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Posttranslational histone modifications and histone variants form a unique epigenetic landscape on mam-
malian chromosomes where the principal epigenetic heterochromatin markers, trimethylated histone H3(K9)
and the histone H2A.Z, are inversely localized in relation to each other. Trimethylated H3(K9) marks
pericentromeric constitutive heterochromatin and the male Y chromosome, while H2A.Z is dramatically
reduced at these chromosomal locations. Inactivation of a lysosomal and nuclear protease, cathepsin L, causes
a global redistribution of epigenetic markers. In cathepsin L knockout cells, the levels of trimethylated H3(K9)
decrease dramatically, concomitant with its relocation away from heterochromatin, and H2A.Z becomes
enriched at pericentromeric heterochromatin and the Y chromosome. This change is also associated with
global relocation of heterochromatin protein HP1 and histone H3 methyltransferase Suv39h1 away from
constitutive heterochromatin; however, it does not affect DNA methylation or chromosome segregation, phe-
notypes commonly associated with impaired histone H3(K9) methylation. Therefore, the key constitutive
heterochromatin determinants can dynamically redistribute depending on physiological context but still
maintain the essential function(s) of chromosomes. Thus, our data show that cathepsin L stabilizes epigenetic
heterochromatin markers on pericentromeric heterochromatin and the Y chromosome through a novel mech-
anism that does not involve DNA methylation or affect heterochromatin structure and operates on both somatic
and sex chromosomes.

In eukaryotic cells, pericentromeric chromosomal regions do
not completely decondense in the interphase and form hetero-
chromatin, a more condensed and transcriptionally repressed
type of chromatin morphologically distinct from decondensed
and transcriptionally active euchromatin (17, 21, 55). Previous
molecular and genetic studies had established a set of epige-
netic mechanisms such as a special set of histone modifications
also referred to as “histone code” (24) and DNA methylation
(26) that demarcate silent heterochromatin and transcription-
ally active euchromatin, separating one from the other. A key
regulatory mechanism that controls heterochromatin forma-
tion is the positive feedback loop by which histone H3 tri-
methylated at lysine 9 (H3me3K9) recruits heterochromatin
protein 1 (HP1) through direct interaction with the HP1 chro-
modomain (2, 27, 30). HP1, in turn, recruits histone H3(K9)
methyltransferase Suv39h (24, 54) to methylate adjacent
H3(K9). In addition to H3me3K9, other factors can contribute
to the stable association of HP1 with chromatin (10, 59). The
presence of HP1 at chromosomal loci is sufficient to induce

chromatin condensation and gene repression (64). The highest
concentration of HP1 and H3me3K9 is found at simple repeats
in the vicinity of centromeric regions forming the largest blocks
of heterochromatin, also known as pericentromeric constitu-
tive heterochromatin. In addition, H3me3K9 is localized on
chromatin clusters associated with certain types of DNA re-
peats at chromosomal arms (34) and late replicating DNA
(67). Dose variations of the Drosophila melanogaster Suv39h
homologue Su(var)3-9 (as well as of HP1 and a number of
other chromatin-modifying factors) causes a remarkable posi-
tion-dependent but DNA sequence-independent clonal varie-
gation of expression of certain genes, resulting in mosaic phe-
notypes long known as position effect variegation (57). Double
knockout of Suv39h1/h2 genes in mice causes a major deple-
tion of trimethylated H3(K9) and another important hetero-
chromatin marker, DNA methylation on centromeres, and af-
fects chromosome segregation, indicating a direct role of
Suv39h and histone H3 methylation in maintaining hetero-
chromatin integrity and proper chromosomal cohesion (31, 46,
47). Interestingly, the Suv39h double knockout does not affect
sex chromosomes, indicating a possible role of another histone
methyltransferase(s) in establishing histone methylation on sex
chromosomes (47).

The ability of heterochromatin to spread in cis and inactivate
normally active genes in a position-specific and sequence-in-
dependent manner requires special mechanisms regulating his-
tone H3 methylation on chromosomes. Interestingly, one es-
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sential histone H2A variant, H2A.Z, has been previously found
to serve as a heterochromatin barrier in Saccharomyces (35)
and as a heterochromatin- and H3 trimethylation-promoting
protein in Drosophila (63). In vertebrate cells, its localization
and role in heterochromatin spreading is ambiguous. H2A.Z is
a core but minor component of pericentromeric heterochro-
matin in mouse cells (I. K. Greaves and D. J. Tremethick,
submitted). Depletion of H2A.Z leads to the loss of sister
chromatid cohesion and defects in chromosome segregation in
mouse and human cells (53). The amount of H2A.Z at consti-
tutive heterochromatin can vary depending on the differenti-
ation state. Pericentromeric heterochromatin of extraembry-
onic tissue cells becomes highly enriched in H2A.Z during
early mouse development, while the inactive X chromosome
remains devoid of this histone variant (52). Interestingly, peri-
centromeric heterochromatin in these cells is depleted of
H3me3K9 (34). The significance of this inverse correlation
between H2A.Z and H3(K9) methylation and whether it is
specific for these cells remains to be determined. Consistent
with its heterochromatin functioning, H2A.Z induces the for-
mation of the 30-nm chromatin fiber in vitro and confers a
slightly (twofold) higher affinity for HP1� than unmodified
H2A-containing nucleosomes (10). Whether this histone vari-
ant is linked to histone H3 methylation and heterochromatin
formation in vivo remains to be understood.

To determine the spatial relationship between H3me3K9
and H2A.Z in chromatin, we conducted a microscopic immu-
nofluorescence analysis of these two markers’ distribution on
human and mouse chromosomes. Our studies revealed a global
alternate distribution of H2A.Z and H3me3K9 on both mouse
and human chromosomes, indicating that such a spatial rela-
tionship has a universal nature. The domains defined by this
alternating pattern on somatic chromosomes and the unique
epigenetic landscape of the Y chromosome provide character-
istic landmarks against which the topographic changes in epi-
genetic chromatin markers and their effect on chromatin struc-
ture and activity can be easily analyzed. Using these landmarks,
we found that either partial inhibition or a complete knockout
of a lysosomal and nuclear protease cathepsin L leads to a
dramatic reduction of H3me3K9 on centromeric chromatin
and a global repositioning of H2A.Z to the sites vacated by
trimethylated H3(K9). Cathepsin L knockout also causes com-
plete reversal of the epigenetic landscape on the male Y chro-
mosome, including loss of H3me3K9 and intrusion of H2A.Z.
However, it does not damage DNA methylation or chromo-
some segregation, the processes affected by Suv39h knockout
(31, 47). Thus, our data uncover a novel function of cathepsin
L that inversely regulates chromosomal positioning of the prin-
ciple epigenetic markers H3me3K9 and H2A.Z on mammalian
chromosomes in a pathway clearly distinct from that affected
by Suv39h inactivation. Our findings are also consistent with
the compensatory role of H2A.Z in maintaining constitutive
heterochromatin in the absence of cathepsin L and upon the
deficiency in histone H3(K9) trimethylation.

MATERIALS AND METHODS

Antibodies and chemicals. All chemicals were purchased from Fisher Scientific
(Pittsburgh, PA), unless otherwise noted. Antibodies against dimethyl-H3(K9),
HP1�, HP1�, acetyl-H3(K9, 14), and acetyl-H4 (K12) were described previously
(23), as were anti-H2A.Z antibodies (52) and anti-trimethyl-H4 (Lys20) antibod-

ies (28). Antibodies against phosphorylated H3 (Ser10), trimethyl-H3(K9), and
mouse Suv39h1 protein were purchased from Upstate (Lake Placid, NY), anti-
bodies against Xpress tag were purchased from Invitrogen (Carlsbad, CA),
5-methylcytosine was purchased from Calbiochem (San Diego, CA), actin beta
was purchased from Sigma (St. Louis, MO), and cathepsin L was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Secondary AlexaFluor-conju-
gated antibodies from Molecular Probes, Inc. (Molecular Probes, Eugene, OR)
were used for immunofluorescence, and horseradish peroxidase-conjugated an-
tibodies from Jackson ImmunoResearch (West Grove, PA) were used for West-
ern blot analysis. See Table S1 in the supplemental material for additional
information on antibodies and dilutions.

Cell lines and transfection. NIH 3T3 mouse fibroblasts (ATCC CRL-1658)
were cultured in Dulbecco’s minimal essential medium containing 10% newborn
calf serum (Gibco) as described previously (22). MENT-expressing cells
(MENT-63, MENT-ov16) and control G418-resistant cells were described pre-
viously (23). Cathepsin L knockout cells, control CatL-expressing cells, and
primary mouse fibroblasts (20) were cultured in HEPES-buffered Dulbecco’s
minimal essential medium supplied with 1 mM sodium pyruvate (VWR), 10%
newborn calf serum, 1� penicillin/streptomycin/glutamine (Gibco), and 50 �M
2-mercaptoethanol (Sigma). Transfection experiments were performed using
GenePORTER 2 reagent (Gene Therapy Systems) according to the manufac-
turer’s instructions. Cells were analyzed for expression of target protein 48 to
60 h after transfection. In Suv39h1 expression experiments, 1 �M nocodazole
was added 12 h after transfection start to prevent transport of tagged Suv39h1
protein to aggresomes. Since transfected cells do not enter mitosis within the
time scale of the experiment, this treatment mostly targets aggresomal protein
transfer and not mitotic spindle assembly (13, 25). Nocodazole treatment did not
alter the nuclear localization of tagged Suv39h1 per se in transfected cells.

Isolation of metaphase chromosomes and chromosome count. Metaphase
chromosomes were isolated essentially as described previously (61). Briefly, cells
were arrested in metaphase by incubation with 100 ng/ml Colcemid (Invitrogen)
for various times dependent on cell culture and collected by trypsinization,
followed by treatment with hypotonic solution (0.0375 M KCl, 0.4% sodium
butyrate) for 13 min at a concentration of 5 · 105 cells/ml. Cell suspensions were
then spun down onto poly-L-lysine-coated (Sigma) microscope slides by centrif-
ugation at 1,900 rpm for 10 min in a cytocentrifuge (Cytopro 7620; Wescor). The
microscope slides were then incubated in KCM buffer (120 mM KCl, 20 mM
NaCl, 10 mM Tris-HCl, pH 7.7, 0.1% Triton X-100) for 10 min at room tem-
perature (RT) and fixed with 2% paraformaldehyde (Electron Microscopy Sci-
ence, Hatfield, PA) in phosphate-buffered saline (PBS) to preserve the histone
association with chromatin. Resulting metaphase spreads were stained with an-
tibodies against modified histone tails and analyzed using an immunofluores-
cence microscope as described below. For chromosome count, 100 metaphase
spreads were randomly selected from each cell type preparation, and the number
of chromosomes per karyotype was assessed using Image Pro Plus 4.1 software
(Media Cybernetics, Inc., Silver Spring, MD).

Immunofluorescence microscopy and image analysis. For analysis of inter-
phase nuclei, cells were grown on cover glasses to about 90 to 95% confluence
and then fixed with a 1:1 acetone-methanol mixture for 30 min at �20°C. Cover
glasses with whole cells or microscope slides with metaphase chromosome
spreads were stained with primary and fluorescent secondary antibodies as de-
scribed previously (22, 23) (see Table S1 in the supplemental material).

The protocol for staining with antibodies against 5-methylcytosine was opti-
mized from several published protocols (4, 37) as follows. Cytospin preparations
with metaphase spreads (either unstained or stained with antibodies against
histone N tail modifications) were washed twice with double-distilled water, fixed
in a 3:1 methanol-acetic acid mixture for 15 min, and dried overnight at RT in the
dark. Dry slides were rehydrated for 30 min at 37°C in PBS containing 0.05%
Tween 20 and subjected to acid hydrolysis in the preheated 2 N HCl for 20 min
at 37°C. Acid was neutralized by washing slides three times for 10 min in 0.1 M
sodium borate buffer, pH 8.4, followed by a double wash in PBS with 0.1%
Tween 20. Slides were then blocked with 1% bovine serum albumin (Jackson
ImmunoResearch) in PBS–0.1% Tween for 30 min at RT, incubated with 1
�g/ml primary mouse anti-5-methylcytosine antibodies for 1 h at 37°C in a humid
chamber, washed three times for 5 min in PBS, and then incubated with second-
ary anti-mouse Alexa Fluor-conjugated antibodies for 1 h at RT, followed by
another triple PBS wash (see Table S1 in the supplemental material for antibody
dilutions). All samples were counterstained with Hoechst 33258 DNA stain as
described previously (22).

Fluorescence microscopy was performed using a Nikon Eclipse microscope
with a 60� or 100� plan apo lens. For deconvolution, 16-bit z-axis slices were
captured at 0.4-�m steps with a cooled charge-coupled device camera and iter-
atively deconvolved (usually 20 cycles) using AutoDeblur software (AutoQuant
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Imaging, Watervliet, NY) as described (22). Deconvolved images of nuclei in the
figures represent a single z-axis slice through the center of the nucleus. Image
intensity analysis was performed with Image-Pro Plus software.

FISH on metaphase chromosomes. Fluorescent in situ hybridization (FISH)
on metaphase chromosomes was performed essentially as described previously
(36, 62), with minor modifications. See supplementary methods in the supple-
mental material for a detailed description.

Isolation of cell nuclei, total cell extracts, and Western analysis. Purification
of cell nuclei from mouse fibroblasts, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and Western blotting were conducted essentially as described
previously (16). Briefly, attached cells were washed once in PBS and lysed in
RSB-HEPES buffer (10 mM NaCl, 3 mM MgCl2, 10 mM HEPES, pH 7.5)
containing 0.5% Igepal CA-630 (Sigma), followed by centrifugation for 10 min at
7,600 � g. The supernatant was discarded, and the nuclear pellet was used for
Western blotting. Detection of HP1 proteins and histones was carried out as
described previously (23). For analysis of Suv39h1 protein, total Laemmli cell
lysates were prepared by resuspending cells in 1� Laemmli buffer supplemented
with 1 mM phenylmethylsulfonyl fluoride, 5 mM dithiothreitol, 1� proteinase
inhibitor cocktail, 5 mM sodium vanadate, and 25 mM sodium pyruvate.

Isolation of total RNA, reverse transcription, and semiquantitative PCR.
Total RNA from CLI and CLO cells was isolated using Trizol reagent (Invitro-
gen) according to the manufacturer’s instructions, and cDNA was prepared using
the First Strand cDNA synthesis kit (Fermentas, Hanover, MD). Per 25 �l of
PCR mixture, 1.5 �l of cDNA (corresponding to �0.4 �g of starting total RNA)
was used with oligonucleotides specific for Suv39h1 mRNA (forward, 5�-CAA
CCTTGATGAGCGACTACC-3�; reverse, 5�-TTAAGTGCAATGCCTGAT
GG-3�). To ensure quantitative PCR, serial dilutions of cDNA samples were
prepared, ranging from 1:5 to 1:125, and all samples were analyzed in parallel
duplicate experiments. Reverse transcription-PCR (RT-PCR) analysis of house-
keeping genes RPS9 (ribosomal protein S9) and beta-actin was used as a control
to adjust the amount of cDNA. PCR conditions were as follows: for Suv39h1, 35
cycles, annealing at 56°C; for RPS9, 18 cycles, annealing at 56°C (forward oli-
gonucleotide, 5�-CCTAGCGAGGTCAACATGC-3�; reverse oligonucleotide,
5�-TCTTGGCCAGGGTAAACTTG-3�); for beta-actin, 18 cycles, annealing at
57°C (forward 5� oligonucleotide, 5�,CAACTGGGACGACATGGAG-3�; re-
verse oligonucleotide, 5�-TAGATGGGCACAGTGTGGG-3�). PCR products
were analyzed by electrophoresis on a 2% agarose gel stained with ethidium
bromide.

RESULTS

Alternate distribution of trimethylated H3 and H2A.Z at
the Y chromosome and pericentromeric heterochromatin. On
mouse chromosomes, preferential staining of AT-rich major
satellite DNA with Hoechst 33258 provides bright foci at peri-
centromeric heterochromatin (18). We employed these foci as
clear visible landmarks for analysis of localization of H3me3K9
and H2A.Z using immunofluorescent staining of metaphase
chromosomes. Chromosomes from mouse embryonic stem
(ES)-derived fibroblasts showed a strong mostly centromeric
staining by anti-H3me3K9 overlapping with the Hoechst-pos-
itive foci (Fig. 1A, subpanel b), consistent with the pattern of
this histone modification observed in other studies (34). In
sharp contrast, H2A.Z was preferentially localized on noncen-
tromeric chromatin without any detectable overlap with his-
tone H3 methylation on chromosome arms or Hoechst foci
(Fig. 1A, subpanels c and d, and Fig. 1B). We also observed a
very similar nonoverlapping H3me3K9/H2A.Z pattern on
chromosomes from cultured NIH 3T3 mouse fibroblasts (see
Fig. S1 in the supplemental material). Human centromeres
differ from those of the mouse in the sequence of centromeric
DNA repeats, are not preferentially stained by Hoechst, and in
a sharp contrast to mouse acrocentric chromosomes, mostly
occupy metacentric positions (Fig. 1A, subpanel e). However,
despite such sequence and morphology differences, trimethyl-
ated H3(K9) again occupied pericentromeric heterochromatin
as well as certain domains on chromosome arms, while H2A.Z

was mostly excluded from these locations on human chromo-
somes (Fig. 1A, subpanels f to h, and Fig. 1B). Thus, both
human and mouse chromosomes contain a mutually alternat-
ing pattern of H3me3K9/H2A.Z distribution, indicating that
this spatial chromosomal relationship between the two mark-
ers is universal for mammalian cells.

We noticed that within the whole-chromosome sets from either
human or mouse male cells, one chromosome was intensely
stained by H3me3K9 throughout the whole chromosome and
contained almost no H2A.Z (Fig. 1A). The morphology and the
uniqueness of this chromosome in the metaphase spreads indi-
cated that this is the Y chromosome. We confirmed the identity of
the mouse Y chromosome using FISH (Fig. 1C) with the mouse
Y chromosome-specific probe pErs5 (5). Thus, the Y chromo-
some, the most heterochromatic chromosome in the mammalian
male cells (44), shares the enrichment in histone H3 trimethyla-
tion and the absence of H2A.Z with the pericentromeric hetero-
chromatin and facultative heterochromatin on the inactive female
X chromosome in mammalian cells (7). This indicates that there
is a general molecular mechanism that establishes the chromo-
some-wide histone modification landscape on pericentromeric
regions and sex chromosomes in mammals.

Chromosomal repositioning of H3me3K9 and H2A.Z by a
nuclear cathepsin L inhibitor, MENT. We then sought to deter-
mine whether the alternate global H3me3K9/H2A.Z distribution
could be coordinately controlled on chromosomes. Previously, we
showed that MENT, a nuclear serpin (serine and cysteine pro-
tease inhibitor) involved in chromatin condensation during cell
differentiation, causes large-scale remodeling of histone H3 meth-
ylation in the interphase nuclei, characterized by formation of
new noncentromeric H3me3K9 foci (23). Studies of interphase
nuclei did not allow us to assign these foci to the known chromo-
somal locations; therefore, it was impossible to convincingly dem-
onstrate whether MENT indeed physically changed the position
of H3(K9) trimethylation along the DNA. To investigate this
issue, we conducted chromosome immunofluorescence experi-
ments with chromosomes from NIH 3T3 cells stably expressing
MENT (MENT-wt) as well as with control cells transfected with
empty vector (23). The pattern of H3me3K9 on chromosomes
from the control cells was similar to the one found on normal
mouse chromosomes described above (Fig. 1D, control). In sharp
contrast, chromosomes from MENT-expressing cells exhibited a
dramatic rearrangement of this marker (Fig. 1D, MENT-wt).
H3me3K9 relocated from the pericentromeric regions to the
chromosome arms. These chromosomal studies support our pre-
vious conclusions that MENT physically rearranges H3me3K9
along DNA.

Previous studies indicated that the MENT interaction with
modified histones in the cells involves its reactive center loop
(RCL) domain (23). Our in vitro experiments revealed that the
RCL is directly involved in MENT’s ability to condense chro-
matin (58). The RCL is also indispensable for direct interac-
tion with and specific inhibition of the protease cathepsin L in
vitro (22). To determine if this bifunctional MENT domain is
important for the observed rearrangement of epigenetic mark-
ers by MENT, we constructed a cell line that stably expressed
MENT with RCL inactivated by an “ovalbumin swap” muta-
tion (MENT-ov16), which disrupts protease inhibition and al-
ters chromatin binding by MENT (23, 58). Metaphase chro-
mosomes from the MENT-ov16 cell line showed a similar
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FIG. 1. Mutually alternating distribution of H3me3K9 and H2A.Z on mammalian chromosomes is altered upon cathepsin L inactivation. (A) Immuno-
fluorescence of metaphase chromosome spreads from mouse ES-derived fibroblasts (mouse ES) and human foreskin fibroblasts (human). Metaphase
chromosomes were stained with antibodies against H3me3K9 (me3, red) and H2A.Z (green) as well as Hoechst 33258 DNA stain (blue). cen, centromeres.
Arrows indicate the Y chromosome. Bar, 5 �m. (B) Fluorescence intensity profiles of H3me3K9, H2A.Z, and Hoechst plotted along the chromosome paths
(indicated by yellow lines in panel A, subpanels b, d, f, and h). Note the “out-of-phase” chromosomal distribution of H2A.Z and H3me3K9 on both mouse and
human chromosomes as well as accumulation of H3me3K9 on centromeric regions. (C) FISH of mouse metaphase chromosomes coupled with H3me3K9
fluorescence. Chromosomes were first stained with anti-H3me3K9 antibodies (red) and then subjected to FISH with Y-specific probe (green) and counterstained
with Hoechst (blue). (D) H3me3K9 immunofluorescence on metaphase chromosomes from control cells (control) and cells expressing wild-type MENT
(MENT-wt) and ov-swap MENT (MENT-ov16). (E) H3me3K9 immunofluorescence of interphase nuclei (subpanels a to c) and metaphase chromosomes
(subpanels d to f) from cathepsin L heterozygous (CL�/�) and cathepsin L knockout (CL�/�) mouse embryonic fibroblasts. “Early” and “late” indicate
passages of CL�/� cells (see text). Red, H3me3K9; blue, Hoechst. Asterisks indicate bands of H3me3K9 accumulation on MENT-wt chromosome arms. Cen,
centromeres; Y, Y chromosome. Arrows on panel E point to pericentromeric chromatin. Profiles illustrate the spatial fluorescence intensity changes of
H3me3K9 and Hoechst plotted along the paths shown by yellow lines. Note the accumulation of H3me3K9 in centromeric regions of control, MENT-ov16,
CL�/�, and CL�/� “early” fibroblasts but not in MENT-wt or CL�/� “late” fibroblasts. Bar, 5 �m.
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pattern of H3me3K9 distribution to the control cells (Fig. 1D).
Thus, the studies of metaphase chromosomes confirmed the
importance of the MENT RCL not only for its association with
chromatin but also for specific rearrangement of H3me3K9.
The requirement for an intact inhibitory RCL domain of
MENT to alter chromosomal distribution of H3me3K9 raised
an interesting possibility that this effect may be mediated
through cathepsin L inhibition. Cathepsin L is a well-recog-
nized lysosomal protease (3); however, recent studies revealed
that some cathepsin L isoforms could enter the cell nucleus
and target nuclear proteins (14). MENT acts as a potent and
very specific irreversible cathepsin L inhibitor in vitro (22), and
using radioactive in vivo cathepsin active site labeling by a
specific radioactive peptide (65), we found that stable MENT
expression in NIH 3T3 cells interferes with direct cathepsin L
labeling (see Fig. S2 in the supplemental material). This and
previous findings indicated that MENT can interact with ca-
thepsin L in live cells and further supported the hypothesis that
chromatin remodeling by MENT, particularly redistribution of
H3me3K9, may involve cathepsin L inhibition.

Primary cathepsin L knockout mouse fibroblasts exhibit
destabilized levels of H3 trimethylation. We then sought to
determine whether cathepsin L inactivation by itself could af-
fect the topography of chromosomal epigenetic markers with-
out being mediated by MENT. Cathepsin L knockout mice are
viable; however, they exhibit a variety of mild abnormalities in
different tissues (40, 56, 66). Some of these abnormalities, such
as male fertility problems in cathepsin L-deficient mice (66; A.
Rudensky, personal communication) could be attributed to the
changes in chromatin regulation (see below). We therefore
wondered whether the cathepsin L knockout affects the stabil-
ity and/or localization of the epigenetic chromatin markers.
We analyzed the levels and distribution of H3me3K9 in pri-
mary mouse embryonic cathepsin L knockout fibroblasts
(CL�/�) as well as in heterozygous fibroblasts (CL�/�) as a
control. The two cell cultures initially exhibited similar
H3me3K9 pericentromeric nuclear patterns (Fig. 1E, subpan-
els a and b) and protein levels (Fig. 2B, compare CL�/� and
CL�/� “early”). However, after several (less than 10) passages,
the H3me3K9 phenotype dramatically changed in CL�/� cells:
the H3 trimethylation levels dropped (Fig. 2B, CL�/� “late”),
and the majority of the cells revealed noncentromeric distri-
bution of H3me3K9 (Fig. 1E, subpanel c). Immunofluores-
cence analysis of chromosomes from CL�/� and CL�/� cells
revealed that, while heterozygous CL�/� and “early” CL�/�

cells contained all chromosomes with high-level pericentro-
meric H3me3K9 (Fig. 1E, subpanels d and e), the majority (80
to 90%) of chromosomes from “late” CL�/� cells had a strik-
ing depletion of these markers from the centromeres (Fig. 1E,
subpanel f and Fig. 2A, histogram), similar to that observed
with MENT-expressing cells, and the remaining H3me3K9 was
relocated mainly to telomeric chromosome ends. The Y chro-
mosome has also lost its characteristic trimethylated H3 topog-
raphy in these later passages of CL�/� cells (Fig. 1E). The
observed epigenetic switch was maintained during further
CL�/� cell divisions (data not shown). The CL�/� cells main-
tained 100% high-level pericentromeric H3me3K9 at all times.
These findings indicate that cathepsin L stabilizes the cellular
levels and localization of H3me3K9. When the cathepsin L-
deficient cells proliferate in vitro, the destabilization of cellular

epigenetic pathways normally controlled by cathepsin L rapidly
leads to clonal epigenetic instability and loss of H3 trimethyl-
ation after several rounds of cell division.

Cathepsin L knockout cell lines exhibit an altered pattern of
histone H3 methylation that is restored by cathepsin L expres-
sion. Since the primary cathepsin L knockout fibroblasts dis-

FIG. 2. Epigenetic chromatin markers in cathepsin L knockout
cells. (A) Frequency of H3me3K9 localization phenotypes on CL�/�

(CL�/�) and CL�/� (CL�/� “early” and “late,” see text) chro-
mosomes. H3me3K9 chromosomal distribution in randomly picked
metaphase spreads (100 from each cell line) was assessed by immuno-
fluorescence. The percentage of karyotypes with either centromeric
(e.g., Fig. 1E, subpanels d and e) or noncentromeric (e.g., Fig. 1E,
subpanel f) H3me3K9 in each culture is represented as a bar. Note the
100% centromeric H3me3K9 in CL�/� and CL�/� “early” and the
prevalence of noncentromeric H3me3K9 in CL�/� “late.” (B to D)
Nuclear proteins of CL�/� and CL�/� fibroblasts as well as NIH 3T3
(3T3), CLO-initial (CLOi), CLO3, and CLI cells were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (C) and
Western blotting (B and D) with antibodies against H3me3K9,
H3me2K9, H3acK9,14, H2A.Z, H4acK12, H4me3K20, HP1�, and
HP1� as indicated. Equal amounts of nuclear protein in each well were
confirmed by Coomassie blue R-250 staining (e.g., see panel C) and by
Western blotting with antibody against H3 C terminus (H3 C-term).
(E) Frequency of H3me3K9 level/localization phenotypes in CLI,
CLOi, CLO3, and CLO6 cultures. H3me3K9 nuclear levels and dis-
tribution were assessed by immunofluorescence. Bars represent per-
centages of cells with either high-level centromeric or low-level non-
centromeric H3me3K9. More than 200 nuclei were scored in each
culture. Note that there was only one H3me3K9 phenotype in CLI,
CLO3, and CLO6 cultures and the mixed population of CLOi.
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played epigenetic instability and primary cells tend to enter
quiescence, we decided to use immortalized cell lines to fur-
ther characterize cellular epigenetic phenotypes associated
with cathepsin L deficiency. We obtained mouse embryonic
cathepsin L knockout fibroblast cells immortalized with large T
antigen (further called CLO, “cathepsin L out”) as well as
control cathepsin L-expressing cells (CLI, “cathepsin L in”)
generated by transducing CLO with vector containing cathep-
sin L cDNA (20). First, we thoroughly characterized the two
cell lines and found that, despite the complete absence of both
the cathepsin L protein and cathepsin L-specific activity as
determined by Western blotting (see Fig. S3A in the supple-
mental material) and protease active site labeling (see Fig. S3B
in the supplemental material), the two cell lines shared mor-
phological similarity, equal growth rates (see Fig. S3C in the
supplemental material), similar overall protein composition
(Fig. 2C, compare CLI and CLOi [i stands for “initial”; see also
below]), and similar composition of major histones analyzed by
reverse-phase high-performance liquid chromatography (see
Fig. S4 in the supplemental material). This similarity between
the cathepsin L knockout and cathepsin L-expressing cells is
consistent with the mild phenotypic changes inflicted by ca-
thepsin L knockout (40, 56, 66).

Further immunofluorescence analysis revealed a strikingly
variegating level of H3me3K9 in CLOi cells that precisely
correlated with altered nuclear distribution of this marker (Fig.
2E, histograms) as well as other chromatin proteins associated
with it. Similar to the primary CL�/� “late” fibroblasts, the
majority (85%) of CLOi cells had significantly diminished lev-
els of H3me3K9 (Fig. 2D), which coincided with localization of
the remaining H3me3K9 to noncentromeric regions in the cell
nuclei (Fig. 2E and Fig. 3A, subpanel f). The rest (15%) of the
cells in the CLOi population exhibited H3me3K9 localization
and levels similar to those of the CLI fibroblasts (Fig. 2E). We
then asked whether this heterogeneity results from a clonal
instability of epigenetic pattern in CLOi. Therefore, we iso-
lated a total of 14 single-cell-derived colonies from the initial
CLO cell population (CLOi) and analyzed these clones for the
levels and localization of H3me3K9. Two types of colonies with
a dramatically different H3me3K9 pattern were detected, con-
sistent with the two phenotypes in the initial CLOi cell popu-
lation: one type (e.g., CLO clone 6, CLO6) with a high-level
centromeric H3me3K9 and the other type (e.g., CLO clone 3,
CLO3) with a low-level noncentromeric H3me3K9 (Fig. 2E).
Detailed immunofluorescence analysis of CLO3 nuclei further
confirmed that this clone contained 100% cells with noncen-
tromeric H3me3K9 and thus represented the majority of the
CLOi cells.

In a remarkable contrast, all CLI cells always contained
uniformly high levels of completely centromeric H3me3K9
(Fig. 2E and Fig. 3A, subpanel a), typical for the majority of
mouse cells characterized earlier. We thus concluded that ca-
thepsin L expression was sufficient to prevent the variegation
of trimethyl-H3(K9) caused by the protease knockout.

Cathepsin L knockout affects the nuclear localization of
epigenetic chromatin markers functionally linked to histone
H3 methylation. We next analyzed levels and localization of
several important chromatin epigenetic markers linked to his-
tone H3 methylation. Figure 2D shows the results of Western
blot analyses of total nuclear protein isolated from CLI, CLOi,

CLO3, and NIH 3T3 cells. Most chromatin markers in CLO3
exhibited levels similar to those observed in the initial CLO
population (Fig. 2D, compare CLOi and CLO3). This includes
a dramatic decrease in the levels of H3me3K9 (10- to 12-fold
as estimated by antibody titration) and also a significant de-
crease in H3me2K9. Notably, levels of the majority of the rest
of the chromatin markers remained unchanged.

Concomitant with down-regulation of H3 trimethylation, we
observed an increase in the essential H2A.Z histone isoform
(three- to fourfold by titration) in CLOi and CLO3 cells (Fig.
2D). Moreover, while H2A.Z localized mostly to euchromatin
and avoided pericentromeric heterochromatin in CLI nuclei
(Fig. 3A, subpanel c), CLO3 cells revealed a dramatically al-
tered pattern, with H2A.Z occupying the Hoechst-positive het-
erochromatin (Fig. 3A, subpanel h). Earlier in this paper we
showed that H3me3K9 and H2A.Z exhibit a conserved alter-
nate distribution on mouse and human chromosomes. The
increase in H2A.Z that coincides with the decrease in
H3me3K9 levels together with their inverse relocation with
respect to pericentromeric heterochromatin in CLO cells
(H3me3K9 out, H2A.Z in) and very little changes in chromatin
morphology further support possible compensating functions
of these two chromatin markers.

We also analyzed the CLOi, CLO3, and CLI cell cultures
for several other factors correlated with H3 methylation,
HP1�, HP1�, and trimethyl-H4 Lys20 (H4me3K20), as well as
anticorrelating factors, acetyl-H3 Lys9,14 (H3acK9,14), and
acetyl-H4 Lys12 (H4acK12). We found that, like H3me3K9,
the levels (Fig. 2D) and localization (Fig. 3A) of HP1 proteins
were stable in CLI fibroblasts, with precise colocalization of
H3me3K9 and HP1� at the pericentromeric regions (Fig. 3A,
subpanel b). HP1� was also localized to the pericentromeric
Hoechst-positive heterochromatin in CLI cells (Fig. 3A, sub-
panel d). In contrast, in CLOi cells, the HP1 nuclear distribu-
tion varied dramatically but in a strikingly precise correlation
with H3me3K9 (see Fig. S5A in the supplemental material). A
smaller fraction (15%) of CLOi cells exhibited patterns of
H3me3K9 and HP1 similar to those in CLI nuclei. However,
the majority of CLOi cells and all CLO3 cells revealed non-
centromeric localization of both HP1� and � proteins and
H3me3K9, with almost no overlap between HP1 and H3me3K9
(Fig. 3A, subpanels g and i; see also profiles on Fig. S5B in the
supplemental material). CLO3 thus represented the majority of
CLOi cells and was used for further studies. In contrast,
H4me3K20 did not lose its centromeric association in cathepsin
L knockout cells (Fig. 3A, compare subpanels e and j). Neither
this marker nor histone H3(K9,14) acetylation or H3(S10) phos-
phorylation showed any positive or negative correlation with
H3me3K9 (Fig. 2D and data not shown), indicating that separate
mechanisms control these epigenetic markers and that cathepsin
L inactivation specifically affects histone H3(K9) methylation.

Cathepsin L knockout alters the distribution pattern of
histone H3(K9) methylation and H2A.Z on centromeres and
reverses the epigenetic landscape of the Y chromosome. We
next decided to examine whether the changes in the histone
tail modifications observed in the interphase nuclei persist on
metaphase chromosomes. Consistent with the findings with
normal mouse cells described earlier, the trimethylated
H3(K9) resided mostly in pericentromeric regions on chromo-
somes from CLI cells (Fig. 3B, subpanel b). In contrast, chro-
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mosomes from CLO3 cells (also called CLO) revealed a dra-
matic reduction of H3me3K9 over the centromeric regions and
its relocation to chromosome arms, mainly to distal telomeric
ends of chromosomes (Fig. 3B, subpanel f), similar to the
pattern observed on “late” CL�/� chromosomes (Fig. 1E, sub-
panel f). Concomitant with this, the histone variant H2A.Z
exhibited a strikingly opposite relocation. In all chromosomes
from CLO cells, H2A.Z was present at the centromeres as well
as chromosome arms (Fig. 3B, subpanels g and h), whereas on
CLI chromosomes, it was completely excluded from pericen-
tromeric chromatin (subpanels c and d). CLI chromosomes
were thus no different from other mouse chromosomes de-
scribed previously in this work. Chromosomes from CLO cells,
in contrast, present a novel pattern of H3me3K9 distribution

reminiscent of that observed in cells expressing a cathepsin L
inhibitor, MENT. However, in contrast to cathepsin L knock-
out, MENT-expressing cells did not exhibit a significant loss of
histone H3 methylation (23; also data not shown). Thus, the
cathepsin L knockout system presented much stronger alter-
ations in localization of H3me3K9 (as well as its levels) and
H2A.Z. This increased effect apparently reflects the complete
inactivation of cathepsin L in the knockout cells (see Fig. S3B
in the supplemental material) in contrast to partial inhibition
of cathepsin L by MENT. Thus, our studies for the first time
reveal the effect of cathepsin L inactivation on chromatin epi-
genetic markers per se and provide a new way of fine regula-
tion of cellular epigenetics through cathepsin L enzymatic ac-
tivity and its nuclear inhibitors.

FIG. 3. Nuclear and chromosomal localization of epigenetic chromatin markers in CLI and CLO (CLO3) cells. (A) Immunofluorescence of
chromatin markers in CLI (subpanels a to e) and CLO (subpanels f to j) cell nuclei. Cells were fixed and stained with antibodies against H3me3K9
(red, subpanels a, b, f, and g), HP1� (green, subpanels b and g), HP1� (red, subpanels d and i), H2A.Z (red, subpanels c and h), H4me3K20 (red,
subpanels e and j) and counterstained with Hoechst 33258 (blue). Arrows point to the colocalization of epigenetic chromatin markers with
pericentromeric heterochromatin (chromocenters) in CLI. Arrowheads indicate accumulation of H2A.Z on heterochromatin of CLO cells.
(B) Immunofluorescence of chromosomes from CLI (a to d) and CLO (e to h) cells. Red, H3me3K9; green, H2A.Z; blue, Hoechst 33258; Y, Y
chromosome. (C) FISH (green) coupled with H3me3K9 staining (red) of CLI and CLO chromosomes. Arrowheads point at the double FISH
signals. Bars, 5 �m.
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The CLI and CLO cell lines were derived from a male
mouse embryo, and in the CLI cells, one chromosome per
metaphase set contained high levels of H3me3K9 and almost
no H2A.Z (Fig. 3B, subpanels a to d), consistent with the
staining of the Y chromosome from normal mouse and human
cells (Fig. 1). Morphology and FISH analysis with the Y-chro-
mosome-specific probe confirmed the identity of this chromo-
some (Fig. 3C) and further indicated that CLI cells are no
different than other mouse fibroblasts. In the CLO cells, in
contrast, the Y chromosome lost its signature H3me3K9/
H2AZ pattern (Fig. 3B, subpanels e to h). It became depleted
in H3me3K9 and enriched in H2A.Z and, therefore, often
indistinguishable from somatic chromosomes. FISH studies
confirmed the identity of the Y chromosome in CLO cells (Fig.
3C). Interestingly, while the FISH probe was localized to the
only region on the Y chromosome devoid of H3me3K9 in CLI
cells, on the Y chromosome from CLO cells, the FISH signal
perfectly colocalized with an island of H3(K9) trimethylation
(Fig. 3C). These findings confirmed that cathepsin L knockout
not only destabilized total levels of H3 trimethylation but also
altered its overall chromosomal location. Thus, our findings
indicate that the chromosome-wide histone N-tail modifica-
tions on the male Y chromosome can be positionally regulated
and that this regulation is mediated by cathepsin L.

Nuclear localization of Suv39h1 is altered by cathepsin L
knockout without affecting chromosome segregation and DNA
methylation. Most of histone H3 trimethylation in mice is
mediated by Suv39h histone methyltransferases (HMTases),
which are responsible for almost 100% of centromeric meth-
ylation and are encoded by two genes, Suv39h1 and Suv39h2
(43). While both HMTases are expressed during embryogen-
esis, Suv39h1 functions as the main H3(K9) methylating en-
zyme in the majority of adult tissues and Suv39h2 expression is
restricted to adult testes, indicating a more universal role of
Suv39h1 (43). We analyzed the levels of Suv39h1 transcription
by semiquantitative RT-PCR (using primers specific for
Suv39h1 mRNA) and Suv39h1 protein levels using specific
antibodies. We did not find any difference in Suv39h1 mRNA
(Fig. 4A) or protein (Fig. 4B) levels between CLO and CLI
cells. In addition, we did not observe any severe phenotypes in
CLO cells described for Suv39h gene double knockout, such as
chromosome instability and aberrant segregation or down-reg-
ulation of H3acK9 and H4acK12 (47). We next decided to
analyze Suv39h1 nuclear localization using expression of
tagged Suv39h1, since the available antibodies against endog-
enous Suv39h1 were not suitable for immunofluorescence. Pre-
vious studies indicated that the presence of the N-terminal tag
does not inhibit Suv39h1 activity or association with chromatin
(11, 29). Figure 5A shows immunofluorescence analysis of nu-
clear localization of the full-length Xpress-tagged Suv39h1 in
CLO and CLI cells. In agreement with other studies, Suv39h1
revealed nuclear, preferably heterochromatic localization in
CLI cells (Fig. 5A, upper row), where the majority of tagged
protein colocalized with pericentromeric Hoechst- and
H3me3K9-positive foci (Fig. 5B, profiles). Double immunoflu-
orescence analysis using antibodies against HP1� also revealed
significant colocalization of this heterochromatin marker with
tagged Suv39h1 (Fig. 5C, upper row). In contrast, in CLO cells,
Xpress-Suv39h1 was not targeted to pericentromeric hetero-
chromatin. Instead, it formed bright foci in other nuclear lo-

cations, where it significantly colocalized with H3me3K9 but
not with Hoechst (Fig. 5A, lower row, and Fig. 5B). Interest-
ingly, while Suv39h1 colocalized with H3me3K9 in both cell
cultures (albeit at different nuclear locations), no significant
correlation with HP1� was found in CLO cells (Fig. 5C).
Green fluorescent protein (GFP)-tagged Suv39h1 exhibited
similar nuclear localization patterns (Fig. 5C), indicating that
the altered chromatin location of this HMTase in CLO cells is
a property of the Suv39h1 itself, independent of the tag fusion.
Furthermore, the observed localization pattern of Suv39h1 in
CLO and CLI cells was not dependent on the methyltrans-
ferase activity, since deletion of the catalytic SET domain of
Suv39h1 did not change its nuclear distribution in either cell
culture (data not shown). Thus, in cathepsin L knockout cells,
H3me3K9, Suv39h1, and HP1 can be completely depleted
from pericentromeric heterochromatin without causing its de-
condensation or any effect on general protein composition, cell
morphology, growth rates, and cell survival. Importantly, ex-
pression and localization of euchromatic H3(K9) methyltrans-
ferase, G9a was not altered in CLO cells compared to CLI cells
(data not shown), which indicates a very specific effect of ca-
thepsin L knockout on Suv39h1. Interestingly, DNA methyl-
ation was also not affected by cathepsin L knockout, as judged
by immunofluorescence analysis of chromosomes from CLI
and CLO cells using antibodies against methylated cytosine
(Fig. 5D). In addition, cathepsin L knockout did not alter
chromosome segregation, since CLI and CLO cells exhibited
similar distribution of nondiploid chromosome numbers per
karyotype (Fig. 5E). These observations clearly distinguish the
effect of cathepsin L knockout from the phenotype of
Suv39h1/h2 double knockout cells, where the morphology of
centromeres, DNA methylation, and chromosome segregation
were substantially damaged as a result of the HMTase deple-
tion (46, 47). Thus, cathepsin L knockout provides an opportu-

FIG. 4. Suv39h1 expression and protein levels are similar in CLI
and CLO cells. (A) RT-PCR analysis of total RNA from CLI and
CLOi cells. Total RNA from logarithmically growing CLI and CLOi
cells was isolated and analyzed by RT-PCR with oligonucleotides spe-
cific for Suv39h1 (upper panel) or beta-actin (lower panel) mRNA, as
described in Materials and Methods. 1:5, cDNA from CLOi cells was
diluted 5 times in a parallel experiment to ensure the sensitivity of
PCR analysis. (B) Upper panel, Western blot analysis of total protein
from CLI and CLOi cells with antibodies against mouse Suv39h1
protein. Numbers indicate molecular weight markers. Lower panel, the
same membrane was stripped and stained with antibodies against beta-
actin to confirm equal protein loading.
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FIG. 5. Suv39h1 relocation does not affect DNA methylation or chromosome segregation. (A) Immunofluorescence of CLI (upper row) and
CLO (lower row) cells transfected with Xpress-Suv39h1 and stained with antibodies against Xpress (green), H3me3K9 (red), and Hoechst 33258
DNA stain (blue) 48 h after transfection. (B) Fluorescence intensity profiles illustrate spatial distribution of Xpress, me3, and Hoechst in the nuclei
along the paths indicated by yellow lines on panel A. Note the colocalization of Xpress and H3me3K9 foci with Hoechst-positive chromocenters
in CLI cells (arrows) but not CLO cells (arrowheads). Bar, 5 �m. (C) Cathepsin L knock-in (CLI) or knockout (CLO) cells were transfected with
GFP-tagged Suv39h1, fixed, and stained with antibodies against HP1� 48 h after transfection (CLI, upper row; CLO, lower row). Blue, Hoechst
33258 DNA stain; green, GFP fluorescence; red, HP1�. Profiles indicate fluorescence intensity changes along the yellow lines. Note the almost
complete correlation of GFP-Suv39h1 and HP1� signals with Hoechst foci in CLI cells (arrow) and the absence of any correlation between these
markers in CLO cells. (D) 5-Methylcytosine (5-meC) immunofluorescence of metaphase chromosomes from CLI and CLOi cells. Chromosomes
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nity to modulate the global pattern of histone H3 methylation and
related heterochromatin markers without compromising overall
heterochromatin structure and genome integrity.

DISCUSSION

Since the discovery of the role of trimethylated histone
H3(K9) and the histone methyltransferases in establishing and
spreading heterochromatin (24), numerous studies were per-
formed which were aimed toward understanding their regula-
tion and interaction with other factors important for chromatin
structure and activity. Here, we describe for the first time the
chromosome-wide topographic relationship between H3me3K9
and histone isoform H2A.Z and show that this relationship is
coordinately regulated by the nuclear and lysosomal protease
cathepsin L (catL). These data, together with that of previously
published studies, provide new clues for understanding the role(s)
of these epigenetic factors in heterochromatin establishment and
function.

While H3me3K9 has a well-established role in promoting
heterochromatin formation, H2A.Z may fulfill more complex
functions in chromatin regulation, related to its ability to as-
semble unique higher-order chromatin structures that can be
utilized in different ways (9, 10). For example, it can act as a
heterochromatin-promoting protein in Drosophila (63) but as a
heterochromatin barrier in Saccharomycescerevisiae (35).
H2A.Z is associated with the 5� ends of both active and inac-
tive genes in yeast euchromatin (51) and with pericentromeric
heterochromatin as well as euchromatic regions in mammalian
cells (52). While the bulk of H2A.Z is localized to chromosome
arms, a small portion of it found at pericentromeric hetero-
chromatin (Greaves and Tremethick, submitted) is crucial for
chromosome segregation in mammalian cells (53). Consistent
with these studies, we found that H2A.Z mainly accumulates
on chromosome arms in normal mouse and human fibroblasts
(Fig. 1A); however, it is translocated to heterochromatin in
catL knockout cells (Fig. 3B).

Remarkably, the removal of catL also causes dramatic var-
iegation in total H3 trimethylation levels (Fig. 2D). These
changes are accompanied by redistribution of the HP1 iso-
forms but, surprisingly, do not involve alteration in heterochro-
matin compaction or chromosome stability, previously linked
to the decreased H3 methylation (8, 45, 46). The inactivation
of Suv39h HMTases by double gene knockout causes down-
regulation of H3 methylation (47) as well as severe aberrations
in DNA methylation at pericentromeric satellite repeats (31),
which is consistent with the functional link between histone
H3(K9) and DNA methylation. In contrast, catL-deficient cells
exhibit a normal DNA methylation pattern and morphology of
pericentromeric Hoechst-positive chromatin (Fig. 5D) and
show no alterations in chromosome number compared to catL-
expressing cells (Fig. 5E). This indicates that the CLO cells
manage to uncouple histone and DNA methylation and over-

come the negative effect of H3me3K9 deficiency on hetero-
chromatin. In addition to heterochromatin, Suv39h and HP1
are known to act at several (or many) euchromatic loci (for a
review, see reference 21), where they may not necessarily be
affected by cathepsin L, thus explaining the relatively mild
phenotype of catL knockout compared to Suv39h1/h2 double
knockout. Also, other epigenetic factors may be responsible
for compensating for the effect of Suv39h and HP1 relocation
in cathepsin L knockout cells. Suv39h1/2 double knockout cells
were shown to have increased H3K9 monomethylation and
H3K27 trimethylation at pericentric heterochromatin (45).
The authors proposed (45) that this change may constitute a
mechanism for heterochromatin “rescue” involving substitu-
tion of H3me3K9 by H3me3K27 known to mark the facultative
heterochromatin in normal cells (32, 48). The exact structural
role of H3me3K27 in the formation of facultative or constitu-
tive heterochromatin needs further investigation.

The distinguishing feature of the catL knockout system is
that here the down-regulation of H3 trimethylation is accom-
panied by a significant (fourfold) up-regulation of H2A.Z and
its accumulation in pericentromeric heterochromatin (Fig. 2D
and Fig. 3, respectively). Although H2A.Z is generally believed
to be a euchromatic protein, recent studies have shown that
this histone variant binds HP1 and promotes compaction of
reconstituted chromatin fibers, indicating that it can be in-
volved in heterochromatin formation (10, 52) and chromo-
some segregation (53). Therefore, we suggest that H2A.Z
functionally replaces H3me3K9 in catL knockout cells, thus
allowing them to survive without suffering from the major
defects in constitutive heterochromatin and chromosome seg-
regation caused by H3me3K9 deficiency.

The chromosome-wide enrichment in H3me3K9 and deple-
tion of H2A.Z has been previously reported only for the inac-
tive X (Xi) chromosome in female mammalian cells (7). Our
work reveals that all mouse and human chromosomes share the
alternate epigenetic landscape of these two epigenetic markers
(Fig. 1). We also detected the enrichment in H3me3K9 and ab-
sence of H2A.Z on the Y chromosome of male fibroblasts, thus
revealing the similarity of chromatin composition between the
two sex chromosomes that are mostly transcriptionally inactive in
somatic mammalian tissues. Interestingly, the condensed Y chro-
mosome in plants also reveals enrichment in H3(K9) methylation
(39). These findings indicate that the formation of a signature
epigenetic landscape on the X and Y chromosomes may reflect a
molecular mechanism of heterochromatin maintenance common
for both sex chromosomes. Consistent with this, very recent data
suggest that dimethyl-H3(K9) and H2A.Z may assemble the X
and Y chromosomes into facultative heterochromatin in round
spermatid bodies during meiosis (D. Tremethick, personal com-
munication).

One of the phenotypes associated with catL inactivation is
the abnormal spermatogenesis in furless mice that express cat-
alytically inactive catL (66; A. Rudensky, personal communi-

were stained with antibodies against 5-meCy (red) and counterstained with Hoechst (blue) as described in Materials and Methods. Note similar
distribution of 5-meCy on centromeres (arrows) and the Y chromosome (Y). Bar, 5 �m. (E) Nondiploid chromosome number distribution in
metaphase spreads from CLI (black) and CLOi (gray) cells. One hundred metaphase sets from each culture were randomly selected, and
chromosomes were counted using Image Pro Plus software.
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cation). Interestingly, a similar defect is observed in Suv39h
double knockout mice, where the impaired spermatogenesis
leads to complete spermatogenic failure that is attributed to
the defects in spermatocyte differentiation and chromosome
missegregation. The importance of histone modifications and
their controlled regulation on sex chromosomes for mamma-
lian spermatogenesis was noted in several studies (reviewed in
reference 15). In this light, our findings that catL knockout
destabilizes Y chromosome epigenetics provide a potential link
between altered histone modification patterns and abnormal
germ cell development in catL-deficient mice and emphasize
the importance of further studies of the catL role in epigenetic
control of germ cell differentiation.

Besides the dramatic variegation in histone H3(K9) methyl-
ation, we did not observe any other significant alterations in
histone tail modifications in catL knockout cells, either at ly-
sine 9 [e.g., H3(K9) acetylation] (Fig. 2D) or at neighboring
amino acids, such as phosphorylation of Ser10 (data not
shown), which has recently been found to influence the
H3(K9) methylation and HP1 binding to chromatin (12, 19).
Other heterochromatin-associated methylated sites, such as
H4(K20) and H3(K27), were also unaffected in CLO cells (Fig.
2D, Fig. 3A, and data not shown). This indicates that the effect
of catL knockout is specific for histone H3(K9) methylation
and that the function of Suv39h1, the major HMTase in peri-
centromeric heterochromatin, is affected in CLO cells. Indeed,
consistent with the role of Suv39h1 in the feedback mechanism
of epigenetic regulation of heterochromatin spreading (24), we
observed almost absolute colocalization of H3me3K9, HP1,
and expressed tagged Suv39h1 in catL-positive cells and com-
plete segregation of HP1 from Suv39h and H3me3K9 in CLO
cells (Fig. 5A and C). At the same time, the mRNA and
protein levels of endogenous Suv39h1 were similar between
CLI and CLO cells, indicating that the impaired H3 methyl-
ation in catL-deficient cells is not due to the altered HMTase
levels. The requirement of several cell passages for the redis-
tribution of H3(K9) trimethylation in primary CL�/� cells in-
dicates that this is a result of the gradual decrease of histone
methylation during replication rather than active demethyl-
ation. This is consistent with the absence of histone demethylase
activity specific for histone H3(K9) in mouse cells.

Interestingly, Suv39h1 still partially colocalized with trimethyl-
H3(K9) in CLO cells (although at altered nuclear locations), and
this localization was independent of the HMTase catalytic SET
domain (data not shown). This indicates that other Suv39h1 do-
main(s) are responsible for its altered chromatin targeting in
CLO cells. Thus, our work clearly demonstrates the functional
relationship between catL activity and Suv39h1 recruitment, al-
though the exact epigenetic mechanism(s) directly affected by
cathepsin L remains to be discovered.

The apparent stability of Suv39h1 protein level raises a ques-
tion about which chromatin factors could be affected by ca-
thepsin L proteolytic activity and responsible for the altered
function and targeting of Suv39h1 in CLO cells. Previous stud-
ies by Goulet and colleagues and Moon et al. indicated that,
during S phase, the small (24 kDa) catL isoform localizes to
the cell nucleus where it proteolytically cleaves the essential
CDP/cux transcription factor, causing alteration of its DNA-
binding activity and sequence specificity (14, 38). CDP/cux is
an important regulator of many housekeeping genes, including

several histone genes (reviewed in reference 41), and it has
been shown to directly recruit G9a HMTase to the target genes
and also to affect Suv39h1 (42). However, we found that tran-
sient overexpression of either the full-length or truncated (im-
itation of cleaved) isoform of CDP/cux in CLO cells did not
restore total levels of histone H3 methylation and that the
nuclear localization and mRNA levels of G9a HMTase were
not different between CLO and CLI cells (data not shown).
This indicates that the global epigenetic changes observed in
CLO cells cannot be readily explained by altered CDP/cux
processing. Furthermore, our studies using ectopically ex-
pressed catL (not shown here) indicate that the truncated catL
isoform (identical to that of Goulet et al.) goes very efficiently
into the nuclei of mouse fibroblasts but, after prolonged ex-
pression, forms nuclear aggregates, indicating that the pro-
tease is most probably misfolded and, hence, inactive. Also, the
expression of a full-length, but not a truncated, catL affects
MENT localization and chromatin binding inside the cell nu-
clei (unpublished observations). Therefore, the mechanism of
catL nuclear transport and the activity of the truncated catL
form in the cell nucleus remain to be determined.

This work confirms the efficiency of MENT ectopically ex-
pressed in NIH 3T3 cells as a nuclear inhibitor of catL. Inter-
estingly, in terminally differentiated chicken erythrocytes that
express relatively low MENT (less than in ectopic MENT-
expressing NIH 3T3), histone H3(K9) trimethylation is focal
and heterochromatic (23), while in granulocytes that express
high levels of MENT (chicken) or a related human serpin
MNEI, H3me3K9 is redistributed and blocked from immuno-
fluorescence detection (49). Thus, catL inhibition by high
doses of a nuclear serpin (MENT or MNEI) may contribute to
chromatin rearrangement in mature granulocytes. It is plausi-
ble to think that other closely related intracellular serpins, such
as SCCA1, SQN-5, and Spi2A (1, 33), that inhibit papain-like
cysteine proteases may participate in controlling catL-medi-
ated chromatin regulation in other cell types.

In addition to the variegation of chromatin markers de-
scribed in the current work, other catL-linked phenotypes in-
clude defective skin and bone cell differentiation (50), dilated
cardiomyopathy (60), and male fertility defects (66), some of
which have been attributed to the misbalance between cell
proliferation, differentiation, and death. Furthermore, cells ex-
pressing a cathepsin L knockdown construct show a significant
increase in senescence (68), a phenotype that provides an in-
teresting parallel to that of Suv39h1-dependent senescence (6).
However, the primary CL�/� fibroblasts showed growth rates
similar to those of CL�/� cells and no signs of senescence (data
not shown). Future studies should clarify whether the above-
mentioned phenotypes resulting from cathepsin L deficiency
involve the epigenetic heterochromatin changes reported here.
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