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Abstract

UPF-1-UPF-2-UPF-3 complex-orchestrated nonsense-mediated mRNA decay (NMD) is a

well-characterized eukaryotic cellular surveillance mechanism that not only degrades aber-

rant transcripts to protect the integrity of the transcriptome but also eliminates normal tran-

scripts to facilitate appropriate cellular responses to physiological and environmental

changes. Here, we describe the multifaceted regulatory roles of the Neurospora crassa

UPF complex in catalase-3 (cat-3) gene expression, which is essential for scavenging

H2O2-induced oxidative stress. First, losing UPF proteins markedly slowed down the decay

rate of cat-3 mRNA. Second, UPF proteins indirectly attenuated the transcriptional activity

of cat-3 gene by boosting the decay of cpc-1 and ngf-1 mRNAs, which encode a well-studied

transcription factor and a histone acetyltransferase, respectively. Further study showed that

under oxidative stress condition, UPF proteins were degraded, followed by increased CPC-

1 and NGF-1 activity, finally activating cat-3 expression to resist oxidative stress. Together,

our data illustrate a sophisticated regulatory network of the cat-3 gene mediated by the UPF

complex under physiological and H2O2-induced oxidative stress conditions.

Author summary

The UPF complex-mediated NMD pathway is an evolutionarily conserved mRNA surveil-

lance mechanism in eukaryotic cells, which degrades both mutated mRNAs to protect the

transcriptome integrity and normal mRNAs to facilitate appropriate cellular responses. In

fission yeast, mutant strains lacking UPF proteins are extremely sensitive to H2O2-

induced oxidative stress. Here, we discovered a completely opposite H2O2-resistance

mechanism in upf deletion mutants of the filamentous fungus N. crassa. Under physiolog-

ical conditions, the N. crassa UPF complex inhibits the expression of the cat-3 gene to

maintain redox homeostasis. In the presence of H2O2, UPF proteins are degraded and
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thus allow for the expression of the cat-3 gene, eventually ensuring adequate catalase activ-

ity to deal with oxidative stress. Our results do not only open up the post-transcriptional

regulatory mechanism of catalase gene, but also identify the UPF complex as key node in

response to oxidative stress.

Introduction

The precise expression of protein-coding genes is crucial for the execution of physiological pro-

cesses and the maintenance of cellular homeostasis. In general, gene expression is balanced by

the transcription, processing, degradation and translation of the corresponding mRNA. The

multistep nature of gene expression, while enabling multilevel regulation, introduces more

opportunities for error. To maintain the fidelity of gene expression, mRNAs are generally

inspected for errors to prevent cells from producing potentially deleterious proteins in bulk [1].

Nonsense-mediated mRNA decay (NMD) is an evolutionarily conserved mRNA surveil-

lance mechanism that identifies and degrades aberrant mRNAs harboring premature termina-

tion codon (PTC) from the transcriptome through intricate steps [1–3]. PTCs arise from many

sources, including genetic variation, somatic mutation, unfaithful RNA transcription or splic-

ing and incorrect choice of translation start site. Such PTC-containing mRNAs constitute

~30% of all known disease-associated mutations owing to the generation of nonfunctional or

even dominant-negative proteins [4]. The three conserved factors, UPF1, UPF2 and UPF3,

form a complex and constitute the core NMD component in eukaryotes [5–11]. Among them,

RNA helicase UPF1 is considered to be the master regulator of the NMD pathway because it

undergoes most steps from recognition of the PTC-containing mRNAs until their degradation.

The helicase activity of UPF1 for specific PTC-containing mRNAs depends on its ATPase hub

and phosphorylation by the SMG1 kinase [12–16]. UPF1 and its associated kinase, SMG1,

directly bind to the eukaryotic release factors eRF1 and eRF3 to form the surveillance complex

(SURF) in the vicinity of the PTC. Subsequent interactions of SURF with UPF2, UPF3 and

exon junction complex (EJC) downstream of the PTC trigger the formation of the decay-

inducing complex (DECID), resulting in SMG1-mediated UPF1 phosphorylation and dissoci-

ation of eRF1 and eRF3 [12, 17, 18]. Phosphorylated UPF1 further recruits different phospho-

binding factors to initiate mRNA decay: 1) recruitment of the endonuclease SMG6 to catalyze

PTC-proximal mRNA cleavage, ultimately producing 5’ and 3’ cleavage fragments that are

degraded by general cellular exonucleases [19–23]; and 2) recruitment of the SMG5-SMG7

heterodimer to bridge the interaction with the CCR4-NOT deadenylase complex, thereby

shortening the poly(A) tail to stimulate mRNA decapping by the general decapping complex

and 5’-3’ degradation by the exonuclease XRN1 [24, 25].

Interestingly, eukaryotic cells also exploit NMD to control the quantities of normally occur-

ring mRNAs in diverse physiological conditions. Approximately 10% of normal transcripts are

potential substrates for NMD-mediated degradation, which contain specific sequence features

that can trigger NMD, including upstream open reading frames (uORFs), long 3’UTR or

introns located in 3’UTR region [8, 10, 26–31]. Although the molecular mechanisms of NMD

for normal transcripts remain unclear, the degradations of transcripts carrying different

sequence features probably depend on different mechanisms. Studies in N. crassa have shown

that the NMD pathway induced by spliced 3’-UTR introns requires EJC factors, but uORFs or

long 3’-UTR feature triggered NMD occurs independently of the EJC [8, 10, 31]. NMD activity

itself varies between cell types, tissues, and developmental stages and a number of post-tran-

scriptional regulatory mechanisms modulating NMD activity have been identified [32].

Through dynamically adjusting the abundance of the transcriptome, NMD regulates
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numerous critical physiological processes during differentiation, development and death as

well as cellular stress responses in eukaryotes [8, 9, 31, 33–38]. For example, the long 3’-UTR-

containing casein kinase I (ck-1a) transcript is subject to mutually antagonistic regulation by

NMD and an RNA-binding protein, PRD-2, to control its optimal gene expression and main-

tain a normal circadian period in N. crassa. This finding has led to the view that modulations

in NMD magnitude alter the transcriptome to achieve specific biological outcomes [10].

Eukaryotic cells are unavoidably exposed to diverse stress stimuli during growth and devel-

opment. Among them, oxidative stress ubiquitously exists and severely threatens normal phys-

iological activities of aerobic organisms. Oxidative stress generally arises from the homeostasis

disturbance between the excessive production of reactive oxygen species (ROS) and the insuffi-

cient ROS scavenging capacity in cells [39]. ROS refer to unstable and reactive oxygen-con-

taining molecules, such as superoxide anion (O2•−), hydrogen peroxide (H2O2), hydroxyl

radical (•OH) and singlet oxygen (1O2) [39, 40]. If left unchecked, persistent oxidative stress

will induce cellular dysfunction, diseases occurrence and even death through irreversibly

impairing cellular biomacromolecules, including lipids, proteins and nucleic acids [41–44]. To

eliminate the accumulation of toxic ROS, aerobic organisms have evolved various ROS scaven-

gers such as catalase (CAT) that decomposes H2O2 into water and oxygen [45–50]. Catalase is

highly conserved in aerobic organisms [51, 52]. The filamentous fungus N. crassa possesses

three catalases, CAT-1, CAT-2 and CAT-3, which are expressed in the different phases of its

asexual life cycle [50, 53, 54]. CAT-1 is mainly accumulated in conidia, CAT-2 is generally pro-

duced in aerial hyphae and conidia, whereas CAT-3 activities are gradually increased during the

exponential growth phase of mycelia [55–57]. CAT-3 is the predominant and irreplaceable cata-

lase in resisting H2O2-induced oxidative stress [55]. Therefore, it is necessary to comprehen-

sively dissect the regulatory network of cat-3 gene expression at physiological conditions and

oxidative stress. Earlier studies reported that theN. crassa transcription factor CPC-1 is required

for the transcriptional activation of cycloheximide-inducible laccase (NCU04528) gene, which

belongs to the multi-copper oxidases and catalyzes the oxidation of organic substrates with the

concomitant reduction of molecular oxygen to water [58]. Consistently, previous studies

showed that CPC-1 coordinates with histone acetyltransferase NGF-1, the homologue of the

yeast Gcn5p, to positively regulate cat-3 gene expression in response to H2O2-induced oxidative

stress [59–61]. However, post-transcriptional regulation of cat-3 expression remains a relatively

untouched area. Previous studies in fission yeast revealed that mutant strains lacking upf1, upf2
or upf3 are extremely sensitive to H2O2-induced oxidative stress, suggesting that UPF proteins

are required for normal resistance to oxidative stress in fission yeast [36, 38]. Although several

studies about UPF functions have been reported in N. crassa, it is still unknown whether the N.

crassa UPF proteins participate in the response to oxidative stress.

Here, we demonstrated that unlike in fission yeast, deletion of N. crassa UPF proteins sig-

nificantly upregulated cat-3 gene expression and therefore endowed strains with strong resis-

tance to H2O2-induced oxidative stress. After H2O2 treatment, UPF proteins were degraded,

consequently releasing cat-3 gene expression to deal with oxidative stress. Our results demon-

strate the multilevel regulatory roles of N. crassa UPF complex in cat-3 gene expression, which

is crucial for responding to H2O2-induced oxidative stress.

Results

1. upf mutants are resistant to H2O2-induced oxidative stress through

upregulating cat-3 gene expression in N. crassa
UPF proteins, the core components of the NMD pathway, are necessary for normal resistance

to H2O2-induced oxidative stress in fission yeast [36, 38]. To determine whether N. crassa UPF
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proteins function as they do in fission yeast, we first performed RNA-seq and GO analysis in

wild-type (WT) and upf-1 deletion mutant (S1 Table). Unexpectedly, redox-related pathways

were significantly upregulated in the upf-1 deletion mutant compared to WT strain (Fig 1A),

suggesting that UPF-1 represses redox processes in N. crassa. Next, we examined the growth

phenotypes and H2O2 sensitivities of the deletion strains of UPF-1 (NCU04242), UPF-2

(NCU05267) or UPF-3 (NCU03435). As shown in Figs 1B and S1A, the three upf mutants

grew slowly in physiological conditions, they were all strongly resistant to H2O2-induced oxi-

dative stress compared to the WT strain [8, 62]. Considering that CAT-3 protein is the pre-

dominant catalase for scavenging H2O2-induced oxidative stress [55, 56], we measured CAT-3

activities in the WT strain and upf mutants by in-gel assays. As expected, CAT-3 activities

were obviously increased in the upf-1KO, upf-2KO and upf-3KO strains compared to those of the

WT strain (Fig 1C), indicating that the H2O2-resistant phenotypes observed in the upf mutants

were due to the significantly elevated CAT-3 activities. To explore the causes of elevated CAT-

3 activities in upf mutants, we measured the expression levels of cat-3 gene. Western blot and

RT-qPCR results showed that the levels of CAT-3 protein (Fig 1D) and cat-3 mRNA (Fig 1E)

in three upf mutants remarkably increased compared to those found in the WT strain. In addi-

tion, a large halo of catalases activity was much brighter in the upf KO strains compared to

those in the WT and cat-3KO strains (S1B Fig). To exclude the effect of ras-1bd mutation on

UPF mediated repression of cat-3 gene expression, we examined the CAT-3 activity and pro-

tein level in the FGSC 4200 (ORS-SL6a) WT and upf KO (nbd) strains. Consistent with those of

the ras-1bd stains, CAT-3 activities and protein levels also greatly increased in upf KO (nbd)

strains compared to those of the WT strain (S1C and S1D Fig).

To further confirm the role of UPF proteins in the H2O2-resistant phenotype in N. crassa,

three plasmids encoding Myc-tagged UPF-1, UPF-2, or UPF-3 driven by the quinic acid

(QA)-inducible promoter of qa-2 gene were transformed into the his-3 locus of each corre-

sponding upf mutant. As shown in Fig 2A, ectopic expression of Myc-tagged UPF-1, UPF-2 or

UPF-3 largely rescued the growth defects and H2O2 sensitivities of each corresponding upf
mutant to those of the WT strain in the presence of QA (10−3 M), indicating that the observed

phenotypes of these mutants were indeed due to the absence of each corresponding UPF pro-

tein. Consistent with the rescued phenotypes, the levels of CAT-3 activities, CAT-3 protein

and cat-3 mRNA in the upf complementary strains were also restored to those of the WT strain

(Fig 2B–2D). Together, these results demonstrate that UPF proteins are the key regulators for

the proper response to oxidative stress and cat-3 gene expression in N. crassa.

We further constructed the upf-1KO upf-2KO, upf-1KO upf-3KO, and upf-2KO upf-3KO double

mutant strains. As shown in S2A Fig, the growth defects and H2O2-resistant phenotypes of

these three double mutants were all similar to those of each upf single mutant rather than

exhibiting additive phenotypes, suggesting that the three UPF proteins function in the same

pathway to regulate growth and resistance to H2O2-induced oxidative stress. Consistent with

these observed phenotypes, the CAT-3 activities and CAT-3 protein levels in these double

mutants were similar to the elevated levels in each single mutant but not in WT strains (S2B

and S2C Fig). Together, these results demonstrate that UPF proteins regulate cat-3 gene

expression through the same pathway.

2. Conserved regions of UPF-1 and UPF-2 are required for suppression of

cat-3 expression

Homologous sequence alignment revealed that UPF-1 is highly conserved in eukaryotes (S3A

Fig) [8, 63, 64]. UPF1 contains a conserved helicase core, which exhibits ATPase and RNA

binding activities through its internal ATP binding domain and RNA binding domain,
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Fig 1. UPF proteins repress cat-3 gene expression. (A) Distribution of the GO categories of genes upregulated in the upf-1KO strain revealed by RNA-seq

analysis. Genes showing expression with fold change�2 were analyzed. BP: Biological Process; FDR: False Discovery Rate. (B) Plate assays analyzing mycelial

growth of WT, upf-1KO, upf-2KO and upf-3KO strains under different H2O2 concentrations (upper figure). Relative growth of mycelia was measured (lower

figure). (C) In-gel assays showing the CAT-3 activities of WT, upf-1KO, upf-2KO and upf-3KO strains. (D) Western blot showing the levels of CAT-3 protein in

WT, upf-1KO, upf-2KO and upf-3KO strains. The membrane stained by Coomassie blue represented the total protein in each sample and served as the loading

control. (E) RT-qPCR assays showing the levels of cat-3 mRNA in WT, upf-1KO, upf-2KO and upf-3KO strains. Each experiment was performed at least three

times independently. Error bars indicate S.D. (n = 3). *P< 0.05; **P< 0.01; ***P < 0.001. Unpaired Student’s t test was used. The cat-3KO strain was used as

the negative control in (B) (C) (D).

https://doi.org/10.1371/journal.pgen.1010985.g001
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respectively [65]. The helicase core is surrounded by an N-terminal cysteine–histidine rich

region (CH domain) and a C-terminal serine-glutamine clusters (SQ domain). The CH

domain binds to the C-terminal region of UPF2 to form the UPF surveillance complex, which

is required for the NMD pathway [64]. On the other hand, the CH domain contains a putative

RING domain that is structurally similar to the RING domain of known RING E3 ubiquitin

ligases, which is responsible for UPF1’s protein degradation activity [66, 67]. The SQ domain

contains numerous serine residues that are phosphorylated by SMG-1 to drive UPF1 function

[63]. To characterize which region of UPF-1 functions in suppressing cat-3 expression, we

generated a series of deletion constructs across the UPF-1 coding region, including Myc-UPF-

Fig 2. Ectopic expression of Myc-tagged UPF-1, UPF-2 or UPF-3 in the corresponding upf mutant can rescue cat-
3 gene regulation. (A) Plate assays analyzing mycelial growth (left) and relative growth (right) of WT, upf-1KO, upf-
2KO, upf-3KO strains and corresponding UPF-1, UPF-2, UPF-3 transformants driven by the qa-2 promoter under

different H2O2 concentrations. Quinic acid (QA) was used to induce the qa-2 promoter. (B) In-gel assays showing the

CAT-3 activities of WT, upf-1KO, upf-2KO, upf-3KO strains and corresponding UPF-1, UPF-2, UPF-3 transformants.

(C) Western blot showing the levels of CAT-3 protein in WT, upf-1KO, upf-2KO, upf-3KO strains and corresponding

UPF-1, UPF-2, UPF-3 transformants. The membrane stained by Coomassie blue represented the total protein in each

sample and served as the loading control. (D) RT-qPCR assays showing the levels of cat-3 mRNA in WT, upf-1KO, upf-
2KO, upf-3KO strains and corresponding UPF-1, UPF-2, UPF-3 transformants. Error bars indicate S.D. (n = 3). *P<
0.05; **P< 0.01; ***P< 0.001. Unpaired Student’s t test was used. The cat-3KO strain was used as the negative control

in (A) (B) (C).

https://doi.org/10.1371/journal.pgen.1010985.g002
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14CHD, Myc-UPF-14ATPBD, Myc-UPF-14RBD and Myc-UPF-14SQD (Fig 3A). All of the con-

structs were driven by the qa-2 promoter and inserted into the his-3 locus of the upf-1 mutant.

Western blot analysis showed that each short deletion had minor effect on the expression of

the Myc-tagged UPF-1 protein (S3B Fig). As shown in Figs 3B and S3C, QA-induced ectopic

expression of Myc-UPF-1 largely restored the growth defects and H2O2 sensitivities of the upf-
1 mutant to those of the WT strain in the presence of QA (10−3 M), however, expression of

each Myc-UPF-1 domain deletion protein failed to complement the growth defects and H2O2

sensitivities in the presence of QA. Similarly, expression of WT UPF-1, but not the mutated

version of UPF-1 suppressed the high levels of CAT-3 activities, CAT-3 protein and cat-3
mRNA in the upf-1 mutant to the WT levels (Fig 3C–3E).

As the largest component of the UPF complex, UPF-2 is also relatively conserved in eukary-

otes (S4A Fig) [8, 68, 69]. UPF2 comprises three tandem MIF4G (Middle domain of eIF4G)

domains and a C-terminal UPF1 binding domain. MIF4G-1 and MIF4G-2 are important for

recruitment of UPF2 to PTC-containing mRNAs through an unknown mechanism [70].

MIF4G-3 is the key module for NMD pathway because it interacts with the central RNA recog-

nition motif (RRM) of UPF3. Thus, UPF2 is considered as the scaffold protein that bridges

UPF1 and UPF3 [71]. We made the constructs Myc-UPF-24MIF4G-1, Myc-UPF-24MIF4G-2,

Myc-UPF-24MIF4G-3, and Myc-UPF-24UPF1BD to determine their roles in repressing cat-3
expression in the upf-2 mutant (Fig 3F). Western blot analysis showed that each short deletion

had minor effect on the expression of the Myc-tagged UPF-2 protein (S4B Fig). Phenotype

analysis and molecular examination showed that expression of Myc-UPF-2, but not the

mutant Myc-UPF-2 proteins, largely rescued the H2O2 sensitivities (Figs 3G and S4C) by

restoring CAT-3 activities, CAT-3 proteins and cat-3 mRNA levels to WT levels in the pres-

ence of QA (Fig 3H–3J). Together, these results indicate that conserved regions of UPF-1 and

UPF-2 proteins are required for suppression of cat-3 expression.

3. Loss of UPF proteins simultaneously affects the degradation and

synthesis of cat-3 transcripts

Although the targeted mechanisms of NMD for normal transcripts remain unclear, some spe-

cific features in normal mRNAs have been proven to elicit their decay through the NMD path-

way, such as upstream open reading frames (uORFs) in 5’ UTR, long 3’UTR or introns in

3’UTR [1, 8–10, 62, 72]. N. crassa cat-3 gene contains four uORFs which potentially encode

peptides that are 21, 16, 30, or 92 amino acids in length. These four uORFs overlap with each

other and the fourth uORF overlaps with the cat-3 CDS in an out-of-frame manner (S5A Fig).

Considering uORFs are signatures for NMD targets, we hypothesized that UPF proteins might

regulate the cat-3 transcripts stability. To test this hypothesis, we examined the degradation

rate of cat-3 mRNA after the addition of the mRNA synthesis inhibitor thiolutin. As shown in

Fig 4A, cat-3 mRNA stability in the upf mutants markedly increased compared to that in the

WT strain, indicating that cat-3 mRNA is a potential target of the UPF complex.

We next tested whether the deletion of UPF proteins affects cat-3 gene transcription. To

this end, we first performed ChIP assay to examine the enrichment of RPB-1, the largest sub-

unit of RNAPII, at the cat-3 gene locus in the WT and upf mutant strains. As shown in Fig 4B,

the enrichment of RPB-1 at cat-3 locus two-to-three-fold increased in the upf mutants com-

pared to those of the WT strain, suggesting that the transcriptional activity of cat-3 gene is sig-

nificantly upregulated in the upf mutants. Previous studies identified negative cofactor 2

(NC2), including two subunits NC2α and NC2β, and the cross-pathway control transcription

factor CPC-1 as key transcriptional activators for cat-3 expression in N. crassa [59, 73–75].

RNA-seq assay and thiolutin treatment showed that upf-1 deletion did not affect Nc2β mRNA
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Fig 3. Conserved domains of UPF proteins are required for suppression of cat-3 gene. (A and F) Schematic diagrams

depicting the conserved domains of N. crassa UPF-1 (A) and UPF-2 (F) proteins as well as corresponding exogenous deletion

mutants. The positions of CH (dark purple), ATP binding (red), RNA binding (yellow) and SQ (light blue) domains in UPF-1

as well as MIF4G-1 (green), MIF4G-2 (dark blue), MIF4G-3 (light purple) and UPF1 binding (brown) domains in UPF-2 are

indicated. (B and G) Relative growth of the different deletion strains across UPF-1 (B) or UPF-2 (G) coding region at exogenous
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stability compared with WT (Figs 4C and S5B). However, RNA-seq results demonstrated that

only cpc-1 transcripts were significantly elevated in the upf-1 mutant (Fig 4C) (S2 Table). Pre-

vious studies have identified two upstream open reading frames located in the leading segment

of the cpc-1 coding region (S5C Fig) [31, 76]. ATF4 and GCN4, the functional homologous

proteins of CPC-1 in humans and yeast, which contain uORFs, have been reported to be NMD

targets [3, 77–79]. RT-qPCR assay further confirmed the significant upregulation of cpc-1
mRNA in N. crassa upf mutant (Fig 4D). We therefore determined the enrichment of CPC-1

at cat-3 gene locus in the upf mutants. As expected, deletion of UPF proteins markedly

increased the enrichment of CPC-1 at the cat-3 locus compared to that of the WT strain (Fig

4E). To explore the detailed reasons of increased CPC-1 binding, we measured the levels of

CPC-1 proteins in the upf mutants. Consistent with the elevated CPC-1 enrichment, the levels

of CPC-1 protein were observably higher in the upf mutants compared to those in the WT

strain (Fig 4F). However, the degradation rate of CPC-1 proteins in the upf-1KO mutant was

comparable to that in the WT strain (S5D Fig), implying that increased levels of CPC-1 protein

in the upf mutants might be attributed to the dysregulation of the cpc-1 mRNA. To determine

whether the elevated cpc-1 mRNA levels are due to the increased expression of cpc-1 gene in

mutants, we checked the transcriptional activity of cpc-1 in upf mutants. ChIP assay using an

RPB-1-specific antibody revealed that loss of the UPF proteins had no effect on RPB-1 enrich-

ment at cpc-1 gene locus (Fig 4G). Instead, the stability of cpc-1 mRNA in the upf mutants was

markedly improved compared to that of the WT strain (Fig 4H). Taken together, these results

indicate that UPF proteins target N. crassa cpc-1 mRNA for its decay under physiological

conditions.

Our previous study showed that CPC-1 coordinates with the histone acetyltransferase

NGF-1 to regulate cat-3 expression in N. crassa [59]. As shown in S6A Fig, the ngf-1 transcript

contains a long 3’UTR (1551 bp) that is a potential feature for NMD targeting. To test whether

UPF proteins regulate the ngf-1 gene in the same manner as the cpc-1 gene, we generated a

NGF-1 specific antibody (S6B Fig) and measured NGF-1 protein as well as ngf-1 mRNA levels

in the upf mutants. Similar to cpc-1, ngf-1 also had significantly increased mRNA levels in the

upf mutants (Fig 5A). As expected, loss of UPF proteins resulted in elevated levels of NGF-1

protein (Fig 5B), but had little impact on its stability (S6C Fig). To examine how UPF regulates

ngf-1 mRNA levels, we first showed that UPF did not affect the transcription and synthesis of

ngf-1 mRNA by conducting a RPB-1 ChIP assay (Fig 5C). Since the function of UPF is closely

related to mRNA decay, we examined the ngf-1 mRNA decay rate by addition of thiolutin to

block the synthesis of the mRNA, and found that deletion of upf resulted in increased stability

of ngf-1 mRNA (Fig 5D). These results indicate that elevated NGF-1 protein was attributed to

the impaired decay rate of ngf-1 mRNA rather than the improvement of transcription activity

of ngf-1 gene under physiological conditions.

To further confirm the regulatory roles of CPC-1 and NGF-1 in cat-3 gene expression in

the upf mutants, we constructed upf cpc-1 (J-5) and upf ngf-1 double mutants by crossing each

upf mutant with either cpc-1 (J-5) or ngf-1 mutant strain and examined the H2O2 sensitivities

locus driven by qa-2 promoter under different H2O2 concentrations. Quinic acid (QA) was used to induce the qa-2 promoter.

(C and H) In-gel assays showing the CAT-3 activities of the different deletion strains across UPF-1 (C) or UPF-2 (H) coding

region at exogenous locus. (D and I) Western blot showing the levels of CAT-3 protein in the different deletion strains across

UPF-1 (D) or UPF-2 (I) coding region at exogenous locus. The membrane stained by Coomassie blue represented the total

protein in each sample and served as the loading control. (E and J) RT-qPCR assays showing the levels of cat-3 mRNA in the

different deletion strains across UPF-1 (E) or UPF-2 (J) coding region at exogenous locus. Error bars indicate S.D. (n = 3). *P<
0.05; **P< 0.01; ***P< 0.001. Unpaired Student’s t test was used. The cat-3KO strain was used as the negative control in (B) (C)

(D) (G) (H) (I).

https://doi.org/10.1371/journal.pgen.1010985.g003
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Fig 4. Loss of UPF proteins directly decreases the degradation of cat-3 mRNA and indirectly increases cat-3 gene

transcription through elevating cpc-1 mRNA stability. (A) RT-qPCR assays showing the relative degradation ratio of

cat-3 mRNA in WT, upf-1KO, upf-2KO and upf-3KO strains after the addition of thiolutin, respectively. (B) ChIP assays

showing the binding levels of RPB-1 at cat-3 gene locus in WT, upf-1KO, upf-2KO and upf-3KO strains. Primer pairs

from upstream heterochromatin to ORF3 under the schematic diagram of cat-3 gene locus indicate the regions

detected by ChIP-qPCR. H, heterochromatin; P, promoter; TSS, transcription start site; ORF, open reading frame. (C)

Volcano Plots of differential expressed genes (DEGs) between WT and upf-1KO strains. The downregulated genes were

labeled in blue, the upregulated genes were labeled in red, the gray areas show genes that are expressed at essentially the

same level. NS, no significant. (D) RT-qPCR assays showing the levels of cpc-1 mRNA in WT, upf-1KO, upf-2KO and

upf-3KO strains. (E) ChIP assays showing the binding levels of CPC-1 at cat-3 gene locus in WT, upf-1KO, upf-2KO and

upf-3KO strains. The cpc-1 (J-5) strain was used as the negative control. (F) Western blot showing the levels of CPC-1

protein in WT, upf-1KO, upf-2KO and upf-3KO strains. The membrane stained by Coomassie blue represented the total

protein in each sample and served as the loading control. The cpc-1 (J-5) strain was used as the negative control. (G)

ChIP assays showing the binding levels of RPB-1 at cpc-1 gene locus in WT, upf-1KO, upf-2KO and upf-3KO strains. TSS,

transcription start site; ORF1-3, open reading frame1-3. (H) RT-qPCR assays showing the relative degradation ratio of

cpc-1 mRNA in WT, upf-1KO, upf-2KO and upf-3KO strains after the addition of thiolutin, respectively. Error bars

indicate S.D. (n = 3). *P< 0.05; **P< 0.01; ***P < 0.001. Unpaired Student’s t test was used.

https://doi.org/10.1371/journal.pgen.1010985.g004
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of these double mutants, respectively. Similar to the cpc-1 (J-5) and ngf-1 single mutants, these

double mutants all exhibited strong H2O2-sensitive phenotypes (Fig 6A and 6E), indicating

that loss of CPC-1 or NGF-1 reversed the H2O2-resistant phenotypes of the upf mutants. Con-

sistent with these phenotypes, the elevated levels of CAT-3 activities (Fig 6B and 6F), CAT-3

protein (Fig 6C and 6G) and cat-3 mRNA (Fig 6D and 6H) in the upf mutants were greatly

decreased in the absence of CPC-1 or NGF-1 protein, demonstrating the essential roles of

CPC-1 and NGF-1 for the highly expressed cat-3 gene in the upf mutants. Overall, these results

suggest that UPF proteins suppress cat-3 gene expression through mediating cpc-1 and ngf-1
mRNA decay under physiological conditions.

4. H2O2 treatment strongly elevates cat-3 expression to respond to

oxidative stress through repressing UPF protein levels in N. crassa
Considering the multilevel effects of UPF proteins on cat-3 gene expression, we next tested

whether UPF proteins are crucial in dealing with H2O2-induced oxidative stress in N. crassa.

For this purpose, we measured the levels of CAT-3 activities and CAT-3 protein in WT and

upf strains treated with or without 20 mM H2O2 in liquid media. As expected, the levels of

CAT-3 activities and CAT-3 protein significantly increased in the WT strain upon H2O2 treat-

ment compared to those without H2O2 treatment (Fig 7A and 7B). Surprisingly, H2O2

Fig 5. Loss of UPF proteins indirectly increases cat-3 gene transcription through elevating ngf-1 mRNA stability.

(A) RT-qPCR assays showing the levels of ngf-1 mRNA in WT, upf-1KO, upf-2KO and upf-3KO strains. (B) Western blot

showing the levels of NGF-1 protein in WT, upf-1KO, upf-2KO and upf-3KO strains. The membrane stained by

Coomassie blue represented the total protein in each sample and served as the loading control. The ngf-1KO strain was

used as the negative control. (C) ChIP assays showing the binding levels of RPB-1 at ngf-1 gene locus in WT, upf-1KO,

upf-2KO and upf-3KO strains. P, promoter; TSS, transcription start site; ORF1-3, open reading frame1-3. (D) RT-qPCR

assays showing the relative degradation ratio of ngf-1 mRNA in WT, upf-1KO, upf-2KO and upf-3KO strains after the

addition of thiolutin, respectively. Error bars indicate S.D. (n = 3). *P< 0.05; **P< 0.01; ***P< 0.001. Unpaired

Student’s t test was used.

https://doi.org/10.1371/journal.pgen.1010985.g005
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Fig 6. Loss of CPC-1 or NGF-1 effectively reverses the high expression of cat-3 gene caused by UPF deletion. (A

and E) Plate assays analyzing mycelial growth of WT, upf-1KO, upf-2KO, upf-3KO and cpc-1 (J-5), upf-1KO cpc-1 (J-5),

upf-2KO cpc-1 (J-5), upf-3KO cpc-1 (J-5) strains (A) or ngf-1KO, upf-1KO ngf-1KO, upf-2KO ngf-1KO, upf-3KO ngf-1KO
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treatment failed to further elevate their levels in the upf mutants (Fig 7A and 7B). These results

strongly suggest that the UPF complex plays a critical role in responding to H2O2-induced oxi-

dative stress in N. crassa. To determine how UPF-mediated regulation of cat-3 expression is

released during H2O2-induced oxidative stress, we first examined the expression of upf genes

upon H2O2 treatment in WT strain. RT-qPCR analysis revealed that the levels of upf mRNAs

remained unchanged with or without H2O2 treatment (S7A–S7C Fig). We next generated spe-

cific antibodies of UPF-1, UPF-2, or UPF-3 (S8A–S8C Fig) to examine UPF protein levels.

Unexpectedly, western blot analysis showed that H2O2 treatment significantly decreased the

UPF protein levels compared to those without H2O2 treatment (Fig 7C). Consistent with

decreased UPF protein levels, cpc-1 and ngf-1 mRNA levels in the WT strain increased upon

H2O2 treatment, similar to those in upf mutants (Fig 7D and 7E). These results demonstrate

that H2O2 treatment triggers NMD suppression through downregulating UPF proteins rather

than mRNAs, which in turn releases cat-3 expression to respond to H2O2-induced oxidative

stress.

H2O2-mediated NMD suppression persuaded us to further analyze the effect of UPF down-

regulation on genome-wide changes of gene expression profile after H2O2 treatment. RNA-seq

data showed that the expression levels of 1813 genes increased at least twofold after exposure

to H2O2 in the WT strain. Among these 1813 genes, 268 genes (14.8%) were likewise upregu-

lated in the upf-1KO strain without H2O2 treatment (Fig 7F). cat-1, cat-2, and cat-3 were

included in the 268 overlapping genes. Consistent with the elevated mRNA levels of cat-1 and

cat-2 in upf-1KO strains without H2O2 treatment, the activities and protein levels of these two

catalases increased in upf mutants compared with those in the WT strain (S9A–S9C Fig). Ele-

ment analysis of these 268 transcripts revealed that 96 genes (35.8%) had zero features of

NMD substrates, whereas 172 genes (64.2%) contained at least one feature (5’uORF, 3’UTR

intron, or long 3’UTR) of NMD substrates (Fig 7G and 7H). Of these 268 UPF-1-regulated

genes, the expression levels of 107 genes (including cat-1 and cat-2) were further increased in

the upf-1KO strains after exposure to H2O2, whereas 161 genes (including cat-3) were not fur-

ther increased in the upf-1KO strain during H2O2 treatment (S3 and S4 Tables). In contrast to

the elevated mRNA levels of cat-1 and cat-2 in upf-1KO strain after treatment with H2O2, cata-

lase activities and protein levels of CAT-1 and CAT-2 decreased in upf mutants upon H2O2

treatment compared to those in the untreated samples (S9A–S9C Fig). GO analysis revealed

that these 268 genes were classified as redox-related pathways (Fig 1A). Considering that cata-

lases are heme-proteins, we also analyzed the mRNA levels of enzymes involved in heme syn-

thesis by RNA-seq. Although there was no significant increase for heme synthesis genes

expression in the upf mutants, the high basal expressions, especially for NCU01546 genes, may

be able to maintain a huge reserve pool of heme in the cells (S5 Table). These results suggest

that H2O2-triggered UPF inhibition upregulates redox-related pathways to deal with H2O2-

induced oxidative stress.

strains (E) under different H2O2 concentrations. (B and F) In-gel assays showing the CAT-3 activities of WT, upf-1KO,

upf-2KO, upf-3KO and cpc-1 (J-5), upf-1KO cpc-1 (J-5), upf-2KO cpc-1 (J-5), upf-3KO cpc-1 (J-5) strains (B) or ngf-1KO, upf-
1KO ngf-1KO, upf-2KO ngf-1KO, upf-3KO ngf-1KO strains (F). (C and G) Western blot showing the levels of CAT-3 protein

in WT, upf-1KO, upf-2KO, upf-3KO and cpc-1 (J-5), upf-1KO cpc-1 (J-5), upf-2KO cpc-1 (J-5), upf-3KO cpc-1 (J-5) strains

(C) or ngf-1KO, upf-1KO ngf-1KO, upf-2KO ngf-1KO, upf-3KO ngf-1KO strains (G). The membrane stained by Coomassie

blue represented the total protein in each sample and served as the loading control. (D and H) RT-qPCR assays

showing the levels of cat-3 mRNA in WT, upf-1KO, upf-2KO, upf-3KO and cpc-1(J-5), upf-1KO cpc-1 (J-5), upf-2KO cpc-1
(J-5), upf-3KO cpc-1 (J-5) strains (D) or ngf-1KO, upf-1KO ngf-1KO, upf-2KO ngf-1KO, upf-3KO ngf-1KO strains (H). Error

bars indicate S.D. (n = 3). *P< 0.05; **P< 0.01; ***P< 0.001. Unpaired Student’s t test was used. The cat-3KO strain

was used as the negative control in (A) (B) (C) (E) (F) (G).

https://doi.org/10.1371/journal.pgen.1010985.g006
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Fig 7. UPF proteins are responsible for dealing with the H2O2-induced oxidative stress. (A) In-gel assays showing

the CAT-3 activities of WT, upf-1KO, upf-2KO and upf-3KO strains under different H2O2 concentrations. (B) Western

blot showing the levels of CAT-3 protein in WT, upf-1KO, upf-2KO and upf-3KO strains under different H2O2

concentrations. (C) Western blot showing the levels of CAT-3, UPF-1, UPF-2 and UPF-3 proteins in the WT strain

under different H2O2 concentrations. The corresponding controls indicated cat-3KO, upf-1KO, upf-2KO and upf-3KO

strains. The membrane stained by Coomassie blue represented the total protein in each sample and served as the

loading control. (D and E) RT-qPCR assays showing the levels of cpc-1 (D) and ngf-1 (E) mRNA in the WT strain

under different H2O2 concentrations. Error bars indicate S.D. (n = 3). *P< 0.05; **P< 0.01; ***P< 0.001. Unpaired

Student’s t test was used. (F) a. The number of genes upregulated by H2O2 treatment in the WT strain; b. The number

of genes upregulated in the upf-1KO strain; c. The number of genes upregulated by H2O2 treatment in the upf-1KO

strain. log2 (Fold change)�1, pValue<0.05. (G and H) Distribution of genes with different features upregulated (fold

change� 2) in the 161 (G) and 107 (H) genes. The results were obtained from RNA-seq data.

https://doi.org/10.1371/journal.pgen.1010985.g007
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5. H2O2-induced degradation of UPF protein is partially dependent on

eIF2α phosphorylation

Previous studies revealed that eIF2α S51 phosphorylation, the core event of the integrated

stress response (ISR), serves as a molecular hub linking external stress response and NMD

pathway suppression through globally decreasing protein synthesis [77, 80]. To determine the

implications of eIF2α phosphorylation in dealing with H2O2-induced oxidative stress in N.

crassa, we measured eIF2α S51 phosphorylation levels in the WT strain with or without H2O2

treatment. As shown in Fig 8A, H2O2 treatment significantly up-regulated eIF2α S51 phos-

phorylation levels, indicating that eIF2α S51 phosphorylation likely functions in response to

H2O2-induced oxidative stress in N. crassa. To further confirm the role of eIF2α S51 phos-

phorylation in combating oxidative stress, we generated eIF2α S51A and eIF2α S51D mutants,

in which the mutation of S51 to A abolishes eIF2α phosphorylation whereas the mutation of

S51 to D mimics eIF2α phosphorylation, respectively. As expected, H2O2 treatment failed to

down-regulated UPF protein levels in the eIF2α S51A strain compared to those in the WT and

eIF2a S51D strains (Figs 8B and S10A), confirming that eIF2α S51 phosphorylation is critical

for oxidative stress-induced NMD suppression by blocking protein synthesis in N. crassa. We

also determined whether H2O2 treatment affects the degradation of UPF proteins in the WT

and eIF2α S51A mutant after the addition of the protein synthesis inhibitor cycloheximide.

Surprisingly, H2O2-induced oxidative stress strongly increased degradation of UPF proteins in

the WT strain. However, eIF2α S51A mutation significantly restored the stability of UPF pro-

teins even under H2O2 treatment (Fig 8C and 8D), suggesting that the eIF2α phosphorylation

likely promotes the degradation of UPF proteins through an unknown mechanism. CPC-3

was reported as the main kinase responsible for eIF2α phosphorylation in N. crassa [81, 82].

However, loss of CPC-3 failed to block the down-regulation of UPF protein levels and up-reg-

ulation of CAT-3 protein levels under H2O2 treatment (S10B Fig), implying that there are

other kinases that respond to H2O2-induced oxidative stress in N. crassa [83–85].

Discussion

Recent studies have clearly demonstrated that the NMD pathway contributes to appropriate cellu-

lar responses to various environmental stresses by dynamically adjusting the mRNAs levels of key

inducible genes. Our data further complement these previous reports by showing how NMD fac-

tors regulate cat-3 expression during H2O2-induced oxidative stress. Under physiological condi-

tions, UPF proteins not only control the stability of cat-3 transcripts, but also indirectly repress

cat-3 gene transcription by boosting cpc-1 and ngf-1mRNA decay to maintain ROS homeostasis.

Moreover, we identified that UPF proteins serve as a sensitive factor for H2O2-induced oxidative

stress inN. crassa. When subjected to H2O2 treatment, UPF proteins are degraded, which in turn

triggers activation of cat-3 expression to eliminate oxidative stress in cells (Fig 9). Our results

therefore demonstrate the multilevel regulatory roles ofN. crassaUPF complex in cat-3 gene

expression under physiological conditions as well as oxidative stress conditions.

The functions of NMD under physiological conditions

As a robust inducible gene, the expression pattern of cat-3 fluctuates with changes in ROS lev-

els during the growth and development of N. crassa, which is mainly achieved by competition

between positive and negative regulators. Our previous study showed that the transcription

factor CPC-1 and histone acetyltransferase NGF-1 are responsible for activating cat-3 tran-

scription and resisting H2O2-induced oxidative stress [59]. Here, we demonstrated that UPF

proteins, the key negative regulators, not only directly promote cat-3 mRNA decay, but
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indirectly repress cat-3 gene transcription by boosting cpc-1 and ngf-1 mRNAs decay, eventu-

ally maintaining an optimal amount of CAT-3 protein to deal with the fluctuation of ROS

under physiological conditions. Consistent with our study, NMD-mediated decay of Atf4
mRNA, the functional homologue of N. crassa cpc-1 gene in mammals, also controls the

expression patterns of key response genes for other stress, such as hypoxia, amino acid depri-

vation and ER stress [86, 87]. Previous study revealed that mouse Atf4 possesses two upstream

open reading frames (uORF1 and uORF2) that are potential features for triggering NMD-

mediated decay of normal transcripts. The translation of the second uORF is favoured under

Fig 8. H2O2-induced degradation of UPF proteins is partially dependent on eIF2α phosphorylation. (A) Western

blot showing the levels of eIF2α phosphorylation in the WT strain after the addition of 20 mM H2O2. The eIF2α S51A

strain was used as the negative control. (B) Western blot showing the levels of CAT-3, UPF-1, UPF-2 and UPF-3

proteins in WT and eIF2α S51A strains under 20 mM H2O2. The corresponding controls indicated cat-3KO, upf-1KO,

upf-2KO and upf-3KO strains. (C and D) Western blot showing the levels of UPF-1, UPF-2 and UPF-3 proteins in WT

(C) and eIF2α S51A (D) strains under the treatment with CHX (cycloheximide) alone or in combination with 20 mM

H2O2, respectively. Quantification of the UPF protein levels was showed on the right. The membrane stained by

Coomassie blue represented the total protein in each sample and served as the loading control. Error bars indicate S.D.

(n = 3). *P< 0.05; **P< 0.01; ***P< 0.001.

https://doi.org/10.1371/journal.pgen.1010985.g008
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Fig 9. The working model depicting the UPF proteins-mediated multilevel regulation of cat-3 gene expression in N. crassa. Under physiological

conditions, UPF proteins not only directly promote the degradation of cat-3 mRNA, but indirectly repress cat-3 gene transcription by boosting cpc-1 and ngf-1
mRNAs decay, which encode the critical positive regulators for cat-3 gene expression, eventually maintaining the homeostasis of CAT-3 protein and activity.

Once cells are subjected to oxidative stress, UPF proteins are degraded partially through an eIF2α phosphorylation-dependent manner, thus the stabilities of

cpc-1, ngf-1 and cat-3 mRNAs are significantly improved, ultimately leading to a significant increase of CAT-3 activity to deal with the excessive oxidative

stress.

https://doi.org/10.1371/journal.pgen.1010985.g009
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normal conditions, which leads to NMD activation and low levels of ATF4 protein [33]. Four

uORFs are required for translational control of yeast GCN4. The ribosomes start scanning at

uORF1 and re-initiate at downstream uORFs that blocks the translation of GCN4 coding

sequence [77]. In the N. crassa, cpc-1 gene also contains two uORFs, implying that such regula-

tory mechanisms may apply to cpc-1 gene [31, 74, 76]. Importantly, about 22–50% of eukary-

otic mRNAs contain putative uORFs with possible regulatory effects according to their

propensities to trigger NMD, thus, their translations are closely linked to their estimated sensi-

tivities to the NMD machinery [1, 8, 88, 89]. Unlike cpc-1 gene, ngf-1 gene harbors a long

3’UTR that is another potential feature for NMD-mediated decay of normal transcripts. Con-

sidering the regulatory functions of NGF-1 in various biological events, NMD-mediated bal-

ance of ngf-1 expression level seems more complicated in addition to coping with oxidative

stress [60, 61, 90]. Considering the diversity of substrates targeted by the NMD pathway, we

cannot rule out the possibility that other substrates may also contribute to UPF’s repressive

role in cat-3 homeostasis in addition to cpc-1 and ngf-1 transcripts. Intriguingly, the NMD

pathway probably possesses a conserved feedback regulatory network, because most eukary-

otic transcripts of NMD factors contain at least one feature, uORFs or the long 3’UTR, for trig-

gering NMD autoregulation [8, 62, 72, 91]. For example, upf-1 mRNA contains two uORFs

and a long 3’UTR and becomes more stable in upf-2KO strain [8]. This autoregulation provides

a potential buffering mechanism to avoid excessive activation of NMD factors which may

cause dysfunction of a bulk of NMD substrates in cells during growth and development.

N. crassa employs such an elaborate mechanism to actively maintain low levels of CAT-3

under physiological conditions. The system is able to react quickly to sudden increases in external

H2O2, which could mean a life-threatening situation. Releasing the negative control of the NMD

would ensure a rapid response with a burst of extracellular CAT-3. Once the stress is overcome, a

much lower and regular amounts of CAT-3 would be secreted to maintain the cell wall integrity

with its catalase and chaperone activities [55, 92]. By maintaining low levels of CAT-3,N. crassa
ensures a basal level of ROS that can be utilized for regulating the complex developmental pro-

cesses, such as asexual and sexual reproduction, hyphal growth, and differentiation specialized

structures [93–96]. For example, a hyperoxidant state has been reported to occur at the beginning

phase of some morphogenetic transitions such as hyphal adhesion, aerial mycelium formation,

and conidium formation inN. crassa [55, 97–100]. In addition, catalase overexpression increases

the pathogenicity and reduces the germination time of other fungi [101]. Last, overexpression of

human mitochondrial catalase leads to elevated inflammatory signaling by activating the redox-

sensitive NF-κB in mice macrophages [102, 103]. Therefore, the precise regulation of intracellular

catalase expression seems highly desirable under physiological conditions.

The functions of NMD in adaptation to stress and environment

In eukaryotes, various stresses including amino acid deprivation, viral infection and ER stress

can activate a common adaptive pathway, termed integrated stress response (ISR). A correla-

tion was made between the induction of N. crassa catalase genes by H2O2-induced oxidative

stress and those enzymes for resistance to the same stress. During ISR, eukaryotic translation

initiation factor 2α (eIF2α) is phosphorylated by GCN2, PKR, HRI or PER kinases, eventually

leading to a global attenuation of cap-dependent translation and the concomitant induction of

ISR-specific mRNAs to re-establish cellular homeostasis [77, 104]. Translations of these ISR-

specific mRNAs may not require cap recognition by the eIF4F complex, but rely on a re-initia-

tion mechanism or the direct recruitment of ribosomes to internal ribosome entry sites (IRES)

[77, 105]. The activity of the NMD pathway is critical to silence ISR under physiological condi-

tion until enough stress promotes NMD suppression because many ISR-specific transcripts
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are natural NMD targets, such as Atf4. We have previously revealed that the histone acetyl-

transferase NGF-1 and the transcription factor CPC-1 are required to maintain cat-3 expres-

sion. Our research further showed that H2O2-induced oxidative stress significantly down-

regulates the activity of the NMD pathway, which in turn rescues cpc-1 and ngf-1 mRNA levels

to enhance fitness and survival through elevating cat-3 expression. Unlike the regulatory

mechanisms in N. crassa, S. pombe Upf1 and Csx1, an RNA-binding protein, work in the same

pathway to stabilize atf1 and ctt1 mRNAs during oxidative stress and thus S. pombe upf
mutants are sensitive to oxidative stress [38].

It remains a key question as to how the oxidative stress triggers NMD suppression in theN.

crassa. Several lines of evidence suggest that cellular stress achieves this by triggering eIF2α phos-

phorylation. eIF2α phosphorylation leads to the formation of stress granules (SGs) that sequester

several key NMD factors in translationally arrested mRNAs and thus deplete NMD factors in the

surrounding cytosol [106, 107]. Therefore, NMD factors would not have access to translationally

active mRNAs in the cytosol in stressed cells. In this study, we found that H2O2-induced oxida-

tive stress triggers NMD suppression through decreasing protein levels of UPFs but not the levels

of their mRNA. Knockdown of SMG1, a key kinase in the NMD pathway, decreases the number

of SGs when treated with sodium arsenite [108], implying that a possible feedback loop main-

tains RNA metabolism homeostasis by buffering both RNA decay and translation in response to

stress. Similarly, in our study, eIF2α S51A mutation but not eIF2α S51D failed to inhibit the syn-

thesis of UPF proteins under H2O2 treatment. Interestingly, eIF2α S51A mutation also signifi-

cantly restored the stability of UPF proteins even under H2O2 treatment in WT strain. These

results suggest that oxidative stress can blunt the NMD pathway by eIF2α phosphorylation. We

found that with the loss of CPC-3, the homolog of mammalian eIF2α kinases inN. crassa, UPF

proteins synthesis is still inhibited under H2O2 treatment, suggesting that there are other eIF2α
kinases that respond to H2O2-induced oxidative stress inN. crassa. Tuning NMD activity is also

important for tumor cells to adapt to the tumor microenvironment. NMD is decreased during

tumor formation in order to overcome microenvironment-related stresses, such as hypoxia and

ER stress. Oxidative stress has been shown to trigger ER stress pathway, activate apoptosis path-

ways and cause cell death in liver tissue [109]. Therefore, activation of eIF2α kinases by oxidative

stress probably occurs through a crosstalk with other stresses. Upon H2O2 stress, the membrane

receptors can sense and transfer oxidative stress signals via calcium or protein kinase pathways

to UPF proteins, then CPC-1 and NGF-1, resulting in elevated cat-3 transcription. CAT-3 has an

N-terminal signal peptide that is processed [56] and possibly used for enzyme secretion to pro-

tectN. crassa against exogenous oxidative stress [55, 110]. Besides extracellular oxidative stress,

intracellular ROS burst induced by curcumin has been reported to inhibit the NMD pathway

[111, 112]. Therefore, other conditions that increase intracellular H2O2, such as cytochrome c
peroxidase deficiency, probably also trigger cat-3 transcription through inhibiting NMD mecha-

nisms. Interestingly, in addition to catalases, ROS scavenger molecule glutathione has also been

reported to be exploited to cope with MYC-induced intracellular toxic ROS by activating the ISR

and suppressing NMD [113], further expanding the scope of NMD substrates for intracellular

ROS regulation. In summary, our study reveals that UPF factors play an important role in

responding to ROS stress by activating cat-3 transcription which cleans up excess ROS.

Materials and methods

Strains and culture conditions

In this study, the N. crassa 87–3 (bd, a) strain with bd mutation (ras-1T79I) and FGSC 4200

(ORS-SL6a) strain were used as the wild-type strains [114]. The ku70RIP (bd, a) strain in which

the ku70 ORF was mutated with multiple premature stop codons by repeat-induced point
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mutation [115] was used as the host strain for creating different Hygromycin B (hph) knockout

strains (upf-1KO, upf-2KO and upf-3KO) because loss-of-function of Ku70 protein causes

extraordinarily high homologous recombination efficiency and low non-homologous end-

joining rate [116]. The cat-3KO, cpc-1 (j-5) and ngf-1KO strains generated previously were also

used in this study [59, 117]. The newly double mutants were generated by crossing, upf-1KO

upf-2KO, upf-1KO upf-3KO, upf-2KO upf-3KO, upf-1KO cpc-1 (j-5), upf-2KO cpc-1 (j-5), upf-3KO

cpc-1 (j-5), upf-1KO ngf-1KO, upf-2KO ngf-1KO and upf-3KO ngf-1KO. The upf-1KO, pqa-Myc-

UPF-1, upf-1KO, pqa-Myc-UPF-14CHD, upf-1KO, pqa-Myc-UPF-14ATPBD, upf-1KO, pqa-Myc-

UPF-14RBD and upf-1KO, pqa-Myc-UPF-14SQD transformants were generated by transferring

each construct into the his-3 locus of upf-1KO (his-3, a) host strain. Likewise, the upf-2KO, pqa-

Myc-UPF-2, upf-2KO, pqa-Myc-UPF-24MIF4G-1, upf-2KO, pqa-Myc-UPF-24MIF4G-2, upf-2KO,

pqa-Myc-UPF-24MIF4G-3, upf-2KO, pqa-Myc-UPF-24UPF1BD and upf-3KO, pqa-Myc-UPF-3

transformants were created. All strains used here possess the same bd background. The Neu-
rospora crassa locus identifier (NCU) and Fungal Genetics Stock Center (FGSC) numbers of

the N. crassa upf-1, upf-2, upf-3, cat-3 and ngf-1 genes are NCU04242 (FGSC11229/

FGSC11230), NCU05267 (FGSC#15705/FGSC#15706), NCU03435 (FGSC#11679/

FGSC#11680), NCU00355 (FGSC#11201/FGSC#11202) and NCU10847 (FGSC#16229). The

cpc-1 (j-5) band mutant generated from the crossing of cpc-1 (j-5) (FGSC#4433 and #4434)

with 87–3 (bd, a) strain [59]. Strains list see in S6 Table.

Conidia of indicated strain were inoculated in Petri dishes with 50 mL minimal medium

(2% glucose) and cultured at 25˚C in constant light until the exponential growth phase of

mycelia. The mycelial mat was cut with a specific puncher for quantification. Then, small

mycelial disks were transferred to Erlenmeyer flasks with 50 mL minimal medium and grown

at 25˚C with shaking for 18 hours under constant light. When quinic acid (QA) was added,

mycelial disks were grown in 50 mL low-glucose medium (1 × Vogel’s, 0.1% glucose and

0.17% arginine) with 10−2 M QA.

Generation of antisera against NGF-1, UPF-1, UPF-2, and UPF-3

The GST-NGF-1 (amino acids Ala34-Glu280), GST-UPF-1 (amino acids His690-Gln892),

GST-UPF-2 (amino acids Pro202-Met488) and GST-UPF-3 (amino acids Thr236-Thr548)

fusion proteins were expressed in Escherichia coli BL21 cells, respectively. Purified recombi-

nant proteins were used as the antigens to generate rabbit polyclonal antiserums as previously

described [116]. The CPC-1, RPB-1, and CAT-3 antibodies generated previously were also

used in this study [59, 117, 118].

Plate assay

The medium for plate assays contained 1 × Vogel’s, 3% sucrose, 1.5% (w/v) agar with different

concentrations of H2O2 and QA. About 1 week old conidia of specific strains were inoculated

in Petri dishes with 50 mL liquid medium containing 1× Vogel’s salts and 2% glucose under

static culture condition at 25˚C for 48 hours. Disks of mycelium film were cut with an iron

borer and placed in Petri dishes containing medium. WT or mutant strains were inoculated at

the center of the disks and grown under constant light at 25˚C on the medium containing 0,

10, or 20 mM H2O2. When the WT strain almost completely covered the medium without

H2O2, all the plates were scanned, and the average growth rate of each strain relative to that in

medium without H2O2 (0 mM) was calculated. The growth diameter of WT and upf mutants

under 0 mM H2O2 was defined as their respective reference unit "1", and the relative growth of

WT and upf mutants under 10 mM and 20 mM H2O2 was calculated, respectively. Each exper-

iment was performed at least three times independently [73].
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In-gel assay for catalases activity

Cell extracts from the well-cultured mycelium disks were used for performing in-gel assay.

Protein extraction and quantification prepared for the in-gel assay were same as previously

described [117, 119, 120]. Equal amounts of total protein (40 μg) were loaded into each protein

lane of 7.5% native poly-acrylamide slab gel. After electrophoresis, the gel was rinsed with

ddH2O and subsequently soaked in 10 mM H2O2 with gently shaking for 10 min. Then, the

gel was straightway transferred into a mixture of freshly prepared 1% potassium hexacyanofer-

rate (III) and 1% iron (III) chloride hexahydrate. Catalase activity was visualized as a band

where H2O2 was decomposed by catalases.

The stained colonies for testing extracellular catalase

Little amount of a-week conidia were resuspended in 1 mL ddH2O, and 0.5 μL of those were

incubated on solid medium containing 1 × Vogel’s, 1.5% agar, 1 × Fig’s and 1.5% sorbose at

30˚C for 3–4 days. The solid media with colonies in Petri dishes were treated with 7 mM H2O2

for 15 min, and immersed in a mixture of freshly prepared 1% potassium hexacyanoferrate

(III) and 1% iron (III) chloride hexahydrate for 1 min. Extracellular catalases were visualized

as a transparent circle (halo) where H2O2 was decomposed by catalases.

Protein and RNA analyses

Cell extracts from the well-cultured mycelium disks were used for performing protein and

RNA analyses. For protein analyses, protein extraction, quantification, western blot assay and

protein degradation assay were performed as described previously [121, 122]. Equal amounts

of total protein (40 μg) were loaded into each protein lane. After electrophoresis, proteins were

transferred onto PVDF membrane by electroblot. Western blot assay was performed by using

antibodies against the proteins of interest. After Western blot analyses, the membranes stained

by Coomassie blue (0.25% Coomassie brilliant blue R250 (CAS#6104-59-2), 45% methanol,

10% glacial acetic acid) for 10 minutes followed by decolorizing with decolorization solution

(45% methanol, 10% glacial acetic acid) for 20 minutes. For RNA analyses, total RNA was

extracted with TRIzol agent and treated with DNaseI to digest genomic DNA. Each RNA sam-

ple (5 mg) was subjected to reverse transcription with Maxima H Minus reverse transcriptase

(Thermo Fisher Scientific #M1682) and then amplified by real-time qPCR (7500; ABI) with

AceQ Universal SYBR qPCR Master Mix (Q511; Vazyme) and primer pairs (S7 Table). The

results were normalized by the expression level of tubulin gene. Transcription inhibitor thiolu-

tin was used for RNA decay assay. The relative value of gene expression was calculated using

the 2-44CT method by comparing the cycle number for each sample to that for the untreated

control [123]. The results were normalized by the expression level of 18s RNA gene.

ChIP-qPCR

Chromatin immunoprecipitation (ChIP) assays were performed as previously described [124].

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 reaction. After harvest, cross-linked tissues were

ground (0.5 g) and re-suspended in 6 mL lysis buffer containing protease inhibitors. Chroma-

tin was sheared by sonication to *500 bp fragments. 1 mL (2 mg/mL) protein was used as per

immunoprecipitation and 10 μL was kept as the input DNA. ChIP was performed with 5 μL

antibody to RPB-1 and 5 μL antibody to CPC-1 [59, 118]. Immunoprecipitated DNA was

enriched with the GammaBind G Sepharose beads (17-0885-02; GE Healthcare) and eluted

using elution buffer (1% SDS and 0.1 M NaHCO3). Finally, purified DNA was quantified by
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real-time qPCR (7500; ABI) with AceQ Universal SYBR qPCR Master Mix (Q511; Vazyme)

and primer pairs (S8 Table). Occupancies were normalized by the input DNA and presented

as a percentage of input DNA.

RNA seq and analysis

The upf-1KO and WT strains were grown and the RNA samples were from independent tripli-

cate pools, respectively. The NovaSeq 6000 system used to perform RNA-seq analysis. The

sequencing was performed on an Illumina HiSeq 2000 at Anuo Youda Gene Technology (Bei-

jing) Co., LTD, China. Feature Counts [125] was used to count the reads. After differentially

expressed genes were obtained by DESeq2 (Version:1.38.2), we selected significantly upregu-

lated genes for GO analysis (log2FoldChange> = 1, pValue<0.05) by STRING website. The

scatter plot and bar plot were drawn using ggplot2 (version: 4.2.4). Meanwhile, VennDiagram

(version:1.7.3) was used to map the significantly upregulated genes. Hisat2 [126] was used as

the aligner to map the reads to the reference genome [N. crassa OR74A (NC12)].

Supporting information

S1 Fig. The activities and protein levels of CAT-3 were greatly increased in upfKO (nbd)

strains. (A) Growth phenotypes of WT, upf-1KO, upf-2KO and upf-3KO strains on slants. (B)

Extracellular catalases assay showing the extracellular levels of CAT-3 in the WT and upf
mutants. Extracellular catalases were visualized as a transparent circle (halo) where H2O2 was

decomposed by catalases. WT clones were stained on day 3, and upf mutants clones were

stained on day 4 when they reached the same size as WT clones. (C) In-gel assays showing the

CAT-3 activities of WT (FGSC 4200, nbd), upf-1KO (nbd), upf-2KO (nbd) and upf-3KO (nbd)

strains. (D) Western blot showing the levels of CAT-3 protein in WT (FGSC 4200, nbd), upf-
1KO (nbd), upf-2KO (nbd) and upf-3KO (nbd) strains. The membrane stained by Coomassie blue

represented the total proteins in each sample and served as the loading control.

(TIF)

S2 Fig. UPF proteins function in the same pathway to repress cat-3 gene expression. (A)

Plate assays analyzing mycelial growth (left) and relative growth statistics (right) of the WT,

upf-1KO, upf-2KO, upf-3KO strains and upf-1KO upf-2KO, upf-2KO upf-3KO, upf-1KO upf-3KO dou-

ble mutants under different H2O2 concentrations. (B) In-gel assays showing the CAT-3 activi-

ties of WT, upf-1KO, upf-2KO, upf-3KO strains and upf-1KO upf-2KO, upf-2KO upf-3KO, upf-1KO

upf-3KO double mutants. (C) Western blot showing the levels of CAT-3 protein in WT, upf-
1KO, upf-2KO, upf-3KO strains and upf-1KO upf-2KO, upf-2KO upf-3KO, upf-1KO upf-3KO double

mutants. The membrane stained by Coomassie blue represented the total protein in each sam-

ple and served as the loading control. Error bars indicate S.D. (n = 3). *P< 0.05; **P< 0.01;

***P< 0.001. The cat-3KO strain was used as the negative control in (A) (B) (C).

(TIF)

S3 Fig. UPF-1 protein is highly conserved in eukaryotes and the conserved domains of

UPF-1 is required for the H2O2 resistance phenotype of upf-1KO strain. (A) Amino acid

sequence alignment of Neurospora crassa UPF-1 protein with its homologous proteins in Schi-
zosaccharomyces pombe, Saccharomyces cerevisiae, Drosophila melanogaster, Mus musculus
and Homo sapiens. (B) Western blot showing the protein levels of Myc-UPF-1 in the different

deletion strains across UPF-1 coding region at exogenous locus. The arrow shows the specific

band. (C) Plate assays analyzing mycelial growth of the different deletion strains across UPF1

coding domain at exogenous locus driven by qa-2 promoter under 0, 10, 20 mM H2O2. The

cat-3KO strain was used as the negative control. Quinic acid (QA) was used to induce the qa-2
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promoter.

(TIF)

S4 Fig. UPF-2 protein is relatively conserved in eukaryotes and the conserved domains of

UPF-2 is required for the H2O2 resistance phenotype of upf-2KO strain. (A) Amino acid

sequence alignment of Neurospora crassa UPF-2 protein with its homologous proteins in Schi-
zosaccharomyces pombe, Saccharomyces cerevisiae, Drosophila melanogaster, Mus musculus
and Homo sapiens. (B) Western blot showing the protein levels of Myc-UPF-2 in the different

deletion strains across UPF-2 coding region at exogenous locus. (C) Plate assays analyzing

mycelial growth of the different deletion strains across UPF-2 coding domain at exogenous

locus driven by qa-2 promoter under 0, 10, 20 mM H2O2. The cat-3KO strain was used as the

negative control. Quinic acid (QA) was used to induce the qa-2 promoter.

(TIF)

S5 Fig. Deletion of UPF-1 has no effect on CPC-1 protein stability. (A) Putative NMD-

inducing features (uORFs) in cat-3 transcript. (B) RT-qPCR assays showing the relative degra-

dation ratio of Nc2β mRNA in WT, upf-1KO, upf-2KO and upf-3KO strains after the addition of

thiolutin. Error bars indicate S.D. (n = 3). *P< 0.05; **P< 0.01; ***P< 0.001. Unpaired Stu-

dent’s t test was used. (C) Putative NMD-inducing features (uORFs) in cpc-1 transcript. (D)

Western blot showing the degradation of CPC-1 protein in WT and upf-1KO strains after the

addition of cycloheximide (CHX). Quantification of the CPC-1 protein level was showed

below. The membrane stained by Coomassie blue represented the total protein in each sample

and served as the loading control.

(TIF)

S6 Fig. Deletion of UPF-1 has no effect on NGF-1 protein stability. (A) Putative NMD-

inducing features (long 3’UTR) in ngf-1 transcript. (B) Immunodetection of NGF-1 in the WT

strain using polyclonal antiserum that specifically recognizes endogenous NGF-1 protein. The

ngf-1KO strain was used as the negative control. (C) Western blot showing the degradation of

NGF-1 protein in WT and upf-1KO strains after the addition of cycloheximide (CHX). Quanti-

fication of the NGF-1 protein level was showed below. The membrane stained by Coomassie

blue represented the total protein in each sample and served as the loading control.

(TIF)

S7 Fig. H2O2 treatment has no effect on upf mRNAs levels in the WT strain. RT-qPCR

assays showing the levels of upf-1 (A), upf-2 (B) and upf-3 (C) mRNAs in the WT strain with

or without H2O2 treatment. Error bars indicate S.D. (n = 3). N.S. no significance. Unpaired

Student’s t test was used.

(TIF)

S8 Fig. Polyclonal antiserums could specifically recognize endogenous UPF-1, UPF-2 and

UPF-3 proteins, respectively. Immunodetection of UPF-1 (A), UPF-2 (B) and UPF-3 (C) in

the WT strain using polyclonal antiserum that specifically recognizes endogenous UPF pro-

teins. upf-1KO, upf-2KO and upf-3KO strains were used as the negative control in (A) (B) (C),

respectively.

(TIF)

S9 Fig. The catalase activities and protein levels of CAT-1 and CAT-2 decreased in the upf
mutants after H2O2 treatment. (A) In-gel assays showing the CAT-1 and CAT-2 activities of

WT, upf-1KO, upf-2KO and upf-3KO strains with or without H2O2 treatment. (B) and (C) West-

ern blot showing the protein levels of CAT-1 and CAT-2 in WT, upf-1KO, upf-2KO and upf-3KO

strains with or without H2O2 treatment. The membrane stained by Coomassie blue

PLOS GENETICS UPF factor complex is crucial for catalase-3 repression in Neurospora

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010985 October 16, 2023 23 / 31

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010985.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010985.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010985.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010985.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010985.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010985.s009
https://doi.org/10.1371/journal.pgen.1010985


represented the total proteins in each sample and served as the loading control.

(TIF)

S10 Fig. H2O2 treatment induces the degradation of UPF proteins in eIF2α S51D and cpc-
3KO strains. (A) Western blot showing the levels of CAT-3, UPF-1, UPF-2 and UPF-3 proteins

in WT, eIF2α S51A and eIF2α S51D strains under 20 mM H2O2. (B) Western blot showing the

protein levels of CAT-3, UPF-1, UPF-2 and UPF-3 in WT and cpc-3KO strains under 20 mM

H2O2. The corresponding controls indicated cat-3KO, upf-1KO, upf-2KO and upf-3KO strains.

The membrane stained by Coomassie blue represented the total protein in each sample and

served as the loading control.

(TIF)

S1 Table. GO Category analysis in the upf-1KO strain.

(XLSX)

S2 Table. A total of genes were greatly upregulated in the upf-1KO strain.

(XLSX)

S3 Table. A total of 107 genes were further upregulated in the upf-1KO strain by H2O2

treatment.

(XLSX)

S4 Table. A total of 161 genes were not further upregulated in the upf-1KO strain by H2O2

treatment.

(XLSX)

S5 Table. Analysis of the basal and fold change of heme synthesis genes expression in the

WT and upf-1KO strains.

(XLSX)

S6 Table. Strains used in this study.

(XLSX)

S7 Table. The primers for RT-qPCR assays.

(XLSX)

S8 Table. The primers for ChIP-qPCR assays.

(XLSX)
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79. C I González M.J.R.-E., S Vasudevan, Henry M F, Peltz S W. The yeast hnRNP-like protein hrp1/nab4

marks a transcript for nonsense-mediated mRNA decay. Mol Cell. 2000; 5(3):489–99. https://doi.org/

10.1016/s1097-2765(00)80443-8 PMID: 10882134

80. Lewerenz J. and Maher P. Basal levels of eIF2alpha phosphorylation determine cellular antioxidant

status by regulating ATF4 and xCT expression. J Biol Chem. 2009; 284(2): p. 1106–15. https://doi.

org/10.1074/jbc.M807325200 PMID: 19017641

81. Karki S, Castillo K, Ding Z, Kerr O, Lamb TM, Wu C, Sachs MS, Bell-Pedersen D. Circadian clock con-

trol of eIF2alpha phosphorylation is necessary for rhythmic translation initiation. Proc Natl Acad Sci U

S A. 2020; 117(20): p. 10935–10945. https://doi.org/10.1073/pnas.1918459117 PMID: 32355000

82. Lyu X, Yang Q, Zhao F, Liu Y. Codon usage and protein length-dependent feedback from translation

elongation regulates translation initiation and elongation speed. Nucleic Acids Res. 2021; 49(16): p.

9404–9423. https://doi.org/10.1093/nar/gkab729 PMID: 34417614

83. Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, Ron D. Regulated translation initiation

controls stress-induced gene expression in mammalian cells. Mol Cell. 2000; 6(5): p. 1099–108.

https://doi.org/10.1016/s1097-2765(00)00108-8 PMID: 11106749

84. Martin R., Berlanga J.J., and de Haro C. New roles of the fission yeast eIF2alpha kinases Hri1 and

Gcn2 in response to nutritional stress. J Cell Sci. 2013; 126(Pt 14): p. 3010–20. https://doi.org/10.

1242/jcs.118067 PMID: 23687372

85. Romero AM, Ramos-Alonso L, Alepuz P, Puig S, Martı́nez-Pastor MT. Global translational repression

induced by iron deficiency in yeast depends on the Gcn2/eIF2alpha pathway. Sci Rep. 2020; 10(1): p.

233. https://doi.org/10.1038/s41598-019-57132-0 PMID: 31937829

86. Goetz A.E. and Wilkinson M., Stress and the nonsense-mediated RNA decay pathway. Cell Mol Life

Sci. 2017; 74(19): p. 3509–3531. https://doi.org/10.1007/s00018-017-2537-6 PMID: 28503708

87. Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, et al. An integrated stress response regu-

lates amino acid metabolism and resistance to oxidative stress. Molecular Cell. 2003; 11(3): p. 619–

633. https://doi.org/10.1016/s1097-2765(03)00105-9 PMID: 12667446

88. May G.E. and McManus C.J. High-throughput quantitation of yeast uORF regulatory impacts using

FACS-uORF, in Post-Transcriptional Gene Regulation. 2022; p. 331–351. https://doi.org/10.1007/

978-1-0716-1851-6_18 PMID: 34694618

89. May GE, Akirtava C, Agar-Johnson M, Micic J, Woolford J, McManus J. Unraveling the influences of

sequence and position on yeast uORF activity using massively parallel reporter systems and machine

learning. eLife. 2023; 12. https://doi.org/10.7554/eLife.69611 PMID: 37227054

90. Mustachio LM, Roszik J, Farria AT, Guerra K, Dent SY. Repression of GCN5 expression or activity

attenuates c-MYC expression in non-small cell lung cancer. Am J Cancer Res. 2019; 9(8): p. 1830–

1845 PMID: 31497362

91. Huang L, Lou CH, Chan W, Shum EY, Shao A, Stone E, RNA homeostasis governed by cell type-spe-

cific and branched feedback loops acting on NMD. Mol Cell. 2011; 43(6): p. 950–61. https://doi.org/

10.1016/j.molcel.2011.06.031 PMID: 21925383

92. Nava-Ramı́rez T. and Hansberg W. Chaperone activity of large-size subunit catalases. Free Radical

Biology and Medicine. 2020; 156: p. 99–106. https://doi.org/10.1016/j.freeradbiomed.2020.05.020

PMID: 32502516

PLOS GENETICS UPF factor complex is crucial for catalase-3 repression in Neurospora

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010985 October 16, 2023 29 / 31

https://doi.org/10.1128/EC.00078-07
http://www.ncbi.nlm.nih.gov/pubmed/17449655
https://doi.org/10.1099/mic.0.045468-0
http://www.ncbi.nlm.nih.gov/pubmed/21081763
https://doi.org/10.1073/pnas.85.11.3728
https://doi.org/10.1073/pnas.85.11.3728
http://www.ncbi.nlm.nih.gov/pubmed/2967496
https://doi.org/10.15252/embr.201642195
http://www.ncbi.nlm.nih.gov/pubmed/27629041
https://doi.org/10.1016/s0092-8674%2800%2980886-7
https://doi.org/10.1016/s0092-8674%2800%2980886-7
http://www.ncbi.nlm.nih.gov/pubmed/10892745
https://doi.org/10.1016/s1097-2765%2800%2980443-8
https://doi.org/10.1016/s1097-2765%2800%2980443-8
http://www.ncbi.nlm.nih.gov/pubmed/10882134
https://doi.org/10.1074/jbc.M807325200
https://doi.org/10.1074/jbc.M807325200
http://www.ncbi.nlm.nih.gov/pubmed/19017641
https://doi.org/10.1073/pnas.1918459117
http://www.ncbi.nlm.nih.gov/pubmed/32355000
https://doi.org/10.1093/nar/gkab729
http://www.ncbi.nlm.nih.gov/pubmed/34417614
https://doi.org/10.1016/s1097-2765%2800%2900108-8
http://www.ncbi.nlm.nih.gov/pubmed/11106749
https://doi.org/10.1242/jcs.118067
https://doi.org/10.1242/jcs.118067
http://www.ncbi.nlm.nih.gov/pubmed/23687372
https://doi.org/10.1038/s41598-019-57132-0
http://www.ncbi.nlm.nih.gov/pubmed/31937829
https://doi.org/10.1007/s00018-017-2537-6
http://www.ncbi.nlm.nih.gov/pubmed/28503708
https://doi.org/10.1016/s1097-2765%2803%2900105-9
http://www.ncbi.nlm.nih.gov/pubmed/12667446
https://doi.org/10.1007/978-1-0716-1851-6%5F18
https://doi.org/10.1007/978-1-0716-1851-6%5F18
http://www.ncbi.nlm.nih.gov/pubmed/34694618
https://doi.org/10.7554/eLife.69611
http://www.ncbi.nlm.nih.gov/pubmed/37227054
http://www.ncbi.nlm.nih.gov/pubmed/31497362
https://doi.org/10.1016/j.molcel.2011.06.031
https://doi.org/10.1016/j.molcel.2011.06.031
http://www.ncbi.nlm.nih.gov/pubmed/21925383
https://doi.org/10.1016/j.freeradbiomed.2020.05.020
http://www.ncbi.nlm.nih.gov/pubmed/32502516
https://doi.org/10.1371/journal.pgen.1010985


93. Cano-Domı́nguez N, Alvarez-Delfı́n K, Hansberg W, Aguirre J. NADPH oxidases NOX-1 and NOX-2

require the regulatory subunit NOR-1 to control cell differentiation and growth in Neurospora crassa.

Eukaryot Cell. 2008; 7(8): p. 1352–61. https://doi.org/10.1128/EC.00137-08 PMID: 18567788

94. Hansberg W., de Groot H., and Sies H. Reactive oxygen species associated with cell differentiation in

Neurospora crassa. Free Radic Biol Med. 1993; 14(3): p. 287–93. https://doi.org/10.1016/0891-5849

(93)90025-p PMID: 8458586

95. Aguirre J., Hansberg W., and Navarro R. Fungal responses to reactive oxygen species. Med Mycol.

2006; 44(Supplement_1): p. S101–S107. https://doi.org/10.1080/13693780600900080 PMID:

30408892

96. Carol R.J. and Dolan L. The role of reactive oxygen species in cell growth: lessons from root hairs. J

Exp Bot. 2006; 57(8): p. 1829–34. https://doi.org/10.1093/jxb/erj201 PMID: 16720604

97. Aguirre J, Rı́os-Momberg M, Hewitt D, Hansberg W. Reactive oxygen species and development in

microbial eukaryotes. Trends Microbiol. 2005; 13(3): p. 111–8. https://doi.org/10.1016/j.tim.2005.01.

007 PMID: 15737729

98. Aguirre J., Rodriguez R., and Hansberg W. Oxidation of Neurospora crassa NADP-specific glutamate

dehydrogenase by activated oxygen species. J Bacteriol. 1989; 171(11): p. 6243–50. https://doi.org/

10.1128/jb.171.11.6243-6250.1989 PMID: 2530208

99. Hansberg W. and Aguirre J. Hyperoxidant states cause microbial cell differentiation by cell isolation

from dioxygen. J Theor Biol. 1990; 142(2): p. 201–21. https://doi.org/10.1016/s0022-5193(05)80222-

x PMID: 2352433

100. Toledo I., Aguirre J., and Hansberg W. Enzyme inactivation related to a hyperoxidant state during con-

idiation of Neurospora crassa. Microbiology (Reading). 1994; 140 (Pt 9): p. 2391–7. https://doi.org/10.

1099/13500872-140-9-2391 PMID: 7952190

101. Morales Hernandez CE, Padilla Guerrero IE, Gonzalez Hernandez GA, Salazar Solis E, Torres Guz-

man JC. Catalase overexpression reduces the germination time and increases the pathogenicity of

the fungus Metarhizium anisopliae. Appl Microbiol Biotechnol. 2010; 87(3): p. 1033–44. https://doi.

org/10.1007/s00253-010-2517-3 PMID: 20361327

102. Galasso M, Gambino S, Romanelli MG, Donadelli M, Scupoli MT. Browsing the oldest antioxidant

enzyme: catalase and its multiple regulation in cancer. Free Radic Biol Med. 2021; 172: p. 264–272.

https://doi.org/10.1016/j.freeradbiomed.2021.06.010 PMID: 34129927

103. Han W, Fessel JP, Sherrill T, Kocurek EG, Yull FE, Blackwell TS. Enhanced expression of catalase in

mitochondria modulates nf-kappab-dependent lung inflammation through alteration of metabolic activ-

ity in macrophages. J Immunol. 2020; 205(4): p. 1125–1134. https://doi.org/10.4049/jimmunol.

1900820 PMID: 32601098

104. Usuki F., Yamashita A., and Fujimura M. Environmental stresses suppress nonsense-mediated

mRNA decay (NMD) and affect cells by stabilizing NMD-targeted gene expression. Sci Rep. 2019; 9

(1): p. 1279. https://doi.org/10.1038/s41598-018-38015-2 PMID: 30718659

105. Yang Y., Wang Z., and Bindereif A. IRES-mediated cap-independent translation, a path leading to hid-

den proteome. Journal of Molecular Cell Biology. 2019; 11(10): p. 911–919. https://doi.org/10.1093/

jmcb/mjz091 PMID: 31504667

106. Protter D.S.W. and Parker R. Principles and properties of stress granules. Trends Cell Biol. 2016; 26

(9): p. 668–679. https://doi.org/10.1016/j.tcb.2016.05.004 PMID: 27289443

107. Kedersha N. and Anderson P. Mammalian stress granules and processing bodies. Methods Enzymol.

2007; 431: p. 61–81. https://doi.org/10.1016/S0076-6879(07)31005-7 PMID: 17923231

108. Brown JA, Roberts TL, Richards R, Woods R, Birrell G, Lim YC, et al. A novel role for hSMG-1 in stress

granule formation. Mol Cell Biol. 2011; 31(22): p. 4417–29. https://doi.org/10.1128/MCB.05987-11

PMID: 21911475

109. Liu H, Lai W, Liu X, Yang H, Fang Y, Tian L, et al. Exposure to copper oxide nanoparticles triggers oxi-

dative stress and endoplasmic reticulum (ER)-stress induced toxicology and apoptosis in male rat liver

and BRL-3A cell. J Hazard Mater. 2021; 401: p. 123349. https://doi.org/10.1016/j.jhazmat.2020.

123349 PMID: 32659578

110. Osiewacz, S.Z.D.B.A.R.-W.a.H.D. PaCATB, a secreted catalase protecting Podospora anserina

against exogenous oxidative stress. Aging (Albany NY). 2011; Vol. 3. No 8. https://doi.org/10.18632/

aging.100360 PMID: 21865610

111. Vega-Garcı́a V, Dı́az-Vilchis A, Saucedo-Vázquez JP, Solano-Peralta A, Rudiño-Piñera E, Hansberg

W. Structure, kinetics, molecular and redox properties of a cytosolic and developmentally regulated

fungal catalase-peroxidase. Archives of Biochemistry and Biophysics. 2018; 640: p. 17–26. https://

doi.org/10.1016/j.abb.2017.12.021 PMID: 29305053

PLOS GENETICS UPF factor complex is crucial for catalase-3 repression in Neurospora

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010985 October 16, 2023 30 / 31

https://doi.org/10.1128/EC.00137-08
http://www.ncbi.nlm.nih.gov/pubmed/18567788
https://doi.org/10.1016/0891-5849%2893%2990025-p
https://doi.org/10.1016/0891-5849%2893%2990025-p
http://www.ncbi.nlm.nih.gov/pubmed/8458586
https://doi.org/10.1080/13693780600900080
http://www.ncbi.nlm.nih.gov/pubmed/30408892
https://doi.org/10.1093/jxb/erj201
http://www.ncbi.nlm.nih.gov/pubmed/16720604
https://doi.org/10.1016/j.tim.2005.01.007
https://doi.org/10.1016/j.tim.2005.01.007
http://www.ncbi.nlm.nih.gov/pubmed/15737729
https://doi.org/10.1128/jb.171.11.6243-6250.1989
https://doi.org/10.1128/jb.171.11.6243-6250.1989
http://www.ncbi.nlm.nih.gov/pubmed/2530208
https://doi.org/10.1016/s0022-5193%2805%2980222-x
https://doi.org/10.1016/s0022-5193%2805%2980222-x
http://www.ncbi.nlm.nih.gov/pubmed/2352433
https://doi.org/10.1099/13500872-140-9-2391
https://doi.org/10.1099/13500872-140-9-2391
http://www.ncbi.nlm.nih.gov/pubmed/7952190
https://doi.org/10.1007/s00253-010-2517-3
https://doi.org/10.1007/s00253-010-2517-3
http://www.ncbi.nlm.nih.gov/pubmed/20361327
https://doi.org/10.1016/j.freeradbiomed.2021.06.010
http://www.ncbi.nlm.nih.gov/pubmed/34129927
https://doi.org/10.4049/jimmunol.1900820
https://doi.org/10.4049/jimmunol.1900820
http://www.ncbi.nlm.nih.gov/pubmed/32601098
https://doi.org/10.1038/s41598-018-38015-2
http://www.ncbi.nlm.nih.gov/pubmed/30718659
https://doi.org/10.1093/jmcb/mjz091
https://doi.org/10.1093/jmcb/mjz091
http://www.ncbi.nlm.nih.gov/pubmed/31504667
https://doi.org/10.1016/j.tcb.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27289443
https://doi.org/10.1016/S0076-6879%2807%2931005-7
http://www.ncbi.nlm.nih.gov/pubmed/17923231
https://doi.org/10.1128/MCB.05987-11
http://www.ncbi.nlm.nih.gov/pubmed/21911475
https://doi.org/10.1016/j.jhazmat.2020.123349
https://doi.org/10.1016/j.jhazmat.2020.123349
http://www.ncbi.nlm.nih.gov/pubmed/32659578
https://doi.org/10.18632/aging.100360
https://doi.org/10.18632/aging.100360
http://www.ncbi.nlm.nih.gov/pubmed/21865610
https://doi.org/10.1016/j.abb.2017.12.021
https://doi.org/10.1016/j.abb.2017.12.021
http://www.ncbi.nlm.nih.gov/pubmed/29305053
https://doi.org/10.1371/journal.pgen.1010985


112. Feng D, Su RC, Zou L, Triggs-Raine B, Huang S, Xie J. Increase of a group of PTC+ transcripts by cur-

cumin through inhibition of the NMD pathway. Biochimica et Biophysica Acta (BBA)—Gene Regula-

tory Mechanisms. 2015; 1849(8): p. 1104–1115. https://doi.org/10.1016/j.bbagrm.2015.04.002 PMID:

25934542

113. Wang D., Wengrod J., and Gardner L.B. Overexpression of the c-myc oncogene inhibits nonsense-

mediated RNA decay in B lymphocytes. J Biol Chem. 2011; 286(46): p. 40038–43. https://doi.org/10.

1074/jbc.M111.266361 PMID: 21969377

114. Belden WJ, Larrondo LF, Froehlich AC, Shi M, Chen CH, Loros JJ, et al. The band mutation in Neuros-

pora crassa is a dominant allele of ras-1 implicating RAS signaling in circadian output. Genes Dev.

2007; 21(12): p. 1494–505. https://doi.org/10.1101/gad.1551707 PMID: 17575051

115. He Q, Cha J, He Q, Lee HC, Yang Y, Liu Y. CKI and CKII mediate the FREQUENCY-dependent phos-

phorylation of the WHITE COLLAR complex to close the Neurospora circadian negative feedback

loop. Genes Dev. 2006; 20(18): p. 2552–65. https://doi.org/10.1101/gad.1463506 PMID: 16980584

116. Zhao Y, Shen Y, Yang S, Wang J, Hu Q, Wang Y, et al. Ubiquitin ligase components Cullin4 and

DDB1 are essential for DNA methylation in Neurospora crassa. J Biol Chem. 2010; 285(7): p. 4355–

65. https://doi.org/10.1074/jbc.M109.034710 PMID: 19948733

117. Wang Y, Dong Q, Ding Z, Gai K, Han X, Kaleri FN, et al. Regulation of Neurospora Catalase-3 by

global heterochromatin formation and its proximal heterochromatin region. Free Radic Biol Med. 2016;

99: p. 139–152. https://doi.org/10.1016/j.freeradbiomed.2016.07.019 PMID: 27458122

118. Duan J, Liu Q, Su S, Cha J, Zhou Y, Tang R, et al. The Neurospora RNA polymerase II kinase CTK

negatively regulates catalase expression in a chromatin context-dependent manner. Environ Micro-

biol. 2020; 22(1): p. 76–90. https://doi.org/10.1111/1462-2920.14821 PMID: 31599077

119. Laemmli U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.

Nature. 1970; 227: 680. https://doi.org/10.1038/227680a0 PMID: 5432063

120. Woodbury W. and Spencer A.K., and Stahmann M. A. An improved procedure using ferricyanide for

detecting catalase isozymes. Anal. Biochem. 1971; 44: 301–305 https://doi.org/10.1016/0003-2697

(71)90375-7 PMID: 4109029

121. Wang J, Hu Q, Chen H, Zhou Z, Li W, Wang Y, et al. Role of individual subunits of the Neurospora

crassa CSN complex in regulation of deneddylation and stability of cullin proteins. PLoS Genet. 2010;

6(12): p. e1001232. https://doi.org/10.1371/journal.pgen.1001232 PMID: 21151958

122. Zhou Z, Wang Y, Cai G, He Q. Neurospora COP9 signalosome integrity plays major roles for hyphal

growth, conidial development, and circadian function. PLoS Genet. 2012; 8(5): p. e1002712. https://

doi.org/10.1371/journal.pgen.1002712 PMID: 22589747

123. Livak K.J. and Schmittgen T.D. Analysis of relative gene expression data using real-time quantitative

PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4): p. 402–8. https://doi.org/10.1006/

meth.2001.1262 PMID: 11846609

124. Yang S, Li W, Qi S, Gai K, Chen Y, Suo J, et al. The highly expressed methionine synthase gene of

Neurospora crassa is positively regulated by its proximal heterochromatic region. Nucleic Acids Res.

2014; 42(10): p. 6183–95. https://doi.org/10.1093/nar/gku261 PMID: 24711369

125. Liao Y., Smyth G.K., and Shi W. featureCounts: an efficient general purpose program for assigning

sequence reads to genomic features. Bioinformatics. 2014; 30(7): p. 923–30. https://doi.org/10.1093/

bioinformatics/btt656 PMID: 24227677

126. Kim D., Langmead B., and Salzberg S.L. HISAT: a fast spliced aligner with low memory requirements.

Nat Methods. 2015; 12(4): p. 357–60. https://doi.org/10.1038/nmeth.3317 PMID: 25751142

PLOS GENETICS UPF factor complex is crucial for catalase-3 repression in Neurospora

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010985 October 16, 2023 31 / 31

https://doi.org/10.1016/j.bbagrm.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25934542
https://doi.org/10.1074/jbc.M111.266361
https://doi.org/10.1074/jbc.M111.266361
http://www.ncbi.nlm.nih.gov/pubmed/21969377
https://doi.org/10.1101/gad.1551707
http://www.ncbi.nlm.nih.gov/pubmed/17575051
https://doi.org/10.1101/gad.1463506
http://www.ncbi.nlm.nih.gov/pubmed/16980584
https://doi.org/10.1074/jbc.M109.034710
http://www.ncbi.nlm.nih.gov/pubmed/19948733
https://doi.org/10.1016/j.freeradbiomed.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27458122
https://doi.org/10.1111/1462-2920.14821
http://www.ncbi.nlm.nih.gov/pubmed/31599077
https://doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
https://doi.org/10.1016/0003-2697%2871%2990375-7
https://doi.org/10.1016/0003-2697%2871%2990375-7
http://www.ncbi.nlm.nih.gov/pubmed/4109029
https://doi.org/10.1371/journal.pgen.1001232
http://www.ncbi.nlm.nih.gov/pubmed/21151958
https://doi.org/10.1371/journal.pgen.1002712
https://doi.org/10.1371/journal.pgen.1002712
http://www.ncbi.nlm.nih.gov/pubmed/22589747
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1093/nar/gku261
http://www.ncbi.nlm.nih.gov/pubmed/24711369
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1371/journal.pgen.1010985

