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The human leukemic cell line (HL-60) can be in-
duced to differentiate in vitro to granulocytic form
with retinoic acid (RA), or to monocytic/macrophage
form with phorbol ester (TPA). The granulocytic form
acquires nuclear lobulation, nuclear envelope-limited
chromatin sheets (ELCS), and cytoskeletal polariza-
tion, none of which are acquired following treatment
with TPA. Immunoblotting analyses and capillary
zone electrophoresis demonstrated that following RA
treatment: lamins A/C and B1, and vimentin decreased
to negligible amounts; LAP2b, lamin B2 and emerin
emained essentially unchanged; lamin B receptor
LBR) increased markedly; histone subtypes H1.4 and
.5 exhibited dephosphorylation. Following TPA treat-
ent: lamins A/C and B1, B2 and vimentin increased in

mount; LAP2b and emerin remained essentially un-
changed; LBR increased markedly; histone subtypes
H1.4 and 1.5 exhibited dephosphorylation. Emerin,
which was cytoplasmic in undifferentiated or granu-
locytic cells, localized into the nuclear envelope fol-
lowing TPA. Normal human granulocytes revealed
compositional differences compared to granulocytic
forms of HL-60, namely increased vimentin and ap-
pearance of histone subtype H1.3. A working hypoth-
esis for nuclear lobulation postulates a combination
of: increased nuclear envelope deformability due to
lamins A/C and B1 deficiency; an increase in nuclear
surface area/volume; an increase in chromatin–nu-
clear envelope interactions. © 2001 Academic Press

Key Words: nuclear envelope; histone H1; HL-60; reti-
noic acid; granulocytes.

INTRODUCTION

The human myeloid leukemia cell line (HL-60) is
widely investigated as a model for inducible cell differ-
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entiation [1–3]: all-trans retinoic acid (RA) or dimethyl
sulfoxide (DMSO) stimulates granulocytic differentia-
tion; 1,25-dihydroxy vitamin D3, sodium butyrate, or
12-O-tetradecanoylphorbol-13-acetate (TPA) promotes
monocytic/macrophage differentiation. RA- or DMSO-
differentiated HL-60 cells exhibit similarities and dif-
ferences with normal blood neutrophils [1–4]. In par-
allel with normal neutrophils, RA- or DMSO-
differentiated HL-60 exhibit: nuclear lobulation; nitro
blue tetrazolium (NBT) reduction by superoxide an-
ions; enhanced expression of the cell surface antigen
CD11b; and phagocytotic capability. Also, in parallel to
normal neutrophils, granulocytic (as well as monocytic/
macrophage) differentiated HL-60 cells eventually die
by apoptosis [5–7]. Some of the differences observed
between RA- or DMSO-induced granulocytes and nor-
mal neutrophils include: a higher proportion of imma-
ture granulocytic nuclear morphologies after RA or
DMSO treatment, compared to peripheral blood neu-
trophils; and the inability of chemically induced gran-
ulocytes to sort certain granule proteins [8].

Previous studies from this laboratory [9, 10] have
focused upon nuclear and cytoskeletal changes that
occur during chemically induced differentiation of HL-
60, at both the biochemical and the microscopic levels.
The initial study [9] explored mechanisms of nuclear
lobulation in response to RA. Unexpectedly, in addition
to lobulation, extensive extrusions of the nuclear enve-
lope were also induced in over 80% of the granulocytic
cells. These nuclear envelope-limited chromatin sheets
(ELCS) consist of a single layer of close-packed 20- to
30-nm chromatin fibers, bounded on both sides by the
inner and outer membranes of apposed nuclear enve-
lopes [11–15]. ELCS have been observed in a wide
range of organisms, from protozoa to plants [15], and in
numerous lymphomas and leukemias; in granulocytes
from individuals with Down syndrome and megalo-

blastic anemia; and in individuals treated with chemo-
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2 OLINS ET AL.
therapeutic agents ([16–19]; summarized in [9]). Nor-
mal granulocytes also exhibit ELCS, but in very low
amounts (approximately 4%) [9]. Furthermore, granu-
locytes possess highly condensed chromatin, consider-
ably more extensive than observed in RA-differenti-
ated HL-60. TPA-treated HL-60 reveal essentially no
nuclear lobulation or ELCS.

The present study delves more deeply into the kinet-
ics of protein changes in the various RA- and TPA-
treated differentiated states of HL-60, and includes
comparisons to normal granulocytes. The focus is on
changes in the levels of nuclear envelope-associated
proteins and chromatin-condensing proteins (i.e., his-
tone H1). A description of the changing levels and
modifications of nuclear structural proteins constitutes
a first step toward developing an understanding of
cellular mechanisms for controlling nuclear shape; in
particular, understanding mechanisms of granulocytic
nuclear lobulation.

MATERIALS AND METHODS

Cells and chemicals. Most of the experiments in this study used
the rapidly differentiating cell line (HL-60/S4) [20], generously pro-
vided by Dr. A.C. Sartorelli (Yale University, School of Medicine,
New Haven, CT), as previously described [9, 10]. The cells were
cultivated in RPMI 1640 medium containing 10% fetal calf serum,
with penicillin/streptomycin and glutamine added, at 37°C in a hu-
mid incubator purged with 5% CO2/95% air. Neutrophils were iso-
ated from heparinized venous blood of normal individuals, following
ell-established procedures [21–24], involving centrifugation in a
icoll–Hypaque (Amersham Pharmacia Biotech, Inc.) density gradi-
nt. Employing this procedure, it is routine to prepare granulocytes
ith .95% viability and ,1% mononuclear cells. RA and TPA were
urchased from Sigma Chemical Co. (St. Louis, MO). RA was dis-
olved in ethanol at a concentration of 1 mmol/L; TPA was dissolved
n acetone at a concentration of 160 mmol/L. Both stocks were stored

at 220°C. For differentiation, RA was employed at 1 mmol/L; TPA, at
6 nmol/L.
Antibodies. Many of the antibodies to nuclear envelope and cy-

oskeletal components (e.g., anti-lamins A/C and B2, LAP2b, LBR,
a-tubulin, and b-actin) employed in this study have been described
previously [9, 10]. Several antibodies were generous gifts: anti-lamin
A (mAb 133a2) and anti-lamin B1 (mAb 119D5F1) were from Dr.
J. L. V. Broers (Univ. Maastricht, The Netherlands); rabbit anti-H1
subtypes from Drs. M. H. Parseghian (Techniclone Corp., Tistin, CA)
and B. A. Hamkalo (Univ. of California, Irvine); rabbit anti-HP1a
from Dr. B. Buendia (Univ. of Paris, Jussieu, France); rabbit anti-
monoacetylated H4 (Ac16) from Dr. B. M. Turner (Univ. of Birming-
ham Medical School, United Kingdom). Several antibodies were ob-
tained commercially: mAb anti-emerin (Medac, Hamburg, Germany);
anti-phosphorylated H1 (Upstate Biotech., Waltham, MA); mAb
anti-NuMA (Transduction Lab., Lexington, KY).

Immunoblotting procedure. Cells (HL-60/S4 and granulocytes)
ere counted in a hemocytometer, washed, extracted, electropho-

esed, and immunoblotted as described previously [10]. Immunoblots
ere developed by enhanced chemiluminescence (ECL), and subse-
uently stained with Coomassie blue. Antibody-reactive protein
ands visualized on the exposed films were scanned and quantitated
n an AlphaImager densitometer (Alpha Innotech Corp.) using CCD
maging and analysis with appropriate software.

Immunofluorescence and confocal microscopy. For experiments

on flattened cell preparations, suspensions of HL-60/S4 cytospun
onto ethanol-cleaned slides, or TPA-treated cells attached to cover-
slips, were fixed with methanol, acetone, air-dried, and immuno-
stained as described previously [9]. For experiments on cells fixed
with 3.7% HCHO and immunostained to preserve 3-D architecture,
the method described in [10] was followed. Nonconfocal images were
collected on a Zeiss axioplan microscope using a Photometrics Quan-
tix CCD camera controlled by IPLab Spectrum 3.1.1 software. Con-
focal images were collected on a Leica TCS SP spectral microscope
(Leica Microsystems Heidelberg GmbH, Heidelberg, Germany).

Acid extraction of cells and capillary zone electrophoresis (CZE).
Usually 5 3 107 cells were centrifuged and washed once with PBS.

erchloric acid (PCA) was added to the washed cell pellets in Eppen-
orf tubes: 1.5 ml of 5% PCA, vortexed 1 h at RT. The cell suspen-
ions were centrifuged for 30 min at 13,000 rpm and supernatants
ransferred to 50-ml Corex centrifuge tubes. Cell pellets were ex-
racted twice more with 5% PCA (ca. 1 min of vortexing) and super-
atants pooled, and 9 vol of ice-cold acetone was added to the Corex
ubes. Following an overnight incubation of the covered tubes at
20°C, samples were centrifuged in a swinging bucket rotor (10,000

pm, 30 min, 4°C), and pellets were washed and centrifuged twice
10,000 rpm, 15 min, 4°C) in ice-cold acetone and air-dried. Prior to
ZE analysis, the dried pellets were dissolved in 70 mL of 30 mM HCl

shaking for 30 min at 37°C) and centrifuged to remove any residual
recipitates. CZE of the acid extracts was performed as previously
escribed [25–27] on a Perkin–Elmer/Applied Biosystems 270A-HT
ystem. Following sample injection, absorbance at 200 nm was re-
orded to measure retention time for each peak. Analysis of the
elative amount of each peak (expressed as percentage of each H1
ubtype within the total acid extract) was performed with computer-
ided baseline subtraction and integration. Absolute absorbance var-
ed with total protein loaded on the CZE.

RESULTS

Changes in Expression Levels and Cellular
Localization of Nuclear Envelope-Associated
Proteins during Differentiation of HL-60/S4
by RA and TPA

Immunoblotting experiments were performed on ex-
tracts made daily of unsynchronized cultures of HL-
60/S4 exposed to RA or TPA for up to 5 days, using
antibodies to various nuclear envelope components. In
order to achieve a more quantitative comparison of the
relative amounts of selected proteins, cells were
counted prior to preparation of extracts. Different elec-
trophoretic lanes were loaded with extracts from iden-
tical numbers of cells. After electrophoretic transfer
onto PVDF membranes, Ponceau S staining demon-
strated that the protein loads in different lanes were
comparable, which was reconfirmed by Coomassie blue
staining of the membranes following the immune reac-
tion and ECL.

RA and TPA promoted very different changes in cell
titer and morphology, as described earlier [9, 10, 20,
28, 29]. RA-treated HL-60/S4 remained in suspension,
increasing their cell titer sixfold by Day 5. Specifically,
titers increased twofold after 1 day of drug treatment,
another twofold between Days 1 and 2, and approxi-
mately 50% between Days 2 and 3, with no further

increases on Days 4 and 5. Thus, it appears that the
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3NUCLEAR COMPOSITION OF DIFFERENTIATING HL-60
undifferentiated HL-60/S4, exposed to RA, undergoes
slightly more than two division cycles before achieving
a growth plateau by Day 3. Parallel microscopic obser-
vation on Wright–Giemsa-stained cytospun prepara-
tions of RA-treated HL-60/S4 [9] indicated that nuclear
lobulation is observed by Day 3, maximal by Days 4
and 5, after which apoptosis begins its appearance.
Comparative data [20] on RA-treated HL-60/S4 indi-
cated that: (1) approximately 90% of cells are positive
for NBT reduction by Day 4; (2) approximately 60% of
cells exhibit phagocytic activity by Day 5. TPA-treated
HL-60/S4 cells, on the other hand, attach to glass or
plastic substrates by the end of Day 1, many spreading
out with flattened ovoid nuclei that never exhibit lob-
ulation, others forming clumps of cells with ovoid nu-
clei. It is necessary to scrape the TPA-treated cells
prior to measuring cell titer and performing extrac-
tions. Cell titers never increased more than ca. 25%
during the 5-day exposure to TPA, suggesting that cell
division ceases rapidly.

Figure 1 displays examples of immunoblots of total
protein extracts from HL-60/S4 (treated for up to 5
days with RA or TPA) tested with various antibodies
against nuclear envelope components (for recent re-
views of these components, see [30, 31]). A summary of
semiquantitative observations from these immuno-
blots (and others, discussed later) are presented in
Table 1. Previous studies from our laboratory [9, 10]
indicated that during RA-induced differentiation of
HL-60/S4: (1) lamins A/C decreased slightly from their
very low level in undifferentiated cells; (2) lamin B2
and LAP2b remained essentially unchanged; (3) lamin
B receptor (LBR) increased approximately three- to
fourfold.

FIG. 1. Immunoblots of nuclear envelope components in undiffere
same number of cells were loaded on each gel lane. Cells were harve
days; T1–T5, TPA treatment for 1–5 days. Specific primary antibodi
mAb x223; LAP2b, mAb 6G11; LBR, affinity-pure rabbit anti-LBR;
The present study confirms these observations and
extends them to other nuclear envelope components,
and to TPA-induced differentiation. For several of the
immunoblots shown in Fig. 1, band intensities were
measured and ratios of increase (or decrease) were
estimated, compared to the undifferentiated state. Ra-
tios are expressed as average relative changes for the
period of peak differentiation (i.e., RA, Days 3–5; TPA,

ated and RA- and TPA-treated HL-60/S4. Total cell extracts from the
d on a daily basis: 0, undifferentiated; R1–R5, RA treatment for 1–5
mployed: lamin A/C, mAb R27; lamin B1, mAb 119D5F1; lamin B2,
erin, mAb anti-emerin.

TABLE 1

Changes in the Level of Various Proteins
during HL-60/S4 Cell Differentiation

Protein 0a RAb TPAb

Lamin A, C Trace 22c 111
Lamin B1 Weak 2 11
Lamin B2 Strong nc 1
LAP2b Moderate nc nc
LBR Weak 111 111
Emerin Strong nc nc
HP1a Moderate 1 1
H1 (total) Strong nc nc
H1.5 Strong nc nc
H1.3 Not detectable nc nc
Phospho H1 Not detectable nc nc
H4 Ac16 Moderate 222 222
NuMA Moderate 2 nc
b-Actin Moderate 11 11
a-Tubulin Strong nc nc
Vimentin Weak 222 111

Note. Gel lanes were loaded with extracts from equivalent num-
bers of cells. 0, undifferentiated; RA, retinoic acid-treated; TPA,
phorbol ester-treated.

a Immunoblotting reaction intensity.
b Change of intensity during 5 day period.
c Symbols for changes: 111, significant increase; 11, increase; 1,

slight increase; nc, no change; 2, slight decrease; 22, decrease;
nti
ste
es e
222, significant decrease.
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4 OLINS ET AL.
Days 2–5). Following TPA treatment, lamins A/C re-
vealed a significant increase in cellular content by Day
1. The average increase for lamin A was 7.5-fold; for
lamin C, 10.8-fold. The TPA-induced increase in lamins
A/C has been previously observed [32]. By distinguish-
ing between lamins B1 and B2, it could be demon-
strated that: (1) the cellular levels of B2 remained
largely unchanged (or slightly decreased) during RA
treatment, while increasing slightly (10–20%) follow-
ing TPA; (2) B1 was present in low amounts in undif-
ferentiated and RA treated cells, increasing signifi-
cantly (3.4-fold) after addition of TPA. Importantly,
LBR measurements revealed a rapid increase in cellu-
lar content following both RA (3.8-fold) and TPA treat-
ment (3.3-fold), compared to the low levels in undiffer-
entiated cells. LAP2b, on the other hand, showed very
ittle change in cellular levels under all conditions. In
iew of the low levels of lamins A/C in the myeloid
orms of HL-60/S4 and the recent evidence for interac-
ions between these lamins and emerin (reviewed in
30, 31, 33]), it was of interest to observe that the
ellular levels of emerin did not reveal major changes
ollowing RA and TPA treatment (see later). In sum-
ary, the immunoblotting studies clearly indicate

hat, from the point of view of the components of the
uclear envelope, HL-60/S4 reveals distinct differences
omparing the undifferentiated and RA- and TPA-
reated differentiation states. TPA-induced cells con-
ain higher amounts of lamins A/C, B1 (possibly, B2)
nd of LBR, than present within undifferentiated cells.
ith the exception of LBR, TPA-treated HL-60/S4 cells

isplayed higher amounts of these nuclear envelope
roteins, compared to RA-treated cells.
Previous immunofluorescent and confocal studies [9,

0] documented that the nuclei of RA-treated HL-60
ells acquire extensive amounts of ELCS, in parallel
ith nuclear lobulation. Employing antibodies to lamin
2, LBR, and LAP2b, ELCS appeared as brightly

stained regions on the nuclear envelopes of cytospun
(flattened) and fixed RA-treated HL-60/S4. Often these
brightly staining regions were observed within the
clefts of lobulated nuclei, regions relatively devoid of
DNA, as indicated by the paucity of DAPI staining.
Confocal images [10] of fixed suspensions of RA-treated
HL-60/S4 presented clear 3-D views of ELCS in rela-
tion to the nuclear envelope, supporting the interpre-
tation that the brightly stained regions of cytospun
cells are generated by the formation of flattened ELCS.

Immunofluorescent comparisons of cytospun and
fixed undifferentiated, and RA- and TPA-treated HL-
60/S4 are presented in Fig. 2. Anti-lamin B2 staining
revealed a largely uniform distribution of antigen on
the nuclear envelope of undifferentiated and TPA-
treated cells. RA-treated cells showed brightly stained
regions (presumptive ELCS) in the nuclear envelope.

Anti-lamin B1 generated weak punctate staining of
nuclear envelopes in undifferentiated and RA-treated
cells, and a stronger more uniformly stained envelope
in TPA-treated HL-60/S4. Likewise, anti-lamin A
yielded clear staining of the envelope in TPA-treated
cells, with weaker staining in undifferentiated and RA-
treated cells. The immunofluorescent data obtained
with anti-lamin antibodies (A and B1) generally agree
with the immunoblotting results, supporting that
these nuclear envelope components are expressed to a
higher extent in TPA-treated HL-60/S4 cells, than in
undifferentiated and RA-treated cell states. Immuno-
fluorescent staining with anti-emerin antibodies dem-
onstrated a clear redistribution of the antigen follow-
ing differentiation by TPA. Emerin appeared to be
primarily cytoplasmic in undifferentiated and RA-
treated HL-60/S4 cells, but localized in the nuclear
envelope of TPA-treated cells. The postulated interac-
tion between lamin A and emerin [30, 31, 33] suggests
a basis for the redistribution of emerin in HL-60/S4:
the increased amount of lamin A in TPA-treated cells
might furnish the necessary binding sites to attract the
high levels of emerin from the cytoplasm of undiffer-
entiated cells to the nuclear envelope. Thus, HL-60/S4
may prove to be a useful model system to examine the
cellular distribution of emerin, and its relationship to
the nuclear envelope and lamin A.

Changes in Subtype Composition of Histone H1
during Differentiation of HL-60/S4 by RA and TPA

The apparent inverse correlation between extensive
chromatin condensation and ELCS formation suggests
that proteins involved in chromatin condensation may
play a role in modulating nuclear envelope deformabil-
ity. Histone H1 is believed to have a structural role in
stabilizing nucleosome higher order structure [34–37].
Human Histone H1 consists of a family of primary
amino acid sequence variants (subtypes), denoted
H1.1-H1.5, H10 and H1t, which have all been cloned
and characterized [38] (for an alternative nomencla-
ture, see [39]). H1t is observed only in the testis; the
relative levels of the remaining H1 subtypes exhibit
tissue-specific variations [40]. The role of these varia-
tions in the levels of H1 subtypes is not entirely clear.
However, recent immunoprecipitation studies [41] in-
dicate that transcriptionally active chromatin may pos-
sess a different distribution of subtypes, compared to
transcriptionally inactive chromatin.

Capillary zone electrophoresis has proven to be a
fast, sensitive, and accurate analytical method for
measuring the relative amounts of human H1 subtypes
[25–27]. In recent studies [26, 27], CZE was employed
to examine the changes in relative amounts of H1
subtypes and their phosphorylated forms in a number
of human cell lines (including HL-60) induced to un-

dergo apoptosis. It was shown that in HL-60 cells, H1
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FIG. 2. Immunostaining of nuclear envelope components in undifferentiated and RA- and TPA-treated HL-60/S4. Image contrast is
inverted, so that bright fluorescence is black. Columns: A, D, G, J, undifferentiated cells; B, E, H, K, RA-treated 4 days; C, F, I, L, TPA-treated
4 days. Rows: A–C, anti-lamin B2 (mAb x223); D–F, anti-lamin B1 (mAb 119D5F1); G–I, anti-lamin A (mAb 133a2); J–L, anti-emerin.

Magnification bar: 20 mm.
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histones become rapidly dephosphorylated after induc-
tion of apoptosis [27]. The undifferentiated HL-60 cells
contained undetectable amounts of H1.1 and H10, rank
order of relative amounts being H1.2 . H1.4 . H1.5 .
H1.3. Apoptosis resulted in a relative increase in un-
phosphorylated forms of H1.4 and H1.5. In the present
study CZE analysis was performed on acid extracts
from undifferentiated and RA- and TPA-treated HL-
60/S4 to examine the relative changes in H1 subtypes
during the differentiation period for up to 5 days. Rep-
resentative electrophoresis profiles are presented in
Fig. 3. Protein peaks were characterized by retention
time (i.e., min after injection of the protein mixture);
peaks were identified by adding individual recombi-
nant H1 subtypes to the protein mixture [25, 26]. After
subtraction of linear baselines, integrated absorbance
values and relative areas for each peak were calcu-
lated. Figure 4 presents plots of the daily changes in
relative areas for each protein peak in the acid extracts
of HL-60/S4. H10, H1.1, and H1.3 were not detected in
any extracts of HL-60/S4. For undifferentiated cells,
the peaks corresponding to unphosphorylated H1.4
and H1.5 were very low in relative area, increasing

FIG. 3. Protein profiles from capillary zone electrophoresis (CZE
cells; (B) RA-treated 4 days; (C) TPA-treated 4 days; (D) granulocyt
(min) following injection of the protein extract. Peak designations: 1, H
3P H1.4/5; 6, H1.3 (where, “nP H1.4/5” denotes n-phosphorylated fo
significantly by Day 2 of TPA treatment, and Days 3
and 4 of RA treatment. Correspondingly, a few peaks
decreased in relative area during the differentiation
period, especially a peak that includes monophospho-
rylated H1.2 and triphosphorylated H1.4 and H1.5.
Somewhat less profound is the observed decrease in a
peak containing HMG-17 and monophosphorylated
H1.2. The overall conclusion from the CZE studies is
that H1 subtype modification (i.e., phosphorylation) is
significantly reduced during differentiation induced by
RA or TPA. The rate of change appears faster (and is
more complete) following treatment with TPA, com-
pared to RA-induced differentiation.

The availability of several anti-H1 subtype antibod-
ies [41, 42] permitted an immunoblotting comparison
to the data obtained by CZE. Of particular interest
were the results obtained with rabbit anti-H1.5 and
anti-H1.3 (alternatively designated anti-H1-3 and an-
ti-H1-2 [39], respectively), shown in Fig. 5. These im-
munoblots demonstrate a relative constancy in the
amount of H1.5, comparing undifferentiated, RA- and
TPA-treated HL-60/S4. These data support the conclu-
sion (from CZE) that the apparent increase of H1.5
(and probably of H1.4) is due to dephosphorylation

acid extracts of HL-60/S4 and of granulocytes. (A) Undifferentiated
Coordinates: abscissa, absorbance 200 nm; ordinate, retention time
5; 2, H1.4; 3, HMG-17 1 1P H1.4/5; 4, H1.2 1 2P H1.4/5; 5, 1P H1.2 1

of H1.4 and H1.5).
) of
es.

1.
during differentiation. Also confirmed by the immuno-
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blot analysis is the negligible amount of H1.3 in all cell
states of HL-60/S4. Immunoblots (not shown) were also
performed with several monoclonal and polyclonal an-
ti-total H1. The results were very similar to those
presented for anti-H1.5; no major changes in H1 levels
were observed, comparing undifferentiated and differ-
entiated HL-60/S4. Thus, from the combined CZE and
immunoblotting experiments, the only major change
observed during RA- or TPA-induced differentiation of
HL-60/S4 is the apparent dephosphorylation of the H1
subtypes. This dephosphorylation occurs more rapidly
and more completely following TPA, compared to RA,
exposure.

Granulocytes Exhibit Similarities and Differences
in Histone H1 Subtype and Nuclear Envelope
Composition Compared to the Granulocytic
Form of HL-60/S4

HL-60 cells are generally employed as an in vitro
model for granulocytic differentiation; but similarities
and differences between the differentiated granulo-
cytic form and normal neutrophils have been noted
[1–8]. Extracts were prepared from purified granulo-
cytes of three healthy individuals and examined by
CZE and immunoblotting, comparing results with the

FIG. 4. Daily changes in relative areas of CZE protein peaks from
(A) RA-treated cells; (B) TPA-treated cells. Coordinates: abscissa, %
or TPA. Line designations: 1, H1.5; 2, H1.4; 3, HMG-17 1 1P H1.4/5; 4
n-phosphorylated forms of H1.4 and H1.5).

FIG. 5. Immunoblots of histone H1 subtypes (H1.5 and H1.3) in
undifferentiated and RA- and TPA-treated HL-60/S4, and in granulo-
cytes. Total cell extracts from the same number of cells were loaded
on each gel lane for HL-60/S4. Approximately the same amount of
total protein was loaded for granulocyte extracts (G), as observed for
HL-60/S4 extracts. HL-60/S4 cells were harvested on a daily basis: 0,
undifferentiated; R1–R5, RA treatment for 1–5 days; T1–T5, TPA

treatment for 1–5 days.
undifferentiated and RA- and TPA-differentiated
states of HL-60/S4. Figure 3D presents the acid-extract
protein profile from the granulocytes of one individual.
Two features are apparent: (1) the appearance of a
peak, assigned to H1.3, not observed in any cell states
of HL-60/S4; (2) elevated levels of H1.4 and H1.5, com-
bined with low relative areas of the peaks containing
phosphorylated forms of H1.4, H1.5, and H1.2. Table 2
presents a summary of the relative percentages of the
various H1 subtypes in the extracts of granulocytes
from the three individuals. Immunoblots with anti-
H1.5 and anti-H1.3 (Fig. 5) compare normal granulo-
cytes to the HL-60/S4 cell states, demonstrating the
clear presence of H1.3 in granulocytes.

Confocal immunofluorescence studies were per-
formed on normal human granulocytes fixed to pre-
serve 3-D structure (Fig. 6). Propidium iodide staining
(following RNase) revealed the thick layer of sublami-
nar heterochromatin. Anti-total H1 yielded a dense
staining throughout the nuclear lobes. Anti-H1.3
yielded a scattered punctate staining. These results
are very reminiscent of prior studies [42, 43] employing
the same antisera on HeLa and on normal human
fibroblasts. Interestingly, the authors [43] report that

cid extracts of undifferentiated and RA- and TPA-treated HL-60/S4.
total absorbance at 200 nm; ordinate, days following addition of RA
1.2 1 2P H1.4/5; 5, 1P H1.2 1 3P H1.4/5 (where, “nP H1.4/5” denotes

TABLE 2

Relative Amounts of H1 Subtypes in PCA Extracts
of Human Granulocytes

Individual H1.5 H1.4
HMG17 & 1P

H1.4/5 H1.3
H1.2 and
2P H1.4/5

1a 24.0 29.4 13.1 9.3 20.0
2 25.1 24.2 14.7 9.6 19.8
3 24.0 30.3 13.4 6.9 20.6

Average 24.3 28.3 13.6 8.8 20.1

a

a
of
, H
Average of duplicate determinations from the same individual.
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anti-H1.3 yielded a punctate staining of normal fibro-
blast nuclei, but (with few exceptions) did not stain
HeLa nuclei. The authors suggest that histone H1.3
has a low abundance in HeLa cells, a conclusion con-
firmed by CZE experiments [25, 26]. It is not clear what
is the significance of altered levels of H1.3. Immuno-
precipitation studies [41] predict that H1.3 will be
found to be concentrated within the heterochromatic
chromatin in normal granulocytes.

The protein levels of numerous nuclear envelope and
cytoskeletal components in normal granulocytes were
determined by immunoblotting (data not shown). Be-
cause total extracts from equivalent numbers of HL-
60/S4 cells and from granulocytes yielded different
amounts of total protein (i.e., granulocytes possessed
approximately fourfold less protein/cell than HL-60/S4,
as judged by Ponceau S or Coomassie blue staining of
the PVDF membranes), it is difficult to make direct
comparisons of protein levels between the two cell
types. Nonetheless, comparing the results of numerous
immunoblots permits several firm conclusions: (1)
lamins A/C and B1, LAP2b, and emerin could not be
detected in total granulocyte extracts; (2) lamin B2,
LBR, and HP1a were clearly present; (3) neither phos-
phorylated histone H1 nor acetylated histone H4 could
be detected. In contrast to the previous data on RA-
differentiated HL-60/S4 [9, 10], demonstrating an ab-
sence of vimentin, granulocyte extracts revealed abun-
dant amounts of vimentin. The presence of vimentin
within granulocytes is in agreement with earlier im-
munolocalization studies [44, 45], demonstrating the
accumulation of bundles of vimentin within the uropod
of migrating neutrophils.

DISCUSSION

The purpose of the present study is to document the
changing levels and modifications of nuclear structural
proteins in the HL-60 myeloid leukemic cell line, in
order to develop an understanding of cellular mecha-
nisms for controlling nuclear shape; in particular, un-
derstanding mechanisms of granulocytic nuclear lobu-
lation. During normal granulopoiesis within human

FIG. 6. Confocal slices of stained normal human granulocytes
stained following RNase digestion; (B) anti-total H1; (C) anti-H1.3;
bone marrow, the final postmitotic differentiation m
phase (ca. 6.5 days duration) involves significant nu-
clear structural changes, including lobulation and
chromatin condensation [46]. The molecular mecha-
nisms generating these structural changes are largely
unknown. A recent review [47] postulates the existence
of a chromatin condensing factor, which also promotes
tight chromatin–nuclear envelope interactions. Unfor-
tunately, no such factor has been definitively identi-
fied, although an interesting candidate might be
MENT [48, 49], a 42-kDa chromatin-binding protein,
abundant within granulocyte nuclei. However, control
of interphase nuclear shape appears to depend upon
numerous others factors as well, such as nuclear enve-
lope composition and integrity of cytoskeletal elements
[50–55]. In addition, nuclear envelope–centrosome in-
teractions [10, 56, 57] may play a role in influencing
nuclear shape. Spermatogenesis probably represents
the best documented system of differentiation involv-
ing a change of nuclear shape associated with changes
in lamin and lamina-associated protein composition
and distribution [51, 53, 58], and with chromatin
changes, including the appearance of the histone H1t
subtype [40, 59].

HL-60 cells furnish a convenient model system for
examining the nuclear changes observed during gran-
ulopoiesis [1–3]. These robust cells can be grown in
large quantity, and can be induced to differentiate in
itro into granulocytic or monocytic/macrophage form
y the addition of RA or TPA, respectively. Differenti-
tion to either cell state takes only several days, facil-
tating a detailed comparison of the changes in levels of
andidate proteins that might influence or control the
uclear structural changes. Unlike normal peripheral
lood granulocytes, RA-treated HL-60 cells exhibit
ery little condensed chromatin; but reveal extensive
mounts of nuclear envelope-limited chromatin sheets
9]. Ultrastructural studies suggested that during RA-
nduced differentiation of HL-60/S4, nuclear volume
ecreased and nuclear envelope surface area increased
9]. Studies from this laboratory [9, 10] have attempted
o identify candidate proteins that might be key factors
n the generation of nuclear lobulation and ELCS for-

d with HCHO to preserve 3-D architecture. (A) Propidium iodide
DIC image of cell in (C).
fixe
ation. The present study provides a detailed account
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of changes in nuclear envelope and histone H1 compo-
sition among undifferentiated and RA- and TPA-in-
duced HL-60/S4 cells, including a comparison with nor-
mal human granulocytes.

The nuclear envelope displays clear differences in
composition, comparing undifferentiated and RA- and
TPA-treated HL-60/S4 cells (Table 1). Lamins A/C and
B1 are largely absent in the undifferentiated and RA
treated cells, but clearly expressed after TPA induc-
tion. This augmented expression of lamins A/C follow-
ing phorbol ester treatment has been previously ob-
served [32, 60]. Although not a nuclear envelope
component, the changes in vimentin levels during dif-
ferentiation of HL-60/S4 parallel those seen with
lamins A/C and B1, in agreement with prior observa-
tions [9, 10, 60]. Whereas the present study is in agree-
ment with an earlier publication [60] on the increased
levels of lamins A/C and vimentin following TPA treat-
ment of HL-60, there is disagreement with regard to
the consequences of granulocytic differentiation. The
earlier study induced differentiation of HL-60 with
DMSO and reported an increase of lamins A/C and
vimentin; the opposite of the present observations fol-
lowing RA treatment of HL-60/S4. Comparison of light
micrographs in [9] and [60] suggests that granulocytic
differentiation is more complete following RA, com-
pared to DMSO induction. Other experimental differ-
ences that might contribute to the divergent conclu-
sions are the specific cell lines employed, and the
analysis of Triton X-100-resistant residual fraction
[60] versus analysis of total cell extracts [9, 10, present
study].

Several nuclear envelope components (i.e., lamin B2,
LAP2b, and emerin) do not appear to change greatly in
mount during either RA- or TPA-induced differentia-
ion. Immunofluorescent studies revealed that both
amin B2 and LAP2b remained localized to the nuclear

envelope in undifferentiated and RA- and TPA-treated
HL-60/S4. Furthermore, immunofluorescent and im-
munoelectron microscopic studies [9] demonstrated
that lamin B2 and LAP2b colocalize in ELCS. How-
ever, present immunofluorescent studies show that
emerin is largely cytoplasmic in undifferentiated and
RA-treated cells, but clearly associated with the nu-
clear envelope following TPA. Considerable recent at-
tention has been paid to emerin mutations (reviewed in
[30, 31, 33]) and its role in the pathogenesis of the
Emery–Dreifuss muscular dystrophy (EDMD) pheno-
type. One postulated mechanism is that emerin–lamin
A interactions serve to stabilize the nuclear envelope
against mechanical stresses, which are expected to be
more recurrent in muscle cells. Mutations in either
partner might disrupt the complex, weakening the nu-
clear envelope. In a recent study [61], myoblasts (which
contain lamin A/C) were transfected with GFP–emerin

mutant constructs. Some constructs localized emerin
within the nuclear envelope, some within the cyto-
plasm, permitting an analysis of emerin functional do-
mains. As a test for the postulated mechanism of
EDMD, a mouse knockout mutant for lamin A has been
created [62]. The null mouse displays many character-
istics of EDMD. Of particular interest to the present
study, ultrastructural data demonstrated that periph-
eral (i.e., sublaminar) heterochromatin is considerably
disrupted and almost absent. Clearly, this is not the
case either for the granulocytic form of HL-60/S4 [9] or
for neutrophils [46, 47], both of which have negligible
amounts of lamin A/C. The increase in lamin B1 in the
nuclear envelope of TPA-treated HL-60/S4, along with
the increased amount of lamin A/C, is given signifi-
cance by immunoprecipitation data [61], which re-
vealed interactions between emerin and lamins A/C
and B1. The lack of significant increase in amounts of
lamin B2 and LAP2b during RA-induced differentia-
tion combined with the ultrastructural morphometric
data [9], demonstrating a significant increase in the
amount of nuclear envelope (including ELCS), sug-
gests that these proteins are being diluted on the en-
velope during the differentiation.

LBR increases significantly from the undifferenti-
ated cell state during both RA- and TPA-induced dif-
ferentiation. Therefore, increased LBR cannot be the
sole factor in promoting nuclear lobulation or ELCS
formation. However, the immunofluorescent colocal-
ization of LBR and lamin B2 within ELCS [9] would be
consistent with a supportive role of LBR in the forma-
tion of ELCS. Following TPA treatment, the increase
in LBR is paralleled by an increase of lamin B1, and
slight increases in lamin B2. No such parallel occurs
after RA treatment, even though LBR increases three-
to fourfold [10]. The general view is that there is a
direct interaction between LBR and lamin B [30, 31],
although in vitro evidence [63] does not support this
presumption.

Human HP1a is one isotype of a class of proteins
that may be involved in heterochromatin formation
and/or stabilization [64]. Evidence has been presented
showing that LBR interacts with HP1a [65], which
might stabilize linkage between the nuclear envelope
and peripheral heterochromatin. The present immuno-
blotting data indicated that the levels of HP1a did not
change appreciably even though LBR levels did, com-
paring undifferentiated or RA- or TPA-treated HL-60/
S4. Immunofluorescent studies of RA-induced differen-
tiation (unpublished) did not detect any significant
change in nuclear distribution: the staining was punc-
tate throughout nuclei [66]. Thus, nuclear lobulation
and formation of ELCS do not appear to be obviously
related to HP1a amount or distribution.

The immunoblotting and CZE evidence in this study
argues for, and is consistent with, a general “shutting-

down” of chromosomal functions [67, 68] during the
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terminal differentiation of HL-60/S4 induced by either
RA or TPA. Histone H4 monoacetylation and H1 phos-
phorylation decrease markedly, compared to the rap-
idly growing undifferentiated HL-60/S4 cells. The rate
of change occurs faster with TPA treatment (complete
by Day 2), compared to that of RA-treated cells (com-
plete by Day 4). Evidence for a decrease in nucleolar
function during DMSO-induced granulocytic differen-
tiation has been provided [69], documented by reduced
levels of topoisomerase II, B23/nucleophosmin/NO-38,
and poly(ADP-ribose) polymerase. However, not all
genes are down-regulated during granulocytic differen-
tiation of HL-60; e.g., caspases 1 and 3 exhibit in-
creased levels of expression [70].

The nuclear protein NuMA is a component of the
interphase nuclear matrix and associates with the
spindle poles during mitosis [71]. It appears to be ab-
sent from the nuclei of sperm cells and peripheral blood
granulocytes [72]. Based upon these and other find-
ings, the authors suggest that “NuMA may . . . be in-
volved in defining the nuclear shape in interphase cells
and that the absence of NuMA may allow the cell to
modulate the nuclear architecture. . .” [72]. The
present immunoblotting data indicated that the levels
of NuMA did not change appreciably, comparing undif-
ferentiated or RA- or TPA-treated HL-60/S4. Thus, in
this cell system, nuclear lobulation and formation of
ELCS do not appear to be obviously related to the
amount of NuMA.

From the point of view of the present study, the
major biochemical characteristics of the granulocyte
nucleus are the paucity of nuclear envelope compo-
nents and the extensive amount of peripheral hetero-
chromatin. The nuclear envelope contains detectable
amounts of lamin B2 and LBR, but negligible amounts
of lamins A/C and B1, LAP2b, and emerin. The paucity
of nuclear envelope components raises the question of
what factors maintain the integrity of the neutrophil
nucleus, especially when the nuclear lobes are pushed
around during cell migration [28]. Perhaps the thick-
ened sublaminar heterochromatin behaves as a stabi-
lizing structural element, also inhibiting the formation
of ELCS. So far, the mechanism of granulocytic chro-
matin condensation is not understood. Candidates for
condensation include MENT [48, 49] and increased
levels of histone H1.3 subtype, in concert with histone
H4 deacetylation and H1 dephosphorylation. Chroma-
tin condensation is a feature of nuclei undergoing ap-
optosis, which is also accompanied by massive histone
H1 dephosphorylation [27]. Recent studies [73, 74]
have demonstrated that histone H1 is dynamically as-
sociated with chromatin, becoming more immobile
when dephosphorylated. Such data suggest that chro-
matin conformational states within granulocyte (and
differentiating HL-60/S4 cells) become more stabilized

during H1 dephosphorylation. Another candidate for
nuclear envelope stabilization and inhibition of ELCS
might be sufficient levels of vimentin, as observed in
granulocytes and TPA-treated HL-60/S4, but not in the
granulocytic form of HL-60/S4. Suggestions that lamin
polymers within interphase nucleoplasm might consti-
tute a nucleoskeletal framework connected to the lam-
ina ([75] and references therein) are of interest, but
remain to be established. Clearly, if such a framework
exists, the paucity of lamins in granulocytic cells might
constitute an additional basis for nuclear deformability.

HL-60 cells exhibit differentiation when treated with
a variety of chemical agents, some “physiological” (e.g.,
RA and vitamin D3) and some “nonphysiological” (e.g.,
DMSO and TPA). A study of monocyte/macrophage
development induced with vitamin D3 [76] docu-
mented that differentiation (i.e., expression of CD11b
cell surface marker and a macrophage-specific ester-
ase) can occur before cell division ceases. Clearly, it
would be of considerable importance for future studies
to explore the nuclear envelope and chromatin compo-
sitional changes in HL-60/S4 cells induced to mono-
cyte/macrophage differentiation with vitamin D3. Such
data, compared with the present information on TPA-
treated HL-60/S4 cells, might dissect those nuclear
envelope and chromatin changes associated with ces-
sation of proliferation from those associated with
monocyte/macrophage differentiation.

As mentioned earlier, there are both similarities and
differences between the in vitro chemically induced
granulocytic differentiation of HL-60 cells and normal
granulopoiesis [1–8]. Differences have been observed
with regard to the synthesis of proteins within neutro-
phil specific granules [8, 77]. In terms of nuclear struc-
ture, our laboratory has observed several clear differ-
ences ([9, 10] and the present study): (1) extensive
condensed chromatin in neutrophils versus very little
in RA-treated HL-60 cells; (2) profuse amounts of
ELCS in RA-treated HL-60 versus only trace amounts
in normal granulocytes; (3) presence of subtype H1.3 in
neutrophils versus negligible amounts in RA-induced
granulocytes; (4) negligible levels of emerin and LAP2b
in granulocytes versus significant levels in RA-treated
HL-60 cells. Another difference noted in the present
study is the negligible amount of vimentin in RA-
treated HL-60/S4 versus its presence in peripheral
blood granulocytes. Such differences add a note of cau-
tion to formulating models of normal granulopoietic
processes from in vitro leukemic cell systems, a point
made earlier [77].

It is useful to develop a working hypothesis of nor-
mal granulocytic nuclear lobulation, based upon the
available data from differentiating HL-60 cells. (1)
Normal myeloid progenitor cells of the bone marrow
are assumed to have low amounts of lamins A/C and B1
(by analogy with the undifferentiated form of HL-60/

S4), possessing a more deformable interphase nuclear
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envelope compared to most cells. (2) In the appropriate
microenvironment, normal progenitor cells are induced
to differentiate to granulocytes, chromatin condensa-
tion factors are expressed leading to the formation of
peripheral heterochromatin, the nuclear surface area/
volume increases, and the nuclear envelope remains
highly deformable. (3) Under different conditions, nor-
mal progenitor cells are induced to differentiate toward
the monocyte/macrophage direction. By analogy with
TPA-treated HL-60/S4 cells, the working hypothesis
assumes an enhanced expression of lamins A/C and B1,
and incorporation of emerin into the nuclear envelope,
resulting in an increased envelope stability. Since nu-
clear lobulation does not occur in the monocyte/macro-
phage lineage, the hypothesis postulates that the nuclear
surface area/volume does not increase significantly.
With both directions of differentiation (i.e., granulocyte
or monocyte/macrophage), increased amounts of LBR
are anticipated, reflecting an increased amount of nu-
clear envelope-associated heterochromatin. Compari-
son of the differentiating HL-60 cells with normal
granulocytes suggests that nuclear lobulation can oc-
cur in the absence of extensive amounts of condensed
chromatin and of vimentin, and is not an inevitable
consequence of increased amounts of LBR, of histone
H4 deacetylation, or of H1 dephosphorylation. The
HL-60 cell system offers the possibility to test these
conclusions by modulating levels of candidate factors
with transfection experiments, monitoring effects on
RA-induced nuclear lobulation, ELCS formation, and
chromatin condensation. Ultimately, this working hy-
pothesis must be examined in the light of data on the
granulopoiesis of normal human hematopoietic pro-
genitor cells.
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