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Replicated mammalian chromosomes condense to segregate
during anaphase, and they de-condense at the conclusion of
mitosis. Currently, it is not understood what the factors and
events are that specify de-condensation. Here, we demonstrate
that chromosome de-condensation needs the function of an
inner nuclear membrane (INM) protein hsSUN1 and a mem-
brane-associated histone acetyltransferase (HAT), hALP. We
propose that nascently reforming nuclear envelope employs
hsSUN1 and hALP to acetylate histones for de-compacting
DNA at the end of mitosis.

The eukaryotic nucleus is separated from other organelles by
an envelope containing two membrane layers continuous with
the endoplasmic reticulum. Nuclear membrane proteins fall
into three categories according to their localization. The first
group is the trans-nuclear membrane proteins resident in the
nuclear pore complex (NPC).> The second group contains the
inner membrane proteins (INM), which include the lamin B
receptor (LBR), emerin, and lamin-associated polypeptides
(LAPs). The third group includes proteins underlying the
nuclear membrane such as nuclear lamina (1). Functionally, the
INM provides a physical barrier; the NPC serves for the trans-
port of material between the nucleus and the cytoplasm (2); and
the nuclear lamina erects a meshwork, which maintains nuclear
structure and assists indirectly in DNA replication and RNA
processing (3, 4).

Most INM proteins are associated with the nuclear lam-
ina. In a proteomic study of INM proteins, in addition to 13
known proteins, 67 uncharacterized open reading frames
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(ORFs) were identified (5). 23 of these ORFs map to chromo-
some regions linked to a variety of dystrophies collectively
termed “nuclear envelopathies” (5). These diseases have phe-
notypes ranging from cardiac and skeletal myopathies, lipo-
dystrophy, peripheral neuropathy, and premature aging
(6-9). Genetic studies have associated mutations in emerin,
lamin A/C, and lamin B receptor with such pathologies (7, 9).
An emerging notion is that the INM proteins are needed to
maintain nuclear integrity and guard against mechanical
stress (10—12). Plausibly, then, tissues that experience high
mechanical stress may have increased sensitivity to the con-
sequence of mutated INM proteins. Nonetheless, a fuller
understanding of how abnormalities in nuclear membrane
contribute to pathogenesis remains to be elucidated.

Some INM proteins have a Sad1-UNC84 (SUN) domain at
their C termini (13). The SUN domain was first identified based
on the sequence alignment of Sadl of Schizosaccharomyces-
pombe and UNC-84 of Caenorhabditis elegans (14). All SUN
proteins contain putative transmembrane regions, suggesting
that they localize to membranes at some periods during the cell
cycle. Curiously, steady state S. pombe Sadl predominates at
spindle pole bodies and has been inferred to function in the
formation of the mitotic spindle (15); on the other hand,
UNC-841ocalizes in the C. elegans nuclear envelope (16). Mam-
mals have four SUN proteins, SUN1 (also called UNC84A),
SUN?2 (also called UN84B), a sperm-associated antigen 4-like
(SPAG4) protein, and a hypothetical protein, MGC33329. To
date, other than a described ability to bind nesprin-2 (17, 18),
little else is known about the function of mammalian SUN pro-
teins (18 -21).

Because the timing of nuclear membrane reformation at the
end of mitosis appears to be linked to chromosome de-conden-
sation, we have characterized here the mitotic role for hsSUN1.
We find that hsSUNT1 is one of the earliest INM factors to asso-
ciate with segregated daughter chromosomes in anaphase.
Knockdown of hsSUNI1 leads to hypoacetylated histones and
delayed de-condensation of chromosomes at the end of mitosis.
A HAT protein, hALP, previously reported to be associated
with mammalian inner nuclear membrane (5), was found to
bind hsSUN1 and to be required for proper mitotic chromo-
some de-condensation. Our findings broach a mechanism used
by nascently enveloped daughter nuclei to de-compact chro-
mosomes, preparing them for gene expression in the impend-
ing interphase.
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EXPERIMENTAL PROCEDURES

Plasmid Construction—HsSUN1 (KIAA0810) and hALP
cDNA (KIAA1709) were from the Kazusa DNA Research Insti-
tute (22). Full-length hsSUN1 (amino acids 1-785) was ampli-
fied from the KIAA0810 (hk05647s1) clone using PCR and
ligated into pCDNA3.1+ vector (Invitrogen). HA-tagged full-
length hsSUN1 and N- and C-terminal deletion mutants
(amino acids 1-581, 1-479, 1-377, 1-238, 40-173, 103-785,
205-785, 307-785, 501-785) were constructed by amplifying
the indicated sequences by PCR and cloning into pPCDNA3.1+
vector. Full-length hALP (amino acids 1-1025, clone j18302)
was amplified by PCR and tagged with FLAG for detection
purposes.

Anti-hsSUNI Antibody Preparation—HsSUN1 amino acids
362-785 were expressed in the pGEX5x-2 vector (Amersham
Biosciences). Recombinant GST-fused hsSUN1-(362-785)
protein was used for rabbit immunization (Spring Valley Labo-
ratories). Rabbit hsSUN1 antiserum (ahsSUNI1-C) was first
captured with protein A-agarose (Bio-Rad), and then affinity-
purified using GST-hsSUN1-(362-785) fusion protein conju-
gated to Affi-Gell5 (Bio-Rad).

Western Blotting—HeLa cells were maintained in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum
and supplemented with 2 mm L-glutamine and antibiotics. Cells
were washed twice with phosphate-buffered saline (PBS),
scraped from the culture plate, pelleted, and lysed with RIPA
buffer (50 mm HEPES, pH 7.3, 150 mm NaCl, 2 mm EDTA, 20
mM f3-glycerophosphate, 0.1 mm Na;VO,, 1 mm NaF, 0.5 mm
dithiothreitol, and protease inhibitor mixture (Roche Applied
Sciences)) containing 1% SDS. For the peptide competition
assay, total cell lysates were analyzed by 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), trans-
ferred to polyvinylidene fluoride membrane, and subjected to
immunoblotting. Affinity-purified anti-hsSUN1 was either
preincubated with GST-agarose, GST-agarose plus 100 ul of
purified GST (400 ug/ml), or GST-agarose plus GST-hsSUN1-
(362-785) fusion protein (300 ug/ml, 50 and 200 ul, respec-
tively). Antibodies after incubation with/without GST-agarose
plus GST or GST-hsSUNT1 fusion proteins were then added to
polyvinylidene difluoride membranes blocked with 0.2%
I-Block (Tropix) in PBS and 0.1% Tween-20 (Bio-Rad). Alkaline
phosphatase-conjugated anti-rabbit secondary antibody was
added, and the blots were developed by chemiluminescence
following the manufacturer’s protocol (Tropix).

Chromatin Association Assay—The chromatin association
assay was performed by modifying the chromatin immunopre-
cipitation (ChIP) protocol described by Upstate. Briefly, cells
were transfected with plasmids using Lipofectamine (Invitro-
gen). 24 h later, cells were cross-linked by adding 1% formalde-
hyde to the medium and incubated for 10 min at room temper-
ature. The cross-linking reaction was quenched by addition of
0.125 M glycine and incubation at room temperature for
another 10 min. Cells were washed with cold PBS, scraped, and
pelleted by centrifugation. To extract soluble chromatin and its
associated proteins, cells were lysed in SDS-lysis buffer (1%
SDS, 50 mm Tris-HCI, pH 8.0, 10 mm EDTA, and protease
inhibitor mixture) and sonicated for 5 times for 10-s pulses
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(Branson, Sonifier, Model 450) and incubated on ice inbetween.
Lysates were centrifuged at 12,000 X g at 4 °C for 10 min. Sol-
uble fractions of cell lysates were diluted 50 times in RIPA
buffer (as described in Western blotting) and incubated with
monoclonal anti-HA or anti-FLAG agarose (Sigma-Aldrich)
for 16 h at 4 °C. The agarose beads were washed five times with
RIPA buffer. Before analyzing the samples with SDS-PAGE,
samples were boiled in one volume of 2X Laemmli loading
buffer (2% SDS, 20% glycerol, 120 mm Tris-HCl, pH 6.8, 200 mm
dithiothreitol, bromphenol blue) for 30 min to reverse the
cross-linking.

Immunofluorescence and Confocal Microscopy—Cells were
fixed in 4% paraformaldehyde for 20 min at room temperature
and permeabilized with 0.1% Triton X-100 in PBS for 5 min at
room temperature. To block nonspecific binding, cells were
incubated with 1% bovine serum albumin in PBS for 30 min.
Antibodies against hsSUN1, emerin (Santa Cruz Biotechnol-
ogy), lamin B (Santa Cruz Biotechnology), nuclear pore com-
plex (mab414, Covance), a-tubulin (Sigma-Aldrich), CENP-A
(MBL) and anti-LAP2 (Sigma-Aldrich), anti-LBR (Epitomics)
were added to cells at dilutions of 1:200 to 1:2000 and incubated
for 1 h at room temperature. Cells were washed three times
with PBS and then probed with fluorescent (Alexa-488, Alexa-
594, or Alexa-647)-conjugated secondary antibodies. Cell
nuclei were stained with DAPI (Molecular Probes). Cells on the
coverslips were mounted on glass slides with antifade reagents
(Molecular Probes). Slides were monitored using a Leica TCS-
NP/SP confocal microscope. For time-lapse confocal micros-
copy, live cells were incubated at 37 °C in a humidified Pe-Con
environmental chamber supplied with 5% CO.,,.

RNAi—Synthetic siRNA duplexes targeting hsSUN1 (5'-
CCAUCCUGAGUAUACCUGUCUGUAU-3’) and hALP (5'-
CGGCCUUCAGUGCUGUGGUGUUAUA-3') were from
Invitrogen. HeLa cells were transfected with hsSUN1 RNAi
using TransMessenger transfection reagent (Qiagen). A GFP-
expressing plasmid (Clontech) was co-transfected with
hsSUN1 RNAIi to monitor transfection efficiency. We also
employed unrelated siRNAs with the same GC content as con-
trols. 24 —72 h after transfection, cells were analyzed by West-
ern blotting or confocal microscopy.

RESULTS

Determinants of hsSUN1 Localization to the Nuclear
Envelope—HsSUN1 was initially described to contain 824
amino acids (13). However, various lengths (ranging from 909
to 974 amino acids) for SUN1 (UNC84A) have been suggested
(17, 18, 20, 21, 23, 24). Updated sequencings (KIAA0810, clone
hk05647s1) from Kazusa DNA Research Institute and from our
own cloning of cDNAs (data not shown) from several human
cells (Jurkat, HeLa, and primary human lymphoblastoid cells)
reveal that hsSUN1 is 785 amino acids in length. At its C termi-
nus, hsSUN1 conserves with C. elegans UNC-84 a 190-amino
acid SUN domain (Fig. 1A4). In silico analyses indicate that
hsSUNT1 has three transmembrane regions located at amino
acids 239 -256, 263-282, and 289 —306; and two coiled-coils at
positions 377—402 and 428 — 466 (Fig. 1A).

Evidence supports that hsSUN1 is an INM protein. However,
published reports do not agree on which hsSUN1 domain spec-

VOLUME 282+-NUMBER 37-SEPTEMBER 14, 2007

TT0Z ‘2T AINC uo ‘SYND e Bio'ogl:mmm woly papeojumod


http://www.jbc.org/

Human SUN1 and Chromosome De-condensation

B

1 785
WT I
. . 581
Predicted transmembrane domains
239-256 AC1 479
fﬁéﬁﬁéqs ‘ AC2 I
] l; cm!_e&—ccul 597 785 377
hsSUN1 Il Sun domain AC3
1 920 1111 238
UNC84 AC4
508-537 103 785
AN1 I
205
AN2 Il
307
AN3 Ii

AC1 (1-581)
hsSUN1
DAPI
AC4 (1-238) AN1 (103-785)
hsSUN1

DAPI

AC2 (1-479) AC3 (1-377)

AN2 (205-785)

F .
.'a'?l*‘!f /
el o2
7

FIGURE 1. Characterization of hsSUN1 domains for localization in nuclear envelope. A, alignment of hsSUN1 and UNC-84 from C. elegans shows a
homologous C-terminal SUN domain. HsSUN1 is predicted to have three transmembrane domains in amino acids 239-256, 263-282, and 289-306, respec-
tively. By comparison, UNC-84 has one predicted transmembrane domain (amino acids 508-537). Two coiled-coil domains (amino acids 377-402 and
428-466) are predicted for hsSUN1. B, schematic representation of hsSUN1 and its deletion mutants. Transmembrane and coiled-coil domains are labeled as
in A.C, localization of C- and N-terminal deletion mutants (amino acids 1-581, 1-479,1-377, 1-238, 103-785, 205-785, and 307-785) of hsSUN1 (green) in HeLa
cells were monitored by immunofluorescence. DNA was stained with DAPI (blue). Bar, 10 um.

ifies nuclear location (17, 18, 20, 21, 23, 24). To clarify struc-
ture-function relationship, we constructed several hsSUN1
deletion mutants (Fig. 1B) and expressed each in HeLa cells. We
observed that hsSUN1 despite removal of amino acids 480 -785
(Fig. 1C, panels 1-3, see WT, AC1, and AC2 proteins) still
retained a nuclear envelope pattern indicating that hsSUN1 C
terminus, including its SUN domain, is dispensable for nuclear
membrane localization. When we deleted into hsSUN1 coiled-
coils, as in hsSUN1 AC3, ~10% of the protein partitioned from
the nuclear envelope into the cytoplasm (Fig. 1C, panel 4). Fur-
ther removal of all three transmembrane regions (amino acids
1-238, AC4; Fig. 1C, panel 5) dispersed increased amounts of
hsSUNI.

The above analyses were complemented with deletions start-
ing from the N terminus. Removing the first 102 N-terminal
amino acids from hsSUN1 (amino acids 103-785 AN1, Fig. 1C,
panel 6) shifted more than 60% of the protein from the envelope
into the ER. Removing the next 102 amino acids (amino acids
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205-785 AN2, Fig. 1C, panel 7) did not cause further changes.
However, when the deletion was extended to amino acid 306,
hsSUN1 AN3 (amino acids 307-785) became wholly cytoplas-
mic (Fig. 1C, panel 8). Collectively, the results show hsSUN1
three putative transmembrane motifs and its first 102 N-termi-
nal amino acids are needed for retention in the nuclear
envelope.

HsSUNI Nucleates Daughter Nuclear Envelope Formation—
Because antibodies are not available, we generated and affinity-
purified rabbit antisera («¢hsSUN1-C) to hsSUN1 C-terminal
362-785 amino acids (Fig. 2A4). Using ahsSUN1-C, we first
studied the distribution of cell endogenous hsSUN1. Interphase
hsSUNT1 stained with lamin B1 around the nucleus (Fig. 2B). In
early mitosis even as the envelope commences breakdown,
hsSUN1, along with lamin Bl and emerin, is found at the
nuclear membrane, (Fig. 2C, panels 1-6). During this period,
hsSUNT1 and the nuclear pore complex (NPC, detected with
mab414, which recognizes the conserved FXFG repeats in
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FIGURE 3. HsSUN1 binds chromatin prior to LAP2. A, localization of hsSUN1 (green) and LAP2 (red) were compared in interphase (panels 1-3), metaphase
(panels 4-6), anaphase (panels 7-12), and telophase (panels 13-15) cells. HsSUN1 appears first at the peripheral rim of separated sister chromatids, as denoted
by arrows with LAP2 appearing later (indicated by arrowheads). DNA was stained with DAPI (blue). Bar, 10 um. B, alignment of N-terminal amino acids of human
and mouse SUN1. Identities are shaded in gray; conserved basic amino acids are shaded in black. The basic domains of human and mouse SUN1 are underlined.
C, chromatin binding assay was performed using HeLa cells expressing transfected full-length HA-hsSUN1-WT (lane 2), HA-hsSUN1-BD (lane 4), or HA-hsSUN1-
SUN (lane 5), or FLAG-BAF (lanes 7). Lanes 1, 3, and 4 are mock-transfected samples. Cell lysates were immunoprecipitated with monoclonal anti-HA- (lanes 1-5)
or monoclonal anti-FLAG- (lanes 6 and 7) agarose beads. Histone H2B co-immunoprecipitated by HA-hsSUN1-BD or FLAG-BAF was detected by
immunoblotting.

nucleoporins) are partially overlapping (Fig. 2C, panels 7-9). As
the cell moves into metaphase, hsSUN1, lamin B1, and emerin
disperse into the mitotic cytosol (Fig. 2D, panels 1-6) while
NPC-staining with mab414 is extinguished (Fig. 2D, panels
7-9). By anaphase, hsSUN1 reorganizes around nascently sep-
arated daughter DNAs (Fig. 2E) at the peripheral edges of con-
densed chromosomes (see Fig. 2F; compare the locations of
hsSUN1 and CENP-A). We note that as hsSUN1 reforms struc-
turally from metaphase to anaphase NPC-staining follows co-
incidentally (Fig. 2E, panels 1-3). By contrast, re-organization
of anaphase lamin B1 (Fig. 2E, panels 4— 6) lags initially (com-
pare NPC and lamin B1 staining relative to a-tubulin-staining;
Fig. 2E, panels 2, 5, and 8); but by telophase, lamin B1 too con-
verges with hsSUN1 at newly reformed daughter nuclear enve-
lopes (Fig. 2G). While other interpretations are possible, these

sequential views suggest that hsSUN1 leads NPC and lamin B1
in nucleating daughter envelopes.

HsSUNI Congresses to Newly Segregated Chromosomes before
LAP—Above, anaphase hsSUN1 precedes lamin B1 in reorga-
nizing around newly segregated chromosomes (Fig. 2E). Previ-
ously, LAP2 and LBR were reported as INM proteins (25-27)
with congruent timing in their association with partitioning
mitotic chromosomes (25, 28 =30). We next queried whether
the hsSUNI association with segregated chromatids (Fig. 2E)
occurs prior to or after LAP2/LBR.

To assess the relative ordering of hsSSUN1 and LAP2, we
immunostained simultaneously cell-endogenous hsSUN1 and
LAP2. HsSUNI and LAP2 are together in interphase (Fig. 34,
panels 1-3). By metaphase, both hsSUN1 and LAP2 become
dispersed (Fig. 3A, panels 4—6). In early anaphase, hsSUN1

FIGURE 2. Cell cycle localization of hsSUN1. A, characterization of the specificity of affinity-purified «hsSUN1-C in Western blotting experiments using
competition with either an excess of GST (lane 2) or GST-hsSUN1-(362-785) proteins (lanes 3 and 4). B-G, fixed HeLa cells were immunostained with ahsSUN1-C
(green) antibody and antibodies, as indicated, to lamin B1, emerin, NPC (mab414), a-tubulin, or CENP-A. Interphase B, prophase C, metaphase D, anaphase Eand
F, and telophase G cells are shown. DNA was stained with DAPI (blue). F, two views (panels 1 and 2) of anaphase cells stained with hsSUN1 (green) and CENP-A
(red). Panel 2 shows an enlarged view of hsSUN1 at the edge of segregated chromosomes in anaphase. Arrows in E point to hsSUN1 at the lateral margins of
anaphase chromosomes.
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reorganizes at the peripheral edges of chromosomes (Fig. 34,
panels 7-9) with LAP2 following later to chromosome proxi-
mal locales (Fig. 3A, panels 10—15 and Ref. (27)). These com-
parisons place hsSUN1 interaction with newly segregated chro-
mosomes before LAP2.

A current notion is that LAP2/LBR forms a scaffold onto
which other NE proteins coalesce to assemble a new nuclear
envelope. LAP2 and LBR contain basic amino acid chromatin-
binding domains (31). Because SUN1 associates with segre-
gated chromosomes before LAP2, we wondered if SUN1 also
has a chromatin-binding domain. We compared human and
mouse SUN1 sequences and noted that both conserved a basic
N-terminal amino acid region (hsSUN1 amino acids 40-109;
musSUN1 amino acids 40-111; both pls are 11.5, Fig. 3B). To
check if this N-terminal fragment can bind chromatin, we over-
expressed HA-tagged wild type full-length hsSUN1 (hsSUN1-
WT) and the hsSUN1 basic domain (hsSUN1-BD, amino acids
40-173, Fig. 3C) and performed a modified chromatin precip-
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FIGURE 4. Depletion of hsSUN1 impairs nuclear envelope integrity and NPC formation. A, immunoblotting of lysates from cells treated with 0, 1, or 4 ug
(lanes 1-3) of hsSUN1 siRNA and probed with ahsSUN1-C. Actin was used as a loading control. B, HeLa cells were co-transfected with a GFP-expressing plasmid
and control- (panels 1-5) or hsSUN1- (panels 6-10) siRNA and immunostained with ahsSUN1-C. GFP is green; hsSUN1 is red; and DNA (DAPI) is blue. GFP-
expressing cells (arrows) indicate cells transfected with siRNA. Bar, 10 um. C, control- (panels 1-3) or hsSUN1- (panels 4 - 6) siRNA transfected cells were stained
using ahsSUN1-C (green, panels 1 and 4) and mab414 (NPC, red, panels 2 and 5). DAPI (blue) was used to visualize DNA. Bar, 10 um.

itation assay (as described under “Experimental Procedures”).
As a positive control, the known chromatin-binding protein,
BAF (barrier-to-autointegration factor), was used in a parallel
assay (Fig. 3C, lane 7). Indeed, full-length hsSUN1-WT and
hsSUN1-BD co-precipitated histone H2B (Fig. 3C, lanes 2 and
4) like BAF (Fig. 3C, lane 7); by contrast, a protein containing
only the hsSUN1 SUN domain (hsSUN1-SUN, amino acids
501-785) did not (Fig. 3C, lane 5). These results identify a chro-
matin-association domain in the N terminus of hsSUN1.

Cells Depleted for hsSUNI Have Defective Nuclear Envelope—
Next, using RNAi-mediated depletion, we characterized the
requirement for hsSUNT1 in nuclear envelope integrity (Fig. 4A).
HsSUN1-siRNA or control-siRNAi was introduced separately
into cells with a nuclear-targeted green fluorescent protein
(GFP). Green cells from hsSUNI1-siRNA or control-siRNA
transfections were compared, and hsSUN1 protein was found
to be depleted from the former but not the latter (Fig. 4B, com-
pare panel 7 to panel 2). Interestingly, whereas nuclear-tar-

deaadlies;  VOLUME 282 +NUMBER 37+SEPTEMBER 14, 2007

TT0Z ‘2T AINC uo ‘SYND e Bio'ogl:mmm woly papeojumod


http://www.jbc.org/

geted GFP was wholly circumscribed in the nucleus in control-
RNAi cells (compare GFP to DAPI, Fig. 4B, panels 1 and 3), the
GFP protein showed a whole-cell distribution in hsSSUN1-RNAi
cells (Fig. 4B, panels 6 and 8). This latter profile suggests a
nuclear envelope defect in hsSUN1-depleted cells, which fail to
retain nuclear-targeted GFP.

To independently check nuclear envelope integrity, we
stained for NPC. In control cells, NPC staining was seen appro-
priately in anaphase (Fig. 4C, panels 1-3; Refs. 32, 33). By con-
trast, hsSUN1-RNAI cells were absent for hsSUN1 and showed
failed NPC staining/reorganization at the edges of segre-
gated DNA masses in anaphase (Fig. 4C, panels 4—6, arrow-
heads). Hence, hsSUN1 appears to be required in anaphase
for NPC formation; failed NPC assembly may explain the
inability of nuclear envelope to retain nuclear-GFP (Fig. 45,
panels 6 and 9).

hsSUNI-depleted Cells Have Delayed Chromosome De-
condensation—Two events occur at the end of mitosis: daugh-
ter nuclei form and chromosomes de-condense. Currently, it is
unclear whether these two events are linked. To ask if the
daughter nuclear envelope reassembly influences DNA de-con-
densation, we visualized chromosome segregation in control
and hsSUN1 RNAi cells. We digitized signals from DAPI-
stained chromosomes using heightened colored intensities to
reflect increased DNA compaction (Fig. 54, panels 4 and 8). By
this measure, control-RNAi cells compared with hsSUN1-
RNAI cells at the same juncture during cell division (as mon-
itored by a-tubulin staining) had consistently lower DAPI
intensity (see Fig. 5A, panels 4 and 8; the averaged fluores-
cent intensity is 2.7 times lower in panel 4 than panel 8).
Thus, hsSUN1 depletion affects nuclear envelope integrity
(Fig. 4B) and results in an apparent increase in DNA com-
paction (Fig. 54).

An apparent enhancement in DNA compaction could arise
from a relative delay in de-condensation of condensed chromo-
somes. We next captured time lapse images in live cells trans-
fected with hsSUN1-siRNA or control siRNA and a green fluo-
rescent histone H2B (GFP-H2B) plasmid. GFP-H2B expression
in live cells permits the dynamic visualization of fluorescent
mitotic chromatin. In timed comparisons, chromosomes de-
condensed 24 —36 min after commencing anaphase-imaging in
control siRNA cells (Fig. 5B, panels 1-12), but chromosomes
remained condensed even after 60 min (Fig. 5B, panels 13-24)
in hsSUN1 siRNA cells. We replicated 22 pairs of time lapse
experiments. In total, 32% (7 of 22) of hsSUN1-RNAi cells
showed marked delayed in de-condensation, and 42% (3 of 7) of
these “delayed” cells failed to complete mitosis and succumbed
to apoptosis; on the other hand, all 22 control time lapses pro-
ceeded through mitosis with normal kinetics (Fig. 5B and data
not shown).

Acetylation of Histone H2B and H4 Is Decreased in hsSUNI-
depleted Cells—We sought to understand what accounted for
delayed chromosome de-condensation in hsSUN siRNA cells.
Condensed chromosomes are wrapped by histones whose
function is regulated by post-translational acetylation and
phosphorylation among other events (34-36). Phosphoryla-
tion of histone H3 at serine 10 (H3pSer10) was previously pro-
posed to initiate chromatin condensation when cells enter
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mitosis (37). On the other hand, what event specifies chromatin
de-condensation as cells exit mitosis is unknown. In our exper-
iments, H3pSer10 phosphorylation in anaphase and telophase
did not differ between hsSUN1 and control RNAI cells (supple-
mental Fig. S1), suggesting that this event does not explain
results in Fig. 5B.

Histone acetylation modulates compacted chromatin to
allow transcription factors to access DNA (38, 39). We won-
dered whether histone acetylation might also regulate mitotic
DNA de-condensation. To investigate this notion, the acetyla-
tion status of histones in control and hsSUN1 RNAI cells was
characterized by Western blotting (Fig. 5C). Total acetylated
H2B (AcH2B; Fig. 5C), determined using a mixture of antibod-
ies individually specific for acetyl-Lys®, -Lys'?, -Lys'®, and
-Lys®°, and acetylated H4 (AcH4; Fig. 5C), verified with an anti-
body mix specific for acetyl-Lys®, -Lys®, -Lys'?, and -Lys'®, were
reduced in hsSSUN1-RNAi versus control RNAisamples. On the
other hand, acetylated H3 (AcH3; Fig. 5C) was insignificantly
changed. We next analyzed several individual lysine acetylation
sites in H2B and H4. HsSUN1-RNAi cells were significantly
reduced for acetylation at Lys'? and Lys'®, but not at Lys®, of
H2B; and for acetylation at Lys®, Lys'?, and Lys'® of H4 (Fig.
5D). These results show that depletion of hsSUN1 not only
affected nuclear envelope integrity (Fig. 4) and mitotic chromo-
some de-condensation (Fig. 5, A and B), but also the acetylation
of H2B and H4 (Fig. 5, C and D).

hALP Contributes to Chromosome De-condensation—The
above results suggest that mitotic chromosome de-conden-
sation is linked to a histone acetyltransferase (HAT) activity.
To ask which HAT contributes this activity, we reasoned
that such a HAT must be a nuclear membrane-associated
moiety. An in silico search revealed that the human genome
encodes a minimum of sixteen HATs (40, 41); however, only
one, KIAA1709/hALP (41), is a nuclear membrane-associ-
ated protein (5).

We investigated whether hALP would interact with
mitotic DNA. In mitotic cells, hALP was stained with con-
densed chromosome in a sheath-like array (Fig. 6A4; Ref. 42).
Such interaction is compatible with hALP providing a HAT
activity for de-condensing mitotic chromosomes. Indeed,
consistent with this interpretation, when we used siRNA to
deplete hALP (Fig. 6, B and C) and followed in time lapse
GFP-H2B-marked DNA de-condensation, prolonged chro-
mosome condensation was seen in hALP-siRNA cells com-
pared with control cells (Fig. 6D).

hsSUNI Targets hALP Activity to Chromosomes—A plausible
model from our results is that condensed mitotic chromosomes
as they become wrapped by newly forming daughter nuclear
envelope contact the chromatin-binding domain of hsSUN1,
which brings membrane-associated hALP to facilitate DNA de-
condensation. This model which suggests that hsSUN1 targets
hALP to condensed chromosome can be tested by constructing
a chimeric protein with the chromatin binding domain of
hsSUNT1 (Fig. 3B) fused to hALP. A prediction is that an N
terminus hsSUN-hALP fusion would directly target chromatin
and would enhance DNA de-condensation.

We thus constructed an in-frame fusion of an N-terminal
portion of hsSUN1, hsSUN1AC4 (amino acids 1-238), with
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FIGURE 5. Knockdown of hsSUN1 prolonged chromatin condensation with hypoacetylated histones. A, cells transfected with control- or hsSUN1-siRNA
were immunostained to visualize hsSUN1 (gray, panels 1 and 5) and a-tubulin (red, panels 2 and 6). DNA was stained with DAPI (green, panels 3 and 7). In panels
4 and 8, intensities of DNA staining were digitized in 256 bits and color coded by a range of colors (from high to low: red, orange, yellow, green, blue, and black)
as presented at the bottom. Sum of z-stack images are shown. Bar, 10 um. B, time-lapse imaging of GFP-H2B in live cells transfected with control- (panels 1-12)
or hsSUN1-siRNA (panels 13-24). Sum of z-stack images are presented. Fluorescent intensities of GFP-H2B (top, panels 1- 6 and 13-18) were digitized and color
coded (bottom, panels 7-12 and 19-24) as in A. Bar, 10 um. C, cellular extracts from cells transfected with control- or hsSUN1-siRNA were analyzed by Western
blotting using a mixture of antibodies against individually acetylated lysines in histone H2B (K5, K12, K15, or K20), histone H3 (K9, K14), or histone H4 (K5, K8, K12,
K16). D, cellular extracts described in C were analyzed by Western blotting using a mixture of antibodies individually targeted to the indicated acetyl-lysine.
Acetylations were quantified by densitometry (ImageJ software version 1.34S, NIH) and scored at right.

hALP creating hsSSUN1AC4-hALP (Fig. 7A). HSSUN1AC4 con-  cells. For each of the three transfection groups, we studied 20
tains the hsSUN1 chromatin binding domain and its inner mitotic nuclei using time-lapse imaging. In hsSUN1AC4
membrane-associated domain. We then separately transfected  cells, one out of twenty nuclei showed earlier than normal
hsSUN1AC4-hALP, hsSSUN1AC4, or hRALP with GFP-H2Binto  de-condensation; in hALP cells, zero out of twenty showed
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FIGURE 6. Depletion of hALP prolonged DNA condensation. A, localization of hALP with DNA. Cells transfected with hALP-FLAG was immunostained with
anti-FLAG (red). DNA stained with DAPI is in blue. Images of hALP and DAPI staining were merged with light field views (DIC). Bar, 10 um. B, expression of
endogenous hALP mRNA in control-siRNA (lane 1) and hALP-siRNA (/lane 2) transfected cells was assessed by RT-PCR. GAPDH RNA was used as control.
C, Western blotting verification of knockdown of hALP-FLAG protein by hALP-siRNA. Protein loadings were normalized to actin. D, time-lapse images of
GFP-H2B in live cells transfected with hALP-siRNA (left) or control-siRNA (right). Sum of z-stack images are presented. Fluorescent intensities of GFP-H2B
were digitized and color-coded (panels 7-12 and 19-24) as in Fig. 5. Bar, 10 um.

kinetics of de-condensation different from mock-trans-
fected controls (Fig. 7B and supplemental movie 1A). By
contrast, 30% (six of twenty) of hsSUN1AC4-hALP cells
underwent premature DNA de-condensation, even before
clear separation of sister chromatids occurred (Fig. 7B and
supplemental movie 1B).

The findings from the artificial hsSSUN1AC4-hALP fusion
protein are consistent with hsSUN1 bridging hALP interaction

SEPTEMBER 14, 2007 - VOLUME 282+-NUMBER 37

with DNA. To ask if an intracellular bridging interaction could
be explained by protein-protein binding between hsSUN1 and
hALP, we assayed whether overexpressed hsSSUN1AC4A co-
immunoprecipitates hALP. As a control, we also used a deleted
version of hsSUN1, which contains only its SUN domain (i.e.
hsSUN1-SUN, Fig. 3C). Cell lysates from respectively trans-
fected cells were prepared and co-immunoprecipitations were
performed. Fig. 7C shows that hALP indeed co-precipitated
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FIGURE 7.hSUN1 and hALP function in mitotic chromosome de-condensation. A, schematic representation of hsSUN1AC4-hALP fusion protein. B, GFP-H2B
(green) and light field (DIC) time-lapse images of cells transfected with control or hsSUN1TAC4-hALP plasmids. Sum of z-stack images are presented. Bar, 10 um.
C, hALP-FLAG was immunoprecipitated from cell extracts coexpressing HA-tagged hsSUN1AC4 (lane 5) or hsSUN1-SUN (/ane 6). hALP-FLAG and co-immuno-

precipitating hsSUN1AC4 (lane 5) were detected by immunoblotting.

with hsSUN1AC4 (Fig. 7C, lane 5) but not hsSUN1-SUN (Fig.
7C, lane 6).

DISCUSSION

Except for a shared SUN motif, hsSUN1 is unrelated in
sequence to other SUN proteins. HsSUN1 has three predicted
transmembrane domains. Here, we show that the hsSUN1
three transmembrane domains are needed for nuclear mem-
brane retention and that its N terminus is needed for chromatin
binding. Additional evidence shows that hsSUN1 serves an
early role in the proper reformation of daughter nuclear enve-
lopes and in targeting hALP to chromosomes.

Chromosomes are structurally organized and occupy dis-
crete nuclear territories (43). The nuclear envelope provides
a scaffold for anchoring chromatin and for maintaining
nuclear integrity (32, 44). Nuclear envelope and associated

27456 JOURNAL OF BIOLOGICAL CHEMISTRY

proteins such as nuclear lamina, NPC, LAP2, LBR, and
emerin directly or indirectly interact with chromatin to reg-
ulate DNA replication and transcription (27, 43, 45). A piv-
otal event in the mammalian cell cycle is nuclear membrane
dissolution as a cell enters mitosis. Much about nuclear
envelope breakdown and reassembly remain incompletely
understood (33, 46-48). Recent findings suggest that
nuclear envelope proteins first reassembles via tethering to
discrete regions on segregated chromatids (27, 29, 30, 49,
50). Which protein sets the stage for others to follow has not
been fully defined. Here, we report that hsSUN1 precedes
LAP2 and lamin B1 in interacting with segregated chromo-
somes in anaphase. Whether hsSUNL1 is the first INM or
follows a yet earlier protein is unclear. However, findings
that hsSUN1 has a chromatin binding domain in its N ter-
minus and that its depletion leads to failed NPC formation
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(Fig. 4C) and delayed chromosome de-condensation (Fig.
5B) position this protein as an important non-redundant
critical player at the end of mitosis.

Mitotic chromosomes are thought to be highly compacted
for physical reasons required for segregation. After separating
sister chromatids, the completion of mitosis mandates that new
envelopes reform around DNA to consummate two daughter
nuclei. Transcription is silenced in mitosis as expected for
highly condensed chromatin (51). However, the start of the
next cell cycle (i.e. G1) needs de novo mRNA synthesis from
de-condensed genes (52, 53). While it is accepted that as a cell
begins mitosis DNA condensation correlates with phosphoryl-
ation of Ser'® on H3 (37), what dictates DNA de-condensation
at the end of mitosis is less clear. Our data now suggest that the
signal to trigger de-condensation is not a change at phospho-
rylated H3Ser10 (supplemental Fig. S1). Instead, our findings
indicate that de-condensation is marked by several acetylated
lysines in H2B and H4 (Fig. 5, C and D), including Lys'”® of H2B
and Lys®, Lys'?, and Lys'® of H4. Acetylation of specific lysine(s)
in histones has been extensively reported to regulate transcrip-
tional activation, histone deposition, DNA repair, and chroma-
tin structure (35, 54). Increasing evidence has led to the idea of
a histone modification code, which might be recognized by var-
ious cellular machineries. We suggest hsSUN1 is responsible
for inducing the acetylation a subset of histones at the end of
mitosis and generating a code for the initiation of chromosome
de-condensation. An unexpected result from our work is that
chromosome segregation does not appear to be obligatory for
DNA de-condensation. Hence, a chromatin-targeted HAT is
sufficient to initiate DNA de-condensation of duplicated sister
chromatids that have yet to separate fully (Fig. 7B, see supple-
mental movie 1).

Our results suggest three ways to view the link between
hsSUNI1 and chromatin de-condensation/histone acetylation.
The first view is that hsSUN1 modulates histone acetyltrans-
ferases (HATs), or histone deacetylases (HDACs), which mod-
ifies H2B and H4. Perturbation of this HAT (HDAC)-activity
leads to (de)acetylated H2B and H4 (Fig. 5C), which promotes
chromatin (de)compaction. A second view is that DNA de-con-
densation requires the proper completion of a daughter nuclear
envelope. Here, loss of hsSUN1 interrupts nuclear membrane
reassembly thereby interfering with de-condensation. That
defects in BAF (55) and nuclear lamina (56) also affect nuclear
envelope formation and retard chromatin de-condensation are
consistent with this latter perspective. A third view is that both
of the above two processes are important. Accordingly, in the
context of a reforming daughter envelope an INM protein is
used to recruit a HAT (HDAC) for purposes of regulating DNA
de-condensation. Indeed, reports that LAP2[3 can interact with
HDAC3 and contribute to histone H4 deacetylation (57) are
compatible with a mechanistic model in which interplay
between HATs and HDAC:s at the termination of mitosis tips
the DNA condensation/de-condensation balance.

If a HAT is needed, then which HAT works with hsSUN1?
While many HATs exist in the human genome, only one, hALP,
based on proteomic data (5), is nuclear membrane-associated.
Moreover, hALP was detected in mitotic chromosome scaffold
fraction by proteomics, supporting its role in mitosis (42).

SEPTEMBER 14, 2007 - VOLUME 282+NUMBER 37

Human SUN1 and Chromosome De-condensation

Three pieces of evidence support the relevance of hALP for
chromosome de-condensation: 1) hALP congresses to mitotic
DNA (Fig. 6A); 2) knockdown of hALP prolongs DNA conden-
sation (Fig. 6D); and 3) direct targeting of hsSSUN1AC4-hALP to
chromatin accelerates DNA de-condensation (Fig. 7B). Hence,
while we cannot exclude the involvement of other HATs and/or
HDAC:S, our results are consistent with requirements for hALP
and hsSUNT1 in mitotic DNA de-condensation. What remains
possible is that hsSUN1 may interact with other nuclear or
nuclear matrix-associated HATs in addition to nuclear-mem-
brane associated hALP. Such additional interactions, if identi-
fied, could also contribute to mitotic DNA de-condensation.
Indeed, understanding how condensed mitotic chromatin is
de-condensed complements insights on how heterochromatin
is transformed into a transcriptionally active state (58). These
complementary studies add to the richness of our appreciation
for the regulatory roles played by histones in chromosome biol-

ogy (59).
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