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Figure 5 HKMT activity of SET proteins from chlorella viruses. (a) Southern
dot blot analysis of 37 chlorella viruses confirmed the presence of a vset-like
gene in 32 viruses. Vset-like genes from three of the five viruses that did not
exhibit positive hybridization signals: NY-2A, NY-2B and MA-1D were detected
using low stringency Southern hybridization (data not shown). (b) Sequence
alignment of vSET and SET proteins from chlorella viruses NY-2A, NY-2B and
MA-1D. Positions of a helices (grey) and B strands (yellow) are highlighted in
the vSET sequence. Residues conserved among all known SET proteins are in

treated with EZH2-specific siRNA, EZH2 expression was reduced by
more than 90%, compared with control cells (Fig. 3b). EZH2 knock-
down caused a reduction of SUZ12, a component of PRC2, as well
as near complete loss of H3K27me2 and H3K27me3, and a slight
reduction of H3K27mel. No significant changes were observed with
RING1 of PRCI1, H3K4, H3K9 and H3K36 dimethylation. These

red; residues in the three viral SET proteins that differ from vSET are in blue.
Residues of VSET at the dimer interface are underlined. The NLS sequence

in PBCV-1 is boxed. (c) Methylation activity of the SET proteins from viruses
NY-2A, NY-2B and MA-1D measured with H3 peptides using '“C-methyl-SAM.
Data are mean =+ s.d. of triplicate assays. (d) HKMTase activity of the viral

SET proteins using wild-type H3 (residues 1-57) or the K27R mutant. The
fluorogram shows that NY-2A, NY-2B and MA-1D SET proteins methylate wild-
type H3 but not the K27R mutant. H3 modified by vSET was used as a control.

results confirm that EZH2 is responsible for H3K27 di- and trimeth-
ylation in HeLa cells. vSET treatment of the nuclear extract from
EZH2 knockdown HeLa cells restored H3K27me2 and H3K27me3,
and resulted in a slight reduction of H3K27mel, possibly because
of its conversion to H3K27me2 and H3K27me3 by vSET (Fig. 3¢).
Similar results were obtained when tetracycline was used to induce
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VSET expression in the EZH2 knockdown HeLa cells (Fig. 3d). Thus,
these results demonstrate that vSET can mimic EZH2 to methylate
H3K27 in mammalian cells.

We next examined the effect of vSET methylation activity on gene tran-
scription in a luciferase-based reporter assay. In this assay, we first trans-
fected the 293T cells with vSET fused to a Gal4 DNA-binding domain
(DBD) and a luciferase reporter gene encoding HSV-tk promoter (plus
Gal4 DNA-binding sites). Wild-type vSET repressed luciferase gene
expression by about 95%, whereas the inactive mutants Y105A or Y105F
had no vSET gene-silencing ability (Fig. 4a). Notably, expression of a Flag-
or HA-tagged vSET in the 293T cells caused repression of approximately
60%, compared with the vectors containing only Flag- or HA-tag, or
inactive mutant Y105F (Fig. 4b). The lesser repressive activity of Flag-
or HA-tagged vSET on host transcription, compared with that of vSET-
Gal4-DBD may be due, at least in part, to the presence of H3K27ac and/or
H3S28p in host cells (Fig. 2e), which would prevent H3K27 methylation
by vSET? (Fig. 5¢). In a luciferase-based assay, we also observed that
Flag—vSET co-transfected with HIV-Tat in 293T cells (Supplementary
Information, Fig.S4a) or HeLa cells (Supplementary Information,
Fig. S4b) repressed transcription of the HIV LTR promoter'®", confirm-
ing repression of chromatin-mediated transcription by vSET.

To examine the biological consequence of H3K27 methylation by vSET,
we assessed Polycomb group protein occupation at the H3K27me site
on tetracycline-induction of vSET in the EZH2 knockdown HeLa cells.
Although their protein levels were unaltered, vSET induction enhanced
occupation of the PRC1 complex protein CBX8, but not CBX4 and CBX7
at the H3K27me2 and H3K27me3 sites (Fig. 4c). This CBX8/H3K27me2/3
association is probably facilitated by the chromodomain of CBX8, which
binds methyl-Lysine”?®. Interestingly, a search of the SMART data-
base reveals that a virus PBCV-1 encoded protein (accession number
NP_049022) seems to contain the chromodomain as in CBX8. Therefore,
we conclude that vSET induces transcription repression by H3K27me, and
facilitates accumulation of the PRC1 complex at the H3K27me site.

Using a quantitative RT-PCR assay, we examined whether vSET meth-
ylation activity can modulate Polycomb target genes®. The analysis was
performed in HeLa cells on five representative Polycomb target genes
HOXA7, HOXA9, HOXB9, HOXDS8 and HeyI, and three general house-
keeping genes GAPDH, RPS and tubulin. The effect on the three house-
keeping genes was negligible; however EZH2 knockdown by siRNA
caused a 2.5-fold increase in transcription of HOXA9, HOXB9, HOXD8
and Heyl, and a 7.5-fold increase in HOXA?7 expression (Fig. 4d). The
increase in the Polycomb target gene expression was reversed by tetracy-
cline-induced expression of vSET to a level similar to or slightly higher
than that of the control cells. Moreover, vSET induction in the normal
HeLa cells did not alter the expression level of the five HOX genes when
compared to the controls.

We next characterized vSET-dependent transcriptional repression of
the HOXA?7 promoter in luciferase gene expression and chromatin immu-
noprecipitation (ChIP) assays. Induction of vSET effectively repressed
luciferase expression at the HOXA7 promoter in both EZH2 siRNA-
treated and untreated HeLa cells (Fig. 4e; Supplementary Information,
Fig. S4c). The ChIP analysis confirmed that vSET specifically di- and
tri-methylates H3K27 at the HOXA7 promoter, which recruits CBX8
of the PRC1 and causes gene repression (Fig. 4f). We obtained similar
results for the characterization of vSET-mediated transcription repres-
sion of HIV-Tat-dependent LTR promoter at the nucleosome Nuc2

(Supplementary Information, Fig. S4d, e). These results establish that
vSET can modulate transcription of Polycomb target genes through its
H3K27 methylation activity.

We then examined the effect of VSET expression on the cell cycle. Flow
cytometric analysis indicated that vSET caused cell accumulation at the
G2/M phase in transiently transfected NTH-3T3 cells, whereas active-site
mutants E100A and Y105A were less effective (Fig. 4g). The vSET effect
on the G2/M phase in the cell-cycle was confirmed in the HeLa cells
that were stably co-transfected with vSET in a tetracycline-controlled
expression vector (Fig. 4h). Collectively, our data indicate that vSET
H3K27 methylation activity results in the recruitment of the Polycomb
repressive complexes and modulation of their target genes, leading to
transcription repression and accumulation of cells at the G2/M phase.

To determine whether vSET is unique to viral PBCV-1 or is present in
other chlorella viruses, we hybridized genomic DNA from 36 other chlo-
rella viruses with a vset gene probe. Thirty-one of these viruses hybridized
to the probe (Fig. 5a). The probe did not hybridize to DNA from 5 viruses
or the host DNA. However, a vset gene was identified in 3 of these 5 viruses
using low stringency hybridization. The vSET proteins from these three
viruses, NY-2A, NY-2B and MA-1D, have 85% amino acid similarity to
PBCV-1 vSET, including the conserved active-site residues in the SET
domain family (Fig. 5b). We suspect the remaining two viruses, NYs-1 and
IL-5-2S1, also have a vSET gene but we did not examine them further.

Using histones H2A, H2B, H3 and H4 as substrates, we established
that the SET proteins from these three viruses selectively methylate H3
(data not shown). As with vSET, these viral SET proteins only methyl-
ated a H3 peptide containing residues 15-30 but not one containing
H3 residues 1-20 (Fig. 5¢). They showed little methyltransferase activ-
ity towards H3 peptide that was previously dimethylated at Lys 27 or
phosphorylated at Ser 28, suggesting a preference for the H3K27 site.
The selective methylation at H3K27 was confirmed using GST-H3 (resi-
dues 1-57), in which these viral SET proteins had robust methylation
activity on wild-type H3 but diminished activity on the K27R mutant
(Fig. 5d). These results establish that SET proteins from the chlorella
viruses possess selective H3K27 methylation activity, and suggest that
vSET function in host chromatin modification and transcription repres-
sion is conserved among the chlorella viruses.

Histone modifications provide epigenetic control of gene transcription.
Viruses recruit host proteins to either integrate their genomes into host
chromatin'®” or to facilitate viral transcription and replication'®'. Here,
we show for the first time that a virus regulates the host transcriptional
machinery through direct modifications of chromatin. Our study reveals
that vSET is packaged in the PBCV-1 virion and can directly methylate
host H3K27, an important epigenetic modification in eukaryotes that is
functionally linked to Hox gene silencing®****!, X-inactivation® and stem-
cell pluripotency®'®. Our results establish that vSET H3K27 methylation
promotes the recruitment of the PRC1 complex through a molecular
interaction between CBX8 and di- and/or trimethylated H3K27. This
interaction results in modulation of Polycomb target genes, transcription
repression and cell accumulation at the G2/M phase of the cell cycle in
continuously dividing cells. Our study supports the view that vSET pro-
teins, which are encoded by all chlorella viruses tested, function to repress
transcription in infected chlorella cells. Collectively, our findings suggest
a unique and powerful mechanism by which some viruses commandeer
the host transcription machinery through direct modifications of histones
and in this way govern host chromatin-mediated cellular processes.
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METHODS

Growth of cells and viruses, and preparation of Chlorella cell extracts. Growth
of ChlorellaNC64A on MBBM medium, plaque assay, production of viruses and
isolation of viral DNA were carried out as described previously*. Actively growing
Chlorella NC64A cells, concentrated to 2 x 10% cells ml™, were mock-infected or
infected with PBCV-1 at a multiplicity of infection (MOI) of 5 for the indicated
times. Samples were pelleted, disrupted in lysis buffer by vortexing with glass
beads and clarified by centrifugation. Purified PBCV-1 virus particles (200 ul of
6 mg ml™' total virus) were treated with 200 U ml™' sequencing-grade modified
trypsin (Promega) before further purification.

RNA analysis of infected Chlorella. Actively growing Chlorella NC64A cells
(1-2 x 10’ ml™") were incubated with *H-adenine (5 ul ml™', 37 MBq ml™") for
10 min and centrifuged. Cells were then resuspended in 50 mM Tris-HCI, pH 7.8,
(5% 107 cells ml') containing PBCV-1(MOJ, 5). Samples of 1 ml were collected
at the appropriate times and mixed with equal volumes of ice-cold 10% trichlo-
roacetic acid (TCA). Cells were collected on glass filters, washed three times with
5% TCA, once with 80% ethanol and dried. RNA was hydrolysed by placing the
filters in 5 ml of NaOH (0.5 M) overnight at 37 °C, collected by filtering through
a fresh filter, neutralized with TCA, and analysed by scintillation counting. Total
RNA was isolated from PBCV-1 infected Chlorella cells at various times after viral
infection using the Trizol reagent (Invitrogen). Total RNA was electrophoresed
and hybridized with a **P-labelled gene probe using a random-primer DNA label-
ling kit (Invitrogen). Viral DNAs used for dot blots were denatured, applied to
nylon membranes, fixed by UV cross-linking and hybridized with the gene probe
used for the northern analysis.

DNA cloning, protein purification and HKMTase assays. Full-length histone
H3 from Chlorella NC64A was cloned with degenerate primers based on H3
from Chlamydomonas reinhardtii. The SET gene was isolated from chlorella
viruses MA-1D, NY-2A and NY-2B using an established protocol*. The DNA
bands that hybridized weakly with the PBCV-1 vSET probe were excised from
the gel, recovered with a QIAEX II gel extraction kit (Qiagen) and cloned into
pGEM-7Zf*. Primers were designed according to the vSET homologues identi-
fied from these hybridized DNA fragments. The vSET homologues from these
three viruses were amplified by PCR and subcloned into pET-15b (Novagen). All
DNA constructs and vSET mutants prepared using the QuikChange mutagenesis
kit (Stratagene) were confirmed by DNA sequencing. Recombinant proteins
were expressed in Escherichia coli strain BL21. The in vitro HKMTase reaction
was performed by following methyl transfer from S-adenosyl-'*C-methyl-L-
methionine (Amersham) to histone peptide or nucleosome substrates, or by mass
spectroscopy analysis of the histone peptide substrates®. Upstream and down-
stream primer sequences used for histone H3 are 5"-ATGGCCCGCACCAAG
and 5 -TTAGGCGCGCTCGCC, respectively.

Western blot and histone immunoprecipitation analyses. PBCV-1 infected
Chlorella cells were collected at various times after infection. Western blot analy-
sis of the immunoprecipitated protein was performed using anti-vSET antibodies
(Supplementary Information, Table S1), generated in rabbits against recombinant
vSET (Covance). Histone immunoprecipitation was performed on Chlorella cells
collected at 0-120 min after PBCV-1 infection. The assay was carried out using
antibodies against histone H3, H3K27mel, H3K27me2, H3K27me3, H3K27ac
and H3S28p (Millipore) with cells crosslinked with paraformaldehyde and dis-
rupted by sonication. To assess the PRC proteins at H3K27, HeLa cells stably
transfected with vSET were induced with tetracycline, subjected to crosslinking
and immunoprecipitated using antibodies against EZH2 and Polycomb complex
proteins, RING1, SUZ12, CBX4, CBX7 and CBXS, followed by western blot analy-
ses using anti-H3 antibodies (see Information, Supplementary Table S1).

Nuclear localization and co-localization. vSET nuclear localization was analysed
in NIH-3T3 cells transiently transfected with a pPEGFP-N1 vector (Clontech) that
encodes a C-terminal GFP fusion to vSET. The analysis in chlorella cells include
fixation, permeablization and immunofluorescence microscopy. Typically, the
exponentially growing chlorella cells were collected and suspended in 2% para-
formaldehyde in PBS buffer of pH 7.4 at 4°C for 6 h. The fixed cells were pelleted
by centrifugation, resuspended in 5 ml chilled methanol, washed with PBS, spot-
ted onto a slide and air-dried. Cells that adhered to the slides were incubated for
15 min at 4 °Cin DMSO (0.5% vol/vol in PBS). For fluorescence microscopy
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analysis, cells were blocked with 0.5% bovine serum album in PBS and incu-
bated with anti-vSET and anti-histone antibodies (Abcam) for 1 h at 25 °C. Cells
were washed with PBS and incubated with secondary fluorescein-labelled anti-
body (Alexa 488), mounted on a coverslip and analysed using a Zeiss Axioplan2
microscope. For the colocalization assay, cells were stained for rabbit polyclonal
anti-vSET and anti-rat monoclonal H3K27me?2 antibodies. The respective immu-
nocomplexes were detected using Alexa488 and 594 (Molecular Probes).

Transcription reporter assay and cell-cycle analysis. A luciferase reporter gene
transcription assay was performed as described previously* (see Supplementary
Information, Methods). Briefly, 293T cells were co-transfected with 2 pg of pcD-
NA3-Gal4-DBD-VSET (or the mutants) and 1 pg of HSV-tk—promoter plus Gal4
binding site and luciferase gene constructs. After48 h, cells were lysed and assayed
for luciferase activity using the Stop-Glo luciferase assay system (Promega). A
luciferase assay on HOX7A promoter was also performed after co-transfection
with Renilla luciferase in HeLa cells with or without EZH2 knockdown by siRNA,
as described below. Eachassay was performed in duplicate and repeated five times.
The vSET effect on the cell cycle was analysed in NIH-3T3 cells transiently trans-
fected with vSET in a pCMV-tag2B vector (Stratagene) and a Us9-GFP encoding
plasmid, or HeLa cells stably co-transfected with vSET in a tetracycline-controlled
vector pcDNA4/TO (Invitrogen) and the Us9-GFP plasmid. Post-transfection
cells were treated with tetracycline (1 pg ml™), collected after 24 h by trypsiniza-
tion, washed with PBS and fixed in chilled 70% ethanol in PBS. One hour before
acquiring the data, cells were washed again with PBS and stained with propidium
iodide. Cell-cycle analysis was performed with a Calibur flow cytometer (Becton
Dickinson) after GFP and propidium iodide staining.

EZH2 RNAi knockdown, quantitative RT-PCR and ChIP analyses. EZH2
knockdown by RNAi was performed in HeLa cells that were transfected with
target-specific and smart-pool siRNAs (Dharmacon) according to manufacturer’s
instructions (Supplementary Information, Table S3). EZH2 RNAi knockdown
was evaluated 72 h after transfection by western blot analysis using an anti-EZH2
antibody (Cell Signaling). Methylation states of Lys 4, Lys 9, Lys 27 and Lys 36 in
histone H3 were evaluated using various antibodies obtained from Millpore and
Abcam. For RT-PCR analysis, RNA was extracted using RNAeasy kit (Qiagen)
from HeLa cells that were transfected with EZH2 siRNA and/or vSET. The prim-
ers for the select Polycomb target genes and house-keeping genes for analysis were
designed based on the published sequences®. cDNA was generated by RT-PCR
using the affinity script from Stratagene. Reactions were determined using the
SYBR Green I detection chemistry system (Applied Biosystems) with an ABI
Prism 7300 Sequence Detection System. Chromatin immunoprecipitation (ChIP)
analysis was performed for the HOXA?7 gene using the EZ-ChIP kit (Millipore)
following the manufacturer’s instruction'?.

Note: Supplementary Information is available on the Nature Cell Biology website.
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