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ABSTRACT

Crucial mechanisms are required to restrict self-
propagating heterochromatin spreading within de-
fined boundaries and prevent euchromatic gene
silencing. In the filamentous fungus Neurospora
crassa, the JmjC domain protein DNA METHYLATION
MODULATOR-1 (DMM-1) prevents aberrant spread-
ing of heterochromatin, but the molecular details
remain unknown. Here, we revealed that DMM-
1 is highly enriched in a well-defined 5-kb hete-
rochromatin domain upstream of the cat-3 gene,
hereby called 5H-cat-3 domain, to constrain aber-
rant heterochromatin spreading. Interestingly, aber-
rant spreading of the 5H-cat-3 domain observed in
the dmm-1X© strain is accompanied by robust depo-
sition of histone variant H2A.Z, and deletion of H2A.Z
abolishes aberrant spreading of the 5H-cat-3 domain
into adjacent euchromatin. Furthermore, lysine 56
of histone H3 is deacetylated at the expanded het-
erochromatin regions, and mimicking H3K56 acety-
lation with an H3K56Q mutation effectively blocks
H2A.Z-mediated aberrant spreading of the 5H-cat-3
domain. Importantly, genome-wide analyses demon-
strated the general roles of H3K56 deacetylation
and H2A.Z deposition in aberrant spreading of het-
erochromatin. Together, our results illustrate a pre-
viously unappreciated regulatory process that medi-
ates aberrant heterochromatin spreading.

INTRODUCTION

In eukaryotes, genomic DNA associates with histones and
non-histone proteins to form chromatin structures. Based
on the degree of compaction, chromatin is categorized as
euchromatin or heterochromatin. Heterochromatin is typi-

cally highly compacted at repetitive DNA regions to silence
invasive transposons, which is critical for genome stability
and organism viability (1,2). However, heterochromatin al-
ways poses a threat to adjacent euchromatin owing to its in-
trinsic spreading potential. The classical example is the po-
sition effect variegation (PEV) in Drosophila melanogaster,
where chromosome rearrangement juxtaposes the white
gene with pericentric heterochromatin. Consequently, the
white gene is stochastically silenced in a portion of cells due
to varying distances of heterochromatin spreading, result-
ing in mottled eyes (3.4). Heterochromatin disorders have
been shown to be linked with many diseases, including car-
cinogenesis (5-7). Thus, eukaryotic genomes must establish
boundaries to protect euchromatin from heterochromatin
invasion (8,9).

The intrinsic spreading potential of heterochro-
matin is generally driven by the self-propagation of
heterochromatin-associated histone modifications and
chromatin proteins (10,11). In budding yeast, heterochro-
matin spreading depends on the positive feedback loop
of H4K 16 deacetylation and subsequent binding of SIR
complex (Sir2/Sir3/Sird) to deacetylated histones (10,12).
Sir2/Sir4 deacetylates H4K 16 at the nucleation sites, which
increases the affinity of Sir3 to chromatin. Sir3 in turn
recruits Sir2/Sir4 to deacetylate H4K16 in the adjacent
nucleosomes and facilitates the spreading of entire Sir
complex outwards from its nucleation sites (13). However,
the self-propagation of Sir complex mediated-H4K16
deacetylation is not sufficient for silencing. Silencing occurs
when Sir2 deacetylates H3K 56 to close the nucleosomal
entry-exit gates which enables compaction of heterochro-
matin (14). Given the strong effect of H3K 56 acetylation
(H3K56ac) on silencing, it is appealing to dissect the role
of H3K 56ac in organisms which use the H3K9 methylation
(H3K9me)/HP1 system to assemble heterochromatin.
Several mechanisms are exploited to prevent inappropriate
spreading of heterochromatin in budding yeast, such as
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boundary elements (15-18) and competition between op-
posing histone modifications (19,20). Interestingly, histone
variant H2A.Z /Htzl-incorporated nucleosomes can define
the boundaries of heterochromatin domains to directly an-
tagonize aberrant spreading of silent heterochromatin (21).
However, the role of H2A.Z in regulating heterochromatin
spreading outside of budding yeast remains unknown.

Neurospora crassa is a simple yet powerful model organ-
ism since it harbors the complete set of heterochromatic
modifications conserved in higher eukaryotes, such as DNA
methylation, making it ideal for studying the processes in-
volved in heterochromatin formation (22). Unlike that in
budding yeast, heterochromatin spreading in N. crassa is
dominated by the H3K9me/HP1 system. Constitutive het-
erochromatin is mainly established at the relics of a genome
defense system called repeat-induced point mutation (RIP),
which are characterized by high AT-richness (23). The AT-
rich cis-acting signal recruits the histone methyltransferase
DIM-5 complex (DCDC) through an unknown mecha-
nism, leading to H3K9 trimethylation (H3K9me3) (24—
27). HP1 binds to H3K9me3 through its chromodomain
and acts as a platform to recruit DNA methyltransferase
DIM-2 which methylates cytosine residues within the AT-
rich sequences (28-30). Once nucleated, heterochromatin
spreading is initiated. Histone demethylase LSD1 is cru-
cial for maintaining proper heterochromatin boundaries
in N. crassa (31). In addition, DNA Methylation Mod-
ulator 1 (DMM-1), a JmjC domain protein, is prefer-
entially localized to the edges of some heterochromatin
domains in an HP1-dependent manner, where it antago-
nizes aberrant heterochromatin spreading (32). Similarly
in fission yeast, the JmjC domain protein, Epel, is re-
cruited to the borders of heterochromatin in a Swi6/HP1-
dependent manner and exerts proper boundary function
(33,34). Although JmjC domain proteins are generally
involved in histone demethylation, neither DMM-1 nor
Epel possesses such activity (32,35). A study showed that
Epel could recruit downstream effector Bdf2 to antagonize
H4K 16 deacetylation-mediated heterochromatin spreading
(36). However, the mechanism by which DMM-1 blocks
heterochromatin spreading is largely unknown.

We previously identified a 5-kb heterochromatin domain
(5H-cat-3 domain) which negatively regulates the expres-
sion levels of its proximal NCU00354 and NCUO00355
(cat-3) genes in N. crassa (37). In addition, the histone
variant H2A.Z, a negative regulator of cat-3 expression,
was enriched in both cat-3 gene locus and the boundaries
of the 5H-cat-3 domain (38). In this study, we demon-
strated that DMM-1 is highly enriched in the 5 H-cat-3 do-
main and restricts heterochromatin spreading mediated by
H3K56 deacetylation and H2A.Z deposition. Importantly,
genome-wide analyses further confirmed the general role of
H3K56 deacetylation and H2A.Z deposition in regulating
aberrant heterochromatin spreading. Our results uncovered
a critical chromatin regulatory process that mediates aber-
rant spreading of heterochromatin.

MATERIALS AND METHODS
Strains and culture conditions

In this study, the N. crassa 87-3 (bd, a) strain with bd
mutation (ras-177°T) was used as the wild-type strain (39).
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The ku70®? (bd, a) strain in which the ku70 ORF was
mutated with multiple premature stop codons by repeat-
induced point mutation (40) was used as the host strain
for creating the knockout strains (dmm-15%°) and knock-
in strains (dmm-116 H3K560 and H3K56R), because
the ku70%'? strain with loss-of-function of Ku70 protein ex-
hibits high homologous recombination efficiency and low
non-homologous end-joining rate. The cat-3%°, hpo*© and
H2A.ZX0 strains generated previously were also used in
this study (26,27,37,38,41). The newly generated double
mutants were dmm-150 H2A.ZX0  dmm-1%° H3K560 and
dmm-150 H3K56R. The dmm-1¥°, FLAG-DMM-1 strain
was constructed by introducing pccg-1-3FLAG-DMM-1
plasmid into the dmm-1%9 host strain. All strains used here
possess the same bd background.

Conidia of indicated strains were inoculated in petri
dishes with 50 mL minimal medium (1 x Vogel’s and 2%
glucose) and cultured at 25°C in constant light until the ex-
ponential growth phase of mycelia. The mycelial mats were
cut with a specific puncher for quantification. Then, these
small mycelial disks were transferred to Erlenmeyer flasks
with 50 mL minimal medium and were grown at 25°C with
shaking for 18 hours under constant light.

Generation of antiserum against DMM-1

The GST-DMM-1 (amino acids Prol104-Asp396) fusion
protein was expressed in Escherichia coli BL21 cells, and
the soluble recombinant protein was purified and used as

the antigen to generate rabbit polyclonal antiserum as pre-
viously described (26).

Protein analysis

Sample preparation, protein extraction and quantification
as well as western blot analysis were performed as previ-
ously described (38). Equal amounts of total protein (32 ng)
were loaded into each protein lane of SDS-polyacrylamide
gel and separated by electrophoresis. Then, the total pro-
teins were transferred onto PVDF membrane and western
blot analysis was performed using antibody against the tar-
get protein.

In-gel assay for catalase activities

Sample preparation, protein extraction and quantification
for the in-gel assay were same as previously described
(37,38). Equal amounts of total protein (30 p.g) were loaded
into each protein lane of 7.5% native polyacrylamide gel.
After 3 h electrophoresis, the gel was soaked in 7 mM H,0,
with gently shaking for 10 min, and then immediately trans-
ferred into a freshly prepared mixture containing 1% potas-
sium hexacyanoferrate (I11) and 1% iron (I11) chloride hex-
ahydrate. Catalase activities were visualized as the bright
bands where H,O, was decomposed by catalases.

RT-qPCR

Total RNA was extracted with TRIzol agent and treated
with DNasel to digest genomic DNA. Each RNA sample
(5 pg) was subjected to reverse transcription with Max-
ima H Minus reverse transcriptase (Thermo Fisher Scien-
tific #M1682), and then amplified by real-time gPCR (7500;
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ABI). The primers used for RT-qPCR were shown in Sup-
plementary Table S1. The relative value of gene expression
was calculated using the 2-22€T method by comparing the
cycle number for each sample to that for the untreated con-
trol (42). The results were normalized by the expression level
of B-tubulin gene.

ChIP-gPCR

Chromatin immunoprecipitation (ChIP) assays were per-
formed as previously described (41). Briefly, tissues were
fixed with 1% formaldehyde for 15 min, and then treated
with 125 mM glycine for 5 min to stop the cross-linking re-
action. After harvest, cross-linked tissues were grinded (0.5
g) and re-suspended in 6 ml lysis buffer containing protease
inhibitors. Chromatin was sheared by sonication to ~500 bp
fragments. 1 ml (2 mg/ml) protein was used as per immuno-
precipitation and 10 wl was kept as the input DNA. ChIP
was performed with 6 pl antibody to FLAG (Sigma), 10 p.l
antibody to HP1, 10 pl antibody to H2A.Z, 3 wl antibody
to acetylated H3K 56 (ab76307; Abcam) or 3 pl antibody to
H3 (2650; CST). Immunoprecipitated DNA was enriched
with the GammaBind G Sepharose beads (17-0885-02; GE
Healthcare) and eluted using elution buffer. Finally, puri-
fied DNA was quantified by real-time qPCR (7500; ABI)
with AceQ® Universal SYBR qPCR Master Mix (Q511;
Vazyme) and primer pairs (see Supplementary Table S2).
Occupancies were normalized by the input DNA and pre-
sented as a percentage of input DNA. H3K 56 acetylation
data need to be further normalized to histone H3 level.

ChIP-seq and data analyses

ChIP-seq samples were prepared as above described.
DNA purity and concentration were measured using
the NanoPhotometer® spectrophotometer (Implen) and
Qubit® DNA Assay Kit in Qubit® 3.0 Flurometer
(Life Technologies), respectively. Library construction was
performed by Novogene Corporation (Beijing, China),
and pair-end sequencing was performed on Illumina No-
vaSeq6000 platform. Raw reads that pass quality control
were processed with Trim Galore (version 3.2) and mapped
to N. crassa OR74A (NC10) genome using Bowtie2 (ver-
sion 2.3.5.1) (43). Only unique mappers were retained for
downstream analyses. Peak calling was performed using
MACS?2 (version 2.2.7.1) (44). Mapped read density was
calculated over 10 bp bins and normalized by RPGC us-
ing bamCoverage from deepTools (version3.5.1) (45), de-
noised with sliding window (window size is 100 nt and
step is 10 nt) and visualized with the Integrative Genomics
Viewer (IGV) (46). The pipeline with detailed settings is
available on GitHub (https://github.com/asuang/research-
for-heterochromatin-in-NC).

Bisulfite-seq and data analyses

Bisulfite-sequencing sample preparation was performed us-
ing the MGIEasy WGBS Library Prep Kit (1000005251;
MGI) for DNBSEQ™ platform (MGI) and the EZ DNA
Methylation-Gold Kit (Zymo Research). Raw reads that
pass quality control were performed with Bismark soft-
ware (version 0.23.1) for alignment and quantification (47).

Clean reads were mapped to N. crassa OR74A (NCI10)
genome using Bowtie2 (version 2.4.4) (43). Only unique
mappers were retained for downstream analyses. The po-
sition and density of SmC was evaluated by Bismark soft-
ware with command bismark_methylation_extractor and vi-
sualized with the Integrative Genomics Viewer (IGV) (46).
The pipeline for WGBS data processing, quantification and
visualization are available on GitHub (https://github.com/
asuang/research-for-heterochromatin-in-NC).

RESULTS

DMM-1 is required for the transcriptional activation of caz-3
and NCU00354 genes by blocking aberrant heterochromatin
spreading

To dissect the molecular details of aberrant heterochro-
matin spreading in N. crassa, we deleted the gene encod-
ing DMM-1 (NCUO01554) from the ras-1°? wild-type (WT)
background strain. As reported previously (32), the dmm-
1%0 mutant showed a severe deficiency in conidial devel-
opment on slants and a dramatic reduction of growth rate
on plates (Figure 1A). Since HP1 protein is enriched in
a 5-kb heterochromatin domain upstream of caz-3 gene
(5H-cat-3 domain) and DMM-1 has been shown to local-
ize to the boundaries of some heterochromatin domains in
an HP1-dependent manner (32,37), we generated a dmm-
1 FLAG knock-in strain and performed ChIP assay to deter-
mine the binding profile of DMM-1-FLAG at the 5H-cat-3
domain. Anti-FLAG antibody and oligonucleotide primer
pairs (primer pairs from -3 to 6) designed to target the 5H-
cat-3 domain and its adjacent regions were used in the ChIP
assay (Figure 1B). The results showed that DMM-1-FLAG
was highly enriched in the middle region of the 5 H-cat-3 do-
main (primer pairs 2 and 4) and its boundaries (primer pairs
1 and 5) (Figure 1C). The binding profile of DMM-1 at the
SH-cat-3 domain is similar to that of HP1, as previously
shown (37). To further confirm the enrichment of DMM-
1 at the 5H-cat-3 domain, we generated antiserum specifi-
cally against DMM-1 (Figure 1D) and performed ChIP as-
say using the DMM-1 antibody. As expected, DMM-1 was
highly enriched in the middle region of the 5 H-cat-3 domain
(primer pairs 2 and 4) and its boundaries (primer pairs 1 and
5) in the WT strain but not in the dmm-1%© strain (Figure
1E).

To determine whether DM M-1 functions at the 5 H-cat-3
domain, we used an HP1-specific antibody to perform ChIP
assays that cover a 10-kb chromatin region from the 3 UTR
of NCUO00353 to the transcription start site (TSS) of cat-
3 (Figure 1B). In the WT strain, HP1 was specifically en-
riched in the 5 H-cat-3 domain (primer pairs from 1 to 5).
In the dmm-1%© strain, however, HP1 enrichment was sig-
nificantly increased at adjacent euchromatin regions includ-
ing the cat-3 promoter (primer pairs 5), NCU00354 gene
locus (primer pairs —3) and the intergenic region between
NCU00353 and NCU00354 loci (primer pairs —6 and —4)
compared to those in the WT strain (Figure 1F). These re-
sults indicate that HP1 aberrantly spreads from the 5 H-cat-
3 domain into adjacent euchromatin regions in the dmm-
1X0 strain. Consistently, whole genome bisulfite sequenc-
ing (WGBS) results confirmed that DNA methylation also
aberrantly spread from the 5 H-cat-3 domain into the cat-3
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Figure 1. DMM-1 is required for transcriptional activation of cat-3 and NCU00354 genes by blocking aberrant heterochromatin spreading. (A) Growth
phenotypes of the wild-type (WT) and dmm-1X© strains on slants and plates, respectively. (B) Schematic diagram depicting a 5-kb heterochromatin domain
(5H-cat-3 domain) located between caz-3 (NCU00355) and NCU00354 genes on linkage group III of the N. crassa genome. Primer pairs from —7 to 6 under
the schematic diagram indicate regions tested by ChIP-qPCR. TSS, trdnscrlptlon start site. (C) ChIP assay with the FLAG antibody showing the binding
pattern of DMM-1-FLAG at the 5H-cat-3 domain and its adjacent regions in the dmm-1TLAG strain. IgG, immunoglobulin G. Error bars indicate S.D.
(n=3). ***P < 0.001. Unpaired Student’s 7 test was used. (D) Immunodetection of DMM-1 in the WT, dnmm-1X° mutant and dmm-15, FLAG-DMM-1
transformant using polyclonal antiserum that specifically recognizes endogenous DMM-1 protein in the WT strain and the ectopically expressed FLAG-
DMM-1 in the transformant strain. Asterisk indicates non-specific band. (E) ChIP assay using the DMM-1 antibody showing the enrichment profile of
DMM-1 at the 5H-cat-3 domain and its adjacent regions in the WT strain. The dnmm-15© strain was used as the negative control. Error bars indicate S.D.
(n=3).**P < 0.01. Unpaired student’s t test was used. (F) ChIP assay with the HP1 antibody showing the binding pattern of HP1 at the 5H-cat-3 domain
and its adjacent regions in the WT and dmm-1%© strains. The /poX© strain was used as the negative control. Error bars indicate S.D. (n = 3). *P < 0.05;
#*P < (.01. Unpaired student’s t test was used. (G) WGBS tracks displaying the distribution of DNA methylation in the WT and dmm-1%© strains over
the 5H-cat-3 domain and its adjacent regions. The horizontal line in the RIP index panel indicates the threshold (<0.7) to trigger DNA methylation by
RIP (52). Red region represents the 5 H-cat-3 domain. (H and I) RT-qPCR assay showing the mRNA levels of car-3 (H) and NCU00354 (I) in the WT and
dmm-1%09 strains, respectively. Error bars indicate S.D. (n = 3). ***P < 0.001. Unpaired Student’s 7 test was used.
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promoter, NCUO00354 locus and the intergenic region be-
tween NCU00354 and NCUO00353 in the dmm-1%© strain
(Figure 1G), which is consistent with the spreading profile
of HP1.

Consequently, the levels of cat-3 and NCU00354 mRNA
(Figure 1H and I), CAT-3 activity (Supplementary Fig-
ure S1A) as well as CAT-3 protein (Supplementary Fig-
ure S1B) in the dmm-1%© strain were significantly decreased
compared to those in the WT strain, further confirm-
ing the encroachment of the 5H-cat-3 domain on adja-
cent euchromatic genes. Together, these results demonstrate
that DMM-1 is required for maintaining normal transcrip-
tion of cat-3 and NCU00354 genes by preventing aberrant
spreading of the 5 H-cat-3 domain.

Aberrant heterochromatin spreading is associated with
H2A.Z deposition in the dmm-1%© strain

We previously showed that the boundaries of the 5H-cat-3
domain and the cat-3 gene locus were enriched with histone
variant H2A.Z, and the deposition of H2A.Z at the cat-3
promoter and TSS played a suppressive role in cat-3 expres-
sion (38). In budding yeast, deposition of H2A.Z near the
telomeres or the silent HM R mating-type locus could pro-
tect euchromatin from gene silencing caused by heterochro-
matin spreading (21). To determine whether the deposition
of H2A.Z at the boundaries of the 5 H-cat-3 domain func-
tions like that in budding yeast, we examined the enrich-
ment of HP1 around the 5H-cat-3 domain in the WT and
H2A.ZX0 strains. ChIP results showed that although HP1
enrichment at the middle region of the 5H-cat-3 domain
(primer pairs 2 and 4) was increased, H2A.Z deletion did
not cause HP1 to spread outside of the boundaries (primer
pairs 1 and 5) (Figure 2A). Similar to the binding pattern of
HP1, DMM-1 enrichment at the middle region of the 5H-
cat-3 domain (primer pairs 2 and 4) was also increased in
the H2A.ZX9 strain (Figure 2B). Moreover, loss of H2A.Z
led to elevated enrichment of DMM-1 at the SH-cat-3 do-
main boundaries compared to those in the WT strain (Fig-
ure 2B), suggesting that DMM-1 enrichment at the bound-
aries may depend on other factors other than HP1, which
are inhibited by H2A.Z deposition. Taken together, these
results strongly suggest that H2A.Z negatively influences
the association of HP1 and DMM-1 at the 5H-cat-3 do-
main but is not required for defining the heterochromatin
boundary as it does in budding yeast.

To further explore the role of H2A.Z deposition at the
SH-cat-3 domain boundaries, we measured the occupancy
of H2A.Z around the 5H-cat-3 domain in the dmm-1%°
strain. Unexpectedly, we found that H2A.Z enrichment was
dramatically increased from the 3'UTR of NCUO00353 to
the cat-3 promoter region in the dmm-1%9 strain compared
to those in the WT strain (Figure 2C), similar to the spread-
ing pattern of the 5 H-cat-3 domain. ChIP sequencing data
also further confirmed the highly elevated H2A.Z deposi-
tion around the 5H-cat-3 domain in the dmm-1%9 strain
(Figure 2D). RT-qPCR and western blot analyses revealed
that the levels of H24.Z mRNA and H2A.Z protein were
only slightly elevated in the dmm-1X° mutant compared to
those in the WT strain (Supplementary Figure S2A and
B). To determine whether DMM-1 only affects the depo-

sition of H2A.Z around heterochromatin domains in the
dmm-1%© strain, we checked the enrichment of H2A.Z at
the promoter region of eed gene (NCUO05300), which is a
known H2A.Z-enriched euchromatic locus (48). ChIP re-
sult showed that loss of DMM-1 had no effect on H2A.Z de-
position at the eed promoter region (Figure 2E). We further
performed ChIP sequencing to verify this pattern. As shown
in Figure 2F, DMM-1 deletion did not affect H2A.Z de-
position at the euchromatin regions from NCUO05305 gene
to NCUO05286 gene. These data indicate that the impact of
DMM-1 deletion on H2A.Z localization may be specific for
heterochromatic flanks. Thus, sharp deposition of H2A.Z
accompanied by aberrant heterochromatin spreading may
be caused by aberrant incorporation or removal of H2A.Z
on the chromatin rather than enhanced H2A.Z expression.

H2A.Z deposition is crucial for aberrant heterochromatin
spreading in the dmm-1%© strain

Sharp deposition of H2A.Z on the spreading path
prompted us to investigate the role of H2A.Z in heterochro-
matin spreading caused by DMM-1 deletion. To this end,
we generated a dmm-15X0 H2 A. ZX° double mutant. As illus-
trated in Figure 3A, the conidial development and growth
rate of the dmm-15XC H2A4.Z%° double mutant resembled
those of the H2A.ZX? single mutant, which were health-
ier than those of the dmm-1%© single mutant. Likewise, the
low levels of cat-3 and NCU00354 mRNA (Figure 3B and
C), CAT-3 activity (Supplementary Figure S3A) as well as
CAT-3 protein (Supplementary Figure S3B) observed in the
dmm-1%9 strains were all dramatically elevated in the dmm-
1X0 H2A.7ZXO strain, comparable to those in the H2A4.Z%0
single mutant but higher than those in the WT strain. These
results imply that H2A.Z deposition is crucial for aberrant
spreading of heterochromatin caused by DMM-1 deletion.

To test this possibility, we measured HPI enrich-
ment around the 5H-cat-3 domain in the WT, dmm-159,
H2A.7ZX0 and dmm-1%X° H2A.ZXO strains. As shown in Fig-
ure 3D, aberrant spreading of HP1 towards adjacent eu-
chromatin regions in the dmm-15° mutant disappeared and
the enrichment peaks of HP1 were strongly constricted to
the 5 H-cat-3 domain (primer pairs from 1 to 5) in the dmm-
1X0 H2A4.7ZXO strain, suggesting that aberrant spreading
of HP1 depends on H2A.Z deposition. Similarly, aberrant
spreading of DNA methylation towards adjacent euchro-
matin regions in the dmm-1X° mutant was strictly restricted
within the 5H-cat-3 domain in the dmm-1XC H2A.7X°
strain (Figure 3E), indicating that H2A.Z-dependent HP1
enrichment drives aberrant spreading of DNA methyla-
tion into euchromatin regions. Taken together, these results
demonstrate that H2A.Z deposition is crucial for aberrant
spreading of heterochromatin caused by DMM-1 deletion.

H3K56 deacetylation is required for H2A.Z-mediated aber-
rant heterochromatin spreading in the dmm-1%© strain

Genome-wide analysis in yeast revealed widespread re-
duction of H2A.Z levels in mutants with hyperacety-
lated H3K 56 (49). Moreover, the formation of silent hete-
rochromatin was controlled by H3K56 deacetylation that
promotes an inaccessible and silent chromatin structure
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Figure 2. H2A.Z is sharply deposited on the spreading path of the 5H-cat-3 domain in the dmm-1X9 strain. (A) ChIP assay using the HP1 antibody showing
the enrichment profile of HP1 at the 5 H-cat-3 domain and its adjacent regions in the WT and H2A4. ZXO strains. The hpoX© strain was used as the negative
control. Error bars indicate S.D. (n = 3). **P < 0.01; ***P < 0.001. Unpaired Student’s 7 test was used. (B) ChIP assay using the DMM-1 antibody showing
the enrichment profile of DMM-1 at the 5H-caz-3 domain and its adjacent regions in the WT and H2A.ZX? strains. The dmm-159 strain was used as the
negative control. Error bars indicate S.D. (n = 3). **P < 0.01. Unpaired Student’s 7 test was used. (C) ChIP assay using the H2A.Z antibody showing
the enrichment profile of H2A.Z at the 5H-cat-3 domain and its adjacent regions in the WT and dmm-1%© strains. The H2A4.ZXO strain was used as the
negative control. Error bars indicate S.D. (n = 3). ***P < 0.001. Unpaired Student’s 7 test was used. (D) ChIP-seq tracks showing H2A.Z enrichment
around the 5H-cat-3 domain in the WT and dmm-I1X9 strains. The horizontal line in the RIP index panel indicates the threshold (<0.7) to trigger DNA
methylation by RIP. Red region represents the 5H-cat-3 domain. (E) ChIP assay using the H2A.Z antibody showing the enrichment profile of H2A.Z at
the promoter region of eed gene in the WT and dmm-1%© strains. The H2A. ZX© strain was used as the negative control. Error bars indicate S.D. (n = 3).
n.s., no significance. Unpaired Student’s 7 test was used. (F) ChIP-seq tracks showing H2A.Z enrichment at the euchromatin regions from NCU05305 to
NCU05286 in the WT and dmm-1%0 strains. The horizontal line in the RIP index panel indicates the threshold (<0.7) to trigger DNA methylation by RIP.

(14). To examine whether H3K 56 acetylation is related to tion and H2A.Z deposition at the flanks of 5H-cat-3 do-

H2A.Z-mediated aberrant heterochromatin spreading, we main in the dmm-1%0 mutant. To further determine the
measured H3K 56 acetylation levels around the 5H-cat-3 role of H3K56 acetylation in H2A.Z-mediated aberrant
domain in the WT and dmm-1%© strains. ChIP results re- heterochromatin spreading, we generated H3K56 R, dmm-

vealed that loss of DMM-1 down-regulated H3K 56 acety- 150 H3K56R, H3K56Q and dmm-1X° H3K56Q mutants, in
lation at the corresponding H2A.Z deposition regions com- which the mutation of K56 to R abolishes H3K 56 acety-
pared to those in the WT strain (Figure 4A), suggest- lation whereas the mutation of K56 to Q mimics H3K 56
ing an antagonizing relationship between H3K 56 acetyla- acetylation (50,51). As shown in Figure 4B, the dmm-1%°
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H3K56 R double mutant phenocopied the dmm-1%© strain,
while the dmm-15° H3K56Q double mutant resembled the
WT strain and H3K56Q single mutant. Consistent with
the growth phenotypes, the levels of cat-3 and NCU00354
mRNA, CAT-3 activity as well as CAT-3 protein remained
repressed in the dmm-1X° H3K56R double mutant (Fig-
ure 4C, D, Supplementary Figure S4A and B) but were al-
most restored to the levels of the WT strain in the dmm-
1X0 H3K56Q double mutant (Figure 4E, F, Supplementary
Figure S4C and D). These results demonstrate that H3K 56
deacetylation is required for H2A.Z-mediated aberrant het-
erochromatin spreading in the dmm-1%° mutant.

As expected, the enrichment profiles of H2A.Z and HP1
around the 5H-cat-3 domain in the dmm-15° H3K560
strain were similar to those of the WT and H3K56Q strains
(Figure 5A and B), suggesting that H3K 56 hyperacetyla-
tion blocks H2A.Z-mediated aberrant spreading of HP1 to-
wards adjacent euchromatin regions in the dmm-15° mu-
tant. However, abolishing H3K 56 acetylation via H3K56 R
mutation could not restrict H2A.Z-mediated aberrant HP1
spreading caused by DMM-1 deletion (Figure 5C and D).
WGBS also revealed that H3K56Q, but not H3K56 R, pre-
vented aberrant spreading of DNA methylation observed in
the dmm-1%° mutant (Figure SE). Taken together, these re-
sults strongly suggest that H3K 56 deacetylation is required
for H2A.Z-mediated aberrant heterochromatin spreading
in the dmm-1%© strain.

Aberrant heterochromatin spreading mediated by H3K56
deacetylation and H2A.Z deposition occurs genome-widely
in the dmm-1%© strain

To determine whether aberrant heterochromatin spread-
ing mediated by H3K56 deacetylation and H2A.Z depo-
sition is a general mechanism, we performed and ana-
lyzed chromatin immunoprecipitation sequencing (ChIP-
seq) and whole genome bisulfite sequencing (WGBS). Be-
cause the RIP process is tightly correlated with DNA
methylation and heterochromatin formation, we used the
DNA RIP index as an indicator to define the boundaries of
methylated regions (52). To minimize the noise from RIP in-
dex, RIP relics <1.5 kb apart in the N. crassa genome were
merged and 532 targeted regions were obtained. Further-
more, DMM-1-regulated RIP domains were defined as re-
gions where HP1 and DNA methylation aberrantly spread
for at least 1 kb from the boundaries of RIP relics into ad-
jacent regions. Consequently, 137 of the 532 RIP domains
were screened out for subsequent bioinformatics analysis,
which is largely consistent with the proportion (17/45) of
a previous study focused on Linkage Group VII (32). As
shown in Figure 6, aberrant spreading of HP1 and DNA
methylation outside of the boundaries were generally ac-
companied by H2A.Z incorporation and H3K56 deacety-
lation. More importantly, loss of H2A.Z or mimicking
H3K56 acetylation via an H3K56Q mutation effectively re-
stricted aberrant spreading of HP1 and DNA methylation
in N. crassa genome (Figure 7). Data from 10 representative
RIP regions were shown in Supplementary Figure S5. To-
gether, these results suggest that aberrant heterochromatin
spreading mediated by H3K56 deacetylation and H2A.Z
deposition is a universal mechanism in the dmm-1%9 strain.

DISCUSSION

Unchecked heterochromatin can encroach on adjacent
gene-rich euchromatin, causing euchromatic gene silenc-
ing. In N. crassa, DMM-1 is critical for setting heterochro-
matin boundaries and preventing aberrant spreading of het-
erochromatin. Here, we discovered that aberrant spread-
ing of heterochromatin in the dmm-1%° mutant is accom-
panied by H2A.Z deposition, and the enrichment profile
is similar to those of HP1 and DNA methylation. Dele-
tion of H2A.Z restricts HP1 and DNA methylation within
heterochromatic regions, indicating that aberrant spreading
of heterochromatin depends on H2A.Z deposition. More-
over, we demonstrated that the deacetylation of H3K56
is required for H2A.Z-dependent heterochromatin spread-
ing, because H3K56Q mutation, which mimics hyperacety-
lation of H3K56, completely blocks aberrant heterochro-
matin spreading caused by DMM-1 deletion. Collectively,
our results suggest that DMM-1 maintains the normal het-
erochromatin patterns by regulating H3K 56 deacetylation
and H2A.Z deposition (Figure 8).

The possible working model of DMM-1 in boundary forma-
tion

Although DMM-1 is only conserved in the filamen-
tous fungi (32), functional parallels can be drawn to the
well-characterized boundary protein Epel in fission yeast
(33,34,36,53). Boundary elements containing specific DNA
sequences serve as platforms for recruiting Epel to sep-
arate heterochromatin from euchromatin in fission yeast
(2,33,34,36,53). However, sequence-specific boundary ele-
ments have not been identified in N. crassa. The specific lo-
calization of DMM-1 may be regulated by recognizing un-
known DNA sequences or undefined chromatin marks via
its cysteine-rich domains (32).

In fission yeast, histone deacetylase Sir2-mediated
H4K16 deacetylation is crucial for heterochromatin spread-
ing outside of the boundaries. To block the encroachment
of heterochromatin on euchromatin, Bdf2 is enriched in the
boundary elements through its interaction with Epel, where
it could protect acetylated H4 tails from deacetylation by
Sir2 and therefore antagonize heterochromatin spreading
(36). Similarly in N. crassa, the boundary effector LSD1
prevents aberrant heterochromatin spreading by suppress-
ing HCHC complex-mediated histone deacetylation (31).
While the requirement of HCHC activity for heterochro-
matin spreading in the dmm-1%° mutant has not been veri-
fied, it is possible that DMM-1 recruits Bdf2-like factors to
antagonize heterochromatin spreading mediated by H3K 56
deacetylation.

Implications of H3K56 acetylation in heterochromatin struc-
ture

In budding yeast, Sir2-mediated H4K 16 deacetylation has
long been linked to Sir protein binding and subsequent
spreading along silent loci (54). Consistent with this, histone
acetyltransferase Sas2-mediated H4K 16ac increases gradu-
ally from the telomere end to the adjacent euchromatic re-
gion and thus limits Sir protein spreading within silent re-
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gions (19,20). However, deacetylation of H4K 16 alone is in-
sufficient for silencing (55,56). Silencing requires deacetyla-
tion of H3K 56 by Sir2, which promotes an inaccessible and
silent chromatin structure (14). We showed here that lysine
56 of histone H3 is deacetylated at aberrant spreading path,
and mimicking H3K56ac with an H3K56Q mutation pre-
vents the encroachment of heterochromatin on adjacent eu-
chromatin, indicating that H3K 56 deacetylation is required
for heterochromatin spreading outside of the boundaries
in N. crassa. Although the implications of H3K 56 acetyla-
tion in heterochromatin spreading have not been defined in
other model organisms, it is possible and reasonable that
the H3K 56 acetylation levels serve as the deepest molecular
switch to regulate the opening and condensing of chromatin
structures because lysine 56 in H3 is located at the critical
entry-exit points of the DNA superhelix surrounding the
nucleosome (51). Furthermore, trimethylation of H3K56
has been defined as a conserved heterochromatic mark in

mammalian cells (57). Therefore, it would be attractive to
explore whether a transition from acetylation to methyla-
tion at the H3K 56 residue regulates heterochromatin struc-
ture in mammals.

Interestingly, why does mimicking H3K 56ac block aber-
rant heterochromatin spreading caused by DMM-1 dele-
tion but does not disrupt the silencing of heterochromatin
itself in the WT strain. Such a dichotomy may be attributed
to the distinctive sequence feature of N. crassa heterochro-
matin because substantial AT-rich sequences created by
RIP have been shown to recruit the DCDC complex to es-
tablish H3K9me3 and subsequent methylation of under-
lying DNA (58-60). However, the sharply decreasing AT-
content at adjacent euchromatin regions is insufficient for
DCDC-induced heterochromatin, hence heterochromatin
spreading outside of the boundaries probably depends on
histone deacetylation events, such as H3K 56 deacetylation

(31).
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Figure 8. Model of aberrant heterochromatin spreading caused by DMM-1 deletion in N. crassa. When boundary protein DMM-1 is impaired, aberrant
heterochromatin spreading can be initiated by removing H3K 56 acetylation of adjacent euchromatic nucleosomes through an unknown mechanism, which
facilitates H2A.Z incorporation. H2A.Z-containing nucleosomes may create a condensed chromatin environment and promote the spreading cycle of
H3K9me3, HP1 and DNA methylation, eventually resulting in aberrant heterochromatin spreading and substantial euchromatic gene silencing.

The functions of H2A.Z in heterochromatin regulation

Unlike H3K56 acetylation, the diversified functions of
H2A.Z in heterochromatin regulation have been extensively
studied in different model organisms. In budding yeast,
H2A.Z/Htzl was shown to restrict Sir2-dependent hete-
rochromatin spreading (21). However, investigation of HP1

and DNA methylation profiles in the H2A4.ZX© strain did
not reveal any sign of heterochromatin spreading in this
study. This result is not very surprising since N. crassa het-
erochromatin is very different than Sir2-dependent ‘het-
erochromatin’ and probably exploits different restriction
mechanisms. In contrast, we found here that H2A.Z sharply
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deposits at the expanded heterochromatin regions, and loss
of H2A.Z blocks ectopic heterochromatin spreading, in-
dicating that H2A.Z incorporation is a critical step for
aberrant heterochromatin spreading caused by DMM-1
deletion in N. crassa. Similar functions were observed in
other model organisms using H3K9me/HP1 systems to
assemble heterochromatin, especially in mammals, where
H2A.Z is enriched in heterochromatic foci with HPla on
the chromosomal arms and deletion of H2A.Z disrupts nor-
mal HPla-chromatin interactions, notably at pericentric re-
gions (61-63). In addition, co-localization of H2A.Z and
DNA methylation on the spreading path in the dmm-1%°
strain indicated that they are not always mutually antag-
onistic chromatin marks as in the mammal or A4. thaliana
genome (64-66). Convincingly, genome-wide analysis in
yeast demonstrated widespread decrease of H2A.Z levels in
mutants with hyperacetylated H3K 56 (49), consistent with
the antagonism between H3K 56 acetylation and H2A.Z de-
position in our study.

Interestingly, H2A.Z participates in heterochromatin
spreading outside of the boundaries in the dmm-1%° mu-
tant but is excluded from the interior of the heterochro-
matin in the WT strain. The peculiar AT-richness of N.
crassa heterochromatin may also be the major reason for
H2A.Z’s lack of role in the middle of heterochromatin.
Aberrant spreading of heterochromatin at adjacent euchro-
matin regions may require chromatin remodeling or his-
tone variants incorporation owing to the low AT-richness,
in which H2A.Z deposition has been shown to support
a condensed chromatin environment (62). In addition,
H2A.Z has been reported to be post-translationally mod-
ified by acetylation, methylation and monoubiquitination
(67-69). Among these, acetylated H2A.Z is associated with
transcriptional activation and heterochromatin boundaries,
whereas methylated and monoubiquitinated H2A.Z are
generally related to transcriptional silencing (67,69-72).
Therefore, distinguishing the type of H2A.Z modifications
in the WT and dmm-1%© strains may explain this phe-
nomenon in N. crassa.

To date, H3K 56 acetylation and H2A.Z have been exten-
sively reported in model organisms. Considering their con-
servative natures, further analyses will be necessary to deter-
mine whether similar regulatory mechanisms exist in other
organisms.
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