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Pygo2 regulates histone gene expression
and H3 K56 acetylation in human mammary
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Histone gene expression is tightly controlled during cell cycle. The epigenetic mechanisms underlying this regulation
remain to be fully elucidated. Pygopus 2 (Pygo2) is a context-dependent co-activator of Wnt/B-catenin signaling and
a chromatin effector that participates in histone modification. In this study, we show that Pygo2 is required for the
optimal expression of multiple classes of histone genes in cultured human mammary epithelial cells. Using chromatin
immunoprecipitation assay, we demonstrate that Pygo2 directly occupies the promoters of multiple histone genes
and enhances the acetylation of lysine 56 in histone H3 (H3K56Ac), previously shown to facilitate yeast histone gene
transcription at these promoters. Moreover, we report reduced global levels of H3K56Ac in Pygo2-depleted cells that
occur in a cell cycle-independent manner. Together, our data uncover a novel regulator of mammalian histone gene

expression that may act in part via modifying H3K56Ac.

Introduction

Histones are major protein constituents of the nucleosome,
structural unit of eukaryotic chromatin.! Two copies of histone
H2A, H2B, H3 and H4 constitute the core of the nucleosome,
whereas histone H1 associates with the linker DNA between
nucleosomes. Through regulating DNA accessibility, histone
proteins play important roles in diverse chromatin transactions,
including DNA replication, repair, recombination and tran-
scription.? The expression of histone genes is tightly controlled
and usually coupled to DNA synthesis during S phase of the
cell cycle.** Characteristically, the five classes of replication-
dependent histone genes are clustered together in the genome

in metazoans,’

a unique organization that allows highly coor-
dinated co-regulation. To date, studies have uncovered tran-
scriptional factors that regulate either a specific subtype (e.g.,
octamer binding protein 1, histone nuclear factor P) or mul-
tiple subtypes [e.g., yin yang 1, FADD-like IL-1f3-converting
enzyme associated huge protein and nuclear protein ataxia-
telangiectasia locus (NPAT)] of replication-dependent his-

tone genes.®!® Clearly, additional regulators of histone gene
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transcription, particularly during cell cycle progression, remain
to be discovered.

Post-translational modification of histones has emerged as a
key epigenetic mechanism for transcriptional regulation." Such
modifications, including acetylation and methylation, can lead
to altered chromatin configuration that allows or inhibits load-
ing of the transcriptional machinery responsible for transcription
initiation or elongation. It is well-established that acetylation of
lysine (K) residues in the N-terminal tails of histone H3 (e.g.,
H3K9Ac¢ and H3K14Ac) and H4 participates in gene activa-
tion.'*" A role in transcription has also been strongly implicated
for acetylation of lysine 56 in the globular domain of histone H3
(H3K56Ac)."*" Originally identified and extensively studied in
yeast, H3K56Ac has been well-recognized for its importance in
regulating nucleosomal assembly following DNA replication and
repair, whereas its specific role in transcription is less defined but
seems to also involve nucleosomal dynamics.'®'82' H3K56Ac is
highly enriched in yeast histone genes. and the loss of this modi-
fication as well as the histone acetyltransferase(s) (HAT) that is
responsible for it results in compromised histone gene transcrip-
tion.” H3K56Ac is also enriched at nearly all canonical histone
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Figure 1. Altered histone gene expression in Pygo2-knockdown MCF10A cells. (A) Protein gel blot analysis showing effective depletion of Pygo2 pro-
tein at 24 h after siRNA treatment. (B) Pie diagram showing microarray data on histone gene expression upon Pygo2 knockdown. (C) RT-gPCR analysis
of select histone genes. Shown are average values from two independent experiments with standard deviations. (D) Flow cytometry analysis of DNA
content (propidium iodide, or Pl) and DNA synthesis (BrdU) in siRNA-treated cells (24 h after treatment). Shown are profiles from a representative
experiment as well as average values from three independent experiments with standard deviations. *p = 0.17 using two-tailed t-tests assuming equal

genes in human embryonic stem cells." However, the functional
involvement of H3K56Ac in transcriptional control, e.g., of his-
tone genes, in mammalian cells remains unclear.

Mammalian Pygopus 2 (Pygo2) is a member of the Pygopus
family of proteins that are evolutionarily conserved across spe-
cies.?? Initially identified in Drosophila, Pygopus functions as a
transcriptional co-activator of the Wnt (Wg)/B-catenin signaling
pathway.?*?¢ In mammals, the involvement of Pygopus proteins
in Wnt/B-catenin signaling is context-dependent. For example,
while acting in a 3-catenin-independent manner in lens develop-
ment, Pygo2 regulates mammary gland development and stem/
progenitor cell expansion at least in part by regulating Wnt/3-
catenin-signaling.”?*® The conserved plant homeo domain at
the C-termini of Pygopus proteins directly binds to histone H3,
which is di- or tri-methylated at lysine 4 (H3K4me2/3), histone
marks associated with active transcription.”®* In addition to
its ability to bind nuclear B-catenin via adaptor protein BCLY9,
Pygo2 also associates with histone-modifying enzymes, such as
histone methyltransferase (e.g., myeloid/lymphoid or mixed-
lineage leukemia protein 2) and HAT [e.g., CREB binding
protein (CBP)/EIA binding protein p300 (p300) and general
control of amino-acid synthesis 5-like 2 (GCN5)] complexes,
and recruits them to target chromatin loci.?®***" These molec-
ular interactions enable Pygo2 to act as a chromatin effector
that assists with both “reading” and “writing” of the histone
code. The full spectrum of downstream targets of this impor-
tant chromatin effector, whether Wnt/B-catenin-dependent
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or -independent and in different biological contexts, remains
to be elucidated.

In the current work, we studied the impact of RNAi-mediated
Pygo2 knockdown on histone gene expression in human mam-
mary epithelial MCF10A cells. We found that Pygo2 is required
for the expression of a majority of histone genes and for the acety-
lation of histone H3 at K56 both at specific histone gene promot-
ers and globally in the cells.

Results

Pygo2 is required for histone gene expression. To better under-
stand the cellular and molecular function of human Pygo2, we
sought to identify novel Pygo2-responsive genes by DNA micro-
array analysis. cDNA was prepared from MCF10A cells at 24 h
after transfection of control or a Pygo2-specific siRNA. At this
time point, both mRNA and protein levels of Pygo2 were reduced
by ~2-fold (Fig. 1A and C). In keeping with a co-activator func-
tion of Pygo2 in the Wnt signaling pathway, several known Wnt
targets, including c-Myc and cyclin D1, were downregulated
in Pygo2 siRNA-treated cells (data not shown). Interestingly, a
large number of histone genes (50 of 66 total non-overlap probes
> 75% of the gene family, p < 0.001) showed decreased expres-
sion in Pygo2-knockdown cells (Fig. 1B and Table S1). Results
of reverse transcription and semi-quantitative PCR (RT-qPCR)
analysis confirmed the decreased mRNA levels of representa-
tive members of histone H2A, H2B, H3 and H4 gene families
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Figure 2. Histone gene expression change precedes cell cycle arrest in Pygo2-depleted MCF10A cells. (A) Schematic diagram showing the design
of siRNA/shRNAs for human Pygo2. (B) Protein gel blot analysis of MCF10A whole-cell lysates showing knockdown of Pygo2 at 48 and 72 h post-
infection. Signals are quantified by ImageJ 1.43u and normalized as indicated. (C) Flow cytometry analysis of cell cycle progression of infected cells as
in (B). Shown are profiles from a representative experiment as well as average values from three independent experiments with standard deviations.
(D) RT-gPCR analysis of select histone genes after knockdown of Pygo2. Similar results are obtained from two independent experiments. Expression
levels are quantified and normalized against GAPDH control.

(Fig. 1C). These results are consistent with our previous finding
of reduced histone H3 protein levels in Pygo2-deficient MCF10A
cells and mammary glands.?®

The activation of most histone genes is DNA replication-
dependent.>* Moreover, our previous study showed that Pygo2
is necessary for efficient G,-S cell cycle transition, as S-phase
population was significantly reduced 3 d after Pygo2 siRNA
treatment.”® It is therefore possible that the observed reduction
in histone expression arises as an indirect consequence of the
cell cycle arrest. To address this, we compared the cell cycle pro-
files of control and Pygo2-knockdown cells at 24 h after siRNA
transfection, when changes in histone gene expression already
occurred. Cells were pulse-labeled with BrdU for 30 min, sub-
jected to staining with FITC-labeled anti-BrdU antibody and PI
and analyzed by flow cytometry. As shown in Figure 1D, the
fraction of BrdU-positive cells was not significantly affected by
Pygo2 knockdown at this early time point (20.2 = 4.6% with
siPygo2 vs. 24.9 = 1.7% with siControl, p = 0.17). Thus, the
reduction in histone gene expression occurred prior to the cell
cycle arrest.

www.landesbioscience.com

To rule out potential off-target effects of Pygo2 siRNA, we
generated high-titer lentiviruses expressing two shRNAs target-
ing different regions of Pygo2 (sh Pygo2-A and sh Pygo2-B, as
indicated in Fig. 2A) and two control shRNAs containing a
scrambled sequence (sh Scramble) or a sequence against green
fluorescence protein (GFP) (sh GFP). To explore the kinetics of
histone reduction after Pygo2 knockdown, we performed time-
course analysis. At 48 h after infection, Pygo2 shRNA-expressing
viruses, but not control viruses (sh Scramble or sh GFP), decreased
Pygo2 (Fig. 2B, left) and histone gene expression (Fig. 2D, left).
At this early time, the impact of the shRNAs on cell cycle pro-
gression was unremarkable (Fig. 2C, top). By 72 h post-infection,
histone gene expression was further downregulated in Pygo2-
depleted cells, along with a concomitant partial arrest of cells at
the G, and/or S phase (Fig. 2C, bottom and 2D, right). Again,
the observable reduction in histone gene expression preceded the
apparent defect in cell cycle progression, in accordance with data
from the Pygo2 siRNA experiments above. These results suggest
that Pygo2 has a primary effect on the optimal expression of mul-
tiple histone genes in MCF10A cells.
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Figure 3. Pygo2 occupancy and H3K56 acetylation at select histone promoters. (A) Immunofluorescence analysis of Pygo2 (green) and NPAT-asso-
ciated HLBs (red) 24 h after siRNA treatment. White arrows indicate Pygo2-depleted cells. Cell nuclei are stained blue with DAPI. Scale bar: 10 pm.
Quantification of HLBs in control (n = 103) and Pygo2-knockdown (n = 91) cells is shown on the right. Error bars indicate standard deviations of two
independent experiments. (B) ChIP analysis of Pygo2 occupancy on select histone gene promoters. GAPDH promoter was used as a negative control.
(C-F) ChIP analysis of H3K56Ac (C and D) and H3K9/K14Ac (E and F) at select histone promoters after treatment with the indicated shRNAs.

(D and F) are quantifications of ChIP experiments in (C and E), respectively. Error bars are standard deviations of two independent experiments.

Pygo2 binds to multiple histone promoters and is required for
the maximal acetylation of histone H3 K56 at these promoters.
The effect of Pygo2 depletion on the expression of a large number
of histone genes led us to wonder whether Pygo2 is involved in
the normal organization of histone gene clusters in the nucleus.
As a unique marker for the histone gene clusters, NPAT specifi-
cally localizes to large nuclear foci or histone locus bodies (HLBs)
where these gene clusters reside, and activates the transcription of
histone genes of different subtypes.” During the cell cycle, there
are usually two NPAT-associated HLBs on chromosome 6p21 in
G, and G, phases, four HLBs on 6p21 and 1q21 in S phase and
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none in M phase. We examined the effect of Pygo2 knockdown
on HLBs in MCF10A cells. In contrast to the diffused presence of
endogenous Pygo2 within the cell nucleus, as evident by immuno-
fluorescence analysis using two different Pygo2-specific antibod-
ies (Figs. 3A and 4B); NPAT was concentrated only at discrete
HLBs as expected (Fig. 3A). At 24 h after transfection with
Pygo2 siRNA, when histone gene expression was already reduced
(see Fig. 1), the number of HLBs was not significantly affected
(Fig. 3A). Similar results were obtained at 72 h after siRNA trans-
fection (data not shown). Therefore, Pygo2 is not required for
nuclear foci formation of NPAT on HLBs in MCF10A cells.
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We next asked whether Pygo2 protein itself physically occupies
the histone gene promoters. In chromatin immunoprecipitation
(ChIP) assays, Pygo2 was specifically detected on several histone
gene promoters examined, including those of H2B/r, H3/c and
H4/e (Fig. 3B). In contrast, no binding to the Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) promoter was observed.
Given the demonstrated role of Pygo2 in regulating histone mod-
ification and the importance of H3K56Ac in histone gene acti-
vation in yeast,”?*" we tested whether Pygo2 occupancy at the
histone promoters co-exists with H3K56Ac, and, if so, whether
Pygo2 depletion causes reduction in this histone modification.
MCFI10A cells were infected with recombinant lentiviruses
expressing sh GFP or sh Pygo2-A and subjected to ChIP analy-
sis. Indeed, appreciable levels of H3K56Ac were detected at the
histone promoters in the same regions bound by Pygo2 in control
cells, and a 2-3-fold reduction was seen in sh Pygo2-A-treated
cells (Fig. 3C and D). We also examined H3K4me3 at these
histone promoters, but signals were weak even in control cells
(data not shown). However, the levels of H3K9/K14Ac were high
at the histone promoters, but they were minimally affected by
depletion of Pygo2 (Figs. 3E and F). These results demonstrate
that Pygo2 is recruited to the histone promoters and is required
for their maximal H3K56 acetylation in MCF10A cells.

Pygo2 is important for global H3K56Ac throughout the cell
cycle. We next wondered whether Pygo2 regulates H3K56Ac
more broadly than at the histone promoters, as we have found
for H3K4me3 previously in reference 28. To address this, we
measured the levels of global H3K56Ac by protein gel blot
analysis of whole-cell extracts prepared from control and Pygo2-
depleted MCF10A cells. As with H3K4me3, depletion of Pygo2
using two different shRNAs led to significantly reduced levels
of H3K56Ac, after normalizing against total histone H3 protein
levels (Fig. 4A). In keeping with the changes in transcript lev-
els (Figs. 1B, C and 2D), total histone H3 protein levels were
markedly reduced in Pygo2-knockdown cells compared with
control cells. Immunofluorescence analysis of single cells con-
firmed that cells with efficient Pygo2 knockdown displayed a
reduced H3K56Ac staining signal in their nuclei (Fig. 4B). Of
note, a similar effect was observed when an anti-H3K9Ac anti-
body was used (data not shown). Overall, the reduced histone
H3 acetylation was not accompanied by significantly altered
levels of expression of the following enzymes or chaperones:
CBP, p300 and GCNS5; histone deacetylases sirtuinl (SIRT1)
and sircuin2 (SIRT2) and histone chaperones anti-silencing
function 1A (ASF1A) and anti-silencing function 1B (ASF1B)
(Fig. 4C).>** To further substantiate the observation of Pygo2-
dependent H3K56Ac, we performed RNAi-rescue experiments
using recombinant lentiviruses that express an RNAi-resistant
form of Pygo2. Expression of exogenous Pygo2 was able to restore
global H3K56Ac in Pygo2-knockdown cells, as evident by the
elevated levels of H3K56Ac after normalization against total H3
levels, which were also elevated (Fig. 4D).

H3K56Ac is an S phase-enriched histone mark in yeast,

1 32,38,39

20,36,37

but its cell cycle distribution in mammals is controversia
Since the observed reduction in global H3K56Ac occurred
after Pygo2 knockdown at an early time point (24 h), when the

www.landesbioscience.com

G,-S cell cycle arrest was not yet significant, we surmise that it
is unlikely that this reduction is simply a consequence of defec-
tive G,-S progression. To further corroborate this notion, we
performed flow cytometry analysis of both H3K56Ac level and
DNA content in control or Pygo2 siRNA-treated cells. H3K56Ac
signals were observed in all stages of the cell cycle in control
siRNA-treated cells but displayed an apparent rise during S phase
(Fig. 4E, top middle and 4F). The knockdown of Pygo2 resulted
in significantly reduced levels of H3K56Ac in G,-, S- and G,/M-
phase cells (peaks shifting to the left in Fig. 4E, bottom parts
and 4F). Therefore, Pygo2 appears to regulate the global level of
H3K56Ac at all stages of the cell cycle in MCF10A cells.

Discussion

Despite emerging evidence that Pygo2 is a chromatin effector
that regulates histone post-translational modifications at target
loci, so far known downstream targets of Pygo2 have been lim-
ited to the several genes that are also regulated by the Wnt/B-
catenin pathway, such as c-Myc and Lef1.2830:34%41 Tpy this study,
we identified genes in three of the core histone classes as novel
direct targets of Pygo2 in MCF10A cells. Hence, Pygo2 is likely
to exert multiple effects on the cell cycle, including regulat-
ing G -S transition through c-Myc and cyclin D1 and S-phase
progression through the histone genes. Histone genes have not
been previously reported to be Wnt targets. Examination of the
sequences within the PCR regions (--150 to +50) for the three
core histone promoters that Pygo2 occupies in our ChIP analysis
revealed no potential LEF/TCF binding sites (data not shown).
However, consensus LEF/TCEF sites were found in sequences fur-
ther upstream (up to -5 kb; 4, 4 and 2 such sites in H2B/r, H3/c
and H4/e, respectively). It remains possible that Pygo2 converges
with Wnt signaling to regulate some downstream targets such as
c-Myc, Cyclin D1 or Lefl,”?® but regulates additional targets,
such as the histone genes, in a Wnt-independent manner. Future
studies outside the scope of this work will examine whether
Pygo2 binding to the histone promoters occurs via non-canonical
LEF/TCEF sites or LEF/TCF-independent mechanisms.

Our work adds Pygo2 to the growing list of epigenetic factors
that regulate the expression of histone genes beyond a specific
subtype. Moreover, we showed that Pygo2 is required for maxi-
mal acetylation of histone H3K56 at the responsive histone pro-
moters. The correlative changes in histone gene expression and
H3K56Ac at histone promoters in response to Pygo2 depletion
imply, but do not prove, the functional importance of H3K56Ac
in histone gene activation in mammalian cells. One technical
note worthy of consideration is potential off-target effects of
siRNA/shRNAs. Although we tested multiple siRNA/shRNAs
and they all led to a reduction in histone gene expression and
H3K56Ac, we did not always observe a strict correlation between
knockdown efficiency and the extent of reduction in histone
gene expression/H3K56Ac (e.g., compare Fig. 2B and D). Thus,
some off-target effects may still exist. Alternatively, Pygo2 func-
tion may be very sensitive to the dosage of itself as well as of the
proteins that it associates with. With all that said, the rescue of
Pygo2 depletion-induced molecular changes by reintroduction
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Figure 4. Reduced global H3K56Ac in Pygo2-knockdown cells. (A) Protein gel blot analysis of cellular H3K56Ac levels in shRNA-treated cells. MCF10A
cells were infected with the indicated shRNA-expressing lentivirus for 3 d. Signals are quantified and normalized as indicated. (B) Immunofluorescence
analysis of H3K56Ac in siRNA-treated cells (24 h). (C) RT/semi-quantitative PCR analysis of known H3K56Ac-regulating proteins 3 d after shRNA-viral
infection. (D) Protein gel blot analysis of H3K56Ac in cells infected with lentiviruses that express the indicated shRNAs plus either lentiviruses that ex-

press a RNAi-resistant form of Pygo2 or vector control. Signals are quantified and normalized as indicated. (E) Flow cytometry analysis of H3K56Ac dur-
ing cell cycle progression. Shown at the top are representative profiles of H3K56Ac/DNA content (Pl) from siRNA-treated MCF10A cells (24 h). Bottom,
altered H3K56Ac levels at the indicated cell cycle stages. (F) Quantification of results from (E). Error bars are standard deviations of three independent
experiments. p-values are calculated using two-tailed t-tests assuming equal variance.

of Pygo2 via a siRNA-resistant cDNA provides corroborative
evidence that Pygo2 has a specific involvement in histone gene
expression and H3K56Ac in MCF10A cells.

Although deemed specific in previous studies in references 32
and 42, it is important to note that the anti-H3K56Ac antibody

84 Cell Cycle

used in our study may still cross-react with other forms of his-
tone acetylation, such as H3K9/K14Ac. We note that our ChIP
analysis using H3K9/K14Ac antibody did not detect a similar
Pygo2-dependent response at the histone gene promoters as using
H3K56Ac antibody. Based on this demonstrated specificity, we
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surmise that the bulk of the global signals detected by protein
gel blotting are likely due to H3K56Ac. The global regulation of
H3K56Ac by Pygo2 makes it intriguing to speculate a broader
role for Pygo2 in gene transcription. It is also possible that Pygo2
is involved in additional DNA metabolic processes, such as DNA
replication and repair. In support of this idea, we found Pygo2
knockdown to render cells more sensitive to DNA damage-
inducing treatments, including irradiation and UV (Gu B and
Dai X, unpublished results).

In yeast, H3K56Ac occurs in a cell cycle-specific man-
ner, peaking earlier than histone gene expression in S phase.”
Whether H3K56Ac is S phase-enriched in mammalian cells
is a controversial issue.?>*% We found, through flow cytom-
etry analysis in human MCF10A cells, that H3K56Ac is pres-
ent throughout the cell cycle, but its level is elevated upon entry
into S phase. Importantly, Pygo2 knockdown reduced global
H3K56Ac levels in cells at all stages of the cell cycle, arguing for
a cell cycle-independent role of Pygo2 in enhancing this histone
mark. Further studies are necessary to determine whether Pygo2
controls the cell cycle directly through regulation of H3K56Ac
and histone gene expression.

How does Pygo2 affect H3K56Ac? This does not seem to
occur indirectly via regulation of expression of the enzymes/
chaperones that are responsible for H3K56Ac. Pygo2 physi-
cally associates with CBP/p300 and GCN5 HAT complexes,’*!
both of which have been shown to possess the ability to acetylate
H3K56 in mammalian cells.*># Thus, it is plausible to propose
that Pygo2 facilitates H3K56Ac via recruiting these HATs onto
the histone promoters and to the chromatin. Future work will be
needed to probe into the underlying mechanism.

Materials and Methods

Cell culture, siRNA and lentiviral shRNA. Human mam-
mary epithelial MCF10A cells and embryonic kidney 293T cells
were cultured as previously described in reference 28. siRNA
(Applied Biosystems) for negative control (AM4635) and Pygo2
(AM16706, ID# 123812, 5-GGA CGU AUC UUC UUC AUA
CTT-3") (at a final concentration of 60 nM) were transfected into
MCF10A cells using Lipofectamine 2000 (Invitrogen, 11668-
019,) according to the manufacturer’s instructions. Recombinant
lentiviruses expressing Pygo2 or shRNAs were generated fol-
lowing the instruction provided by Addgene. Briefly, 293T cells
were cotransfected with packaging plasmid psPAX.2 (12260),
envelope plasmid pMD2.G (12259) and viral vector pLKO.1
containing the shRNA expression cassette for scrambled (1864,
5-CCT AAG GTT AAG TCG CCC TCG-3'), GFP (12273,
5-GCA AGC TGA CCC TGA AGT TCA-3"), Pygo2-A
(TRCN0000021860, Open Biosystems, 5-CCT TCT CTG
TCC CAA CGA TTT-3"), or Pygo2-B (TRCN0000021861,
Open Biosystems, 5-“AGA AGC GAA GGA AGT CAA ATA-3").
Viral infection was performed with 4 pg/ml Polybrene (H9268,
Sigma-Aldrich) overnight, and samples were harvested for anal-
ysis 48 or 72 h after infection as indicated. For rescue experi-
ments, lentiviruses carrying the vector control [HIV/Vector;
plasmid 21373, Addgene, contributed by Z. Werb’s laboratory,*
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or RNAij-resistant Pygo2 cDNA (HIV/Pygo2-R)] were used to
infect cells at 72 h after infection with the shRNA-expressing
lentiviruses. Cell lysates were then prepared 24 h later for protein
gel blot analysis. The following primers were used to make the
Pygo2-R construct: Pygo2 start-EcoRI, 5-GAA TTC ACC ATG
GCC GCC TCG GCG CCG CC-3', Pygo2 stop-Xbal, 5-TCT
AGA CTT CAC CCA TCG TTA GCA GCC A-3'; shPygo2-A
mt, forward, 5'-CCG TCG CTT TCA CAG CGG TTT GCT
CAG CCA GGG GCT CC-3/, reverse, 5-CCG CTG TGA AAG
CGA CGG TGG GCC CAG CTC TGC TCT GG-3'; shPygo2-
B mt, forward, 5-AAA AAA CGG AGA AAATCC AAC ACT
CAG GGG CCC TGC ATA CTC-3', reverse, 5-GTT GGA
TTTTCT CCGTTTTTTTTC TGG ACT CTT CAT TTG
CA-3".

RNA isolation and microarray analysis. Total RNA was
isolated from cells using TRIzol Reagent according to manufac-
turer’s protocol (15596-018, Invitrogen). For microarray analy-
sis, RNA was collected at 24 h after transfection with control
or Pygo2 siRN, and was further purified using RNeasy mini kit
(74104, QIAGEN). Hybridization of arrays (GeneChip Human
Gene 1.0 ST, 901086, Affymetrix) was performed in duplicate.
Genes with normalized expression levels over detection thresh-
old were called and analyzed for differential expression using the
Cyber-T program (http://cybert.ics.uci.edu/).® The cutoff value
for differential histone gene expression was arbitrarily set as a
> 1.35-fold change in transcript level with a t-test p-value < 0.001.

Reverse transcription and semi-quantitative PCR. Total
c¢DNA was synthesized from RNA using high capacity cDNA
reverse transcription (RT) kit (4368814, Applied Biosystems)
according to manufacturer’s instructions. Semi-quantitative
PCR was performed using titrated cycle numbers for each target.
The level within linear range was quantified by Image] 1.43u
(National Institutes of Health). GAPDH level serves as an inter-
nal control. Primers used for gene expression analysis are human
Pygo2 (NM_138300), forward 5-CCA GAA AAG AAG CGA
AGG AAG TC-3), reverse 5-GTT GAA AGC AGG GCC CAT
AGG ATT-3'; histone H2A/p (NM_021064), forward 5-ATG
TCT GGA CGT GGC CAA GCA-3', reverse 5-AGC TTG
TTG AGC TCC TCG TG-3';° histone H2B/j (AF531291),
forward 5-CCG AAG AAG GGC TCC AAG AA-3), reverse
5-TTA TTT GGA GCT GGT GTA CTT G-3';° histone H3/c
(AF531276), 5'-AGC TCG CAA GTC TAC CGG CG-3/, reverse
5-CGT TTA GCG TGA ATA GCG CA-3';° histone H4/k
(NM_003546), forward 5-CAA AGT TCT GCG CGA CAA
CA-3), reverse 5-GCC GCC AAA GCC ATA CAG GG-34¢
P300 (NM_001429), forward, 5-ATA TGC CAC CAT GGA
GAA GC-3/, reverse 5“TCC CGA CCA TCCATC AGA TC-3';
CBP (NM_004380), forward, 5-TCA CCA GTG CCA AGG
AAC TG-3) reverse 5-TCT TGG CAT TCT TGC TGT CG-3';
GCNS5 (NM_021078), forward, 5-GGA GAT TGT CTT CTG
TGC TG-3', reverse 5“TGA AGT AGC CGA TGG CGT AC-3';
SIRT1 (NM_012238), forward, 5'-CCA GAA CAG TTT CAT
AGA GCC-3', reverse 5-TGC AGA TGA GGC AAA GGT
TC-3"; SIRT2 (NM_012237), forward, 5-TCT GTC ACT ACT
TCA TGC GC-3), reverse 5-ATC CAG CTT AGC GGG TAT
TC-3"; ASF1A (NM_014034) forward 5-TAT GTG GGC TCT
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GCA GAA AG-3/, reverse 5-CTG CAT CTG CAT CTG GAA
TG-3"; ASF1B (NM_018154) forward 5-ATC AGA TCC TAG
ACT CGG TG-3), reverse 5-TGA ACT CCT GTC CAT GGT
AG-3'; GAPDH (NM_002046), forward 5-GGA CCT GAC
CTG CCG TCT AGA A-3', reverse 5-GGT GTC GCT GTT
GAA GTC AGA G-3.

Protein gel blotting and immunofluorescence analysis. Cells
were lysed and sonicated in high-salt extraction buffer (20 mM
Hepes, pH 7.9, 420 mM NaCl, 10% Glycerol, 1.5 mM MgCl,
0.1% NP-40) containing protease inhibitors, and the amount
of total protein in lysates was quantified by Bradford assay
(500-0006, Biorad) for normalization purpose. Lysates were
subjected to 12% sodium dodecyl sulfate (SDS)-PAGE. After
transfer onto nitrocellulose membrane (09-301-128, Whatman),
proteins were identified using antibodies including anti-Pygo2,%
anti-B-Actin  (ab6276, Abcam), anti-H3K56Ac (2134-1,
Epitomics), anti-H3 (06755, Millipore) and anti-H3K4me3
(05745, Millipore). Indirect immunofluorescence analysis was
performed as previously described in reference 47. Antibodies
1“and
mouse monoclonal (sc-81363, Santa Cruz Biotechnology), anti-
NPAT (611344, BD Biosciences), and anti-H3K56Ac (2134-1,
Epitomics).

Chromatin immunoprecipitation assay. Chromatin immu-

used for the analysis include anti-Pygo2 rabbit polyclona

noprecipitation (ChIP) was performed according to the proto-
col from Millipore. Briefly, treated cells were cross-linked in 1%
formaldehyde at 37°C for 10 min, and chromatin was sheared
into 500-1,500 bp fragments on ice using a Sonicator 3000
(Misonix). Lysates were precleared with Salmon sperm DNA/
Protein A agarose slurry (16-157, Millipore) for one hour at 4°C,
and the recovered supernatant was then incubated at 4°C over-
night with control IgG (sc-2027, Santa Cruz Biotechnology),
anti-Pygo2 (GTX119726, Genetex), anti-H3K56Ac (2134-1,
Epitomics) or anti-H3K9/K14Ac (06599, Millipore). Immuno-
complexes were precipitated by Protein A beads, washed exten-
sively and eluted. Cross-linking was reversed by 200 mM NaCl at
65°C for 5 h, and immunoprecipitated DNA was recovered using
Phenol/Chloroform followed by QIAquick PCR purification kit

(Qiagen, 28104). Primers for histone promoter regions were as
described previously in references 6 and 7, including H2B/r (5'-
GGATTT GCG AAT CCT GAT TGG GCA-3,5-GCA CTG
TGT AGC TAT AAA GCG CC-3"), H3/c (5-GAG TCT GAA
CGT TTC TGG TG-3), 5-CCG CCG GTA GAC TTG CGA
GCT-3"), and H4/e (5-GCG GGA CTT CCC GCC GACTTC
TTC-3',5-GCA GTA CTT TAC GGT GGC GCT TAG C-3").
Primers for the GAPDH promoter*® (5-CTG AGC AGA CCG
GTG TCA CAT C-3, 5-GAG GAC TTT GGG AAC GAC
TGA G-3'") were used as a negative control. The semi-quantita-
tive PCR results were quantified by Image] 1.43u.

Flow cytometry analysis. Cells were pulse labeled with BrdU
for 30 min and immunostained with anti-BrdU-FITC accord-
ing to manufacturer’s instructions (559619, BD Biosciences).
Immunostaining with control IgG (sc-2027, Santa Cruz
Biotechnology), or anti-H3K56Ac (2134-1, Epitomics) was per-
formed according to a previous report in reference 32. PI stain-
ing for DNA content was performed as previously reported
in reference 47. Samples were analyzed by FACS Caliber (BD
Biosciences) and the data analysis was performed by Flowjo 7.6.1.
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Supplemental Table 1.

Expression change of 66 histone genes (si Pygo2 vs. si Control) in MCF10A cells with

siRNA treatment for 24 hours.

Gene Accession

NM_005322
NM_003513
NM_003521
NM_005320
NM_003531
NM_003544
NM_021018
NM_003511
NM_003529
NM_021052

NM_001005464

NM_005325
NM_021058

NM_001123375

NM_003530
NM_003525
NM_003509
NM_003524
NM_021064
NM_021066
NM_003542
NM_005319
NM_003537
NM_175065
NM_080596
NM_003543
NM_003510
NM_003539
NM_003522
NM_003519
NM_033445
NM_003518
NM_003538

NM_003516
NM_005321
NM_003534
NM_175054
NM_003520
NM_003548
NM_003545
NM_003541
NM_021968

Gene Symbol

HIST1H1B
HIST1H2AB
HIST1H2BM
HIST1H1D
HIST1H3C
HIST1H4B
HIST1H3F
HIST1H2AL
HIST1H3A
HIST1H2AE
HIST2H3A
HIST1H1A
HIST1H2BJ
HIST2H3D
HIST1H3D
HIST1H2BI
HIST1H2AI
HIST1H2BH
HIST1H2AG
HIST1H2AJ
HIST1H4C
HIST1H1C
HIST1H3B
HIST2H2AB
HIST1H2AH
HIST1H4H
HIST1H2AK
HIST1H4D
HIST1H2BF
HIST1H2BL
HIST3H2A
HIST1H2BG
HIST1H4A

HIST2H2AA3
HIST1H1E
HIST1H3G
HIST4H4
HIST1H2BN
HIST2H4A
HIST1H4E
HIST1H4K
HIST1H4J

Gene Description
histone cluster 1, H1b
histone cluster 1, H2ab
histone cluster 1, H2bm
histone cluster 1, H1d
histone cluster 1, H3c
histone cluster 1, H4b
histone cluster 1, H3f
histone cluster 1, H2al
histone cluster 1, H3a
histone cluster 1, H2ae
histone cluster 2, H3a
histone cluster 1, H1a
histone cluster 1, H2bj
histone cluster 2, H3d
histone cluster 1, H3d
histone cluster 1, H2bi
histone cluster 1, H2ai
histone cluster 1, H2bh
histone cluster 1, H2ag
histone cluster 1, H2aj
histone cluster 1, H4c
histone cluster 1, H1c
histone cluster 1, H3b
histone cluster 2, H2ab
histone cluster 1, H2ah
histone cluster 1, H4h
histone cluster 1, H2ak
histone cluster 1, H4d
histone cluster 1, H2bf
histone cluster 1, H2bl
histone cluster 3, H2a
histone cluster 1, H2bg
histone cluster 1, H4a
histone cluster 2,
H2aa3

histone cluster 1, H1e
histone cluster 1, H3g
histone cluster 4, H4
histone cluster 1, H2bn
histone cluster 2, H4a
histone cluster 1, H4e
histone cluster 1, H4k
histone cluster 1, H4;j

p-value

8.65E-10
1.06E-10
6.48E-10
4.73E-08
1.21E-10
6.44E-07
1.91E-08
8.81E-10
6.66E-05
6.74E-09
1.67E-09
7.72E-06
7.03E-09
1.58E-07
2.13E-06
3.80E-08
1.18E-05
3.50E-07
5.65E-08
8.59E-08
2.08E-07
2.58E-08
1.33E-05
5.76E-07
2.36E-07
1.39E-07
5.03E-07
0.000314
2.63E-07
1.27E-06
5.36E-06
4.63E-07
1.13E-06

5.86E-07
8.60E-06
0.001264
5.94E-06
7.89E-07
7.85E-06
4.52E-06
0.00086

1.66E-05

fold
-2.34543
-2.08221
-2.08192
-2.04621
-2.00366
-1.99311
-1.97772
-1.97749
-1.91167
-1.90529
-1.83563
-1.82225
-1.81517
-1.81418
-1.81044
-1.80965
-1.80645
-1.80539
-1.79156
-1.78661
-1.78643
-1.7635
-1.76257
-1.76075
-1.74919
-1.73462
-1.7296
-1.7126
-1.67661
-1.6614
-1.6576
-1.6398
-1.61633

-1.6095

-1.60641
-1.59456
-1.55887
-1.53934
-1.562127
-1.52033
-1.50387
-1.50144



NM_021062

ENST00000356950

NM_003512

NM_001024599

NM_003536
NM_003526
NM_003517
NM_003514
NM_003533
NM_003540
NM_003527
NM_003546
NM_003523
NM_003535
NM_003495
NM_021063
NM_003532
NM_003493
NM_175055
NM_003547
NM_003528
NM_005323
NM_170610
NM_170745

HIST1H2BB
HIST1H2BK
HIST1H2AC
HIST2H2BF
HIST1H3H
HIST1H2BC
HIST2H2AC
HIST1H2AM
HIST1H3I
HIST1H4F
HIST1H2BO
HIST1H4L
HIST1H2BE
HIST1H3J
HIST1H4I
HIST1H2BD
HIST1H3E
HIST3H3
HIST3H2BB
HIST1H4G
HIST2H2BE
HIST1H1T
HIST1H2BA
HIST1H2AA

histone cluster 1, H2bb
histone cluster 1, H2bk
histone cluster 1, H2ac
histone cluster 2, H2bf
histone cluster 1, H3h
histone cluster 1, H2bc
histone cluster 2, H2ac
histone cluster 1, H2am
histone cluster 1, H3i
histone cluster 1, H4f
histone cluster 1, H2bo
histone cluster 1, H4l
histone cluster 1, H2be
histone cluster 1, H3j
histone cluster 1, H4i
histone cluster 1, H2bd
histone cluster 1, H3e
histone cluster 3, H3
histone cluster 3, H2bb
histone cluster 1, H4g
histone cluster 2, H2be
histone cluster 1, H1t
histone cluster 1, H2ba
histone cluster 1, H2aa

0.000141
7.75E-05
5.61E-05
6.44E-05
0.016356
2.68E-05
0.00016

0.000122
0.000287
0.004849
0.000108
0.021499
0.009669
0.001123
0.001673
0.009908
0.011826
0.283025
0.579791
0.311654
0.781508
0.483533
0.012381
1.77E-05

-1.50009
-1.43816
-1.4162

-1.41456
-1.4107

-1.40946
-1.40753
-1.38852
-1.38085
-1.37953
-1.37583
-1.35856
-1.35265
-1.34592
-1.31924
-1.28855
-1.23823
-1.19985
-1.16473
-1.09863
-1.02838
1.164193
1.412095
1.607287



