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An Absence of Nuclear Lamins in Keratinocytes Leads to Ichthyosis,
Defective Epidermal Barrier Function, and Intrusion of Nuclear
Membranes and Endoplasmic Reticulum into the Nuclear Chromatin

Hea-Jin Jung,® Angelica Tatar,® Yiping Tu,® Chika Nobumori,® Shao H. Yang,? Chris N. Goulbourne,® Harald Herrmann,®
Loren G. Fong,” Stephen G. Young®P

Molecular Biology Institute® and Department of Medicine,® University of California, Los Angeles, California, USA; German Cancer Research Center, Heidelberg, Germany<
Department of Human Genetics, University of California, Los Angeles, California, USA®

B-type lamins (lamins B1 and B2) have been considered to be essential for many crucial functions in the cell nucleus (e.g., DNA
replication and mitotic spindle formation). However, this view has been challenged by the observation that an absence of both
B-type lamins in keratinocytes had no effect on cell proliferation or the development of skin and hair. The latter findings raised
the possibility that the functions of B-type lamins are subserved by lamins A and C. To explore that idea, we created mice lacking
all nuclear lamins in keratinocytes. Those mice developed ichthyosis and a skin barrier defect, which led to death from dehydra-
tion within a few days after birth. Microscopy of nuclear-lamin-deficient skin revealed hyperkeratosis and a disordered stratum
corneum with an accumulation of neutral lipid droplets; however, BrdU incorporation into keratinocytes was normal. Skin
grafting experiments confirmed the stratum corneum abnormalities and normal BrdU uptake. Interestingly, the absence of nu-
clear lamins in keratinocytes resulted in an interspersion of nuclear/endoplasmic reticulum membranes with the chromatin.
Thus, a key function of the nuclear lamina is to serve as a “fence” and prevent the incursion of cytoplasmic organelles into the

nuclear chromatin.

he B-type lamins, which are expressed in virtually all cells from

the earliest stages of development, have been assumed to play
vital functions in the cell nucleus (1-8). Multiple studies contrib-
uted to this view. One group found lamin B at sites of DNA rep-
lication during S-phase and suggested that it was important for
DNA replication (1). Disruption of nuclear lamin organization
with a dominant negative lamin B mutant in Xenopus egg extracts
inhibited DNA replication (2, 3), mitotic spindle assembly (4),
and nuclear envelope assembly in interphase (5). An RNA inter-
ference (RNAi) knockdown of lamin Bl and lamin B2 was re-
ported to lead to mitotic arrest and apoptosis (6). Other studies
reported that B-type lamins were important for chromatin orga-
nization and proper gene expression (7, 8).

The view that B-type lamins play crucial roles in the cell nu-
cleus likely dampened enthusiasm for testing the importance of
B-type lamins in knockout mice. Ultimately, however, Yang et al.
(9) created conditional knockout alleles for both Lmnbl and
Lmnb2 and used those alleles to generate keratinocyte-specific
Lmnbl Lmnb2 knockout mice. Remarkably, a complete absence of
both lamin B1 and lamin B2 in keratinocytes had no discernible
effect on cell growth or the complex developmental programs in-
volved in the formation of the epidermis, hair, and nails. By
electron microscopy, the nuclear envelope and heterochroma-
tin distribution appeared normal in Lmnbl Lmnb2-deficient
keratinocytes (9). Similarly, hepatocyte-specific Lmnbl Lmnb2
knockout mice had normal liver histology and normal liver func-
tion tests (10). These studies cast doubt on the notion that B-type
lamins are essential for DNA replication and mitosis but did not
exclude the possibility that these functions were simply subserved
by lamins A and C. Recently, a paper in Cell Research (11) reported
that mouse embryonic stem cells proliferate normally in the ab-
sence of all nuclear lamins. At face value, that paper refuted the
idea that nuclear lamins are crucial for mitosis and DNA replica-
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tion, at least in stem cells, but many questions remain. For exam-
ple, are nuclear lamins important for the vitality and growth of
differentiated cell types in vivo? Would an absence of nuclear
lamins impair the structural integrity of the nuclear envelope?
Would an absence of nuclear lamins lead to apoptotic cell death
and tissue dysfunction?

To address these questions, we bred mice thatlacked all nuclear
lamins in keratinocytes. We chose to investigate nuclear lamin
deficiency in keratinocytes because these cells proliferate rapidly
and undergo complex differentiation programs. We reasoned that
if nuclear lamins were required for DNA replication, mitosis, and
complex gene regulation programs, the consequences of nuclear
lamin deficiency would be very pronounced in keratinocytes.

In addition to investigating the consequences of a complete
absence of nuclear lamins in keratinocytes, we investigated the
consequences of a complete deficiency of all farnesylated nuclear
lamins. Prelamin A, lamin B1, and lamin B2 have a CaaX motif at
their carboxyl termini and undergo farnesylation of the carboxyl-
terminal cysteine (the “C” of the CaaX motif) followed by release
of the “aaX” and methylation of the farnesylcysteine (12, 13). In
vitro studies have suggested that these modifications are impor-
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tant for their function (14-18). In the case of the B-type lamins,
the carboxyl-terminal farnesylcysteine methyl ester is retained in
the mature protein. In the case of prelamin A, the carboxyl termi-
nus (including the farnesylcysteine methyl ester) is clipped off,
releasing mature lamin A (19, 20). In earlier studies, Coffinier et al.
(21) created “mature lamin A-only mice” that produced mature
lamin A directly (bypassing prelamin A synthesis and protein
farnesylation). Remarkably, those mice were fertile and healthy.
Those authors proposed that the cells and tissues in these mice
might have been protected from pathology by their capacity to
produce two other farnesylated nuclear lamins (lamins B1 and
B2). To assess the consequences of a complete deficiency of farne-
sylated lamin proteins, we bred mature lamin A-only mice that
lacked both lamin B1 and lamin B2 in keratinocytes.

MATERIALS AND METHODS

Immunofluorescence microscopy. Freshly harvested skins were embed-
ded in OCT (optimum cutting temperature) compound (Sakura Finetek)
and sectioned (10 pm) with a cryostat. The sections were fixed either in
ice-cold methanol (followed by acetone rinse) or 4% paraformaldehyde
(PFA), washed with 0.1% Tween 20 in Tris-buffered saline (TBS), and
incubated with M.O.M. mouse Ig blocking reagent (Vector Laboratories).
For BODIPY staining, 5-pum skin sections were fixed in 4% PFA, washed
with phosphate-buffered saline (PBS), and air dried for 5 min. For BrdU
staining, skin sections were fixed in ice-cold acetone, washed with 0.1%
Tween 20 in TBS, and pretreated with 1 N and 2 N HCI to denature
double-stranded DNA. After neutralization in 0.1 M sodium borate (pH
8.5), the sections were washed with 0.1% Tween 20 in TBS and incubated
with M.O.M. mouse Ig blocking reagent. The following primary antibod-
ies were used: a mouse monoclonal antibody against mature lamin A
(1:400) (MAB3540; Millipore), a goat polyclonal antibody against lamin
B1 (1:400) (sc-6217; Santa Cruz), a mouse monoclonal antibody against
lamin B2 (1:100) (33-2100; Invitrogen), a rabbit polyclonal antibody
against keratin 14 (1:800) (PRB-155P; Covance), a mouse monoclonal
antibody against the amino-terminal region of lamin A/C (1:50) (LAZ)
(22), arabbit polyclonal antibody against lamin C (1:200) (LS-B2972; Life
Span Biosciences), BODIPY 493/503 (1:1,000) (D-3922; Molecular
Probes), a rat monoclonal antibody against BrdU (1:200) (ab6326; Ab-
cam), a rabbit polyclonal antibody against caspase 3 (1:100) (559565; BD
Biosciences), a mouse monoclonal antibody against LAP23 (1:400)
(611000; BD Biosciences), a mouse monoclonal antibody against emerin
(1:200) (NCL-EMERIN; Novocastra), a mouse monoclonal antibody
against Lys-Asp-Glu-Leu (1:200) (SPA-827; Stressgen), and a rabbit poly-
clonal antibody against calnexin (1:200) (SPA-860; Stressgen). Biotinyl-
ated anti-mouse IgG M.O.M. reagent (Vector Laboratories) and Alexa
Fluor-conjugated streptavidin (Invitrogen) were used to detect binding of
mouse monoclonal primary antibodies; Alexa Fluor-labeled donkey anti-
bodies against goat, rabbit, or rat IgG (Invitrogen) were used to detect
binding of other primary antibodies. Confocal microscopy images were
obtained with a Zeiss LSM700 laser-scanning microscope (Plan Apochro-
mat 20X/0.80 numerical aperture [NA] [air] or 63X/1.4 NA [oil] objec-
tives). Z-stacked images were generated with Zen 2010 software (Zeiss).

Histology. Freshly harvested skins were fixed in 10% formalin over-
night at 4°C, embedded in paraffin, sectioned (5 pm), and stained with
hematoxylin and eosin. For oil red O staining, frozen skin sections (10
pm) were fixed in 1% formalin, washed with running tap water, rinsed
with 60% isopropanol, and stained with oil red O solution (23); nuclei
were counterstained with hematoxylin. Light microscopy was performed
with a Leica MZ6 dissecting microscope (a Plan 0.5X objective, air) with
a DFC290 digital camera (Leica) or a Nikon Eclipse E600 microscope
(Plan Fluor 20</0.50 NA or 40X/0.75 NA objective, air) with a DS-Fi2
camera (Nikon); the images were processed with Leica Application suite
imaging software or NIS-Elements F (Nikon).
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Studies with primary keratinocytes. Primary keratinocytes were iso-
lated from the skin of newborn mice as described previously (24). Briefly,
the skin was floated on cold 0.25% trypsin (without EDTA) with the
dermal side facing down and incubated overnight at 4°C. The next morn-
ing, the epidermis was gently separated from the dermis and was physi-
cally dissociated with a blade. Isolated keratinocytes were seeded on col-
lagen I-coated plates and cultured in KGM-2 BulletKit medium (Lonza)
at 37°C. After 4 to 6 days, cells were harvested, and the cell pellets were
lysed in urea buffer (9 M urea, 10 mM Tris-HCI [pH 8.0], 1 mM NaF, 1
mM phenylmethylsulfonyl fluoride [PMSF], 10 uM EDTA, 0.2% mercap-
toethanol, and a Roche protease inhibitor cocktail tablet). Protein extracts
were separated on 4 to 12% gradient polyacrylamide bis-Tris gels (Invit-
rogen) and transferred to a nitrocellulose membrane. The membranes
were then incubated with the following primary antibodies: a goat poly-
clonal antibody against lamin A/C (1:400) (sc-6215; Santa Cruz); a goat
polyclonal antibody against lamin B1 (1:400) (sc-6217; Santa Cruz); a
mouse monoclonal antibody against lamin B2 (1:400) (33-2100; Invitro-
gen); a rabbit polyclonal antibody against keratin 14 (1:800) (PRB-155P;
Covance); and a goat polyclonal antibody against actin (1:1,000) (sc-1616;
Santa Cruz). Binding of primary antibodies was detected with infrared
(IR)-dye-conjugated secondary antibodies (Rockland) and an Odyssey
infrared scanner (Li-Cor).

For quantitative reverse transcription-PCR (qRT-PCR) analysis, total
RNA was isolated with an RNeasy kit (Qiagen) according to the manufac-
turer’s protocol. RNA was treated with DNase I (Ambion) and used to
synthesize cDNA with random primers, oligo(dT), and SuperScript III
(Invitrogen). qPCRs were performed with SYBR green PCR master mix
(Bioline) on a 7900 fast real-time PCR system (Applied Biosystems).
Transcript levels were calculated with the comparative cycle threshold
method and were normalized to levels of cyclophilin A.

Skin permeability assay. Toluidine blue staining to assess skin perme-
ability was performed as described earlier (25). Briefly, newborn mice
were euthanized; they were dehydrated in 25%, 50%, 75%, and 100%
methanol serially for 2 min each and then rehydrated in 75%, 50%, and
25% methanol for 1 min each. After two washes in PBS for 3 min each,
mice were incubated in 0.1% toluidine blue solution (in PBS) for 3 h at
room temperature followed by destaining in PBS for 20 min.

Skin transplantation. An oval piece of skin approximately 1 cm in
length was excised from the dorsum of euthanized newborn mice (do-
nors), punctured 5 or 6 times with a blade, and kept in cold PBS until the
transplant surgery was performed. Athymic nude mice (recipients; NU/J;
The Jackson Laboratory) were anesthetized with isoflurane and adminis-
tered analgesic drug (carprofen) subcutaneously. Saline (intraperitone-
ally) and artificial tear ointment were also applied to prevent dehydration
and eye dryness during the surgery. The flank area was sterilized, and an
area of skin slightly larger than the donor skin was excised. Excess PBS was
removed from the donor skin with sterile gauze, and the donor skin was
attached to the recipient skin at the borders with 6 or 7 Prolene sutures.
The graft region was bandaged, and the recipient mice were returned to
their cage. The mice were monitored daily and were given carprofen and
antibiotics (amoxicillin) as needed. All procedures involving animals, in-
cluding the skin transplantation surgery, were approved by the institu-
tional animal care and use committee (IACUC) of the University of Cal-
ifornia, Los Angeles.

Electron microscopy. For electron microscopy, samples were fixed in
2% glutaraldehyde, 1% paraformaldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4, postfixed in 2% osmium tetroxide in the same buffer, en
bloc stained with 2% aqueous uranyl acetate, dehydrated in acetone, in-
filtrated, and embedded in LX-112 resin (Ladd Research Industries, Bur-
lington, VT). Samples were sectioned on a Reichert Ultracut S ultrami-
crotome and counterstained with 0.8% lead citrate. Grids were examined
on a JEOL JEM-1230 transmission electron microscope (JEOL USA, Pea-
body, MA) and photographed with the Gatan Ultrascan 1000 digital cam-
era (Gatan, Warrendale, PA).
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RESULTS

Generation of mice lacking A- and B-type lamins in keratino-
cytes. We generated keratinocyte-specific Lmna Lmnbl Lmnb2
triple-knockout mice (Lmna~'~ Lmnb1*'* Lmnb2*'*) by breed-
ing Lmna knockout mice that were homozygous for floxed alleles
of Lmnbl and Lmnb2 and carried the keratin 14-Cre transgene (9).

A- and B-type lamins were undetectable in most keratinocytes
from newborn Lmna™'~ LmnbI1*'* Lmnb2*'* mice by immuno-
histochemistry (Fig. 1A and B). Protein extracts from primary
keratinocyte preparations from newborn Lmna '~ Lmnbl*'*
Lmnb2*'* mice expressed only trace amounts of lamin A/C, lamin
B1, and lamin B2 (Fig. 1C). Lmna, Lmnbl, and Lmnb2 transcript
levels were minimal (Fig. 1D). In line with an earlier report (26),
however, we did find that the Lmna knockout allele yielded trace
amounts of an internally truncated form oflamin A (detected with
a monoclonal antibody against the amino-terminal region of
lamin A/C [22]) (see Fig. S1 in the supplemental material).

Defective skin barrier in Lmna™'~ LmnbI** Lmnb2**
mice. Lmna~'~ LmnbI** Lmnb2*'* mice were born at the ex-
pected Mendelian frequency (Fig. 2A) and were similar in size to
littermate control mice (either Lmna*’" Lmnb1*® Lmnb2** or
Lmna®’™ Lmnb1®® Lmnb2*'®) (Fig. 2B). However, the triple-
knockout mice manifested ichthyosis (Fig. 2B and C), and none
survived more than a few days after birth (Fig. 2A). They had
defective skin barrier function, as judged by toluidine blue stain-
ing (Fig. 2D). In the triple-knockout mice, the dye penetrated the
skin, resulting in darkly stained skin.

We suspected that the early death of triple-knockout mice was
related to a defective skin barrier. To explore this idea, we com-
pared epidermal water loss by measuring body weight changes
after separating newborn pups from their mother. Lmna*’*
LmnbI®® Lmnb2** and Lmna™'~ Lmnb1** Lmnb2*'® mice lost
less than 3% of their body weight over 7 h of observation. How-
ever, Lmna '~ Lmnb1*® Lmnb2*® mice lost more than 10% of
their body weight, became obviously dehydrated, and died
(Fig. 2E).

An abnormal stratum corneum in Lmna™'~ Lmnbl*/*
Lmnb2*'* mice. The stratum corneum is crucial for skin barrier
function, and we suspected that it would be morphologically ab-
normal in Lmna~'~ Lmnb1*'* Lmnb2*'® mice. Indeed, Lmna '~
LmnbI®* Lmnb2*'® mice had a thickened epidermis with a com-
pressed stratum corneum. Similar findings have been observed in
other forms of ichthyosis (27-29). Also, many cells within the
stratum corneum retained a cell nucleus (parakeratosis) (Fig. 3A).

Defects in lipid metabolism in the skin often result in ichthyo-
sis and a defective skin barrier (30-32). For example, CGI-58
(comparative gene identification 58) deficiency impairs triglycer-
ide hydrolysis in the skin, leading to an accumulation of neutral
lipid droplets in the stratum corneum, a skin barrier defect, and
ichthyosis (33, 34). To determine if lipid metabolism was per-
turbed in Lmna™'~ Lmnb1*'* Lmnb2*'* keratinocytes, we stained
sections from newborn mouse skin with BODIPY, a fluorescent
dye that binds to neutral lipids (16) (Fig. 3B). We observed nu-
merous lipid droplets within the stratum corneum of Lmna '~
LmnbI*'* Lmnb2** mice but none in the stratum corneum of
control mice. Lipid droplets in the stratum corneum of Lmna '~
LmnbI*'® Lmnb2"'® mice were also evident by oil red O staining
(see Fig. S2 in the supplemental material).

A deficiency of the lamin B receptor (LBR) also causes ichthyo-
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FIG 1 Generation of mice lacking both A-type and B-type lamins in skin
keratinocytes. (A and B) Skin sections from newborn Lmna™'* Lmnb1*/*
Lmnb2*'® and Lmna™'~ Lmnb1** Lmnb2*'* mice were stained with anti-
bodies against keratin 14 (Krt14, red) and lamin B1 (green) along with an
antibody against lamin A (white) (A) or lamin B2 (cyan) (B). DNA was
visualized with DAPI (4',6'-diamidino-2-phenylindole; blue). As ex-
pected, lamin Bl and lamin B2 expression was nearly absent in keratin
14-positive keratinocytes in the epidermis of Lmna™'~ LmnbI**
Lmnb2*'® mice. However, in a subset of Lmna™'~ Lmnb1®'* Lmnb2*'*
mice, we did observe rare lamin B1- and lamin B2-positive keratinocytes,
indicating that rare cells had escaped the Cre recombination event. Lamin
A was not detected in keratinocytes or dermal fibroblasts (with a monoclo-
nal antibody against amino acids 598 to 611 of lamin A). Scale bar, 50 pm.
(C) Western blot analysis of lamin expression in primary keratinocytes.
Lamins A, B1, B2, and C were nearly undetectable in protein extracts of
Lmna™'" LmnbI** Lmnb2*’* keratinocytes. (D) qRT-PCR analysis of
Lmna, Lmnbl, and Lmnb2 transcript levels in primary keratinocytes. Val-
ues are means * SD. Lmna™" LmnbI"" Lmnb2"", n = 2; Lmna™'~
Lnnb 1" Lnnb2"% 1 = 2; Lmna™* Lmnb1*® Lmnb2**, n = 5; Lmna '~
LmnbI*™ Lmnb2*%, n = 5; Lmna™'~ Lmnb1*'* Lmnb2™'*, n = 4.

sis (35). The N-terminal domain of LBR binds to B-type lamins,
while the C terminus has sterol A'*-reductase activity. Because the
Lmna™'~ Lmnb1*'® Lmnb2*'® mice had ichthyosis, we considered
the possibility that a deficiency of nuclear lamins impairs LBR
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FIG 2 Lmna '~ Lmnb1*'® Lmnb2*'* mice die soon after birth with a skin barrier defect. (A) Numbers of mice per genotype at P1 and at the time of weaning (3
to 4 weeks). (B and C) Photographs of newborn Lmna*’* Lmnb1** Lmnb2*'*, Lmna™~ Lmnb1*'* Lmnb2*'*, and Lmna™'~ Lmnb1*'* Lmnb2*'* mice.
Lmna™'~ Lmnb1®* Lmnb2** mice had ichthyosis (scaly skin). (D) Skin barrier assay with toluidine blue demonstrating dye penetration in Lmna /~ Lmnb1*/*
Lmnb2*'® mice. (E) Body weight loss after separation of newborn pups from the mother. Lmna ™'~ Lmnb1*'* Lmnb2*'* mice lost weight rapidly and were visibly
dehydrated and near death after 7 h of observation. Values represent mean * SD. Lmna™" Lmnb1®® Lmnb2*'*, n = 3; Lmna™'~ Lmnb1®® Lmnb2*'*, n = 5;

and Lmna~'~ Lmnb1®® Lmnb2*'® mice, n = 4.

function and leads to defective skin sterol metabolism and ich-
thyosis. However, we observed no significant differences in kera-
tinocyte sterol levels in newborn Lmna™'~ Lmnb1** Lmnb2"'*
mice and littermate control mice (see Fig. S3 and Table S1 in the
supplemental material). The levels of sterol intermediates of cho-
lesterol biosynthesis (either before or after the A'*-reductase-me-
diated step) were comparable in the epidermis of Lmna '~
LmnbI*'® Lmnb2*'* and littermate control mice.

A deficiency of nuclear lamins has little or no effect on cell
proliferation. Although morphological abnormalities were de-
tectable in the stratum corneum of Lmna '~ Lmnb1*'® Lmnb2*'*
mice, numbers of keratinocytes in the basal layer were normal
(Fig. 3). To determine if a deficiency of nuclear lamins affected
keratinocyte proliferation, we examined BrdU incorporation into
keratinocytes in vivo (Fig. 4). Pregnant female mice were given an
intraperitoneal injection of BrdU at embryonic day 18.5 (E18.5),
and skin samples were harvested from embryos or newborn pups

December 2014 Volume 34 Number 24

2 h or 24 h later. At both time points, the numbers of BrdU-
positive keratinocytes in the skin (and the intensity of the BrdU
staining) were indistinguishable in Lmna™'~ Lmnb1** Lmnb2*'*
and Lmna™'~ Lmnb1®* Lmnb2*'* mice.

In follow-up studies, we generated mouse embryonic fibro-
blasts from Lmna~'~ Lmnb1™™ Lmnb2"™ K14-Cre embryos. Un-
expectedly, there was expression of the K14-Cre transgene in some
cultured fibroblasts, resulting in recombination within Lmnbl
and Lmnb2 (converting the “floxed” alleles to “A” alleles) (see Fig.
S4A in the supplemental material). In some immortalized cell
lines, the extent of recombination was modest, whereas in others it
was substantial. To achieve more complete recombination, we
treated the fibroblasts with Cre adenovirus (or lacZ adenovirus as
a control) (see Fig. S4A to C in the supplemental material). The
Cre adenovirus markedly reduced lamin B1 and B2 expression
(see Fig. S4A and B in the supplemental material). The levels of
proliferation of Cre and LacZ adenovirus-treated cells were virtu-
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Lmna-Lmnb122Lmnb2%/2
FIG 3 Epidermal hyperplasia and an abnormal stratum corneum in newborn
Lmna™'~ LmnbI*® Lmnb2*'* mice. (A) Hematoxylin and eosin (H&E) stain-
ing of skin sections from newborn Lmna™* Lmnb1** Lmnb2*'*, Lmna™'~
LmnbI1*® Lmnb2*'®, and Lmna™'~ Lmnb1*'® Lmnb2*'* mice. In Lmna™'~
Lmnb1®® Lmnb2*'* mice, the epidermis (brackets) was thickened (epidermal
hyperplasia) with a compressed stratum corneum. Also, nuclei were retained
in the stratum corneum (parakeratosis) (yellow arrowheads). The layers of the
stratum granulosum and stratum corneum were interspersed (black arrow-
heads). (B) Accumulation of numerous tiny neutral lipid droplets in the stra-
tum corneum (brackets) of Lmna '~ Lmnb1*'® Lmnb2*'® mice. Skin sections

from Lmna™" Lmnb1*'® Lmnb2** and Lmna™'~ Lmnb1®'® Lmnb2*'* mice
were stained with BODIPY (green); DNA was visualized with DAPI (red).

B  Lmna*™*Lmnb12ALmnb2t2

Bodipy

ally identical (see Fig. S4C in the supplemental material), and we
did not observe overgrowth of Lmna '~ Lmnb1*'* Lmnb2*'* fi-
broblasts by the cells that had not undergone complete recombi-
nation (and therefore retained the capacity to produce lamins B1
and B2).

We examined BrdU incorporation in four lines of MEFs (two
Lmna™~ Lmnb1"™ Lmnb2"" K14-Cre lines and two Lmna '~
Lmnb1™ Lmnb2"™ K14-Cre lines) (see Fig. S4D in the supple-
mental material). In one of the Lmna '~ Lmnb1V? Lmnb2"" K14-
Cre lines, recombination was modest and some cells retained the
ability to produce lamin B1 (see Fig. S4D, middle, in the supple-
mental material). In the other line of Lmna ™'~ Lnnb1™® Lmnb2"
1 K14-Cre fibroblasts, the extent of recombination was greater,
and only small numbers of cells retained the ability to produce
lamin B1 (see Fig. S4D [bottom] in the supplemental material). In
the subset of cells from Lmna™'~ Lmnb1™" Lmnb2"" K14-Cre
lines that lacked all nuclear lamins, one-half of the cells (153/306)
were stained positively for BrdU (see Fig. S4E in the supplemental
material). Thus, BrdU uptake is robust in fibroblasts lacking all
nuclear lamins. In the subset of Lmna™'~ Lmnb1™" Lmnb2"™
K14-Cre fibroblasts that expressed lamin C but lacked B-type
lamins, 46.7% of the cells (206/441) were stained positively for
BrdU (see Fig. S4E in the supplemental material).
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stained with antibodies against BrdU (green) and lamin B1 (red). DNA was
visualized with DAPI (blue). The percentage of BrdU-positive cells was as-
sessed in >350 epidermal keratinocytes/genotype in a blinded fashion; the
results are shown in the bar graphs beneath the confocal images.
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Defective skin development with hypotrophic hair follicles
in Lmna™'~ Lmnb1*'* Lmnb2*'* skin grafts. Because Lmna '~
Lmnb1®® Lmnb2*'® mice died within a few days after birth, our
ability to assess the development of the skin and hair was limited.
For that reason, we transplanted the skin from newborn Lmna '~
Lmnbl** Lmnb2*® mice (and littermate control mice) onto
nude mice (Fig. 5). By postsurgery day 5, the skin from Lmna™'"
LmnbI®* Lmnb2** donors appeared pink and healthy, but the
skin from Lmna~'~ LmnbI®* Lmnb2** donors appeared less
robust and dry. At day 10, the hair was visible in most Lmna™*’*
LmnbI®* Lmnb2*'* skin grafts but was nearly absent in Lmna '~
LmnbI®* Lmnb2*'* skin grafts (Fig. 5A). As determined by mi-
croscopy, the stratum corneum of Lmna™'~ Lmnb1®™ Lmnb2*'*
skin grafts was compressed, and many cells within the stratum
corneum retained a cell nucleus (Fig. 5B). However, keratinocyte
proliferation was not impaired in lamin-deficient skin grafts (as
judged by BrdU incorporation) (see Fig. S5 in the supplemental
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FIG 5 Abnormal skin development and hypotrophic hair follicles in Lmna
LmnbI*™ Lmnb2** skin grafts. An oval piece of skin from the dorsum of
newborn Lmna™* Lmnb1®* Lmnb2*'® and Lmna™'~ Lmnb1** Lmnb2*'*
mice was grafted onto the flanks of immunodeficient nude mice. (A) Images of
skin grafts 5 and 10 days after the surgery. Hair had emerged from the
Lmna*'" Lmnb1** Lmnb2*'* skin grafts by day 10 (yellow arrowheads). (B)
H&E staining of skin sections from skin grafts at day 10. The stratum corneum
of Lmna™'~ LmnbI*'® Lmnb2** skin grafts was compressed, and pyknotic
nuclei were observed in the stratum corneum (blue arrowheads).

material), and there was little evidence of cell death (see Fig. S6 in
the supplemental material).

An absence of nuclear lamins causes intrusion of nuclear and
endoplasmic reticulum membranes into the nuclear chromatin.
We assessed whether an absence of all nuclear lamins affects the
localization of nuclear membrane proteins that interact with
lamins. LAP2, the largest isoform of LAP2 (lamina-associated
polypeptide 2), is an integral protein of the inner nuclear mem-
brane (INM). In Lmna*'" Lmnb1®* Lmnb2*'® keratinocytes,
LAP2[3 was positioned at the nuclear rim (Fig. 6A). However, in
Lmna'~ Lmnbl®* Lmnb2*? keratinocytes, LAP23 was often
present in a patchy distribution within the nucleoplasm, inter-
spersed with the chromosomal DNA (Fig. 6A and B). LAP2f3 lo-
calization was normal in the dermal fibroblasts of Lmna '~
LmnbI®® Lmnb2*'® mice (where B-type lamins are expressed
normally) (Fig. 6A).

We also examined emerin localization (Fig. 6C). In the setting
of Lmna deficiency, emerin is mislocalized to the endoplasmic
reticulum (ER) (36). In Lmna™’* Lmnb1*® Lmnb2*'* keratino-
cytes, emerin was mainly located at the nuclear rim. In dermal
fibroblasts of Lmna™'~ Lmnb1®* Lmnb2*'* mice, emerin was
mislocalized to the ER. However, in the keratinocytes of the same
mice, emerin was often observed in a patchy distribution within
the nucleoplasm (Fig. 6C).

The nucleoplasmic distribution of emerin in Lmna
LmnbI®* Lmnb2"'® keratinocytes (in contrast to ER mislocaliza-
tion in the setting of Lmna deficiency) led us to suspect that the
nuclear lamina functions as a “fence,” preventing interspersion of
chromatin and ER membranes. To explore this idea, we examined
skin sections from newborn mice by immunohistochemistry with
two ER markers (KDEL and calnexin) (Fig. 7). In Lmna™'~

—/—
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FIG 6 Abnormal distribution of nuclear membrane proteins in Lmna
LmnbI*® Lmnb2*'* keratinocytes. (A) Immunofluorescence microscopy of
newborn skin sections stained for Krt14 (red) and LAP2[3 (green). DNA was
stained with DAPI (blue). In Krt14-positive keratinocytes in the epidermis of
Lmna™'~ LmnbI** Lmnb2*'* mice, LAP2B was often mislocalized in a patchy
distribution within the nucleoplasm (white arrowheads). In the Krt14-nega-
tive dermal fibroblasts from the same mice (where B-type lamins are ex-
pressed), LAP2f staining was mainly at the nuclear rim (red arrowhead). (B)
Three-dimensional (3D) images of “half-cut-open” nuclei stained for LAP23
(green). Images were captured along the z axis, and 3D images were con-
structed with Volocity 5.4. The boundaries of nuclei are outlined with dashed
lines. (C) Mislocalization of emerin within the nucleoplasm in the absence of
nuclear lamins. Skin sections from newborn Lmna™’* Lmnb1** Lmnb2"'*
and Lmna™'~ LmnbI1~'® Lmnb2** mice were stained with antibodies against
lamin B1 (red) and emerin (green); DNA was visualized with DAPI (blue). In
keratinocytes from Lmna~'~ Lmnb1** Lmnb2*'® mice, some of the emerin
was mislocalized to the ER, as expected, but we also frequently observed
patches of emerin within the nucleoplasm (white arrowheads), particularly in
epidermal keratinocytes. In dermal fibroblasts of the same mice (where B-type
lamins are expressed but A-type lamins are absent), emerin was mislocalized to
the ER (yellow arrowheads).

Lmnb1** Limnb2*'* keratinocytes, both markers were frequently
found within the nucleoplasm (Fig. 7).

We also examined Lmna '~ LmnbI*'* Lmnb2*'* keratino-
cytes by electron microscopy (Fig. 8). In line with the immunoflu-
orescence microscopy findings, keratinocytes in the stratum

mcb.asm.org 4539


http://mcb.asm.org

Jung et al.

KDEL Lamin B1 + DAPI Merge + Krt14

KDEL+ Krt14

20 ym

10 um|

B  cCalnexin  Lamin B1+DAPI

10 pm
/A
»
28/ )
» v ¥ 4 .

FIG 7 Mislocalization of ER membrane proteins within the nucleoplasm in
Lmna™'~ Lmnbl®* Lmnb2"'» keratinocytes. (A) Immunofluorescence mi-
croscopy of newborn-mouse skin sections stained with antibodies against
KDEL (green), lamin Bl (magenta), and Krt14 (red). DNA was stained with
DAPI (blue). In Lmna '~ Lmnb1*'* Lmnb2*'* keratinocytes, KDEL was often
present within the nucleoplasm (yellow arrowheads); in dermal fibroblasts
from the same mice, KDEL was mainly in the ER (red arrowheads), and the
nucleus was free of patches of KDEL staining. (B) Immunofluorescence mi-
croscopy of newborn-mouse skin sections stained for calnexin (red), lamin B1
(cyan), and lamin A (green). In Lmna™'~ Lmnb1®™ Lmnb2*'» keratinocytes,
we observed patches of calnexin staining within the nucleoplasm (yellow ar-
rowheads); in lamin B1-expressing dermal fibroblasts, calnexin was mainly in
the ER (white arrowheads). DNA was visualized with DAPI (blue).

granulosum and stratum spinosum of Lmna '~ Lmnbl*'*
Lmnb2*'* mice had ER membranes within the nucleoplasm (Fig.
8A and B). We also observed intrusion of cytoplasmic fibers into
the nucleus and invagination of nuclear membranes. Heterochro-
matin distribution was often abnormal (Fig. 8A). We found occa-
sional examples of keratinocytes from Lmna '~ Lmnbl®*
Lmnb2*'* mice with morphologically normal cell nuclei (see Fig.
S7A in the supplemental material). In the skin of Lmna '~
LmnbI*'® Lmnb2*'* mice, the stratum granulosum was thickened
and interspersed with the stratum corneum (Fig. 8C; also, see Fig.
S7B in the supplemental material). We did find some examples of
lamellar bodies in Lmna™'~ Lmnb1*'* Lmnb2™'® keratinocytes
(Fig. 8C; also, see Fig. S7B in the supplemental material).

Additional electron micrographs of Lmna '~ LmnbI**
Lmnb2** cells demonstrating incursion of nuclear membranes
into the chromatin are available in File S2 of the supplemental
material. Incursion of membranes into the chromatin was never
observed in keratinocytes from Lmna™* LmnbI** Lmnb2"/*
mice.

Normal skin and hair in Lmna"*°""4° Lnnb1*'* Lmnb2*'*
mice. Prelamin A, lamin B1, and lamin B2 are farnesylated pro-
teins. Cell culture studies have suggested that the farnesylation of
nuclear lamins is important for targeting those proteins to the
nuclear envelope (14-18), and an absence of lamin B1 farnesyla-
tion causes severe neurodevelopmental abnormalities (37). One
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FIG 8 Electron micrographs of keratinocytes in the skin from Lmna™'™"
Lmnb1*® Lmnb2*'* and Lmna™'~ Lmnb1*'* Lmnb2** mice. (A) Images of
keratinocytes in the stratum granulosum and stratum spinosum. In Lmna ™'~
LmnbI*'® Lmnb2*'* keratinocytes, nuclear membranes were occasionally in-
vaginated into the nucleoplasm (yellow arrowheads). ER membranes, includ-
ing rough ER, were also found within the nucleoplasm (blue arrowheads). (B)
Higher-power image of Lmna ™'~ Lmnb1*'* Lmnb2*'* keratinocytes showing
intrusion of ER membranes into the nucleoplasm (arrowheads). (C) Lower-
power images of the stratum corneum and stratum granulosum. In Lmna ™/~
Lmnb1*'® Lmnb2*'* mice, the stratum granulosum was thickened (brackets).
It was possible to identify lamellar bodies in Lmna™'~ LmnbI** Linnb2*/*
keratinocytes (arrowheads).
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potential explanation for the normal skin in Lmna™'* Lmnb1*/*
Lmnb2*'® mice is that those mice retained the capacity to produce
a farnesylated nuclear lamin (prelamin A). Prelamin A is evanes-
centin cells because of its rapid conversion to mature lamin A, but
the best evidence suggests that farnesyl-prelamin A exists in the
cell nucleus (38). To test the idea that the ability to produce farne-
syl-prelamin A in Lmna™'* Lmnb1*'* Lmnb2*'® mice explained
their normal skin, we bred mature lamin A-only mice (21) lacking
lamins B1 and B2 in keratinocytes (Lmna*°"™° Lmnb1*'*
Lmnb2**). These mice were healthy and had no abnormalities in
the skin or hair, indicating that the synthesis of a farnesylated
nuclear lamin is not important for keratinocytes (see Fig. S8 in the
supplemental material). As determined by immunohistochem-
istry, the mature lamin A in Lmna"*°""*° Lmnb1*'* Lmnb2"'*
keratinocytes was located predominantly at the nuclear rim.

DISCUSSION

More than 30 years after the discovery of nuclear lamins (39, 40),
the physiological importance of these proteins remains unclear.
For much of this time, the B-type lamins were considered to be
crucial for a variety of key functions in the cell nucleus, for exam-
ple, DNA replication and the formation of the mitotic spindle
(1-8). That view began to unravel with the discovery that kerati-
nocyte-specific Lmnbl Lmnb2 mice were healthy and free of gross,
microscopic, or ultrastructural pathology in the skin or hair (9). In
the current study, we tested whether a deficiency of all nuclear
lamins in keratinocytes would be equally well tolerated. Our stud-
ies yielded three important findings. First, an absence of nuclear
lamins in keratinocytes led to ichthyosis, a skin barrier defect,
dehydration, and early death. Second, the loss of all nuclear lamins
impaired the development of the stratum corneum and led to
hypotrophic hair follicles, but there was little, if any, impact on
DNA synthesis (as judged by BrdU uptake by keratinocytes).
Third, an absence of nuclear lamins resulted in a striking abnor-
mality in cell morphology—interspersion of nuclear membranes
and endoplasmic reticulum with the nuclear chromatin. Thus, the
nuclear lamina serves as a “fence,” preventing incursion of cyto-
plasmic structures into the cell nucleus.

The fact that keratinocytes and fibroblasts were able to survive
and proliferate in the absence of nuclear lamins was intriguing,
given the reports claiming essential roles for nuclear lamins in the
nucleus (1-8). On the other hand, our findings were consistent
with a recent study reporting that mouse embryonic stem (ES)
cells proliferate normally in the absence of nuclear lamins (11).
Interestingly, the nuclear lamin-deficient ES cells, when injected
into nude mice, formed teratomas containing endodermal, meso-
dermal, and ectodermal structures. The latter observation sug-
gested that nuclear lamins might be dispensable for complex de-
velopmental programs. Our studies showed that this is not the
case. A deficiency of nuclear lamins in keratinocytes led to a dis-
organized epidermis and hypotrophic hair follicles, which in turn
led to a skin barrier defect and early death.

One remarkable finding in our current studies is that nuclear
lamins form a barrier that prevents incursion of cytoplasmic or-
ganelles into the nuclear chromatin. Most often, the nuclear lam-
ina is described as an intermediate filament meshwork that pro-
vides a structural scaffolding for the nucleus, or it is described as a
structure that binds and organizes the nuclear chromatin. How-
ever, no one has emphasized a simpler and rather obvious func-
tion for the nuclear lamina—serving as a “border fence” that ex-
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cludes cytoplasmic contents from the cell nucleus. In lamin-
deficient keratinocytes, we found, by confocal microscopy,
intermixing of nuclear membrane proteins and ER markers with
the chromatin. By electron microscopy, we found rough ER inter-
mixed with nuclear chromatin. A bizarre consequence of this sit-
uation was mis-mislocalization of emerin. Normally, an absence
oflamins A and C causes emerin to be mislocalized to the ER (36),
but when all lamins were absent, patches of emerin were found
within the cell nucleus, surrounded by chromatin. We also ob-
served fibrous structures, likely keratin fibers, within the nucleo-
plasm. Intranuclear membrane structures have been observed in
some cultured cell lines, rat hepatocytes, and cells overexpressing
a fusion protein, LBR-GFP, at high levels (41, 42). However, the
extent of invaginations was limited and most likely related to nu-
cleocytoplasmic transport or the unnatural accumulation of fu-
sion proteins.

Our mice developed ichthyosis, hyperkeratosis, and parakera-
tosis, and accumulated neutral lipid droplets in the stratum cor-
neum. Unfortunately, these findings are rather nonspecific, and
the link between these findings and nuclear lamin deficiency is not
clear. Ichthyosis can be caused by dozens of different genetic ab-
normalities in the skin—many involving defects in lipid biosyn-
thetic proteins but others due to deficiencies in structural proteins
(e.g., keratins and filaggrin) (31, 32, 43—45). Hyperkeratosis and
triglyceride droplet accumulation can occur with genetic abnor-
malities in triglyceride hydrolysis, but they also occur in cases of
run-of-the-mill dandruff. Recently, Adeyo et al. (46) found lipid
droplet accumulation with a deficiency of SLURPI, a secreted
peptide of keratinocytes. Triglyceride hydrolysis in the epidermal
keratinocytes is known to be important for producing the lipids
for lamellar bodies, which play key roles in skin barrier function
(47-50). We were able to identify lamellar bodies in the keratino-
cytes of Lmna™'~ Lmnb1*'* Lmnb2*'* mice, but we suspect that
they were ineffective in establishing a normal skin barrier, given
the disorganization in the upper layers of the epidermis.

In contemplating the skin pathology in our mice, we were in-
trigued by the fact that a deficiency of the lamin B receptor (LBR)
causes ichthyosis (35). The amino-terminal domain of LBR binds
to B-type lamins, while the carboxyl terminus contains a sterol
A'"-reductase domain. Initially, the loss of LBR was thought to
cause ichthyosis by interfering with sterol metabolism (51, 52).
This explanation seemed plausible, given that ichthyosis can be
caused by a defect in sterol metabolism (e.g., cholesterol sulfatase
deficiency) (31, 32, 43). Subsequently, Wassif et al. (53) reported
that a deficiency of LBR alone does not perturb sterol metabolism
because of the activity of a redundant sterol A'*-reductase en-
zyme, TM7SF2. They concluded that the LBR-associated ichthyo-
sis was not due to defective sterol metabolism and instead repre-
sented a “laminopathy.” Our data appear consistent with their
interpretation. We found no evidence that a deficiency of nuclear
lamins impairs sterol metabolism in keratinocytes; the levels of
sterol intermediates (both before and after the A'*-reductase
step) were comparable in the epidermis of Lmna ™'~ Lmnb1*'*
Lmnb2*'* and littermate control mice.

At this point, we cannot point to a simple biochemical mech-
anism for the skin and hair abnormalities in Lmna ™'~ Lmnb1*'*
Lmnb2*'® mice, but we suggest two possibilities. The first is that
an absence of nuclear lamins adversely affects chromatin structure
and gene expression, leading to defective development of the epi-
dermis and hair. The second possibility is more prosaic—that the
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interspersion of cytoplasmic organelles into the nucleus makes
keratinocytes “sick,” resulting in impaired keratinocyte differen-
tiation. Regardless of which mechanism applies, it is important to
emphasize that the impaired skin and hair differentiation in
lamin-deficient keratinocytes was by no means complete. Lamin-
deficient keratinocytes retained the ability to differentiate into
hair follicles and to form the different layers of the epidermis (but
not well enough to prevent a skin barrier defect and early death).

The ability of nuclear lamin-deficient keratinocytes to prolif-
erate and differentiate (albeit abnormally) stands in contrast to
our experience with lamin deficiency in forebrain neurons (54).
When Lmnbl and Lmnb2 were inactivated in forebrain neurons
during development, the result was death of all neurons and atro-
phy of the forebrain. Thus, the consequences of lamin deficiency
in keratinocytes and neurons are very different, but we would
hasten to add that these are very different cell types. Keratinocytes
proliferate rapidly but then undergo apoptosis and are shed, with
aturnover time of ~8 to 12 days (55). In contrast, cortical neurons
are postmitotic cells that are required to migrate from the ventric-
ular zone to the cortical plate—a developmental process that sub-
jects the cell nucleus to considerable strain (56, 57). In the setting
of lamin B1 or lamin B2 deficiencies, the strain on the cell nucleus
in migrating neurons leads to striking abnormalities in nuclear
shape (54, 58). A key lesson from our observations is that one
cannot generalize about the relevance of the nuclear lamina in
different cell types. In the past, there has been a tendency to as-
sume that the lamina plays similar functions—and is similarly
important—for all cell types. Our studies show that the physio-
logic importance of the nuclear lamina can be quite different in
different cells. A second lesson is that sorting out the relevance of
nuclear lamins in different tissues requires genetically modified
mice. In our opinion, additional studies with genetically modified
mice are likely to add to our understanding of nuclear lamin func-
tion. It would be interesting, for example, to define the conse-
quences of nuclear lamin deficiency in lymphocytes, hepatocytes,
and adipocytes (59).

Over the past few years, there has been considerable interest in
the importance of lamin posttranslational modifications (59, 60).
Three of the nuclear lamins (prelamin A, lamin B1, and lamin B2)
are modified by a farnesyl lipid. In the case of lamin B1, this lipid
modification is crucial for the migration of neurons in the devel-
oping brain (37). For other cell types, for example, keratinocytes,
the importance of lamin farnesylation is unclear. In the current
study, we created mice in which the keratinocytes produced ma-
ture lamin A but lacked the ability to produce any farnesylated
nuclear lamins. Interestingly, the skin and hair of these mice was
normal (indistinguishable from those of wild-type mice), and the
mature lamin A was largely positioned at the nuclear rim. These
studies indicate that, at least in certain cell types, farnesylated
lamins are dispensable.

In our study, we used a Lmna knockout allele, originally pro-
duced by Sullivan et al. (36), that has been used extensively by
many laboratories. After breeding mice for this study, Jahn et al.
(26) reported that this particular Lmna knockout allele produces
an internally truncated lamin A, but there was little evidence that
this protein is functional—or that it has toxic gain-of-function
properties. In our studies, we detected the truncated lamin A in
keratinocytes on Western blots, but the level of the protein was
very low. In considering our findings, there is a formal possibility
that the trace amounts of the truncated lamin A are sufficient to
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overcome a defect in DNA synthesis and mitosis and thereby allow
keratinocytes to proliferate and differentiate. However, this pos-
sibility seems very remote, particularly given the ability of lamin-
deficient ES cells to proliferate and differentiate into teratomas
(11). In thelatter ES cell studies, the Lmna knockout was achieved
with a gene-targeting strategy distinct from the one used by Sulli-
van and coworkers.

In summary, we tested the in vivo functional importance of the
nuclear lamins by breeding mice lacking all nuclear lamins in
keratinocytes. Keratinocytes without nuclear lamins proliferated
in a robust fashion, as judged by BrdU uptake. However, lamin-
deficient keratinocytes yielded a morphologically and functionally
abnormal epidermis and hypotrophic hair follicles. Interestingly,
the absence of nuclear lamins resulted in an interspersion of nu-
clear and ER membranes with the chromatin, implying that a key
function of the nuclear lamina is to prevent incursion of cytoplas-
mic organelles into the nucleus.
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