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Yeast Hsl7 is recognized as a homolog of human arginine methyltransferase 5 (PRMT5) and shows type II
PRMT activity by forming symmetric dimethylarginine residues on histones. Previously, we reported that
Hsl7 is responsible for in vivo symmetric dimethylation on histone H4 arginine 3 (H4R3me2s) in a
transcriptionally repressed state, possibly in association with histone deacetylation by Rpd3. Here, we
investigated the function of Hsl7 during cell cycle progression. We found that the accumulation of Hsl7mediated H4R3me2s is maintained by the histone deacetylase Rpd3 during transcriptional repression
and that the low level of H4R3me2s is required for proper asymmetric cell growth during cell division.
Our results suggest that the hypoacetylated state of histones is connected to the function of Hsl7 in
regulating properly polarized cell growth during cell division and provide new insight into the epigenetic
modiﬁcations that are important for cell cycle morphogenesis checkpoint control based on the repressive
histone crosstalk between symmetric arginine methylation of H4 and histone deacetylation.
© 2019 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction
Histone synthetic lethal 7 (Hsl7) was ﬁrst discovered via a
screen for lethal mutants along with deletion of the histone H3 Nterminus [1] and has been recognized as a homolog of human
arginine methyltransferase 5 (PRMT5) based on a sequence comparison and its methylation activity in vitro [2e4]. Recently, we
revealed that Hsl7 has a repressive role in transcription. In this
context, we showed that Hsl7 promoted the accumulation of
symmetric dimethylation on histone H4 arginine 3 (H4R3me2s)
in vivo only in a transcriptionally repressed state. Moreover, we
suggested the functional interaction between Hsl7 and Rpd3, a
histone deacetylase (HDAC) with a repressive role in transcription,
based on copuriﬁcation of both proteins [5].
The physical association between Hsl7 and Rpd3 suggests
interplay between their histone modiﬁcations. Indeed, the histone
crosstalk between PRMT-mediated arginine methylation and the
acetylation states on histones has been extensively reported
throughout eukaryotes. In budding yeast, the asymmetric dimethylation on histone H4 arginine 3 (H4R3me2a) mediated by Hmt1,
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the major type I PRMT, maintains silent chromatin by promoting
the recruitment of Sir2 at telomere loci [6]. In parallel, at the rDNA
locus, defects in H4 N-alpha acetyltransferase result in the accumulation of H4R3me2a and enhanced silencing [7]. Similarly, in
mammals, an in vitro experiment with a synthesized H4 peptide
showed that H4R3me2a by PRMT1 is repressed by H4 acetylation at
lysine 5 (H4K5ac) but promoted by lysine 16 (H4K16ac), while the
H4R3me2s by PRMT5 is upregulated by H4K5ac and repressed by
H4K16ac [8].
Previous studies on Hsl7 suggest its role in cell morphology and
cell cycle progression. Cells of either haploid hsl7D or diploid hsl7D/
hsl7D show a highly elongated cell morphology [9]. In addition,
Hsl7, together with Hsl1 kinase and the Wee1 family kinase Swe1,
controls the G2/M transition of the cell cycle. In budding yeast, both
Hsl7 and Hsl1 act in concert to phosphorylate Swe1 and subsequently facilitate ubiquitin-dependent degradation of Swe1,
allowing activation of the mitotic kinase Cdc28 and promotion of
cell cycle progression [10,11]. In parallel, the mammalian Hsl7 homolog PRMT5 is implicated in cell cycle progression. Knockdown of
PRMT5 inhibits cell proliferation and arrests the cell in the G1 phase
of the cell cycle [12].
Several other studies have provided clues that post-translational
modiﬁcations of histones are strongly associated with cell
morphogenesis control. A systematic morphological screen aiming
to develop a comprehensive view of apical bud growth control in
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budding yeast found that deletion in components of the Spt-AdaGcn5 acetyltransferase (SAGA) complex, a chromatin modifying
complex that mediates both histone acetylation and deubiquitination during transcription [13], resulted in elongated bud
morphology, a phenotype that is linked to a delay in nuclear division [14]. Set1 is a component of the complex of proteins associated
with Set1 (COMPASS), which is required to establish two distinct
chromatin zones: tri-methylation of histone H3K4 at the promoter
region and di-methylation of histone H3K4 just downstream of the
promoter (see review [15]). Interestingly, cells deﬁcient in Set1
have an oddly shaped morphology, frequently containing several
buds and large protrusions, and set1 mutant colonies are initially
smaller than those formed by wild-type cells at various temperatures, which leads to growth defects [16]. In breast cancer cells, the
interaction between PRMT5 with nuclear liver kinase B1 (LKB1), a
master kinase that acts as a key regulator of cell polarity, has been
observed [17].
In the present study, we investigated the role of Hsl7 in the
morphogenetic control of the cell cycle. Our results show that Hsl7mediated H4R3me2s is regulated by Rpd3 in a transcriptionally
repressed state. In addition, the interaction between Hsl7 and Rpd3
tightly maintains low levels of histone H4R3me2s, allowing cells to
have proper asymmetric morphology during the mitotic phase of
the cell cycle. Therefore, we propose that the crosstalk between
H4R3me2s by Hsl7 and deacetylation by Rpd3 is an indispensable
epigenetic modiﬁcation for morphogenesis checkpoint controls
during cell division.
2. Materials and methods
2.1. Yeast strains
The yeast strains used in this study are listed in Supplementary
Table S1. Yeast transformations were performed using the standard
lithium acetate method. To generate individual TAP-tagged and
deletion strains, the C-terminal insertion cassette for the TAPtagging of target genes and the disruption cassette for deletion
genes were constructed by PCR ampliﬁcation using genomic DNA of
the corresponding strains obtained from Open Biosystems and
Euroscarf, respectively. All strains were veriﬁed by PCR and/or
Western blot analysis.
2.2. Growth conditions
Cells were grown at 30  C in 1% yeast extract, 2% peptone and 2%
glucose (YPD) or synthetic complete (SC) medium with appropriate
amino acids and bases. For GAL10 induction or repression, speciﬁc
growth conditions are indicated. For chromatin immunoprecipitation (ChIP) experiments, all yeast strains were grown at 30  C to the
mid-log phase (OD600 ¼ 0.5e0.6). For GAL10 repression, cells grown
in SC medium containing 2% galactose to the mid-log phase were
shifted to SC medium containing 2% glucose and incubated further
for the indicated times. Between each shift, cells were washed
twice with sterile water. For microscopy assays, yeast strains were
grown in SC medium at 30  C to an OD600 z 0.3 and subjected to afactor/hydroxyurea/nocodazole-induced synchronization (Hsl7
localization assay) or were grown to the mid-log phase with/
without sodium butyrate (NaB) at a concentration of 3 or 30 mM
(morphology assay).
2.3. Spotting assay
The spotting assay was performed as previously described [18].
Yeast cells were resuspended to an OD600 of 0.1 and subjected to 10fold serial dilution, and 5 ml of each dilution was spotted on plates

with/without 3 or 30 mM NaB at 30 and 37  C. Images were obtained after 2e3 days of growth at 30 and 37  C.
2.4. ChIP
ChIP experiments were performed as described previously
[18,19]. The oligonucleotide sequences used in ChIP PCR are listed in
Supplementary Table S2. Brieﬂy, 20 ml of IgG Sepharose beads (GE
Healthcare) were used to precipitate TAP-tagged proteins. The antibodies listed in Supplementary Table S3 were bound to 10 ml of
protein A-Sepharose CL-4B (GE Healthcare) to precipitate the
chromatin. The PCR reaction was performed with primer pairs as
shown in Fig. 2A in the presence of [a-32P] dATP. The PCR cycling
conditions were as follows: 94  C for 90 s, followed by 26 cycles at
94  C for 30 s, 55  C for 30 s and 72  C for 1 min. A ﬁnal extension
step was performed for 10 min at 72  C. The PCR products were
then analyzed by electrophoresis using 8% polyacrylamide gels.
Quantitative analysis of PCR signals was performed using the
BAS1500 image analyzer (Fuji) or ImageJ software (National Institutes of Health). To control for the ampliﬁcation efﬁciency and
label incorporation of different primers, the PCR signals from the
immunoprecipitated DNA were normalized to the internal intergenic control and the individual input DNA. The results for methylated H4 were further normalized to total histone H4 signals.
2.5. Immunoblotting
Whole yeast cell extracts were prepared as described previously
[18]. Immunoblotting analysis was performed using antiH4R3me2s, anti-H4K5ac, anti-H4ac, anti-histone H4, anti-actin
and anti-GFP antibodies (Supplementary Table S3).
2.6. Fluorescence analyses
Strains expressing GFP-Hsl7 were cultured in SC medium to an
OD600 ¼ 0.5e0.6 for the asynchronous state or to OD600 z 0.3 for
further synchronization. Cells were arrested at the indicated cell
cycle stages by incubation with 3 mM a-factor (Zymo Research),
200 mM hydroxyurea (HU) (Sigma) or 1.5 mg/ml nocodazole
(Sigma) for approximately 2 h to arrest at the G1, S or G2/M phase,
respectively [20e22]. The populations of cells arrested at speciﬁc
phases of the cell cycle were conﬁrmed by measuring over 90% of
the population of cells synchronized at the indicated phases under
differential interference contrast (DIC) microscopy. Cells were then
harvested by centrifugation, washed with phosphate buffered saline (PBS) and ﬁxed in 3.7% formaldehyde for 1 h at room temperature. Next, 1 mg/ml DAPI (40 ,6-diamidino-2-phenylindole) was
added to visualize the chromosomal DNA and distinguish the nucleus. DIC, green ﬂuorescent protein (GFP) and 40 ,6-diamidine-20 phenylindole dihydrochloride (DAPI) ﬂuorescence were observed
by a Zeiss Axio Observer Z1 microscope with a Plan-Apochromat
100x/1.40 Oil DIC objective (oil immersion). Image capture, analysis and processing were carried out using ZEN 2012 software (Carl
Zeiss, Germany). As described in a previous report [23], quantitation was calculated by the percentage of cells with GFP ﬂuorescence
at the bud neck from 200 to 250 cells in each sample.
2.7. Cell morphology assay
Cell morphology was analyzed as described previously [24,25].
Cells were grown in SC medium without or with NaB at a concentration of 3 or 30 mM to log phase at 30  C. A 1/10 volume of 37%
formaldehyde was added to the cultures, which were incubated at
room temperature for 1 h to ﬁx the cells. Cells were then collected
by centrifugation, followed by washing twice with PBS and once
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Fig. 1. Hsl7-mediated H4R3me2s is regulated by the activity of Rpd3. (A) Tenfold dilutions of the indicated strains were spotted onto SC-Ura-His plates and grown for 2e3 days at 30
and 37  C to test their viability. (B) Whole-cell extracts from WT, hsl7D and rpd3D cells were analyzed by western blotting with antibodies against H4R3me2s, H4K5ac, H4ac and
histone H4. Equal loading was monitored using an antibody against actin. Two antibodies, anti-H4R3me2s and anti-H4K5ac, are included in Antibody Validation Database (http://
compbio.med.harvard.edu/antibodies/) as shown in Supplementary Table S3. (C) Whole-cell extracts from the indicated strains harboring Hsl7-13 Myc tags were analyzed by
western blotting with antibodies against Myc, H4R3me2s, H4ac and histone H4. Equal loading was monitored using an antibody against actin.

Fig. 2. Loss of the Rpd3 or H4K5Q mutation promotes enrichment of Hsl7 and Hsl7-mediated H4R3me2s in a transcriptionally repressed state. (A) (Left) Schematic diagram of the
GAL10 gene. The bars and numbers below the genes show the relative positions of the PCR products used in the below panels. (Middle and right) Schematic diagrams for glucose
repression. Each carbon source is represented as Gal (galactose) and Glc (glucose). (B, C) ChIP analysis was performed using IgG Sepharose (Hsl7-TAP) or antibodies against
H4R3me2s and H4 for the indicated strains. Cells grown in galactose were shifted to glucose for 2 min. The upper bands in each image indicate PCR products ampliﬁed by the primer
sets, and the lower bands marked by the asterisks are internal controls ampliﬁed from untranscribed regions on chromosome V. PCR signals were quantitated and were then
normalized to the internal control and further normalized to the input DNA. Quantitation of each result is shown at the bottom. The results are described as fold enrichment relative
to the Gal signal in WT cells. The error bars indicate the standard deviation (SD) calculated from three PCRs performed using two independent chromatin preparations. The p-values
were calculated using the unpaired t-test. Asterisks indicate statistically signiﬁcant differences compared to WT in Gal or Glc (*, p < 0.05; **, p < 0.01).

with P buffer (10 mM sodium phosphate, 150 mM NaCl, pH 7.2). Cell
pellets were resuspended in 98 ml of P buffer and 2 ml of 1 mg/ml
ﬂuorescein isothiocyanate-labeled concanavalin A (FITC-Con A,
Sigma, St Louis, MO) to stain the glycoproteins of the cell wall. The
resuspensions were incubated for 10 min at room temperature in
the dark and observed under a ﬂuorescence microscope (Axio
Observer Z1; Carl Zeiss) with a Plan-Apochromat 100x/1.40 Oil DIC

objective (oil immersion). The photos were captured by ZEN 2012
software (Carl Zeiss, Germany) and analyzed by the automated
image processing software CalMorph (Version 1.3) as described
previously [26]. The long/short axis ratios (ratios of the long axis
length of the buds to the short axis length of the buds), which
reﬂect bud roundness, were calculated from 200 to 250 individual
cells in each sample.
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3. Results
3.1. Disruption of Rpd3 increases histone H4R3me2s
To determine the functional relevance between Hsl7 and Rpd3,
we ﬁrst examined the genetic association of RPD3 with mutated
histone H4 at arginine 3, the in vivo substrate of Hsl7. The simultaneous disruption of HSL7 and RPD3 is lethal, as reported previously [27]. However, the two point mutations on histone H4R3 to
alanine or lysine (H4R3A or H4R3K, respectively), which prevent
the formation of H4R3me2s, had little effect on cell viability at 30  C
when combined with the RPD3 deletion (Fig. 1A). Importantly, the
double mutant strains of H4R3A or H4R3K with rpd3D induced
severe synthetic sickness at 37  C. Therefore, these results show
that the residue on H4R3me2s, the in vivo substrate of Hsl7, is
genetically related to RPD3.
We then sought to determine whether Rpd3 affects the ability of
Hsl7 to methylate histone H4R3. Western blot analysis showed that
deletion of HSL7 or mutation of the H4R3 residue to alanine or
lysine nearly completely abrogated the global modiﬁcation level of
symmetric methylation on H4R3, supporting that the histone H4R3
residue is the in vivo substrate of Hsl7 methylase (Fig. 1B and C) [5].
Similarly, deletion of RPD3 signiﬁcantly increased the global levels
of histone H4 acetylation or acetylation on H4K5, a well-known
substrate of Rpd3, probably via loss of Rpd3 deacetylase activity
(Fig. 1B). Surprisingly, we further observed that the loss of RPD3
increased the global level of H4R3me2s (Fig. 1B). Moreover,
consistent with this, a similar increase in H4R3me2s was observed
when H4K5 was mutated to glutamine (Q), a modiﬁcation that
mimics the histone acetylation state [28,29], but this increase was
not observed in the other substitution mutants (Fig. 1C). Thus, these
data suggest that acetylation on histone H4, possibly on the H4K5
residue, regulates the H4R3me2s modiﬁcation.
3.2. Rpd3 negatively regulates Hsl7-induced symmetric
dimethylation on histone H4R3 in the transcriptionally repressed
state
To explore the potential mechanism underlying transcriptional
repression by the Hsl7-Rpd3 pathway, we investigated whether the
Rpd3 association with repressed GAL10 chromatin is dependent on
Hsl7. However, the ChIP results showed no signiﬁcant changes in
Rpd3 recruitment to the GAL10 gene under glucose repression
when HSL7 was deleted (Supplementary Fig. S1A) or H4R3 was
substituted (Supplementary Fig. S1B).
We then examined the levels of histone acetylation during
GAL10 repression. As shown in Supplementary Fig. S2, consistent
with the role of Rpd3 in transcriptional repression, a high deposition of RNA polymerase II (RNApII) at the activated GAL10 gene in
the absence of Rpd3 was observed [30,31]. A certain amount of
RNApII remained bound even when GAL10 was repressed, implying
that RNApII disassociation was delayed, presumably due to histone
hyperacetylation by rpd3D cells. Indeed, loss of the HDAC Rpd3 led
to prominent histone H4 acetylation enrichment at the GAL10 gene
upon galactose induction and, more importantly, upon glucose
repression However, unlike the repressive role of Hsl7 in gene
transcription, signiﬁcant changes in the recruitment of RNApII were
observed in cells deﬁcient in Rpd3 but not Hsl7 (Supplementary
Fig. S2).
Given that loss of Rpd3 leads to global increases in Hsl7associated H4R3me2s, as seen in Fig. 1B, we next asked whether
Rpd3 plays a negative role in the association of Hsl7 with concurrent H4R3me2s accumulation, particularly during gene repression.
To address this question, we examined the recruitment of Hsl7 and
the changes in H4R3me2s at the GAL10 gene under both galactose-

induced and glucose-repressed conditions (Fig. 2). Higher enrichment levels of Hsl7 and H4R3me2s were simultaneously observed
in wild-type (WT) cells immediately upon glucose addition,
demonstrating that Hsl7 regulates transcriptional repression via
the accumulation of H4R3me2s at the repressed genes. In addition,
disruption of RPD3 further signiﬁcantly enhanced Hsl7 and
H4R3me2s enrichment at the repressed GAL10 gene rather than at
the actively transcribed GAL10 (Fig. 2B). Thus, these results provide
strong evidence that Rpd3 plays a negative role in the association of
Hsl7 with chromatin and the H4R3me2s modiﬁcation by Hsl7
primarily under repressive conditions.
The ﬁndings that rpd3D elevated the enrichment of Hsl7 and
H4R3me2s within the repressive GAL10 chromatin raise the possibility that Hsl7 recruitment to the repressive chromatin is
dependent on histone acetylation. To address this question, we
employed several yeast strains expressing K5A, K5R, and K5Q on
histone H4, mutations that mimic constitutively nonmodiﬁable,
deacetylated and acetylated states, respectively [28,29,32] (Fig. 2C).
As expected, H4R3me2s occupancy at the repressed GAL10 gene
was signiﬁcantly increased in K5Q but not in K5A or K5R mutant
cells (Fig. 2C), consistent with the global analysis by western blotting (see Fig. 1C). These ﬁndings are in high accordance with those
of previous studies in mammals showing that histone H4 acetylation, especially on the lysine 5 residue, is highly correlated with
enhanced H4R3me2s, which is catalyzed by PRMT5 [8,33]. Taken
together, these results show that Rpd3 negatively regulates Hsl7induced symmetric dimethylation on histone H4R3 in the transcriptionally repressed state and suggest that the Rpd3-mediated
deacetylation at least partially on histone H4K5 impedes excessive Hsl7 association and the subsequent H4R3me2s at the
repressed chromatin regions.
3.3. Hsl7 localization at the bud neck is not inﬂuenced by RPD3
disruption
Having shown that the loss of Rpd3 abnormally elevated the
Hsl7 recruitment to repressed chromatin, we next asked whether
the loss of Rpd3 affects the cellular localization of Hsl7 because its
bud neck localization is closely linked to its role in the morphogenesis checkpoint at the G2/M boundary [10,11,34]. These questions motivated us to investigate whether the location of Hsl7 is
affected by the loss of the Rpd3 or H4K5Q mutation. To determine
the Hsl7 distribution throughout the cell cycle, we observed GFPtagged Hsl7 by ﬂuorescence microscopy in cells arrested at speciﬁc phases of the cell cycle. In agreement with previous reports,
Hsl7 was localized in the cytoplasm at G1 and S phases. In addition,
Hsl7 was relocalized and accumulated at the bud neck in G2/M
phase, ensuring dynamic subcellular location of Hsl7 during cell
cycle progression [34] (Fig. 3A). We then analyzed Hsl7 localization
in rpd3D and H4K5Q mutants in asynchronous or G2/M-arrested
cells. However, contrary to our expectation, there were no changes
in the Hsl7 localization in the rpd3D or H4K5Q cells. Western blot
conﬁrmed that neither the RPD3 deletion nor the H4K5Q substitution inﬂuenced the expression of Hsl7 (Fig. 3, B-E). Therefore, this
observation shows that the accumulation of H4R3me2s induced by
rpd3D or H4K5Q is not concomitant with the subcellular relocalization of Hsl7.
3.4. The crosstalk between histone deacetylation and H4R3me2s is
the epigenetic combination required for proper polarized cell growth
during cell division
To further explore the genetic interaction between histone
modiﬁcations by Hsl7 and Rpd3, we employed an HDAC inhibitor,
NaB, to introduce the hyperacetylated states of histones in WT cells

R. Duan et al. / Research in Microbiology 171 (2020) 91e98

95

Fig. 3. Bud neck localization of Hsl7 is not affected by the rpd3D or H4K5Q mutation. (A) Cells expressing GFP-Hsl7 were arrested in G1, S or G2/M phase and analyzed for GFP
ﬂuorescence to observe Hsl7 localization (green) or DAPI ﬂuorescence to discern the nucleus (blue). Images taken under white light (differential interference contrast (DIC)),
individual images and merged images are presented. Scale bars, 5 mm. (B, D) The indicated mutant strains expressing GFP-Hsl7 were synchronized at G2/M and visualized under a
ﬂuorescence microscope. Scale bars, 5 mm. (C, E) (upper panel in each result) GFP-Hsl7 protein expression levels were tested in WT and mutant strains with an antibody against GFP.
Equal loading was monitored using an antibody against actin. (Lower panel in each result) Quantitation results from (B) and (D), respectively. The percentage of cells with GFP
ﬂuorescence at the bud neck from 200 to 250 cells in each sample was calculated and plotted. Scale bars, 5 mm. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the Web version of this article.)

and cells mutated at the H4R3 residue. NaB was previously reported to cause hyperacetylation states on histones H3, H4 and H2A
[35e37]. In the absence of NaB, H4R3 mutations had little effect on
cell growth at 30  C and conferred a slight defect at 37  C. However,
upon treatment of the cells with NaB, signiﬁcant synthetic sickness
was observed at 37  C in both H4R3A and H4R3K cells, with a
stronger sickness in H4R3A cells. This result is consistent with those
in rpd3D cells introduced by either H4R3A or H4R3K, suggesting a
very close genetic interaction between the two histone modiﬁcation states, Rpd3-mediated deacetylation and Hsl7-mediated
H4R3me2s (Fig. 4A and Fig. 1A).
Next, we sought to investigate the inﬂuence of histone
deacetylation-H4R3me2s crosstalk on the regulation of cell
morphology during cell division. Several previous reports demonstrated that the loss of Hsl7 leads to elongated cell shape formation
because Hsl7 deﬁciency causes hyperactivity of the Swe1 kinase,
which, in turn, decreases mitotic Cdc28 kinase activity and causes
defects in the G2/M transition [1,11]. However, despite the signiﬁcance of Hsl7 in morphological regulation during cell division, no
evidence exists that the histone modiﬁcation by Hsl7 or even other
histone modiﬁcations affect such morphological regulation. To
address this issue, we again cultured the cells with or without NaB
and analyzed the morphological changes using a ﬂuorescence microscope after staining with FITC-Con A. As shown in Fig. 4B and C,
cells deﬁcient in Hsl7 consistently showed clearly elongated
morphology as previously reported; the long/short axis ratio of
hsl7D cells was considerably larger than that of WT cells [1,11]. In
addition, we further observed that the H4R3K mutation, which
prevents the formation of H4R3me2s by Hsl7 in vivo, exhibited a
similar morphological abnormality, providing strong evidence that
the histone modiﬁcation by Hsl7 is involved in cell cycle morphogenesis control (Fig. 4D). However, neither the treatment of WT
cells with NaB nor the loss of Rpd3 alone affected their longeshort
axis ratio (see each gray colored graph in Fig. 4B, D). Furthermore,
the apical growth of hsl7D was aggravated by treatment with NaB in

a dose-dependent manner up to a ratio of 1.65 (see Fig. 4B, brown
colored graphs). These ﬁndings suggest that histone hyperacetylation causes excessive polarized cell growth when Hsl7 is
lost.
We then hypothesized that NaB-induced hyperacetylation has
an additive defect with the failure of Hsl7 to catalyze H4R3 dimethylation under morphological regulation. Signiﬁcantly, the elongated shape caused by the H4R3K mutation was further
exacerbated by treatment with NaB in a concentration-dependent
manner (Fig. 4D). Notably, neither the H4K5Q mutation in hsl7D
cells nor the deletion of RPD3 from the H4R3K mutation affected
the morphology, implying that deacetylases in addition to Rpd3
HDAC may associate with Hsl7 to regulate cell morphology (Fig. 4C
and D). Collectively, these results show that the histone H4R3me2s
modiﬁcation by the Hsl7 methylase is required for the regulation of
properly polarized cell growth during mitosis and suggest that the
histone hypoacetylation caused by Rpd3 and perhaps other
deacetylases is necessary to maintain the proper morphology of
Hsl7.
4. Discussion
Based on the results obtained in this study, we propose an
epigenetic pathway where a novel combination of two histone
modiﬁcations contributes to cell cycle morphogenesis checkpoint
control (Fig. 4E). In this context, the histone crosstalk between
deacetylation, at least in part by Rpd3 deacetylase, and H4R3me2s
by Hsl7 methyltransferase plays a pivotal role in regulating proper
polarized cell growth during cell division. In WT cells, Rpd3 functions in histone deacetylation, which alleviates Hsl7-induced
H4R3me2s in transcriptional repression and maintains proper
polarized cell growth. By contrast, inactivation of HDACs, including
Rpd3, fails to maintain the tight constraint condition on low
H4R3me2s and thus results in high H4R3me2s, which induces cells
to produce an elongated cell morphology.
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Fig. 4. Histone hyperacetylation by an HDAC inhibitor has an additive effect with the loss of HSL7 on elongated morphology. (A) Cells from WT, H4R3A and H4R3K were serially
diluted 10-fold and spotted onto SC-Ura-His plates containing 0, 3, or 30 mM NaB and grown for 2e3 days at 30 and 37  C. (BeD) (upper panel in each result) Cells used for
morphology analysis were grown to log phase in SC medium without or with NaB at a concentration of 3 or 30 mM. The indicated cells were harvested, ﬁxed and visualized under a
ﬂuorescence microscope after staining with FITC-Con A. (Lower panel in each result) Quantitation of the morphology assay was processed by calculating the ratio of the long/short
axis of the cells using CalMorph software. The value for each cell (solid dots), the mean value (thick line in the middle) and the standard deviation (SD) are shown. The average
values are indicated below each graph (see Ave). The p-values were calculated using the unpaired t-test. Asterisks indicate statistically signiﬁcant differences compared to WT (no
drug), 3 mM NaB, or 30 mM NaB, (B), (D) or to WT or H4K5Q, (C) (*, p < 0.05; **, p < 0.01). Scale bars, 5 mm. (E) The proposed model for the crosstalk between H4 deacetylation by
Rpd3 and H4R3me2s by Hsl7. See the text for details.

Our results reveal an epigenetic interplay between Rpd3catalyzed deacetylation and Hsl7-induced H4R3me2s at the histone H4 N-terminal tail, which was previously ambiguous in yeast
but is crucial for the regulation of transcriptional repression and
morphogenesis checkpoint control. This interplay between these
two histone modiﬁcations can be explained as follows: ﬁrst, our
results argue that the Rpd3-mediated deacetylation of histones
precedes the repressive function of Hsl7 in transcription. For
instance, contrary to the role of Rpd3, Hsl7 deﬁciency did not affect
the RNApII association or Rpd3 association when GAL10 transcription was repressed, supporting the idea that Hsl7 associates with
Rpd3, but Rpd3 functions prior to Hsl7 (see Supplementary Fig. S1,
S2). In this context, the loss of Rpd3 likely causes hyperacetylation
at histone H4 and, in turn, increases the accessibility of Hsl7 to
induce H4R3me2s. Consistent with this view, studies from different
groups showed that the mammalian Hsl7 homolog PRMT5 exhibits
increased arginine methylation upon histone H4 acetylation,
especially on the K5 residue [8,33]. The H4K5Q mutation, which
mimics a hyperacetylation state on the K5 residue of histone H4,
accumulated histone H4R3me2s markedly in whole-cell extracts or
in the repressed state of the GAL10 gene, supporting the importance

of histone acetylation for histone H4R3me2s in yeast cells (see
Figs. 1C and 2C). Second, it appears that Hsl7 is indispensable for
the control of Rpd3-Hsl7-mediated morphogenesis, because loss of
Rpd3 or treatment with NaB did not alter the cellular morphology
when Hsl7 was functional or H4R3me2s was sufﬁcient (see Fig. 4B,
D). Finally, it is also possible that the interaction between Rpd3 and
Hsl7 is not sufﬁcient to fully activate Hsl7. As reported previously,
Hsl7 acts as a pivotal regulator in normal polarized cell growth
[1,11]. However, even though the loss of Hsl7 or the H4R3K mutation signiﬁcantly affected the morphology, the loss of Rpd3 alone
did alter the cell morphology. Moreover, few morphological
changes were observed when the H4R3K mutation was introduced
into rpd3D cells. The ﬁndings that treatment with an HDAC inhibitor further aggravated the morphological defects in hsl7D and
H4R3K cells suggest extra regulation of Hsl7-mediated H4R3
methylation by other HDACs besides Rpd3, at least during
morphogenesis control (see Fig. 4BeD).
In eukaryotes, many HDACs share identical substrates for their
deacetylation. This redundant function of HDACs indicates that the
loss of a certain deacetylase can be compensated by the enzymatic
activities of other HDACs within the same class or even a different
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class [38]. In Saccharomyces cerevisiae, both Rpd3 and Hos2 belong
to the class I HDACs and commonly catalyze the deacetylation of
histones H3 and histone H4, elucidating the overlapping roles of
these two HDACs in transcriptional regulation [39,40]. Similarly, in
higher eukaryotes, HDAC1 and HDAC2, both of which are class I
HDACs, compensate for each other in many cellular events, such as
adipogenesis, proliferation, and transcription [41e43]. This redundancy could at least partially explain the observation that the
H4R3K mutation resulted in additive morphological defects by
treatment with the HDAC inhibitor NaB but not by the loss of Rpd3
only (Fig. 4D).
Neither the histone H4 H5A, K5R and K5Q mutations nor the
two point-mutations on histone H4R3 to alanine or lysine (H4R3A
or H4R3K) affected the expression level of histone H4 (Fig. 1C).
Moreover, the K5A, K5R, and K5Q mutations changed the occupancy of histone H4 on the GAL10 gene very little during induction
(Fig. 2C). These results partially indicate that the density/positioning of histone H4dand probably also the nucleosomedmay
not be signiﬁcantly inﬂuenced by these mutations. For the transcriptionally repressed state of the GAL10 gene, we observed that
K5A and K5R, which mimic constitutively nonmodiﬁable and
deacetylated residues, increased histone H4 occupancy at the
promoter. As described in the materials and methods section, to
control for the ampliﬁcation efﬁciency and label incorporation of
different primers, the PCR signals from the immunoprecipitated
DNA were normalized to the internal intergenic control and the
individual input DNA. Furthermore, the results for methylated H4
were further normalized to the total histone H4 signal.
Recently, many studies have shed light on the substantial signiﬁcance of inhibiting PRMT5 in cancer therapy due to its characteristic overexpression in multiple types of cancers, such as lung
cancer, colorectal cancer, and gastric cancer [44]. The aggressive
malignant phenotype has consistently been correlated with PRMT5
overexpression, which promotes tumor cell growth in ovarian
epithelial cancer [45]. Notably, disrupted cell polarity is a speciﬁc
hallmark of epithelial cancer [46]. In this study, deletion of the HSL7
or H4R3 mutation promoted an abnormal polarized cell shape, and
this defect was exacerbated by treatment with an HDAC inhibitor,
showing the importance of histone crosstalk between the deacetylation and symmetric dimethylation of H4R3 to proper control of
morphogenesis. In addition, a previous report showed that deﬁciency of PRMT5 but not PRMT1 speciﬁcally triggered cell cycle
arrest [12]. Thus, properly polarized cell growth during cell division
appears to be an example of common features regulated by human
PRMT5 and yeast Hsl7 via their methylation activity [46].
Our ﬁndings herein provide functional evidence of the epigenetic role of histone methyltransferase Hsl7 and HDAC Rpd3, at
least at the H4 N-terminus, in maintaining proper cell morphology
during cell division via their histone modiﬁcations. Considering the
conservation between yeast Hsl7 and human PRMT5, our ﬁndings
likely provide implications for future human PRMT5-associated
studies, especially for the development of epithelial cancer
therapeutics.
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