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ABSTRACT

Negative cofactor 2 (NC2), including two subunits
NC2� and NC2�, is a conserved positive/negative
regulator of class II gene transcription in eukary-
otes. It is known that NC2 functions by regulating
the assembly of the transcription preinitiation com-
plex. However, the exact role of NC2 in transcriptional
regulation is still unclear. Here, we reveal that, in
Neurospora crassa, NC2 activates catalase-3 (cat-3)
gene transcription in the form of heterodimer medi-
ated by histone fold (HF) domains of two subunits.
Deletion of HF domain in either of two subunits dis-
rupts the NC2�–NC2� interaction and the binding of
intact NC2 heterodimer to cat-3 locus. Loss of NC2
dramatically increases histone variant H2A.Z depo-
sition at cat-3 locus. Further studies show that NC2
recruits chromatin remodeling complex INO80C to
remove H2A.Z from the nucleosomes around cat-3
locus, resulting in transcriptional activation of cat-3.
Besides HF domains of two subunits, interestingly, C-
terminal repression domain of NC2� is required not
only for NC2 binding to cat-3 locus, but also for the
recruitment of INO80C to cat-3 locus and removal of
H2A.Z from the nucleosomes. Collectively, our find-
ings reveal a novel mechanism of NC2 in transcrip-
tion activation through recruiting INO80C to remove
H2A.Z from special H2A.Z-containing nucleosomes.

INTRODUCTION

In eukaryotic cells, transcription initiation is triggered by
the assembly of a functional preinitiation complex (PIC)
consisting of general transcription factors (GTFs) and
RNA polymerase II (RNAP II) at class II gene promoters

(1,2). The first step for sequential assembly of an active PIC
at the class II gene promoter is either the binding of TBP of
TFIID to the TATA box (1–3), or the recognizing and bind-
ing of TAFs of TFIID to TATA-less promoter elements,
such as INR, MTE, and DPE (4,5). This is the rate-limiting
step for PIC formation. The sequential assembly at the pro-
moter in the following order: TFIIA, TFIIB, TFIIF-RNAP
II, TFIIE, TFIIH and TFIIJ (3,6–8). The PIC assembly
is initiated by a substantial number of transcriptional ac-
tivators that either directly or indirectly associate with TBP
to mediate the interaction between TFIIA and TFIIB with
TBP (8,9).

In yeast, the PIC assembly is activated by TFIIA and
TFIIB and inhibited by Negative cofactor 2 (NC2) (8). NC2
is initially identified as a transcriptional suppressor in HeLa
cells, which represses basal TATA-dependent transcription
through interacting with TBP in vitro (10,11). NC2 com-
plex consists of two subunits, NC2� and NC2�, which are
highly conserved proteins among eukaryotes (12). Previous
studies have shown that in Saccharomyces cerevisiae, both
NC2�/BUR6 and NC2�/YDR1 are critical for normal cell
growth (13,14). Similarly, loss of NC2α/Drap1 leads to se-
vere gastrulation defects in mice (15), indicating the earli-
est essential role for Drap1 in embryogenesis. NC2� and
NC2� form a heterodimer through their N-terminal his-
tone fold domains and bind to the TBP-TATA complex to
repress the transcription of class II genes (16). Both TBP-
binding domain and QA-rich domain of NC2� are required
for the interaction between NC2 and TBP-TATA complex
and its transcriptional repression (17). The association of
DNA-bound TBP with NC2 complex obstructs its interac-
tion with TFIIA and TFIIB, which inhibits PIC assembly
for transcription initiation (10,18–20). The crystal structure
of human NC2 recognizing TBP-DNA transcription com-
plex showed that NC2 heterodimer binds to the bent DNA
double helix on the underside of the preformed TBP-DNA
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complex, permitting the C terminus of NC2� to make spe-
cific contacts with the upper surface of TBP and block the
recognition of TBP–DNA complex by TFIIB (21).

In addition to the well-established function as a transcrip-
tional repressor, the NC2� also functions as transcriptional
activator for GAL1 and GAL10 in vivo (13). The Drosophila
homolog of NC2 purified from nuclear extracts is able to
activate the transcription of genes containing TATA-less
promoters with a downstream promoter element (DPE) in
an in vitro transcription system (22). Consistent with this,
yeast NC2 is required for the transcription of the HIS3
and HIS4 TATA-less core promoters in vivo (13,23). Inter-
estingly, yeast NC2 also directly stimulates the activator-
dependent transcription of genes with TATA-containing
promoters both in vivo and in vitro; its stimulatory role re-
quires the same surface of TBP that mediates the NC2 re-
pression activity (18). Furthermore, recent studies showed
that yeast NC2 activates the expression of some stress-
induced genes in response to stress stimuli (e.g., heat or ox-
idative stress) through promoting the PIC assembly, indicat-
ing that NC2 plays an important role in regulating inducible
genes (24–26).

In various environmental stresses, oxidative stress is a
ubiquitous threat for aerobic organisms. It not only induces
irreversible damage of cellular biomacromolecules, includ-
ing lipids, proteins, and DNA, resulting in cellular dysfunc-
tion or cell death (27,28), but also triggers a series of phys-
iological and pathological diseases such as pulmonary em-
physema, adult respiratory distress syndrome (ARDS) (29)
and colorectal cancer (30). Indeed, oxidative stress is caused
by the imbalance that production of reactive oxygen species
(ROS) exceeds the elimination capacity of ROS in cells. ROS
is a family of unstable and highly reactive molecules that
are products of intracellular oxidative metabolism (mito-
chondrial electron-transport chain) and extracellular ROS-
inducing agents, such as radiation and heat shock (31,32).
ROS mainly consists of superoxide anion (O2

•−), hydroxyl
radical (•OH), hydrogen peroxide (H2O2) and singlet oxy-
gen (1O2) (33). In order to counteract the oxidative stress,
aerobic organisms have evolved ROS scavengers such as
catalases (CAT) that decomposes H2O2 into water and oxy-
gen (31,34). Moreover, catalase is prevalent and highly con-
served in aerobic organisms (35,36).

In N. crassa, there are three types of catalases, CAT-1,
CAT-2 and CAT-3, which are differentially expressed dur-
ing the asexual life cycle (37). CAT-1 is predominantly accu-
mulated in conidia, CAT-2 is mainly found in aerial hyphae
and conidia, and CAT-3 activity increases during exponen-
tial growth phase (37,38). Currently, biochemical study in
N. crassa has demonstrated that CAT-3, present in growing
mycelia, is the key catalase in mediating the resistance to
oxidative stress, and its function could not be substituted
by other catalases even under oxidative stress conditions
(39). CAT-3 activity is also inducible under stress condi-
tions, such as H2O2, heat shock, and menadione treatment
(40), indicating that CAT-3 is critical for counteracting ox-
idative stress during the growth and development of mycelia
in N. crassa. Given the exceedingly significant role of CAT-3
in resistance to oxidative stress, it is particularly important
to explore the regulatory mechanism of cat-3 gene expres-
sion. Our previous studies showed that CPC1/GCN4 and

GCN5 positively regulate the expression of cat-3 (41) and
SWR complex-mediated H2A.Z deposition negatively reg-
ulates cat-3 transcription (42). However, the regulation of
H2A.Z deposition at cat-3 locus is still unclear.

Here, we found that the histone fold domains-mediated
NC2�/� heterodimer is essential for activating the cat-3
gene transcription through recruitment of the chromatin
remodeling complex INO80C to remove histone variant
H2A.Z from the nucleosomes around cat-3 promoter/TSS
region. Interestingly, the C-terminal domain of NC2� is re-
quired not only for the binding of NC2 at cat-3 locus, but
also for the INO80C-mediated H2A.Z removal from the nu-
cleosomes around cat-3 locus. Taken together, these results
provide a novel mechanism of NC2 in transcription activa-
tion of cat-3 which is important for resistance to oxidative
stress.

MATERIALS AND METHODS

Strains and culture conditions

In this study, 87–3 (bd, a) (43) was used as the wild-
type strain. The ku70RIP (bd, a) strain generated previously
(44) was used as the host strain for creating the knockout
strains (Nc2αKO, Nc2βKO, arp8KO, ies-4KO and ncu08417KO)
and knock-in strains (Nc2αΔN, Nc2αΔHF, Nc2αΔC,
Nc2βΔHF, Nc2βΔTBP, Nc2βΔR). The H2A.ZKO and cat-
3KOstrains generated previously were also used in this study
(42,45). The ino80KOstrain that has heterokaryotic and bd
background in this study was generated previously (46). The
heterokaryotic Nc2αKOH2A.ZKO strains were generated by
replacing H2A.Z ORF region with basta-resistance bar
gene in Nc2αKO background strain. The Nc2αKO, pqa-Myc-
NC2� strain, Nc2αKO, pqa-Myc-NC2��N strain, Nc2αKO,
pqa-Myc-NC2��HF strain, Nc2αKO, pqa-Myc-NC2��C
strain and Nc2αKO, pqa-Myc-NC2� strain were gener-
ated by transferring pqa-Myc-NC2�, pqa-Myc-NC2��N,
pqa-Myc-NC2��HF, pqa-Myc-NC2��C and pqa-Myc-
NC2� constructs into the his-3 locus of Nc2αKO (his-3, a)
host strain. Applying the same method, the Nc2βKO, pqa-
Myc-NC2� strain, Nc2βKO, pqa-Myc-NC2��HF strain,
Nc2βKO, pqa-Myc-NC2��TBP strain, Nc2βKO, pqa-Myc-
NC2��R strain and Nc2βKO, pqa-Myc-NC2� strain were
created. All strains used in this study possess the same bd
background.

The medium for plate assays contained 1× Vogel’s salts,
3% sucrose, and 1.5% (w/v) agar with or without H2O2 and
in the absence or presence of 10−3 M QA. Liquid cultures
were grown at 25◦C with shaking in minimal medium (1×
Vogel’s and 2% glucose) for 18 h in constant light (LL).
When QA was used, liquid cultures were grown in low-
glucose medium (1× Vogel’s, 0.1% glucose, 0.17% arginine)
with 10−2 M QA.

Generation of antiserum against NC2� , NC2�, ARP8,
TFIIB

The GST-NC2� (amino acids 95–401), GST-NC2� (amino
acids 1–138), GST-ARP8 (amino acids 500–748) and GST-
TFIIB (amino acids 19–348) fusion proteins were expressed
in Escherichia coli BL21 cells, and the soluble recombinant
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proteins were purified and used as the antigens to immu-
nize rabbits, which generated rabbit polyclonal antiserums,
as described previously (47).

Plate assay

Age-appropriate conidia were inoculated in petri dishes
with 50 ml liquid medium containing Vogel’s minimal
medium (VM) and 2% glucose under static culture condi-
tion at 25◦C in constant light (LL) until the exponential
growth phase of mycelium. The disks of mycelium mat were
cut with a cork borer for quantification. For each strain,
individual mycelium disk was transferred into the centers
of VM plates containing 3% sucrose and 1.5% (w/v) agar,
and cultured at 25◦C in constant light (LL). The response
to oxidative stress was determined by analyzing disk diam-
eters of strains on VM plates containing 3% sucrose and
1.5% (w/v) agar with or without H2O2 of indicated concen-
trations and/or in the absence or presence of 10−3 M QA.
In order to exclude the effect of the growth rate of differ-
ent strains on the H2O2 sensitivity, the calculation method
used previously that the extent of relative growth rate to rep-
resent the extent of H2O2 sensitivity was also used in this
study (41,42,45). In addition, in order to visually analyze
the growth phenotype, all plates were photographed until
the disk diameters of strains in medium without H2O2 and
QA exactly extend to the edge of the plate. Then we directly
analyzed the H2O2 sensitivity through visual observation
of the disk diameters of strains in medium with oxidative
stress.

Protein analyses

Cell extracts from the adhered mycelium mat incubated for
18 h were used for performing protein analyses. Protein ex-
traction, quantification, and western blot analysis were per-
formed as described previously (47). Equal amounts of to-
tal protein (40 �g) were loaded into each protein lane. Af-
ter electrophoresis, proteins were transferred onto PVDF
membrane by electroblot. Western blot analyses were per-
formed by using antibodies against the proteins of interest.

In-gel assay for activity of catalases

Protein extraction and quantification prepared for the in-
gel assay was same as previously depicted (37,45). Equal
amounts of total protein (40 �g) were loaded into each pro-
tein lane of 7.5% native poly-acrylamide slab gel (45). Af-
ter electrophoresis, the gel rinsed with ddH2O was soaked
in 10 mM H2O2 with gently shaking for 10 min, and then
straightway transferred into a mixture of freshly prepared
1% potassium hexacyanoferrate (III) and 1% iron (III) chlo-
ride hexahydrate. Catalase activity was visualized as a band
where H2O2 was decomposed by catalases.

RNA analyses

For RT-qPCR assays, total RNA was extracted with TRIzol
agent and treated with DNase I to digest genomic DNA ac-
cording to the previous description (41,42,45). Each RNA
sample (5 �g) was subjected to reverse transcription with

M-MLV reverse transcriptase purchased from Pro-mega
(M1705), and then amplified by real-time PCR (7500; ABI).
The primers used for qPCR were shown in Supplementary
Table S1. The relative value of gene expression was calcu-
lated using the 2−��CT method (48) by comparing the cycle
numbers for each sample with that for the untreated con-
trol. The results were normalized to the expression level of
�-tubulin gene.

ChIP analyses

Chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously (49). Briefly, tissues were
fixed with 1% formaldehyde for 15 min at 25◦C with shak-
ing, followed by stopped with glycine at a final concentra-
tion of 125 mM for 5 min. Cross-linked tissues were ground
and resuspended at 0.5 g/5 ml in lysis buffer containing pro-
teinase inhibitors (1 mM PMSF, 1 mg/ml pepstatin A and
1 mg/ml leupeptin). Chromatin was sheared by sonication
to ∼500 bp fragments. 2 mg/ml protein was used as per im-
munoprecipitation and 10 �l was kept as the input DNA.
ChIP was carried out with 8 �l of antibody to H2A.Z, 10 �l
of antibody to NC2�, 10 �l of antibody to NC2�, 5 �l of
antibody to INO80, 10 �l of antibody to ARP8 and 10 �l of
antibody to TFIIB. Immunoprecipitated DNA was quanti-
fied using real-time PCR (7500; ABI) with primer pairs (see
Supplementary Table S2). ChIP-quantitative PCR (qPCR)
data were normalized by the input DNA and presented as
a percentage of input DNA. Each experiment was indepen-
dently performed at least three times.

Co-Immunoprecipitation (Co-IP)

Cell extracts from the adhered mycelium mat incubated
for 18 h were used for performing co-immunoprecipitation
analyses. Protein extraction, quantification, and co-
immunoprecipitation assays were performed as described
previously (47). Briefly, the 4 mg/ml protein extracts in
extraction buffer were incubated with 5 �l of monoclonal
antibody to c-Myc (HT101-02, TransGen Biotech), 10 �l
of antibody to NC2�, 10 �l of antibody to NC2�, 10 �l
of antibody to INO80, 10 �l of antibody to ARP8, 10 �l
of antibody to IgG (HS101–01, TransGen Biotech) for 4
h at 4◦C with rotation. Then the 40 �l precleaned protein
G-Sepharose (17-0885-02, GE Healthcare) were added and
incubated for 1 h at 4◦C with rotation. The beads were
washed three times with ice-cold extraction buffer, mixed
with protein loading buffer, and boiled for 10 min, and the
immunoprecipitated proteins were analyzed by Western
blotting.

Expression and purification of recombinant proteins

The recombinant protein GST-NC2�, GST-GFP and His-
ARP8 were expressed in E. coli BL21 cells, and the sol-
uble recombinant proteins were purified as described pre-
viously (50). Briefly, the transformed bacteria were resus-
pended in lysis buffer containing 20 mM Tris–HCl (pH 7.3),
500 mM NaCl, 10% glycerol, 0.1% Triton X-100 and 1 mM
PMSF, then disrupted by ultrasonication. The supernatant
was collected and recombinant proteins were purified using
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an Ni-NTA agarose (Bio-Rad) or glutathione agarose 4B
(Macherey-Nagel) affinity column. After washing with ly-
sis buffer containing 0.3% GSH (m/v) or an increasing con-
centration gradient of imidazole (150, 200, 250, 300 and 400
mM), proteins were eluted and concentrated with Amicon-
Ultra-10 filters (Millipore).

GST-pull down assay

The GST pull-down assay was performed as described pre-
viously (51). Briefly, approximately 10 �g of purified GST-
NC2� or GST-GFP fusion proteins were incubated with
His-ARP8 in 500 �l incubated buffer (50 mM Tris–HCl,
pH 6.8, 250 mM NaCl, 1.5% glycerol, 0.6% Triton X-100,
and 0.1% Tween) for 4 h at 4◦C. The beads were washed
three times with incubation buffer. The washed beads were
boiled in 1× SDS loading buffer, and the precipitates were
separated by SDS-PAGE, followed by western blot analysis
with anti-GST (GenScript, catalog no. A00866) and anti-
His (Abmart, catalog no. M30111) antibodies.

RESULTS

Nc2 mutants are extremely sensitive to H2O2-induced ROS
stress

To characterize the transcription regulators that are in-
volved in the regulation of cat-3 gene expression, we exam-
ined the H2O2 sensitivity of available knockout transcrip-
tion regulator mutants with plate assays. As shown in Fig-
ure 1A, the strain with deletion of Nc2β gene (NCU02017)
and cat-3KO strains showed similar H2O2-sensitive pheno-
types compared to those of wild-type strains. Because the
NC2 complex consists of NC2� and NC2� subunits in yeast
and mammalian cells, we measured the H2O2 sensitivity of
the deletion strain of Nc2α gene (NCU06405). As shown in
Figure 1B, Nc2α deletion strain exhibited similar H2O2 sen-
sitivity with Nc2βKO and cat-3KO strains, suggesting that the
NC2 complex plays a critical role in the response to oxida-
tive stress in N. crassa. Sequence alignment among NC2�
and NC2� subunits in N. crassa with other eukaryotic coun-
terparts revealed that the NC2 and its homologs are highly
conserved among eukaryotes (Figure 1C and D, and Sup-
plementary Figure S1A and B). Interestingly, the Nc2αKO

and Nc2βKO strains exhibited hyphal formation and coni-
diation that was similar with the wild-type strains (Supple-
mentary Figure S1C), indicating that both Nc2α and Nc2β
genes are dispensable for N. crassa survival.

To further confirm the H2O2 sensitivity phenotype of the
Nc2αKO and Nc2βKO strains, two constructs carrying the
sequences encoding Myc-tagged NC2� or NC2� driven by
the quinic acid (QA)-inducible promoter, were transformed
into Nc2αKO and Nc2βKO strains respectively. The ectopic
expression of Myc-tagged NC2� or NC2� induced by QA
rescued the H2O2 sensitivity phenotypes of Nc2αKO and
Nc2βKO strains to those of WT on plate assays (Figure 1E
and F), indicating that the observed H2O2-sensitive pheno-
type of each mutant was due to the deletion of respective
NC2 subunits. Collectively, these results suggest that the
NC2 complex plays a critical role in the response to oxida-
tive stress in N. crassa.

NC2 complex is a key factor for the activation of cat-3 gene
transcription

The hyper-sensitivity to H2O2-induced ROS stress in
Nc2αKO and Nc2βKO strains strongly suggested that NC2
complex, a well-known transcription regulator, may play a
crucial role in the regulation of CAT-3 expression. We ex-
amined the CAT-3 activity using an in-gel experiment in
both wild-type and Nc2KO strains cultured at the exponen-
tial growth phase of the mycelium. As displayed in Fig-
ure 2A and B, the bands corresponding to CAT-3 activ-
ity were extremely weak in the Nc2αKO and Nc2βKO strains
compared to those in the WT strains. In addition, ectopic
expression of Myc-tagged NC2� or NC2� in the Nc2αKO

or Nc2βKO strains restored the activities of CAT-3 to lev-
els similar to those of wild-type strains (Figure 2A and B).
Since NC2 is an important transcription regulator, these
genetic and biochemical results suggest that NC2 complex
may participate in the regulation of cat-3 expression in
N. crassa. As expected, levels of CAT-3 protein and cat-3
mRNA in Nc2αKO or Nc2βKO strains were dramatically re-
duced compared to those in the WT strains (Figure 2C–F).
Ectopic expression of Myc-tagged NC2� or NC2� in Nc2
mutants restored the levels of CAT-3 expression to those of
wild-type strains (Figure 2C and D). These results demon-
strated that the NC2 complex is a key regulator for the tran-
scription activation of cat-3 gene.

Conserved regions of NC2 subunits are required for transcrip-
tional activation of cat-3

Alignment results revealed that N. crassa NC2� has an ex-
tended N-terminal region (from aa46 to aa268) compared
to those of other eukaryotes (Supplementary Figure S1A),
suggesting that NC2 subunits in N. crassa may function dif-
ferently from homologues in other species. To characterize
which region of NC2 subunits plays a role in the activa-
tion of cat-3 transcription, we generated a series of dele-
tion strains across the NC2� or NC2� coding regions at
the endogenous locus using knock-in methods (Figure 3A
and B, and Supplementary Figure S2A and B). H2O2 sen-
sitivity assays showed that Nc2αΔHF strain with a deletion
of the histone fold domain of NC2� was extremely sen-
sitive to H2O2, similar to the Nc2αKO strain (Figure 3C).
However, Nc2αΔN and Nc2αΔC strains with a deletion ei-
ther the N-terminal or the C-terminal region of NC2� ex-
hibited the same H2O2 sensitivity as the wild-type strains
(Figure 3C). Importantly, in-gel assays, western blot anal-
yses and RT-qPCR assays revealed that the HF domain of
NC2�, not the other parts, played a key role for activation
of cat-3 expression (Figure 3D-F). Meanwhile, Nc2βΔHF
and Nc2βΔR strains with a deletion of either the histone
fold or repression domain of NC2� exhibited extreme H2O2
sensitivity similar to those of Nc2βKOstrain (Figure 3G),
whereas Nc2βΔTBP strain with a deletion of TBP binding
domain of NC2� was less sensitive to H2O2 than Nc2βΔHF
and Nc2βΔR strains (Figure 3G). As expected, both HF
domain and repression domain of NC2�, but not its TBP
binding domain played a key role for maintenance of CAT-
3 activity and the levels of CAT-3 protein and cat-3 mRNA
(Figure 3H–J). Taken together, these data indicate that the
activation of cat-3 gene transcription mainly requires the
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Figure 1. Nc2 mutants are extremely sensitive to H2O2–induced ROS stress. (A, B) Plate assay analyzing mycelial growth on plates with 0, 8, or 10 mM
H2O2 as indicated. Cultures were inoculated in plates at 25◦C under constant light. (C, D) Amino acid sequence alignment of the conserved histone fold
domain of NC2� (C) and NC2� (D) from Neurospora crassa, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Mus musculus, Homo sapiens, and
Drosophila melanogaster. (E) Plate assay analysis showing mycelial growth of wild type (WT), Nc2αKO, Nc2αKO, pqa-Myc-NC2� and cat-3KO strains on
plates with or without 10 mM H2O2 and in the absence or presence of 10−3 M QA. Cultures were inoculated in plates at 25◦C under constant light. (F)
The analysis of mycelial growth using plate assay in WT, Nc2βKO, Nc2βKO, pqa-Myc-NC2� and cat-3KO strains. The method tested in plates is same with
(E).

HF domains of both NC2 subunits and the C-terminal re-
pression domain of NC2�.

The integrity of NC2 heterodimer is necessary for NC2 tar-
geting to cat-3 locus to activate its expression

To further investigate whether NC2 complex directly regu-
lates cat-3 transcription by binding to the cat-3 promoter,

we generated NC2�- and NC2�-specific antibodies, which
recognized a specific band at predicted molecular weight in
the wild-type strain but not in the corresponding Nc2αKO

and Nc2βKO strains (Supplementary Figure S3A and B).
ChIP assays using respective antibodies showed that the
enrichment of NC2� and NC2� is high at cat-3 locus,
especially at its promoter (primer pairs 5) and TSS re-
gion in the wild-type strains but not in the Nc2αKO and
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Figure 2. NC2 complex is a key factor for the activation of cat-3 gene transcription. (A, B) In-gel assay analysis of the CAT-3 activity levels in WT, Nc2αKO,
Nc2βKO, Nc2αKO, pqa-Myc-NC2� and Nc2βKO, pqa-Myc-NC2� strains. (C, D) Western blot analyses showing the levels of CAT-3 protein in the WT,
Nc2αKO, Nc2βKO, Nc2αKO, pqa-Myc-NC2� and Nc2βKO, pqa-Myc-NC2� strains. The membranes stained by coomassie blue represent the total protein
in each sample and act as loading control for western blot. (E, F) RT-qPCR assays analyzing the levels of cat-3 mRNA in the WT, Nc2αKO and Nc2βKO

strains. Error bars show s.d. (n = 3). Significance was evaluated by using a two-tailed t-test. ***P < 0.001 versus WT.

Nc2βKO strains (Supplementary Figure S3C and D), in-
dicating that NC2� and NC2� bind directly to the cat-3
locus to activate its transcription. In addition, ChIP as-
says showed that deletion of NC2� resulted in severely
reduced enrichment of NC2� at cat-3 promoter/TSS re-
gion (Figure 4A). Similarly, NC2� is required for the
binding of NC2� at cat-3 promoter/TSS region (Figure
4B). These results indicated that � and � subunits of
NC2 are associated with cat-3 locus in an interdependent
manner.

To further confirm the above results, we performed co-
immunoprecipitation (Co-IP) experiments to assess the in-
teraction between NC2� and NC2� in vivo. Co-IP assays

showed that NC2� subunit strongly interacted with NC2�
subunit in Nc2αKO, Myc-NC2� and Nc2βKO, Myc-NC2�
transformants (Figure 4C and D). These results demon-
strated that NC2� and NC2� function as a complex in N.
crassa. To determine which domains of NC2 subunits are
involved in NC2�-NC2� interaction, we performed Co-IP
assays in Nc2αKO expressing Myc-NC2� or Myc-NC2�-
deletion mutant strains and in Nc2βKO expressing Myc-
NC2� or Myc-NC2�-deletion mutant strains. As shown
in Figure 5A and B, the interaction between NC2� and
NC2� was abolished in absence of the HF domain of NC2�,
whereas both N- and C-terminal regions of NC2� were not
required for the interaction with NC2�. Co-IP analyses also
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Figure 3. Conserved regions of NC2 subunits are required for transcriptional activation of cat-3. (A, B) Schematic drawing of N. crassa NC2� (A) and
NC2� (B) subunits and their various deletion mutants. The position of the histone fold (red rectangle), acidic (green rectangle), TBP-binding (blue rectangle)
and repression (gray rectangle) regions are indicated. (C) Plate assays analyzing mycelial growth of different deletion strains across NC2� coding region
at endogenous locus on plates with 0 or 10 mM H2O2. Cultures were inoculated in plates at 25◦C under constant light. (D) In-gel assay analysis of the
CAT-3 activity levels in different deletion strains across NC2� coding region at endogenous locus. (E) Western blot analyses showing the levels of CAT-3
protein in different deletion strains across NC2� coding region at endogenous locus. The membrane stained by coomassie blue represents the total protein
in each sample and acts as loading control for western blot. (F) RT-qPCR assays analyzing the levels of cat-3 mRNA in different deletion strains across
NC2� coding region at endogenous locus. Error bars show s.d. (n = 3). Significance was evaluated by using a two-tailed t-test. **P < 0.01 and ***P <

0.001 versus WT. (G) Plate assays analyzing mycelial growth of different deletion strains across NC2� coding region at endogenous locus on plates with 0
or 10 mM H2O2. Cultures were inoculated in plates at 25◦C under constant light. (H) In-gel assay analysis of the CAT-3 activity levels in different deletion
strains across NC2� coding region at endogenous locus. (I) Western blot analyses showing the levels of CAT-3 protein in different deletion strains across
NC2� coding region at endogenous locus. The membrane stained by coomassie blue represents the total protein in each sample and acts as loading control
for western blot. (J) RT-qPCR assays analyzing the levels of cat-3 mRNA in different deletion strains across NC2� coding region at endogenous locus.
Error bars show s.d. (n = 3). Significance was evaluated by using a two-tailed t-test. **P < 0.01 and ***P < 0.001 versus WT.
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Figure 4. The integrity of NC2 heterodimer is a prerequisite for NC2 to bind to cat-3 locus and to activate its expression. (A, B) ChIP assays showing
the binding levels of NC2� (A) and NC2� (B) at cat-3 locus in Nc2αKO, Nc2βKO and wild-type strains. Short black lines (primer pairs 3–7) under the
schematic diagram of cat-3 gene represent the regions detected by ChIP-qPCR. TSS, transcription start site; ORF, open reading frame. Error bars show
s.d. (n = 3). Significance was assessed by using a two-tailed t-test. **P < 0.01 and ***P < 0.001 versus WT. (C, D) Immunoprecipitation assays showing
the interaction between Myc-NC2� or Myc-NC2� and endogenous NC2� or NC2� protein, respectively.

revealed that the HF domain of NC2� but not the other
domains was required for its interaction with NC2� (Fig-
ure 5C and D). These results demonstrated that HF do-
mains of both subunits are required for the formation of
NC2 complex which may play a key role for the binding
of NC2 at cat-3 locus. To confirm this possibility, we per-
formed ChIP assays in WT and a series of deletion strains
across the NC2� or NC2� coding regions at endogenous lo-
cus with NC2�- or NC2�-specific antibodies, respectively.
As exhibited in Figure 5E and F, deletion of HF domain
of NC2� but not its other domains led to severely reduced
enrichment of NC2� and NC2� at cat-3 promoter/TSS re-
gion. Similarly, ChIP assays showed that the HF domain of
NC2� subunit was essential for the binding of NC2� and
NC2� at cat-3 promoter/TSS region (Figure 5G and H).

The ectopic expression of Myc-tagged NC2�, but not
NC2��HF, NC2��R, NC2��TBP fully restored the re-
sistance to H2O2-induced ROS stress, CAT-3 activity, and
CAT-3 expression of Nc2βKO strains (Supplementary Fig-
ure S4A–C), implying that the activation of cat-3 transcrip-
tion by NC2� requires both the HF domain and the repres-
sion domain. The ectopic expression of Myc-tagged NC2�,
NC2��N, NC2��C, but not NC2��HF restored the re-
sistance to H2O2-induced ROS stress, CAT-3 activity, and
CAT-3 expression of Nc2αKO strains (Supplementary Fig-
ure S4D–F), indicating that the function of NC2� in ac-
tivating the expression of cat-3 gene is mediated through
its HF domain. More importantly, the ectopic expression

of Myc-tagged NC2� histone fold domain (NC2�HF) fully
rescued the H2O2 resistance, the levels of CAT-3 protein
and the CAT-3 activity in Nc2αKO strains (Supplementary
Figure S5A–C). Taken together, these results demonstrated
that the binding of the NC2 complex at the cat-3 locus is
dependent on the HF domains of both NC2� and NC2�
and the repression domain of NC2�.

NC2 complex activates the transcription of cat-3 gene by an-
tagonizing the deposition of H2A.Z at cat-3 locus

To test whether NC2 activates cat-3 gene transcription
via altering the chromatin, we examined the occupancies
of histone H2B and H3 at the cat-3 locus by ChIP as-
says in wild-type and Nc2 knockout strains. ChIP assays
showed that the levels of H2B and H3 at cat-3 locus in
Nc2KO strains remained the same as that of WT strain
(Figure 6A and B), indicating that the nucleosome den-
sity is not affected at the cat-3 locus in Nc2 mutants. Our
previous data showed that the occupancies of H2A.Z at
cat-3 gene promoter/TSS region negatively regulate tran-
scription of cat-3 (42), so we examined the occupancies of
H2A.Z around cat-3 promoter/TSS region in Nc2KO and
WT strains. ChIP assays using H2A.Z-specific antibody
(42) showed that H2A.Z occupancies were dramatically in-
creased at the cat-3 promoter/TSS region in the Nc2αKO

and Nc2βKO strains compared to that of the WT strain
(Figure 6C and D, and Supplementary Figure S6A and
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Figure 5. HF domains in NC2 subunits are essential for its integrity and ability to bind at cat-3 locus. (A, B) Mapping of the NC2� region responsible
for the interaction with NC2� in Nc2αKO strain with ectopically expressing wild-type Myc-NC2� or its various deletion mutants. Immunoprecipitation
assays with anti-Myc antibody (A) or anti-NC2� antibody (B), the eluates were detected by western blot analysis using anti-Myc (�-Myc) and anti-NC2�
(�-NC2�) antibodies. The red arrows denote specific bands, and the black arrow shows heavy chain. (C, D) Mapping of the NC2� region responsible
for the interaction with NC2� in Nc2βKO strain with ectopically expressing Myc-NC2� or its various deletion mutants. Immunoprecipitation assays with
anti-Myc antibody (C) or anti-NC2� antibody (D), the eluates were detected by western blot analysis using anti-Myc (�-Myc) and anti-NC2� (�-NC2�)
antibodies. The blue arrow denotes heavy chain of IgG, the black arrow shows light chain. (E, F) ChIP assays showing the binding levels of NC2� (E)
and NC2� (F) at cat-3 locus in different deletion strains across NC2� coding region at endogenous locus. (G, H) ChIP assays showing the binding levels
of NC2� (G) and NC2� (H) at cat-3 locus in different deletion strains across NC2� coding region at endogenous locus. Error bars show s.d. (n = 3).
Significance was assessed by using a two-tailed t-test. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. WT.
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Figure 6. NC2 complex activates the transcription of cat-3 gene by antagonizing the inhibition of H2A.Z at cat-3 locus. (A, B) ChIP assays showing
the occupancy levels of H2B (A) and H3 (B) at cat-3 locus in Nc2αKO and Nc2βKO as well as wild type strains. (C, D) ChIP assays showing the relative
occupancy levels of H2A.Z at cat-3 locus in WT, Nc2αKO (C) and Nc2βKO (D) strains. The relative occupancy levels of H2A.Z represent the ratio of H2A.Z
to H2B. (E) ChIP assays analyzing the effects of deletion of HF domain of NC2� on the binding of H2A.Z at cat-3 locus. The H2A.ZKO strain was used
as a negative control. (F) ChIP assays analyzing the effects of deletion of C-terminal repression or HF domain of NC2� on the binding of H2A.Z at cat-3
locus. The H2A.ZKO strain was used as a negative control. Error bars show s.d. (n = 3). Significance was assessed by using a two-tailed t-test. *P < 0.05,
**P < 0.01 and ***P < 0.001.

B), suggesting that NC2 complex activates cat-3 expression
through regulating the deposition of H2A.Z at the nucleo-
somes around the cat-3 promoter/TSS region. ChIP assays
further showed that the disruption of NC2 complex with
HF deletion of NC2 subunits and C-terminus deletion of
NC2� resulted in the increased occupancies of H2A.Z at
the nucleosomes of cat-3 promoter/TSS region (Figure 6E
and F). These results demonstrated that the HF domains
of NC2 subunits and the C-terminal region of NC2� are
required for the integrity of NC2 complex which activates
cat-3 expression by antagonizing the deposition of H2A.Z
at the nucleosomes around the cat-3 promoter/TSS region.
Similar results were observed at other NC2 targeting genes
such as heat shock protein genes (24). As shown in Supple-
mentary Figure S6C and D, NC2� bound at promoter/TSS

regions of heat shock protein genes hsp70/dnak and hsp90a.
The deletion of NC2� resulted in increased occupancy of
H2A.Z at hsp70/dnak and hsp90a (Supplementary Figure
S6E and F), indicating that NC2 is involved in the removal
of H2A.Z at these genes in Neurospora.

To analyze the effect of H2A.Z deletion on cat-3 ex-
pression in Nc2 deletion strains, we tried to delete H2A.Z
gene in Nc2αKO background strain by homologous recom-
bination (Supplementary Figure S7A). Unfortunately, we
only got the heterokaryotic Nc2αKOH2A.ZKO double mu-
tant (Supplementary Figure S7B and C), suggesting that
deletion of Nc2α and H2A.Z at the same time may be lethal
in Neurospora. As shown in Supplementary Figure S7D
and E, heterokaryotic Nc2αKOH2A.ZKO double mutant dis-
played reduced H2O2 sensitivity and derepressed cat-3 ex-
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pression compared with those in Nc2αKO strain. Therefore,
these results further indicate that NC2 activates cat-3 ex-
pression through the removal of H2A.Z at cat-3 locus.

INO80C is involved in activating cat-3 transcription by medi-
ating the removal of H2A.Z from nucleosomes around cat-3
locus

Previous studies suggested that the chromatin remodeling
complex, INO80C, catalyzes the removal of histone variant
H2A.Z from specific promoter-bound and H2A.Z-bearing
nucleosomes to activate genes transcription (52–55). There-
fore, we tested whether Neurospora INO80C is involved in
the transcriptional activation of cat-3 by regulating the re-
moval of H2A.Z from nucleosomes around the cat-3 locus.
To address this question, we first investigated the effect of
INO80C on cat-3 gene expression. As shown in Figure 7A–
C and Supplementary Figure S8A–D, the deletion strains
of INO80, ARP8 and IES-4 which are subunits of INO80
complex exhibited the obvious H2O2 sensitivity and the de-
creased levels of CAT-3 activity, CAT-3 protein and cat-3
mRNA compared to those of WT strain. Previous stud-
ies showed that the deletion of INO80 resulted in genome
instability (56,57). To exclude the effect of genome insta-
bility on cat-3 expression, we treated WT strain for dif-
ferent time points with hydroxyurea (HU), which causes
replication stress and genome instability (57). As shown in
Supplementary Figure S8E, the increased cat-3 transcrip-
tion was observed after treatment of wild-type strains with
HU for indicated time points, indicating that HU-induced
genome instability can stimulate the transcription of cat-3.
This result is obviously different from the decreased cat-3
expression in INO80C deletion strains, indicating that the
decreased cat-3 transcription in INO80C deletion strains
is not caused by genome instability. Moreover, ChIP as-
says using INO80- (46) and ARP8-specific (Supplemen-
tary Figure S8F) antibodies showed that both INO80 and
ARP8 predominantly occupied at cat-3 promoter/TSS re-
gion (Figure 7D and E). These results demonstrated that
INO80C directly binds and functions at cat-3 locus for acti-
vating its transcription. Consistent with the low expression
of cat-3 in ino80KO and arp8KO strains, ChIP assays using
H2A.Z-specific antibody revealed that levels of H2A.Z en-
richment at cat-3 promoter/TSS region was extremely in-
creased compared to that in WT strain (Figure 7F and G).
Taken together, these results indicated that INO80C acti-
vates the transcription of cat-3 gene by regulating the re-
moval of H2A.Z from nucleosomes around cat-3 locus.

In addition, it is shown that ANP32E, a vertebrate-
specific chaperon facilitates H2A.Z eviction (58,59), indi-
cating that INO80 is not the only H2A.Z removal fac-
tor in vertebrate. Is there ANP32E homolog in Neu-
rospora? Amino acid sequence alignment analysis showed
that the C-terminal amino acid region of hypothetical pro-
tein NCU08417 in Neurospora is conserved with those
of ANP32E, but the N-terminal region of NCU08417 is
less conserved with those of ANP32E, suggesting that
NCU08417 may be a homolog of ANP32E in Neurospora
(Supplementary Figure S9A). Our results showed that the
deletion strain of NCU08417 exhibited defects of H2O2 re-
sistance, decreased cat-3 expression and increased H2A.Z

occupancy at cat-3 promoter/TSS region (Supplementary
Figure S9B-E), suggesting that NCU08417 is involved in the
removal of H2A.Z around cat-3 locus in Neurospora. How-
ever, it needs further investigation of whether NCU08417
is the ANP32E homolog in Neurospora, because the pro-
tein sequence similarity is low (27%) between NCU08417
and vertebrate-specific ANP32E, and NCU08417 is lack of
typical leucine-rich repeats domain conserved in ANP32E.
Therefore, it will be an interesting question to explore
whether NCU08417 is a H2A.Z-removal chaperone in Neu-
rospora.

NC2 complex mediates the recruitment of INO80C to cat-3
locus to activate its expression

Given that the INO80 complex is a co-factor which is
recruited to promoters in a specific transcription factor-
dependent manner (60–62), we hypothesized that recruit-
ment of INO80C to cat-3 locus was regulated in a NC2-
dependent manner. To test this possibility, we examined the
recruitment of INO80 and ARP8 at cat-3 locus through
ChIP assays with INO80 and ARP8 antibodies in Nc2αKO,
Nc2βKO and different domain deletion strains as well as
wild-type strains. ChIP assays showed that the recruitments
of INO80 and ARP8 to cat-3 promoter/TSS region were
dependent on the binding of NC2 at these regions (Fig-
ure 8A–D), indicating that INO80C is recruited to cat-3
locus in a NC2-dependent manner. Since the INO80 com-
plex acts as a co-factor for activating cat-3 expression in
a NC2-dependent manner, we performed Co-IP assays to
test the association of the INO80 complex with NC2 in N.
crassa. As shown in Figure 8E, Myc-INO80 protein was im-
munoprecipitated with NC2� by the NC2� antibody, indi-
cating that NC2� was able to interact with INO80C. More-
over, the interaction between INO80 and NC2� was con-
firmed in a reciprocal immunoprecipitation with anti-Myc
antibody to precipitate NC2� protein (Figure 8F). Further-
more, Co-IP assays with anti-INO80 and ARP8 antibod-
ies in the Nc2βKO, Myc-NC2� strains revealed that Myc-
NC2� was immunoprecipitated by the INO80 antibody and
ARP8 antibody, respectively (Figure 8G and H). In addi-
tion, GST-pull down assay showed that GST-NC2� inter-
acted with His-ARP8 in vitro, indicating that NC2 directly
interacts with INO80C in Neurospora (Figure 8I). Taken to-
gether, these results demonstrated that the recruitment of
INO80C to the cat-3 locus is mediated through the associ-
ation between the NC2 complex and the INO80 complex.

To further verify our results, we employed an inducible
expression system where the qa-2 promoter driven Myc-
NC2� in Nc2βKO strain is induced after treatment with QA.
As shown in Supplementary Figure S10A–D, the increased
QA concentrations induced the expression of Myc-NC2�,
followed by the increased enrichment of NC2� and INO80
and reduced occupancy of H2A.Z at cat-3 promoter/TSS
locus, resulting in cat-3 activation. Therefore, these results
indicate that NC2 activates cat-3 expression through re-
cruiting INO80C to remove H2A.Z around cat-3 locus.

DISCUSSION

Transcriptional control of catalase genes is an essential step
in response to the environmental or intracellular oxidative
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Figure 7. INO80C is involved in activating cat-3 transcription by mediating the removal of H2A.Z from nucleosomes around cat-3 locus. (A) In-gel assay
analysis of the CAT-3 activity levels in WT, ino80KO and arp8KO strains. (B) Western blot analyses showing the levels of CAT-3 protein in the WT, ino80KO

and arp8KO strains. The membranes stained by coomassie blue represent the total protein in each sample and act as loading control for western blot. (C)
RT-qPCR assays analyzing the levels of cat-3 mRNA in the WT, ino80KO and arp8KO strains. Error bars show s.d. (n = 3). Significance was evaluated by
using a two-tailed t-test. ***P < 0.001 versus WT. (D, E) ChIP assays revealing the binding of INO80 (D) and ARP8 (E) at cat-3 locus. (F, G) ChIP assays
analyzing the effects of deletion of INO80 (F) and ARP8 (G) on the binding of H2A.Z at cat-3 locus. The H2A.ZKO strain was used as a negative control.
Error bars show s.d. (n = 3). Significance was evaluated by using a two-tailed t-test. **P < 0.01 and ***P < 0.001.

stimuli. The precisely regulated expression of cat-3 provides
a strong model to study the mechanisms of gene expres-
sion controlled by chromatin modifications (41,42,45). In
this study, we found that the NC2 complex, a heterodimer
of two histone-fold (HF) domain-containing transcription
factors, is required for cat-3 gene activation and resistance
to oxidative stress in N. crassa. The integrity of the NC2

heterodimer mediated by their HF domains is a prerequi-
site for activation of cat-3 expression, in which their HF do-
mains are responsible for maintenance of the NC2�–NC2�
interaction in vivo and targeting NC2 to cat-3 locus. ChIP
assays revealed that the abundance of H2A.Z at cat-3 lo-
cus was dramatically increased in the absence of NC2. Loss
of the INO80 and ARP8 subunits of INO80 complex re-
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Figure 8. NC2 complex mediates the recruitment of INO80C to cat-3 locus to activate its expression. (A, B) ChIP assays analyzing the effects of deletion
of full-length NC2� or HF domain of NC2� on the binding of INO80 (A) and ARP8 (B) at cat-3 locus. (C, D) ChIP assays analyzing the effects of
deletion of full length, C-terminal repression or HF domain of NC2� on the binding of INO80 (C) and ARP8 (D) at cat-3 locus. Error bars show s.d.
(n = 3). Significance was assessed by using a two-tailed t-test. *P < 0.05, **P < 0.01 and ***P < 0.001 versus WT. (E, F) Immunoprecipitation assays
showing the interaction between Myc-INO80 and endogenous NC2�. (G, H) Immunoprecipitation assays showing the interaction between Myc-NC2�
and endogenous INO80 (G) or ARP8 (H). (I) GST pull-down assay showing the interaction between NC2� and ARP8 in vitro. Purified GST-NC2� or
GST-GFP was incubated with His-ARP8. After being immunoprecipitated with glutathione-sepharose beads, the proteins were detected by western blot
analysis with anti-His and anti-GST antibodies. (J) A model depicting the mechanism of NC2 regulating cat-3 expression. On the one hand, NC2 recruits
INO80C to remove H2A.Z at cat-3 promoter and TSS, on the other hand, NC2 promotes the PIC assembly at cat-3 TSS region, ultimately resulting in the
transcription activation of cat-3.
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sulted in a decreased cat-3 expression and an elevated de-
position of H2A.Z at cat-3 locus similar to those in Nc2KO

mutants. Strikingly, the interaction of NC2-INO80C and
the binding activities of NC2 determined the recruitment
of the INO80C to cat-3 gene promoter/TSS for remov-
ing H2A.Z from the nucleosomes, resulting in transcrip-
tional activation of cat-3 expression. Collectively, we con-
clude that the NC2 complex recruits the INO80C complex
to remove H2A.Z and activate cat-3 transcription to protect
against oxidative stress in N. crassa.

The HF domains-mediated integrity of heterodimer is criti-
cal for NC2 to activate cat-3 gene expression to counteract
oxidative stress

In S. cerevisiae, NC2 has been characterized as a gen-
eral positive/negative regulator of class II gene transcrip-
tion (12,14,25,63,64). However, the role of the NC2 het-
erodimer in transcription activation is still unclear. In the
present study, we demonstrate that NC2� and NC2� reg-
ulate transcriptional activation of cat-3 in a heterodimer
manner. Several lines of evidence presented here indicate
that the HF domains of NC2� and NC2� governs NC2
heterodimer formation which is a prerequisite for the tran-
scriptional activation of oxidative stress-responsive cat-3
gene. First, immunoprecipitation assays showed that NC2�
and NC2� associate with each other through their HF do-
mains in N. crassa (Figure 5A–D). Second, ectopic expres-
sion of Myc-NC2� in Nc2βKO strain or ectopic expres-
sion of Myc-NC2� in Nc2αKO strain cannot activate cat-
3 expression (Supplementary Figure S11). Third, ChIP as-
says showed that deletion of each subunit or their HF do-
mains of NC2� and NC2� proteins abolished the binding
of NC2 subunits at cat-3 locus (Figure 5E–H). These re-
sults indicate that the HF domains is the key of NC2�/�
heterodimerization and NC2�/� targeting to cat-3 locus.
Similar to our results, NC2 lacking NC2� TBP domain
or TBP domain and repression domain, could still activate
the transcription of TATA-less DPE-containing genes in
Drosophila (22). This suggests that the formation of HF-
mediated NC2 heterodimer, but not the NC2� TBP domain
or repression domain, is essential for NC2-mediated tran-
scription activation of DPE-containing gene in vitro. Un-
like Drosophila NC2� repression domain is dispensable for
NC2-meiated transcription activation of DPE-containing
gene, our results showed that Neurospora NC2� repression
domain is involved in activating cat-3 expression in vivo
(Figure 3H–J), and contributes to NC2 targeting to cat-3
locus (Figure 5G and H). Together, these results indicate
that the HF domains-mediated integrity of heterodimer is
critical for NC2 to activate cat-3 gene expression and coun-
teract oxidative stress.

NC2 activates the transcription of cat-3 gene through remov-
ing histone variant H2A.Z from the nucleosomes around cat-3
locus

Previous studies showed that, in general, the function of
NC2 in transcriptional repression/activation was associ-

ated with the assembly of transcription preinitiation com-
plex (PIC) (16,25,64,65). It is also shown that blocking PIC
assembly resulted in increased accumulation of H2A.Z at
+1 nucleosome which covers the transcription start sites of
most genes in yeast, indicating that the PIC is required to
evict H2A.Z (66). Our results suggest that NC2 activates the
transcription of cat-3 gene through removing histone vari-
ant H2A.Z from the nucleosomes around cat-3 promoter
and TSS regions. Whether the increased H2A.Z occupancy
at cat-3 promoter (locus 5) and TSS region in NC2 deletion
strains is caused by the inhibition of PIC assembly in Neu-
rospora? Our ChIP assays with TFIIB- (Supplementary Fig-
ure S12B) and RPB-1-specific (67) antibodies showed that
deletion of NC2� resulted in reduced enrichment of TFIIB
and RPB-1 at cat-3 TSS and ORF 5′ region (locus 6), but
not cat-3 promoter under normal condition (Supplemen-
tary Figure S12C and D), indicating that the PIC assembly
promoted by NC2 mainly occurs at cat-3 TSS and ORF 5′
region. However, NC2 was mainly occupied at cat-3 pro-
moter and TSS region (Figure 4A and B, and Supplemen-
tary Figure S12A), and the localization of NC2 at cat-3 lo-
cus correlated well with those of INO80C and H2A.Z (Fig-
ures 6 and 7), but not that of TFIIB or RPB-1, suggesting
that H2A.Z occupancy changes, at least at cat-3 promoter,
are mediated by NC2 but not indirect effect of GTFs or
RNAPII. In addition, the increased enrichment of TFIIB
and RPB-1 at cat-3 locus is observed in WT strain (Sup-
plementary Figure S12C and D), but not in Nc2βKO strain,
after H2O2 treatment which can induce cat-3 expression in
our previous studies (41,42,45). These results further indi-
cate that NC2 activates cat-3 expression through promot-
ing the recruitment of TFIIB and RPB-1 and the forma-
tion of PIC at cat-3 locus. Therefore, our results suggest that
on the one hand, NC2 promotes the binding of TFIIB and
RNAPII and the PIC assembly at cat-3 TSS region, on the
other hand, NC2 recruits INO80C to remove H2A.Z at cat-
3 promoter and TSS, ultimately resulting in the transcrip-
tion activation of cat-3 (Figure 8J).

Similar results were observed at other NC2 targeting
genes such as heat shock protein genes (Supplementary Fig-
ure S6E and F) (24), indicating that NC2 is involved in the
removal of H2A.Z at heat shock protein genes hsp70/dnak
and hsp90a in Neurospora. Similar to our results, during em-
bryonic stem (ES) cell differentiation into endoderm, tran-
scription factor Foxa2 binds to H2A.Z nucleosomes occu-
pied promoters to promote the recruitment of SWI/SNF
and INO80 complexes, resulting in H2A.Z removal and nu-
cleosome depletion, thus promoting ES cell differentiation
(68). NC2 is involved in the removal of H2A.Z from nucle-
osomes around inducible genes such as cat-3, hsp70/dnak
and hsp90a locus, indicating that the structure of H2A.Z-
containing nucleosomes around these inducible genes is less
stable than those of H2A-containing nucleosomes. Simi-
lar result is shown that Htz1/H2A.Z is more susceptible
to dissociation from purified yeast chromatin than H2A
or H3, suggesting that nucleosomes bearing Htz1/H2A.Z
present in yeast chromatin are less stable than their canon-
ical counterparts, and this property may serve to mark
repressed/basal promoters with nucleosomes susceptible to
histone loss during activation (53).
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INO80C is involved in activating cat-3 transcription by medi-
ating the removal of H2A.Z from nucleosomes around cat-3
locus

The deposition of H2A.Z into nucleosome is mediated by
SWR1 complex (69,70), while the removal of H2A.Z from
nucleosomes is catalyzed by INO80 complex (52–55). Pre-
vious studies showed that the removal of H2A.Z from nu-
cleosomes is coupled with gene activation (53,71,72). As ex-
pected, deletion of the catalytic subunit INO80 and a struc-
tural subunit ARP8 resulted in extremely increased occu-
pancy of H2A.Z at cat-3 promoter/TSS (Figure 7F and
G), the result is consistent with the observation in Nc2KO

strains. Similar to NC2, INO80C was also required for the
transcriptional activation of cat-3 gene (Figure 7C). Dele-
tion of either subunit of NC2 complex or their HF domains
led to the dramatically decreased enrichment of INO80C
at cat-3 promoter/TSS (Figure 8A–D). Furthermore, im-
munoprecipitation assays showed that NC2 associates with
INO80C which is critical for recruitment of INO80C to
cat-3 locus. Thus, the NC2-mediated removal of H2A.Z
from the nucleosomes relies on chromatin remodeling com-
plex INO80C. However, it is controversial about whether
INO80C is involved in the removal of H2A.Z in yeast. It is
shown that purified yeast INO80 complex can incorporate
H2A into an H2A.Z nucleosome in vitro, indicating that it
has a histone-exchange activity that replaces nucleosomal
H2A.Z/H2B with free H2A/H2B dimers (54). In addition,
INO80 translocates along DNA at the H2A–H2B dimer
interface to displace DNA and promote H2A.Z exchange
(73). During homologous recombination, the INO80 com-
plex promotes presynaptic filament formation through re-
moving H2A.Z (74). These studies indicate that INO80
complex participates in the removal of H2A.Z. However,
some studies showed that deletion of yeast INO80 did not
affect global H2A.Z occupancy (66,75). The reason for this
discrepancy may be that different background strains or dif-
ferent experiment methods were used in different research
groups. Consistent with former studies, our results indicate
that the removal of H2A.Z from the nucleosomes around
cat-3 locus is mediated by INO80 complex in N. crassa.

Here, we showed that the conserved transcription fac-
tor NC2 is essential for activation of cat-3 gene to coun-
teract oxidative stress in N. crassa. Similar to our results,
the increased yeast NC2�/BUR6 occupancy at heat shock-
induced promoters of genes such as Cytosolic Catalase T
(CTT1) occurs under the condition where its transcription
is strongly induced upon a rapid heat shock, an inducer of
oxidative stress (24). These findings suggested that in aero-
bic organisms, transcription factor NC2 is a conserved reg-
ulator of oxidative stress via controlling the expression of
catalase gene. Moreover, NC2-INO80 complex is essential
for transcriptional activation of cat-3 gene through remov-
ing H2A.Z from the nucleosomes around cat-3 locus, shed-
ding light to a novel mechanism of NC2 in transcription
regulation via changing the nucleosome composition. Simi-
lar mechanism has been observed in human, that is, purified
in vitro recombinant human NC2 can facilitate chromatin
remodeling complex ACF-mediated canonical nucleosome
assembly, independently of a direct interaction with ACF
(76). In addition, it has been shown that Mot1, Ino80C,

and NC2 coordinate to suppress pervasive transcription in
euchromatin and facultative heterochromatin in yeast and
mammals (77). Therefore, our data demonstrated that NC2
is required for the removal of H2A.Z from the nucleosomes
around cat-3 promoter/TSS, and this may be a conserved
mechanism for other cat-3-like genes in eukaryotic organ-
isms.
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