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Protective Role of Macrophages in Noninflammatory Lung
Injury Caused by Selective Ablation of Alveolar Epithelial
Type II Cells’

Yasunobu Miyake,* Hitomi Kaise,* Kyo-ichi Isono,” Haruhiko Koseki, " Kenji Kohno,*
and Masato Tanaka®*

Macrophages have a wide variety of activities and it is largely unknown how the diverse phenotypes of macrophages contribute
to pathological conditions in the different types of tissue injury in vivo. In this study we established a novel animal model of acute
respiratory distress syndrome caused by the dysfunction of alveolar epithelial type I1 (AE2) cells and examined the roles of alveolar
macrophages in the acute lung injury. The human diphtheria toxin (DT) receptor (DTR), heparin-binding epidermal growth
factor-like growth factor (HB-EGF), was expressed under the control of the lysozyme M (LysM) gene promoter in the mice. When
DT was administrated to the mice they suffered from acute lung injury and died within 4 days. Immunohistochemical examination
revealed that AE2 cells as well as alveolar macrophages were deleted via apoptosis in the mice treated with DT. Consistent with
the deletion of AE2 cells, the amount of surfactant proteins in bronchoealveolar lavage fluid was greatly reduced in the DT-treated
transgenic mice. When bone marrow from wild-type mice was transplanted into irradiated LysM-DTR mice, the alveolar mac-
rophages became resistant to DT but the mice still suffered from acute lung injury by DT administration. Compared with the mice
in which both AE2 cells and macrophages were deleted by DT administration, the DT-treated LysM-DTR mice with DT-resistant
macrophages showed less severe lung injury with a reduced amount of hepatocyte growth factor in bronchealveolar lavage fluid.
These results indicate that macrophages play a protective role in noninflammatory lung injury caused by the selective ablation of

AE2 cells. The Journal of Immunology, 2007, 178: 5001-5009.

acrophages exhibit a variety of activities including in-
duction of inflammation, engulfment of microorgan-
isms and dead cells, Ag presentation, and regulation of
extracellular components (1-3). Consistent with these activities,
macrophages play diverse roles at the site of tissue injury. At the
site of bacterial infection, macrophages recognize invading micro-
organisms via a wide variety of surface receptors that bind the
cellular components common to many bacterial surfaces, thereby
engulfing them for elimination. Macrophages encountering bacte-
ria also produce and secrete inflammatory cytokines and chemo-
kines such as TNF-a, IL-6, and MIP-la. These factors induce
inflammation, and the inflammatory responses play a critical role
in the effective clearance of invading bacteria and the induction of
appropriate adaptive immunity. The inflammatory responses, how-
ever, can cause deleterious injury to local tissues.
In contrast, at the site of tissue injury macrophages also recog-
nize cell debris and dead cells (4—6). Tissue injury and inflam-
mation results in the death of resident stromal and parenchymal
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cells. In addition, infiltrating neutrophils are eliminated by apo-
ptotic cell death during the late course of inflammation. Macro-
phages rapidly phagocytose these dead cell corpses by means of
specific phagocytic receptors for dying cells. The clearance of dead
cells prevents the release of potentially toxic or immunogenic in-
tracellular materials from a dead cell corpse. Thus, the prompt
elimination of dying neutrophils and damaged resident cells is re-
quired for the resolution of inflammation and normal tissue repair
(7, 8). Apoptotic cell clearance by macrophages is associated with
active immunosuppression by the production of such anti-
inflammatory cytokines as TGF-B and IL-10 (9-11). This suppres-
sive effect of macrophages in association with the clearance of
dead cells may contribute to normal tissue repair. Thus, macro-
phages have both proinflammatory and anti-inflammatory pheno-
types. However, these phenotypes have been defined predominantly
in the in vitro culture of macrophages and it is largely unknown how
these diverse phenotypes of macrophages contribute to pathological
conditions in the different types of tissue injury in vivo.

To study the effects of loss of a specific cell type in animal
models, several approaches have been attempted for inducible cell-
specific ablation. Recently, Saito et al. (12) reported a method for
conditional cell ablation cailed TRECK (toxin receptor-mediated
cell knockout) that works by expressing the human diphtheria
toxin (DT)* receptor (DTR) in transgenic mice. Human heparin-
binding epidermal growth factor-like growth factor (HB-EGF) acts

* Abbreviations used in this paper: DT. diphtheria toxin; AEI. alveolar epithelial type
L. AE2, alveolar epithelial type II; ARDS. acute respiratory distress syndrome: BALF,
bronchoalveolar lavage fluid; DIG, digoxygenin; DTR, DT receptor; ES, embryonic
stem; FasL, Fas ligand; HB-EGF. heparin-binding epidermal growth factor-like
growth factor; HGF. hepatocyte growth factor; LysM. lysozyme M; SP, surfactant
protein.
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FIGURE 1. Targeting strategy for the introduction of A Genomic
human DTR into the LysM gene. A. Schematic diagram locus

of the LysM-DTR targeting construct. Exons | through 4
of the LysM gene are indicated by solid boxes. In the tar-
geting construct, human diphtheria toxin receptor (hDTR)
cDNA, the loxP-flanked neomycin resistance gene (neo)
cassette, and the thymidine kinase (TK) cassette are indi-
cated by boxes. The probe used for Southern blot analysis
is indicated as a solid linc together with the predicted hy-
bridizing fragments. WT, wild type. B, Genomic Southern
blot analysis of LysM-DTR mice using an £coR1 digest in
combination with the indicated probe. WT. wild type. C, B
Surface expression of human DTR protein on peritoneal
macrophages from LysM-DTR mice. Peritoneal cells
were prepared from wild-type (+/4) or LysM-DTR
(+/LysMP™®) mice. Macrophages and B cells were
stained with anti-DTR mAb and analyzed with a flow cy-
tometer. Black and green lines indicate no staining and
anti-DTR staining, respectively. D, Sensitivity of macro-
phages to DT ex vivo. Thioglycollate-elicited peritoneal
macrophages were prepared from wild-type (+/+) or
LysM-DTR (+/LysM”™) mice and cultured ovemight.
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The cells were then treated with the indicated concentra-
tions of DT for 20 h. Cell viability was measured using a
colorimetric reagent, WST-8. The assay was perforied in
triplicate and average values are shown with the SD. E,
Inducible ablation of peritoneal macrophages by DT ad-
ministration to LysM-DTR mice. DT at 40 ug/kg was in-
jected i.p. into wild-type (+/+) or LysM-DTR (+/
LysMPT®) mice. Forty-eight hours later, peritoneal cells
were prepared from these mice and stained with anti-F4/80

8

Cell viablity (%)

8 5 8 8

o

~0- +/+
~@- +/LysMPTR

107 107 10° 107 9

100 10t 17 100 10+
100100 10¢ 100 1

1 1

and anti-B220 Abs for macrophages and B cells, 104

respectively.

as a DTR, whereas mouse HB-EGF possesses negligible affinity
to DT. Thus, mouse cells are more resistant to DT than human
cells (13-15). When the human HB-EGF gene is transduced
into mice under the control of a cell-specific promoter, the tar-
get cells are transiently depleted by DT administration in vivo
(12, 16). This technique allows us to achieve efficient inducible
ablation of a specific cell type by the administration of DT to
the mice.

In this study we have developed a line of transgenic mice ex-
pressing human DTR under the control of the lysozyme M (LysM)
gene promoter. Our initial goal was to induce ablation of various
macrophages in vivo. However, in addition to macrophages the
alveolar epithelial type Il (AE2) cells in the lung were killed by
administration of DT, and the mice suffered from acute respiratory
failure in association with the lack of surfactant proteins (SPs). We
also generated conditional AE2 ablation with or without the abla-
tion of macrophages by means of bone marrow transplantation.
The analysis of these mice revealed that macrophages play a pro-
tective role in noninflammatory lung injury caused by the selective
ablation of AE2 cells.

Materials and Methods

Targeting vector construction and generation of
LysM-DTR mice

A genomic clone containing the LysM gene was obtained from a BAC
library of 129/Sv mouse genomic DNA (Research Genetics). To generate
the targeting - vector, the region from —1.6 to +6.6 kbp relative to the
transcriptional start site of the LysM gene was subcloned into pBluescript
IT SK(+) vector (Stratagene). Then, a 115-bp fragment in exon 1 was
replaced with human DTR (HB-EGF) cDNA with a polyadenylated tail by
a recombinant PCR technique. To select for homologous recombinants, a
{oxP-flanked Neo cassette was cloned downstream of the human D7R gene.

102 100 12 10¢
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100 100 100 100 10t

8220

100100 % 10 10
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The thymidine kinase gene was inserted downstream of the 3’ arm to select
against random integrants. The final targeting vector was linearized with
Pvul for transfection.

To generate LysM-DTR mice, Rl embryonic stem (ES) cells were trans-
fected with the targeting vector by electroporation. G-418- and gancyclo-
vir-resistant clones were screened for homologous recombination by
Southern blot analysis. Germline chimeric mice were generated by aggre-
gation methods (17). Chimeric mice with a high ES cell contribution were
crossed with CS7BL/6 mice to produce +/LysMP™ mice. +/LysMPTR
mice were backcrossed to C57BL/6 mice three to six times, and the wild-
type (+/+) and heterozygous LysM-DTR (+/LysMP™) littermates were
used for analysis. All mice were housed in a specific pathogen-free facility.
Experiments were performed according to institutional guidelines.

For Southern blot analysis, genomic DNA was prepared from a mouse
tail biopsy as described previously (18). For Southern hybridization,
genomic DNA was digested with EcoRl, separated by electrophoresis on a
0.8% agarose gel, and transferred to a Biodyne A membrane (Pall). Hy-
bridization was conducted with a 200-bp digoxygenin-labeled DNA frag-
ment Jocated outside the targeting vector according to the recommended
protocols (DIG System for Filter Hybridization; Roche).

Antibodies

Anti-human DTR mAb was prepared by immunizing Armenian hamsters
with human DTR-expressing cells. In brief, a DNA fragment for the full-
Iength coding sequence of human DTR trom pMS7 vector (12) was sub-
cloned into the pEF-BOS-EX vector (19). The expression plasmid was
introduced into human 293T cells by the calcium phosphate precipitation
method. Beginning 24 h later, human DTR-expressing cells (1.5 X 107
cells) were injected s.c. into hamsters four times with 1-wk intervals be-
tween injections. A final booster was performed by injecting 1 X 107 cells
of human DTR-expressing cells into the footpads. Three days after the final
boost, the hamster was sacrificed and lymphocytes were harvested from the
lymph nodes and fused with NSO™"? mouse myeloma cells (20). Hybrid-
omas were tested by ELISA with human DTR-expressing cells and three
clones for anti-human DTR Ab were obtained. The hybridomas were cul-
tured in GIT medium (Nihon Seiyaku) and Ab was purified by protein
A-Sepharose 4FF beads (Amersham Biosciences). Fluorescent labeling of
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Ab was performed using an Alexa Fluor 488 mAb labeling kit (Molecular
Probes).

Anti-Feyltl/I receptor Ab (clone 2.4G2), PE-anti-CD11b Ab (clone
M1/70), and PE-anti-B220 Ab (clone RA3-6B2) were obtained from BD
Biosciences. Anti-SP-A. -B, and -D Abs were obtained from Chemicon
International. Anti-TTF-1 Ab (clone 8G7G3/1) and HRP-labeled anti-
mouse Ig and anti-rabbit Ig Abs were obtained from DakoCytomation.
Anti-Tla, Ab (clone 8.1.1) was obtained from the Developmental Studies
Hybridoma Bank (University of lowa, lowa City, IA). Anti-CD169 Ab
(clone 3d6.112) was obtained from Serotec. Cy3-labeled anti-rat 1gG Ab
and HRP-labeled anti-hamster 1gG Ab were obtained from Jackson Immu-
noResearch Laboratories. Biotinylated anti-F4/80 Ab (clone CI:A3-1) was
obtained from Caltag Laboratories. Anti-F4/80 Ab (clone 6-16A; M.
Tanaka and S. Nagata, unpublished observations) was provided by Dr. S.
Nagata (Osaka University. Osaka, Japan). Fluorescein-anti-DIG Ab was
obtained from Roche.

Ex vivo cytotoxic assay

Thioglycollate-elicited peritoneal macrophages (1 X 10° cells) were cul-
tured in DMEM containing 10% FCS overnight. DT was added to macro-
phage culture and incubated for 20 h and then cell viability was measured
by Cell Counting Kit-8 (Dojindo Laboratories).

FACS analysis

Mouse peritoneal elicited cells (1 X 10° cells) were preincubated with
anti-Feylll/1I receptor Ab and were stained with biotinylated anti-F4/80 Ab
(clone 6-16A). Cells were then washed, incubated with PE-anti-B220 or
PE-CD11b Abs and streptavidin-Alexa Fluor 488 (Molecular Probes), and
analyzed by a FACSCalibur system with the CellQuest program (BD Bio-
sciences). To detect the DTR expression, cells were stained with an Alexa
Fluor 488-labeled anti-DTR mAb (KMO018).

Histology and immunohistochemistry

In all of the experiments except those with H&E staining the lungs were
inflated with 4% paraformaldehyde and 4% sucrose in 0.1 M phosphate
buffer (pH 7.2) through the trachea. For paraffin sections the lungs were
immersion fixed in 4% paraformaldehyde in PBS ovemight at 4°C and
embedded in paraffin. For cryosections, the lungs were immersion fixed
with 4% paraformaldehyde and 4% sucrose in 0.1 M phosphate buffer (pH
7.2) for 2 h at room temperature. Then, the lungs were washed with PBS,
immersed in 10 and 20% sucrose in phosphate buffer, and embedded in
Tissue-Tek OCT (Sakura).

Paraffin sections {5 pm) were mounted on coated slides (Matsunami
adhesive slides; Matsunami Glass Industries) and stained with H&E. Ap-
optotic cells were detected by TUNEL staining using a peroxidase in situ
apoptosis detection kit (Chemicon), followed by counterstaining with
methyl green in paraffin sections.

For Tla and TTF-1 staining, paraffin sections were deparaffinized in
xylene and rehydrated through a graded series of ethanol and then the
slides were autoclaved for Ag retrieval. The sections were then
quenched with 3% hydrogen peroxide in PBS, and blocked with 1.5%
normal goat serum and 2% Block Ace (Snow Bland Milk Products).
Slides were subsequently immunostained with anti-T1a Ab overnight at
4°C or an anti-TTF-1 Ab for 1 h at room temperature. Sections were
washed and incubated for 1 h at room temperature with HRP-labeled
anti-hamster IgG (for Tla) or anti-mouse Ig (for TTF-1). Signals were
detected with a liquid diaminobenzidine substrate kit (Zymed
Laboratories).

For F4/80, SP-A, -B, and -D staining, cryosections (4 um) were
mounted on 3-aminopropyltriethoxy silane-coated slides. Sections were
fixed in cold acetone and blocked with 1.5% normal goat serum and 2%
Block Ace. Slides were incubated with biotinylated anti-F4/80 Ab (Caltag
Laboratories) for 1 h at room temperature or with anti-SP-A, -B, or -D Abs
(Chemicon International)} overnight at 4°C. The sections were then incu-
bated with peroxidase-labeled streptavidin (Roche) for F4/80 or HRP-la-
beled anti-rabbit Ig Abs for SP-A, -B, and -D.

For double staining of TUNEL and CD169Y, 4-um cryosections were
first labeled with DIG-dUTP and blocked with 1.5% normal goat serum
and 2% Block Ace. The sections were then incubated with anti-CD169 Ab
followed by fluorescein-anti-DIG Ab and Cy3-anti-rat IgG Ab. The stained
sections were mounted with FluorSave (Calbiochem) and obscrved by flu-
orescence microscopy (Olympus IX-71).

For transmission electron microscopy, the lungs were fixed with 2%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.2), washed with 0.14 M
sucrose and 0.1 M phosphate buffer, postfixed with 1% OsO,, 021 M
sucrose, and 0.05 M phosphate bufter, and embedded in Epon 812, Sections
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FIGURE 2. Lethal effect of DT administration on LysM-DTR mouse
lung. A. The indicated amount of DT was i.p. injected into 6- to 8-wk-old
wild-type (+/+) or LysM-DTR (+/LysM"™) mice. The number of mice
in each group was 6—11 and the percentages of the mice that survived until
the indicated time were plotted. B—D. DT at 40 ug/kg was i.p. injected into
wild-type (+/+) or LysM-DTR (+/LysM®™) mice. Mice were sacrificed
24 or 48 h after DT administration. B, Macroscopic observation of the lung.
C and D. Lungs were fixed with 4% paraformaldehyde and embedded in
paraffin. The sections were stained with H&E (C) or TUNEL with methy!
green staining (D). Scale bar, 100 um.

(800~1000 A) were prepared with U-5 Ultratome (LKB-BROMMA).
stained with uranyl acetate and lead citrate, and observed with a JEOL
100S electron microscope (JEOL).

Analysis of bronchoalveolar lavage fluid (BALF) and large
aggregate

Mouse lungs were lavaged via tracheal cannula two times with 700-ul
aliquots of PBS. Cell debris was removed by centrifugation at 200 X g for
10 min. For SP-B analysis, the large aggregate was separated from the
BALF sample by centrifugation at 20,000 X g for 60 min and the pellet
was resuspended in PBS.

For Western blot analysis, BALF samples and large aggregates were
electrophoresed on polyacrylamide gels and then transferred to an Im-
mobilon-P membrane (Millipore). Membranes were blocked in 5% skim
milk in TBST before incubation with anti-SP-A, -B, and -D Abs. After
washing, membranes were incubated with HRP-labeled anti-rabbit Ig
Abs. Signals were detected -using SuperSignal West Pico substrate
(Pierce).

For cytokine ELISA. BALF was obtained from bone marrow chimeric
mice after 24 h of DT treatment. The concentration of albumin and hepa-
tocyte growth factor (HGF) in the BALF was measured by ELISA (Bethyl
Laboratories and Institute of Immunology. Tokyo. Japan, respectively) ac-
cording to the manufacturer’s protocols.
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FIGURE 3. Effects of DT administration on alveolar macrophages and
alveolar epithelial cells in lungs of LysM-DTR mice. Wild-type (+/+;
a—c) or LysM-DTR (+/LysMP™; d—f) mice were ip. injected with 40
ug/kg DT. Lungs were obtained from these mice 48 h after DT adminis-
tration. A, The lung sections were immunostained with F4/80 (a and o),
Tla (b and ¢), and TTF-1 (c and /), which are specific markers for alveolar
macrophages, AEL, cells and AE2 cells, respectively. Scale bar. 100 um.
B, Transmission electron microscopic observation of the lung sections of
wild-type (a and ¢) and LysM-DTR (b and ¢) mice. The red arrow indicates
AE2 cells. Scale bar, 10 pm.

Bone marrow transplantation

For each chimera, 1-1.5 X 107 bone marrow cells from donor mice were
transferred i.v. into recipient mice that had received 9 gray from an x-ray
irradiation system, the Gammacell 40 Exactor ('*’Cs; MDS Nordion)
before transfer. The recipient mice were analyzed 6-10 wk after
reconstitution.

Results
Generation of LysM-DTR mice

To establish the inducible macrophage depletion mice, we gener-
ated LysM-DTR mice in which human DTR was expressed under
the control of the LysM gene, which is specifically expressed in
myelomonocytic cells such as macrophages and monocytes (21-
23). Human DTR cDNA was introduced into the endogenous ATG
start site within the first exon of the LysM gene (Fig. 1A). The
linearized targeting construct was transfected into ES cells, and
heterozygous ES cells carrying a human DTR knock-in allele were
aggregated with blastocysts to generate LysM-DTR chimeric mice.
The: chimeric mice were then crossed with C57BL/6 wild-type
mice to obtain LysM-DTR heterozygous animals. Homologous
recombination of LysM-DTR mice was confirmed by Southern
blot analysis (Fig. 1B).

We first examined the expression levels of human DTR in the
cells from LysM-DTR mice. FACS analysis revealed that human
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FIGURE 4. Effect of DT administration on surfactant proteins in the
lung. A, DT at 40 pg/kg was i.p. injected into wild-type mice (+/+) and
LysM-DTR (+/LysMP™®) mice. BALF was harvested 24 or 48 h after DT
administration and the amount of SPs was analyzed by Western blot anal-
ysis using anti-SP-A, anti-SP-B, and anti-SP-D Abs. These results are
representative of three independent experiments. B, Lungs were ob-
tained from wild-type (+/+) mice (a—c) or DT-administered LysM-
DTR (+/LysMP™) mice (d—f) 48 h after DT administration and embedded
in OCT compound. Cryosections were immunostained with anti-SP-A., anti-
SP-B. and anti-SP-D Abs. Scale bar, 100 um.

DTR was expressed on the peritoneal macrophages from LysM-
DTR mice (Fig. 1C). In contrast, the DTR expression was not
detected on the surface of peritoneal B cells from LysM-DTR
mice. Surface expression of human DTR was also detected on
thioglycollate-elicited peritoneal macrophages and bone marrow-
derived macrophages from LysM-DTR mice (data not shown). We
next examined whether the macrophages from LysM-DTR mice
were sensitive to DT. When the thioglycollate-elicited macro-
phages from LysM-DTR mice were treated with DT, the cells were
killed in a dose-dependent manner (Fig. 1D). In contrast, the mac-
rophages from wild-type mice were completely resistant to DT.
Furthermore, when DT was i.p. injected into LysM-DTR mice,
peritoneal macrophages (F4/80%) but not B cells (B220™), were
selectively killed (Fig. LE). These results indicated that macro-
phages from knock-in mice expressed the functional human DTR
on the cell surface.

DT administration causes severe lung injury in LysM-DTR mice

We next examined the effects of DT injection on LysM-DTR
mice. Various amounts of DT were i.p. injected into LysM-DTR
mice, and the injection of a high dose of DT killed the mice
(Fig. 24). When 40 pg/kg DT was injected into the transgenic
mice, all mice showed hypomotility, hunched posture, and ruffled
fur and died within 96 h. In the case of 10 ug/kg injection, half of
the mice were killed within | wk after injection. In contrast, none
of the wild-type mice were killed by the administration of 40
uglkg DT.

Lactose dehydrogenase levels in the serum of LysM-DTR
mice were increased by >7-fold following the administration of
40 ng/kg DT, suggesting severe damage in certain tissues (data
not shown). Macroscopic observation revealed that the lungs
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FIGURE 5. Generation of bone marrow chimeric

mice. Bone marrow chimeric mice were prepared by lethal
iradiation of recipient mice and reconstitution with donor
bone marrow cclls (donor — recipient; W-W (+/+ —
+/+), L-L (+/LysM°™ — +/LysM"™), W-L (+/+ —
+/LysMP™), L-W (+/LysMP™® — +/+)). Eight to ten
weeks after reconstitution, 10 pg/kg DT was i.p. injected
into these micc. A, Peritoneal cells were harvested 48 h
after DT administration and stained with anti-F4/80 and
anti-CD11b Abs to detect peritoneal macrophages. B,
Lungs were obtained from these mice 48 h after DT ad-
ministration. Sections were immunostained with F4/80 (o~

IR
et W50 0
Vriady 5
S

d). Tla (e-h), and TTF-1 (i-f) for alveolar macrophages,
AELl cells, and AE2 cells, respectively. C, Sections were
double stained with anti-CD169 Ab (red), a marker for
alveolar macrophages, and TUNEL (green). Arrows indi-
cate macrophages engulfing apoptotic cells. D, BALF was

harvested from these mice 48 h after DT administration
and SP content was analyzed by Westem blot analysis us-
ing anti-SP-A Ab. These results are representative of two
independent experiments.
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had a hemorrhagic appearance (Fig. 2B). Histological analysis
of the lungs demonstrated that the alveolar walls became thick
and the alveolar spaces were diminished (Fig. 2C). Moreover,
RBC were notably expanded in the interstitial mesenchyme,
indicating severe congestion in the lungs. We also microscop-
ically observed other organs, including the heart, kidney, and
liver. However, none of these organs showed any abnormalities
except the liver that showed slight congestion (data not shown).
These results indicated that the lungs were primarily injured in
LysM-DTR mice by DT administration.

DT is integrated into cells through its receptor and induces
apoptosis by ADP ribosylation of elongation factor 2 (15, 24,
25). We next performed TUNEL staining with the lung sections
to detect apoptotic cells. In wild-type mice, no TUNEL-positive
cells were observed in the lungs by DT administration (Fig.
2D). In contrast, a large number of cells became TUNEL-pos-
itive in the lungs of LysM-DTR mice 24 h after DT adminis-
tration. TUNEL-positive cells were located in the epithelial
layer of alveoli as well as inside the alveolar space, indicating
that some epithelial cells as well as alveolar macrophages
underwent apoptosis by DT. We also performed TUNEL stain-
ing with the sections of other tissues. Macrophages in several
organs also showed TUNEL-positive staining. However, we
could detect neither TUNEL-positive cardiomyocytes nor hepa-
tocytes in the LysM-DTR mouse injected with DT (data not
shown).

The alveolar epithelial type 1I cells are deleted by DT in
LysM-DTR mice

The lung alveolar epithelial layer consists of alveolar epithelial
type 1 (AE1) cells and AE2 cells. While AE] cells cover up to 95%
of the surface area of the lungs and are responsible for gas ex-
change, AE2 cells occupy only 5% of the surface area and produce
and secrete the surface-active agents collectively known as surfac-
tants. It has been reported that both alveolar macrophages and AE2
cells express the LysM gene (26, 27). Therefore, in the present
study it was most likely that both alveolar macrophages and AE2
cells expressed human DTR and that they were killed by DT ad-
ministration. To assess this speculation, immunohistochemical
analysis for alveolar macrophages and AE2 cells was performed in
the lung sections of DT-administered mice. F4/80, Tla, and TTF-1
were used as specific markers of alveolar macrophages, AEI cells,
and AE2 cells, respectively (28—31). The number of both alveolar
macrophages and AE2 cells were notably decreased by DT admin-
istration to LysM-DTR mice, while that of AE1 cells was not affected
(Fig. 3A). TTF-1 was also expressed in epithelial cells lining conduct-
ing airways (Fig. 3, Ac and Af, lower right area for both wild-t);pe and
LysM-DTR mice); however, DT administration had a negligible ef-
fect on the epithelial cells lining conducting airways. To further con-
firm the absence of AE2 cells in LysM-DTR mice injected with DT,
the lung sections were analyzed by transmission electron microscopy.
In wild-type mice, AE2 cells were located at the alveolar comers
and displayed typical cuboidal features with lamellar bodies (Fig.
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FIGURE 6. Alveolar macrophages decreased path-
ological changes in the lung injury by DT treatment.
DT at 10 ug/kg was i.p. injected into bone marrow
chimeric mice (donor — recipient; W-W (+/+ —
+/4), L-L (H/LysMP™ - +/LysMP™) W-L (+/+ —
+/LysMP™) and L-W (+/LysMP™R — +/4)). Mice
were sacrificed 24 h after DT administration. A, Macro-
scopic observation of the lung. B, Lungs were fixed with
4% paraformaldehyde and embedded in paraffin. Sections
were stained with H&E. C and D, Concentrations of al-
bumin (C) and HGF (D) in BALF were measured by
ELISA. Mean values are shown with SEM. *, p < 0.01.
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3, Ba and Bc, arrow). In contrast, intact AE2 cells were hardly
observed in LysM-DTR mice treated with DT (Fig. 3Bb). Some
apoptotic AE2 cells were found at the alveolar corners in these
mice (Fig. 3Bd). These results indicated that alveolar macrophages
and AE2 cells were ablated by DT administration in
LysM-DTR mice.

One of the important roles of AE2 cells is the synthesis and
secretion of bioactive SPs, which stabilize alveolar spaces by
reducing the surface tension of alveoli (32, 33). Thus, it was
expected that the ablation of AE2 cells led to the depletion of
SPs in alveolar spaces. We next analyzed the effect of DT ad-
ministration on SPs in BALF. Although the amount of SP-D
was not altered, those of SP-A and SP-B were notably de-
creased by DT administration (Fig. 44). Reduced production of
SPs was also confirmed by immunohistochemistry with anti-SP
Abs. As shown in Fig. 4B, cells producing SP-A, -B, and -D
were detected in the lung sections of wild-type mice. In con-
trast, few SP-producing cells were detected in the lungs of
LysM-DTR mice with DT injection. These results indicated that
DT administration to LysM-DTR mice induced apoptosis in
AE2 cells and caused respiratory failure due to the decreased
amount of surfactants.

Contribution of macrophages to lung pathology in the
LysM-DTR mice :

In LysM-DTR mice, DT administration resulted in the ablation of
AE2 cells as well as alveolar macrophages and caused severe re-
spiratory failure possibly due to the decreased amount of SPs. To
examine how the ablation of alveolar macrophages contributed to
lung pathology in the mice, we performed transplantation of bone
marrow cells from wild-type mice into LysM-DTR mice that had
been lethally irradiated. Six weeks after the bone marrow trans-
plantation, the sensitivity of peritoneal macrophages to DT was
determined in these mice. As shown in Fig. 54, peritoneal mac-
rophages were completely resistant to DT in the LysM-DTR mice
reconstituted with wild-type bone marrow cells (W-L mice),
whereas these cells were deleted by DT administration in the
LysM-DTR mice reconstituted with LysM-DTR bone marrow
cells (L-L. mice). Consistent with this, alveolar macrophages were
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not ablated by DT injection in the W-L mice (Fig. 5Bc). Some
alveolar macrophages in the DT-treated W-L mice phagocytosed
apoptotic cells (possibly apoptotic AE2 cells), indicating that DT-
resistant, functional alveolar macrophages were successfully re-
constituted in the W-L mice. (Fig. 5Cc, arrow) In contrast, AE2
cells both in the L-L and the W-L mice were almost completely
deleted by DT administration (Fig. 5, Bj and Bk). We also exam-
ined the amount of SP-A in BALF, and found that it was greatly
reduced both in the W-L and the L-L mice (Fig. 5D). These results
indicated that the W-L mice showed selective deletion of AE2
cells with intact alveolar macrophages by DT administration.

We then compared the severity of lung injury induced by DT
administration between W-L mice and L-L mice. Although both
mice were killed by DT administration, macroscopic observation
indicated that lung congestion seemed to be more severe in the L-L
mice than in the W-L mice (Fig. 64). Histological examination
also gave the same results (Fig. 6B). The early phase of lung injury
caused by LPS or bleomycin is often associated with an inflam-
matory reaction, including neutrophil recruitment. However, few
neutrophils were observed in the injured lungs even in the presence
of alveolar macrophages (W-L mice), indicating that the deletion
of AE2 cells by DT administration to LysM-DTR mice did not
induce any inflammatory reactions.

To further evaluate the severity of lung injury, we examined the
leakage of albumin into alveolar spaces upon DT administration.
As shown in Fig. 6C, albumin concentrations were much higher in
BALF from L-L mice than in that from the W-L mice. No leakage
of albumin was observed in WT mice reconstituted with LysM-
DTR bone marrow cells (L-W mice) in which alveolar macro-
phages but not AE2 cells were deleted by DT. These results indi-
cate that the injury of AE2 cells is a major contributor to
respiratory faiture in DT-treated LysM-DTR mice and that the
presence of macrophages diminishes this noninflammatory lung
injury caused by AE2 cell deletion.

Production of cytokines in DT-treated LysM-DTR mice

We next examined the concentrations of several cytokines in
BALF from these mice. We could not detect the production of
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either inflammatory cytokines such as TNF-a, or immunoregula-
tory cytokines such as IL-10 and TGF-$ in BALF from any of
these mice (data not shown). This is consistent with the histolog-
ical findings of no inflammatory cells in the lungs of DT-treated
mice (W-L and L-L). The HGF is considered to be a candidate
growth factor for AE2 cells and is produced by bronchial epithelial
cells as well as alveolar macrophages engulfing dying neutrophils
in a mouse model of bacterial pneumonia (34). Therefore, we mea-
sured HGF concentrations in BALF from these mice. As shown in
Fig. 6D, BALF from DT-treated L-L mice contained a larger
amount of HGF than those from W-L mice. This result suggests
that the amount of HGF is correlated with the severity of the lung
injury caused by AE2 cell deletion and that alveolar macrophages
do not contribute to HGF production in noninflammatory AE2 cell

injury.

Discussion

To explore the pathophysiology of respiratory distress, several an-
imal models have been used as acute lung injury models. The
intratracheal instillation of bleomycin in rodents has been widely
used as a model to study the mechanisms of lung injury and repair.
In this model, the administration of bleomycin induces early in-
flammatory responses followed by fibrosis. Histological examina-
tion demonstrated that both vascular endothelial cells and AEI
cells, but not AE2 cells, were specifically injured in the lungs of
mice treated with bleomycin (35). However, the pathogenesis of
the injury and of the subsequent lung disease caused by bleo-
mycin remains obscure. Intratracheal instillation of LPS also
induces a massive infiltration of inflammatory cells. including
neutrophils and macrophages, causing acute respiratory distress
(36, 37). This model, at least in part, represents infection-in-
duced acute respiratory distress syndrome (ARDS) in human.
However, the precise mechanism of LPS-induced lung injury
remains elusive.

In this study we established transgenic mice expressing human
DTR in AE2 cells as well as macrophages. When DT was injected
into the transgenic mice AE2 cells selectively underwent apoptosis
and the mice showed lethal respiratory failure, possibly due to a
rapid decrease in the amount of surfactants produced by AE2 cells.
DT injection also killed alveolar macrophages in theses mice.
Bone marrow transplantation from wild-type mice could not res-
cue the lethal phenotype of the LysM-DTR mice, indicating that
the ablation of AE2 cells is primarily responsible for the respira-
tory failure in the mice injected with DT. To our knowledge, this
transgenic mouse line is the only mouse model of acute respiratory
distress that is possibly due to the selective injury of AE2 cells and
the subsequently reduced production of surfactants. In addition to
the unique mechanism of acute lung injury in these mice, lung
injury was easily and reproducibly induced by i.p. injection of DT,
whereas intratracheal instillation of the reagent is required for
bleomycin- or LPS-induced acute lung injury in mice.

Injury or apoptosis of AE2 cells has been reported to play an
important role in the pathogenesis of several lung diseases. Hyp-
oxia, an irhponam feature of acute lung injury, has been shown to
induce apoptosis in AE2 cells in vitro (38). Chronic hypoxia has
also been shown to cause morphological changes of AE2 cells
including delamellation in vivo (39), suggesting the functional fail-
ure of AE2 cells in hypoxia-induced lung injury or fibrosis. In
other studies AE2 cells have been reported to express the Fas re-
ceptor, a transmembrane protein that transduces death signals upon
stimulation (40, 41). When primary cultured AE2 cells were
treated with the Fas ligand (FasL) the cells underwent apoptosis in
vitro. Moreover, intratracheal administration of FasL or agonistic
anti-Fas Ab induces AE2 cell death in vivo (40-42). A consider-
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able amount of the soluble FasL, produced by shedding of the
membrane-bound form (43, 44), was detected in BALF of ARDS
patients (45), suggesting that AE2 cells could be damaged by
FasL/Fas activation in ARDS. As a matter of fact, abnormal sur-
factant function and changes in the surfactant subfraction, includ-
ing a decrease in the amount of SPs, were observed in ARDS
patients (33, 46-49). Taking these observations into consider-
ation, it is possible that in some ARDS cases AE2 cell death is at
least partly responsible for the pathogenesis of ARDS. In this re-
spect the pathology of respiratory failure in the LysM-DTR mouse
partly resembles that in human ARDS and, thus, this system will
provide a new animal model to investigate the pathophysiology of
human ARDS.

In this study we found that the presence of macrophages dimin-
ished lung injury caused by AE2 cell deletion. Although it is likely
that alveolar macrophages contribute to the protective effects, we
cannot deny the possibility that lung interstitial macrophages or
macrophages in other organs, such as Kupffer cells, may also con-
tribute to some extent to diminishing lung damage in this model of
noninflammatory lung injury. In the acute phase of tissue injury
macrophages often perform injury-inducing roles. For instance, the
depletion of macrophages in the early phase of carbon tetrachlo-
ride-induced liver injury resulted in reduced scarring and fewer
myofibroblasts (50). In acute rejection of renal transplantation, in-
filtrating macrophages promoted tissue damage (51). In this study,
by contrast, alveolar macrophages contributed to the reduction of
lung injury and serum albumin leakage into alveolar spaces caused
by AE2 cell depletion. This result suggests that macrophages play
protective roles in noninflammatory tissue injury. In the DT-
treated W-L mice, alveolar macrophages phagocytosed apoptotic
AE2 cells. This clearance of dying cells by macrophages may be
involved in the protective effects. During the late course of inflam-
mation, prompt elimination of neutrophils by macrophages is re-
quired for the resolution of inflammation and normal tissue re-
pair (7, 8). The hyaluronan receptor CD44 plays an important
role in the phagocytosis of apoptotic neutrophils by macro-
phages. CD44-deficient mice have been shown to succumb to
unremitting inflammation in association with impaired clear-
ance of apoptotic neutrophils in bleomycin-induced acute lung
injury (52, 53). Although the lung injury caused by AE2 cell
depletion is not associated with the infiltration of neutrophils,
the clearance of dying parenchymal cells by macrophages may
be a critical factor determining the degree of tissue damages in
such noninflammatory tissue injury.

HGF is considered to play an important role in the repair of the
pulmonary epithelium in acute lung injury. In mouse bacterial
pneumonia the expression of HGF in the lung showed a biphasic
pattern (34); that is, bronchial epithelial cells produced the cyto-
kine in the early phase of infection and alveolar macrophages en-
gulfing dying neutrophils produced it in the late phase of infection.
In the present study, HGF was produced in acute lung injury
caused by the deletion of AE2 cells, and the expression levels in
L-L mice were higher than those in W-L mice. These results sug-
gest that bronchial epithelial cells, but not alveolar macrophages,
are the major producers of HGF in the case of noninflammatory
lung injury without any infiltration of neutrophils. The precise
mechanisms of HGF production by bronchial epithelial cells are
not known. Because the presence of alveolar macrophages that
phagocytosed dying AE2 cells reduced the levels of HGF in
lung injury in this study, cellular components released from
dying AE2 cells may stimulate HGF production by bronchial
epithelial cells. _

LysM-DTR mice are also expected to serve as a useful model to
study the regeneration of AE2 cells. AE2 cells are considered to be
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stem cells of the adult alveolar epithelium (54). Primary cultured
AE2 cells differentiate into AE1 cells under certain conditions in
vitro (55, 56). After lung injury, AE2 cells divide and differentiate
into AEI cells in vivo (57, 58). In the present study most AE2 cells
were killed in LysM-DTR mice by DT administration. We could
not monitor the course of repair for AE2 cell injury by i.p. DT
administration because of early death. However, if AE2 cells in a
regional region of lung alveoli are ablated by intratracheal instil-
lation of DT, it may be possible to observe the course. of lung
repair after AE2 cells are selectively injured.
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Abstract

Regulation of histone methylation is critical for proper gene expression and chromosome function. Suppressor of
Zeste 12 (SUZI12) is a requisite member of the EED/EZH2 histone methyltransferase complexes, and is required
for full activity of these complexes in vitro. In mammals and flies, SUZ12/Su(z)12 is necessary for
trimethylation of histone H3 on lysine 27 (H3K27me3) on facultative heterochromatin. However, Su(z)12 is
unique among Polycomb Group Proteins in that Su(z)/2 mutant flies exhibit gross defects in position effect
variegation, suggesting a role for Su(z)12 in constitutive heterochromatin formation. We investigated the role of
Suzl2 in constitutive heterochromatin and discovered that Suzl2 is required for histone H3 lysine 9 tri-
methylation (H3K9me3) in differentiated but not undifferentiated mouse embryonic stem cells. Knockdown of
SUZ12 in human cells caused a reduction in H3K27me3 and H3K9me3, and altered the distribution of HP1a. In
contrast, EZH2 knockdown caused loss of H3K27me3 but not H3K9me3, indicating that SUZ12 regulates H3-
K9 methylation in an EZH2-independent fashion. This work uncovers a role for SUZ12 in H3-K9 methylation.

Introduction

Heterochromatin is the portion of the genome that is
cytologically highly condensed. Different sequences
are packaged into facultative heterochromatin in each
cell type, allowing cells to stably maintain their
unique expression patterns. In contrast, constitutive
heterochromatin is formed at pericentric and telo-
meric regions to epigenetically regulate centromere
and telomere function in all cell types and develop-
mental stages. Perturbation of heterochromatin can
lead to aberrant gene expression and defective

chromosome segregation, contributing to cancer and
developmental disorders. -

In Drosophila the Polycomb Group (PcG) protein
Suppressor of Zeste 12 (Su(z)12) is implicated in the
formation of facultative and constitutive heterochro-
matin. PcG proteins assemble into several function-
ally and biochemically distinct complexes, termed
Polycomb repressive complexes (PRC), to mediate
transcriptional silencing (Lehnertz et al. 2003).
PRC2-mediated silencing at Drosophila Hox loci
requires methylation of histone H3 at lysine 27 (H3-
K27) and/or lysine 9 (H3-K9) by the Enhancer of
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Zeste (E(z)) histone methyltransferase (HMTase)
(Breiling et al. 2004, Czermin et al. 2002, Muller
et al. 2002). Suppressor of Zeste 12 (Su(z)12) is an
essential component of the E(z) HMTase complex
(Ketel er al. 2005, Nekrasov er al. 2005).

Genetic and biochemical analyses in Drosophila
and Schizosaccharomyces pombe also implicate
HMTases in the formation of constitutive hetero-
chromatin. Suppressor of variegation 3-9 (Su(var)3-9)
is an HMTase that methylates H3-K9 on constitutive
heterochromatin (Rea et al. 2000). Methylation of
H3-K9 generates a binding site for the chromodo-
main of heterochromatin protein 1 (HP1) (Bannister
et al. 2001, Lachner et al. 2001, Nakayama et al.
2001). In addition, Su(var)3-9 and HP1 directly
interact (Aagaard et al. 1999, Grewal & Moazed
2003, Melcher et al. 2000, Yamamoto & Sonoda
2003). 1t is postulated that propagation of constitu-
tive heterochromatin occurs via a self-sustaining
loop in which methylated H3-K9 binds HP1; HPI
in turn recruits more of the methyltransferase
(Grewal & Moazed 2003). Drosophila mutations in
either Su(var)3-9 or Su(var)2-5, the gene encoding
HP1, exhibit defects in position effect variegation
(PEV), the variable spread of silencing into
euchromatic genes ectopically positioned in prox-
imity to constitutive heterochromatin (Reuter &
Wolff 1981, Sinclair er al. 1989). Su(z)12 is unique
among PcG proteins because mutations of Suzl?2
exhibit strong defects in PEV, implicating this
protein in regulation of constitutive heterochromatin
(Birve et al. 2001).

Mammals assemble constitutive and facultative
heterochromatin structures by mechanisms that are
homologous to those of Drosophila. The mouse homo-

logues of Su(var)3-9, Suvar39hl and Suvar39h2, are .,

required for the accumulation of tri-methylation of
lysine 9 on histone H3 (H3K9me3) and of the mam-
malian HP1 homologues, HP1a, HP1j and HP1y, on
pericentric heterochromatin (Bannister es al. 2001,
Lachner er al. 2001, Nakayama et al. 2001, Rice et al.
2003). An HMTase complex that contains a murine
homologue of E(z) is required for enrichment of
H3K27me3 on the facultative heterochromatin of
the inactive X chromosome (Erhardt er al. 2003,
Plath et al. 2003, Silva et al. 2003). Human EZH2, in
complex with different isoforms of another PcG
protein EED, exhibits HMTase activity towards H3-
K27, histone HI lysine 26, and limited activity for
H3-K9 in vitro (Cao et al. 2002, Kuzmichev et al.
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2002, 2004). SUZ12, the human homologue of the
fly PcG protein Suz(12), is a component of EED/
EZH2 complexes and is necessary for the H3K27me3
HMTase activity of the EED/EZH2 complex in
vivo (Cao & Zhang 2004b, Kimizis et al. 2004,
Pasini et al. 2004).

In addition to interacting with EZH2 and EED,
SUZI12 also binds to HPla (Cao & Zhang 2004a,
Yamamoto er al. 2004), suggesting that, like the fly
homologue, SUZ12 may play a role in constitutive
heterochromatin formation in mammalian cells.
Levels of murine Suzl2 remain constant during
mouse embryonic stem (ES) cell differentiation,
while Eed and Ezh2 levels decrease, providing a
second line of evidence that Suzl2 may function
outside the Eed/Ezh2 complexes (de la Cruz et al.
2005). To determine whether SUZ12 plays a role in
constitutive heterochromatin formation, we examined
levels and distribution of H3K9me3 in Suzl?2
knockout ES cells and discovered that Suzl?2 is
required in a differentiation-dependent manner for
proper H3-K9 tri-methylation. Further, we analyzed
H3K9me3 and HPa in somatic cells that were
depleted of SUZ12 by small interfering RNA (siRNA).
Knockdown of SUZI12 resuited in a significant
decrease of H3K9me3 and in a redistribution of
HPla. SUZI12 knockdown also produced nuclear
defects consistent with abnormalities in chromosome
segregation, implicating SUZ12 in the regulation of
pericentric heterochromatin formation and centro-
mere function. In contrast, sSiRNA-mediated knock-
down of EZH2, which reduced levels of H3K27me3,
did not alter the abundance or localization of
H3K9me3. These results suggest a role of SUZ12
in H3-K9 methylation, that occurs in a manner
independent of its interaction with EZH2.

Materials and methods
Antibodies

The chicken H3K9me3 antibody has been previously
described (Plath er al. 2003). Experiments using
H3K27me3 antibodies employed either a previously
characterized - chicken H3K27me3 antibody (Plath
et al. 2003) or a mouse monoclonal antibody (ab6002,
Abcam Inc.). Mouse monoclonal HPla antibody
(MAB3584) purchased from Chemicon was used for
immunofluorescence and the mouse monoclonal



Polycomb Group Protein SUZI2

HP1a antibody (07-346) purchased from Upstate was
used for Western blots. SUV39H1 antibody was
obtained from Upstate (05615). Rabbit EZH2 and
SUZ12. antibodies have been described previously
(Cao et al. 2002, Kirmizis et al. 2004). The anti-
histone H3 antibody (ab1791, Abcam Inc.), anti-actin
antibody (sc-1615, Santa Cruz Biotechnology) and
anti-gamma tubulin antibody (GTU88, Sigma) was
used for Western blots. The H3K9me3 antibody
(ab8898, Abcam Inc.) and a polyclonal rabbit anti-
Myc antibody (ab9106, Abcam Inc.) were used for
Western blotting

Cell culture

The IMR90 human female fibroblasts, WI38 human
female fibroblasts, and HEL299 human male fibro-
blasts were purchased from American Type Culture
. Collection (ATCC) and cultured according to
ATCC’s handling procedures. HEK 293 ceils were
cultured in Dulbecco’s modified Eagle’s media with
10% fetal bovine serum and antibiotics. Suz12 null
ES cells were described in Lee er al. 2006. ES cells
were cultured using standard conditions and differ-
entiation of ES cells was carried out as described in
Plath er al. 2003.

SIRNA transfection

SUZ12 siRNA SMARTpool (M0069570050), EZH2
siRNA SMARTpool (M00421800) and control GFP
siRNA oligonucleotides (D0013000120) were
obtained from Dharmacon Research Inc. siRNA
duplexes were transfected into IMR90. cells using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. Transfected cells were
incubated with the siRNA for 72 h, at which time
they were harvested and re-plated at the original
starting density. Cells were then re-transfected 6 h

after replating with the oligonucleotides and incu--

bated for an additional 66 h. After 6 days post-initial
siRNA transfection the cells were harvested and
processed for immunofluorescence and Western blot
analysis as detailed below.

Plasmid constructs and transient transfection
The pCMV-Myc-SUZ12 plasmid was a generous gift

from Ken Yamamoto. The plasmid was transfected
into HEK 293 cells (5x10%10-cm plate) using
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FuGENEG6 (Roche Applied Science) according to
the manufacturer’s conditions. :

Immunofiuorescence (IF)

All cells were grown on coverslips, with the
exception of undifferentiated embryonic stem cells,
which were cytospun onto slides for IF. For Triton
X-100 cytoskeleton extraction and IF of cells refer to
Plath er al. 2003. The following secondary and
tertiary antibodies were used for IF at a dilution of
1:200 (Vector Labs): Texas Red anti-mouse IgG,
Texas Red anti-rabbit IgG, Fluorescein anti-mouse
IgG. Cells that were not subjected to Triton X-100
extraction were fixed with 4% paraformaldehyde for
10 min, then directly incubated in blocking buffer as
described in (Plath er al. 2003).

Western blotting

IMR90 cells were harvested from the RNAI
experiments and Sx10° cells from each treatment
were boiled in 20 pl of loading dye (9% 2-mer-
captoethanol, 9% SDS, 0.1% bromophenol blue, 30%

- glycerol) for 10 min. The denatured proteins were

separated by SDS/PAGE on a 13% gel and trans-
ferred onto a nitrocellulose membrane. The membrane
was incubated in blocking buffer (Tris-buffered
saline with 0.1% Tween [TBS-T] and 5% nonfat
dry milk) overnight at 4°C. The next day the
membrane was incubated for 1 h at room tempera-
ture with anti-SUZ12 antibody (Kirmizis et al. 2004)
anti-trimethyl H3-K27 antibody (ab6002, Abcam
Inc.), anti-trimethyl H3-K9 antibody (ab8898, Abcam
Inc.), anti-histone H3 antibody (ab1791, Abcam Inc.),
or anti-actin antibody (sc-1615, Santa Cruz Biotech-
nology). After washing in TBS-T for 15 min, the blot
was incubated for 1 h with a horseradish peroxidase
(HRP)-conjugated anti-rabbit secondary antibody (sc-
2004, Santa Cruz Biotechnology) or an HRP-conjugated
anti-mouse secondary antibody (sc-2005, Santa Cruz
Biotechnology) and the signals were visualized by the
enhanced chemiluminescence system as described by
the manufacturer (RPN2106V, Amersham Bioscien-
ces). The H3K9me3 and H3K27me3 signals were
quantified using ImageQuant and were normalized to
the intensities of the histone H3 bands. Fold changes
were calculated from the SUZ12- or EZH2 siRNA-
treated samples compared to the mock transfected and
GFP siRNA transfected samples.
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MBP in vitro binding assays

Human cDNA of SUV39H1 was cloned into the
bacterial expression construct pMAL-c2X (NEB).
Purification of MBP fusion proteins was performed
as outlined by the manufacturer’s instructions using
amylose resin (NEB). The pull-down binding reac-
tion was performed exactly as described (Tonozuka
et al. 2004), with the following alterations: 25 pg of
MBP-SUV39H1 or MBP was incubated with 1.5 mg
cellular extract for 2 h at 4°C. Two washes were
performed at 4°C, followed by five washes at room
. temperature using Ultrafree-MC filters (Millipore).

Image acquisition

Images were acquired using an Olympus BX60
microscope with an Olympus 100x UplanApo oil

immersion lens with a numerical aperture of 1.35. A -

Hamamatsu ORCA-ER camera was used to capture
the images, using Openlab 3.1.7 software. Images
were globally adjusted for brightness and contrast,
merged and pseudo-colored using Adobe Photoshop 7.

Results

Suzl2 is required for histone H3-K9 tri-methylation -

in differentiated cells .

To determine whether Suzl2 affects constitutive
heterochromatin structure in mammalian cells, as
has been reported for its fly homolog (Birve er al.
2001), we tested if Suzl2 regulated the levels and/or
distribution of H3K9me3, which is enriched on
pericentric heterochromatin (Lachner et al. 2001,
Peters et al. 2001, 2003, Rice et al. 2003). We
performed co-immunostaining for H3K27me3 and
H3K9me3 on wild-type murine ES cells and ES cells
lacking Suzi2 (Suzl2 —/—). Wild-type ES cells
exhibited a diffusely nuclear pattern of H3K27me3
staining (Figure 1A). Localization of H3K9me3 in
wild-type cells was also diffusely nuclear with
enrichment on areas of pericentric heterochromatin,
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as marked by intense DAPI staining (Figure 1A).
Suzl2 —/— ES cells lacked detectable amounts of
H3K27me3, as previously reported (Fujimura er al.
2006), but showed levels and distribution of
H3K9me3 similar to wild-type ES cells (Figure
1B). This result indicates that Suz12 is not required
for proper H3K9 tri-methylation in undifferentiated
ES cells.

Suzl2 levels remain high during mouse ES cell
differentiation, while Eed and Ezh2 levels decrease
dramatically, suggesting that Suzl2 may have an
Eed/Ezh2-independent function in differentiated cells
(de la Cruz et al. 2005). To examine whether Suz12
played a role in constitutive heterochromatin in
differentiated ES cells, we compared amounts and
distribution of H3K9me3 and H3K27me3 in differ-
entiated wild-type and Suzl/2 —/— ES cells. Wild-
type ES cells contained diffuse nuclear staining of
H3K27me3, and clear enrichment of H3K9me3 in
areas of constitutive heterochromatin (Figure 1C). In
contrast, H3K27me3 was undetectable in differenti-
ated Suz/2 —/— ES cells and overall levels of
H3K9me3 were reduced (Figure 1D). Differentiated
Suzl2 —/— ES cells still exhibited an enrichment of
H3K9me3 at constitutive heterochromatin, but at
levels lower than wild-type differentiated ES cells
(Figure 1D). Western blotting confirmed that there
was a decrease in amounts of H3K9me3 in differen-
tiated but not undifferentiated Suz/2 —/— ES cells
(Figure 1E). These data indicate that Suzl2 is
required for normal levels of H3-K9 tri-methylation
in differentiated cells, but not in ES cells.

To further investigate the role of SUZI2 in
regulating levels of H3K9me3 in differentiated cells
we performed a series of SUZ12 siRNA-mediated
knockdown experiments in a primary female human
fibroblast cell line (IMR90). Immunostaining of
IMRI0 cells treated with GFP siRNA showed that
SUZ12 levels remained abundant and were identical
to non-treated cells, indicating that siRNA treatment
did not adversely affect the cells (Figure 2A and C,
data not shown). H3K9me3 distribution in these cells
was diffusely nuclear, with foci of strong enrichment
as well as many speckles. siRNA-mediated knock-
down of SUZ12 resulted in loss of SUZ12 in about

4F igure 1. Distribution of H3K27me3 and H3K9me3 in wild-type and Suz/2 —/— ES cells. A-D: Immunolocalization of H3K27me3 (first
column) and H3K9me3 (second column) in wild-type ES cells (A), Suz/2 —/— ES cells (B), wild-type differentiated ES cells (C), and Suz/2 —/
— ES cells (D). Nuclei are stained with DAPI (third column) to visualize nuclei. The merged image (fourth column) consists of H3K27me3
(green) and H3K9me3 (red). E: Western analysis of Suz12, H3K27me3, H3K9me3, and gamma tubulin in undifferentiated wild-type ES cells,
undifferentiated Suz/2 —/— ES cells, differentiated wild-type ES cells, and differentiated Suz/2 —/— ES cells.
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Figure 2. Distribution of H3K9me3 and H3K9me2 in SUZ12 knockdown cells. A-D: Immunolocalization of SUZ12 (first column) and
H3K9me3 (second column) in IMR90 cells treated with GFP siRNA (A,C) or SUZI12 siRNA (B,D). Nuclei are stained with DAPI (third
column) and the merged image (fourth column) consists of SUZ12 (red) and H3K9me3 (green). E: Western analysis of SUZ12, H3K27me3,
H3K9me3, histone H3 and actin levels in mock, SUZ12 siRNA. and GFP siRNA transfected IMR90 celis. F,G: Immunostaining for
H3K27me3 (first column) and H3K9me?2 (second column) in IMR90 cells treated with GFP siRNAs (F) or SUZ12 siRNAs (G). Nuclei are
stained with DAPI (third column) and the merged panel (fourth column) consists of H3K27me3 (green) and H3K9me2 (red).

50% of the population (de la Cruz er al. 2005).

H3K9me3 levels were markedly reduced in 92% of -

the cells with no detectable SUZ12, but not in cells
that retained some SUZ12 staining (Figure 2B and D,
n > 100). This phenotype was also observed when
SUZ12 siRNA was performed in two additional
primary human cell lines, WI38 and HEL 299 cells
(data not shown). Western blot analyses of knock-

down IMRY0 cells showed a 2-3-fold decrease of -

H3K9me3 when compared to mock transfected and

GFP siRNA transfected cells (Figure 2E). The 2-fold"

difference observed by Western blotting can be
explained by our immunofiuorescence studies, which
reveal that about half of the total cell population
showed lowered levels of H3K9me3. As expected,
knockdown of SUZ12 in IMR90 cells resulted in a
5-fold reduction in H3K27me3 as assayed by Western
blotting (Figure 2E) and immunostaining (Figure 2D
and E; de la Cruz et al. 2005).

To determine if the SUZ12 knockdown phenotype
was specific for tri-methylation of H3-K9, we
co-stained control cells and SUZ12 siRNA-treated
cells for H3K27me3, to identify cells with significant
depletion of SUZ12, and for di-methylated H3-K9

(H3K9me?2). There was no discernible difference in
‘the ‘levels of H3K9me2 between GFP siRNA and
SUZI12 siRNA transfected cells as assayed by
immunofluorescence (Figures 2F and G). These
results indicate that SUZI12 regulates levels of
H3K9me3 but not H3K9me2.

Knockdown of EZH2 results in loss of H3K27me3
but not H3K9me3

In addition to H3K27me3 activity, EZH2/EED
complexes have limited H3-K9 HMTase activity in
vitro (Kuzmichev et al. 2002). To determine if the
H3K9me3 phenotype of SUZI2 knockdown cells
was due to abrogation of EZH2/EED H3-K9
HMTase activity, we performed EZH2 knockdown
experiments. EZH2 knockdown cells were stained
using antibodies against H3K27me3 and H3K9me3
to examine levels and distribution of these chromatin
marks. GFP siRNA transfected IMR90 cells exhibit a
very low level of EZH2 present in dim speckles
(Figure 3A). After 6 days of incubation with EZH2
siRNAs, 44% of cells exhibited a loss of EZH2
accompanied by a drastic reduction of H3K27me3
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(Figure 3B). Cells treated with EZH2 siRNA were
co-stained for H3K27me3 and H3K9me3 (Figure 3C
and D). In contrast to SUZ12 knockdown, loss of
EZH2 caused a reduction of H3K27me3 staining but
did not affect levels of H3K9me3 (Figure 3C and D).
Western blot analysis of EZH2 knockdown cells
corroborated the immunofluorescence results: levels
of H3K27me3 were reduced 3-fold in EZH2 knock-
down cells as compared to mock and GFP siRNA
transfected cells, whereas H3K9me3 levels were
reduced by only 0.2-fold (Figure 3E). We conclude
that the H3K9me3 phenotype observed in SUZ12
knockdown cells is not linked to the reduction in the
overall amount of H3K27me3. In addition, these
experiments indicate that the SUZI12 siRNA
H3K9me3 phenotype is due to the loss of a SUZ12
function that is independent of SUZI12’s role in
EZH2-directed HMTase activity.

HPla distribution is altered in SUZI2 knockdown
cells

HP1 localization is regulated by H3-K9 methylation
(Bannister et al. 2001, Maison et al. 2002, Pal-
Bhadra et al. 2004, Peters et al. 2001, Rice et al. 2003,
Yamamoto ez al. 2004), suggesting that localization of
HPla may be affected in SUZ12 knockdown cells
with lowered levels of H3K9me3. In GFP siRNA
transfected IMR90 cells there were two predominant
patterns of H3K9me3/HPla localization (Figure 4A,
B), consistent with dynamic localization of HP1a on
constitutive heterochromatin (Cheutin er al. 2003,
Festenstein et al. 2003, Hayakawa et al. 2003). In
80% of cells, H3K9me3 exhibited strong foci of
enrichment that overlapped with toroidal HPla stain-
ing (Figure 4A) indicative of constitutive heterochro-
matin (Minc et al. 1999, Nielsen et al. 2001). These
cells also showed a large number of fine speckles of
HPla that did not overlap with H3K9me3. The
remaining 20% of GFP siRNA transfected cells
displayed relatively uniform distribution of slightly
larger HPla speckles, and these cells always dis-
played a diffuse pattern of H3K9me3 speckles, with
no significant overlap between H3K9me3 and HPla

o
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(Figure 4B). When SUZI12 siRNA cells were sub-
jected to standard immunostaining procedures, which
included a Triton X-100 detergent extraction, cells
exhibiting low levels of H3K9me3 displayed a very
low level of diffusely distributed HPla in 87% of
cells (Figure 4C).

HPla is present in Triton X-100 soluble and
insoluble pools, and the insoluble pools contain
HPla that is bound to heterochromatin (Maison
et al. 2002, Taddei et al. 2001). To test if SUZ12
knockdown affects total levels of HPla or causes
redistribution of HP1a from insoluble heterochroma-
tin-associated pools to soluble, non-heterochromatin-
associated pools, we performed immunostaining for
H3K9me3 and HPla on SUZI2 knockdown cells
that had not been Triton X-100 extracted prior to
fixation (Figure 4D). Non-Triton X-100 extracted
cells with lowered levels of H3K9me3 contained
diffusely distributed HPla ‘at levels comparable to
GFP siRNA-treated cells, but never had HPla
toroids. In addition, Western blotting of SU(Z)12
siRNA-treated cells that were not extracted by Triton
X-100 showed that total levels of HPla protein are
not severely affected in SUZ12 knockdown cells
(Figure 4E). These results suggest that SUZI2
knockdown results in redistribution of HPla from
heterochromatin-associated pools to soluble pools.

Enrichment of HPla on pericentric heterochroma-
tin requires concomitant accumulation of H3K9me3,
and both of these marks are required for centromere
function and normal chromosome segregation (Peters
et al. 2001, Taddei et al. 2001). Given that levels of
H3K9me3 are reduced on pericentric heterochroma-
tin in a significant fraction of SUZI12 knockdown
cells, we expected that knockdown cells would
exhibit defects in chromosome segregation. A com-
mon marker of chromosome instability is the appear-
ance of micronuclei and chromatin bridges, which
form when lagging chromosomes become sur-
rounded by a nuclear envelope (Hoffelder er al.
2004). Consistent with a defect in chromosome
segregation, there was a 3-fold increase in the
proportion of cells containing micronuclei and
chromatin bridges in SUZ12 knockdown cells com-

‘Figm'e 3. EZH2 knockdown results in depletion of H3K27me3 but not H3K9me3. A,B: Immunostaining for EZH2 (first column) and
H3K27me3 (second column) in TMR90 celis treated with GFP siRNAs (A) or EZH2 siRNAs (B). Nuclei are stained with DAPI (third
column) and the merged panel (fourth column) consists of EZH2 (red) and H3K27me3 (green). C,D: Immunostaining for H3K27me3 (first
column) and H3K9me3 (second column) in IMRY0 cells treated with GFP siRNAs (C) or EZH2 siRNAs (D). Nuclei are stained with DAP]
(third column) and the merged panel (fourth column) consists of H3K27me3 (red) and H3K9me3 (green). E: Western blotting for EZH2,
H3K27me3, H3K9me3, and gamma tubulin in IMR9O0 cells transfected with no siRNA, SUZ12 siRNA, or GFP siRNA.
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Figure 5. Increase in micronuclei and chromatin bridges in SUZ12 knockdown cells. A—C: Immunostaining for SUZ12 (second column) in
IMR90 cells treated with GFP siRNAs (A) or SUZ12 siRNAs (B,C) Nuclei are stained with DAPI (first column) and the merged panel (third
column) consists of SUZ12 (red) and DAPI (blue). B: A SUZ12 knockdown cell with micronuclei. C: A SUZ12 knockdown cell exhibiting a
chromatin bridge. Scale bar=5 pum.

4.

‘Figure 4. Distribution of HPla in SUZ12 knockdown cells. A,B: Immunolocalization of HPla (first column) and H3K9me3 (second column)
in GFP siRNA treated IMR90 cells. Nuclei are stained with DAPI (third column) and the merged image (fourth column) consists of HPla
(red) and H3K9me3 (green). HPla and H3K9me3 show two patterns of distribution: HPla is present in many speckles, which in some
instances are organized into toroids that overlap with H3K9me3 toroids (A), and HP1a and H3K9me3 show many speckles with no toroids
and no significant amount of overlap (B). C,D: Immunolocalization of HPla (first column) and H3K9me3 (second column) in SUZ12 siRNA
treated IMRI0 cells. In SUZ12 siRNA-treated cells that show little or no detectable H3K9me3, HPla is also not detectable when cells are
extracted with Triton X-100 (C), but remains detectable in cells that were not Triton X-100 extracted (D). E: Western blotting for SUZ12,
HPla, and histone H3 in non-Triton X-100 extracted IMR90 cells transfected with no siRNA, SUZI2 siRNA, or GFP siRNA.
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