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3D in vivo imaging of the keratin filament
network in the mouse stratum granulosum
reveals profilaggrin-dependent regulation of
keratin bundling

Keratins are epithelium-specific intermediate filaments~10 nm
in diameter. Sequential expression of type I and II keratin genes
correlates with epidermal differentiation [1]. Keratin 5 and 14 are
first expressed in the stratum basale (SB). In the stratum spinosum
(SS), keratin 1 and 10 begin to be expressed. In the stratum
granulosum (SG), some keratins form amorphous aggregates
called keratohyalin granules (KHGs) [2]. Filaggrin (Flg) is first
expressed as profilaggrin and localizes to KHGs in the SG layers [3].
During cornification, profilaggrin linker peptides are cleaved,
releasing monomer filaggrin, which bundles keratin filaments in
the lower stratum corneum (SC) to form highly dense keratin
filament networks, contributing to SC mechanical strength [4–6].
Mutations in human FLG are a major predisposing factor for
atopic dermatitis [7], and filaggrin-deficient (Flg�/�) mice exhibit
aberrant SC barrier function, possibly due to the irregularly
arranged keratin filaments in SC [8]. Therefore, it is assumed that
the filaggrin–keratin interaction in SC affects SC barrier function,
though its role in SG cells is unclear. The purpose of this study was
to visualize keratin filament networks in living SG cells and reveal
the contribution of profilaggrin expression to the keratin network
in SG cells of live mice.

Intracellular localization of exogenously expressed fluorescent
fusion protein, mCherry-keratin 1 (mCherry-K1), was examined
in living and fixed HeLa cells by immunofluorescent staining and in
primary cultured keratinocytes by correlative light and electron
microscopy (CLEM) (Fig. S1a–c). Exogenously expressed mCherry-
K1 labeled bundled keratin filaments in both HeLa cells and mouse
primary cultured keratinocytes without disturbing endogenous
keratin networks. Immunoblotting confirmed that full-length
mCherry-K1 was expressed in both cells (Fig. S1d and e).

To express mCherry-K1 transiently and sporadically in vivo, we
intradermally injected a plasmid encoding mCherry-K1 under
control of the CMV promoter (pmCherry-K1), followed by in vivo
electroporation into the back skin of hairless H2B-EGFP mice, the
nuclei of which were labeled by ubiquitous expression of EGFP
fused with histone 2B [9]. mCherry-K1 preferentially expressed in
SG cells formed clear mesh-like bundled keratin networks in the
cytoplasm and was not incorporated into round KHG-like material,
recognized by the absence of mCherry-K1 signal in the SG cell
cytoplasm (Fig. 1a, arrowheads and Movie 1). Highly bundled
keratin filaments were arranged along the edges of polygonal SG
cells (Fig. 1a, arrows), indicating that mCherry-K1 expression
enabled visualization of the cytoplasmic keratin network of SG
cells in live mice.
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To analyze the effect of filaggrin deficiency, pmCherry-K1
plasmid was electroporated into the back skin of Flg+/+ or Flg�/�

hairless mice. Immunoblotting analysis confirmed that full-length
mCherry-K1 protein was expressed in electroporated epidermis
(Fig. S2). The mCherry-K1 signals of Flg�/� SG cells revealed diffuse
and ambiguous keratin filament, whereas Flg+/+ mice showed
robust and parallel keratin networks (Fig. 1b). The mCherry-K1
signals of heterozygous Flg+/� SG cells did not differ from those of
Flg+/+ SG cells, and expression of keratin 5/14 and keratin 1/10
mRNAs was normal in Flg�/� epidermis (data not shown). Round
KHG-like material was not apparent in Flg�/� SG cells (Fig. 1a). To
quantitatively analyze mCherry-K1 filament networks, we derived
line profiles of fluorescence intensity in the selected SG cells
(Fig. 1c). The mCherry-K1 line profiles of Flg�/� SG cells were
clearly distinguishable from those of Flg+/+ cells, with the former
having a shorter periodic structure with smaller signal amplitude
(Fig. 1c, left). These line profiles, representing the relationship
between the periodic length of the structure and its fluorescent
intensity (i.e. power), were then confirmed by subjecting Flg+/+ and
Flg�/� SG cells to Fourier transform. Resulting power spectra of
Flg+/+ SG cells exhibited intense signals from the large periodic
structures (typically >1 mm), while most of the fluorescent inten-
sity of Flg�/� cells was attributed to structures <1 mm (Fig. 1d,
right). The decreased number of bundled keratin filaments was
also demonstrated by principal component analysis (PCA), which
included 38–39 line profiles each from Flg+/+ (N = 9) and Flg�/�

(N = 11) SG cells. The scatter plot (Fig. 1d) shows that the mCherry-
K1 signals from Flg+/+ and Flg�/� SG cells are statistically different.
The higher absolute values of Flg�/� cells on the PC22 axis points to
the shorter periodic lengths of the keratin structures that were
more abundant in Flg�/� SG cells.

To confirm the abnormality of overall keratin filaments in Flg�/�

SG cells by EM, we first confirmed that most of the mCherry-K1
filament networks in living SG cells did not change after chemical
fixation (Fig. S3a). Vertical sections of Flg+/+ and Flg�/� epidermis
revealed that KHGs were observed via EM as round, electron-dense
granules surrounded by irregularly-shaped pale material (Fig. 2a).
In contrast, these KHGs were hardly observed in Flg�/�-SG cells.
Instead, stellate irregularly shaped KHGs were formed. However,
the overall keratin network could not be observed in vertical
section images. To observe the cytoplasmic distribution of keratin
filaments more clearly, we used horizontal sections of mouse
epidermis (Fig. S3b, Fig. 2b). Horizontal sections revealed bundled
endogenous keratin networks of Flg�/� SG cells showing signifi-
cantly fewer bundled keratin networks compared to that in Flg+/+

SG cells (Fig. 2b and d). In contrast, the areas of the bundled keratin
filaments in SS cells were not significantly different between Flg+/+

and Flg�/�mice (Fig. 2b and c). These results suggested that SG cells
exhibit keratin-bundling mechanisms different from those of SB
and SS cells. Although most profilaggrin is thought to localize in the
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Fig. 1. Intravital visualization of mCherry-K1 expressed in a single SG cell and aberrant keratin filament networks in Flg�/� SG cells.
(a) (Upper panels) Representative in vivo confocal microscopic images of sporadically expressed mCherry-K1 in the upper epidermis of the back skin of a H2B-EGFP-
expressing hairless mouse by electroporation. The pmCherry-K1 plasmid was intradermally injected into the back skin of an H2B-EGFP-expressing hairless mouse (5-week-
old, male). After 42 h, the mouse was anesthetized and observed by confocal microscopy. Expressed mCherry-K1 signals (mCherry-K1; white in left panel and magenta in right
panel) in SG cells showed keratin filament networks in the cytoplasm. Keratin networks were bundled at the edge (arrows) and cytoplasm (arrowheads) and localized
between round KHGs (approximately >1–2 mm in diameter), which were recognized by the absence of mCherry-K1 signal. H2B-EGFP (green) indicated the position of the
nucleus.
(Lower panels) A reconstructed vertical image of z-axis scanning confocal images (left panel) indicated that mCherry-K1 was expressed in the SG1 cell layer (arrowhead)
based on the nuclear location. The scheme for the reconstructed vertical image of the mouse epidermis is shown in the right panel. SC layer, nuclear positions of SG1, SG2, SS,
and SB are indicated according to the signals of H2B-EGFP. Identification of SG3 was difficult in this image. Dashed lines represent the border between the epidermis and
dermis. Scale bar: 10 mm.
(b) Representative in vivo confocal microscopic images of SG cells sporadically expressing mCherry-K1 in Flg+/+ and Flg�/� hairless mice by electroporation. The back skin of
Flg+/+ and Flg�/� adult hairless mice was electroporated with pmCherry-K1. After 53 h, the mice were anesthetized and observed by confocal microscopy. Note the ambiguous
and diffuse keratin filament network in Flg�/� mice. Lines indicate the position of line profiles of fluorescence intensity in (c). Scale bar: 5 mm.
(c) Line profiles of mCherry-K1 fluorescent intensity in Flg+/+ (magenta) and Flg�/� (blue) mice plotted from the colored lines in (b) (left). Power spectra against wave number,
calculated from the Fourier transform of each line profile (right). mCherry-K1 power spectra of Flg�/� SG cells are characterized as a short periodic length.
(d) Principal component analysis of power spectra in (c). Scatter plots of PC2 versus PC22 data of mCherry-K1 signals in Flg+/+ (magenta circles; N = 38 from 9 cells) and Flg�/�

(blue circles; N = 39 from 11 cells) SG cells (left). mCherry-K1 signals in Flg+/+ SG cells were significantly different from those in Flg�/� SG cells in both PC2 (p < 0.05) and PC22
(p < 0.05) (Student’s t-test). Graphs of coefficients for PC2 (coefficient; 2.54 mm) and PC22 (coefficient; 0.24 mm) are also shown (right).
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Fig. 2. Aberrant KHGs and reduced bundled keratin filament networks in fixed Flg�/� SG cells revealed by EM analysis.
(a) Representative field emission-scanning electron microscopy images of vertical sections of isolated epidermis from the back skin of Flg+/+ and Flg�/� hairless mice. Stratum
spinosum (SS), stratum granulosum (SG), and stratum corneum (SC) are indicated. Scale bar: 30 mm.
(b) Representative images of horizontal sections of (a) stratum basale (SB), SS, and SG of Flg+/+ (upper panels) or Flg�/� (lower panels) epidermis. The adjacent cell is shown in
magenta in the image of the Flg+/+ SG cell. Bundled keratin filaments in SS and SG cells are indicated by arrowheads. The yellow boxed areas are enlarged in each of the panel
insets. Asterisks indicate electron-dense round KHGs surrounded by irregularly shaped KHGs (arrowhead) in Flg+/+ SG cells. Irregularly shaped KHG-like material (arrowhead)
was also found in Flg�/� SG cells. Scale bar: 5 mm and 1 mm (insets).
(c) Area of bundled keratin filaments per cell area of Flg+/+ or Flg�/� SS cells in (b) was analyzed using ImageJ (left images, nucleus [N]). Flg+/+ (N = 28 cells) and Flg�/� (N = 25
cells) SS cells were analyzed and showed indistinguishable areas of bundled keratin filaments per cell area (right graph).
(d) The number of bundled keratin filaments (>0.09 mm in diameter) in original SG images (shown in b) traced manually (shown in thick black lines) were counted and
divided by the cytoplasmic area excluding the KHG area (left images, nucleus (N)). The number of bundled keratin filaments in SG cells was significantly decreased in Flg�/�

mice (N = 13 cells) compared to that in Flg+/+ mice (N = 19 cells) (***p < 0.05, Student’s t-test).
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KHGs of SG cells, it is also possible that some profilaggrin is cleaved
into filaggrin in the SG layers and involved directly or indirectly in
keratin bundling. In Flg mutation carriers in humans, truncated
profilaggrin can be produced from mutant Flg alleles [3]. In the
future, the rescue of full-length or truncated profilaggrin expres-
sion in SG cells of Flg�/� mice may be useful in determining which
part of profilaggrin is responsible for keratin bundling in SG cells.
Therefore, the visualization of the keratin filament network in SG
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cells in vivo enables dissection of the regulation of the keratin
network, which is important for understanding the function of SC.
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