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Abstract

Objective—Lamin B receptor (LBR) is an integral protein of the inner nuclear membrane. Recent
studies have demonstrated that genetic deficiency of LBR during granulopoiesis results in
hypolobulation of the mature neutrophil nucleus, as observed in human Pelger-Huét anomaly (PHA)
and mouse ichthyosis (ic). In this study we have utilized differentiated promyelocytes (EPRO cells)
that were derived from the bone marrow of homozygous and heterozygous ichthyosis mice to
examine changes to the expression of nuclear envelope proteins and heterochromatin structure that
result from deficient LBR expression.

Materials and Methods—Wildtype (+/+), heterozygous (+/ic) and homozygous (ic/ic)
granulocytic forms of EPRO cells were analyzed for the expression of multiple lamins and inner
nuclear envelope proteins by immunostaining and immunoblotting techniques. The heterochromatin
architecture was also examined by immunostaining for histone lysine methylation.

Results—Wildtype (+/+) and heterozygous (+/ic) granulocytic forms revealed ring-shaped nuclei
and contained LBR within the nuclear envelope; ic/ic granulocytes exhibited smaller ovoid nuclei
devoid of LBR. The pericentric heterochromatin of undifferentiated and granulocytic ic/ic cells was
condensed into larger spots and shifted away from the nuclear envelope, compared to +/+ and +/ic
cell forms. Lamin A/C, which is normally not present in mature granulocytes, was significantly
elevated in LBR-deficient EPRO cells.

Conclusions—Our observations suggest roles for LBR during granulopoiesis which may involve
augmenting nuclear membrane growth, facilitating compartmentalization of heterochromatin and
promoting down-regulation of lamin A/C expression.
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Introduction

The granulocyte nucleus undergoes profound structural changes during the post-mitotic phase
of terminal differentiation. Ultrastructural studies of human bone marrow granulopoiesis
document significant modifications of nuclear shape, simultaneous with accumulation of
peripheral heterochromatin.[1] Recent studies have demonstrated that sufficient cellular levels
of a single nuclear envelope integral membrane protein (lamin B receptor, LBR) are necessary
for these changes in nuclear architecture.[2] Inadequate levels of LBR during granulopoiesis
lead to hypolobulated granulocyte nuclei in humans (Pelger-Huét anomaly, PHA[3]) and in
mice (ichthyosis, ic [4]), with concomitant redistribution of heterochromatin.

The interphase nuclear envelope segregates nuclear and cytoplasmic functions, and facilitates
intranuclear compartmentalization. Current concepts of the nuclear envelope[5-10] visualize
amulti-tiered structure with a specialized inner nuclear membrane contiguous via nuclear pores
to the outer nuclear membrane-endoplasmic reticulum system, but otherwise separated by a
perinuclear space. Internal to the inner nuclear membrane is a meshwork layer of intermediate
filaments (lamins) interacting directly or indirectly with an underlying layer of peripheral
heterochromatin. The lamin network is thought to convey structural stability to the nuclear
envelope and link it to the cytoskeleton.[11,12] Integral proteins of the inner nuclear membrane
are believed to tie together the various layers (membrane-lamina-heterochromatin) and may
play a role in anchoring interphase chromosomes to the nuclear periphery.[10,13,14]

Our previous studies have employed the human leukemic cell line (HL-60) to examine changes
in the nuclear envelope and heterochromatin composition, as a model for the changes during
normal human granulopoiesis.[15,16] However, HL-60 cells are an imperfect model, since
various cytoplasmic and cell function features of normal peripheral blood neutrophils are not
observed in the granulocytic forms of HL-60 cells (for discussion, see[17]). More faithful cell
models for normal granulopoiesis are mouse bone marrow-derived cell lines: promyelocytes
[18] (MPRO) and erythroid-myeloid-lymphoid/early promyelocytes (EML/EPRO cells).[19]
These cell lines exhibit many properties of normal murine granulocytes, including upregulated
secondary granule transcripts[20] and respiratory burst, chemotaxis, phagocytosis and
upregulation of the cell surface antigen Mac-1.[17,21] Both MPRO and EML/EPRO cells are
derived from cells that have been transfected with a dominant negative form of retinoic acid
receptor-a.. MPRO cells grow in medium containing GM-CSF; EML cells require SCF. The
previous article[22] describes the generation and properties of EML cells from murine
ichthyosis bone marrow and development of EPRO cell lines. Ichthyosis (ic) is a frame shift
mutation in LBR that changes amino acids 365-385, resulting in a stop codon at residue 386;
homozygous mutants reveal no detectable LBR protein.[4] The present article describes the
properties of EPRO nuclei during ATRA-induced granulocyte differentiation, employing cells
from three different genotypes: wildtype (+/+), heterozygous ichthyosis (+/ic) and
homozygous ichthyosis (ic/ic).

Materials and Methods

Cell lines

Cultivation of the EML cells and generation of the EPRO subfraction were performed as
described earlier.[22] For most studies, EPRO cells were induced to differentiate to mature
granulocytes by addition of 10 uM ATRA for four days.

Western Blot analysis

Undifferentiated and differentiated (4 days of ATRA treatment) EPRO-+/+, EPRO-+/ic and
EPRO-ic/ic cells were washed in phosphate-buffered saline (PBS) containing the protease
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inhibitors Complete mini (Roche Diagnostics, Indianapolis, IN) and 7.5 pl/ml saturated
phenylmethylsulphonyl fluoride (PMSF, Sigma-Aldrich Inc., St Louis, MO), and lysed in 1 x
Laemmli sample as previously described.[16] Lysates were pushed 6-12 times through a #26
needle to shear DNA. Total cell extracts (10 pl, corresponding to 3 x 10° cells) and molecular
weight markers (MagicMark XP, Invitrogen, Carlsbad, CA) were electrophoresed in 4-20%
precast gels (Bio-Rad, Hercules, CA) and electroblotted. All immune reactions were carried
out in 10 mM Tris—HCI, pH 8.0, 150 mM NaCl, 0.05% Tween-20 (TBST) with 5% dried milk
at RT with washing steps in TBST.

Immunofluorescence analysis

Antibodies

Undifferentiated and differentiated (4 days of ATRA treatment) EPRO-+/+, EPRO-+/ic and
EPRO-icl/ic cells were counted and diluted in PBS. Fixation and staining methods have been
previously described.[16,23,24] In brief, 1 x 10° cells were centrifuged onto fresh polylysine-
coated slides for 5 min, fixed in 4% formaldehyde (PFA) in PBS for 15 min, permeabilized
with 0.1% Triton X-100, washed in PBS and blocked with 5% normal donkey serum in PBS
for 30 min. Alternatively, cells were fixed in anhydrous methanol (—20°C, 10 min) and washed
in PBS. Fixed cells were incubated with antibodies for 1 hour at 37°C, with the secondary
antibody including 4,6 diamidino-2-phenylindole (DAPI, Sigma-Aldrich, Inc.). Washed slides
were mounted in Slow-Fade Antifade Kit (Molecular Probes, Invitrogen). Images were
collected on a Zeiss 510 Meta laser confocal microscope, using a 100x objective.

The following antibodies were used for immunoblot analysis and/or immunofluorescence
analysis: Polyclonal guinea pig serum against lamin B receptor;[3] polyclonal guinea pig serum
against emerin;[25] goat anti-lamin B1 and goat anti-lamin A/C (Santa Cruz Biotechnology,
Santa Cruz, CA, catalogue # sc-6216 and sc-3215); mouse monoclonal anti-lamin B2 (clone
X223) and mouse monoclonal anti-Lamin A/C (clones X67 and X167) (Progen, Heidelberg,
Germany; catalogue # 65147C, 65147A and 65147B, respectively); rabbit anti-histone H3,
rabbit anti-trimethyl H3K9 and rabbit anti-trimethyl H4K20 (Upstate, Charlottesville, VA;
catalogue # 07-690, 07-442 and 07-463); mouse anti-HP1 a, mouse anti-HP1  and mouse
anti-HP1 y (Chemicon International, Temecula, CA,; catalogue # MAB3584, MAB3448 and
MAB3450); monoclonal anti-y-tubulin (clone GTU-88, Sigma; catalogue # T6557). As kind
gifts, we received rabbit anti-C-Napl1 from Eric Nigg (MPI Biochemistry, Martinsried,
Germany), rabbit anti-phosphorylated H3S10 and phosphorylated H4/H2AS1 (denoted H3
(S10)phos and rabbit H4/H2A(S1)phos) from David Allis, (Rockefeller University, NY; H3
(S10)phos is also available from Upstate) and mouse anti-LAP2f from Amos Simon (Tel-Aviv
University, Israel). All secondary antibodies (FITC-, Cy3- and Cy5-conjugated and minimally
cross-reactive) were obtained from Jackson ImmunoResearch Laboratory (West Grove, PA).
Primary and secondary antibody dilutions followed suggestions by the supplier.

Image J analysis

For nuclear size quantification of EPRO cells, images of DAPI-stained undifferentiated EPRO
+/+, +/icand ic/ic nuclei were acquired by conventional fluorescence microscopy. Using Image
J software, nuclei boundaries were traced, areas measured in pixels? and converted into um?
(400 nuclei for each genotype). For quantification of the size and location of pericentric
heterochromatin, undifferentiated and granulocytic EPRO-+/+, -+/ic and -ic/ic cells were
treated with anti-HP1y and anti-lamin B1 antibodies for staining of heterochromatic spots and
the nuclear envelope, respectively. Confocal images were acquired, spots in 200 nuclei for
each genotype (undifferentiated and granulocytic forms) were counted and associated with one
of the following attributes: small diameter (<0.75 pm), medium (0.75 — 1.5 um) or large (>
1.5 pm); touching the nuclear envelope or located in the interior of the nucleus.
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The level of LBR in EPRO cell lines

EPRO (early promyelocytes) cell lines (+/+, +/ ic and ic/ic) were obtained from the parent
EML cells by treatment with IL-3, SCF and ATRA for 3 days. Subsequent granulocytic
differentiation occurred over a 5 day period in the presence of GM-CSF and 10 uM ATRA.
Since apoptotic cell death became evident by day 5, most cell analyses were performed on cells
differentiated for 4 days with ATRA. The location and amounts of LBR in the different cell
lines and during granulocytic differentiation were monitored by confocal immunofluorescence
and by immunoblotting of total cell extracts.

Immunostaining with guinea pig anti-LBR revealed the changing levels of LBR among the
different cell lines and during ATRA-induced granulocytic differentiation (Figure 1). Also
shown in Figure 1 are confocal immunostaining results with goat anti-lamin B1, and DNA
localization revealed by DAPI staining (not confocal). The confocal detector gain was set for
the undifferentiated (day 0) EPRO-+/+ cells and remained unchanged, during image data
collection of the undifferentiated and granulocytic forms of the +/+, +/ic and ic/ic cell lines.
Thus, a qualitative impression of the levels of LBR and lamin B1 can be obtained, comparing
the different frames for each row of Figure 1, which are representative images of many
immunostained cells. Comparing only the undifferentiated cell forms, areduction in the nuclear
envelope levels of LBR can be seen, progressing from +/+ to +/ic to ic/ic. Granulocytic
differentiation by treatment with 10 uM ATRA for 4 days resulted in an evident increase of
LBR in the nuclear envelope of +/+; but no LBR was apparent in granulocytic ic/ic cells. The
levels of lamin B1 within the nuclear envelope appear to remain relatively unchanged,
comparing the undifferentiated and granulocytic forms of the three cell lines. Furthermore, the
confocal data demonstrated clear co-localization of LBR and lamin B1 staining in the EPRO-
+/+ and -+/ic undifferentiated and granulocytic cell forms.

Nuclear shape and internal architecture differences are also apparent in the image data of Figure
1, especially comparing the anti-lamin B1 and DAPI images. Most apparent is the absence of
ring-shaped nuclei in the ATRA-induced granulocytic forms of EPRO-ic/ic cells. In addition,
the nuclei of undifferentiated and granulocytic ic/ic cells appear smaller in diameter than the
corresponding forms of the +/+ and +/ic genotypes. Table I presents a tabulation of area
measurements (using Image J) from projections of undifferentiated EPRO cells. Assuming that
these nuclei can be approximated to "equivalent spheres”, we estimate that ic/ic nuclei have a
surface area that is ~40-50% of the surface area of +/+ cells. An additional architectural
difference pertaining to the DAPI-bright regions, corresponding to AT-rich pericentric
heterochromatin,[26—28] can be observed in Figure 1. These differences were quantitated,
demonstrating that the heterochromatic spots are fewer in number and larger in size in the
EPRO-icl/ic cells, compared to the -+/+ and -+/ic forms (Table II).

Immunoblot results from total cell extracts of undifferentiated and ATRA-treated EPRO (+/+,
+/ic and ic/ic) cell lines are presented in Figure 2. Total cell extracts from the same number of
cells were loaded in each lane, in agreement with densitometry of the ECL film intensities of
rabbit anti-H3 (example data shown in Figure 5). Therefore, an approximate comparison of
band intensities for any specific antigen should reflect the average total cellular content of that
protein. Figure 2A shows very clearly that ic/ic undifferentiated and granulocytic forms possess
negligible amounts of LBR, even after prolonged film exposure. The average amount of LBR
in +/ic cell extracts appears discernibly lower than in +/+ cells, comparing between
undifferentiated cells or between granulocytic forms. Furthermore, an increase in the cellular
level of LBR can be visualized for both +/+ and +/ic, comparing granulocytic forms with
undifferentiated cells of the same genotype. Also of interest, due to the relevance to Figure 1,
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the average cell levels of lamin B1 do not reveal any systematic or significant changes in
cellular content, comparing cells of the different genotypes and extent of differentiation.

Approximate estimates of the changes in LBR amounts per cell were obtained from
densitometric scans of the ECL photographic films; employing line scan features of ImageJ
software (see Materials and methods). The apparent decrease in LBR, comparing
undifferentiated +/ic to undifferentiated +/+ cells was ~0.6 fold. For EPRO-+/+ cells, the
approximate increase in LBR after 4 days of ATRA treatment was ~1.5 fold; for EPRO-+/ic
cells the increase was ~1.7 fold.

Other nuclear envelope proteins in EPRO cell lines

It was of interest to determine whether other nuclear envelope proteins might change in cellular
content in correlation with the disappearance of LBR, comparing EPRO-+/+, -+/ic and -ic/ic
cells in undifferentiated and granulocytic ATRA-treated cell states. Immunoblot results are
shown in Figure 2B. As with lamin B1, mouse monoclonal anti-lamin B2 reveals no systematic
and significant changes in amounts, comparing the different cell states (possibly a slight
increase in ic/ic cells). By contrast, mouse monoclonal anti-lamin A/C reveals systematic and
significant changes. Comparing only the undifferentiated EPRO cells, lamin A/C increases in
cellular amount progressing from +/+ to +/ic to ic/ic. Adding together lamin A+C and
estimating the relative increase (from scanned films using ImageJ), we calculate that +/ic
contains ~2.5 fold and ic/ic contains ~6.2 fold more lamin A/C than +/+ undifferentiated EPRO
cells. Lamin C is the major isoform in all of the examined EPRO cells lines. In addition, in all
the cell genotypes, there is a reduction of lamin A/C resulting from the ATRA-induced
granulocytic differentiation; i.e., relative amounts (induced/uninduced) equal to ~0.2 (+/+),
~0.5 (+/ic) and ~0.6 (ic/ic). Similar results were noted with blots employing goat antisera
against lamin A/C (data not shown). Also shown in Figure 2B, guinea pig anti-emerin and
mouse monoclonal anti-LAP2 both indicated relatively constant levels of these nuclear
envelope proteins in the various cell states.

Confocal immunostaining experiments on EPRO cells were generally consistent with the
immunoblotting experiments (described above). Fixation conditions had to be optimized for
the various antibodies. Goat, guinea pig and mouse monoclonal anti-lamin A/C did not stain
well after PFA fixation, giving high background staining. Methanol fixation worked well for
the goat and guinea pig antisera, but not the mouse monoclonal anti-lamin A/C. Figure 3
presents images of undifferentiated EPRO +/+, +/ic and ic/ic fixed with methanol and stained
with goat anti-lamin A/C. Immediately apparent is the variability of nuclear envelope staining,
comparing cell-to-cell. Similar cell-to-cell variation in nuclear envelope staining was observed
with granulocytic forms of EPRO cells (data not shown). Methanol fixation was also necessary
when staining with mouse monoclonal anti-lamin B2 (data not shown). Several points were
clear: 1) anti-lamin B2 co-localized with anti-lamin A/C at the nuclear periphery; 2) cell-to-
cell variations in anti-lamin B2 staining were observed; 3) no systematic change in anti-lamin
B2 staining was observed, comparing undifferentiated and granulocytic cell forms. Mouse
monoclonal anti-LAP2p also stained poorly after PFA fixation, requiring methanol fixation.
As with lamin A/C and lamin B2, LAP2p revealed cell-to-cell variation of intensity of nuclear
envelope staining, with no systematic changes comparing the different cell forms (Figure 4).

Heterochromatin markers in EPRO cell lines

Previous studies from our laboratory have explored the presence of various heterochromatic
markers in normal human and mouse peripheral blood granulocytes and in differentiating
MPRO cells.[23] The conclusion of these studies was that numerous repressive histone lysine
methylations were present in normal granulocytes and in MPRO cells; but only negligible
amounts of HP1 proteins were observed. In the case of normal mouse granulocytes and MPRO
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cells, co-localization of staining was seen for megH3K9, mesH4K20, HP1y and DAPI-bright
pericentric heterochromatin. In fact, mature mouse neutrophils frequently possess several
nuclear "drumsticks" (tiny lobes) containing the DAPI-bright heterochromatin stained with
these heterochromatin markers.

It was therefore of interest to explore the quantities and locations of heterochromatin markers
in the EPRO cell lines with varying genotypes, in undifferentiated and granulocytic cell states.
Figure 5 presents several immunoblots, performed to estimate the amounts of various
heterochromatic markers in the undifferentiated and ATRA-treated EPRO-+/+, -+/ic and -ic/
ic cell forms. Total cell extracts from the same number of cells were loaded in each lane, in
agreement with the stain intensities of anti-H3 (shown at the bottom of Figure 5). It is clear
that megH3K9, me3sH4K20 and HP1y are present in all cell states, with no obvious changes in
amounts. Also shown are two phosphorylated histone "mitotic" markers,[29-31] H3(S10)phos
and H4/H2A(S1)phos, which also reveal no significant or systematic changes when comparing
the various cell forms.

Confocal immunostaining images of selected heterochromatic markers (Figure 6) indicate that
there is good co-localization of HP1y, me3sH4K20 and DAPI in the regions of pericentric
heterochromatin, much as previously observed in MPRO cells and normal murine
granulocytes.[23] In other experiments (data not shown), mesH3K9 showed good co-
localization with HP1y in the DAPI-bright regions. Furthermore, Figure 6 illustrates the
considerable consolidation of pericentric heterochromatic regions within EPRO-ic/ic nuclei
and the shift of these regions toward the center of the nucleus. Quantization of both of these
structural changes in pericentric heterochromatin is presented in Table Il. Neither of the
repressive histone methylation epitopes nor HP1y showed any significant or systematic change
in staining intensity, comparing the various EPRO genotypes and differentiation states.
Immunostaining with anti-HP1a and HP1p revealed some "spotted" staining of the
nucleoplasm, with only partial co-localization to the DAPI-bright regions and no systematic
differences among the different EPRO cell forms (data not shown). The phosphorylated histone
"mitotic" markers, H3(S10)phos and H4/H2A(S1)phos, revealed extremely strong staining of
mitotic chromosomes. In the case of H3(S10)phos, most EPRO cells (in all states) did not stain;
a few showed spots that co-localized with DAPI-bright regions (data not shown). By contrast,
H4/H2A(S1)phos yielded comparably strong nuclear staining in all the EPRO cell forms
(Figure 7, shows only the granulocytic forms)..

Centrosome location in EPRO cell lines

Previous studies from our laboratory have argued that microtubule integrity is important for
lobulation of the granulocyte nucleus,[24] and that the centrosomal region can be found deep
within the crevasses between the lobes of human granulocytes or in the central hole of murine
granulocytes.[32] In the present study, immunostaining was performed on EPRO-+/+, -+/ic
and -ic/ic cells, undifferentiated and ATRA-treated, employing two antibodies against different
components of the centrosomal region, y-tubulin and C-Nap1.[33] Figure 4 presents confocal
slices merging anti-C-Nap1 (red) with anti-LAP2p (green). As previously observed for MPRO
cells[32], the centrosomal region is adjacent to the convex nuclear envelope in the
undifferentiated EPRO-+/+, -+/ic and -ic/ic cells; but buried deep within the central holes of
the toroidal nuclear envelope in ATRA-treated EPRO-+/+ and -+/ic cells. However, the ATRA-
treated EPRO-ic/ic cells retain the ovoid nuclear shape with the centrosomal region adjacent
to the convex nuclear envelope, consistent with the lack of granulocytic nuclear shape
differentiation. ldentical results were obtained with anti-y-tubulin (data not shown).
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Discussion

During granulopoiesis in adult bone marrow, lamin B receptor (LBR, an integral membrane
protein of the nuclear envelope) is necessary for normal differentiation of nuclear shape and
heterochromatin distribution.[2] LBR resides in the inner nuclear membrane of the interphase
nucleus, possessing a highly positively charged N-terminus (~200 amino acid residues,
believed to interact with lamin B, HP1 and chromatin) and a C-terminus (~400 amino acid
residues, with 8 putative transmembrane segments and sterol reductase activity).[34] At
present, the mechanism by which LBR controls granulocyte nuclear shape and heterochromatin
distribution remains largely speculative.[2,24] Even so, the necessity for sufficient amounts of
LBR is well documented from analysis of single gene mutations in human Pelger-Huét anomaly
(PHA)[3] and murine Ichthyosis (ic).[4] The present study attempts to define some of the
consequences to nuclear architecture and composition that occur during granulopoiesis in
situations of LBR deficiency. Observations were made on bone marrow-derived EPRO cells
[20,21,22] from wildtype (+/+), heterozygous ichthyosis (+/ic) and homozygous ichthyosis
(ic/ic) adult mice. These EPRO cells were further differentiated with ATRA to yield mature
granulocytic forms for microscopic and biochemical analyses.

Comparing ic/ic cellsto corresponding +/+ and +/ic cell forms, there were several major nuclear
architectural differences: 1) ic/ic granulocytes did not possess the characteristic ring-shaped
nuclei, but appeared spherical or slightly indented; 2) ic/ic undifferentiated cell forms
possessed smaller nuclei than the wildtype or heterozygous forms; 3) pericentric
heterochromatin in ic/ic cells coalesced into fewer and larger nuclear spots, with a higher
percentage shifted from peripheral to central nuclear locations, compared to the wildtype (+/
+) or heterozygous (+/ic) cell forms. Thus, the absence of sufficient LBR produces profound
effects on EPRO nuclear shape, size and heterochromatin distribution.

Immunochemical studies (i.e., confocal immunostaining and immunoblotting) also resulted in
a number of significant observations. As expected from our earlier investigation,[4] ic/ic cells
revealed no indication of any LBR protein in undifferentiated or granulocytic forms.
Undifferentiated heterozygous +/ic cells had discernibly less LBR (~60%) than the wildtype
+/+ cells, and both revealed an increase in LBR amount per cell (~1.5 to 1.7 fold) following
granulocytic differentiation with ATRA. This increase in LBR during in vitro granulopoiesis
of EPRO cells agrees with our previous observations with MPRO cells (unpublished) and with
differentiating HL-60 cells (although the increase in LBR in HL-60 cells appears to be ~3 to
4 fold).[16,35] It is notable that bone marrow is the body tissue with the highest expression of
LBR mRNA.[36] An unexpected observation was the apparent increase on immunoblots of
lamin A/C, increasing systematically from +/+ to +/ic (~2.5 fold) to ic/ ic (~6.2 fold).
Furthermore, for all three genotypes, ATRA-induced granulocytic differentiation resulted in a
decline in the level of lamin A/C. Thus, there is a general correlation between an increase in
cellular LBR content and a decrease in lamin A/C, as seen after ATRA treatment or progressing
from ic/ic to +/ic to +/+ genotypes. Absence of lamin A/C in mouse granulocytic (and
lymphocytic) forms has been clearly documented in earlier studies,[37] consistent with our
studies on differentiating HL-60 cells[16] and peripheral human blood granulocytes
(unpublished). Another surprising observation was the relative uniformity and constancy of
staining and immunoblotting by anti-lamin B1 with the various EPRO cell forms. This
observation was surprising to us because of prior documentation of low amounts of lamin B1
in differentiating human HL-60 cells[16,24] and human peripheral blood granulocytes.[23]
However, this observation of clearly detectable lamin B1 in EPRO cells is consistent with our
published images on MPRO cells and on mouse peripheral blood granulocytes.[23]
Collectively, these observations argue for some differences in the nuclear envelope
composition, comparing human and mouse granulocytes.
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Speculations on the role of LBR in determining granulocyte nuclear shape have been previously
summarized.[2,24] Basically, it is suggested that LBR attaches the deformable lamin-depleted
nuclear envelope to the underlying heterochromatin. Furthermore, it is postulated that the shape
changes are powered by microtubule motors attached to the nuclear envelope and pulling
towards the juxtanuclear centrosomal region to generate invaginations in the nuclear envelope.
The present intriguing observation that ic/ic undifferentiated EPRO cells possess smaller nuclei
than their wildtype (+/+) counterparts (Table 1), suggests additional speculation. The smaller
ic/ic nuclei probably possess a reduced nuclear envelope surface area (~40-50%), compared
to +/+ cells. This would be consistent with our prior observations that during granulocytic
differentiation of HL-60 cells, there is an increase of LBR content and an increase of nuclear
envelope surface area (lobulation plus envelope-limited chromatin sheets, "ELCS").[15,16,
35] A key question is whether the additional LBR promotes growth of the nuclear envelope.

There is increasing evidence from other laboratories that LBR stimulates nuclear envelope
production. Over-expression of heterologous LBR in yeast cells (which have neither
endogenous LBR nor lamin B) produces large amounts of membrane stacks, affiliated with
and independent from the nuclear envelope.[38] Over-expressing LBR and portions of LBR
in HeLa cells yields production of nuclear envelope associated membrane stacks.[39]
Furthermore, these authors presented evidence that the C-terminal transmembrane region of
LBR is responsible for the membrane overproduction, while the N-terminal portion is
responsible for chromatin attachment (possibly mediated by importin ). Based upon these
studies, we speculate that LBR has an inherent capability to promote membrane growth, when
situated in the nuclear envelope or in the endoplasmic reticulum. The bifunctionality of LBR
(i.e., the lamina-heterochromatin binding capability of the N-terminal portion and the
membrane building function of the C-terminal portion) would insure membrane growth within
the nuclear envelope. Defining the function of LBR in this manner, formulates a functional
significance that justifies the evolutionary stability of this chimeric molecule throughout
vertebrate evolution.[8] It is still not clear what role the sterol reductase property of LBR[40]
may play in membrane production or cholesterol biosynthesis, since there is now clear evidence
of enzymatic redundancy with the cytoplasmic enzyme DHCR14 (TM7SF2, SR-1).[41] This
proposed integrated function of LBR (i.e., promoting growth of the inner nuclear membrane
around heterochromatin) is consistent with the observation that LBR is among the earliest of
the nuclear envelope proteins to associate with decondensing mitotic chromosomes during
nuclear envelope reformation.[42,43] It is clear, however, that other proteins must possess
similar capabilities, since normal appearing nuclear envelopes can form around the chromatin
of LBR-deficient ic/ic nuclei.

It is important to determine the basis of the observed negative correlation of nuclear LBR and
lamin A/C content. Clearly, this negative correlation is not absolute; many cell types have both
LBR and lamin A/C co-existing within the same nuclear envelope. Furthermore, confined to
hematologic cell types (hormal and malignant), the published literature is confusing with
regards to amounts of lamin A/C (see a recent comprehensive review[44]). Even so, present
studies from our laboratory and our earlier results with HL-60 cells,[16] stimulate some
speculative thoughts. Evidence for direct in vivo interactions between LBR and lamin A/C is
controversial: 1) co-immunoprecipitation of LBR and lamin A/C has been described;[45] 2) a
single lamin A mutation has been reported to result in LBR moving from the nuclear envelope
to the endoplasmic reticulum;[46] 3) but, lamin A null cells appear to have normal retention
of LBR in the nuclear envelope.[47] It seems necessary to consider a more indirect coupling
between LBR and lamin A/C. A recent study of the amounts of lamin A/C in various
hematologic malignancies provided evidence for epigenetic silencing at the lamin A/C
promoter region by CpG island methylation in a subset of leukemias and lymphomas.[48]
There is increasing evidence that gene silencing occurs at the nuclear envelope (see recent
reviews [10,13]) promoted, in part, by integral proteins of the nuclear envelope. Thus, it is
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tempting to speculate that increased LBR content may augment repression of the lamin A/C
genes and/or facilitate sequestration of the epigenetically repressed lamin A/C genes to the
peripheral nuclear heterochromatin.

Similar considerations may apply to the repositioning of pericentric heterochromatin in the
EPRO cells, comparing +/+, +/ic and ic/ic genotypes. The reduced amount of LBR content in
the undifferentiated cell types results in a shift of centromeres away from proximity to the
nuclear envelope. This conclusion is based upon published studies demonstrating that the
DAPI-bright AT-rich pericentric heterochromatic regions of mouse cells are enriched in
me3H3K9, me3H4K20 and HP1,[26-28] also observed in MPRO cells and normal mouse
granulocytes[23] and the present analysis of these regions in undifferentiated and ATRA-
treated EPRO cells (Table I1). Comparing undifferentiated EPRO cells, the percentage of
pericentric heterochromatic regions adjacent to the nuclear envelope declines with decreased
LBR: +/+, 72%; +/ic, 66%; ic/ic, 43%. The shift is even more striking, comparing ATRA-
treated EPRO cells: +/+, 84%; +/ic, 68%; ic/ic, 32%. It seems reasonable to speculate that LBR
interacts with pericentric heterochromatin, sequestering it to close proximity with the nuclear
envelope. This association could be promoted indirectly by LBR-HP1 interactions[49] and/or
by direct binding between LBR and methyl lysine-modified nucleosomes.[50] In parallel to
the repositioning of these regions, the apparent number of pericentric "spots™ per nucleus
(confocal slice) declines slightly and their size increases. For example, the percentage estimate
of spots (>1.5 um diameter) per nucleus in ATRA-treated cells is: +/+, 1%; +/ic, 2%; iclic,
32%. Coalescence of centromeric heterochromatin has been previously described in terminally
differentiating mouse myotube cells,[51] with evidence presented for central roles in the
aggregation process due to increased levels of methylated DNA binding proteins, MeCP2 and
MBD?2, and of heterochromatic DNA methylation. However, no shift of the centromeric
heterochromatin towards the nuclear envelope was reported. A more recent study of mutant
mouse ES cells lacking DNA methylation has challenged this postulated central role of DNA
methylation and methylated DNA binding proteins in heterochromatin aggregation, suggesting
instead that histone methylation and H1 binding to centromeric heterochromatin are the
principal factors.[52] It is unclear whether this disagreement is a consequence of examining
and comparing different types of mouse cells. Clearly, both sets of explanations for centromeric
heterochromatin condensation must be explored in granulopoietic cell systems. We suggest
that during normal granulopoietic nuclear differentiation, LBR pulls pericentric
heterochromatin towards the nuclear envelope simultaneously with heterochromatin
aggregation, promoted in part by chromatin epigenetic modifications. Thus, there may be a
balance of forces tugging on heterochromatin to achieve normal chromatin
compartmentalization in the granulocyte nucleus.

Why is the mouse granulocyte nucleus ring-shaped;[53] whereas the LBR-deficient
granulocytic form is ovoid? We have speculated[32] that the ring-shape may be related to the
frequently described "rosette" arrangement of chromosomes at the metaphase plate.[54,55]
During mitosis in the bone marrow of normal mice, the telocentric heterochromatin should
situate near the central "hub" of the mitotic "rosettes" and be pulled towards the polar centrioles.
We suggest that post-mitotic nuclear reformation kinetics may be influenced by this central
distribution of centromeric heterochromatin, which might associate with LBR to facilitate
membrane growth in the vicinity of the centrosomes creating an annulus. In the absence of
LBR, centromeric heterochromatin would have no particular affinity to the nuclear periphery
and might have a weakened influence on the final nuclear shape and/or the kinetics of nuclear
envelope reformation.

The development of hematopoietic cell lines, such as EML/EPRO cells, possessing mutations
in various nuclear envelope-associated proteins, should prove extremely useful in determining
the role that these proteins may play in the determination of granulocytic nuclear shape,
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heterochromatin distribution and control of genetic expression. The cell lines employed in the
present study, derived from LBR-deficient bone marrow cells, are suitable materials for
analysis of the importance of LBR to the distribution of interphase nuclear chromosome
territories[56] and to the dynamics of chromatin mobility during in vitro granulopoiesis.[13,
57]
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Figure 1.

Confocal immunostaining of undifferentiated and granulocytic EPRO cells with anti-LBR and
anti-lamin B1. Genotypes: wildtype, +/+; heterozygous ichthyosis, +/ ic; homozygous
ichthyosis, ic/ ic. Cell states: 0, undifferentiated; ATRA, granulocytic forms on day 4. Stains:
anti-LBR (red); anti-LMNBL1 (lamin B1, green); DAPI (DNA, uncolored). Fixation: PFA.
Scale bar: 10 pm.
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Immunoblotting of total cell extracts from undifferentiated and granulocytic EPRO cells with

antibodies to nuclear envelope components. (A) anti-LBR and anti-lamin B1. Rows: LBR,

anti-LBR; LBR*, anti-LBR (prolonged exposure); LMNB1, anti-lamin B1. (B) anti-lamin B2,

anti-lamin A/C, anti-emerin and anti-LAP23. Rows: LMNB2, anti-lamin B2; LMNA/C,

antilamin A/C; emerin, anti-emerin; LAP2p, anti-LAP2p. Genotypes: wildtype, +/+;
heterozygous ichthyosis, +/ ic; homozygous ichthyosis, ic/ ic. Cell states: 0, undifferentiated;

ATRA, granulocytic forms on day 4.
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Figure 3.

Confocal immunostaining of undifferentiated EPRO cells with goat anti-lamin A/C.
Genotypes: wildtype, +/+; heterozygous ichthyosis, +/ ic; homozygous ichthyosis, ic/ic. Stains:
anti-LMNA/C (lamin A/C, green); DAPI (DNA, uncolored). Fixation: methanol. Scale bar: 10

pm.
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Figure 4.

Confocal immunostaining of undifferentiated and granulocytic EPRO cells with anti-LAP23
and anti-C-Napl. Genotypes: wildtype, +/+; heterozygous ichthyosis, +/ic; homozygous
ichthyosis, ic/ ic. Cell states: 0, undifferentiated; ATRA, granulocytic forms on day 4. Stains:
anti-C-Nap1 (red); anti-LAP2p (green); DAPI (DNA, uncolored). Fixation: methanol. Scale
bar: 10 um.
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Immunoblotting of total cell extracts from undifferentiated and granulocytic EPRO cells with

antibodies to condensed chromatin markers. Genotypes: wildtype, +/+; heterozygous
ichthyosis, +/ ic; homozygous ichthyosis, ic/ ic. Cell states: 0, undifferentiated; ATRA,
granulocytic forms on day 4. Antibody specificities are listed in the left margin.
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Figure 6.

Confocal immunostaining of undifferentiated and granulocytic EPRO cells with anti-HP1y,
anti-me3H4K20 and anti-lamin B1. Genotypes: wildtype, +/+; heterozygous ichthyosis, +/ ic;
homozygous ichthyosis, ic/ ic. Cell states: 0, undifferentiated; ATRA, granulocytic forms on
day 4. Stains: anti-HP1y (green); anti-me3H4K20 (red); anti-LMNBL1 (lamin B1, blue); DAPI
(DNA, uncolored). Fixation: PFA. Scale bar: 10 um.
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Figure 7.

Confocal immunostaining of differentiated EPRO cells with rabbit anti-H4/H2A(S1)phos.
Genotypes: wildtype, +/+; heterozygous ichthyosis, +/ ic; homozygous ichthyosis, ic/ ic.
Stains: anti-H4/H2A(S1)phos (green); DAPI (DNA, uncolored). Fixation: PFA. Scale bar: 10
pm. *
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TABLE |
AREAS OF UNDIFFERENTIATED EPRO NUCLEI™ (um)?
+/+ +/ic ic/ic
Average +/— S.D. 109.2 +/— 32.4 97.9 +/— 25.4 54.8 +/—16.0)
Mode 87.0 60.9 37.2
Relative surface area¥ 1.0 0.90 0.50
Relative surface area§ 1.0 0.70 0.43

*
Number of nuclei counted for each genotype: 400.

Relative surface areas of "equivalent spheres" were calculated from the following formulas: 1) area of circle = nrz; 2) surface area of a sphere = 4 nr<.

Measurements employed: ¥ from Average; § from Mode.
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