinization (TK)
based on the expression pattern of beta-catenin, ssDNA, and caspase-14/CD138. SCD is ob-
served not only in PMX, but also sometimes in basal cell carcinomas, gonadal teratomas, and
various extra-cutaneous carcinomas. In particular, SCNs are found in 24% of endometrial ad-
enoacanthoma and are derived from squamoid morules. This establishes a link between ba-
saloid cells in PMX and squamoid morules in endometrial adenoacanthomas as common pre-
cursors of shadow cells. Overall, it is suggested that SCD is different from, but partly similar
to, apoptosis and that SCD and EK/TK should be differentiated from the standpoint of cell
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Introduction

Recent advances on the mechanisms of cell death have established that there are various
forms of cell death, as characterized by their morphological features and/or molecular events.
A classification/definition of cell death was first proposed by the Nomenclature Committee
of Cell Death (NCCD) in 2005 [1, 2] and was thereafter revised in 2009 [3],2012 [4],and 2018
[5]. The 1stand 2nd versions of the NCCD classification were based on morphological features
[2, 3], whereas the classification was changed to one with a molecular basis in the 3rd version
[4]. The molecular classification of cell death cannot be easily applied to lesions in routine
diagnosticpractice, whereas atentative definition of cornification (keratinization) is described
in the 3rd version (Table 1) [4]. Although the NCCD suggests keeping programmed cell death
and terminal differentiation (TD) (including keratinization) discriminated from each other in
the latest classification [5], the present review regards TD as a specific form of cell death,
because itis our aim to discuss keratinization from the standpoint of cell death. An alternative
classification of cell death by Leist and Jaattela [6] (Table 2) is simple and may be suitable for
practical use.

TD is easily characterized by morphological analyses, but its molecular aspects are not
sufficiently clear. Terminally differentiated cells are no longer proliferative and eventually
undergo cell death, although they remain active for a certain period of time. TD includes the
processes of differentiation toward lens fiber cells in the eye [7], erythropoiesis in the bone
marrow [8], and cornification/keratinization, all of which are characterized by nuclear disap-
pearance and a preserved cell contour [1]. Thus, skin is a good model for research on TD from
the standpoint of cell death. Although keratinization usually refers to TD in the squamous
epithelium of the epidermis (epidermal keratinization [EK]), it also includes some variants such
as trichilemmal Kkeratinization (TK) and shadow cell differentiation (SCD) [9], which are the
processes of normal differentiation toward hair follicles and pathological differentiation toward
hair, respectively [10]. The similarity and differences between these types of keratinization are
not clear from the standpoint of cell death. This review will describe the morphological features
and molecular events concerning cell death in various types of keratinization, especially SCD.

Apoptosis versus Keratinization: A Brief Overview

Apoptosis and keratinization have both been regarded as programmed cell death. These
two processes are similar in that (a) they both show disintegration of the nucleus and DNA,
and (b) destructive or inflammatory reactions do not occur in the surrounding tissue [1].
However, they are different from one another in terms of morphological changes as well as
the underlying molecular mechanism of cell death (Table 3) [1, 11, 12]. The molecular char-
acteristics of apoptosis, EK and TK are concisely described in the following paragraphs using
current and classical knowledge in order to understand SCD.

Apoptosis

In the classic apoptotic process, externalization of phosphatidylserine on the outer cell
membrane occurs initially and then both the nucleus (DNA and nuclear proteins) and cyto-
plasm (cytoskeletal proteins) are cleaved into small fragments, forming apoptotic bodies.
Cells show chromatin condensation, DNA fragmentation (laddering), and cytoskeletal
cleavage [13]. The major type of molecules involved in the apoptotic process are members of
the caspase family [14], although caspase-independent apoptosis also occurs [15]. Caspases
are synthesized in their inactive form and subsequently activated one after another in a
cascade. The final activated molecule, cleaved caspase-3, releases the inhibitor of caspase-
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Table 1. Functional classification

of regulated cell death modes [4] Extrinsic apoptosis

Intrinsic apoptosis
Caspase-dependent
Caspase-independent

Regulated necrosis (necroptosis)

Autophagic cell death

Mitotic catastrophe

Other cell death modalities (tentative)
Anoikis
Entosis
Parthanatos
Pyroptosis
Netosis
Cornification

Table 2. Four patterns of deaths:

from apoptosis to necrosis [6] Apoptosis

Apoptosis-like programmed cell death
Necrosis-like programmed cell death
Accidental necrosis/cell lysis

BN =

Table 3. Comparison of apoptosis with keratinization (modified from [1])

Apoptosis Keratinization

Removal of dead cells phagocytosis desquamation
Cell membrane intact/PS exposure intact
Cell organelles encapsulated lysed
Nucleus fragmentation lost

Chromatin condensation #) )

DNA fragmentation internucleosomal (ladder) lost

TUNEL/ISTR )] ()

Nuclease caspase-activated DNase DNase 1L2/DNase 2
Cytoskeletal proteins cleaved (CK18/vimentin/actin) crosslinked — degraded
Involved enzymes caspase(-3) transglutaminase, caspase-14, KLK

PS, phosphatidylserine; TUNEL, TdT-mediated uptake of nick end labeling; ISTR, in situ 3’-tailing reaction;
CK18, cytokeratin 18; KLK, kallikrein-kinin family.

activated DNase (ICAD) from CAD, and the latter causes internucleosomal cleavage of DNA
[16,17].

Apoptotic bodies can be histochemically identified by terminal deoxynucleotidyl trans-
ferase (TdT)-mediated uptake of nick end labeling (TUNEL) [18]/in situ 3'-tailing reaction
(ISTR) [19], both of which detects fragmented DNA (double strand breaks) by a 3'-tailing
reaction with labeled deoxynucleotides and TdT. Other markers include molecules activated
during apoptosis (e.g., cleaved caspase-3 and CAD) [14, 17], fragmented DNA (e.g., single-
stranded DNA [ssDNA]) [20], and cleaved intermediate filaments (e.g., cleaved lamin A
[nuclear], cleaved cytokeratin 18, cleaved vimentin, and cleaved actin [cytoplasmic], etc.) [21-
23]. H2AX is a component of the histone octomer in nucleosomes and its phosphorylated form,
YH2AX, is generated in a 1:1 manner corresponding to the double strand breaks of DNA [24].
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Epidermal Keratinization

In the epidermis, differentiation occurs from the basal layer to the spinous and granular
layers, and terminally differentiated keratinocytes form a cornified layer (cornified squames).
Basal cells sometimes undergo apoptosis as a result of various injurious stimuli such as UVB
irradiation [25]; however, cornified keratinocytes are different from apoptotic cells. Although
these cells are dead, they are not fragmented and the cell shape is preserved. Nuclear chro-
matin condensation or DNA laddering does not occur and the nuclei are lost without fragmen-
tation. Histochemically, the cornified cells are non-reactive in TUNEL/ISTR [11]. Although the
mechanism of nuclear degradation remains to be clarified, it has been suggested that DNase
1L2 and DNase 2 play important roles in DNA degradation during TD [26, 27].

The cornified keratinocytes maintain the cell shape by cytoskeletal rearrangement and
the formation of a cornified envelope (CE). During TD, a gene cluster known as the “epidermal
differentiation complex” (EDC) expresses involucrin and loricrin [28], which are crosslinked
by transglutaminase [29] to form the CE at the cytoplasmic side of plasma membrane of the
cornified cells. Profilaggrin is also generated by EDC expression and is cleaved into functional
filaggrin [30], a main component of the keratohyalin granules in the granular layer. Filaggrin
causes aggregation of keratin intermediate filaments inside the CE, providing mechanical
strength. Profilaggrin is a direct substrate of caspase-14, which is expressed in the keratin-
izing epithelia (i.e., upper spinous layer to cornified layer of epidermis and hair follicles, but
notinthe nail matrix keratinocytes) and Hassal bodies of the thymus [31, 32]. Thus, caspase-14
is a unique marker for EK.

The cornified cells remain connected by modified desmosomes termed corneodesmo-
somes [33] and work as a skin barrier. Corneodesmosomes are composed of corneodesmosin
(CSDN), desmocollin I (DSC1), and desmoglein I (DSG1) [33, 34] and these corneodesmo-
somal proteins work as adhesive components, adhering cornified cells to one another. In a
final event called desquamation, the cornified cells in the uppermost surface are degraded by
kallikrein-kinin (KLK) family proteins such as KLK5 and KLK7 and/or by serine proteases
such as cathepsin D and cathepsin V [34, 35], and are subsequently gradually shed into the
environment.

Trichilemmal Keratinization

In TK, differentiation gives rise to the follicular outer root sheath (ORS) epithelium
showing abrupt keratinization without the formation of a granular cell layer. Although not
specific for TK, CD138 (syndecan-1), a unique marker whose expression is associated with the
hair cycle, is of note. It is a cell surface glycoprotein that mediates cell adhesion and cell-cell/
cell-matrix interactions. It is expressed throughout the entire layer of the epidermis except for
the keratinizing layer, as well as in the ORS of the anagen stage hair follicles; however, its
expression is diminished in catagen and telogen phases [36, 37]. We recently found that EK
and TK can be differentiated from each other by immunohistochemical staining for caspase-14
and CD138 [9]; the keratinizing components are caspase-14(+)/CD138(-) in epidermal cysts
(showing EK), and caspase-14(-)/CD138(+) in trichilemmal cysts (showing TK) (Fig. 1).

Shadow Cell Differentiation

Shadow cells are characterized by an ovoid or polyhedral eosinophilic cytoplasm with
ghost-like nuclear contour; i.e., nuclei gradually disappear during SCD. Although they are
dying cells, the cytoplasm is well preserved. SCD is regarded as a pathological counterpart of
differentiation towards hair; the morphological features of the normal hair shaft are different
from those of shadow cells in that the nucleus is preserved in hair cells [10].
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Fig. 1. Imnmunohistochemical differentiation of epidermal keratinization (EK) and trichilemmal keratiniza-
tion (TK). EK cells (in epidermal cysts) are caspase-14(+)/CD138(-), whereas TK cells (in trichilemmal cysts)
are caspase-14(-)/CD138(+).

SCD is most commonly observed in PMX, craniopharyngiomas, and calcifying odonto-
genic cysts. It is also observed in basal cell carcinoma (BCC), some gonadal or extragonadal
teratomatous tumors, and some visceral carcinomas (see below). In these tumors, most of the
cases show nuclear accumulation of beta-catenin [38, 39], which typically indicates CTNNB1
gene mutation [40]. Beta-catenin is a dual-functional protein according to its localization;
submembrane-localized protein plays an important role in cadherin-mediated cell adhesion
system, and nuclear accumulated protein acts as a key component of the Wnt/beta-catenin/
Tcf-Lef (lymphoid enhancer factor) pathway [41]. The Wnt signal transduction pathway is
activated not only in normal hair follicle matrix cells to induce differentiation towards the
hair shaft, but also in various tumors with the CTNNB1 gene mutation. Thus, tumors showing
SCD usually reveal activation of the Wnt signaling pathway [40].

SCD in PMX

In PMX, tumor cells with proliferative activity are basaloid cells, mainly present in the
periphery of the nodules. There are various components showing TD or cell death inside the
nodules by one of the following routes [42, 43]: (a) SCD, the main route of cell death/differ-
entiation, (b) conventional apoptosis, and (c) EK/TK (Fig. 2). A transition between these
components is not obvious. Apart from old PMX, conventional apoptosis can be observed as
a minor component among shadow cell nests (SCNs). Although the components showing EK
are histologically inconspicuous in PMX, they are observed in most cases, as highlighted by
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Fig. 2. Modes of cell death in pilomatricoma, showing shadow cell differentiation and conventional apoptosis
(left) and epidermal keratinization (EK) (right) (H&E stain). Inset Immunostaining for corneodesmosin in-
dicates EK. B, basaloid cells; T, transitional cells; S, shadow cells; D, amorphous debris containing apoptotic
bodies; K, epidermal keratinization.

Fig. 3. In situ 3'-tailing reaction for detection of DNA double strand breaks in pilomatricoma. Transitional
cells (left) and apoptotic bodies (right) are labeled. B, T, S, D, see Fig. 2.
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Fig. 4. Transitional cells in pilo-
matricoma often have crescent-
shaped nuclei, similar to apoptot-
ic bodies in part (H&E stain).

immunostaining for CSDN, DSC1, and DSG1 (Fig. 2, inset). TK is rarely observed in PMX [43].
The nodule containing equal amounts of SCD and EK components is called an infundibular
matrix cyst or hybrid cyst [44].

Conventional apoptosis can be observed as amorphous debris immediately adjacent to
basaloid cell nests, and apoptotic bodies among SCNs are TUNEL/ISTR positive (Fig. 3) [42].
SCNs are derived from the basaloid cell layer via transitional cells. A small number of transi-
tional cells immediately adjacent to SCNs have crescent-shaped nuclei with fragmentation
similar to that of apoptotic bodies (Fig. 4), suggesting that SCD and apoptosis may compose a
sequential chain of cell death pathways. The transitional cells are labeled by TUNEL/ISTR
[42] (Fig. 3), immunoreactive for ssDNA and YH2AX, but not reactive for cleaved caspase-3 or
cleaved lamin A [9] (Fig. 5). These findings indicate that apoptosis-executing molecules are
not activated, but that DNA double strand breaks occur during SCD. SCD might be similar to,
but partially different, from apoptosis; it might be possible that SCD is a form of caspase-inde-
pendent cell death. On the other hand, transitional cells in PMX are negative for markers for
conventional keratinization such as caspase-14 and CD138. SCD, EK, and TK are differen-
tiated by their immunoreactivity for caspase-14 and CD138 [9] (Fig. 1). In addition, nuclear
accumulation of beta-catenin is observed in the transitional cells during SCD, but not in the
cells showing EK/TK, suggesting that SCD is a distinct process from EK/TK. As it has been
demonstrated that DNase 1L2 and DNase 2 play important roles in nuclear degradation in EK
[26,27], it may be interesting to investigate whether these enzymes contribute to nuclear loss
during SCD. Taken together, the data suggest that SCD is a type of apoptosis-like programmed
cell death as per the classification by Leist and Jaattela [6].

Shadow cells in PMX do not undergo degradation even in old lesions; instead, foreign
body reaction around the nests as well as calcification and/or ossification may develop. This
may correspond to the fact that normal hair does not show degradation but instead, falls out.

SCD in BCC

BCC is a cutaneous tumor regarded as the most primitive follicular neoplasm. Although
BCC and PMX mirror human follicular embryogenesis as reflected by their differential
expression pattern of SOX9 and beta-catenin [45], BCC sometimes reveals matrical differen-
tiation. A literature survey indicates that approximately 50 cases of BCC with matrical differ-
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Fig. 5. Inmunostaining for ssDNA, yH2AX, cleaved caspase-3, and cleaved lamin A in pilomatricoma. The
transitional cells are immunoreactive for the former two and negative for the latter two.

entiation have been reported [46-50]. Kyrpychova etal. [46] recently analyzed 22 cases, most
of which (21 cases) contained SCNs with or without trichohyalin granules. They showed that
nuclear accumulation of beta-catenin was observed in the areas with matrical differentiation,
while in basaloid areas, the signal for nuclear beta-catenin was negative or focally positive.
On the other hand, a case reported by Haskell et al. [50] showed no nuclear accumulation of
beta-catenin. Originally, the expression pattern of beta-catenin in BCC without matrical differ-
entiation was variable; for example, nuclear accumulation was frequent in infiltrative and
morpheatypes,moderateinnodularandsuperficialtypes,andrarely observedinmicronodular
types of BCC [51]. This heterogeneity may reflect the variety in the differentiation directions
in BCC.

SCD in Extracutaneous Tumors

SCNs are commonly found in cutaneous pilomatricoma, craniopharyngioma, and odon-
togenic cysts [38], while they are quite uncommon in extracutaneous tumors. From the stand-
point of histogenesis, there are two groups of tumors with SCD: (a) gonadal or extragonadal
teratomas and (b) visceral carcinomas. For teratomatous tumors, only several cases of
testicular or ovarian teratomas containing SCNs have been reported [52-55]. In these cases,
SCD is regarded as one of the components showing multi-directional differentiation. On the
other hand, there have been 16 reported cases of visceral carcinomas with SCD, with the
exception of teratomatous tumors. The primary site of these tumors includes ovary [56-58],
endometrium [59, 60], colon [59, 61], gallbladder [62], urinary bladder [63, 64], stomach
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Fig. 6. Endometrioid carcinoma showing shadow cell differentiation from squamoid morule (left) and nu-
merous trichohyaline granules in morule (right) (H&E stain). Inset Nuclear accumulation of beta-catenin in
squamoid morule.

[65], and lung [66]. Histologically, all these cases except for one (gallbladder carcinoma) are
adenosquamous carcinomas, adenocarcinomas with squamous metaplasia (adenoacan-
thomas), urothelial carcinomas with squamous differentiation, or squamous cell carcinomas,
suggesting that shadow cells are derived from squamous/squamoid components. The inci-
dence, detailed morphogenesis, and molecular pathogenesis had not been investigated until
recently, while the incidence of SCD in endometrial carcinoma was reported by two groups
in 2015. Zamecnik et al. [67] reported that SCD was observed in 15.3% of endometrioid
adenocarcinomas, and our data indicated SCD was present in 24% of endometrial adenoac-
anthomas (adenocarcinomas with squamous metaplasia) [68]. The discrepancy in the inci-
dence between the two reports may be due to differences in the histological type of the
examined cases. SCNs had previously been regarded as conventional keratinization in routine
diagnostic practice except for the field of dermatopathology, while in actual fact, it seems that
SCD is not as uncommon as previously estimated.

Squamoid morules had been regarded as immature squamous metaplasia, while recent
reports have shown that these two are different from each other; a morule is characterized
by expression of CD10 and CDX-2, nuclear accumulation of beta-catenin, and mutation of the
beta-catenin gene [69-71], while squamous metaplasia is not [71]. We demonstrated that
shadow cells were derived from squamoid morules in endometrial adenoacanthomas [68]
(Fig. 6), which established a link between squamoid morules and basaloid cells in PMX as
precursors of shadow cells sharing common characteristics such as nuclear accumulation of
beta-catenin and expression of CD10. In addition, we recently encountered a previously
undescribed case of endometrioid carcinoma with squamoid morules containing numerous
trichohyalin granules (Fig. 6) (unpublished observation). Taken together, it is suggested that
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squamoid morules do not undergo EK, but have the potential to differentiate into hair. This
new knowledge on squamoid morules may support the view that SCD and EK are different
modes of cell death.

Conclusion

SCDis observed notonly in PMX, butalso in other tumors such as BCC, gonadal or extrago-
nadal teratomas, and various visceral carcinomas. The precursors of shadow cells, such as
basaloid (matrical) cells and squamoid morules, are characterized by nuclear accumulation
of beta-catenin and expression of CD10. SCD has been regarded as a variant of keratinization,
while it is distinct from EK and TK from the standpoint of cell death/differentiation. On the
other hand, SCD may be different from, but partly similar to, apoptosis, and these two may
compose a sequential chain of modes of cell death pathways. Compared to EK, detailed modes
of cell death in SCD remain to be clarified, so further studies will be necessary to elucidate the
molecular mechanism of SCD.
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