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The lamin B receptor under transcriptional
control of C/EBP¢ is required for morphological
but not functional maturation of neutrophils
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The lamin B receptor (LBR) is an integral nuclear envelope protein that interacts with chromatin and has hom-
ology to sterol reductases. Mutations in LBR result in Pelger—Huét anomaly and HEM-Greenberg skeletal
dysplasia, whereas in mice Lbr mutations result in ichthyosis. To further understand the function of the
LBR and its role in disease, we derived a novel mouse model with a gene-trap insertion into the Lbr locus
(Lbré™€7), Phenotypically, the Lbré™CT mice are similar to ichthyosis mice. The Lbré7¢T granulocytes lack
a mature segmented nucleus and have a block in late maturation. Despite these changes in nuclear mor-
phology, the innate granulocyte immune function in the killing of Staphylococcus aureus bacteria appears
to be intact. Granulocyte differentiation requires the transcription factor C/EBP<. We identified C/EBP< bind-
ing sites within the Lbr promoter and used EMSAs and luciferase assays to show that Lbr is transcriptionally
regulated by C/EBPs. Our findings indicate that the Lbr®”¢" mice are a model for Pelger—Huét anomaly and
that Lbr, under transcriptional regulation of C/EBPs, is necessary for morphological but not necessarily func-
tional granulocyte maturation.

Underlying the INM is the nuclear lamina, a thin protein-
aceous layer that is primarily composed by the nuclear
intermediate filament proteins, the A-type and B-type
lamins. Besides maintaining the shape and mechanical
strength of the interphase nucleus, the lamina has also been

INTRODUCTION

Within the last decade, the functional architecture of the
nucleus has undergone a fundamental re-evaluation, primarily
due to a growing number of different diseases and anomalies

(the nuclear envelopathies) are caused by mutations in proteins
of the nuclear envelope (NE) and lamina (reviewed in 1).
The NE is composed of an inner nuclear membrane (INM)
and outer nuclear membrane, the latter being contiguous
with the endoplasmic reticulum (ER). The NE and nuclear
pore complexes that traverse the NE act as a selective
barrier controlling the traffic of macromolecules, including
proteins and RNAs, between the nucleus and the cytoplasm.

implicated in regulating DNA synthesis and chromatin organ-
ization (2).

The nuclear envelopathies are diseases resulting from
mutations in the proteins associated with the NE and lamina
(reviewed in 1). Most of these diseases are linked to mutations
in the A-type lamin gene (LMNA) and are referred to as
the laminopathies. The Ilaminopathies result in skeletal
muscle and cardiac defects, defects in adipocyte and bone
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homeostasis, myelin degeneration and the premature aging
diseases Hutchison—Gilford progeria and some cases of
atypical Werner’s syndrome (3).

In addition to the laminopathies, six other anomalies/
diseases have been linked to mutations in NE-associated
proteins (reviewed in 4). Among these proteins, the lamin B
receptor (LBR) was initially discovered as a 58 kDa protein
in turkey erythrocyte lysates that binds to lamin B, as well
as lamin A with a lower affinity (5). LBR is an evolutionary
conserved multifunctional integral membrane protein of
the INM. The first third of the protein is hydrophilic and
extends into the nucleoplasm. This domain interacts with
chromatin in a cell cycle-dependent manner (6), Lamins
B1/B2 (7), p34/p32—a putative splicing complex (8,9)—the
chromatin binding protein HP1 (10), HA95—an RNA helicase
A binding protein (11)—and p18, another integral membrane
protein (12). During nuclear reassembly at mitosis, the LBR
is important in targeting the NE to chromatin in an importin
B-mediated process (13,14). The C-terminal third of LBR
consists of eight transmembrane domains that exhibit
sterol A-14-reductase activity under some conditions in vitro
(15-17).

In humans, heterozygous mutations in the LBR gene result
in the autosomal dominant Pelger—Huét anomaly (18) charac-
terized by hypolobulation of granulocyte nuclei and altered
chromatin structure. Homozygotes for a splicing anomaly
in the LBR gene sometimes exhibit impaired cognitive
development, heart defects and bone deformities (19-21).
A homozygous LBR nonsense mutation resulted in a develop-
mentally lethal metabolic disorder, HEM/Greenberg skeletal
dysplasia, suggesting that LBR may be essential to proper
cholesterol synthesis during development (22). However, this
role of the LBR in developmental cholesterol regulation
has recently been disputed (23). In mice, mutations in the
Lbr gene result in ichthyosis (ic”) of which the most overt
phenotypes include alopecia, post-natal growth retardation,
early lethality and syndactyly (18). Within the hema-
topoietic compartment of ic” mice, splenic lymphocytes
show clumping of heterochromatin. In the peripheral blood,
neutrophils and eosinophils are immature and the nuclei are
hypolobulated.

To further define the functional role of the LBR, we
established a novel mouse line carrying a different mutation
in the Lbr gene, specifically, a gene-trap insertion into the
Lbr locus (Lbr°7¢T). We compare this mutation to the ic”
mice and show that Lbr®”°T homozygotes phenocopy ic”
mice, exhibiting embryonic lethality with incomplete pene-
trance, shortened post-natal lifespan, hydrocephaly and
syndactyly, as well as chromatin atypia in the neutrophils.
In addition, loss of LBR results in alterations to fibroblast
nuclear morphology and the localization of other NE-
associated proteins. We show that CCAAT/enhancer-binding
protein epsilon (C/EBPeg) transcriptionally regulates Lbr
expression and that the Lbr is necessary for the morphological
differentiation of granulocytes. Functional differentiation of
granulocytes in their ability to kill bacteria did not appear to
be impaired by the loss of LBR. Our data provide new
evidence for the importance of the LBR in granulocyte
development and reveal novel aspects to the significance of
lamina/NEs in coordinating cellular functions.

RESULTS
Mapping the gene-trap insertion

To further determine the function of the LBR, we used an ES
cell clone containing the gene-trap (pGT1Lxf) insertion into
the Lbr locus (Supplementary Material, Fig. S1A). Southern
and sequence analysis revealed the insertion of the gene-trap
vector into exon 9 within the Lbr locus (Supplementary
Material, Fig. SIB and E). The gene-trap plasmid pGT1Lxf
contains an en2 splice acceptor site and a [3-galactosidase
cDNA linked to the neomycin resistance cDNA ([B-geo).
Sequence analysis of genomic DNA showed that the cryptic
splice donor site (SD1) within the vector resulted in splicing
from exon 8 to the En splice acceptor within the vector (24).
Cloning and sequencing the cDNA in the region of the inser-
tion revealed that exon 9 is absent (Supplementary Material,
Fig. S1E). Northern analysis of total RNA from heterozygous
(LbrT*) fibroblasts revealed an additional 4.5 kb transcript
containing (-geo, as well as the 3.4 kb wild-type transcript
(Supplementary Material, Fig. S1C). The insertion predicts
that 1199 bp of Lbr remains resulting in the translation of
the first 366 of the 616 amino acid full-length protein. The
gene-trapped Lbr allele produces a fusion protein consisting
of the amino terminal nucleoplasmic domain and the first
four transmembrane domains of LBR fused to B-geo and
lacking the C-terminal sequences downstream of exon 8
(Supplementary Material, Fig. S1D). The fusion protein
would have a predicted MW of 104 kDa. A polyclonal
rabbit antibody to the LBR N-terminus detected a 58 kDa
band corresponding to the endogenous LBR polypeptide
in +/+ cells that was absent in Lbr°”¢T cells (Fig. 1G).
However, due to the low expression of LBR in Primary
Mouse Embryo Fibroblasts (PMEFs) some background bands
were also observed in both wild-type and Lbr¢”“7 cells. The
larger fusion polypeptide was not detectable by immunoblotting
using this antibody or an anti-lacZ antibody; however, we were
able to visualize the expression of the fusion polypeptide using
immunofluorescence in PMEFs. LBR is normally localized to
the NE in wild-type cells (18) and, as shown in Supplementary
Material, Figure S1F, the anti-LBR antibody detected a peri-
nuclear staining pattern in wild-type PMEFs, which was not
detected in gene-trapped PMEFs (upper panels). In contrast,
an antibody to lacZ did not detect any specific staining
pattern in wild-type PMEFs but revealed nuclear staining in
gene-trapped PMEFs (lower panels), suggesting that the
LBR—B-geo fusion protein is redistributed from the nuclear
rim space to the nucleoplasm and cytoplasm.

Lbr°”“T fibroblasts have nuclei with
altered morphologies

To determine whether the loss of functional LBR from
NE-affected nuclear morphology in Lbr®"“" PMEFs, we ana-
lyzed the expression of chromatin and NE-associated proteins
(Fig. 1). Immunostaining with antibodies to lamin B (Fig. 1A),
lamin A/C and LAP2@ (Fig. 1B) revealed that the lamina of
Lbr®”CT nuclei had a more wrinkled appearance compared
with wild-type fibroblast nuclei. LBR also binds to heterochro-
matin protein 1 (HP1), a protein with diverse roles in chroma-
tin organization and function (10). In wild-type cells, HP1a is
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Figure 1. Chromatin abnormalities in Lbr®”“" cells. (A) Lamin B2
expression in the lamina is retained in the LbrCTCT cells, although the
lamina and NE is wrinkled. (B) Similarly, staining for LAP2f3 and lamin A/
C reveal that both are still present in the lamina/NE, although LAP2B also
forms inclusions within the nuclei of Lbr“”“7 cells. (C) Emerin is also loca-
lized at the NE and is strongly localized to a micronucleus whose numbers are
increased in Lbr@”6T cells. Immunofluorescent staining for HPla indicated
increased localization to nucleoplasmic foci in Lbr®”°” cells. Scale bar,
10 pm. (D) Lbr¢”“7 cells have an increase in the percentage of micronuclei.
Bar graphs represent the percenta%e of micronuclei relative to the total number
of wild-type (n = 254) and Lbr®”°" cells (n = 172) counted. *P < 0.001.

localized to multiple punctate foci within the nucleoplasm.
In Lbr“7ST PMEFs, the foci are larger and fewer in
number (Fig. 1C). Intriguingly, immunofluorescent staining
for another NE-associated protein, emerin, revealed increased
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localization to the NE. Micronuclei were also detected at a
higher frequency in the Lbr®”“T PMEFs (Fig. 1C). Quantifi-
cation revealed a significant increase of nuclei exhibiting
micronuclei from 3.53% (4 1.28; n =254 cells counted) in
wild-type cells to 16.34% (+2.53; n=172 cells counted
P < 0.001) of Lbr°”°T PMEFs (Fig. 1D). Interestingly, cells
containing micronuclei did not show wrinkling of the
lamina, suggesting that micronuclei or wrinkling may be two
possible outcomes of the mutation.

Embryonic and tissue specific expression of Lbr

The embryonic and tissue-specific expression of Lbr was
initially determined by the northern analysis (Fig. 2). In
embryonic tissues, Lbr transcripts were detected at all stages
from E4.5 through E18.5, with the levels increasing after
E8.5 (Fig. 2A, left panel). Lbr transcripts were also present
in all adult tissues examined with highest levels in thymus,
spleen and testis (Fig. 2A, right panel). The 3-galactosidase
activity of the gene-trapped fusion protein was used to
further localize the expression of Lbr in embryonic and post-
natal mice. LacZ expression in E10 homozygote embryos
was observed at the central nervous system, head and
somites (Fig. 2B). In post-natal mice, the expression of
Lbr-lacZ was observed in the skin where the expression was
localized to the hair follicles, specifically in the outer root
sheath and more internally in the matrix cells, the highly pro-
liferative cells which give rise to the inner root sheath and
hair shaft (25) (Fig. 2C). Expression was also observed in
the osteogenic cells of the ulna, femur, ribs and skull
(Fig. 2D), with positively stained cells also being observed
in the bone marrow.

Lethality of the Lbr®”¢" mutation

Heterozygous intercrosses of Lbr®”* mice produced viable

homozygous mutant offspring. However, the Lbr®”” homo-
zygotes were born at a frequency of 11.42% (50 out of 438
mice), indicating that ~54% of the Lbr®”“" homozygotes
were pre-/peri-natal lethals (Table 1). Examination of
embr¥os from pregnant dams failed to identify abnormal
Lbr@"CT post-implantation embryos, suggesting that embryo-
nic lethality probably occurred during early development,
before implantation (data not shown).

Of the live-born offspring, the Lbr¢”°T mice could be
easily distinguished by the absence of hair except for a few
small patches (Fig. 3A, left panel). The Lbre7eT homozygotes
were smaller than their wild-type littermates and often exhib-
ited syndactyly between the second and third digits (Fig. 3A,
right panel), although with incomplete penetrance. The mean
lifespan of the Lbr®"“T mice was approximately 2—4 weeks
(Fig. 3B), with ~50% dying during the first 3 days after
birth. The majority of the remaining Lbr°”’“” homozygotes
died in the first 4 weeks, although ~20% survived until
about 10—11 weeks. Homozygotes from the first six gener-
ations appeared to survive longer, suggesting that viability
maybe influenced by the background strain (the founding
mice were C57Bl6/Cr x 1290la F1 hybrids). The few (6)
mice that survived, lived up to 9 months at which time
they developed enlarged lymph nodes that resulted in sores
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Figure 2. Analysis of the expression of Lbr. (A Northern blots showing the expression of Lbr in embryos (left) and adult tissues (right). (B) B-galactosidase
staining of an E10 Lbreer embryo showing expression in the brain, limb buds and somites. fb, forebrain; hb, hindbrain; ht, heart; s, somite; am, amnion.

(C) Skin section of a 2-week-old post-natal Lbre7eT

stained with X-gal and counterstained with neutral red showing the expression of /acZ in the hair follicles.

(D) Cross-section through the femoral bone in a 2-week-old post-natal Lbr®”“" showing expression of lacZ in the spongy bone. d, dermis; e, epidermis; hf, hair

follicle, ors, outer root sheath. Scale bar = 1 mm (B), 50 wm (C and D).

Table 1. Analysis of progeny from heterozygous (Lbr"'*) intercrosses pre-
sent at 3 weeks postpartum

Genotype
+/+ GT/+ GT/GT Total  y? P-value
160 (110) 228 (219) 50 (110) 438 5599  <0.001 (2 df)
% 11.42(25) 52.05(50) 36.53(25) 100

Observed numbers of progeny of each genotype are indicated and
expected numbers, based on Mendelian ratio 1:2:1, are in parentheses.

necessitating sacrifice of the animal. After the first 6 gener-
ations, however, no mice survived longer than 4 weeks.

Lbr°”“T mice have multiple pathologies

The skin of Lbr¢”°T mice was hyperkeratotic (arrow, Fig. 4A)
with little subcutaneous fat. Within the brain, enlarged
lateral ventricles were present indicative of hydrocephalus
(Fig. 4Ad). Histological analysis with an anti-GFAP antibody,
a marker of gliosis, showed increased GFAP positive astro-
cytes at the periphery and extending out from the ventricles
(arrow, Fig. 4Af) and TUNEL staining indicated increased
apoptosis within the CNS of Lbr®”“T mice (data not
shown). The nasolacrimal ducts were also clogged with
some undefined matter (Fig. 4Ah). The mice were sexually
immature with uterine hypoplasia in females (data not
shown). Attempts to breed the homozygotes were unsuccess-
ful, indicating infertility. Neither homozygous males nor
homozygous females produced litters when intercrossed with
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Figure 3. Phenoéype of Lbr7T mice. (A) Lbr”°T and wild-type littermate
showing the Lbr®"”“" to have alopecia and a smaller size. Hind paws showing
syndactyly between digits 3 and 4. Scale bar, 1 mm. (B) The Lbr¢”7 also
have increased post-natal mortality. GT/GT, homozygote, GT/+, heterozy-
gote, +/4, wild-type.

heterozygous or wild-type mice. For this reason, the colony
was maintained by heterozygous matings.

We analyzed the skeletons of post-natal Lbr mice
following Alazarin red—Alcian blue staining (Fig. 4B). One

GT/GT



major difference between wild-type and Lbr®”“" mice was a

significant bulging of the skull calvaria, although it was
unclear whether the abnormal shape was a consequence of
hydrocephaly. Scoliosis of the spine was also noted and the
rib cage was more compressed resulting in seven lumbar
vertebrae between the rib cage and pelvis, whereas there are
only six vertebrae in this region in wild-type mice (Fig. 4B).
These data together with expression of LBR in bone indicates
that LBR has a significant role in skeletal development which
will be reported in detail elsewhere (K. Hoffmann, personal
communication). Overall, the phenotype of the Lbr@7¢”
mice is similar to that described for the ic” mice (18).

Analysis of the hematopoietic lineages

Mutations within the LBR affect the nuclear morphology of
granulocyte/neutrophils (18,19). In the spleens of wild-type
mice, chromatin is uniformly distributed in the nuclei of lym-
phocytes. In contrast, the splenic lymphocytes of Lbr¢""
mice were visibly different with clumping of chromatin
in the nuclei of lymphocytes (Fig. 4C). Examination of
blood smears revealed that granulocyte nuclei were hypo-
segmented. The nuclei of neutrophils from heterozygous
mice were segmented and contained several chromatin
clumps. In contrast, the neutrophils from Lbr®”¢" mice
contained one large clump, with no nuclear segmentation
(Fig. 4Cd and f). Overall, the nuclear morphologies from the
hematopoietic tissues of Lbr“”“" mice were similar those of
the ic’ mice (18).

To determine the effects of the Lbr mutation on hema-
topoietic lineages, we examined myeloid, erythroid and
lymphoid populations by FACS analysis. Examination of
cytospins of bone marrow also showed an increase in granulo-
cyte numbers with absence of mature ring forms (Fig. SA, top
panel). Examination of the myeloid lineage, using the markers
Gr-1 and Mac-1, revealed an increase in myeloid numbers in
the bone marrow (20.3 + 0.8% Lbr™'+; 34.7 + 5.1% Lbrc”"
(P < 0.14), spleen (7.6 +0.4% Lbr'™; 12.2 +3.3% Lbr¢7cT)
(P <025 and 2peripheral blood (15.9+12% Lbrt'™;
403 +4.3% Lbr¢7Ty (P <0.07) (Fig. 5A, lower panels).
Although the increases were not statistically significant due to
the low number of homozygotes available for analysis (n = 2),
the trend for increased numbers of Mac-1+4Gr-1+ cells may be
the result of an increased demand for mature neutrophils, as
these mice accumulate aberrant neutrophils.

To determine whether lymphoid populations were affected,
we examined B cells using markers for progenitors (CD43)
and mature B cells (IgM and B220). Although there appeared
to be a decrease in immature B cells (B220+4CD43-)
in Lbre”CT mice (18.9+2.3) compared to Lbr'™ mice
(35.6+1.0) (P=0.05) (Fig. 5B), the number of mature
IgM+ cells from the Lbro”“T mice (6.8 +1.5) did not
differ from wild-type levels (7.8 +0.3) (P = 0.4) (data not
shown). Similarly, there were no differences in erythrocyte
levels evident by the numbers of Terl19 and CD714ve
cells (Fig. 5C) and T cells in the Lbr°”°T mice (data not
shown). These data indicate that the most profound effect of
the Lbr°”“T mutation on hematopoietic lineages is on the
granulocyte-neutrophil compartment.

GT/GT
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LBR is transcriptionally regulated by the granulocyte
differentiation factor C/EBPe

Granulocyte differentiation is initiated in Gr-14 and Mac-1-+
myeloblasts. These sequentially differentiate into promyelo-
cytes, myelocytes, metamyelocytes, band granulocytes and
finally into mature segmented granulocytes (26). Our analysis
showed that the granulocyte nuclei of the Lbr©”’“T were hypo-
segmented and therefore potentially arrested in their differen-
tiation. We therefore determined at which step the block in
granulocyte maturation occurs and whether the granulocytes
from the Lbr“”“T mice were functional.

We noted similarities between the granulocyte morphologies
of the Lbr®”“" mice and humans lacking a functional CCAAT/
enhancer binding protein epsilon (C/EBPe¢) transcription factor
(27). Granulocyte differentiation is critically dependent on the
CCAAT/enhancer binding protein transcription factors alpha
and epsilon (C/EBPa and C/EBPg), with mice deficient in
C/EBPe showing marked defects in granulocyte development
and increased susceptibility to infection (28—30). Mutations
in the CEBPE gene are detected in a subset of individuals
with neutrophil-specific granule deficiency (SGD), a rare con-
genital disorder associated with immunodeficiency and neutro-
phil abnormalities (31). These and other studies have revealed
that C/EBPe is essential for the later stages of granulocyte
differentiation, specifically with the differentiation of meta-
myelocytes into banded myelocytes (26).

The morphological similarities in the immature granulo-
cytes between the Lbr®7“" and the C/EBPe mice prompted
us to determine whether C/EBPe transcriptionally regulated
the Lbr gene. To investigate whether C/EBPe might directly
regulate Lbr gene transcription, we analyzed the sequence of
2 kb region, upstream of the murine Lbr trancripional start
site. Three putative C/EBPe binding sites were identified cen-
tered at positions — 1791, —1335 and — 837 bp relative to the
major transcriptional initiation site (Fig. 6A). Electrophoretic
mobility shift assays (EMSA) and antibody supershift assays
were performed using the extracts of HEK293 cells transfected
with C/EBPe and C/EBPB to determine whether C/EBPe
interacts with these putative binding sites. C/EBPe formed
complexes with oligonucleotides containing each putative
C/EBP binding site with strongest binding being found with
the —1791 site (Fig. 6B, left panel). C/EBPB, a related
member of the C/EBP family, also bound to each site
(Fig. 6B, right), as would be expected based on the shared
DNA binding specificities of each of the C/EBPs (32).

Next we tested whether C/EBPe could activate the Lbr pro-
moter by performing transient transfection assays. HEK293
cells were transfected with luciferase reporter plasmids
(—20451br-Luc and —890lbr-Luc) containing Lbr promoter
sequences extending to nucleotides —2045 or —890 and
expression vectors (pC/EBPe and pC/EBP, encoding either
C/EBPe or C/EBP and luciferase activities were measured
in cell extracts. Co-transfection of C/EBPe resulted in a dose-
dependent increase in the activity of the —2045Ibr-Luc repor-
ter (Fig. 6C). C/EBPR also transactivated this promoter in a
dose-dependent manner, although C/EBPB was less potent
than C/EBPe. Both C/EBPe and C/EBPP were less active
on the —890lbr-Luc reporter, presumably reflecting the
lower number of putative C/EBP binding sites in this con-
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Figure 4. Pathology of the Lbr

phenotype. (A) Hyperkeratinosis in the skin of Lbr

+/+

Eosinophil

GT/GT mice. High-power magnification of a skin section showing an

increase in the amount of keratin on the surface of the epidermis. Scale bar = 50 wm d, dermis; ed, epidermis; k, keratin layer; sc, subcutaneous fat. (Ac

and d) Hydrocephalus/enlarged ventricles. v, ventricle. (Ae and f) Gliosis in the brain of Lbr
arrow shows GFAP positive astrocytes in the Lbr7°7 brain section, indicative of gliosis. (Ag and h) Clogged nasolacrimal duct in Lbr
stained with alizarin red and alcian blue showing increased curvature of the spine and a dome-shaped skull in the Lbr

976T mice. Brain sections stained with an antibody to GFAP;

GT6T mice. (B) Skeletons

GT/GT mice. (Ca and b) Spleen section

showing chromatin clumping. (Cc and d) Eosinophils showing irregular chromatin. (Ce and f) Neutrophils showing the absence of ring forms and nuclear hypo-
segmentation in the GT/GT and normal morphology of neutrophils in GT/+ Giemsa—Wright staining. Scale bar = 10 um.

struct. Together, these results demonstrate that C/EBPe
transcriptionally regulates the Lbr gene.

GT/GT

Granulocyte function in Lbr mice

In mice deficient for C/EBPe, granulocyte development is
blocked at the metamyelocyte stage (27) and the mice are
functionally unable to counteract infections. Since granulo-
cytes of the Lbr°”“T mice also had an absence of ring

forms, we determined the stage at which differentiation was
arrested. We analyzed granule protein expression by real-time
PCR for the primary granule marker lactoferrin, the secondary
granule marker myeloperoxidase and the tertiary granule
marker gelatinase B (MMP9). We found no significant differ-
ences between the expression of these proteins in the Lbr@7¢"
granulocytes and wild-type controls, with the possible excep-
tion of lactoferrin that showed an increase in levels in some of
the populations analyzed (Fig. 6D). Since all three stages of
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granules are produced in Lbr®”¢T granulocytes, the block
to differentiation is likely at a later stage, at which banded
granulocytes become segmented. To determine whether the
immature Lbr“”“” granulocytes are still able to counteract
infections, we performed a battery of functional tests. We
determined that myeloperoxidase and hydrogen peroxide
were inducible in the Lbro7cT neutrophils (data not shown).
We also tested the function of the neutrophils in a Staphylo-
coccus killing assay. As shown in Figure 6D, the ability of
the Lbr®”CT neutrophils to kill Staphylococcus aureus bac-
teria did not differ from wild-type controls, indicating that
the ability to counteract infection may not be compromised
in Lbre”°T mice.

Sterol analysis

The C-terminus of LBR contains a domain homologous to
sterol reductases (15) and the discovery of abnormal forms
of cholesterol in the skin fibroblasts of a human infant with
HEM/Greenberg skeletal dysplasia (22) presented an intri-
guing possibility that abnormalities in cholesterol metabolism
may account at least in part for some of the observed pheno-
type of Lbr“”“” mice. More recently, however, examination
of sterol levels in post-natal ic’ mice showed no major
differences in cholesterol metabolite levels when compared
with their wild-type siblings (23). Specifically, GC/MS
analysis of brain cortex sterol levels in 10-day-old
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Figure 6. LBR is regulated by C/EBPe. (A) Identification of C/EBPe consensus binding sites in the LBR promoter region. Examination of approximately
2000 bp of sequence upstream of the transcriptional start site of the mouse LBR gene revealed three sequences that displayed at least a 6/10 match to the
perfect C/EBPe binding site, ATTGCGCAAT (56). (B) Characterization of C/EBPe binding sites in the LBR promoter. Nuclear extracts from cells expressing
C/EBPe (left panel) or C/EBPR (right) were analyzed by EMSA for binding to three putative C/EBP sites in the LBR promoter. Binding to a canonical C/EBP
site was analyzed for comparison. Where indicated, the appropriate C/EBP antibody was used for supershift analysis. Upper right panel: C/EBPe transactivated
the Lbr promoter. HEK293 cells were trasfected with 0.5 pg of Lbr-luciferase reporter plasmids containing sequences extending to either —2045 or —890 either
alone or with 0.5 pg (+) or 1.0 pg (++) of expression vectors encoding C/EBPe or C/EBP. Luciferase values were determined 48 h after transfection and
expressed as fold increases relative to the reporter plasmid alone. Transfections were performed three times in triplicate and expressed as means + standard
deviations. (C) Markers of granulocyte development are not altered in Lbr“”’“"granulocytes. Bone marrow was cultured for 7 days and analyzed by real-time
analysis for expression of indicated genes. (D) Staph Killing Assay was performed on isolated neutrophils incubated with two S. aureus/neutrophil. Data rep-
resent the percentage of surviving bacteria of the original bacterial inoculum. Percentage of surviving bacteria in Lbr®”“” neutrophils is not significantly differ-

ent from Lbr®”°T neutrophils (n = 3).



post-natals showed a small decrease in cholesterol, unchanged
desmosterol levels and a small statistically insignificant
increase in cholesta-8,14-dien-3b-ol at post-natal day 1
that decreased to normal levels on days 10 and 21 (23). To
determine whether abnormal cholesterol metabolism may
account for any of the phenotype of the Lbr®”°T mice, we
also analg/zed the sterol content of livers and brains of embryo-
nic Lbr°”°T mice at E15 by GC-MS. Our analysis did
not reveal any differences in cholesterol or desmosterol
levels between wild-type and Lbr°7T  mice and
cholesta-8,14-dien-3b-ol levels were not upregulated (data
not shown).

DISCUSSION

Heterozygous mutations within the LBR gene (LBR) result
in the autosomal dominant Pelger—Huét anomaly (18), charac-
terized by hypolobulation of granulocyte nuclei and altered
chromatin structure. Homozygous Pelger—Huét anomaly
features a more severe blood phenotype and sometimes
results in impaired cognitive development, epilepsy, heart
defect, skeletal abnormalities and polydactyly (19-21).
Homozygous LBR nonsense mutations result in HEM/
Greenberg skeletal dysplasia, characterized by in utero lethal-
ity, characterized by hydrops, short-limbed dwarfism and
disorganization of chondro-osseous -calcification (with a
moth-eaten aspect) and accumulation of cholesterol metabolite
cholesta-8,14-dien-33-ol in skin fibroblasts (22,33). The LBR
protein appears to have at least two functional domains. An N-
terminal hydrophilic nucleoplasmic domain which interacts
with chromatin is also important for NE reassembly (14) and
may be involved in RNA processing (34). The C-terminal
domain is contained within the eight putative transmembrane
motifs and appears to function as a sterol Al4-reductase or
act as a receptor for sterol molecules (15—-17), although such
functions in vivo are somewhat unclear (23). Mutations are
found throughout the LBR gene, but it has been difficult to
assign a specific mutation, resulting in a particular phenotype,
that specifically disrupts either one or other domain, as is
seen in the laminopathies (3,35).

Here we have characterized a novel line of mice carrying a
gene-trap insertion into exon 9 of the Lbr gene. This mutation
resulted in the formation of a hybrid protein consisting of the
first 366 amino acids fused to (3-galactosidase and lacking
the last four transmembrane domains and the C-terminus.
The LBR—(-gal fusion protein was localized to the ER, in
contrast to the normal LBR protein, which is localized pre-
dominantly to the NE. This redistribution of LBR altered
fibroblast nuclear morphology, as well as the localization of
other NE-associated proteins. In Lbr®”“” fibroblasts, many
of the nuclei were misshapen, with the NE and lamina
having a wrinkled appearance. LAP23 was mislocalized and
formed distinct foci within the nucleus. In addition, HPla
was localized to larger granules in Lor®7“T fibroblasts, poss-
ibly due to the disruption of LBR—HPI1 complexes and to
chromatin.

Micronuclei were associated with the nucleus in ~16% of
interphase nuclei and the micronuclei were enriched for
emerin. Such micronuclei have recently been described in

Human Molecular Genetics, 2008, Vol. 17, No. 19 2929

fibroblasts with defective expression of Nesprins 1 and 2
(36). It was suggested that micronuclei were formed as a con-
sequence of incomplete cell division at mitosis, a defect that
may also be a consequence of LBR loss, as the LBR is
required for NE reassembly after mitosis (14). Interestingly,
cells containing micronuclei did not show wrinkling of the
lamina, suggesting that micronuclei or wrinking may be two
possible outcomes of the mutation. Whether wrinkling
results in micronuclei formation or vice versa, however,
could not be determined from the data.

Mice heterozygous for the Lbr®”" insertion are overtly
normal, whereas the Lbr®”“” homozygotes phenocopy ic”
mice, exhibiting embryonic lethality with incomplete pene-
trance, shortened post-natal lifespan, hydrocephalus and
syndactyly, as well as chromatin atypia in the neutrophils.
The surviving Lbr®”°" homozygotes had scoliosis and syn-
dactyly. Furthermore, the skull was abnormal with a distinct
doming of the parietal bones. This abnormality may have
been a consequence of hydrocephalus of the Lbr¢”°T mice
that was associated with fluid-filled inclusions within the
brain and enlargement of the lateral ventricles. The spine
showed increased scoliosis with the rib cage being more
compressed resulting in the presence of seven lumbar
vertebrae between the rib cage and pelvis, whereas there are
six in wild-type mice. A similar phenotype has been reported
for the disruption of Ledgf/Psip gene (37), another chromatin-
associated protein that contains a Tudor domain and which
may interact with RNA. Intriguingly, mutations in
the human PSIP are also associated with the disruption of
hematopoietic lineages with the formation of myeloid
leukemias (38).

We extended our comparison of the Lbr mice to the
ic’ mice by showing that in the affected tissues, Lbr is not ubi-
quitously expressed in all cells, but appears to be restricted to a
few cell types within each tissue. During embryogenesis, Lbr
is expressed in the central nervous system and brain. In post-
natal skin, Lbr expression is localized to the base of the hair
follicles, and in the skeletal system, Lbr expression was
restricted to osteogenic cells in the radius, ulna and ribs.
These results indicate that the function of LBR is essential
to only a few specific cell types, but when disrupted, results
in many tissues showing some form of pathology, e.g. alopecia
and hyperkeratosis in the skin.

Embryonic lethality and perhaps some of the more severe
effects associated with mutations in the Lbr gene have been
attributed to the mutations affecting in the putative sterol
activity of the LBR protein. However, when we analgzed
sterol levels in the brains and livers from E15 Lbr@7¢”
embryos, we were unable to find any significant changes in
sterol metabolite and cholesterol levels. This result was con-
sistent with a recent report indicating that DHCR14, another
sterol D14-reductase, may compensate for the loss of LBR
in regulating cholesterol synthesis in mice (23). Because
we were unable to assay sterol metabolism in the resorbed
embryos, we cannot exclude the possibility that sterol metab-
olism was defective in embryos with incomplete penetrance,
resulting in lethality in some individuals but not others or
that our methods were insufficient to detect the abnormal
metabolites. However, an alternative cause of embryonic leth-
ality may be due to the chromatin-binding activity of LBR.

GT/GT
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We observed that some homozygotes died in utero beginning
at E7, whereas others survived but died peri-natally and later
at 3—4 weeks post-natally. It is possible that the defective
binding of LBR to HPla and chromatin could result in epige-
netic anomalies resulting in abbreviated development at
various stages of embryogenesis. For example, inefficient
chromosomal anchorage during mitosis could result in defec-
tive gene expression, chromosomal anomalies and defective
cell division, resulting in death at different developmental
stages. Similarly, embryonic lethality arises in homozygous
mutations of the Tudor-containing transcription factor
involved in chromatin remodeling, MRG15; developmental
delay is observed at E14.5 with some embryos dying peri-
natally and showing decreased cellular proliferation (39).
However, our data cannot validate this hypothesis at present.

Loss of LBR and its consequences on nuclear morphology
has been extensively described in hematopoietic lineages (21).
As with the ic’” mice, we noted clumping of the heterochromatin
in splenic and thymic populations. The role of LBR in the
thymus and spleen, however, is unclear even though expression
analysis showed high levels of LBR in these tissues. We did not
detect any differences in spleen and thymus cell numbers.
However, there may have been a delay in B cell maturation as
B220-CD49+ numbers were increased in the bone marrow
and mature forms were reduced. We also found no evidence
for impaired immune function, a result similar to that previously
reported in dogs with Pelger—Huét (40).

The characteristic phenotype associated with Pelger—Huét
is in the nuclear morphology of the granulocyte/neutrophil
lineage. Granulocyte/neutrophil maturation is characterized
by a sequential set of morphological changes in which
myeloblasts differentiate from promyelocytes to metamyelo-
cytes to banded granulocytes to mature granulocytes. These
stages are marked by changes in nuclear morphology with
the cells initially having a single monolobulated nucleus
which progresses to a banded ring-form nucleus and then to
a multilobulated nucleus. Such changes are accompanied
by increases in the primary, secondary and tertiary granule
proteins (26).

We noted similarities in the abnormal neutrophil nuclear
morphology between the C/EBPe null mice and the Lbr@7"
mice, suggesting a potential interaction between the two
nuclear factors. There are six members of the CEBP family,
o, B, ¥, 0, € and {, and several are expressed within the
hematopoietic system (41). C/EBPa is expressed early in the
myeloid lineage and promotes neutrophil differentiation in
part by activating the CEBPE gene (42). C/EBPe¢ is primarily
expressed in myeloid cells and is required for myelocyte differ-
entiation to banded granulocytes (29). Mutations in the CEBPE
gene in humans are associated with a subset of individuals with
SGD (31). Mice deficient in C/EBPe succumb to infections at
2—5 months with the granulocytes being deficient in secondary
and tertiary granule proteins, as well as showing reduced
expression of the cytokines such as IL-2, and IL-4. Our
studies identified three C/EBPe consensus binding sites in the
promoter region upstream of the Lbr start site. We showed
that C/EBPe protein bound to these sites and that C/EBPe trans-
activated Lbr-luciferase reporter plasmids in a pattern depen-
dent on the amount of C/EBPe expression plasmid and the
number of C/EBP sites in the reporter plasmid.

The reasons for why nuclear morphology changes during
granulopoiesis remain unclear. One possibility is that the
changes may reflect a change in the accessibility of genes to
transcription factors, with LBR providing chromatin anchoring
points (6,43). An alternative suggestion is that the nuclear
changes facilitate neutrophil migration into tissues by
making the nucleus more deformable, particularly since the
increase in LBR expression is not accompanied by an increase
in A-type lamin expression that would make the nucleus
more rigid (44). An increase in LBR levels is associated
with changes in nuclear morphology, with the NE interacting
with microtubules by an unknown mechanism, with this inter-
action resulting in the pulling and folding of the nucleus (44).
Loss of LBR may therefore result in the nucleus remaining
monolobulated due to a failure in the microtubules to attach
to the interphase NE. It would also be of interest to see if
monolobulation resulted in defective neutrophil migration
through tissues.

Our results indicate that the Lbr gene is under transcrip-
tional control of C/EBPe and that this control is a necessary
step in the morphological differentiation of the nuclei in the
myeloid lineages. How LBR expression is regulated in other
tissues is unclear at present. Despite the failure of granulocyte
nuclei to undergo morphological change during their dif-
ferentiation, this did not impair %ranulocyte functionality.
The granulocytes from the Lbr®”“T mice were not defective
in producing anti-bactericidal factors or in the killing of
S. aureus bacteria. However, only one type of gram-positive
bacteria (S. aureus) was tested. Granulocytes kill gram-
positive, gram-negative bacteria and fungi by releasing neutro-
phil extracellular nets (NETs) (reviewed in (45). Although
it is possible that more sophisticated analysis of bacterial
killing activity may reveal some differences between wild-
type and Lbro7ST granulocytes, our results suggest that
major changes in nuclear morphology may not be essential
to granulocyte functionality.

MATERIALS AND METHODS

GT/GT

Generation of Lbr mice

The ES cell line XE569 containing a gene-trap insertion
mutation (24) in the Lbr locus was obtained from BayGe-
nomics (http://Www.genetrap.org). ES cells were microin-
jected into C57BI/6" "™ albino blastocysts as described
(46). The resulting Lbr©” line was maintained as heterozy-
gotes and intercrossed to obtain homozygotes (Lbr7“7). All
mice were maintained in our facility in accordance with the
procedures outlined in the Guide for the Care and Use of Lab-
oratory Animals (NIH Publication No. 86-23, 1985).

Genotypes were determined by Southern blotting or PCR.
For southern analysis, tail DNA was double digested with
Asp718, then probed with a 746 bp fragment in the region
of exon 6 of the Lbr locus, generated with forward primer
5'-GTGTGTCCACTCTTGTCAACC-3' and reverse primer
5'-ATACTCAAATGTGGATTCAGACTAGC-3'.

For genotyping by PCR, genomic DNA was amplified with
forward primer LBR 21614F 5-TTCCTATGGACTGGG
TGTGGAG-3' and reverse primer 5-GCCTGAAACTGGGT
CAAATAAGG-3' to generate a wild-type 702 bp product and



primers LBR 21614F and reverse primer 5-TCAAACC
TGAACCCCGACTTC-3 to generate a mutant 504 bp product.

Northern analysis

Total RNA was extracted using the RNAeasy Kit (Qiagen,
Valencia, CA, USA). Ten micrograms of RNA was separated
on 1% formaldehyde agarose gels and transferred to Hybond
membranes (Amersham Biotech, Piscataway, NJ, USA).
Blots were probed with a Sall-EcoRV fragment of an
IMAGE. Consortium clone ID 4216442 containing nucleo-
tides 1-228 of the LBR transcript. The mouse Gapdh cDNA
was used as a loading control. Tissue and embryonic blots
were obtained from Seegene, Inc (Rockville, MD, USA).

GT/GT

Derivation of Lbr gene-trapped cells

Lbr"* GT/GT and wild-type fibroblasts were derived from
E13 embryos of heterozygous crosses as described (47).
Granulocyte cultures were derived as follows: bone marrow
was extracted from the femoral bone and plated in IMDM
containing 10% FCS 1% PenStrep and 100 ng/ml of murine
SCF (PeproTech, Inc., Rocky Hill, NJ, USA), 50 ng/ml of
IL-6 (BioSource, Camarillo, CA, USA) and 50 ng/ml of
G-CSF (PeproTech, Inc.) for 7 days.

Embryo analysis and histological staining

Embryos ages E8.0—10.0 were stained for LacZ expression
and photographed as previously described (47). Embryos and
newborn mice were frozen in OCT, and lacZ staining was
performed on sections as previously described (47). Embryos
at E15 were analyzed for sterol content as described (48); (23).

Tissues fixed in 10% buffered neutral formalin were
paraffin-embedded, sectioned at Sum and stained with
hematoxylin and eosin, Apop Tag (TUNEL) and GFAP
(Dako Cytomation). Skeletons were stained with Alizarin
red and Alcian blue stain for bone and cartilage using standard
methods (49).

Flow cytometry

Cell suspensions were prepared from peripheral blood, bone
marrow, thymus and spleen of 3-week-old mice. Cells were
blocked in PBS containing 0.1% bovine serum albumin
(sort buffer) at a concentration of 2x 107 cells/ml in a
volume of 100 pl. Cells were incubated with indicated mix-
tures fluorochrome-conjugated primary antibodies in sort
buffer: Gr-1, Mac-1, IgM, B220, CD43, Thy1.2, CD 4, CDS8,
TER119 and CD71 for 30 min at 4°C. Cells were washed
and resuspended in sort buffer for FACS analysis. Cytospins
were prepared using the Three-Step Stain Set (Richard-Allan
Scientific, Kalamazoo, MI, USA) according to manufacturer’s
instructions.

Immunostaining and immunoblotting

PMEFs were fixed with 4% paraformaldehyde, stained with
primary antibodies to lamin A/C (sc-6215), LAP2f3 (a kind gift
from Roland Foisner), emerin (Novocastra), 3-galactosidase
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(Chemicon) and then with secondary antibodies conjugated to
Alexa488 or Alexa568 (Molecular Probes, Eugene, OR, USA).
After immunolabeling, cover slips were mounted in Vectashield
Mounting Medium (Vector Laboratories, Burlingame, CA, USA)
and visualized using a Zeiss Axiophot inverted microscope.

Western blotting was performed on PMEF whole cell
lysates as described (50) using an anti-LBR antibody (kind
gift of Herald Hermann).

Real-time PCR

RNA was prepared from bone marrow samples using the
RNAeasy MiniKit (Qiagen). Oligonucleotides for target
genes were for C/EBPe, a and B, MMP9 (gelatinase B)
(Supplementary Material, Table S2). PCR was performed as
described in (50) on an ABI Prism cycler. Raw Ct values
were normalized to GAPDH and HPRT and relative gene
expression was obtained using the AACt method (51).

Promoter analysis

EMSA was performed essentially as described (52) using
double-stranded probes (Supplementary Material, Table S1)
corresponding to the indicated regions of the LBR promoter
or containing a canonical C/EBP site (52). C/EBPe and
C/EBPB were expressed in transfected HEK293 cells, and
nuclear extracts (0.5 pg) were analyzed by EMSA.

Sequences containing Lbr promoter fragments with 5" coor-
dinates at —2045 and —890 were PCR-amplified from mouse
genomic DNA and inserted into the pGL3-luc reporter plasmid
(Promega) using primers ATATCCCGGGTTTCTGGACTCT-
GAGAGCATCC and GCCGGTACCCGCAGGACTCGGAG-
TAGGATTCGT and the reverse primer ATATCCCGGGC
ACTCCAGGACAGTCACCAG. Smal and Kpnl sites used
for subcloning are underlined within the primer sequences.
The proofreading thermostable polymerase Pfis was used in
PCR reactions and PCR products were sequenced to ensure
that no unintended sequence alterations were introduced.
HEK293 cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and were maintained
in Dulbecco’s Modified Eagle’s Medium (BioWhittaker,
Frederick, MD, USA) supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT, USA). HEK 293 cells were trans-
fected using Effectene reagent (Qiagen) with 0.5 g of repor-
ter plasmid and 0.5 or 1.0 pg of either pMEX Flag-C/EBPe or
pMEX Flag-C/EBPB (53). Cells were harvested 48 h after
transfection and luciferase activities were assayed using the
Luciferase Assay Kit (Promega).

Functional activity of murine neutrophils

The presence of myeloperoxidase in murine neutrophils was
demonstrated histochemically using Kaplow’s stain (54). To
assess hydrogen peroxide production, murine neutrophils
were incubated with phorbol myristate acetate (100 ng/ml,
Sigma-Aldrich Co., St Louis, MO, USA) for 30 min at 37°C
in a slide chamber (Lab-Tek, Nalge Nunc International,
Rochester, NY, USA) in the presence of Nitroblue tetrazolium
(0.1%, Sigma-Aldrich Co.). The neutrophils, which settled
on the slide, were counterstained with 0.1% safranin
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(Sigma-Aldrich Co.) and examined microscopically. Neutro-
phil hydrogen peroxide production converted the soluble
Nitroblue tetrazolium to insoluble, blue—black formazan
deposits on the neutrophils.

To assay bactericidal activity, S. aureus, substrain 502A
(American Type Culture Collection) was suspended in trypti-
case soy broth (Becton, Dickinson and Co., Franklin Lakes,
NJ, USA) and grown in a shaker water bath at 37°C until
the bacteria were in log phase. The bacteria were spun at
2500 r.p.m. (Epppendorf Microfuge) at 4°C for 5 minutes,
washed twice with Hanks’ balanced salt solution (HBSS)
without divalent cations and then resuspended in HBSS. The
bacterial cell concentration was adjusted using the optical
density (an ODgso = 0.250 yields 0.8—1x108 bacteria/ml).
Bacteria (two bacteria/neutrophil) were added to the murine
neutrophils (5x 10° ml™ ") in the presence of freshly harvested
murine serum (10%). The cells were incubated for 90 min at
37°C on an end-over-end rotator. Control reactions with bac-
teria and serum alone were included in the study to exclude
the possibility of serum bactericidal activity. At the indicated
times, an aliquot of the neutrophil suspension was lysed in dis-
tilled water (10 ml) to release the viable bacteria. A known
fraction of the lysate was added to a 60x 15 mm tissue
culture dish (Becton, Dickinson and Co.), mixed thoroughly
with warm, trypticase soy agar (Becton, Dickinson and Co.)
and then allowed to solidify. The plates were incubated for
48 h in a 37°C dry incubator to allow for colony formation.
Colony formation was enumerated using image analysis
software (Image-Pro Plus, Media Cybernetics, Inc., Bethesda,
MD, USA). The data are the number of surviving bacteria as
a percentage of the original bacterial inoculum (55).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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