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SYNOPSIS 

Lung is the organ of gaseous exchange. The epithelium of lung is exposed to 

inhaled air containing airborne pollutants, pathogens, particulate matters during 

the breathing process. Some of these chemicals are directly cytotoxic and some 

of them produce hazardous metabolic byproducts. Altogether these chemicals 

cause huge amount of redox burden on respiratory system. Lung epithelial cells 

must have unique repertoires to balance this redox burden or xenobiotic stress. 

In order understand the stress regulation in lung this study was initiated. 

Integrated stress response (ISR) is a major pathway for cellular stress 

management in lung. There are four upstream kinases, GCN2, PERK, PKR and 

HRI. In presence of stress stimuli like, amino acid starvation, protein misfolding, 

double stranded DNA break or oxidative stress these kinases become 

phosphorylated and activate eIF2α. Activated or phosphorylated eIF2α falls off 

from the translation machinery to stop global translation. The mRNAs are stored 

in stress granules during this process and some stress regulator genes are 

activated by a non-canonical translation machinery. ATF4 is such a master 

regulator which gets activated and activate many other downstream genes. 

According to previous studies FMRP was established as a multifunctional 

protein that helps in regulation of oxidative and genotoxic stress in the cells 

from different origin. In absence of this protein more oxidative stress in murine 

brain, perturbed DNA damage response during replication stress and perturbed 

stress granule biogenesis were reported. These reports suggested that FMRP 

may have an important role in cellular stress response pathways. 

Expression of FMRP in lung epithelium and indication of FMRP involvement in 

cellular stress response, led us to investigate the role of this protein in the stress 

response of lung and lung derived cells. 

The current study entitled “Role of Fragile X Mental Retardation Protein in Lung” 

is divided in to five chapters. 

Chapter-I is the introduction, where literature reviews on FMRP and scope of 

the study has been described. Chapter –II describes the experimental 

procedures. A major part of this chapter has been published in the Journal of 
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Cell Science. Chapter –III describes the study related to the protecting role of 

FMRP in lung and lung derived cell line. This chapter includes expression of 

FMRP and associated phenotype in murine lung, establishment of C22 cell line 

as an ex vivo model system, replicating FMRP phenotype in ex vivo model and 

role of FMRP in the Integrated Stress Response pathway. This chapter also 

talks about the role of FMRP in human lung. The dataset of this chapter has 

been published in the Journal of Cell Science. Chapter-IV deals with three 

alternative possibilities to explain FMRP phenotype in the lung. This chapter 

concludes that none of the known mechanisms like, FMRP dependent 

superoxide dismutase 1 translation, FMRP dependent activation of DNA 

damage response in replication stress or FMRP dependent stress granule 

biogenesis can sufficiently explain the susceptibility of FMRP deficient lung or 

lung derived cells to xenobiotic stress across species or stressors. The chapter 

also concludes that FMRP dependent actuation of ISR can fit as a plausible 

mechanism for the FMRP phenotype in the lung. A part of this chapter has 

been published in the Journal of Cell Science. Chapter- V is the discussion 

and future prospects of the study. 

Chapter –III: The study was initiated to probe the role of FMRP in the regulation 

of stress response in the lung epithelial cells. This chapter deals with the major 

part of the study. The result section starts with the immunohistochemical 

analysis that shows expression of FMRP in murine lung epithelium, 

predominantly in the airway club and ciliated cells. It also shows that, in 

absence of FMRP there is no obvious histological difference in the lung tissue 

or any detectable difference in the expression of oxidative and genotoxic stress 

markers. Next, the animals were challenged with conventional dosage of 

naphthalene to create xenobiotic stress in the mouse lung. It was observed that 

in absence of FMRP airway epithelium had faster and greater club cell loss. 

Higher level of oxidative and genotoxic stress marker expression and their 

longer persistence were also observed in the airway club cells. In order to 

investigate the cell autonomous function of FMRP in the murine lung, the next 

study was performed on a club cell like, C22 cell line using naphthalene as a 

stress inducer. The cell line experiments gave us opportunity to probe the time 

dependent events of cellular stress response more closely and mounting of 
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ISR within 3 h of acute stress stimuli could be observed. Here it was also 

noticed that in absence of FMRP, ISR was perturbed in the cells from very initial 

step of eIF2α phosphorylation. Knocking down ATF4 phenocopied FMRP, 

which led us to conclude that ISR is the major pathway of stress response 

during naphthalene induced stress and FMRP is involved in this process. 

Next we went on to probe the role of FMRP in human lung. This section, 

describes expression of FMRP in human airway epithelium and a non-ciliated, 

bronchial cell line BEAS2B. The section also deals with the study of FMRP in 

BEAS2B cells during 9, 10-PQ injury. The study suggests that the protecting 

role of FMRP and its involvement in ISR is conserved in human bronchial cell 

line. It was that FMRP dependent activation of ISR is also applicable for the 

alveolar epithelial cell line A549 in response to PQ stress. 

Overall the chapter concludes that FMRP is important for lung health, as it 

protects airway cells from xenobiotic stress by activating ISR. As we could not 

comment on all four upstream kinases, due to lack of reliable western blot 

based data, we could only say that at least for PKR mediated activation of ISR 

is dependent on FMRP in the lung epithelial cells. Though this study could not 

delineate the underlined molecular mechanism of FMRP dependent eIF2α 

phosphorylation in response to stress, but can propose a plausible mechanism 

that FMRP may physically interact with its binding partner Caprin1 and G3BP1 

to facilitate phosphorylation of eIF2α. 
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Chapter- IV: This chapter deals with the alternatively possible mechanisms, 

which may explain the FMRP phenotype in the lung. First of all, we tried to 

probe the FMRP and Superoxide dismutase 1 (SOD) interaction in lung in order 

to understand the role of FMRP dependent SOD1 translation in the 

susceptibility of FMRP deficient cells. SOD1 is one of the most important 

enzyme, which regulates the redox balance in lung. SOD1 converts free oxygen 

radicals in to oxygen molecule and hydrogen peroxide and further degrades 

hydrogen peroxide to water and hydrogen molecule. Severe lung phenotypes 

and pathological conditions are associated with mutation of SOD1 gene or loss 

of function of the protein. A study in mouse brain by Bechara et al, showed 

FMRP binds with SOD1 mRNA and facilitates its translation. In absence of 

FMRP there is decreased SOD1 expression in mouse brain. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Model for the role of FMRP in the regulation of the Integrated Stress Response in the 

lung. Exposure to xenobiotics such as Naphthalene (Nap) and 9, 10-Phenanthrenequinone (PQ) result 

in the activation of at least one of four stress-responsive kinases (PKR) and to the induction of Integrated 

Stress Response Pathway (ISR, outlined in red). Our findings suggest that FMRP has an essential role 

downstream to PKR phosphorylation (outline in blue). 
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In light of this study, we tried to probe the role of FMRP in regulating SOD1 

expression in lung. Though we could recapitulate the deficiency of SOD1 in 

mouse brain, but could not detect any significant difference of SOD1 expression 

in the lung of FMRP deficient mice. This data primarily suggested that SOD1 

translation is not dependent on FMRP in mouse lung. But further study during 

naphthalene insult revealed a possible injury dependent role of FMRP in the 

upregulation of SOD1 post injury. Studies in mouse cell line with naphthalene 

and 9, 10 PQ suggests that post injury SOD1 upregulation could be fully or 

partially dependent on FMRP according to the type of stressors or stress 

level. But, studies in BEAS2B cell line showed that post injury SOD1 

upregulation is not dependent on FMRP in this human bronchial cell line. 

Altogether the data allow us to conclude that FMRP may regulate post injury 

SOD1 expression in a context specific way and may not explain the phenotype 

of FMRP in lung. 

Next, we tried to probe the role of FMRP in stress granule biogenesis under the 

experimental condition. When we treated the cells with arsenite, we observed 

FMRP and Tia1 are forming large granular structures and mostly they are 

overlapping with each other. In absence of FMRP these granules were largely 

absent. Though when we treated the cells with Nap/PQ we did not observe 

such conspicuous granule formation. We found that maximum percentage of 

intensity is coming from the diffused staining of FMRP and Tia1 in the control 

cells (Sc treated) and in absence of FMRP the overall intensity of Tia1 is less 

compared to control. These results suggest that there may not be any stress 

granule formation under the experimental condition, even in the presence of 

FMRP. So, FMRP dependent stress granule biogenesis cannot sufficiently 

explain the phenotype in the lung. 

Next, we logically concluded that FMRP dependent activation of DNA damage 

response during replication stress cannot explain the phenotype in the lung. 

FMRP was found to be involved in γ-H2AX mediated activation of DNA damage 

response during replication stress (Alpatov et al, 2014). It was also reported 

that in absence of FMRP γ-H2AX foci formation was reduced. Though the 

report also said that γ-H2AX foci formation may not depend on FMRP in case 

of certain stressors like γ-irradiation. Under our experimental condition it was 
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found that γ-H2AX foci formation was not perturbed, in fact increased in the 

absence of FMRP. This section also dealt with the fact that lung epithelial 

cells and C22 cells under experimental condition should not acquire any 

replication stress as they were largely non-mitotic. In case of other two cell 

lines (BEAS2B and A549) however this argue does not apply but increased γ-

H2AX foci formation in absence of FMRP clearly tells that perturbation of DNA 

damage response unable to explain the susceptibility of FMRP deficient 

pulmonary epithelial cells to xenobiotic stress. 

Taken together, in this chapter it was concluded that FMRP dependent 

actuation of ISR can only explain the underlined mechanism of susceptibility of 

FMRP deficient pulmonary epithelial cells to the xenoiotic stress across species 

and stressor. 
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1.1 Lung injury repair 

 

The Lung is an internal organ which deals with the exchange of oxygen and 

carbon dioxide. The epithelium of lung is mainly divided into two compartments, 

bronchial epithelium or the lining of airways, and the alveolar epithelium, the 

lining of alveolar sacs. Bronchial compartment takes a major role in transport 

of gases in and out of the lung, whereas alveolar epithelium is the main site 

for the gaseous exchange. 

Both the compartments of pulmonary epithelium are readily exposed to airborne 

pollutants on a daily basis during gas exchange. Some man-made pollutants or 

xenobiotic substances damage cell health directly and some are metabolically 

processed inside the epithelial cells and generate reactive oxygen species 

(ROS) and other toxic byproducts that, in turn, damage cell health. In both 

cases, the xenobiotic substances affect cell heath by generating cellular 

stress and activate stress response pathways, anti-oxidant expression, and 

inflammatory responses in the pulmonary epithelium. A defective stress 

response system or altered antioxidant expression can be associated with poor 

lung health or diseases. 

A deeper understanding of the stress response pathways in the lung epithelial 

cells will reveal mechanisms that restore lung health post exposure to 

environmental toxicants. This knowledge can augment efforts to promote lung 

health or identify genetic susceptibilities to lung disease. More precisely a gene 

responsible for activation of a major stress response pathway may be found to 

protect the lung from xenobiotic stress. So, in order to understand the 

mechanism of stress response in the lung, we initiated this investigation. 

 
1.2 Expression of Fragile X mental retardation protein in the lung 

 

Fragile X mental retardation protein (FMRP) is an RNA binding protein having 

multiple roles. Till now, researchers studying the function of FMRP have 

primarily focused on the brain and neurons. However, studies in humans and 

mice have indicated that there is very little tissue specificity in FMRP 

expression. Along with tissues like thyroid, heart, liver, stomach, kidney and 
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gonadal tissues, pulmonary epithelium also expresses FMRP in humans. 

According to the Human Protein Atlas, there is high expression of FMRP in 

nasopharynx, alveolar cells and alveolar macrophages, and a medium 

expression in bronchial epithelium 

(https://www.proteinatlas.org/ENSG00000102081-FMR1/tissue). In support of 

this, our preliminary data in human and murine lungs also showed abundant 

expression of FMRP (See chapter III). 

 
Some recent reports suggest that FMRP actively participates in different 

pathways to mitigate stress (Kim et al, 2006; Didiot MC et al, 2008; Linder B et 

al, 2008; Bechara et al, 2009; Alpatov et al, 2014). This made us curious to 

know the role of FMRP in stress responses in the lung. 

 
1.3 Brief history of Fragile X mental retardation protein and the model 

systems used in research 

 
1.3.1 Fragile X syndrome as a heritable form of intellectual disability 

 

Fragile X syndrome (FXS) is a common form of inherited intellectual 

disability (ID) in humans. Most of the affected individuals possess one or 

more phenotypes like developmental delay, cognitive disorder, Autism 

Spectrum Disorder (ASD), speech disorder. FXS is caused due to the 

mutation of a gene called Fragile X Mental Retardation 1 (FMR1), located 

on the X chromosome. This inherited form of ID is observed in about 1 in 

4000 to 5000 males and in about 1 in 8000 females (Zalfa F et al, 2004; 

Protic D et al, 2019). FXS follows a X-linked recessive pattern of 

inheritance. As a result, males having one X chromosome, have higher 

chances of developing FXS if they get a mutated X chromosome from their 

parents. Whereas a female having two X chromosomes, will remain 

unaffected even if one of the X chromosomes is mutated. The unaffected 

female can, however, transmit the mutation to the next generation. 

http://www.proteinatlas.org/ENSG00000102081-FMR1/tissue)
http://www.proteinatlas.org/ENSG00000102081-FMR1/tissue)
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1.3.2 Preliminary reports on heritable form of ID leading to the 

discovery of Fragile X mental retardation gene 

 
In 1943, James Purdon Martin and Julia Bell first reported a form of X- 

linked inherited ID. Hence, this disorder is also known as Martin-Bell 

syndrome. In 1969, H.A. Lubs reported a peculiarity of the X- chromosome 

that was linked to heritable ID. According to his report on a study carried 

out on a family, four affected males from three consecutive generations, 

and two unaffected females from the second generation were found to have 

X-chromosomes with satellites (Lubs HA, 1969). A satellite is a feature of 

a chromosome, where a small portion of the chromosome is connected to 

the main arm by a constriction. Generally, satellites on chromosomes are 

visible during the metaphase, when the chromosomes are condensed. The 

constrictions make the chromosomes fragile, and hence are often known 

as “fragile sites”. Lubs’s report predicted that the cause of the mental 

retardation was a recessive mutation in a gene that was probably located 

near the site of constriction on the long arm of the X-chromosome (Fig 1.1). 

Later on, Sutherland found many other fragile sites on chromosomes along 

with the one at Xq27 or Xq28, which could be heritable (Sutherland GR, 

1979). These discoveries revealed that a fragile site is located near a gene 

on X chromosome long arm that is linked to a form of heritable intellectual 

disability. In 1985, Krawczun et al. confirmed that the fragile site on the X- 

chromosome that was linked with the heritable ID was located at Xq27.3 

(Krawczun MS et al, 1985). 

 
1.3.3 Sherman paradox, indicating complexity in the nature of 

hereditary transmission of the Fragile X gene mutation 

In 1983, Jacobs and Turner described the clinical features of this X-linked 

mental retardation. A year later, in 1984, the same group of researchers 

explained the complexity of its inheritance pattern. Stephanie L. Sherman 

observed that the frequency of this fragile X syndrome increases with each 

passing generation (Sherman et al, 1983). She also reported that 

clinically asymptomatic males could pass the disease to their daughters. 

To explain this phenotype, she proposed a hypothesis that the gene 
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responsible for the heritable ID has two steps of mutation. An 

intermediate asymptomatic phase or “premutation” could be carried 

forward with higher chances of acquiring “full mutation” or diseased 

condition in successive generation. This observation changed the 

understanding about X-linked inheritance. A X-linked recessive gene 

mutation cannot be transferred to the next generation by an 

asymptomatic male in general. But in this case, an asymptomatic father 

can transfer a premutation containing X-chromosome to the daughter. The 

X-chromosome may acquire full mutation in this generation and carried 

forward to the next generation, where manifestation of syndrome may 

occur (especially in males). This pattern of X-linked inheritance became 

famous as the “Sherman paradox” later on. 

 
Finally, in 1991, Fragile X Mental Retardation 1 (FMR1) gene was cloned 

by Verkerk et al. It was found that FMR1 gene, located at Xq27.3 contains 

a CGG repeat sequence at the 5’ untranslated region (5’UTR) of the 

gene, just before the start codon. When the number of these repeats 

exceeded 200, the promoter of the gene became hyper-methylated and 

inactivated, causing inability to produce the protein product. This condition 

was found to directly correlate to FXS. 

 
In the same year, Sherman paradox was also explained by Ying-Hui-Fu et 

al. They introduced a new term called “premutation” (Fu et al, 1991).The 

fragile X site usually contains up to 55 CGG repeats, which can increase to 

200 or above. When the repeat number exceeds 200, the gene is hyper 

methylated and loses translational activity. As a result FXS related 

phenotypes can be observed. But, a premutation allele contains 55-200 

CGG repeats at the FMR1 locus. Carriers of the premutation allele do not 

present any mental retardation symptoms, but can pass on the mutated 

allele to the next generation. Premutation alleles are unstable and may 

acquire more copy numbers during meiotic division to get a length of fully 

mutated condition (i.e. more than 200 repeats). This explains how a 

clinically asymptomatic father can pass a mutated allele to his daughter, 

and why the risk of disease manifestation increases with successive 
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generations. 

1.3.4 Model systems used in FMRP studies 

 

The protein structure of FMRP is conserved from Drosophila to humans 

(Specchia V et al, 2019). Because of this, many of the neurological aspects 

such as synaptic plasticity and learning behavior can be studied in 

Drosophila, mouse and rat. For the studies related to genetic pathways 

involving FMRP, Drosophila is used as a model system. For the studies of 

FMRP dependent brain function, usually mice and rats are used as model 

systems. But behavioral complexity of ASD patients cannot be 

recapitulated in a mouse model (Dahlhaus R, 2018). Apart from that, 

there are a few more dissimilarities between mouse and human regarding 

FMR genetics. In mice, hyper-methylation does not occur up to 300 CGG 

repeats, whereas in humans more than 200 copy numbers cause gene 

inactivation. In the case of the mouse model, the Fmr1 gene is silenced 

by genetic engineering tools with a disrupted Fmr1 DNA sequence (by 

inserting a 5’ exon), hence the protein product is completely absent 

(Kazdoba et al, 2014). Human population has a different degree of gene 

silencing due to the variable number of CGG repeats on gene locus. As a 

result, protein can be lost, reduced and even present in a mosaic pattern, 

i.e expressed in a certain percentage of cells in an organ or tissue, in the 

human body. Genetic interrelations of FMR1 and other ID related genes 

are not necessarily similar between mice and higher primates (Dahlhaus 

R, 2018). 



7  

 
 
 

1.4 Emerging evidence of FMRP function in cellular stress regulation 
 

FMRP is a 71 kDa protein, which contains two agenet domains, three K- 

homology domains and a RGG box along with few sites for post-translational 

modification (PTM) like phosphorylation, methylation among others (see details 

in chapter 5). These RGG box, KH and agenet domains and specialized PTM 

sites of FMRP facilitate binding with multiple proteins, RNAs and chromatin. 

The large interactome of FMRP indicates its direct or indirect involvement in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1.1: Brief history of Fmr1 gene and the role of Fmr1 mutation in Fragile X 

Syndrome. About twenty years of study have concluded FMR1 gene is located at Xq27.3 

position and contains a CGG repeat expansion. Expansion of CGG repeat to more than 

200 in numbers can cause hyper-methylation and gene inactivation, which is related to 

autism spectrum disorder. CGG repeat from 55 to 200 is associated with partial loss of the 

protein product and clinical conditions in a subset of this group. 
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cellular stress regulation (Taha et al, 2021; Didiot MC et al, 2008, Bechara et 

al, 2009). In the following section three such prominent studies have been 

discussed to elucidate the evidence of FMRP function in cellular stress 

regulation. 

 
1.4.1 FMRP-SOD1 interaction in regulation of oxidative stress in 

brain 

 
Along with this neuronal function of FMRP, recent studies have identified 

the protein to be linked with cellular stress, not only in the brain but also 

in the tissues and cells of other organs. Abnormal nitric oxide metabolism 

and high levels of ROS have been found in the brains of Fmr1 Knockout 

(KO) mice, causing increased oxidative stress (Bekay R et al, 2007; 

Cabello EL et al, 2016). This finding has been supported by Bechara et 

al, when the group reported that FMRP regulates expression of 

Superoxide Dismutase 1 (SOD1), a ROS quenching enzyme, in the 

mouse brain. According to this work, FMRP knockout mice brain tissue 

shows higher levels of ROS and decreased SOD1 expression compared 

to the wild type control (Bechara et al, 2009). 

 
1.4.2 Association of FMRP with stress granules indicate its role in 

cellular stress responses in cells and tissues other than neuronal 

origin 

 
Stress granules are membrane-less protein-RNA aggregates formed 

during cellular stress. Relations between FMRP and cellular stress 

became stronger with the evidence of the presence of FMRP in stress 

granules (Kim et al, 2006; Didiot MC et al, 2008; Linder B et al, 2008). 

Didiot et al showed altered stress granule assembly in the absence of 

FMRP or in the presence of a mutated form of FMRP (1304N mutation) 

in mouse fibroblast cells (MEF) and HeLa cells (Fig 1.2). According to 

this study, in response to oxidative stress (by arsenite treatment) or heat 

shock, FMRP deficient cells produce less stress granules compared to 
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control. They found a stronger phenotype in case of 1304N mutation, a 

mutation in the KH domain of FMRP. 

 
1.4.3 Role of FMRP in actuating DNA damage response during 

replication stress in mouse fibroblast and spermatocyte cells 

 
Apart from chemically induced oxidative stress, importance of FMRP has 

been also reported in DNA damage response during replication stress 

(Alpatov R et al, 2014). Alpatov et al have shown that FMRP deficient 

cells fail to mount γ-H2AX (phosphorylated form of histone 2A protein) 

mediated DNA damage response during replication stress caused by 

aphidicolin (APH), hydroxyurea (HU) or ultra-violate ray (UV) in a 

dividing cell. APH, HU or UV usually block DNA synthesis in a replicating 

cell and they create a single stranded DNA break. According to this 

report, FMRP deficient cells fail to dock γ-H2AX at the site of DNA 

damage, hence fail to actuate DNA damage response. They have also 

reported that while γ-H2AX mediated DNA damage response is affected 

in FMRP deficient cells in response to APH, HU or UV, it remains 

unaffected in response to other types of stress such as gamma 

irradiation (possibly a double stranded DNA break). This study has 

revealed a chromatin binding role of FMRP and has shown that the N- 

terminal agenet domain of FMRP physically interacts with chromatin and 

recruits γ-H2AX during meiosis in the mouse spermatocytes. 
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1.4.4 New perspective on the functionality of FMRP 

 

These few important discoveries have opened up new opportunities and 

given a new perspective to look into the functionality of FMRP outside 

the brain. The Bechara et al study has shown that FMRP is not only a 

translational repressor, but it could be for a translational activator of the 

translation of some specific mRNAs. This may imply that FMRP can 

regulate the translation machinery in such a way that it causes 

repression of many genes, but allows translation of some specialized 

genes in the brain. The studies which have reported the association of 

FMRP with stress granules, and certain dependency of stress granule 

biogenesis on this protein, may suggest that FMRP could be linked with 

a general form of stress response, such as the integrated stress 

response or ISR. The Alpatov et al study has established the role of 

FMRP as a chromatin binding protein, which is required to mount a DNA 

damage response during replication stress. Altogether they suggest 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1.2: Recent studies suggest the role of FMRP in oxidative and genotoxic 

stresses outside the brain. Studies in mouse and human cell lines suggest FMRP 

could be involved in stress response pathways induced by oxidative stress, heat shock 

stress and replicative stress. 
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FMRP could be involved in the cellular stress response pathways apart 

from its classical role in neurons. 

 
1.5 Molecular structure of FMRP facilitates interaction with large number 

of nucleic acids, proteins and ribosomes 

 
FMRP is known as an RNA binding protein, though its structural 

complexity provides interactions with a large number of proteins, 

ribosomes as well as chromatin. The N-terminal end of FMRP (1-215 

amino acid residue) contains two methyl-lysine/arginine recognizing 

Agenet domains, Age1 stretching from amino acid 3 to amino acid 49, 

and Age2 stretching from amino acid 63 to amino acid 113 (Fig 1.3). A 

nuclear localization signal (NLS) is flanked by the amino acids of Age2 

domain and a nuclear export signal (NES) is located near the C-terminal 

end of the protein. These two signals help FMRP shuttle between 

nucleus and cytoplasm. 

 
Apart from Agenet domains, FMRP has KH domains and RGG boxes. 

FMRP KH domains or K-homology domain 1 and 2 contain G-X-X-G 

motifs between β1α1 and β2α2 protein folds (Fig 5.1). But there is one 

more KH domain that was recently discovered. It has an A-K-E-A motif, 

and is referred to as KH0 (Myrick et al, 2015). KH0 is connected to KH1 

and KH2 by a nine-residue flexible loop. These KH domains generally 

interact with RNA or single stranded DNA (ssDNA). KH1-KH2 loop also 

interacts with polyribosomes (Darnell JC et al, 2005). 

 
With the help of these specialized domains FMRP interacts with 180 

proteins, hundreds of mRNAs, non-coding RNAs and some microRNAs 

(Taha MS et al, 2020, Fernandez E et al, 2013). 102 of these proteins 

interact at the C-terminal domain of FMRP, 48 interact at both ends, and 

28 are found to be specific for N-terminal interaction (Taha MS et al, 

2020). RNAs mostly interact through KH domains of FMRP. A point 

mutation of this KH2 domain, known as 1304N disrupts nucleoprotein 

binding and was found to facilitate ribonucleoprotein (RNP) assembly 
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during influenza virus infection in lung (Zhou Z et al, 2014). 

 
FMRP contains a C-terminal arginine-glycine rich domain, called RGG 

box for binding G-quadruplex structures of RNAs, like SOD1 SoSLIP 

(Bechara et al, 2009). 

 
In light of the discussion regarding the role of FMRP in stress 

response, specifically in ISR, the interactions of different proteins at 

different domains of FMRP become very crucial. The C-terminal domain 

of FMRP is known to physically interact with caprin-1 and PKR (Taha 

MS et al, 2020). This interaction could be very important in elucidating 

the role of FMRP in ISR, as caprin1 is already known to facilitate eIF2α 

phosphorylation along with G3BP1 (detailed discussion in section 5.2). 

 
On the other hand, CYFIP1 interacts with FMRP at N terminal end and 

this interaction suggests another possibility to regulate eIF2α 

phosphorylation in an indirect way. CYFIP1-FMRP complex binds with 

eIF4E and restricts eIF4E to join the translation machinery (Clifton NE et 

al, 2020). That is how, CYFIP1-FMRP interaction indirectly facilitates 

eIF2α phosphorylation and represses translation machinery. 

 
Taken together, the complex structure of FMRP and its various 

interacting partners suggest that FMRP can directly or indirectly regulate 

translation machinery and could be involved in other stress response 

pathways. 
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Fig 1.3: Fmr1 gene and different functional domains of Fragile X Mental 

Retardation Protein. Illustration of Fmr1 gene showing the position of CGG repeat 

(upper panel). Illustration of FMRP protein showing RNA, DNA and protein interacting 

domains along with the sites for post-translational modification. 
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1.6 Insight about FMRP function from the classically known molecular 
mechanism of FMRP in the neuron 
 

1.6.1 Role of FMRP in neuron 

 

Since it was found that the trinucleotide expansion in the promoter region 

of FMR1 gene is associated with a heritable ID, researchers focused 

primarily on brain and neurons. FMRP is abundantly expressed in the 

brain tissue, mainly hippocampal and cerebellar regions. Many neurons 

of the forebrain and the hindbrain are also FMRP-positive (Devys D et 

al, 1993; Yue Feng et al, 1997). This protein is mainly expressed in the 

cytoplasm, however it is known to shuffle between nucleus and 

cytoplasm. 

 
Neuronal role of FMRP has been extensively studied in the past two 

decades. This includes presynaptic action potential regulation, post 

synaptic glutamate signaling and CYFIP1 (Cytoplasmic FMRP 

interacting Protein 1) dependent cytoskeletal remodeling (Fig 1.4). 

 
1.6.2 Presynaptic role of FMRP controlling action potential and 

neurotransmitter release 

 
Many studies have reported that FMRP has a prominent role in the 

presynaptic neuronal activity. FMRP interacts with the BK channel β4 

subunit (large conductance Ca+ activated K+   channel). BK channels are 

voltage gated potassium channels, which can be activated by 

intracellular increase in Ca+ and subsequent binding of Ca+ to the high 

affinity binding sites. Interaction of FMRP and BKβ4 subunit modulates 

calcium sensitivity of BK channel, duration of action potential (AP) in the 

presynaptic neuron and neurotransmitter release. Fmr1 KO mice have 

shown excessive broadening of AP, elevated presynaptic calcium influx 

and increased neurotransmitter release (Deng PY et al, 2013). 
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1.6.3 Postsynaptic activity of FMRP to maintain synaptic plasticity 

via regulating translation machinery 

Apart from the above discussed roles of FMRP in neuronal activity and 

development, FMRP has a unique role in regulating synaptic plasticity in 

the postsynaptic neuron. Most of the neurological problems found in FXS 

patients were found to be associated with metabotropic glutamate 

receptor (mGluR)-mediated long-term depression (LTD) pathway. 

Stimulation of mGluR1/5 receptor activates the phosphatidylinositol 3- 

kinase (PI3K)-mammalian target of rapamycin (mTOR) - extracellular 

signal–related kinase (ERK) pathway, which phosphorylates FMRP. On 

the other hand, FMRP itself negatively regulates mTOR pathway by 

inhibiting the catalytic subunit of PI3K and phosphatidylinositol 3-kinase 

enhancer (PIKE) (Sharma A et al, 2010; Santoro MR et al, 2012). FMRP 

plays an important role in translation of mRNAs containing 5’ methylated 

guanosine triphosphate (5’m7GTP) cap. For cap-dependent translation, 

translation initiation complex eIF4F needs to communicate with the 

5'm7GTP cap of mRNA template. 4E-binding protein (4E-BP) inhibits 

this interaction. FMRP binding partner CYFIP1 has been found to act as 

4E-BP. CYFIP1-FMRP interaction acts as translational repression signal 

in neurons (Fig 1.3). As a result, in absence of FMRP, levels of dendritic 

messenger proteins increase and dense, immature dendritic spines 

appear (Santoro MR et al, 2012). In the absence of FMRP, activity of 

mTOR kinase and cap-dependent translation has been found to be 

high in the mouse brain (Sharma A et al, 2010). 
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In a nutshell, it can be said that FMRP has major involvement in neuronal 

development and functional pathways. Most importantly, the post 

synaptic activity of FMRP indicates its involvement with the translational 

machinery to control the global translation in the neuron. 

 
1.6.4 Role of FMRP in neurodevelopment 

 

FMRP expression was detected in glial cells during early developmental 

stages (Fig 1.4). In the Fmr1 KO mice brain, an altered number of 

oligodendrocytes and increased level of glial fibrillary acidic protein 

(GFAP) in astrocytes were observed. These could be related to altered 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1.4: Role of FMRP in neuronal plasticity. FMRP interacts with the BK channel 

and regulates action potential in presynaptic neurons. FMRP is involved in the major 

pathways of synaptic plasticity and long term memory formation. 
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myelination of neurons and synaptic transmission (Lee FH et al, 2019; 

Fernández-Blanco Á et al, 2020). 

 
1.7 FXS link to lung health 

 

Interestingly, cytoplasmic FMR interacting protein 2 (CYFIP2) is found to be 

significantly associated with the development of pulmonary diseases like 

asthma and chronic obstructive pulmonary disorder (COPD) (Noguchi E et al, 

2005; Obeidat M and Hall IP, 2010). A dataset of gene expression analysis 

reports more than 2.8 fold decrease of FMR1 expression in case of COPD 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3320). On the other 

hand, an important study on the clinical profile of pre-mutation carriers of Fragile 

x syndrome reveals that the people who carry 55 to 200 copy numbers of 

CGG repeats in FMR1 gene have significantly different lung function profiles 

compared to the control group. Moreover, this group of people shows higher 

rates of respiratory diseases and pulmonary system related symptoms such as 

chronic sinusitis, dyspnea (P value between 0.05 and 0.01) (Movaghar A et al, 

2019). These studies strongly motivate us to investigate the role of FMRP 

during stress response in the lung. 

 
1.8 Scope of investigation 

 

Considering the fact that lung epithelium is readily exposed to xenobiotic stress 

caused by various airborne chemicals and pathogens during the breathing 

process, it can be said that the burden of free radicals, ROS and other oxygen 

species in this tissue is higher than any other tissue. ROS has a paradoxical 

role in lung health. It is required to kill the pathogens and remove hazardous 

chemicals, but simultaneously, excessive ROS damages the epithelial cells. To 

maintain the balance of ROS, lung epithelial cells must have unique 

mechanisms. One of such mechanisms is integrated stress response (ISR) 

(Konsavage WM et al, 2012; Li G et al, 2010).  

 

1.8.1 Integrated stress response 

Stress response pathways generally help to metabolize or efflux the 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3320)
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE3320)
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chemicals to get rid of the stressor. Integrated stress response is a 

regulatory mechanism which involves the activation of stress induced 

genes to cope up with the stress, either by controlling the damage or by 

removing the damaged cell. Various stress stimuli such as oxidative 

stress, protein misfolding, double stranded DNA breaks, viral infection 

converge into phosphorylation of eIF2α at serine 51 residue. As a result 

the global translation is turned off and protein synthesis is reduced in 

great extent. Along with the translational attenuation, stress induced 

genes, such as activating transcription factor 4 (ATF4) and its 

downstream genes are activated. This process of cellular stress response 

is commonly known as integrated stress response (ISR) (Fig 1.5). The 

phosphorylation of eIF2α is carried out by a family of four kinases, 

general control non-depressible-2 (GCN2), protein kinase double 

stranded RNA-dependent (PKR), PKR-like ER kinase (PERK) and heme-

regulated inhibitor (HRI). These four serine-threonine kinases are 

responsible for sensing different type of cellular stresses.  

GCN2 is a sensor for amino acid deprivation or glucose deprivation. 

Although recent studies have found that viral infection and UV irradiation 

can also activate GCN2 (Deng J et al, 2002). The cytosolic kinase GCN2 

is activated by dimerization and auto-phosphorylation followed by direct 

binding of uncharged tRNA or viral genomic RNA to the HisRS (histidyl-

tRNA synthetase) domain of the protein (Donnelly N et al, 2013). PKR is 

present in cytosol and nucleus of the cell. The N-terminal part of PKR 

contains a double stranded DNA binding domain. Whereas, the C-

terminal part of the protein contains kinase domain and dimerization 

interface. PKR can be activated in response to various stresses such as, 

oxidative stress, viral infection and ER stress (Li G et al, 2010). PERK is 

a trans-membrane protein located on the ER membrane. The N-terminal 

end of the protein faces the ER lumen and bind to immunoglobulin 

binding protein (BiP). The C-terminal part contains auto-phosphorylation 

sites and kinase domains. The misfolded proteins in the ER lumen 

competes with PERK for BiP binding. As a result PERK is dissociated 

from BiP and gets activated by dimerization and auto phosphorylation. 

Protein misfolding and oxidative stress can trigger PERK activation   
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(Donnelly N et al, 2013). The N-terminal end of HRI contains heme 

binding domain whereas, the protein contains two kinase domains 

flanking a kinase insert domain. HRI is activated by intermolecular auto-

phosphorylation sensing lower heme concentration. 

Activation of these four kinases leads to the phosphorylation of eIF2α at 

serine 51 residue. EIF2α bound to GTP and Met-tRNA scans for 43S 

complex, which is a rate limiting phase of translation initiation. EIF2B is 

responsible for the exchange of GDP-GTP on eIF2. When eIF2α is 

phosphorylated at serine 51 residue, eIF2B is inhibited and level of GTP 

bound eIF2α decreases. As a result protein synthesis dramatically 

decreases. During this time mRNAs are sequestered in to stress granules 

and some stress induced genes gets activated. One of such stress 

induced gene is ATF4, which is also a key regulator of this ISR pathway. 

ATF4 mRNA has four upstream ORFs (uORFs), among which uORF2 

and 4 are inhibitory. In stressed cell when GTP bound eIF2α decreases, 

the scanning ribosome does not reach to the inhibitory uORFs, rather 

starts translating the coding region of ATF4 (Vattem KM and Wek RC, 

2004). Increase in the level of ATF4 protein allows the transcription factor 

activity of the protein and subsequent activation of downstream genes 

such as ATF3. Activation of eIF2α and ATF4 could be pro-apoptotic or 

anti-apoptotic, depending on the duration and level of eIF2α 

phosphorylation and activation of different downstream activator genes.  

 
Given the fact that FMRP and its interacting proteins are closely associated 

with cellular stress, it became interesting to us to probe the role of FMRP in 

xenobiotic stress generated in pulmonary epithelial cells and in due course in 

the context of the Integrated Stress Response Pathway (Fig 1.5). 
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Fig 1.5: Integrated Stress Response (ISR) pathway. Stress stimuli activate any or all four 

kinases. Activated kinases phosphorylate eIF2α, which initiates two independent pathways, 

one for stress granule biogenesis, and another for the activation of specialized translation for 

genes like ATF4 and its downstream genes. 
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2.1 Animal handling 

 
All animal work reported here has been approved by the Internal Animal 

Users Committee (IAUC) and the Institutional Animal Ethics Committee (IAEC) 

at inStem. Any procedure that could conceivably cause distress to the animals 

employed pre-procedural anesthesia with isofluorane gas (Baxter Healthcare 

Corp.), delivered by an anesthetic vaporizing machine. All animals were 

monitored for signs of distress and euthanized if in distress. The analysis of 

human biopsies was approved by Institutional Ethics Committee of JSS Medical 

College. 

 
2.2 Mouse strains 

 

Fmr1 knockout mice (Mus musculus) strain was maintained on a C57B6/J 

background at the Brain Development and Disease Mechanisms (BDDM), 

inStem. 

 
2.3 Genotyping 

 

Genotyping of the animals was done using established protocols (Bakker CE 

et al., 1994). Tissue from mouse tail was digested at 56°C temperature 

overnight with the help of lysis buffer and protease K. DNA was extracted from 

the lysed sample with the help of QIAprep Spin Miniprep kit (Qiagen,USA, 

27104). This extracted DNA, 3 primers (Sequence and other details in Table 

2.1) and Kapa green mix were mixed and the PCR products were run in a 

12% agarose gel. A 431 BP band was detected for KO, 130 BP band was 

detected for wild type and both bands were detected in case of 

heterogeneous females (Fig 2.1). 

 
Table 2.1 Sequences, melting temperature and molecular weight of FMR1 

genotyping primers 

 

Serial 
number 

Sequence Details 

1 5’-CTTCTGGCACCTCCAGCTT Tm=64.5 °C; MW = 5691 

2 5’-TGTGATAGAATATGCAGCATGTGA Tm=64.1 °C, MW = 7456 

3 5’-CACGAGACTAGTGAGACGTG Tm=58.6 °C, MW = 6191 
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2.4 Human samples 

 

Human (Homo sapiens) lung tissue was obtained from five subjects at autopsy 

by a forensic pathologist from JSS Medical College, Mysore. The cause of 

death was not attributed to lung trauma. Deidentified samples were fixed in 4% 

paraformaldehyde at 4 °C overnight, embedded in paraffin, and processed for 

immunohistochemical analysis. 

 
2.5 Lung tissue harvesting and processing 

 

For harvesting lung tissue first the animal was anesthetized with the help of 

isoflurane gas (Baxter Healthcare Corp.) and killed by cervical dislocation. 

The chest cavity was opened up by cutting the rib cage. Lungs were inflated 

with fixative (4% (vol/vol) Paraformaldehyde (Alfa Aesar, 30525-89-4) in PBS) 

solution through a small incision in the trachea. Fully inflated lungs were tied 

with a thread on the trachea below the incision and cut out carefully. The 

harvested tissue was cleaned by removing other tissues (like, food pipe, 

muscles and blood clots) and placed in 4% paraformaldehyde solution for 8 

hours at 4°C. After fixation tissue was placed in 0.85% (wt/vol) NaCl solution 

for 30 minutes and then 1:1 mixture of 0.85% NaCl and ethanol for another 30 

minutes. For gradual dehydration tissue was then placed in to 70%, 90% and 

absolute ethanol for 1 hour in each. After absolute ethanol step, tissue was 

placed in to Xylene for 30 minutes inside a chemical hood. After 30 minutes 

 
 
 
 
 
 
 
 

 
Figure 2.1. Picture of an agarose gel with PCR products from KO, WT and Het animals. 

Single band at 130 BP position on the lane number 2, 3, 4, 5, 7 and 12 are detecting WT, single 

band at around 430 BP position on the lane number 1, 6, 10, 11 and 13 are detecting KO. Two 

bands one at 130, another at 430 BP position on the lane number 8 and 9 are detecting 

heterogeneous animals (het female). 
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fresh Xylene was added and kept for another 30 minutes. As the tissue became 

transparent, it was then placed into 1:1 Xylene and paraffin mix and placed 

inside a vacuum oven at 60°C for 2 hours. After 2 hours tissue was placed 

into melted paraffin for 1 hour inside an oven at 60°C temperature. Tissue was 

then placed into a molder and paraffin block was prepared using melted 

paraffin. Blocks were kept at room temperature overnight for cooling and kept 

in a cool, dry place for further use. Paraffin blocks were cut using a microtome 

machine for generating 5um thick paraffin sections of tissue. Tissue sections 

were taken on charged slides for staining. 

 
2.6 Cell culture 

 

Human lung (BEAS-2B) non-ciliated airway epithelial origin cell line and human 

alveolar basal epithelial adenocarcinomic (A549) cell line were obtained from 

Johns Hopkins University (kind gift from Prof. S. Biswal) (Singh A et al., 2009; 

Singh A et al., 2013). The murine Club cell line (C22) was purchased from 

ECACC, UK (cat no.07021401, #07D022). All cell lines were tested for 

mycoplasma contamination and found to be negative. BEAS-2B were grown 

in DMEM: F12K (Gibco, USA, 21127030) (1:1) media and A549 cells were 

grown in DMEM media, supplemented with 10% FBS (Gibco, USA, 10082147) 

and Penicillin-Streptomycin (Gibco, USA, 1540122) at 37°C, 5% CO2. Culture 

conditions for the C22 cell line were different from other two cell lines. C22 cells 

were maintained in a proliferative state at 33°C temperature and 10% CO2 

(Karnati S et al, 2016). The C22 cells were grown in proliferation media 

containing DMEM, 4% FBS, Penicillin-Streptomycin, other supplements like, 

Endothelin-1 (Sigma, USA, E7764), Insulin (Sigma, USA, I1882), Transferrin 

(Sigma, USA, T3309), Endothelial Cell Growth Supplement (ECGS) (Sigma, 

USA, E0760), Epidermal Growth Factor (Sigma, USA, E9644), Hydrocortisone 

(Sigma, USA, H0888), T3 (Sigma, USA, T2877) and IFN-γ (Sigma, USA, I3265). 

Before experiments cells were transferred to 37°C temperature and in absence 

of IFN-γ in the culture media. Under this differentiation condition cells were 

incubated for 24h, so that they stop proliferation and differentiate into more 

mature type of club cells. Experiments were conducted within 3rd to 7th 

passages for BEAS-2B, A549 and within 3rd to 12th passages for C22. 
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2.7 Models for xenobiotic stress 

 

For Naphthalene (Nap) injury in mice, wild type or Fmr1 knockout mice aged 

(≥8 weeks of age) were injected intraperitoneally with Corn Oil (vehicle, Sigma, 

USA, C8267) or with Nap dissolved in corn oil (300 mg kg-1, (Sigma, USA, 

147141 ) using established protocols (Guha A et al., 2014; Guha A et al., 2012). 

Animals were sacrificed 12 h, 24 h, 48 h after injection for analysis. 

 
To establish an assay for Nap injury in C22 cells, we first determined that these 

cells expressed the cytochrome Cyp2f2 that converts Nap to stress-inducing 

derivatives (Buckpitt A et al, 2002). Having established this, we tested a range 

of concentrations of Nap (50μg ml-1 to 500μg ml-1, in DMSO/DMEM). Nap was 

found to be stable in solution at concentrations up to 100μg mL-1 and unstable 

at higher concentrations leading to cell death within 3h post exposure. Nap 

exposure at 50-75μg ml-1 (DMSO/DMEM, DMSO final concentration 0.7%) for 

short (1 h) and long duration (24 h) led to a progressive increase in 

expression of stress markers and mild cytotoxicity after a 24 h period. The 

vehicle alone (0.7% DMSO) did not impose any significant cytotoxicity to the 

Sc or Fmr1 Si treated C22 cells under experimental condition. To probe the 

effects of FMRP/ATF4 deficiency on susceptibility to Nap, cells were exposed 

to Nap at 75μg ml-1 (DMSO/DMEM, DMSO final concentration 0.7%) for a 

period 1h. Cells were then washed in PBS and chased for varying periods of 

time in complete medium. 

 
It has been reported previously that 9,10-Phenanthrenequinone (PQ) causes a 

sharp decrease in the viability of BEAS-2B cells when administered to cells for 

24 h at concentrations greater than 1μM (Koike E et al., 2014). We reconfirmed 

these findings and determined the LD50 dose to be ~1.5μm (Sigma, USA, 

275034), dissolved in DMSO/DMEM, DMSO final concentration 0.00002%). To 

probe the effects of FMRP/ATF4 deficiency on susceptibility to PQ, cells were 

exposed to PQ at 1.5μm (DMSO/DMEM, DMSO final concentration 0.00002%) 

for a period 1h. Cells were then washed with PBS and fresh complete media 

and chased for varying period’s time in complete medium. 

https://pubmed.ncbi.nlm.nih.gov/?term=Guha%2BA&cauthor_id=24586412
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2.8 siRNA based knockdown of FMR1/ATF4 expression 

 

Several studies have demonstrated that multiple siRNA administered together 

or sequentially work more efficiently for silencing gene expression than a single 

siRNA (Wang Z et al., 2016; Fähling M et al., 2009; Zhang P et al., 20015; 

Hatch EM et al., 2010). For our studies we used 2 or 3 distinct siRNAs for 

each targeted gene. siRNAs were administered to cells sequentially, 12 h 

apart, to silence the gene expression. siRNA transfections were done with 

Lipofectamine 2000 (Thermofisher Scientific, USA, 11668027). All xenobiotic 

stress assays in C22 cells were performed 36 h after treatment with the last 

siRNA. C22 cells were transferred from proliferation to differentiation-inducing 

media 12 h after the last siRNA treatment and utilized for xenobiotic stress 

assays 24 h thereafter. All xenobiotic stress assays in BEAS-2B cells were 

performed 12 h after treatment with the last siRNA. All siRNAs were obtained 

from Ambion: murine Fmr1 (Ambion, USA, 4390771), murine Atf4 (Ambion, 

USA, 16708), murine Cyp2f2 (Ambion, USA, 4390771), human FMR1 (Ambion, 

USA, 4392420) and human ATF4 (Ambion, USA, 16708), and Scrambled 

(Negative control, Ambion, USA, 4390843). The assay IDs for each of siRNAs 

are as follows: Mouse Fmr1 siRNA (Assay ID: 5315, 5317, s66177), Human 

FMR1 siRNA (Assay ID: 5315, 5316, 5317), Mouse Atf4 siRNA (Assay ID: 

160775, 160776, 160777), Mouse Cyp2f2 siRNA (Assay ID: s64735, s64734), 

Human ATF4 siRNA (Assay ID: 122168, 122287, 122372). 

 
2.9 Cell Cytotoxicity assay 

 

C22 and BEAS-2B cells were inoculated into a 96-well plate and treated with 

Nap or PQ for 1h, as described above, and harvested for analysis 24 h later. 

Cell viability was assayed using WST-1 reagent (Sigma, USA, 5015944001)). 

Cells were incubated with WST-1 for 4h and absorbance readings were taken 

at 450nm and 650nm. Optical density (OD) at 650nm was taken as a baseline 

control, and deducted from the OD value at 450nm to get the actual OD value 

of each well. As per manufacturer’s protocol cytotoxicity was calculated using 

the following formula; Cytotoxicity percentage=100 X [(OD (450nm-650nm) of 
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untreated cells-OD (450nm-650nm) of treated cells)/ OD (450nm-650nm) of 

untreated cells]. 

 
2.10 Histology, Immunofluorescence and Imaging 

 

Lungs were inflated with 4% (wt/vol) Paraformaldehyde (Alfa Aesar, USA, 

30525-89-4) in PBS and fixed for 8 hours at 4°C. Fixed lungs were 

subsequently embedded in paraffin, sectioned (5 μm) and processed for 

immunohistochemical analysis post heat-mediated antigen retrieval at pH 6.0 

(Vector Labs, USA, H-3300) except sections stained with anti-SOD1 antisera 

that were subject to antigen retrieval at pH 9.0 (Vector Labs, USA, H-3301). 

For cellular immunostaining, cells were seeded on coated coverslips (0.1% 

gelatin, Sigma, USA, G9391, as per manufacturer’s protocol). Post-treatment, 

cells were fixed with 4% PFA for 30 minutes and blocked with 2%FBS, 0.2% 

BSA and 0.1% Triton X 100 in 1X PBS for an hour and stained. Primary 

antibodies were diluted using the same blocking solution. 

Immunohistochemical analysis utilized the following antisera: rabbit anti-FMRP 

(Abcam, UK, 17722, 1:500) (Giampetruzzi A et al, 2013; Yang YM et al, 

2017), rabbit anti-FMRP (Sigma, USA, F4055 1:200), goat anti-Scgb1a1 

(Santa Cruz, USA, Sc365992, 1:500) (Wu YF et al, 2020), mouse anti-

acetylated tubulin (Sigma, USA, T7451, 1:1000), mouse anti-4HNE (Abcam, 

UK, ab48506, 1:500) (Hall SE et al, 2017), rabbit anti- γ-H2AX (Novus 

biological, USA, NB100-384, 1:1000) (Hwang JR et al, 2020), mouse anti-

Cyp2f2 (Santa Cruz, USA, SC374540, 1:100) (Malvin NP et al, 2019), mouse 

anti-ATF4 (Sigma,  USA, WH0000468M1,1:200)(Selvarajah B et al, 2019), 

goat-Anti-Tia1 (Santa Cruz, USA, SC1751, 1:200) (Vanderweyde T et al, 

2012), rabbit anti-ATF3 (Sigma, USA, HPA001562, 1:200) (Cheng X et al, 

2017), rabbit anti-SOD1 (Abcam, UK, ab16831, 1:200), mouse-Anti-human 

G3BP clone 23 (BD Biosciences, USA, 611126 1:200), purified mouse anti-

Ataxin2 clone 22 (BD Biosciences, USA, 611378, 1:200) and Alexa 

488/568/647-conjugated donkey anti-mouse/rabbit/goat secondary antibodies 

(Invitrogen, USA, A 21447, A 21202, A 21206, A10037, A10042, A31571, 

1:300). Stained sections were mounted in ProLong Diamond (Invitrogen, USA, 

P36962). All samples were imaged on a FV3000 4-laser and FV3000 5-laser 
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confocal microscope or on a Zeiss LSM-780 (Carl Zeiss AG, Germany) laser-

scanning confocal microscope. For Haematoxylin-Eosin staining sections 

were stained with Haematoxylin for 10 sec and Eosin for 30sec, dried and 

mounted in DPX (Cardiff RD et al, 2014) and imaged on a Nikon Eclipse Ti2 

microscope (Nikon, Japan). 

 
2.11 Quantitative fluorescence microscopy 

 

Frequencies of Club cells/mm airway, and total cellular fluorescence in Club 

cells, in lung sections, were determined from single tiled optical sections 

acquired on a confocal microscope using ImageJ software. For Club cell 

frequency analysis, cells attached to the basement membrane were counted 

per section per animal. Total cellular fluorescence intensity was calculated by 

subtracting a “background” value per section from the integrated density per 

cell (outlined using the software) (for FMRP, 4HNE, γ-H2AX and ATF4) 

(Smolders LA et al, 2012; Chakraborty J and Das S, 2014). The “background” 

value was determined by sampling integrated density of regions on the 

section devoid of cells. Total cellular fluorescence of C22 and BEAS-2B cells 

was estimated from single optical sections on a confocal microscope using 

ImageJ software. In all experiments involving C22 and BEAS-2B cells, ≥25 cells 

were analyzed per time point, per experiment, n=3 experiments. The images of 

Scgb1a1 and Cyp2f2 expression in C22 cells, and of stress granule markers 

in BEAS-2B and C22 cells, are maximum intensity projection images of z-

stacks acquired on a confocal microscope. 

 
2.12 Western blot analysis 

 

Protein was extracted from cell lysates using RIPA buffer (Thermofisher 

Scientific, USA, 89900) containing Sigmafast EDTA free protease inhibitor 

cocktail (Sigma, USA, s8830) and Phosstop (Merk, USA, 4906845001). Total 

protein was run on a 12% SDS PAGE, transferred onto a nitrocellulose 

membrane (Amersham, UK, 10600002), and the membrane was stained with 

reversible MemCode (Thermofisher Scientific, USA, 24580) for total protein 

estimation (imaged on ImageQuant600 (Amersham, UK) and quantified using 

ImageJ). The membrane was subsequently de-stained, blocked with 5% BSA 
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(Sigma, USA, A9418) for 1 h and probed using the following primary antisera: 

rabbit anti-Phospho-eIF2α (Ser51) (Cell Signalling Technology, USA, 9721S, 

1:1000) (Banerjee S et al, 2022), mouse anti-eIF2α (Cell Signalling 

Technology, USA, 2103S, 1:1000) (Halliday M et al, 2017), rabbit anti-

Phospho-PKR (Sigma, USA, SAB4504517,1:3000), mouse anti- PKR (Santa 

Cruz, USA, Sc-6282, 1:1000) (De Lucca FL et al, 2002), rabbit anti-GCN2 

(Cell Signalling Technology, USA, 3302s), mouse anti-Phospho-GCN2 (Cell 

Signalling Technology, USA, 3301S), rabbit anti-PERK (Cell Signalling 

Technology, USA, 3192s, 1:1000), rabbit anti-Phospho-PERK (Cell Signalling 

Technology, USA, 3179s), mouse anti-HRI (Santa Cruz, USA, sc-365239). 

Primary antisera was detected using the following secondary antisera: HRP-

conjugated anti-rabbit (abcam, UK, 6721, 1:3000) and HRP-conjugated anti-

mouse secondary (Invitrogen, USA, # 62-6520 1:5000) antibodies and ECL 

(BioRad, USA, 1620177) and analyzed (images on ImageQuant600 

(Amersham, UK) and quantified using ImageJ). The levels of eIF2α, phospho-

eIF2α, PKR and Phospho-PKR were normalized to the total protein content of 

the respective lanes. For analysis of SOD1 expression from murine brain and 

lung tissue lysate, tissues were collected after dissection washed with PBS 

and protein was extracted with RIPA buffer and protease inhibitor cocktail. 

Total protein was run on a 12% SDS PAGE, transferred onto a nitrocellulose 

membrane. We have used 5% non-fat dry milk (Santa Cruz, USA, Sc-2325) 

solution in PBS for blocking and probed the blots with anti-SOD1 (Abcam, UK, 

ab16831) and anti- β-tubulin (CST, USA, 15115S) antisera. Levels of SOD1 

were normalized to corresponding β-tubulin levels. 

 
2.13 Quantitative PCR (qPCR) analysis 

 

RNA from cell lysates was extracted using Trizol (Invitrogen, USA, 15596018, 

as per manufacturer’s protocol) and qPCR was performed using the primers 

listed in the following table. The qPCR assays were constituted with the Maxima 

SYBR green/ROX qPCR Mastermix (2X) (Thermo Scientific, USA, K0221) 

and analyzed on a BioRad CFX3 real-time PCR system (BioRad, USA). 
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Table 2.2 Primer Sequences for qPCR analysis 
 

Gene Sequence 

ATF3 Human Forward primer GTACCCAGGCTTTAGCATTA 

ATF3 Human Reverse primer TTAATAGACAGTAGCCAGCG 

Beta actin Human Forward primer AAAACTGGAACGGTGAAGGT 

Beta actin Human Reverse primer ACAACGCATCTCATATTTGGAA 

ATF3 Mouse Forward primer GAGATGTCAGTCACCAAGTC 

ATF3 Mouse Reverse primer TCCAGTTTCTCTGACTCTTTC 

Beta actin Mouse Forward primer CTTCCAGCAGATGTGGATCAG 

Beta actin Mouse Reverse primer AAAACGCAGCTCAGTAACAGT 

 
2.14 Statistical Analysis 

 

Statistical significance of datasets was assessed using unpaired two-tailed t- 

tests post Shapiro-Wilk tests for normality. Data were also analyzed using a 

two-way ANOVA to compare changes in two groups with respect to time, 

genotype and interaction parameters. ANOVA data and normality test results 

for each figure are presented (Table 3.1-4.2) in a tabular format. 
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FMRP protects lung from xenobiotic stress via 

activation of Integrated stress Response 
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3.1 FMRP could be important for stress response in the lung 

 

The goal of this study was to probe the role of FMRP in regulation of stress 

response in the pulmonary epithelial cells. Continuous exposure of lung 

epithelium to environmental toxicants, particulate matters and other biological 

agents leads to increased oxidative, genotoxic and endoplasmic reticulum 

stress. Such stresses, when unmitigated, lead to cellular damage, inflammation 

and in the long term to decreased lung capacity and functionality. 

 
The capacity of the lung to manage xenobiotic stress is dependent on stress 

response proteins that are induced upon insult. In this regard, the Integrated 

Stress Response (ISR) pathway is an evolutionarily conserved pathway that is 

integral to how the lung copes with environmental challenges (Pakos-Zebrucka 

K et al., 2016; van 't Wout EF et al., 2014; Konsavage WM et al., 2012). The 

ISR is triggered by the activation of one or more of the four stress-responsive 

kinases GCN2, PKR, PERK and HRI. The activation of these kinases, in turn, 

sets in motion two separate but interdependent processes that enable cells to 

mount a restorative response (Wong HR & Wispe JR, 1997). First, these 

kinases phosphorylate the Eukaryotic Initiation Factor 2α (eIF2α) and shut off 

ongoing programs of protein synthesis. The inhibition of translation leads to the 

sequestration of translationally active mRNAs into stress-induced condensates 

or stress granules (SGs). Second, activation of the kinases also induces 

specialized modes of protein translation leading to the expression of stress 

response proteins. More specifically, these specialized translation regimes 

upregulate expression of Activating Transcription Factor 4 (ATF4) (Pakos- 

Zebrucka K et al., 2016; van 't Wout EF et al., 2014) and, in turn, ATF4 targets 

such as ATF3. ATF4 also synergizes with other transcription factors activated 

in response to stress like Nrf2, to induce the expression of stress response 

genes (He CH et al., 2001; Sarcinelli C et al., 2020). 

 
The Fragile X Mental Retardation Protein (FMRP) is a multifunctional protein 

that is expressed in the brain and other organs, in humans and other animals 

alike. Deficiencies in FMRP lead to Fragile X Mental Retardation Syndrome 

(FXS), a disease characterized by mild-to-moderate intellectual disability (Zhou 
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Z et al., 2014). FMRP function has been most intensively studied in the 

neuronal context wherein the protein has been shown to regulate synaptic 

plasticity by multiple mechanisms (Santoro MR et al., 2012). Aside from this 

well-established role, several studies indicate that FMRP also has a role in 

facilitating stress responses. At a cellular level, FMRP has been shown to play 

an essential role in SG biogenesis in response to arsenite and heat shock 

(Didiot MC et al., 2009; Linder B et al., 2008). A recent study on fibroblasts 

derived from Fmr1 KO mice showed that FMRP is required for a specialized 

DNA Damage Response (DDR) in response to agents like Aphidicolin, 5- 

Hydroxyurea (5-HU) and UV (Alpatov R et al., 2014). The central finding of this 

study is that FMRP has a chromatin-dependent role in resolving stalled 

replication forks and single strand breaks in DNA (Alpatov R et al., 2014) but 

not in response to other types of genotoxic stress. 

 
The lung is routinely exposed to a variety of environmental toxicants that cause 

many different types of stress. Our interest in candidate proteins that regulate 

the pulmonary stress response led us to explore the role of FMRP in the lung. 

We immunostained murine and human lungs for FMRP to find that the protein 

is expressed in the airway epithelium and more broadly. To probe the role of 

FMRP in stress responses in the airways, we subjected Fmr1 KO mice to 

Naphthalene injury, a well-established model for oxidative and genotoxic 

stress. We found that the airways of Fmr1 KO mice exhibited higher expression 

of markers of oxidative and genotoxic stress, and greater cell death, than wild 

type. These findings led us to investigate the role of FMRP in airway stress 

responses, and in the Integrated Stress Response pathway, in mice and in the 

human lung. 
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3.2 Results 

 

3.2.1 FMRP is expressed in the airways and more broadly in the 

murine lung and protects airway Club cells from Naphthalene 

induced stress 

 
To characterize the role of FMRP in the pulmonary stress response, we 

examined the expression of the protein in adult lungs from wild-type 

(WT) and Fmr1 KO animals. Lung sections from WT mice were stained 

with anti-FMRP antisera and examined under a confocal microscope (5 

μm, n=8). FMRP expression was detected throughout the lung (Fig. 

3.1A). We detected widespread protein expression in airway epithelium, 

both in secretory Club cells (CCs, marked by expression of Scgb1a1, 

Fig. 3.1A, C) and in ciliated cells (marked by expression of Acetylated 

Tubulin, AcTub, Fig. 3.1A, C). Outside of the airways, we noted 

intermittent expression in the alveolar parenchyma (Fig. 3.1A). Lung 

sections of Fmr1 KO mice stained with the same anti-FMRP antisera did 

not show any specific staining (airways shown in Fig. 3.1B, D, n=3). 

Together, these experiments showed that FMRP is expressed in the 

murine lung, in the airways and more broadly. Next we examined H&E 

stained lung sections from WT and Fmr1 KO mice to compare 

morphologies of the lungs. We found that lungs from WT and Fmr1 KO 

were comparable (Fig. 3.2 A-B). 

 
To investigate the role of FMRP in the pulmonary stress response, we 

focused our attention on FMRP-expressing airway CCs. Airway CCs are 

highly sensitive to the polycyclic hydrocarbon Naphthalene (Nap) (Stripp 

BR et al., 1995; Van Winkle LS et al., 1995). Nap administration leads to 

the loss of the vast majority of CCs from the airway epithelium within 24- 

48 h and is a well-established model for lung injury (Guha A et al., 2014; 

Guha A et al., 2017). The susceptibility of airway CCs to Nap is due to 

the expression, in CCs, of the cytochrome P450 enzyme Cyp2f2 

(Buckpitt A et al., 2002). Cyp2f2 converts Nap to Naphthalene oxide that 

causes DNA damage. Naphthalene oxide is also converted to 

https://pubmed.ncbi.nlm.nih.gov/?term=Guha%2BA&cauthor_id=24586412
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Naphthoquinones that cause oxidative stress (Buckpitt A et al., 2002). 

Thus, to probe the role of FMRP in the pulmonary stress response in 

mice we decided to utilize the Nap injury model. Interestingly, the Cyp2f2 

isoform that converts Nap to cytotoxic derivatives is not expressed in 

humans and consequently Nap does not affect humans in the same way. 

 
We exposed WT and Fmr1 KO animals to Nap and harvested lungs for 

analysis at different timepoints post injury (regimen shown schematically 

in Fig. 3.1E). To assess the extent of injury, we quantified frequencies of 

CCs across timepoints and examined expression of markers of oxidative 

and genotoxic stress. We found that the frequencies of CCs in WT 

were significantly higher than in Fmr1 KO at 12h, 24 h and 48 h 

respectively (Fig. 3.1F, n=3 mice per genotype per timepoint). In other 

words, cell loss was greater and faster in Fmr1 KOs. Next, we stained 

sections from mouse lung prior to and post Nap injury with two antisera: 

anti-4- Hydroxynonenal (4HNE, a product of lipid peroxidation and a 

marker of oxidative stress) and anti-γ-H2AX (a phosphorylated histone 

variant that is a marker of double stranded DNA breaks and genotoxic 

stress). We did not detect expression of either marker in the lungs from 

uninjured WT and Fmr1 KO mice (Fig. 3.1G i, ii, 1H i, ii). In contrast, the 

expression of both markers was dramatically increased in CCs in Nap-

injured lungs (Fig.1G, H). Pertinently, we noted that the levels of 4HNE 

and γ-H2AX expression in CCs were lower in WT than in Fmr1 KOs at 

all time points examined (Fig. 3.1G iii-vi, 1H iii-vi, also see quantitation 

in Fig. 3.2 C-D, n=3 mice per genotype per time point). Based on these 

data we concluded that CCs in Fmr1 KO animals are more susceptible 

to Nap- induced stress. 
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Figure 3.1: FMRP is expressed in the airways and more broadly and protects 

airway Club cells from Naphthalene induced stress. (A-D) FMRP expression in the 

murine lung. (A) Tiled image showing FMRP immunostaining (green, white arrow) in 

the airway epithelium (demarcated by white dotted lines) and in the parenchyma of the 

murine lung. The airways are identified by expression of the Club cell (CC) marker 

Scgb1a1 (white, inset) and of the ciliated cell marker Acetylated-Tubulin (red, inset). 

(B) Tiled image showing FMRP immunostaining in Fmr1 knockout (Fmr1 KO) mice. 

Note absence of FMRP (green) in both airways (demarcated by white dotted lines, 

inset) and parenchyma. (C-D) High resolution image of FMRP immunostaining (green) 

in airway epithelial cells. Here CCs are shown in white (white arrowhead in panel 

alongside) and ciliated cells are in red (red arrowhead in panel alongside) in wild type 

(C) and Fmr1 KO (D). (E-H) Susceptibility of CCs to Naphthalene (Nap) injury in control 

and Fmr1 KO. (E) Schematic showing regimen for Nap injury. (F) Frequencies of 

Scgb1a1+ cells in wild type (black circle) and Fmr1 KO (grey square) from uninjured 

(Un) and Nap-injured mice at different timepoints post injury. Data represents all three 

data points in the scattered plots with mean ± s.e.m. (G-H) Expression of markers of 

oxidative (4HNE) and genotoxic (γ-H2AX) stress in airways from wild-type and Fmr1 

KO mice prior to and post Nap injury. Note white arrowheads showing ciliated cells and 

white arrows showing CCs on the airways and in insets (counterstained with Scgb1a1 

antisera, white). (G i-G vi) 4HNE immunostaining (green) in the airways of wild-type 
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Figure 3.2: FMR KO animals express markers of oxidative and genotoxic stress 

in the airways in response to Nap. (A-B) Lung morphology in control and Fmr1 KO 

animals. H&E stained lung sections from control (A) and Fmr1 KO (B) (n=2 animals 

 
 

Table 3.1: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.1 
 

Figure 

number 

Variables Sum of Squares F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 3.1F Interaction 

Time 

Genotype 

3746 

32659 

6825 

F (3, 12) = 8.862 

F (3, 12) = 77.27 

F (1, 4) = 64.9 

P=0.0023 

P<0.0001 

P=0.0013 

Passed 

 
 

(upper panel) and Fmr1 KO (lower panel) mice prior to and post Nap injury. (H i- H vi) 

γ-H2AX immunostaining (red) in the airways of control (upper panel) and Fmr1 KO 

(lower panel) prior to and post Nap injury. Asterisks showing cilia of ciliated cells 

marked with γ-H2AX (H i- H vi). Also see Fig. 3.2. Statistical significance was assessed 

by an unpaired two-tailed t-test (see methods, p< .05*, p< .01**, p< .001***). The 

changes in the two groups over time, across genotype and interaction parameters were 

also assessed by two-way ANOVA and found to be statistically significant. For Shapiro- 

Wilk normality test and two-way ANOVA see Table 3.1. Scale Bar=20 μm. 
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Table 3.2: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.2 
 

Figure 

number 

Variables Sum 

Squares 

of F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 3.2C Interaction     Passed 

 
 
 

 
Figure 3.2D 

Time 

Genotype 

 
Interaction 

Time 

Genotype 

6786923 

158536285 

46216894 

 

93896384 

437685349 

196523094 

F (2, 8) = 1.428 

F (2, 8) = 33.37 

F (1, 4) = 115.1 

 

F (2, 8) = 3.971 

F (2, 8) = 18.51 

F (1, 4) = 29 

  
 
 

 
Passed 

 
3.2.2 The Club cell-like C22 cell line deficient in FMRP is also more 

susceptible to Nap induced stress 

 
To further probe the role of FMRP in stress responses in CCs, we 

turned to the murine Club cell-like cell line, C22. C22 cells were derived 

from H- 2Kb-tsA58 mice expressing a temperature sensitive isoform of 

the SV40 Large T antigen under the H-2Kb promoter (Demello DE et 

al., 2002). To characterize these cells, we stained C22 cells with 

markers of CCs and other airway and alveolar lineages. Consistent with 

previous reports, these cells expressed the CC marker Scgb1a1 and did 

not express markers of other lineages (Fig. 3.4A, data not shown). We 

then performed a series of experiments to determine whether C22 

could be utilized as a model for Nap injury, and to probe the role of 

FMRP therein. 

 
First, C22 cells were stained with antisera against Cyp2f2 and FMRP. 

We found that C22 cells expressed modest levels of Cyp2f2 (Fig. 3.4B, 

each). Scale Bar=200um. (C-D) Quantitation of levels of expression of 4HNE and γ- 

H2AX in CCs in wild-type and Fmr1 KO lungs post Nap. (C) Quantitation of total 4HNE 

immunofluorescence per CC at different timepoints (≥ 50 cells were analysed per time 

point/per animal, n=3 animals). Data represents mean ± SEM. (D) Quantitation of total 

γ-H2AX immunofluorescence per CC at different timepoints (≥ 50 cells were analysed 

per time point/per animal, n=3 animals). Unpaired two-tailed t-test (p< .05*, p< .01**, 

p< .001***). For normality test and two-way ANOVA see Table 3.2. 

P=0.2948 

P=0.0001 

P=0.0004 

 
 

P=0.0634 

P=0.0010 

P=0.0057 
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n=6 experiments) and expressed FMRP (Fig. 3.4C, n=9 experiments). 

Next we optimized methods for the knockdown of gene expression in 

C22 cells using siRNAs and methods for Nap challenge. We established 

that treatment with 2 different Cyp2f2 siRNAs and 3 different FMRP 

siRNAs was sufficient to reduce Cyp2f2/FMRP expression by 80% or 

greater (see methods, compare Cyp2f2/FMRP expression in scrambled 

siRNA-treated cells, Sc, and Cyp2f2/Fmr1 siRNA-treated cells, Si, in 

Supplementary Fig. 3.3 A-C, n=3 experiments, and Fig. 3.4D 

respectively, n=9 experiments). Careful titration of Nap dosage and time 

of exposure (see methods) showed that a 1 h pulse of Nap was sufficient 

to induce expression of oxidative and genotoxic stress markers in C22 

cells and marginally increase cell death 24 h post exposure (see 

methods). We subsequently incubated control (scrambled siRNA- 

treated cells, Sc) and Cyp2f2-depleted (Cyp2f2 siRNA-treated cells, Si) 

cells with Nap for 1 h and harvested cells at different timepoints for 

analysis (regimen is shown schematically in Fig. 3.3 D, see methods). 

Levels of 4HNE and γ-H2AX increased in Sc-cells within 6 h and 

returned to baseline by 24 h (Fig. 3.3 E-H, n=3 experiments each). In 

contrast, levels of expression in Si-cells remained at baseline levels at 

all timepoints (Fig. 3.3 E-H, n=3 experiments each). These data showed 

that C22 cells are susceptible to Nap-induced stress in a Cyp2f2- 

dependent manner like CCs in vivo. 

 
To explore the possibility that FMRP regulates susceptibility to Nap in 

C22 cells, we incubated control (scrambled siRNA-treated cells, Sc) and 

FMRP-depleted (Fmr1 siRNA-treated cells, Si) cells with Nap for 1 h and 

the harvested cells at different timepoints for analysis (shown 

schematically in Fig. 3.4E). To assess levels of oxidative and genotoxic 

stress, we again stained cells with anti-4HNE and anti-γ-H2AX 

respectively (Fig. 3.4 F, H). In order to assess the cytotoxicity of Nap, we 

subject the cells to a WST-1 assay 24 h post exposure. We found that 

levels of 4HNE and γ-H2AX (Fig. 3.4 F-I) were elevated in Fmr1- 

depleted cells at all timepoints (n=3 experiments each) and that Fmr1- 

depleted cells exhibited greater cell death in response to Nap (Fig. 3.4J). 
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Figure 3.3: Validation of Cyp2f2 dependent Nap injury in C22 cells. (A-C) Cyp2f2 

immunostaining and quantitation. (A-B) Cyp2f2 (orange) immunostaining in scrambled 

siRNA-treated (Sc) (A) and Cyp2f2 siRNA-treated (Si) (B) C22 cells. (C) Quantitation 

of Cyp2f2 immunofluorescence per cell in Sc and Si treated cells. (D-G) Cyp2f2 siRNA- 

treated (Si) C22 cells fail to respond to Nap induced stress. (D i- D viii) 4HNE 

immunostaining (green) in Sc and Si cells prior to and post Nap. (E) Quantitation of 

4HNE immunofluorescence per cell in Sc and Si cells prior to and post Nap. Note the 

level of 4HNE in Si treated cells remains unchanged prior to and post Nap. (F i- F viii) 

γ-H2AX immunostaining (red) in Sc and Si cells prior to and post Nap. (G) Quantitation 

of γ-H2AX immunofluorescence per cell in Sc and Si cells post Nap. Black circle (Sc), 

Grey square (Si). (≥ 25 cells were analysed per timepoint/per experiment, n=3 

experiments). Data represents mean ± SEM Unpaired two-tailed t-test (p< .05*, p< 

.01**, p< .001***). For normality test and two-way ANOVA see Table 3.3. Scale 

Bar=5μm. 

These data correlated well with the increased susceptibility of CCs to 

Nap in Fmr1 KO animals and demonstrated that FMRP has a cell 

intrinsic role in protecting cells from Nap. 

 
 



50  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4: FMRP deficient Club cell-like C22 cells are susceptible to Nap- 

induced stress. (A-D) Phenotypic characterization of C22 cells. (A) Scgb1a1 

immunostaining (white) in C22 cells. (B) Cyp2f2 (orange) immunostaining in C22 cells. 

Also see Fig. 3.3. (C-D) FMRP immunostaining in C22 cells (C) and in C22 cells treated 

Table 3.3: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.3 
 

Figure 

number 

Variables Sum of 

Squares 

F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 3.3E Interaction 

Time 

Genotype 

277282829 F (3, 12) = 16.47 P=0.0001 Passed 

413013067 F (3, 12) = 24.53 P<0.0001 

46317078 F (1, 4) = 5.944 P=0.0714 

Figure 3.3G Interaction 

Time 

Genotype 

15397110 F (3, 12) = 14.84 P=0.0002 Passed 

24262281 F (3, 12) = 23.39 P<0.0001 

6287973 F (1, 4) = 15.82 P=0.0164 
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Table 3.4: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.4 
 

Figure 

number 

Variables Sum of Squares F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 

3.4G 

Interaction 

Time 

Genotype 

5525054195 F (4, 16) = 5.999 P=0.0038 Passed 

22221659115 F (4, 16) = 24.13 P<0.0001 

14690673188 F (1, 4) = 10.73 P=0.0306 

Figure 

3.4I 

Interaction 

Time 

Genotype 

872823942 F (4, 16) = 8.556 P=0.0007 Passed 

2103967406 F (4, 16) = 20.62 P<0.0001 

2326731004 F (1, 4) = 408.7 P<0.0001 

 
3.2.3 FMRP is required for the induction of the Integrated Stress 

Response pathway that protects from Naphthalene induced stress 

 
The increased susceptibility of FMRP-deficient CCs and C22 cells to 

Nap led us to investigate the role of FMRP in the Nap induced stress 

response. As previously mentioned, the ISR is induced when one of four 

stress-responsive kinases (GCN2, PERK, HRI, PKR) phosphorylated 

eIF2α at Serine 51. Phosphorylation of eIF2α arrests conventional 

translation, stimulates genesis of SIGs and enables specialized 

translation of stress response proteins like ATF4 (Pakos-Zebrucka K et 

al., 2016; van't Wout EF et al., 2014). To probe the status of the ISR in 

C22 cells post Nap, we examined the phosphorylation state of eIF2α. 

with Fmr1 siRNA (D). (E-J) Susceptibility of C22 cells to Nap (control is scrambled 

siRNA-treated, (Sc) and Fmr1 siRNA-treated (Si)). (E) Schematic showing regimen for 

Nap injury. (F-I) Expression of markers of oxidative (4HNE) and genotoxic (γ-H2AX) 

stress in Sc and Si cells prior to and post Nap. (F i- F vi) 4HNE immunostaining (green) 

in Sc and Si cells prior to and post Nap. (G) Quantitation of 4HNE immunofluorescence 

per cell in Sc and Si cells prior to and post Nap. (H i- H vi) γ-H2AX immunostaining 

(red) in Sc and Si cells prior to and post Nap. (I) Quantitation of γ-H2AX 

immunofluorescence per cell in Sc and Si cells post Nap. (J) Cytotoxicity of Nap in Sc 

and Si cells 24 h post Nap (n=3 experiments). For immunofluorescence analysis ≥ 25 

cells were analysed per timepoint/per experiment, n=3 experiments. Graphical data 

represents mean ± s.e.m. Black circle (Sc), Grey square (Si). Unpaired two-tailed t-test 

(p< .05*, p< .01**, p< .001***). For normality test and two-way ANOVA see Table 3.4. 

Scale Bar=5 μm. 
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We exposed C22 cells to Nap for 1 h, harvested cells at various time 

points and quantified the levels of expression of both eIF2α and 

phosphorylated eIF2α (p-eIF2α). Western blot-based ratiometric 

quantitation of total and p-eIF2α in Sc cells showed that p-eIF2α levels 

increased 3 and 6 h post injury and decreased to baseline levels 

thereafter (Fig. 3.5A, Fig. 3.6 A-B, n=5 experiments). We probed p-

eIF2α and total eIF2α proteins on two different blots prepared 

simultaneously from the same sample (Fig 3.6 A, B and Fig 3.10 A, B). 

Similarly PKR and p-PKR blots were also prepared (Fig 3.6 D, E and 

Fig 3.10 D, E). Due to technical difficulties, we could not do this from 

the same blot. We inferred that the ISR is induced in C22 in response 

to Nap. We then exposed Si cells to Nap for 1 h and found that, 

contrary to controls, the levels of p-eIF2α did not increase post Nap 

(Fig. 3.5A, Fig. 3.6 A-B, n=5 experiments). The analysis of p-eIF2α 

suggested the FMRP-depletion might inhibit the  ISR. 

 
Next, we examined the expression of ATF4 and its target, ATF3, in 

control and FMRP-deficient cells. Sc and Si cells were stained with an 

anti-ATF4 antibody prior to and post Nap. In Sc, the expression of ATF4 

was undetectable in untreated cells, increased dramatically 3, 6, 12 h 

post Nap treatment and then approached baseline levels at 24 h (Fig. 

3.5 B-C, n=5 experiments). In Si cells, levels of ATF4 were negligible in 

untreated cells and showed no appreciable increase post Nap (Fig. 3.5 

B-C, n=5 experiments). Next, we assayed ATF3 levels by quantitative 

real-time PCR (qPCR). For this, RNA was isolated from Sc and Si cells 

at different timepoints and subjected to qPCR analysis. In Sc, levels of 

ATF3 mRNA increased at 3, 6 h post Nap and returned to baseline 

thereafter (Fig. 3.6 C, n=3 experiments). In Si, the levels ATF3 did not 

rise appreciably above baseline post Nap (Fig. 3.6 C). These findings 

were also validated with anti-ATF3 immunostaining (data not shown). 

Based on these data we concluded that both ATF4 and ATF3 expression 

are perturbed in FMRP-deficient cells post Nap. Taken together, the 

findings showed that the ISR is perturbed in FMRP-deficient cells post 

Nap. 
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Next, we decided to investigate whether the upstream kinases that 

phosphorylate eIF2α and induce the ISR become activated 

(phosphorylated) in FMRP-deficient cells. We probed the expression of 

GCN2, PERK, HRI, PKR and their phosphorylated isoforms in Nap- 

treated C22 cells using commercially available antibodies (see 

methods). Among all pairs of antisera tested, antisera for PKR and p- 

PKR provided reproducible results. Western blot-based ratiometric 

quantitation of p-PKR and total PKR in Sc and Si cells showed that the 

p-PKR levels increase in both Sc and Si 3 h post Nap (Fig. 3.6 D-F, 

n=3 experiments). Importantly, we noted that levels of p-PKR returned 

to baseline in Sc at 6 h and later timepoints, but remained significantly 

higher in Si at later time points (Fig. 3.6 D-F). This suggested that at 

least one of the stress responsive kinases (PKR) is activated in FMRP- 

deficient cells post Nap. 

 
Perturbations to the ISR provided a plausible explanation for why FMRP- 

deficient C22 cells are more susceptible to Nap. To test this, we decided 

to probe how perturbing the ISR, by knocking down levels of Atf4, 

would impact susceptibility to Nap. Control (Scrambled siRNA) and Atf4 

siRNA treated C22 cells were exposed to Nap as described earlier and 

cells were harvested at different time points for analysis. ATF4 

immunostaining of control and Atf4 siRNA-treated cells showed that 

siRNA treatment eliminated ATF4 expression in cells post Nap exposure 

(Fig. 3.5 D). We also found that ATF4-depleted cells exhibited increased 

expression of 4HNE (Fig. 3.5E, representative images shown in Fig. 

3.6 G) and γ-H2AX (Fig. 3.5F, representation images shown in Fig. 3.6 

H) at all time points examined (n=3 experiments each, quantitation of 

cell 

fluorescence based on n≥25 cells per experiment) and increased cell 

death 24 h post injury (Fig. 3.5G). We concluded that the increased 

levels of oxidative and genotoxic stress and increased cytotoxicity 

observed in FMRP-deficient cells could be due to a failure to induce the 

ISR and upregulate ATF4. 
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Figure 3.5: FMRP deficient C22 cells fail to upregulate the Integrated Stress 

Response and induce ATF4, essential for protection from Nap-induced stress. 

FMRP deficient C22 cells fail to upregulate the Integrated Stress Response and 

to induce ATF4, essential for protection from Nap-induced stress. (A) Western 

blot-based quantitation of phospho-eIF2α /eIF2α ratios in Sc and Si cells prior to and 

post Nap treatment (n=5 experiments). See Fig. S3 for representative blots used for 

quantitation. (B i - B viii) ATF4 immunostaining (white) in Sc (upper panel) and Si cells 

(lower panel) prior to and post Nap. Note nuclear accumulation of ATF4 in Sc cells by 

6 h post Nap (inset). (C) Quantitation of ATF4 immunofluorescence per cell in Sc and 

Si cells prior to and post Nap (n=5 experiments). (D-G) Susceptibility of C22 cells to 

Nap in control (Scrambled siRNA-treated, Sc) and Atf4 siRNA-treated (Si) cells. (D i - 

D xii) Analysis of ATF4 levels (white) in Sc and Si cells prior to and post Nap treatment. 

Immunostaining for ATF4 (white) and FMRP (green) in Sc (left panel) and Si (right 

panel) cells. (E) Quantitation of 4HNE immunofluorescence per cell in Sc and Si cells 

prior to and post Nap. See Fig. S3 for representative images. (F) Quantitation of γ- 

H2AX immunofluorescence per cell in Sc and Si. See Fig. S3 for representative 

images. (G) Cytotoxicity of Nap in Sc and Si cells 24 h post Nap exposure (n=3 

 
In light of the findings in C22 cells, we examined whether perturbations 

to the ISR are also observed in FMRP-deficient CCs in Nap-treated 

mice. We counterstained sections from control and Fmr1 KO lungs post 

Nap with antisera to both ATF4 and ATF3. Although ATF4 

immunostaining was inconclusive, we noted that the levels of ATF3 were 

negligible in CCs in the control lung and upregulated post Nap (Fig. 3.6 

I-J, sections from n=3 mice). Pertinently, the levels of ATF3 in CCs in 

Fmr1 KO did not increase post Nap. These results are consistent with a 

role for FMRP in the induction of ISR in CCs post Nap. 
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Table 3.5: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.5 
 

Figure 

number 

Variables Sum of Squares F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 

3.5A 

Interaction 

Time 

Genotype 

3.844 F (4, 32) = 12.66 P<0.0001 Passed 

1.437 F (4, 32) = 4.733 P=0.0041 

10 F (1, 8) = 57.8 P<0.0001 

Figure 

3.5C 

Interaction 

Time 

Genotype 

1227296089 F (4, 32) = 21.54 P<0.0001 Passed 

1496657239 F (4, 32) = 26.27 P<0.0001 

1452261497 F (1, 8) = 33.42 P=0.0004 

Figure 

3.5E 

Interaction 

Time 

Genotype 

1629028646 F (4, 16) = 4.11 P=0.0177 Passed 

8957959343 F (4, 16) = 22.6 P<0.0001 

6959867445 F (1, 4) = 11.66 P=0.0269 

Figure 

3.5F 

Interaction 

Time 

Genotype 

2412881952 F (4, 16) = 9.973 P=0.0003 Passed 

9546744357 F (4, 16) = 39.46 P<0.0001 

6562205063 F (1, 4) = 271.4 P<0.0001 

experiments). For immunofluorescence analysis ≥ 25 cells were analysed per time 

point/per experiment. Graphical data represents mean ± s.e.m. Black circle (Sc), Grey 

square (Si). Unpaired two-tailed t-test (p< .05*, p< .01**, p< .001***). For normality test 

and two-way ANOVA see Table 3.5. Scale Bar=5 μm. 



56  

 

 
Figure 3.6: Regulation and requirement of the Integrated Stress Response post 

Nap. (A-B) Blots used for ratiometric quantitation of phospho-eIF2α (A) and eIF2α (B) 

in Sc and Si cells prior to and post Nap. Upper panels show blots probed with either 

anti-phosphorylated eIF2α (A) or with anti-eIF2α (B) antibodies. Red boxes indicate 

the area sampled for quantitation of band intensity. Lower panels show respective 

MemCode stained membranes used for quantitation of total protein/well. (C) 

Quantitative RT-PCR-based analysis of ATF4 target gene ATF3 in Sc and Si cells prior 

to and post Nap (n=3 experiments). (D-E) Blots used for ratiometric quantitation of 

phospho-PKR (D) and PKR (E) in Sc and Si cells prior to and post Nap. Upper panels 

show blots probed with anti-phospho-PKR (D) or anti-PKR (E) antibodies. Red box 

indicates the area sampled for quantitation of band intensity. Lower panels show 

respective MemCode stained membranes used for quantitation of total protein/well. (F) 

Western blot-based quantitation of phospho-PKR/ PKR ratios in Sc and Si cells prior 

to and post Nap treatment (n=3 experiments). (G i - G x) Immunostaining for 4HNE 
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Table 3.6: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.6 

 

Figure 

numb 

er 

Variables Sum of Squares F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 

3.6C 

Interaction 

Time 

Genotype 

9.668 F (4, 16) = 17.56 P<0.0001 Passed 

14.04 F (4, 16) = 25.49 P<0.0001 

8.417 F (1, 4) = 22.54 P=0.0090 

Figure 

3.6F 

Interaction 

Time 

Genotype 

1.925 F (4, 16) = 1.813 P=0.1758 Passed 

3.227 F (4, 16) = 3.039 P=0.0484 

3.401 F (1, 4) = 72.97 P=0.0010 

 
 
 
 

3.2.4 FMRP is also required for protecting C22 cells from 9, 10-PQ 

induced stress via induction of the Integrated Stress Response 

 
Though Naphthalene is a well-established injury model for mouse lung, 

more specifically club cells, this model has limitations. Nap is not toxic 

for the human lung, as it cannot be metabolized in human bronchial cells. 

So, we tested another chemical 9, 10-Phenanthrenequinone (PQ), which 

is more generally toxic to different cell types including human bronchial 

cells (Matsunaga T et al, 2009; Yang M et al, 2018). PQ is an air pollutant 

that is present at high levels in diesel exhaust particles and is known to 

trigger oxidative and genotoxic stress (Lavrich KS et al., 2018). As part 

of our characterization of PQ, we first exposed control (scrambled 

(green) in control (Sc) and ATF4-deficient (Atf4 Si) cells prior to and post Nap. (H i-H 

x) Immunostaining for γ-H2AX (red) Sc and Si cells prior to and post Nap. (I-J) 

Expression of ATF3 in the airways in wild type and Fmr1 KO mice prior to and post 

Naphthalene exposure. (I i – I iv) ATF3 (green) and Scgb1a1 (white) immunostaining 

in uninjured wild type (i, iii) and Fmr1 KO (ii, iv) mice. (J i – J iv) ATF3 (green) and 

Scgb1a1 (white) immunostaining in wild type (i, iii) and Fmr1 KO (ii, iv) mice 12 h post 

Nap. Note increased nuclear ATF3 expression in CCs in wild type but not Fmr1 KO 

(white arrow showing Scgb1a1+ cell, red arrow showing ciliated cell). Unpaired two- 

tailed t-test (p< .05*, p< .01**, p< .001***). For normality tests and two-way ANOVA 

see Table 3.6. Scale Bar=5μm 
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Figure 3.7: FMRP deficient C22 cells fail to upregulate the Integrated Stress 

Response and induce ATF4 upon 9, 10-Phenanthrenequinone challenge. (A) 

Schematic showing regimen for PQ injury. (B i – B vi) 4HNE immunostaining (green) 

in Control (Scrambled si-RNA treated, Sc) and Fmr1 si-RNA treated (Si) cells prior to 

and post PQ (n=3 experiments) (C i – C vi) γ-H2AX immunostaining (red) in Sc and Si 

cells prior to and post PQ (n= 3 experiments). (D) Cytotoxicity of PQ in Sc (black circles) 

and Si (grey squares) cells 24 h post PQ (n=3 experiments). (E) ATF4 immunostaining 

(white) in Sc Si cells prior to and post PQ treatment (n= 3 experiments). Unpaired two- 

tailed t-test (p< .05*, p< .01**, p< .001***). Scale Bar=5um 

siRNA-treated cells) and FMRP-depleted (Fmr1 siRNA-treated cells) 

C22 cells to a pulse of PQ for 1 h (see Chapter 2) and harvested cells 

at different timepoints for analysis (shown schematically in Fig. 3.7A). 

Consistent with our findings in the Nap model, we found that FMRP- 

depleted C22 cells exhibited increased expression of 4HNE (Fig. 3.7B) 

and γ-H2AX (Fig. 3.7C) and increased cell death 24 h post exposure 

(Fig. 3.7D). We then examined ATF4 expression to find that although 

ATF4 levels increased in Sc cells at 3 h, 6 h post PQ, no expression 

was detected in Si cells (Fig. 3.7E). These experiments showed that PQ 

treatment does lead to oxidative and genotoxic stress and that FMRP- 

deficient C22 cells are more susceptible. 
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3.2.5 FMRP is expressed in the airways of the human lung and 

protects human bronchial BEAS-2B cells from 9, 10- 

Phenanthrenequinone induced stress 

 
The findings in the murine lung led us to ask whether FMRP has a 

conserved role in the human lung. To investigate this possibility, we first 

examined the distribution of FMRP in the human lung. Paraffin sections 

stained with FMRP antisera showed that FMRP is expressed throughout 

the airways and more broadly (Fig. 3.8 A i, ii, iv, n=2 sections each 

from n=5 independent lung biopsies). Triple labeling experiments with 

markers for ciliated cells and CCs showed that FMRP is expressed in 

both ciliated and non-ciliated cells, including CCs. Based on the 

distribution of FMRP we surmised that the protein could play a role in the 

airways in the human lung as well. 

 
The BEAS-2B cell line is derived from normal human airways. These 

cells do not express markers of ciliated cells and, akin to CCs, have 

characteristics of non-ciliated cells. We stained BEAS-2B cells with 

FMRP antisera to find that these cells expressed FMRP (Fig. 3.8B, n=6 

experiments). We then proceeded to develop an assay to probe the role 

of FMRP in stress responses in these cells. 

 
Since the susceptibility of airway CCs to Nap is not recapitulated in the 

human lung or in BEAS-2B cells (data not shown), we utilized a different 

injury model to probe the role of FMRP in stress responses in human 

cells. 9, 10-Phenanthrenequinone (PQ) is an air pollutant that is present 

at high levels in diesel exhaust particles and is known to trigger oxidative 

and genotoxic stress (Lavrich KS et al., 2018). As part of our 

characterization of PQ, we first exposed control (scrambled siRNA- 

treated cells) and FMRP-depleted (Fmr1 siRNA-treated cells) C22 cells 

to a pulse of PQ for 1 h and harvested cells at different timepoints for 

analysis. Consistent with our findings in the Nap model, we found that 

FMRP-depleted C22 cells exhibited increased expression of 4HNE and 

γ-H2AX and increased cell death 24 h post exposure (Fig 3.7). We then 
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examined ATF4 expression to find that although ATF4 levels increased 

in Sc cells at 3 h, 6 h post PQ, no expression was detected in Si cells 

(data not shown). These experiments showed that PQ treatment does 

lead to oxidative and genotoxic stress, that FMRP-deficient C22 cells are 

more susceptible, and led us to examine the effects of PQ on BEAS-2B 

cells. 

 
To test the role of FMRP in BEAS-2B cells we determined that the 

protocol for the knockdown led to a 90% reduction in the levels of FMRP 

post treatment (Fig. 3.8B-C, n=6 experiments). Next we exposed control 

(scrambled siRNA-treated cells) and FMRP-depleted (FMR1 siRNA- 

treated cells) BEAS-2B cells to a pulse of PQ for 1 h and harvested 

them at different timepoints for analysis (shown schematically in Fig. 

3.8D). We found that FMRP-depleted cells exhibited increased 

expression of 4HNE (Fig. 3.8E-F) and γ-H2AX (Fig. 3.8G-H) at all 

timepoints examined (n=3 experiments each, quantitation of cell 

fluorescence based on n≥25 cells per experiment) and increased cell 

death 24 h post injury (Fig. 3.8I). These experiments showed that FMRP-

deficient BEAS2B cells are more susceptible to PQ. 
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Figure 3.8: FMRP is expressed in the human airways and protects human 

bronchial BEAS-2B cells from 9, 10-Phenanthrenequinone-induced stress. (A-C) 

FMRP expression in the human lung and in BEAS-2B cells, a cell line derived from the 

human bronchial epithelium. (A i - A iv) FMRP immunostaining (green) in the distal 

airways of the human lung. (A i, A ii, A iv) Stained section showing FMRP expression 

in airway non-ciliated cells (Scgb1a1+ (white), white arrows; Scgb1a1-, yellow arrows) 

and ciliated cells (red, red arrow). Boxed area shown at higher magnification in top and 

bottom panels on the right (A ii and A iv). Negative control (secondary alone) for FMRP 

immunostaining shown in A iii. (B) FMRP immunostaining of BEAS-2B cells (Control, 

scrambled siRNA-treated, Sc). (C) FMRP immunostaining of FMR1 siRNA-treated 

BEAS-2B cells. (D-I) Susceptibility of BEAS-2B cells to PQ injury in control (Scrambled 

siRNA-treated, Sc) and FMR1 siRNA-treated (Si) cells. (D) Schematic showing 

regimen for PQ injury. (E-H) Expression of markers of oxidative (4HNE) and genotoxic 

(γ-H2AX) stress in Sc and Si cells prior to and post PQ. (E i - E x) 4HNE 

immunostaining (green) in Sc and Si cells prior to and post PQ. (F) Quantitation of 

4HNE immunofluorescence per cell in Sc and Si cells prior to and post PQ (n=3 

experiments). (G i - G x) γ-H2AX immunostaining (red) in Sc and Si cells prior to and 

post PQ. (H) Quantitation of γ-H2AX immunofluorescence per cell in Sc and Si cells 

prior to and post PQ. (I) Cytotoxicity of PQ in Sc and Si cells 24 h post PQ exposure 

(n=3 experiments). For immunofluorescence analysis ≥ 25 cells were analysed per 
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Table 3.8: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.8 

 

Figure 

number 

Variables Sum of Squares F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 

3.8F 

Interaction 

Time 

Genotype 

8452531801 F (4, 16) = 12.1 P=0.0001 Passed 

16492731939 F (4, 16) = 23.62 P<0.0001 

16448237473 F (1, 4) = 72.34 P=0.0010 

Figure 

3.8H 

Interaction 

Time 

Genotype 

606376703 F (4, 16) = 3.198 P=0.0414 Passed 

825663994 F (4, 16) = 4.354 P=0.0143 

1730144538 F (1, 4) = 76.47 P=0.0009 

 
3.2.6 FMRP is required for the induction of the Integrated Stress 

Response pathway that protects from 9, 10-Phenanthrenequinone 

induced stress in BEAS2B cells 

 
Next, we determined whether FMRP is required for the induction of the 

ISR in BEAS-2B cells. As described previously, we probed the 

phosphorylation status of eIF2α (Fig. 3.9 A, Fig. 3.10 A–B, n=5), the 

levels of ATF4 induction (Fig. 3.9 B-C, n=5) and the levels of ATF3 

induction (Fig. 3.10 C, n=3), and the ratio of phosphorylation status of 

PKR (Fig. 3.10 D-F) at different times post PQ. These experiments 

showed that although p-PKR levels were increased in both Sc and Si 

post PQ, all of the downstream processes of the ISR were perturbed in 

Si. We concluded that FMRP is required for the ISR in BEAS-2B cells 

post PQ. 

 
We then investigated whether the loss of ATF4 would recapitulate the 

loss of FMRP post PQ. Control (Scrambled siRNA) and ATF4 siRNA 

treated BEAS-2B cells were exposed to PQ as previously described and 

cells were harvested at different timepoints for analysis. Consistent with 

expectations, ATF4 siRNA-treated cells showed no anti-ATF4 

timepoint/per experiment. Graphical data represents mean ± s.e.m. Black circle (Sc), 

Grey square (Si). Unpaired two-tailed t-test (p< .05*, p< .01**, p< .001***). For normality 

tests and two-way ANOVA see Table 3.8. Scale Bar=5 μm. 
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immunostaining post PQ exposure (Fig. 3.9 D, n=3 experiments). We 

found that ATF4-depleted BEAS-2B cells exhibited increased 

expression of 4HNE (Fig. 3.9 E, representative images shown in Fig. 

3.10 G) and γ-H2AX (Fig. 3.9 F, representative images shown in Fig. 

3.10 H) and increased cell death 24 h post injury (see methods, Fig. 

3.9 G). These data indicated that the loss of ATF4 largely phenocopies 

the loss of FMRP in PQ-treated BEAS-2B cells. 

 
The findings in BEAS-2B cells suggested that the role of FMRP in the 

actuation of the ISR pathway is conserved. To probe whether this finding 

is more broadly applicable to the lung, we performed the assays 

described above in another cell line of epithelial origin: A549 cells. We 

found that although A549 cells are of alveolar origin, they also express 

FMRP (Fig. 3.11A). Importantly, PQ exposure assays showed that A549 

lacking FMRP exhibit higher levels of oxidative and genotoxic stress and 

fail to ATF4 expression (Fig. 3.11 B-I). Taken together, the studies in 

BEAS-2B and A549 strongly suggest that FMRP also regulates the 

induction of the ISR in the human respiratory epithelium. 

 

 

 

Figure 3.9: FMRP deficient BEAS-2B cells fail to upregulate the Integrated Stress 

Response and induce ATF4, essential for protection from 9, 10- 

Phenanthrenequinone induced stress. (A) Western blot-based quantitation of 

phospho-eIF2α /eIF2α ratios in Sc and Si cells prior to and post PQ treatment (n=5 
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Table 3.9: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.9 
 

Figure 

number 

Variables Sum of Squares F statistic P value Normality 

(Shapiro-Wilk 

normality 

test) 

Figure 

5A 

Interaction 

Time 

Genotype 

2.693 F (4, 32) = 4.493 P=0.0054 Passed 

2.027 F (4, 32) = 3.381 P=0.0204 

6.657 F (1, 8) = 30.61 P=0.0006 

Figure 

5C 

Interaction 

Time 

Genotype 

671166420 F (4, 32) = 18.27 P<0.0001 Passed 

865757156 F (4, 32) = 23.57 P<0.0001 

833533615 F (1, 8) = 108.7 P<0.0001 

Figure 

5E 

Interaction 

Time 

Genotype 

2140882670 F (4, 16) = 3.972 P=0.0200 Passed 

3078466752 F (4, 16) = 5.711 P=0.0047 

6767050455 F (1, 4) = 22.36 P=0.0091 

Figure 

5F 

Interaction 

Time 

Genotype 

3271361264 F (4, 16) = 7.662 P=0.0012 Passed 

3918054177 F (4, 16) = 9.177 P=0.0005 

7807658529 F (1, 4) = 10.24 P=0.0329 

experiments). See Fig. S4 (A-B) for representative blots used for quantitation. (B-C) 

Analysis of ATF4 prior to and post PQ. (B i- B viii) ATF4 immunostaining (white) in Sc 

(upper panel) and Si cells (lower panel) prior to and post PQ treatment. Note nuclear 

accumulation of ATF4 in Sc cells by 6 h post PQ treatment (inset). (C) Quantitation of 

ATF4 immunofluorescence per cell in Sc and Si cells prior to and post PQ (n=5 

experiments). (D-G) Susceptibility of BEAS-2B cells to PQ in control (Scrambled 

siRNA-treated, Sc) and ATF4 siRNA-treated (Si) cells. (D i - D xii) Analysis of ATF4 

levels (white) and FMRP (green) in Sc (left panel) and Si (right panel) cells prior to and 

post PQ treatment. (E) Quantitation of 4HNE immunofluorescence per cell in Sc and 

Si. See Fig. S4 G for representative images. (F) Quantitation of γ-H2AX 

immunofluorescence per cell in Sc and Si. See Fig. S4 H for representative images. 

(G) Cytotoxicity of PQ in Sc and Si cells 24 h post PQ treatment (n=3 experiments). 

For immunofluorescence analysis ≥ 25 cells were analysed per timepoint/per 

experiment. Graphical data represents mean ± s.e.m. Black circle (Sc), Grey square 

(Si). Unpaired two-tailed t-test (p< .05*, p< .01**, p< .001***). For normality tests and 

two-way ANOVA see Table 3.9. Scale Bar=5 μm. 
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Figure 3.10: Regulation and requirement of the Integrated Stress Response post 

PQ in BEAS-2B cells. (A-B) Blots used for ratiometric quantitation of phospho-eIF2α 

(A) and eIF2α (B) in Sc and Si cells prior to and post PQ. Upper panels show blots 

probed with either anti-phospho-eIF2α (A) or anti-eIF2α (B) antibodies. Red boxes 

indicate the area sampled for quantitation of band intensity. Lower panels show 

respective MemCode stained membranes used for quantitation of total protein/well. (C) 

Quantitative RT-PCR-based analysis of expression of ATF3 in Sc and Si cells prior to 

and post PQ (n=3 experiments). (D-E) Blots used for ratiometric quantitation of 

phospho-PKR (D) and PKR (E) in Sc and Si cells prior to and post PQ. Upper panels 

show blots probed with anti-phospho-PKR (D) or anti-PKR (E) antibodies. Red boxes 

indicate the area sampled for quantitation of band intensity. Lower panels show 

respective MemCode stained membranes used for quantitation of total protein/well. (F) 

Western blot-based quantitation of phospho-PKR/ PKR ratios in Sc and Si cells prior to 

and post PQ treatment (n=3 experiments). (G i – G x) Immunostaining for 4HNE 

(green) in control (Scrambled siRNA treated, Sc) and ATF4-siRNA treated (Si) cells 

prior to and post PQ. (H i - H x) Immunostaining for γ-H2AX (red) Sc and Si cells prior 

to and post PQ. Unpaired two-tailed t-test (p< .05*, p< .01**, p< .001***). For normality 

test and two-way ANOVA see Table 3.10. Scale Bar=5μm 
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Table 3.10: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.10 
 

Figure 

number 

Variables Sum of 

Squares 

F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 

3.10C 

Interaction 

Time 

Genotype 

39.81 F (4, 16) = 14.69 P<0.0001 Passed 

48.27 F (4, 16) = 17.81 P<0.0001 

10.59 F (1, 4) = 18.4 P=0.0128 

Figure 

3.10F 

Interaction 

Time 

Genotype 

0.2878 F (4, 16) = 0.9184 P=0.4772 Passed 

1.675 F (4, 16) = 5.346 P=0.0063 

0.1134 F (1, 4) = 0.2715 P=0.6298 
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Figure 3.11: FMRP is expressed in human A549 cells and protects it from 9, 10- 

Phenanthrenequinone-induced stress. (A-B) FMRP expression in the A549 cells. 

(A) FMRP immunostaining of A549 cells. (B) FMRP immunostaining of FMR1 siRNA- 

treated A549 cells. (C) Schematic showing regimen for PQ injury. (D-I) Susceptibility 

of FMRP-deficient A549 cells to PQ injury. (D-G) Expression of markers of oxidative 

(4HNE) and genotoxic (γ-H2AX) stress in (Control,Scrambled siRNA treated) Sc and 

(FMR1 siRNA treated) Si cells prior to and post PQ. (D i - D viii) 4HNE immunostaining 

(green) in Sc and Si cells prior to and post PQ. (E) Quantitation of 4HNE 

immunofluorescence per cell in Sc and Si cells post PQ. (F i- F viii) γ-H2AX 

immunostaining (red) in Sc and Si cells prior to and post PQ. (G) Quantitation of γ- 

H2AX immunofluorescence per cell in   Sc   and   Si cells   post   PQ.   (H i - H 

viii) Immunostaining of ATF4 levels (white) in Sc and Si cells prior to and post PQ 

treatment. (I) Quantitation of ATF4 immunofluorescence per cell in Sc and Si cells prior 

to and post Nap. ≥ 25 cells were analysed per time point/per experiment, n=3 

experiments. Black circle (Sc), Grey square (Si). Graphical data represents mean ± 
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Table 3.11: Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 3.11 
 

Figure 

number 

Variables Sum of Squares F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 

3.11E 

Interaction 

Time 

Genotype 

3210672601 F (4, 16) = 6.877 P=0.0020 Passed 

5874063911 F (4, 16) = 12.58 P<0.0001 

5128674934 F (1, 4) = 6.088 P=0.0691 

Figure 

3.11G 

Interaction 

Time 

Genotype 

15464281 F (4, 16) = 5.435 P=0.0059 Passed 

17602971 F (4, 16) = 6.187 P=0.0033 

11380216 F (1, 4) = 63.39 P=0.0013 

Figure 

3.11I 

Interaction 

Time 

Genotype 

889643528 F (4, 16) = 3.84 P=0.0226 Passed 

1043483050 F (4, 16) = 4.505 P=0.0125 

2155934395 F (1, 4) = 125.8 P=0.0004 

SEM. Unpaired two-tailed t-test (p< .05*, p< .01**, p< .001***). For normality tests and 

two-way ANOVA see Table 3.11. Scale Bar=5 μm. 
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3.3 Conclusion 

 

These data from mouse and murine lung derived C22 cells suggest that FMRP 

is expressed broadly in murine lung epithelium, predominantly in the airways, 

as well as in C22 cells. Fmr1 knockout mice do not show any marked difference 

in the lung histology or in the level of stress marker expression under uninjured 

conditions. But, upon injury, FMRP deficient club cells and club-like c22 cells 

become more susceptible to cellular stress and stress-mediated cell death. The 

data shows that FMRP regulates ISR in C22 cells, which is a key pathway of 

cellular stress response during xenobiotic stress induced by Nap treatment. The 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.12: Model for the role of FMRP in the regulation of the Integrated Stress 

Response in the lung. Exposure to xenobiotics such as Naphthalene (Nap) and 9,10- 

Phenanthrenequinone (PQ) result in the activation of at least one of four stress- 

responsive kinases (GCN2, PERK, PKR, HRI) and to the induction of Integrated Stress 

Response Pathway (ISR, outlined in red). Our findings suggest that FMRP has an 

essential role downstream to phosphorylation of kinases (outlined in blue). 
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data also shows that in absence of FMRP C22 cells fail to actuate ISR. We 

found that at multiple steps, like phosphorylation of eIF2α, activation of ATF4 

and ATF3, ISR has not been actuated in FMRP deficient C22 cells. Though the 

underlined mechanism has not been elucidated in great detail. 

 
FMRP has been detected in both human lung and human lung derived cell lines 

BEAS2B and A549. On this basis, human bronchial cell line BEAS2B and 

alveolar cell line A549 have been used to investigate the role of FMRP in human 

lungs. It has been found that in these human lung derived cell lines also, FMRP 

is required to protect the cells from chemical (9, 10 PQ) induced stress and 

activation of ISR. Altogether these data indicate FMRP may play a crucial role 

in protecting the lung from xenobiotic stress. 

 
The study gives an indication that FMRP may act downstream to kinases, as it 

has been found that phosphorylation of PKR remains unaffected in absence of 

FMRP. In many cases it has been found that activation of one kinase is 

sufficient to activate eIF2α. Though in these particular cases of Nap or PQ 

injury, there is no evidence to say that other kinases are not involved. As the 

study could not comment on the activation status of other three kinases (GCN2, 

PERK and HRI) it cannot be strongly concluded that FMRP acts downstream 

to the stress responsive kinases. Although the molecular mechanism of eIF2α 

phosphorylation by FMRP, remains to be examined. 
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Chapter 4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Probing possible alternate mechanisms by which 

FMRP may regulate stress responses in the lung 
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4.1 Possible explanation for FMRP phenotype in the lung 
 

 

As discussed in the Introduction (chapter- I) there are mainly three existing 

models to describe the role of FMRP in cellular stress response; FMRP 

dependent regulation of SOD1, perturbation of SG biogenesis in FMRP 

deficient cells, and FMRP dependent DNA damage response in replication 

stress. We tried to probe whether these roles for FMRP are also relevant to 

the lung in the context of the injury models that we have tested. The following 

sections will shed light on these possibilities to explain FMRP phenotype in the 

context of our injury models. 

 
4.2 Regulation of Superoxide dismutase 1 expression by FMRP in the lung 

 

 

4.2.1 Superoxide dismutase as a group of metalloprotein enzymes 

 

Superoxide dismutase (SOD) is a group of enzymes that catalyze the 

conversion of superoxide radicals into oxygen (O2) and hydrogen 

peroxides (H2O2) (Younus H, 2018; Zelko IL, 2002). There are three 

known forms of SOD present in humans and most other mammals. 

Among these, SOD1 is cytoplasmic, SOD2 is mitochondrial, and SOD3 

is secreted form that is found in the extracellular matrix. SOD1 and 

SOD3 have Cu-Zn at their active site, whereas SOD2 has Mn+2 at its 

reactive center (Zelko IL et al, 2002; Okado-Matsumoto A, 2001). 

SODs play an important role in quenching reactive oxygen species 

(ROS) during oxidative stress and are extremely important for lung 

health. Mutation of SOD1 gene causes pulmonary restriction (a 

decrease in total volume of air due to decreased elasticity of the lung) at 

very early developmental stages, and also Amyotrophic lateral 

sclerosis (ALS), a neurodegenerative disease (Stoica L et al, 2017; 

Tankersley CG et al, 2007; Noor R et al, 2002). Impaired activity of 

SOD2 is related to asthma pathophysiology and SOD3 has been 

shown to protect the lung from oxidative stress mediated injury (Zelko IL 

et al, 2002; Constantino L et al, 2014; Siedlinski M et al, 2009). 
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4.2.2 FMRP dependent Superoxide dismutase1 expression in the 

mouse brain 

 
Superoxide dismutase 1 (SOD1) is a cytoplasmic protein that exists as 

a homodimer of 32 kDa. The study of Bechara et al (Bechara et al, 

2009) on murine brain, revealed that in absence of FMRP SOD1 

translation was reduced in brain tissue, hence resulted in elevated level 

of oxidative stress. They also showed that FMRP physically interact with 

SOD1 mRNA and positively regulates translation of SOD1 in brain. 

SOD1 mRNA has a conserved 64 nucleotide fragment with three 

independent stem loop structures called SoSLIP domain, which interacts 

with the C-terminal domain of FMRP. This finding led us to investigate 

the interaction between SOD1 and FMRP in the lung. The idea was to 

find out whether decreased level of FMRP-dependent SOD1 expression 

can explain the susceptibility of FMRP deficient lung or lung derived cells 

to xenobiotic stress. This could also potentially reveal the role of FMRP 

in directly modulating the expression of stress related genes other than 

those involved in the ISR pathway. 

 
4.3 Results 

 

4.3.1 FMRP does not regulate SOD1 expression in the lung 

 

To investigate whether FMRP has any role in SOD1 expression in 

the lung, we first tried to validate finding of Bechara et al in our 

mouse model. To do this we used Western blot technique and 

analysed brain lysates from WT and Fmr1 KO mice. We could 

recapitulate the the decreased level of SOD1 expression in Fmr1 

KO mice as compared to the WT (n=3; Fig 4.1A i –ii). 

 
Next, we analysed the whole lung lysates through western blot and 

probed for SOD1 levels. This data shows no significant difference 

(n=3) in the levels of SOD1 between WT and Fmr1 KO lung (Fig 

4.1A 
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iii- iv). Taken together the results suggest that unlike in the brain, 

SOD1 translation is not affected in the lungs of Fmr1 KO mice. 

 
To further confirm the finding, we examined the expression of SOD1 

in adult lungs from wild-type (WT) and Fmr1 KO animals by 

immunostaining. Lung sections from WT mice were stained with anti- 

SOD1 antisera and examined under a confocal microscope (5μm, 

n=3 mice). We observed that SOD1 is predominantly expressed in 

airway club cells, but failed to detect any noticeable difference in the 

levels of SOD1 between WT (Figure 4.1B; SOD1 in green, acetylated 

tubulin in red, marking the cilia of ciliated cells and Scgb1a1 in white, 

marking the club cells) and KO (Fig 4.1C ) lung tissues. 

 
We also examined the expression of SOD1 in C22 (mouse clara cell 

line) and BEAS-2B (human bronchial non-ciliated cell line) cells with 

and without FMRP. Control (Scrambled siRNA treated) and Fmr1 si 

RNA treated C22 cells were stained with anti-SOD1 antisera and 

images were taken with a confocal microscope (Fig 4.1D, 4.1E). Total 

cell fluorescence was analyzed in 25 cells (number of 

experiments=3) using ImageJ software (Fig 4.1F). No obvious 

difference was detected in the level of SOD1 protein in the 

presence or absence (~80% reduction) of FMRP. We analyzed 

BEAS-2B cells in a similar way, but could not detect any significant 

difference in the level of SOD1 between control (Sc- treated, Figure 

4.1G) and FMR1 si-RNA treated (Fig 4.1H) cells. Average 

fluorescence intensity per cell from control and FMRP-deficient cells 

were represented in a scatter plot (Fig 4.1I), which also reveals the 

same (number of experiments =3). Taken together these data 

suggest that though SOD1 expression is decreased in the brain 

tissue of Fmr1 KO mice compared to the WT littermate, there is no 

obvious difference in the level of SOD1 in the lung or bronchial cell 

lines in the presence or absence of FMRP. So, we may conclude 

that there is no role of FMRP in regulation of SOD1 expression in 

the lung at homeostatic 
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Figure 4.1: FMRP does not regulate SOD1 expression in lung and bronchial cell 

lines (A i- A iv) Western blot-based quantitation of SOD1 in WT and Fmr1 KO brain 

and lung (n=3 experiments). Blots used for quantitation of SOD1 from brain (A i) and 

lung (A iii) tissue lysate in WT and Fmr1 KO mice. Upper panels show blots probed 

with anti-SOD1 and lower panels show blots probed with anti-β-tubulin (A i, Aiii) 

antibodies. Red boxes indicate the area sampled for quantitation of band intensity. (B- 

C) SOD1 expression in the murine lung. SOD1 immunostaining (green) in airway 

epithelial cells. Shown here are CCs (white, Scgb1a1) and ciliated cells (red, 

acetylated-tubulin) in wild-type (B) and Fmr1 KO (C). (D-F) SOD1 expression in the 

C22 cell line with or without FMRP. SOD1 immunostaining (green) in control 

condition and that reduced levels of SOD1 is unlikely to be a major 

fact in determining susceptibility to Nap induced stress. 
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4.3.2 FMRP may regulate SOD1 expression post injury in a 

context specific way 

 
From our preliminary experiments it was quite clear to us that SOD1 

translation is not under the regulation of FMRP, at least in the 

homeostatic lung. This led us to investigate if there was any inter- 

relation between FMRP and SOD1 expressions in the lung during 

stress, such as Naphthalene injury. In order to do this, we stained 

sections from mouse lung, both prior to and post Nap injury (12h and 

24h) with anti-SOD1 antisera, and examined under confocal 

microscope. We observed a dramatic increase of SOD1 expression 

in WT lung from 12h to 24h post nap injury (Fig 4.2A ii- iii). We did 

not detect any change in the Fmr1 KO lung (Fig 4.2A v- vi) during 

12h to 24 h post Nap. These data suggest FMRP may have a role 

in regulating translation of SOD1 post injury in the mouse lung. 

 
Next, we examined SOD1 expression in C22 cells with and without 

FMRP, prior to and post Nap injury by immunostaining method. 

Control (Sc treated) and Fmr1 si RNA treated C22 cells were 

incubated with 75μg ml-1 Naphthalene for 1 h, then washed and fresh 

media was added. Cells were analyzed at 3h, 6h and 12h post 

injury (Fig 4.2B). The analysis showed up-regulation of SOD1 

expression in control (Fig 4.2C i-iv, Sc) at 3h and 6h post injury, and 

the expression came down to baseline at 12h post injury. However, 

levels of SOD1 did not show any increase in the Fmr1 deficient C22 

cells post injury at any time point (Fig 4.2C v-vi, Si). The analysis of 

average fluorescence intensity showed significant difference 

(Scrambled siRNA-treated, Sc) (D) and Fmr1 siRNA-treated (Si) cells (E). (F) 

Quantitation of SOD1 immunofluorescence per cell in Sc (black bars) and Si (grey 

bars). (G-I) SOD1 expression in the BEAS-2B cell line with or without FMRP. SOD1 

immunostaining (green) in control (Scrambled siRNA-treated, Sc) (G) and Fmr1 siRNA- 

treated (Si) cells (H). (I) Quantitation of SOD1. Immunofluorescence per cell in Sc 

(black bars) and Si (grey bars). Graphical data represents mean ± s.e.m. Unpaired two- 

tailed t-test (p< .05*, p< .01**, p< .001***). Scale bar= 5μm. 
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between control and Fmr1 knocked down cells at 3h and 6h (Fig 

4.2D). We also examined C22 cells prior to and post 9,10- 

Phenanthrenequinone (PQ) injury in the presence and absence of 

FMRP (Fig 4.2E). This experiment revealed that SOD1 up-regulation 

is partially dependent on FMRP post PQ in C22 cells. There were 

some increases in the level of SOD1 at 3h and 6h even in FMRP 

deficient cells (Fig 4.2F v-vii), however, the increase was not up to 

the level of SOD1 increase in control (Fig 4.2F i- iii). Analysis of 

average fluorescence intensity showed significant difference in the 

level of SOD1 expression post PQ between control (Sc) and FMRP 

deficient C22 cells (Fig 4.2G), but also showed some increase in 

SOD1 level in Fmr1 si treated cells post PQ. These results suggest 

SOD1 up-regulation in C22 cells could be dependent on FMRP post 

Nap injury. 

 
Then we analyzed BEAS-2B cells post PQ at 3h, 6h and 12h. 

Unexpectedly, we failed to detect any difference between control and 

FMR1 siRNA treated cell population (Fig 4.2H, 4.2I). Both control and 

FMRP deficient BEAS-2B cells were almost equally able to up- 

regulate SOD1 expression post PQ. These infers post injury SOD1 

up-regulation is dependent on FMRP in mice but not in humans. 
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Figure 4.2: FMRP partially regulates Superoxide Dismutase 1 (SOD1) expression 

post xenobiotic stress in mouse but not in human. (A) SOD1 immunostaining 

(green, shown in insets) in control and Fmr1 KO lungs prior to and post Nap treatment. 

In control lungs (upper panel) SOD1 immunostaining is detected in the airways in Club 

cells (Scgb1a1, white) prior to Nap treatment and increased in intensity post Nap 

treatement. In Fmr1 KO lungs (lower panel) SOD1 immunostaining is detected in 

Club cells prior to Nap but not increased at 12, 24 hr post Nap. (B) Schematic showing 

regimen for Nap treatment on C22 cells. (C i – C viii) Immunostaining for SOD1 in 

control (Sc) and FMRP-deficient (FMR1 Si) C22 cells at different points post Nap 

exposure. (D) Quantitation of levels of SOD1 immunostaining per cell in Sc (black bars) 

and Si (grey bars). For SOD1 total cell fluorescence ≥ 25 cells were analysed per 

timepoint, per experiment (n=3 different sets of experiment). (E) Schematic showing 

regimen for 9, 10-PQ treatment on C22 cells. (F i- F viii) Immunostaining for SOD1 in 

control (Sc) and FMRP-deficient (FMR Si) C22 cells at different points post PQ 

exposure. In contrast to Nap exposure, the levels of SOD1 show a slight increase in 

C22 cells post PQ (see figures 6 hr timepoint). (G) Quantitation of levels of SOD1 
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Table 4.2. Two-way ANOVA to show time-wise and genotype-wise 

changes in the graphical data used in Fig 4.2 
 

Figure 

number 

Variables Sum of Squares F statistic P value Normality 

(Shapiro-Wilk 

normality test) 

Figure 

4.2D 

Interaction 

Time 

Genotype 

1037389574 F (2, 12) = 22.78 P<0.0001 passed 

919440281 F (2, 12) = 20.19 P=0.0001 

1574610165 F (1, 12) = 69.15 P<0.0001 

Figure 

4.2G 

Interaction 

Time 

Genotype 

1780486850 F (2, 8) = 22.59 P=0.0005 passed 

4957728271 F (2, 8) = 62.89 P<0.0001 

3189319886 F (1, 4) = 45.72 P=0.0025 

Figure 

4.2I 

Interaction 

Time 

Genotype 

14111297 F (2, 8) = 2.737 P=0.1243 passed 

671415182 F (2, 8) = 130.2 P<0.0001 

837589 F (1, 4) = 0.3589 P=0.5814 

 

4.4 Context specific dependency of post injury SOD1 expression on FMRP 

does not explain the FMRP phenotype under all experimental conditions, 

whereas the role of FMRP in the ISR can account for the phenotype more 

generally 

 
According to the study, we can conclude that unlike the murine brain, under 

uninjured conditions, SOD1 translation is not dependent on FMRP in the 

murine lung. SOD1 gene could be partially under the regulation of FMRP 

in mouse lung and lung derived bronchial cells in an injury-dependent 

manner. Depending on the type of injury, FMRP dependent SOD1 up-

regulation may vary to different extent. It may also indicate that there 

could be other 

immunostaining per cell in Sc (black bars) and Si (grey bars). For SOD1 total cell 

fluorescence ≥ 25 cells were analysed per timepoint, per experiment (n=3 different sets 

of experiment). (H i – H viii) Immunostaining for SOD1 in control (Sc) and FMRP- 

deficient (FMR Si) BEAS-2B cells at different points post PQ exposure. Note that the 

levels of SOD1 immunostaining are comparable in Sc (upper panel) and Si (lower 

panels) at all timepoints post PQ. (I) Quantitation of levels of SOD1 immunostaining 

per cell in Sc (black bars) and Si (grey bars). For SOD1 total cell fluorescence ≥ 25 

cells were analysed per timepoint, per experiment (n=3 different sets of experiment). 

Scale Unpaired two-tailed t-test (p< .05*, p< .01**, p< .001***). Graphical data 

represents mean ± s.e.m. Unpaired two-tailed t-test (p< .05*, p< .01**, p< .001***). For 

normality tests see Table 4.2. Scale bar= 5μm. 
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mechanisms of SOD1 translation in the lung, which is not dependent on 

FMRP. The study also reveals that SOD1 up-regulation is not likely to be 

dependent on FMRP in human lungs. Taken together, this data does not 

adequately explain susceptibility of FMRP deficient C22 cells across injury 

models or in human BEAS2b to PQ injury. This suggests that perturbation 

of ISR is a more parsimonious reason for the susceptibility of FMRP 

deficient bronchial epithelial cells to xenobiotic stress, and not the regulation 

of SOD1 by FMRP. 

 
4.5 FMRP dependent stress granule formation in lung derived cell lines 

 

4.5.1 Stress granule 

 

Stress granules (SGs) are membrane-less condensates of the 

translation initiation complex, ribosomes, mRNAs and RNA binding 

proteins (Youn JY et al, 2019). These are dynamic compartments 

formed due to stress induced translation arrest, and are used for 

storage of mRNAs. Depending on the post stress fate of the cell, these 

granules are either resolved. There are a number of proteins and 

mRNAs associated with SGs. Tia1 was found to promote SG 

biogenesis by its prion-like self- aggregation activity and RNA binding 

capacity (Gliks N et al, 2004). Apart from Tia1, Atx2, G3BP, TDP 43 

are the other well-known markers of SGs (Tsang B et al, 2016; 

Bakthavachalu B et al, 2018; Nonhoff U et al, 2007). Biochemically 

isolated SGs have two distinct layers, the more dynamic outer shell, 

and an inner core structure (Protter DSW and Parker R, 2016). SGs are 

categorized into two main types: canonical and non-canonical. Canonical 

SG biogenesis is dependent on phosphorylation of eIF2α (Reineke LC 

et al, 2012; Eiermann N et al, 2022), whereas non-canonical SG 

formation does not require eIF2α phosphorylation (Grousl, T. et al, 2009; 

Dang Y et al, 2006; Emara MM et al, 2012). On the other hand, certain 

type of stresses may lead to eIF2α phosphorylation without SG biogenesis 

(Zhai X et al, 2018; Montero H et al, 2008). Depending on the stressor, 

SG formation can follow a canonical or non-canonical pathway. 
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4.5.2 Role of stress granules in the cell 

 

SGs have multiple roles in maintaining cellular health. They are involved 

in localization, compartmentalization, degradation and translation of 

mRNAs. SG dynamics is crucial for functionality of the cell. 

Neurodegenerative diseases may cause increased SG formation or 

defective clearance of SGs (Protter DSW and Parker R, 2016). SG 

formation may induce stress response and cell survival pathways, or pro- 

death pathways during chronic stress (Reineke LC et al, 2018). 

 
4.5.3 Stress granule biogenesis and role of FMRP in the process 

 

FMRP interacts with several SG associated proteins like G3BP, 

ATXN2L, Caprin1, and PABP1. FMRP has been found to be a SG 

protein itself. Moreover, the study of Didiot and coworkers showed that 

FMRP deficient cells were unable to form SGs in response to heat shock 

and arsenite stress. Interestingly they report that along with Tia1, FMRP 

could also be an early SG assembly protein (Didiot MC et al, 2009). 

 
As FMRP has been found to have a role in stress granule biogenesis, 

we wanted to investigate whether FMRP regulates the efficacy of 

stress response by regulating stress granule biogenesis in lung 

epithelial cells during xenobiotic stress induced by Nap or PQ. 

 
4.6 Results 

 

4.6.1 In response to Arsenite stress, Stress Granule biogenesis is 

affected in FMRP deficient bronchial epithelial cell lines 

 
FMRP was found to be associated with SGs in many studies. Didiot 

MC et al report showed perturbation of Tia-1 granule formation in post 

arsenite and heat shock stress in the FMRP deficient mouse fibroblast 

cells. This report does not talk about the effect of the perturbation to 

SG biogenesis on cell health, and it is currently unclear whether a 

defect in 
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SG biogenesis alone can render cells more susceptibility to stressful 

stimuli (Adjibade P et al., 2017). We decided to explore the possibility of 

FMRP dependent SG biogenesis as a mechanism behind the 

susceptibility of FMRP deficient bronchial epithelial cells to Naphthalene 

and PQ induced stress. 

 
In order to investigate this, we first exposed murine C22 cells with 

(Control, treated with Scrambled siRNA, Sc) and without FMRP (Fmr1 

siRNA treated, Si) to 250μM concentration of sodium arsenite (Linero 

FN, 2011; Reineke LC et al, 2018) dissolved in water for an hour (Fig 

4.3A). After an hour of exposure, cells were washed and fixed. Cells 

were stained with anti-Tia1 and anti-FMRP antisera prior to and post 

arsenite treatment to detect Tia1 and FMRP condensates. Confocal 

analysis showed both control (Sc) and FMRP deficient (Si) C22, having 

a more or less diffuse pattern of Tia1 staining (Fig 4.3B i, Fig 4.3C i). 

Under the same conditions, FMRP anti-sera appeared to detect very 

small granules, predominantly in the cytoplasm of the control cells (Fig 

4.3B ii) but not in the siRNA treated cells (Fig 4.3C ii). We observed 

what appeared to be large cytoplasmic granules post arsenite exposure 

for Tia1 (Red, white arrowhead, Fig 4.3B iv) and FMRP (Green, white 

arrows, Fig 4.3B v) in the Sc treated control cells, but not in the FMRP 

deficient cells (Fig 4.3C iv-vi). The large overlapping of Tia-1 and FMRP 

granules (white double arrowhead, Fig 4.3 B vi) and presence of small 

non-overlapping Tia1 granules (white arrowhead, Fig 

4.3 B vi) and FMRP granules (white arrow, Fig 4.3 B vi) in post arsenite 

Sc treated C22 cells. 

 
Next, we performed the arsenite experiment with human BEAS2b cells 

(Fig 4.3 D-E). The human BEAS2b cells with (Scrambled siRNA treated 

control, Sc) and without FMRP (FMR1 siRNA treated, Si) were 

exposed to 250μM concentration of sodium arsenite dissolved in water 

for an hour. As before, we observed, various sized overlapping (white 

double arrowhead, Fig 4.3 D vi) and non-overlapping Tia1 (red, white 

arrowhead, Fig 4.3 B vi) and FMRP (Green, white arrow, Fig 4.3 D vi) 
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Figure 4.3: Stress granule biogenesis is affected in FMRP deficient cells post 

Arsenite exposure. (A) Schematic showing regimen of sodium arsenite injury. (B-C) 

Tia1 (red) and FMRP (green) immunostaining prior to and post arsenite in control and 

FMRP-depleted C22 cells (Scrambled siRNA treated, Sc and Fmr1 siRNA treated, Si). 

(B i- B iii) Tia1 and FMRP staining in uninjured Sc. (B iv- B vi) Tia1 and FMRP 

immunostaining in Sc post arsenite. Tia1 granules indicated with white arrowheads, 

FMRP granules indicated with white arrow, Tia1, FMRP co-expressing granules shown 

with double arrowheads. Note the presence of granules with overlapping and non- 

overlapping expressions of these markers. (C i- C iii) Tia1 and FMRP staining in 

uninjured Si. (C iv- C vi) Tia1 and FMRP immunostaining in Si post arsenite. Note 

absence of both Tia1 and FMRP granules in Si cells (n= 2 experiments). (D-E) Tia1 

(red) and FMRP (green) immunostaining prior to and post arsenite in control and 

FMRP-depleted BEAS-2B cells (Scrambled siRNA treated, Sc and Fmr1 siRNA 

treated, Si). (D i- D iii) Tia1 and FMRP staining in uninjured Sc. (D iv- D vi) Tia1 and 

FMRP immunostaining in Sc post arsenite. Tia1 granules indicated with white 

arrowheads, FMRP granules indicated with white arrow, Tia1, FMRP co-expressing 

granules shown with double arrowheads. Note the presence of granules with 

granules in post arsenite Sc treated BEAS2b cells, but not in FMRP 

deficient BEAS2b cells (Fig 4.3E iv-vi). 

 
These results validated the finding of Didiot MC et al in the bronchial 

epithelial cell lines C22 and BEAS2b. 
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4.6.2 In response to Nap and PQ stress, Tia1 expression is affected 

in FMRP deficient cells 

 
In an effort to characterize the role of FMRP in the stress response, we 

probed SG biogenesis in control and FMRP-depleted C22 cells post 

Nap. To determine whether the SG biogenesis was inhibited in FMRP- 

deficient C22 cells 1 h post Nap, we stained Sc and Si cells with antisera 

against TIA1/FMRP (anti-TIA1 immunostaining shown in red, white 

arrowhead, and anti-FMRP immunostaining shown in green, white 

arrow, Fig. 4.4 A; n=3 experiments). Confocal analysis showed that 

unlike arsenite, Nap does not induce formation of large Tia1-FMRP 

punctae during the time course of the experiment. Rather, we observed 

very small, mostly non-overlapping granular appearances of Tia1 and 

FMRP in Sc cells (Fig 4.4A i-v), but not in Si cells (Fig 4.4A vi-x). This 

observation primarily led us to consider that SG biogenesis has been 

perturbed in FMRP-depleted cells. Then images were analyzed carefully 

by using the particle count tool of Fiji software to determine the sizes and 

intensity of condensates. It was found that the maximum number of 

condensates was very small (< 0.5 μ) and not changing significantly prior 

to and post treatment. We also observed that a very small percentage of 

total intensity of light is coming from the condensates. So, we concluded 

that Tia1 or FMRP granules that we observed here, may not be 

considered as any kind of condensates, specifically stress granules. 

Though the total intensity of the Tia1 staining increased at 3h post nap 

compared to untreated condition and this pattern was not observed in 

FMRP deficient C22 or BEAS2B cells. 

 
As described previously, we probed the formation of SG (Fig. 4.4B) in 

BEAS2b cells. These cells also showed very small, partially overlapping 

Tia1 and FMRP granules. 

overlapping and non-overlapping expressions of these markers. (E i- E iii) Tia1 and 

FMRP staining in uninjured Si. (E iv- E vi) Tia1 and FMRP immunostaining in Si post 

arsenite. Note absence of both Tia1 and FMRP granules in Si cells. n= 3 experiments. 

Scale bar= 5μm. 
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4.7 Stress granule biogenesis does not sufficiently explain the 

susceptibility of FMRP deficient cells to Xenobiotic stress 

 
There was no prior data that suggests nap and PQ can induce SG biogenesis 

in these cells. Moreover, the results did not allow us to unambiguously conclude 

that the granular appearances could be considered as some sort of RNA 

granules. Though interestingly, we observed loss of Tia1 intensity in the FMRP 

deficient cells post injury as compared to the control (Sc). This may suggest 

that post injury expression of Tia1 could be FMRP dependent. However, we 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 4.4: Loss of Tia1 expression in C22 and BEAS2B cells in absence of FMRP 

post injury. (A i - A x) Expression of Tia-1(red, white arrowheads) in control 

(Scrambled siRNA-treated, Sc) and Fmr1 siRNA-treated (Si) cells prior to and post 

Nap. Note that FMRP expression in the same cells (green, white arrows) does not 

completely overlap with Tia-1. (B i-B x) Expression of the stress granule marker Tia- 

1(red, white arrowheads) in control (Scrambled siRNA-treated, Sc) and FMR1 siRNA- 

treated (Si) cells prior to and post PQ. Note that FMRP expression in the same cells 

(green, white arrow) does not completely overlap with Tia-1. 
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concluded that the perturbation of SG biogenesis is not enough to explain the 

FMRP phenotype in the pulmonary epithelial cells. 

 
4.8 FMRP dependent γ-H2AX docking as a marker of DNA damage 

response during the course of injury in the lung and lung derived cells 

 
A report by Alpatov et al, 2016 introduced the role of FMRP during replication 

stress. Among many of their observations, two seemed crucial to us, as we 

observed increased stress in FMRP depleted cells in response to Nap or PQ. 

First, according to the study FMRP is required to induce DNA damage response 

by docking of γ-H2AX to the DNA damage site on the chromosome during 

replication stress. As a result, they observed loss of γ-H2AX foci formation in 

FMRP depleted cells, when subjected to aphidicolin, hydroxyurea or UV 

radiation. Second, the study also reports γ-H2AX foci induced by gamma 

irradiation do not require FMRP for their formation. This suggests that there are 

certain types of genotoxic stress, where γ-H2AX foci formation is not 

dependent on FMRP. In fact, γ-H2AX foci may increase in absence of FMRP 

as a result of increased DNA damage and impaired DNA damage repair (Liu 

W et al, 2012). 

 

 
4.8.1 FMRP dependent DNA damage response during replication 

stress does not explain the susceptibility of FMRP deficient cells to 

Xenobiotic stress in the lung or lung derived cell lines 

 
When we analyzed our observations in the light of the Alpatov study, we 

found the following. First, our study shows increased γ-H2AX foci 

formation and longer persistence of the stress marker in the FMRP 

depleted cells and tissues (see chapter III). This tells us, xenobiotic 

stress induced by nap and PQ could be a type of stress where γ-H2AX 

foci formation is not dependent on FMRP. Second, lung epithelium is 

largely quiescent (Peng et al, 2015; Verckist L et al, 2018). A very small 

percentage of cells in the lung airway and alveolar compartments 

remain mitotically active (positive for cell cycle marker Ki67) under 

homeostatic conditions and the cells start proliferating after 36-48h 
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post Nap treatment. So, replication stress is unlikely to explain the 

susceptibility of Fmr1 KO mice lung to nap injury. Experiments on C22 

and BEAS2B cells were performed within 24h, which is almost half the 

doubling time of C22 and BEAS2B cells. Moreover, C22 cell 

experiments were performed under differentiated conditions, where 

cells were not in the replication cycle. In case of BEAS2B and A549 

cells, we cannot argue that the large percentage of cells were not in 

cycle during the regimen of injury, as the   doubling time of BEAS2B cells 

may vary from passage to passage, and the approximate doubling time 

of A549 cells is 22h. Though the experimental results suggest that γ-

H2AX foci formation was increased in FMRP deficient BEAS2B and 

A549 cells. If γ-H2AX foci formation was dependent on FMRP as 

described by Alpatov et al, in case of replication stress, we could have 

observed no γ-H2AX foci formation in absence of FMRP. Thus, we 

conclude that FMRP dependent DNA damage response in replication 

stress is not applicable in case of Nap or PQ induced stress in lung or 

lung derived cell lines. 

 
4.9 Conclusion 

 
Considering the discussion and results in the above sections, we must conclude 

that the existing models of FMRP in regulating cellular stress do not justify the 

phenotype we observe in the murine lung and lung derived cell lines in 

response to nap and PQ. The perturbation of ISR seems to be a more 

plausible reason behind the susceptibility of these pulmonary epithelial cells to 

xenobiotic stress. Along with that, we do appreciate that FMRP is a 

multifunctional protein which may regulate different pathways during the stress 

response, depending on the type and the system of injury. 
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FMRP is well researched in the context of the brain or neuron due to its 

connection with FXS. It was also reported previously that FMRP regulates 

oxidative stress in the brain. Though FMRP was initially discovered as a 

neuronal protein, recent studies have shown that expression of FMR1 mRNA 

and protein is not tissue specific, rather they are present throughout the body. 

Recent studies have started exploring the role of FMRP in organs apart from 

the brain. Our study has taken a step ahead to connect the protein with lung 

health. Taken together, these studies will give a bigger picture of the 

functionality of FMRP for a better improvement of clinical strategies. 

 
5.1 FMRP is a multifunctional protein 

 

FMR1 gene is highly conserved across species. It contains 17 exons and 

can be alternatively spliced. The gene spans about 40 kilobases (kb) of 

DNA and the gene product is an mRNA of 3.9 kb. Human FMRP 

protein is a 71 KDa protein. FMRP has different domains that can 

interact with RNA, DNA, proteins and ribosomes. 

 

5.1.1 FMRP may be involved in multiple stress related 

pathways, like ISR 

 
FMRP interacting proteins are found to be associated with multiple 

stress related pathways. Among these, proteins like YBX1, APC are 

found to be associated with TNFα pathway (Pasciuto E et al, 2014; 

Blackwell E et al, 2011; Mateu-Regue, A. et al 2019; Xu J et al 2020; 

White B et al, 2020). Proteins PARP1, RPS6K and PP2A have important 

roles in mTOR and ERK pathways (Pasciuto E et al, 2014; Luo X et al, 

2012; Tang S et al, 2018; Vasic V et al, 2021). Proteins DICER1, 

YBX1, PARP1, PRMP5 and others are found to be important for Nrf2 

pathway (Nabih HK et al, 2020; Cheever A et al, 2009; Diao C et al, 

2019; Gong C et al, 2021; Pietrzak J et al, 2018). FMRP interacting 

partners caprin1, G3BP1, TIA1, Trdr3, EIF4E, DDX3X, PKR were found 

to be associated with Integrated Stress Response pathway (ISR) 

(Reineke LC et al, 2015; Linder B et al, 2008; Shih JW et al, 2012). Our 
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study demonstrates that FMRP itself is necessary for the actuation of 

ISR in lung epithelial cells in response to xenobiotic stress. 

FMRP interacting partners establish strong connections with multiple 

stress related pathways, like mTOR, PI3K/AKT, Nrf2, ERK and ISR. On 

the other hand, FMRP may directly regulate another subset of mRNAs 

like SOD1. Our study showed that unlike in the brain, FMRP does not 

regulate SOD1 at homeostatic level in the lung, but it may regulate post 

injury SOD1 expression in a context specific way. 

 
5.1.2 Post transcriptional modification sites (PMTs) provide 

more complexity to the functionality of FMRP 

 
Along with prominent RNA and protein binding domains, FMRP contains 

post-translational modification sites (PMTs), which modulate FMRP 

activity by phosphorylation, sumoylation or methylation. Phosphorylation 

site S499 (Fig 1.3) at the C-terminal end is very important in the context 

of translational repression by FMRP. Based on the studies in the 

neuronal system, Phosphorylation of this serine residue does not affect 

the overall amount of mRNA associated with the protein, but causes 

ribosome stalling and inhibits translation. PP2A dependent 

dephosphorylation of FMRP resumes the global translation machinery. 

Phosphorylation site S500 of human FMRP is important for translational 

regulation and synaptic plasticity (Prieto M et al, 2020). 

 
Sumoylation is the association of Small Ubiquitine-like Modifier proteins 

to specific lysine residues of target proteins. Sumoylation seems to be a 

key regulator for neuronal activity. Two residues at the N-terminal end of 

FMRP, L88 and L130 are the sites for sumoylation. Expression of a 

SUMO-deficient FMRP in neurons impairs neuronal maturation 

(Khayachi et al, 2018). 

 
FMRP has been reported to be methylated by an unknown protein- 

arginine methyltransferase present in the brain lysate. These arginine 

methylation sites are located at the RGG box (R533, R538, R543 and 
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R545) (Fig 1.3). Methylation of these sites on FMRP regulates their 

binding to mRNAs. 

 
We have not observed any obvious change in the level of FMRP in 

BEAS2B and C22 cells or in the mouse lung tissue during the course of 

injury. This may indicate towards post transcriptional modification of 

FMRP, which kicks in the process of ISR initiation. Testing this 

hypothesis was out of the scope of this study. Our future studies may 

shed light on the post-translational modification of FMRP, which 

facilitates activation of ISR in the context of lung injury. 

 
5.2 FMRP interaction with Caprin1 and G3BP1, may reveal a 

possible mechanism for FMRP dependent activation of ISR 

 
A major finding of our study is that FMRP is required for the actuation of the 

ISR pathway. More specifically, we find that the stress responsive kinase PKR 

is activated in FMRP-deficient cells but that the phosphorylation of the PKR 

substrate, eIF2α, is perturbed. The mechanism by which FMRP regulates this 

step is currently unknown. The analysis of FMRP-binding proteins in neuronal 

and other tissues has identified numerous interacting partners. Interestingly, 

among these interacting partners, Caprin1 and G3BP have independently been 

implicated in the induction of the ISR pathway in response to stress (Taha MS 

et al., 2020; Wu Y et al., 2016). Pertinently, both Caprin1 and G3BP1 have been 

shown to be important for eIF2α phosphorylation (Reineke LC et al., 2015). 

Also, the crystal structure of Caprin1 has revealed that Caprin1 can physically 

interact with FMRP and G3BP1 together (Yuhong Wu et al, 2016). Thus, it is 

plausible that FMRP acts in concert with Caprin1 and G3BP1 to facilitate eIF2α 

phosphorylation. Although eIF2α phosphorylation is an early event in the ISR 

pathway and perturbations at this stage are likely to affect all downstream 

processes, our data do not allow us to rule out the possibility that FMRP has 

independent roles in downstream processes. Our future experiments will probe 

these possibilities. 
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5.3 Clinical prospects of the study 

 

5.3.1 Mutation and phenotypes associated with FXS 

 

With further advancement of studies on FXS, it became evident that the 

CGG repeat sequence has a spectrum of expansion (copy number) in the 

population. According to the size of expansion there are four groups: 

normal alleles (5-44 repeats), grey zone alleles (45-54 repeats), 

premutation alleles (55-200 repeats) and fully mutated alleles (more than 

200 repeats) (Debrey SM et al, 2016; Wheeler AC et al, 2014; Devys D et 

al, 1993). The population groups having different numbers of CGG repeats 

in the FMR1 gene, also possess variation in the level of FMR1 mRNA and 

protein expression. Fully mutated groups however, lack FMR1 mRNA or 

protein, the premutation group has a higher level of FMR1 mRNA but due 

inefficient translation there is less FMRP expression (Schneider A et al, 

2020). Grey zone group has also been found to have higher levels of FMR1 

mRNA as compared to the normal group (Loesch DZ et al, 2007). Of 

these four genotypic groups, only the premutation and fully mutated 

groups are associated with clinical conditions. 

Fully mutated group with transcriptionally silenced FMR1 gene and 

complete loss of FMR protein (FMRP) production is associated with autism 

spectrum disorder (ASD). Almost 98% of Fragile X patients belong to this 

group. People who fall in this group possess mild to moderate intellectual 

disability, speech disorder, and some characteristic physical features like, 

elongated facial structure, prominent jaw and forehead, large pinnae, 

macroorchidism (in case of male), flat foot, unusually flexible digits etc. 

Occurrence of full mutation in population is about 1 in 4000 to 5000 males 

and about 1 in 8000 in females (Zalfa F et al, 2004; Protic D et al, 2019). 

 
As compared to the frequency of full mutation groups, premutation is 

more common in the population. Based on US population studies, 

prevalence of premutation has been reported to be about 1 in 200 females 
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and about 1 in 300-400 males. Premutation could be more frequent in 

certain populations. For a long time, it was thought that individuals who 

fall under the permutation groups are only carriers, having a high chance 

of propagating breakage of X-chromosome to the next generation, but 

with no health issues. However, rigorous research has established a firm 

correlation with a subset of FMR1 premutation group and two clinical 

conditions, Fragile X-associated Tremor/ Ataxia Syndrome (FXTAS) and 

Fragile X-associated Primary Ovarian Insufficiency (FXPOI). Along with 

reproductive issues, some other medical problems have been found to be 

possibly or strongly related to premutation, such as thyroid disorder, 

hypertension, migraines, neuropathy, estrogen deficiency, general 

intelligence, memory and language related disorders (Wheeler AC et al, 

2014). 

 
‘Grey zone’ allele carriers are considered to be clinically fit. However, a 

recent case-study based report has shown that ‘Grey zone’ allele carriers 

had early onset of Parkinson’s disease, dementia, atypical Parkinsonism 

and tremor at an average age of 53 (Devys D et al, 1993). Important to note 

here, that a computational study on the data of FMR1-informed biobank 

has found that male and female individuals carrying FMR1 premutation (55- 

200 CGG repeats) have significantly higher rates of respiratory diseases or 

symptoms along with digestive and endocrine problems (Movaghar et al, 

2019). 

 
Under these circumstances, there could be two possibilities to consider the 

role of FMRP in lung health. First, according to our study FMRP is required 

for actuation of ISR in the lung, thus important for lung health. Second, 

FMRP or FMRP interacting proteins could be directly or indirectly involved 

in lung diseases or other stress response pathway in the lung. For example, 

a study based on mutation screening has found that FMRP interacting 

protein CYFIP2 is significantly associated with the development of atopic 

asthma in humans (Noguchi E et al, 2005). Interestingly, some of the FMRP 

interacting proteins, like PP2A, PARP1, DICER, Myosin 5a, PRMP5 have 

been found to be associated with smoke induced lung injury, asthma and 
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oxidative stress in lung (Wallace AM et al, 2011; Virág L, 2005; Yao M et 

al, 2014; Hernandez K et al, 2017; Diao C et al, 2019). 

Taken together, the data suggest that FMRP and its interacting partners 

play an important role in maintaining lung health. More studies on 

molecular interactions and clinical data will reveal the mechanism of this 

process. 

 
5.3.2 People with FXS who are living in areas of higher pollutant load 

could be more susceptible to lung damage/disease 

This study demonstrates a role for FMRP in the lung, and points to a 

potential vulnerability in individuals with an FMR1 deficiency. Clinically, the 

bulk of the case studies on FXS patients are derived from geographic 

regions where the load of pulmonary environmental stressors is low. Our 

study suggests that individuals with FXS living in areas of higher pollutant 

load may be more susceptible to lung damage/disease and FMRP status 

in the lung may be a strong correlate of resilience to pulmonary insults. 
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FMRP protects the lung from xenobiotic stress by facilitating
the integrated stress response
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ABSTRACT
Stress response pathways protect the lung from the damagingeffects of
environmental toxicants. Here we investigate the role of the fragile X
mental retardation protein (FMRP), a multifunctional protein implicated
in stress responses, in the lung. We report that FMRP is expressed in
murine and human lungs, in the airways and more broadly. Analysis of
airway stress responses in mice and in a murine cell line ex vivo, using
the well-established naphthalene injury model, reveals that FMRP-
deficient cells exhibit increased expression of markers of oxidative and
genotoxic stress and increased cell death. Further inquiry shows that
FMRP-deficient cells fail to actuate the integrated stress response
pathway (ISR) and upregulate the transcription factor ATF4.
Knockdown of ATF4 expression phenocopies the loss of FMRP. We
extend our analysis of the role of FMRP to human bronchial BEAS-2B
cells, usinga 9,10-phenanthrenequinone air pollutantmodel, to find that
FMRP-deficient BEAS-2B cells also fail to actuate the ISR and exhibit
greater susceptibility. Taken together, our data suggest that FMRP has
a conserved role in protecting the airways by facilitating the ISR.

This article has an associated First Person interviewwith the first author
of the paper.

KEY WORDS: Stress response, Lung, Integrated stress response,
FMR1, FMRP

INTRODUCTION
The epithelial lining of the respiratory tract is continually challenged
by a diverse array of environmental toxicants, including gases,
particulates and biological agents. Exposure to these agents leads to
increased oxidative, genotoxic and endoplasmic reticulum stress.
Such stresses lead to cellular damage, inflammation and, in the long
term, to lung damage and decreased lung functionality. The goal of
this study was to probe the mechanisms by which lungs cope with
environmental insults.
The capacity of the lung to manage xenobiotic stress is dependent

on stress response proteins that are induced upon insult. In this
regard, the integrated stress response (ISR) pathway is an

evolutionarily conserved pathway that is integral to how the lung
copes with environmental challenges (Pakos-Zebrucka et al., 2016;
van ‘t Wout et al., 2014; Konsavage et al., 2012). The ISR is
triggered by the activation of one or more of the four stress-
responsive kinases GCN2 (also known as EIF2AK4), PKR
(EIF2AK2), PERK (EIF2AK3) and HRI (EIF2AK1). The
activation of these kinases, in turn, sets in motion two separate
but interdependent processes that enable cells to mount a restorative
response (Wong and Wispe, 1997). First, these kinases
phosphorylate eukaryotic initiation factor 2α (eIF2α, also known
as EIF2S1) and shut off ongoing programs of protein synthesis. The
inhibition of translation leads to the sequestration of translationally
active mRNAs into stress-induced condensates of various types.
Second, activation of the kinases also induces specialized modes of
protein translation, leading to the expression of stress response
proteins. More specifically, these specialized translation regimes
upregulate expression of activating transcription factor 4 (ATF4)
(Pakos-Zebrucka et al., 2016; van ‘t Wout et al., 2014) and, in turn,
ATF4 targets such as ATF3. ATF4 also synergizes with other
transcription factors activated in response to stress, such as Nrf2
(NFE2L2), to induce the expression of stress response genes (He
et al., 2001; Sarcinelli et al., 2020).

The fragile X mental retardation protein (FMRP, encoded by
FMR1) is a multifunctional protein that is expressed in the brain and
other organs, in humans and other animals alike. Deficiencies in
FMRP lead to fragile X mental retardation syndrome (FXS), a
disease characterized by mild-to-moderate intellectual disability
(Zhou et al., 2014). FMRP function has been most intensively
studied in the neuronal context, wherein the protein has been shown
to regulate synaptic plasticity by multiple mechanisms (Santoro
et al., 2012). Aside from this well-established role, several studies
indicate that FMRP also has a role in facilitating stress responses.
At a cellular level, FMRP has been shown to play an essential
role in genesis of stress granules in response to arsenite and heat
shock (Didiot et al., 2009; Linder et al., 2008). A recent study
on fibroblasts derived from Fmr1 knockout (KO) mice showed
that FMRP is required for a specialized DNA damage response
(DDR) in response to agents such as aphidicolin, 5-hydroxyurea
(5-HU) and UV (Alpatov et al., 2014). The central finding of
this study is that FMRP has a chromatin-dependent role in
resolving stalled replication forks and single-strand breaks in
DNA (Alpatov et al., 2014), but not in response to other types of
genotoxic stress.

The lung is routinely exposed to a variety of environmental
toxicants that cause many different types of stress. Our interest in
mechanisms that regulate the pulmonary stress response led us to
explore the role of FMRP in the lung. We immunostained murine
and human lungs for FMRP to find that the protein is expressed in
the airway epithelium and more broadly. To probe the role of FMRP
in stress responses in the airways, we subjected Fmr1 KO mice to
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naphthalene (Nap) injury, a well-established model for oxidative
and genotoxic stress. We found that the airways of Fmr1 KO mice
exhibited higher expression of markers of oxidative and genotoxic
stress, and greater cell death, than wild type. These findings led us to
investigate the role of FMRP in airway stress responses, and in the
ISR pathway, in mice and in the human lung.

RESULTS
FMRP is expressed in the airways and more broadly in
the murine lung and protects airway club cells from
Nap-induced stress
To characterize the role of FMRP in the pulmonary stress response,
we examined the expression of the protein in adult lungs from wild-
type (WT) and Fmr1 KO animals. Lung sections from WT mice
were stained with anti-FMRP antisera and examined under a
confocal microscope (5 μm, n=8). FMRP expression was detected
throughout the lung (Fig. 1A). We detected widespread protein
expression in airway epithelium, both in secretory club cells (CCs,
marked by expression of Scgb1a1, Fig. 1A,C) and in ciliated cells
(marked by expression of acetylated tubulin, Ac-tub, Fig. 1A,C).
Outside the airways, we noted intermittent expression in the alveolar
parenchyma (Fig. 1A). Lung sections ofFmr1KOmice stained with
the same anti-FMRP antisera did not show any specific staining
(airways shown in Fig. 1B,D, n=3). Taken together, these
experiments showed that FMRP is expressed in the murine lung,
in the airways and more broadly. Next we examined hematoxylin
and eosin (H&E)-stained lung sections from WT and Fmr1 KO
mice to compare morphologies of the lungs. We found that lungs
from WT and Fmr1 KO were comparable (Fig. S1A,B).
To investigate the role of FMRP in the pulmonary stress response,

we focused our attention on FMRP-expressing airway CCs. Airway
CCs are highly sensitive to the polycyclic hydrocarbon Nap (Stripp
et al., 1995; Van Winkle et al., 1995). Nap administration leads to
the loss of the vast majority of CCs from the airway epithelium
within 24–48 h and is a well-established model for lung injury
(Guha et al., 2014, 2017). The susceptibility of airway CCs to Nap is
a result of the expression, in CCs, of the cytochrome P450 enzyme
Cyp2f2 (Buckpitt et al., 2002). Cyp2f2 converts Nap to naphthalene
oxide, which causes DNA damage. Naphthalene oxide is also
converted to naphthoquinones, which cause oxidative stress
(Buckpitt et al., 2002). Thus, to probe the role of FMRP in the
pulmonary stress response in mice, we decided to utilize the Nap
injury model. Interestingly, the Cyp2f2 isoform that converts Nap to
cytotoxic derivatives is not expressed in humans and consequently
Nap does not affect humans in the same way.
We exposed WT and Fmr1 KO animals to Nap and harvested

lungs for analysis at different timepoints post injury (regimen shown
schematically in Fig. 1E). To assess the extent of injury, we
quantified frequencies of CCs across timepoints and examined
expression of markers of oxidative and genotoxic stress. We found
that the frequencies of CCs in WT were significantly higher than in
Fmr1 KO at 12 h, 24 h and 48 h, respectively (Fig. 1F, n=3 mice
per genotype per timepoint). In other words, cell loss was greater
and faster in Fmr1 KOs. Next, we stained sections from mouse
lung prior to and post Nap injury with two antisera: anti-4-
hydroxynonenal (4HNE, a product of lipid peroxidation and a
marker of oxidative stress) and anti-γ-H2AX (a phosphorylated
histone variant that is a marker of double-stranded DNA breaks and
genotoxic stress). We did not detect expression of either marker in
the lungs from uninjured WT and Fmr1 KOmice (Fig. 1Gi,ii,Hi,ii).
In contrast, the expression of both markers was dramatically
increased in CCs in Nap-injured lungs (Fig. 1G,H). Pertinently, we

noted that the levels of 4HNE and γ-H2AX expression in CCs were
lower in WT than in Fmr1 KOs at all timepoints examined
(Fig. 1Giii–vi,Hiii–vi; see also the quantification in Fig. S1C,D,
n=3 mice per genotype per timepoint). Based on these data, we
concluded that CCs in Fmr1 KO animals are more susceptible to
Nap-induced stress.

The club-cell-like C22 cell line deficient in FMRP is alsomore
susceptible to Nap-induced stress
To further probe the role of FMRP in stress responses in CCs, we
turned to the murine club-cell-like cell line C22. C22 cells were
derived from H-2Kb-tsA58 mice expressing a temperature-sensitive
isoform of the SV40 large T antigen under the H-2Kb promoter
(Demello et al., 2002). To characterize these cells, we stained C22
cells with markers of CCs and other airway and alveolar lineages.
Consistent with previous reports, these cells expressed the CC
marker Scgb1a1 (Fig. 2A) and did not express markers of other
lineages (data not shown). We then performed a series of
experiments to determine whether C22 could be utilized as a
model for Nap injury, and to probe the role of FMRP therein.

First, C22 cells were stained with antisera against Cyp2f2 and
FMRP. We found that C22 cells expressed modest levels of Cyp2f2
(Fig. 2B, n=6 experiments) and expressed FMRP (Fig. 2C, n=9
experiments). Next, we optimized methods for the knockdown of
gene expression in C22 cells using siRNAs and methods for Nap
challenge. We established that treatment with two different Cyp2f2
siRNAs and three different FMRP siRNAs was sufficient to reduce
Cyp2f2 and FMRP expression, respectively, by 80% or greater (see
the Materials and Methods; compare Cyp2f2 or FMRP expression
in scrambled siRNA-treated cells, Sc, and Cyp2f2 or Fmr1 siRNA-
treated cells, Si, in Fig. S2A–C, n=3 experiments, and Fig. 2D,
respectively, n=9 experiments). Careful titration of Nap dosage and
time of exposure (see the Materials and Methods) showed that a 1 h
pulse of Nap was sufficient to induce expression of oxidative and
genotoxic stress markers in C22 cells and marginally increase cell
death 24 h post exposure (see the Materials and Methods). We
subsequently incubated control (scrambled siRNA-treated cells, Sc)
and Cyp2f2-depleted (Cyp2f2 siRNA-treated cells, Si) cells with
Nap for 1 h and harvested cells at different timepoints for analysis
(regimen shown schematically in Fig. S2D; see the Materials and
Methods). Levels of 4HNE and γ-H2AX increased in Sc cells
within 6 h and returned to baseline by 24 h (Fig. S2E–H, n=3
experiments each). In contrast, levels of expression in Si-cells
remained at baseline levels at all timepoints (Fig. S2E–H, n=3
experiments each). These data showed that C22 cells are susceptible
to Nap-induced stress in a Cyp2f2-dependent manner like CCs
in vivo.

To explore the possibility that FMRP regulates susceptibility to
Nap in C22 cells, we incubated control (scrambled siRNA-treated
cells, Sc) and FMRP-depleted (Fmr1 siRNA-treated cells, Si) cells
with Nap for 1 h and then harvested cells at different timepoints for
analysis (shown schematically in Fig. 2E). To assess levels of
oxidative and genotoxic stress, we again stained cells with anti-
4HNE and anti-γ-H2AX, respectively (Fig. 2F,H). In order to assess
the cytotoxicity of Nap, we subject the cells to a WST-1 assay 24 h
post exposure. We found that levels of 4HNE and γ-H2AX
(Fig. 2F–I) were elevated in Fmr1-depleted cells at all timepoints
(n=3 experiments each) and that Fmr1-depleted cells exhibited
greater cell death in response to Nap (Fig. 2J). These data correlated
well with the increased susceptibility of CCs to Nap in Fmr1 KO
animals and demonstrated that FMRP has a cell-intrinsic role in
protecting cells from Nap.
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FMRP is required for induction of the ISR pathway, which
protects from Nap-induced stress
A role for FMRP in mediating stress responses has been reported
previously. One of these studies has pointed towards a role for
the protein in stress granule biogenesis in response to arsenite or
heat shock (Didiot et al., 2009). This study suggests that FMRPmay
have a role in the induction of the ISR, a pathway necessary for

stress granule biogenesis, or a more specific role in the induction of
stress granule biogenesis, or both. As the ISR has been shown to be
important for stress responses in the lung, we decided to examine
the possibility that FMRP may be required for the induction of
the ISR in C22 cells post Nap. We note that FMRP-deficient
cells also fail to recruit γ-H2AX to stalled replication forks and
single-strand breaks in response to aphidicolin, 5HU and UV

Fig. 1. FMRP is expressed in the airways and more broadly, and protects airway club cells from Nap-induced stress. (A–D) FMRP expression in the
murine lung. (A) Tiled image showing FMRP immunostaining (green, white arrows) in the airway epithelium (demarcated by white dashed lines) and in the
parenchyma of the murine lung. The airways are identified by expression of the club cell (CC) marker Scgb1a1 (white, inset) and of the ciliated cell marker
acetylated tubulin (Ac-tub, red, inset). (B) Tiled image showing FMRP immunostaining in Fmr1 knockout (Fmr1 KO) mice. Note the absence of FMRP (green) in
both airways (demarcated by white dashed lines, inset) and parenchyma. (C,D) High-resolution image of FMRP immunostaining (green) in airway epithelial cells.
Here, CCs are shown in white (white arrow in inset) and ciliated cells are in red (white arrowhead in inset) in wild type (C) and Fmr1 KO (D). (E–H) Susceptibility of
CCs to Nap injury in control and Fmr1 KO. (E) Schematic showing regimen for Nap injury. (F) Frequencies of Scgb1a1+ cells in wild type (black circles) and Fmr1
KO (gray squares) from uninjured (Un) andNap-injuredmice at different timepoints post injury. Each data point in the scatter plot represents multiple sections from
a single animal (n=3mice) with mean±s.e.m. (G,H) Expression of markers of oxidative (4HNE) and genotoxic (γ-H2AX) stress in airways from wild-type and Fmr1
KO mice prior to and post Nap injury. Note white arrowheads showing ciliated cells and white arrows showing CCs on the airways and in insets (counterstained
with Scgb1a1 antisera, white). (G i–vi) 4HNE immunostaining (green) in the airways of wild-type (i,iii,v) and Fmr1 KO (ii,iv,vi) mice prior to and post Nap injury. (H
i–vi) γ-H2AX immunostaining (red) in the airways of control (i,iii,v) and Fmr1 KO (ii,iv,vi) mice prior to and post Nap injury. Asterisks show cilia of ciliated cells
marked with γ-H2AX (H i–vi). See also Fig. S1. Statistical significance was assessed by an unpaired two-tailed t-test: *P<0.05; **P<0.01; ***P<0.001. The
changes in the two groups over time, across genotype and interaction parameters were also assessed by two-way ANOVA and found to be statistically significant.
For Shapiro–Wilk normality test and two-way ANOVA, see Table S1. Scale bars: 20 μm.
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(Alpatov et al., 2014). Although it is plausible that FMRP serves
a similar role in Nap-treated cells, we noted that the nuclear
accumulation of γ-H2AX in FMRP-deficient CCs and C22 cells
post Nap was greater than in the respective controls. This suggested
to us that the DDR was at least partially active in FMR-deficient
cells and, more importantly, that extent of DNA damage (as reported
by nuclear γ-H2AX accumulation) was greater in FMR-deficient
cells than in controls (see the Discussion). Taken together,
the findings led us to investigate the role of FMRP in the ISR
pathway.

As previously mentioned, the ISR is induced when one of four
stress-responsive kinases (GCN2, PERK, HRI, PKR) phosphorylate
eIF2α at serine-51. Phosphorylation of eIF2α arrests conventional
translation, promotes sequestration of mRNAs being actively
translated and enables specialized translation of mRNAs encoding
stress response proteins such as ATF4 (Pakos-Zebrucka et al., 2016;
van ’t Wout et al., 2014). To probe the status of the ISR in C22
cells post Nap, we examined the phosphorylation state of eIF2α.
We exposed C22 cells to Nap for 1 h, harvested cells at various
timepoints and quantified the levels of expression of both eIF2α and

Fig. 2. FMRP-deficient club-cell-like C22 cells are susceptible to Nap-induced stress. (A–D) Phenotypic characterization of C22 cells. (A) Scgb1a1
immunostaining (white) in C22 cells. Inset shows Scgb1a1 staining alone in C22 cells from the same field. (B) Cyp2f2 (orange) immunostaining in C22 cells. Inset
shows Cyp2f2 staining alone in C22 cells from the same field. See also Fig. S2. (C,D) FMRP immunostaining (green) in C22 cells treated with scrambled siRNA
(C) and in C22 cells treated with Fmr1 siRNA (D). (E–J) Susceptibility of C22 cells to Nap [control is scrambled siRNA-treated (Sc), and Fmr1 siRNA-treated (Si)].
(E) Schematic showing regimen for Nap injury. (F–I) Expression of markers of oxidative (4HNE) and genotoxic (γ-H2AX) stress in Sc and Si cells prior to and post
Nap. (Fi–vi) 4HNE immunostaining (green) in Sc andSi cells prior to and post Nap. (G) Quantification of 4HNE immunofluorescence per cell in Sc andSi cells prior
to and post Nap. Un, uninjured. (Hi–vi) γ-H2AX immunostaining (red) in Sc and Si cells prior to and post Nap. (I) Quantification of γ-H2AX immunofluorescence per
cell in Sc and Si cells post Nap. (J) Cytotoxicity of Nap in Sc and Si cells 24 h post Nap (n=3 experiments). For immunofluorescence analysis, ≥25 cells were
analyzed per timepoint per experiment, n=3 experiments. Graphical data represent mean±s.e.m. Black circles, Sc; gray squares, Si. *P<0.05; **P<0.01;
***P<0.001 (unpaired two-tailed t-test). For normality test and two-way ANOVA, see Table S2. Scale bars: 5 μm.
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phosphorylated eIF2α (p-eIF2α). Western-blot-based ratiometric
quantification of total and p-eIF2α in Sc cells showed that p-eIF2α
levels increased 3 and 6 h post injury and decreased to baseline
levels thereafter (Fig. 3A; Fig. S3A,B, n=5 experiments). We
inferred that the ISR is induced in C22 cells in response to Nap. We
then exposed Si cells to Nap for 1 h and found that, contrary to
controls, the levels of p-eIF2α did not increase post Nap (Fig. 3A;
Fig. S3A,B, n=5 experiments). The analysis of p-eIF2α suggested
that FMRP depletion might inhibit the ISR.
Next, we examined the expression of ATF4 and its target, ATF3,

in control and FMRP-deficient cells. Sc and Si cells were stained
with an anti-ATF4 antibody prior to and post Nap treatment. In Sc,
the expression of ATF4 was undetectable in untreated cells,
increased dramatically at 3, 6 and 12 h post Nap treatment and
then approached baseline levels at 24 h (Fig. 3B,C, n=5
experiments). In Si cells, levels of ATF4 were negligible in
untreated cells and showed no appreciable increase post Nap
treatment (Fig. 3B,C, n=5 experiments). Next, we assayed ATF3
levels by quantitative real-time PCR (qPCR). For this, RNA was
isolated from Sc and Si cells at different timepoints and subjected to
qPCR analysis. In Sc, levels of ATF3 mRNA increased at 3 and 6 h
post Nap and returned to baseline thereafter (Fig. S3C, n=3
experiments). In Si, the ATF3 levels did not rise appreciably above
baseline post Nap (Fig. S3C). These findings were also validated
with anti-ATF3 immunostaining (data not shown). Based on these

data, we concluded that both ATF4 and ATF3 expression are
perturbed in FMRP-deficient cells post Nap. Taken together, the
findings showed that the ISR is perturbed in FMRP-deficient cells
post Nap.

We also probed whether the upstream kinases that phosphorylate
eIF2α and induce the ISR become activated (phosphorylated) in
FMRP-deficient cells. We probed the expression of GCN2, PERK,
HRI, PKR and their phosphorylated isoforms in Nap-treated C22
cells using commercially available antibodies (see the Materials and
Methods). Among all pairs of antisera tested, antisera for PKR
and p-PKR provided reproducible results. Western-blot-based
ratiometric quantification of p-PKR and total PKR in Sc and Si
cells showed that the p-PKR levels increase in both Sc and Si 3 h
post Nap (Fig. S3D–F, n=3 experiments). Importantly, we noted that
levels of p-PKR returned to baseline in Sc at 6 h and later
timepoints, but remained significantly higher in Si at later
timepoints (Fig. S3D–F). This suggested that at least one of the
stress-responsive kinases (PKR) is activated in FMRP-deficient
cells post Nap.

Perturbations to the ISR provided a plausible explanation for why
FMRP-deficient C22 cells are more susceptible to Nap. To test this,
we decided to probe how perturbing the ISR, by knocking down levels
of Atf4, would impact susceptibility to Nap. Control (scrambled
siRNA) and Atf4 siRNA-treated C22 cells were exposed to Nap as
described earlier and cells were harvested at different timepoints for

Fig. 3. FMRP-deficient C22 cells fail to upregulate the integrated stress response and to induce ATF4, essential for protection fromNap-induced stress.
(A) Western blot-based quantification of phospho-eIF2α:eIF2α ratios in Sc and Si cells prior to and post Nap treatment (n=5 experiments). See Fig. S3 for
representative blots used for quantification. Un, uninjured. (Bi–viii) ATF4 immunostaining (white) in Sc (i,iii,v,vii) and Si (ii,iv,vi,viii) cells prior to and post Nap. Note
nuclear accumulation of ATF4 in Sc cells by 6 h post Nap (inset). (C) Quantification of ATF4 immunofluorescence per cell in Sc and Si cells prior to and post Nap
(n=5 experiments). (D–G) Susceptibility of C22 cells to Nap in control (scrambled siRNA-treated, Sc) and Atf4 siRNA-treated (Si) cells. (Di–xii) Analysis of ATF4
levels (white) and FMRP levels (green) in Sc and Si cells prior to and post Nap treatment. Immunostaining for ATF4 (white) and FMRP (green) in Sc (i,ii,v,vi,ix,x)
and Si (iii,iv,vii,viii,xi,xii) cells. (E) Quantification of 4HNE immunofluorescence per cell in Sc and Si cells prior to and post Nap. See Fig. S3 for representative
images. (F) Quantification of γ-H2AX immunofluorescence per cell in Sc and Si. See Fig. S3 for representative images. (G) Cytotoxicity of Nap in Sc and Si cells
24 h post Nap exposure (n=3 experiments). For immunofluorescence analysis, ≥25 cells were analyzed per timepoint per experiment. Graphical data represent
mean±s.e.m. Black circles, Sc; gray squares, Si. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 (unpaired two-tailed t-test). For normality test and two-way
ANOVA, see Table S3. Scale bars: 5 μm.
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analysis. ATF4 immunostaining of control and Atf4 siRNA-treated
cells showed that siRNA treatment eliminated ATF4 expression in
cells post Nap exposure (Fig. 3D). We also found that ATF4-depleted
cells exhibited increased expression of 4HNE (Fig. 3E; representative
images shown in Fig. S3G) and γ-H2AX (Fig. 3F; representative
images shown in Fig. S3H) at all timepoints examined (n=3
experiments each, quantification of cell fluorescence based on n≥25
cells per experiment) and increased cell death 24 h post injury
(Fig. 3G). We concluded that the increased levels of oxidative and
genotoxic stress and increased cytotoxicity observed in FMRP-
deficient cells could be the result of a failure to induce the ISR and
upregulate ATF4.
In light of the findings in C22 cells, we examined whether

perturbations to the ISR are also observed in FMRP-deficient CCs
in Nap-treated mice. We counterstained sections from control and
Fmr1 KO lungs post Nap with antisera to both ATF4 and ATF3.
Although ATF4 immunostaining was inconclusive, we noted that
the levels of ATF3 were negligible in CCs in the control lung and
upregulated post Nap (Fig. S3I,J, sections from n=3 mice).
Pertinently, the levels of ATF3 in CCs in Fmr1 KO did not
increase post Nap. These results are consistent with a role for FMRP
in the induction of ISR in CCs post Nap.

FMRP is expressed in the airways of the human lung
and protects human bronchial BEAS-2B cells from
9,10-phenanthrenequinone-induced stress
The findings in the murine lung led us to ask whether FMRP has a
conserved role in the human lung. To investigate this possibility,
we first examined the distribution of FMRP in the human
lung. Paraffin sections stained with FMRP antisera showed that
FMRP is expressed throughout the airways and more broadly
(Fig. 4Ai,ii,iv, n=2 sections each from n=5 independent lung
biopsies). Triple labeling experiments with markers for ciliated cells
and CCs showed that FMRP is expressed in both ciliated and non-
ciliated cells, including CCs. Based on the distribution of FMRP, we
surmised that the protein could also play a role in the airways in the
human lung.
The BEAS-2B cell line is derived from normal human airways.

These cells do not express markers of ciliated cells and, akin to CCs,
have characteristics of non-ciliated cells. We stained BEAS-2B cells
with FMRP antisera to find that these cells expressed FMRP
(Fig. 4B, n=6 experiments). We then proceeded to develop an assay
to probe the role of FMRP in stress responses in these cells.
Since the susceptibility of airway CCs to Nap is not recapitulated

in the human lung or in BEAS-2B cells (data not shown), we
utilized a different injury model to probe the role of FMRP in stress
responses in human cells. 9,10-Phenanthrenequinone (PQ) is an air
pollutant that is present at high levels in diesel exhaust particles and
is known to trigger oxidative and genotoxic stress (Lavrich et al.,
2018). As part of our characterization of PQ, we first exposed
control (scrambled siRNA-treated cells) and FMRP-depleted (Fmr1
siRNA-treated cells) C22 cells to a pulse of PQ for 1 h and harvested
cells at different timepoints for analysis (data not shown). Consistent
with our findings in the Nap model, we found that FMRP-depleted
C22 cells exhibited increased expression of 4HNE and γ-H2AX and
increased cell death 24 h post exposure (data not shown). We then
examined ATF4 expression to find that although ATF4 levels
increased in Sc cells at 3 h and 6 h post PQ, no expression was
detected in Si cells (data not shown). These experiments showed
that PQ treatment does lead to oxidative and genotoxic stress, and
that FMRP-deficient C22 cells are more susceptible, and led us to
examine the effects of PQ on BEAS-2B cells.

To test the role of FMRP in BEAS-2B cells, we determined that
the protocol for the knockdown led to a 90% reduction in the levels
of FMRP post treatment (Fig. 4B,C, n=6 experiments). Next, we
exposed control (scrambled siRNA-treated cells) and FMRP-
depleted (FMR1 siRNA-treated cells) BEAS-2B cells to a pulse
of PQ for 1 h and harvested them at different timepoints for analysis
(shown schematically in Fig. 4D). We found that FMRP-depleted
cells exhibited increased expression of 4HNE (Fig. 4E,F) and γ-
H2AX (Fig. 4G,H) at all timepoints examined (n=3 experiments
each, quantification of cell fluorescence based on n≥25 cells per
experiment) and increased cell death 24 h post injury (Fig. 4I).
These experiments showed that FMRP-deficient BEAS2B cells are
more susceptible to PQ.

FMRP is required for the induction of the ISR pathway, which
protects from PQ-induced stress
Next, we determined whether FMRP is required for the induction of
the ISR in BEAS-2B cells. As described previously, we probed the
phosphorylation status of eIF2α (Fig. 5A; Fig. S4A,B, n=5), the
levels of ATF4 induction (Fig. 5B,C, n=5) and the levels of ATF3
induction (Fig. S4C, n=3), and the ratio of phosphorylation status of
PKR (Fig. S4D–F) at different times post PQ. These experiments
showed that although p-PKR levels were increased in both Sc and Si
post PQ, all of the downstream processes of the ISR were perturbed
in Si.

We then investigated whether the loss of ATF4 would
recapitulate the loss of FMRP post PQ. Control (scrambled
siRNA) and ATF4 siRNA-treated BEAS-2B cells were exposed to
PQ as described previously, and cells were harvested at different
timepoints for analysis. Consistent with expectations, ATF4
siRNA-treated cells showed no anti-ATF4 immunostaining post
PQ exposure (Fig. 5D, n=3 experiments). We found that ATF4-
depleted BEAS-2B cells exhibited increased expression of
4HNE (Fig. 5E; representative images shown in Fig. S4G) and
γ-H2AX (Fig. 5F; representative images shown in Fig. S4H) and
increased cell death 24 h post injury (see the Materials and
Methods, Fig. 5G). These data indicated that the loss of ATF4
largely phenocopies the loss of FMRP in PQ-treated BEAS-2B
cells.

The findings in BEAS-2B cells suggested that the role of FMRP
in the actuation of the ISR pathway is conserved. To probe whether
this finding is more broadly applicable to the lung, we performed the
assays described above in another cell line of epithelial origin: A549
cells. We found that although A549 cells are of alveolar origin, they
also express FMRP (Fig. S5A). Importantly, PQ exposure assays
showed that A549 cells lacking FMRP exhibit higher levels of
oxidative and genotoxic stress and fail to actuate ATF4 expression
(Fig. S5B–I). Taken together, the studies in BEAS-2B and A549
strongly suggest that FMRP also regulates the induction of the ISR
in the human respiratory epithelium.

DISCUSSION
The aim of this study was to probe the role of FMRP in stress
responses in the lung.We report that FMRP plays an essential role in
protecting the airways in mice, and potentially in humans, from the
deleterious effects of xenobiotic stress. Our studies provide strong
evidence that FMRP protects the lung by facilitating the induction
of the ISR (see model, Fig. 6). In the paragraphs that follow we will
discuss the plausible mechanism(s) by which FMRP may regulate
the ISR, the possibility that FMRP regulates stress response
pathways in addition to the ISR, and the clinical implications of
the findings reported here.
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A major finding of our study is that FMRP is required for the
actuation of the ISR pathway. The mechanism by which FMRP
regulates this step is currently unknown. We find that the stress-
responsive kinase PKR is activated in FMRP-deficient cells but
that the phosphorylation of the PKR substrate, eIF2α, is perturbed.
This suggests that the role of FMRP may be downstream to
the activation of stress-responsive kinases. The analysis of
FMRP-binding proteins in neuronal and other tissues has
identified numerous interacting partners. Among these interacting
partners are the proteins Caprin1 and G3BP1, which have

independently been implicated in the induction of the ISR
pathway in response to stress (Taha et al., 2020; Wu et al., 2016).
Pertinently, both Caprin1 and G3BP1 have been shown to be
important for eIF2α phosphorylation (Reineke et al., 2015;
Solomon et al., 2007). Thus, it is plausible that FMRP acts in
concert with Caprin1 and G3BP1 to facilitate eIF2α
phosphorylation. Although eIF2α phosphorylation is an early
event in the ISR pathway and perturbations at this stage are likely to
affect all downstream processes, our data do not allow us to rule out
the possibility that FMRP has independent roles either upstream

Fig. 4. FMRP is expressed in the human airways and protects human bronchial BEAS-2B cells from PQ-induced stress. (A–C) FMRP expression in the
human lung and in BEAS-2B cells, a cell line derived from the human bronchial epithelium. (Ai–iv) FMRP immunostaining (green) in the distal airways of the
human lung. (Ai,ii,iv) Stained section showing FMRP expression in airway non-ciliated cells [Scgb1a1+ (white), white arrows; Scgb1a1−, yellow arrows] and
ciliated cells (red, red arrow). The white dashed line indicates airway epithelium. The boxed area in i is shown at higher magnification in ii and iv. Negative control
[secondary antibody (Sec) alone] for FMRP immunostaining is shown in iii. (B) FMRP immunostaining (green) of BEAS-2B cells (control, scrambled siRNA-
treated, Sc). (C) FMRP immunostaining (green) of FMR1 siRNA-treated BEAS-2B cells. (D–I) Susceptibility of BEAS-2B cells to PQ injury in control (scrambled
siRNA-treated, Sc) and FMR1 siRNA-treated (Si) cells. (D) Schematic showing regimen for PQ injury. (E–H) Expression of markers of oxidative (4HNE) and
genotoxic (γ-H2AX) stress in Sc and Si cells prior to and post PQ. Un, uninjured. (Ei–x) 4HNE immunostaining (green) in Sc and Si cells prior to and post PQ.
(F) Quantification of 4HNE immunofluorescence per cell in Sc and Si cells prior to and post PQ (n=3 experiments). (Gi–x) γ-H2AX immunostaining (red) in Sc and
Si cells prior to and post PQ. (H) Quantification of γ-H2AX immunofluorescence per cell in Sc and Si cells prior to and post PQ. (I) Cytotoxicity of PQ in Sc and Si
cells 24 h post PQ exposure (n=3 experiments). For immunofluorescence analysis, ≥25 cells were analyzed per timepoint per experiment. Graphical data
represent mean±s.e.m. Black circles, Sc; gray squares, Si. *P<0.05; **P<0.01; ***P<0.001 (unpaired two-tailed t-test). For normality tests and two-way ANOVA,
see Table S4. Scale bars: 5 μm.
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or downstream. Our future experiments will probe these
possibilities.
Studies that have examined the role of FMRP vis-à-vis stress

responses suggest that FMRP could protect cells from stress in
myriad ways. For example, it has been demonstrated that FMRP
plays a chromatin-dependent role in inducing the DDR. This could
be relevant in the context of the lung. Along the same lines, there is
also evidence that FMRP regulates the expression of superoxide
dismutase 1 (SOD1) in the brain (Bechara et al., 2009). Levels
of SOD1 are reduced in the brains of Fmr1 KO animals. As SOD1
has an important role in protecting cells from stress, FMRP could
alter the susceptibility of tissues to stressful stimuli by altering
the baseline levels of SOD1. To investigate this possibility, we
probed levels of SOD1 in the brain and lung using both western
blot and immunohistochemical approaches (Fig. S6). Although
we did observe that SOD1 levels in the brain were lower inFmr1KO
than wild type, the levels of SOD1 in the lung were comparable
(Fig. S6A,B). Moreover, we also analyzed SOD1 levels in the
bronchial cell lines (C22 and BEAS-2B) with or without FMRP
to find that SOD1 levels were comparable (Fig. S6D–I). Taken
together, these data show FMRP is unlikely to regulate SOD1
expression in the lung. Nevertheless, the role of FMRP in the
DDR (Alpatov et al., 2014), and in the regulation of SOD1
expression in the brain, show that FMRP can contribute towards
protecting tissues from stress by ISR-independent mechanisms
as well.

Although FMRP is expressed in many tissues in humans and
mice alike (https://www.genecards.org/cgi-bin/carddisp.pl?gene=
FMR1), historically, FMRP has almost exclusively been studied in
a neural context because of its connection with intellectual
disability. An important finding of this study is that it demonstrates
a role for FMRP in the lung. Although the data implicating a role
for FMRP in the human lung is based on findings in cell lines and
requires validation in more physiologic assays, the data clearly
point towards a potential vulnerability in individuals with an
FMR1 deficiency. Clinically, the bulk of the case studies on FXS
patients are derived from geographic regions where the load
of pulmonary environmental stressors is low. Our study suggests
that individuals with FXS living in areas of higher pollutant load
may be more susceptible to lung damage and disease, and FMRP
status in the lung may be a strong correlate of resilience to
pulmonary insults.

MATERIALS AND METHODS
All animal work reported here has been approved by the Internal Animal
Users Committee (IAUC) and the Institutional Animal Ethics Committee
(IAEC) at inStem. Any procedure that could conceivably cause distress to
the animals employed pre-procedural anesthesia with isoflurane gas (Baxter
Healthcare Corp.), delivered by an anesthetic vaporizing machine. All
animals were monitored for signs of distress and killed if in distress. The
analysis of human biopsies was approved by the Institutional Ethics
Committee of JSS Medical College.

Fig. 5. FMRP-deficient BEAS-2B cells fail to upregulate the integrated stress response and to induce ATF4, essential for protection from PQ-induced
stress. (A) Western blot-based quantification of phospho-eIF2α:eIF2α ratios in Sc and Si cells prior to and post PQ treatment (n=5 experiments). Un, uninjured.
See Fig. S4A,B for representative blots used for quantification. (B,C) Analysis of ATF4 prior to and post PQ. (Bi–viii) ATF4 immunostaining (white) in Sc (i,iii,v,vii)
and Si (ii,iv,vi,viii) cells prior to and post PQ treatment. Note nuclear accumulation of ATF4 in Sc cells by 6 h post PQ treatment (inset). (C) Quantification of ATF4
immunofluorescence per cell in Sc and Si cells prior to and post PQ (n=5 experiments). (D–G) Susceptibility of BEAS-2B cells to PQ in control (scrambled siRNA-
treated, Sc) and ATF4 siRNA-treated (Si) cells. (Di–xii) Analysis of ATF4 levels (white) and FMRP levels (green) in Sc (i,ii,v,vi,ix,x) and Si (iii,iv,vii,viii,xi,xii) cells
prior to and post PQ treatment. (E) Quantification of 4HNE immunofluorescence per cell in Sc and Si. See Fig. S4G for representative images. (F) Quantification of
γ-H2AX immunofluorescence per cell in Sc and Si. See Fig. S4H for representative images. (G) Cytotoxicity of PQ in Sc and Si cells 24 h post PQ treatment (n=3
experiments). For immunofluorescence analysis,≥25 cells were analyzed per timepoint per experiment. Graphical data represent mean±s.e.m. Black circles, Sc;
gray squares, Si. **P<0.01; ***P<0.001; ****P<0.0001 (unpaired two-tailed t-test). For normality test and two-way ANOVA, see Table S5. Scale bars: 5 μm.
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Mouse strains
An Fmr1 knockout (Fmr1 tm1 Cgr) mouse (Mus musculus) strain was
maintained on a C57BL/6J background at Brain Development and Disease
Mechanisms (BDDM), inStem. Genotyping of the animals was performed
using established protocols (Bakker et al., 1994).

Human samples
Human (Homo sapiens) lung tissue was obtained from five subjects at
autopsy by a forensic pathologist from JSS Medical College, Mysore. The
cause of death was not attributed to lung trauma. De-identified samples were
fixed in 4% paraformaldehyde (PFA) at 4°C overnight, embedded in
paraffin, and processed for immunohistochemical analysis. All human
tissues were obtained following due protocols and all clinical investigations
have been conducted according to the principles expressed in the
Declaration of Helsinki.

Cell lines and culture conditions
Human lung (BEAS-2B) non-ciliated airway epithelial origin cell line and
human alveolar basal epithelial adenocarcinomic (A549) cell line were
obtained from Johns Hopkins University (kind gifts from Prof. Shyam
Biswal, Department of Environmental Health and Engineering, Johns
Hopkins Bloomberg School of Public Health, USA; Singh et al., 2009,
2013). The murine club cell line (C22) was purchased from ECACC, UK

(cat. no. 07021401, #07D022). All cell lines were tested for mycoplasma
contamination and found to be negative. BEAS-2B were grown in DMEM:
F12K (Gibco, USA, 21127030) (1:1) medium and A549 cells were grown in
DMEM, supplemented with 10% FBS (Gibco, USA, 10082147) and
penicillin-streptomycin (Gibco, USA, 1540122) at 37°C and 5% CO2. The
C22 cell line was maintained in a proliferative state as per the supplier’s
instructions, and experiments were performed 24 h post differentiation.
Experiments were conducted within the 3rd to 7th passages for BEAS-2B
and A549, and within the 3rd to 12th passages for C22.

Models for xenobiotic stress
For Nap injury in mice, wild-type or Fmr1 KO mice aged ≥8 weeks of
age (2 males and 1 female per timepoint per genotype) were injected
intraperitoneally with corn oil (vehicle, Sigma, USA, C8267) or with Nap
dissolved in corn oil (300 mg kg−1, Sigma, USA, 147141) using established
protocols (Guha et al., 2014, 2012). Animals were killed 12 h, 24 h or 48 h
after injection for analysis.

To establish an assay for Nap injury in C22 cells, we first determined that
these cells expressed Cyp2f2, which converts Nap to stress-inducing
derivatives. Having established this, we tested a range of concentrations of
Nap (50 μg ml−1 to 500 μg ml−1, in DMSO in DMEM). Nap was found to
be stable in solution at concentrations up to 100 μg ml−1 and unstable at
higher concentrations, leading to cell death within 3 h post exposure. Nap
exposure at 50–75 μg ml−1 (DMSO in DMEM, DMSO final concentration
0.7%) for short (1 h) and long (24 h) duration led to a progressive increase in
expression of stress markers and mild cytotoxicity after a 24 h period. To
probe the effects of FMRP or ATF4 deficiency on susceptibility to Nap,
cells were exposed to Nap at 75 μg ml−1 (DMSO in DMEM, DMSO final
concentration 0.7%) for a period of 1 h. Cells were then washed in PBS and
chased for varying periods of time in complete medium.

It has been reported previously that PQ causes a sharp decrease in the
viability of BEAS-2B cells when administered to cells for 24 h at
concentrations greater than 1 μM (Koike et al., 2014). We reconfirmed
these findings and determined the LD50 to be ∼1.5 μM (Sigma, USA,
275034; dissolved in DMSO in DMEM, DMSO final concentration
0.00002%). To probe the effects of FMRP or ATF4 deficiency on
susceptibility to PQ, cells were exposed to PQ at 1.5 μM (DMSO in
DMEM, DMSO final concentration 0.00002%) for a period of 1 h. Cells
were then washed with PBS, and fresh complete medium was added and
chased for varying periods of time in complete medium. A549 cells were
also treated with a 1.5 μM dose of PQ for 1 h. Cells were washed with PBS
and kept in fresh complete medium and collected at different timepoints for
analysis.

siRNA-based knockdown of FMRP, Cyp2f2 and ATF4 expression
Several studies have demonstrated that multiple siRNAs administered
together or sequentially work more efficiently for silencing gene expression
than a single siRNA (Wang et al., 2016; Fähling et al., 2009; Zhang et al.,
2015; Hatch et al., 2010). For our studies we used three or two distinct
siRNAs for each targeted gene. siRNAs were administered to cells
sequentially, 12 h apart, to silence the gene expression. siRNA
transfections were performed with Lipofectamine 2000 (Thermo Fisher
Scientific, USA, 11668027). All xenobiotic stress assays in C22 cells were
performed 36 h after treatment with the last siRNA. C22 cells were
transferred from proliferative to differentiation-inducing medium 12 h after
the last siRNA treatment and utilized for xenobiotic stress assays 24 h
thereafter. All xenobiotic stress assays in BEAS-2B cells were performed
12 h after treatment with the last siRNA. All siRNAs were obtained from
Ambion, USA: murine Fmr1 (4390771), murine Atf4 (16708), murine
Cyp2f2 (4390771), human FMR1 (4392420) and human ATF4 (16708), and
scrambled (negative control, 4390843). The assay IDs for each of the
siRNAs are as follows: mouse Fmr1 siRNA (Assay ID: 5315, 5317,
s66177), Human FMR1 siRNA (Assay ID: 5315, 5316, 5317), mouse Atf4
siRNA (Assay ID: 160775, 160776, 160777), MouseCyp2f2 siRNA (Assay
ID: s64735, s64734), and human ATF4 siRNA (Assay ID: 122168, 122287,
122372).

Fig. 6. Model for the role of FMRP in the regulation of the integrated stress
response in the lung. Exposure to xenobiotics such as Nap and PQ result in
the activation of at least one of four stress-responsive kinases (GCN2, PERK,
PKR, HRI) and in the induction of the ISR pathway (outlined in red). Our
findings suggest that FMRP has an essential role downstream of
phosphorylation of kinases (outlined in blue).
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Cell cytotoxicity assay
C22 and BEAS-2B cells were inoculated into a 96-well plate and treated
with Nap or PQ for 1 h, as described above, and harvested for analysis 24 h
later. Cell viability was assayed using WST-1 reagent (Sigma, USA,
5015944001). Briefly, cells were incubated with WST-1 for 4 h and
absorbance readings were taken and analyzed as per the manufacturer’s
protocols. Cytotoxicity percentage=100 [(OD (450 nm–650 nm) of
untreated cells – OD (450 nm–650 nm) of treated cells)/OD
(450 nm–650 nm) of untreated cells].

Histology, immunofluorescence and imaging
Lungs were inflated with 4% (w/v) PFA (Alfa Aesar, USA, 30525-89-4) in
PBS and fixed for 8 h at 4°C. Fixed lungs were subsequently embedded in
paraffin, sectioned (5 μm) and processed for immunohistochemical analysis
post heat-mediated antigen retrieval at pH 6.0 (Vector Labs, USA, H-3300)
except for sections stained with anti-SOD1 antisera, which were subject to
antigen retrieval at pH 9.0 (Vector Labs, USA, H-3301). For cellular
immunostaining, cells were seeded on coated coverslips (0.1% gelatin,
Sigma, USA, G9391), as per the manufacturer’s protocol. Post treatment,
cells were fixed with 4% PFA for 30 min and blocked with 2% FBS,
0.2% BSA and 0.1% Triton X-100 in 1× PBS for 1 h and stained.
Primary antibodies were diluted using the same blocking solution.
Immunohistochemical analysis utilized the following antisera: rabbit anti-
FMRP (Abcam, UK, 17722, 1:500), rabbit anti-FMRP (Sigma, USA, F4055
1:200), goat anti-Scgb1a1 (Santa Cruz, USA, Sc365992, 1:500), mouse
anti-acetylated tubulin (Sigma, USA, T7451, 1:1000), mouse anti-4HNE
(Abcam, UK, ab48506, 1:500), rabbit anti-γ-H2AX (Novus Biologicals,
USA, NB100-384, 1:1000), mouse anti-Cyp2f2 (Santa Cruz, USA,
SC374540, 1:100), mouse anti-ATF4 (Sigma, USA, WH0000468M1,
1:200), rabbit anti-ATF3 (Sigma, USA, HPA001562, 1:200), rabbit anti-
SOD1 (Abcam, UK, ab16831, 1:200) and Alexa Fluor 488, 568 or 647-
conjugated donkey anti-mouse, -rabbit or -goat IgG secondary antibodies
(Invitrogen, USA, A21447, A21202, A21206, A10037, A10042, A31571,
1:300). Stained sections were mounted in ProLong Diamond (Invitrogen,
USA, P36962). All samples were imaged on a FV3000 4-laser and FV3000
5-laser confocal microscope or on a Zeiss LSM-780 laser-scanning confocal
microscope (Carl Zeiss AG, Germany). For H&E staining, sections were
stained with hematoxylin for 10 s and eosin for 30 s, dried and mounted in
DPX and imaged on a Nikon Eclipse Ti2 microscope (Nikon, Japan).

Quantitative fluorescence microscopy
Frequencies of club cells/mm of airway, and total cellular fluorescence in
club cells, in lung sections, were determined from single tiled optical
sections acquired on a confocal microscope using ImageJ software. For club
cell frequency analysis, cells attached to the basement membrane were
counted per section per animal. Total cellular fluorescence intensity was
calculated by subtracting a ‘background’ value per section from the
integrated density per cell (outlined using the software) (for FMRP, 4HNE,
γ-H2AX and ATF4). The ‘background’ value was determined by sampling
integrated density of regions on the section devoid of cells. Total cellular
fluorescence of C22 and BEAS-2B cells was estimated from single optical
sections on a confocal microscope using ImageJ software. In all experiments
involving C22, BEAS-2B and A549 cells, ≥25 cells were analyzed per
timepoint, per experiment. The images of Scgb1a1 and Cyp2f2 expression
in C22 cells are maximum intensity projection images of z-stacks acquired
on a confocal microscope.

Western blot analysis
Protein was extracted from cell lysates using RIPA buffer (Thermo Fisher
Scientific, USA, 89900) containing Sigmafast EDTA-free protease inhibitor
cocktail (Sigma, USA, s8830) and PhosSTOP (Merck, USA, 4906845001).
Total protein was run on a 12% SDS PAGE gel, transferred onto a
nitrocellulose membrane (Amersham, UK, 10600002), and the membrane
was stained with reversible MemCode (Thermo Fisher Scientific, USA,
24580) for total protein estimation [imaged on ImageQuant600 (Amersham,
UK) and quantified using ImageJ]. The membrane was subsequently
destained, blocked with 5% BSA (Sigma, USA, A9418) for 1 h and probed
using the following primary antisera: rabbit anti-Phospho-eIF2α (Ser51)

(Cell Signaling Technology, USA, 9721S, 1:1000), mouse anti-eIF2α (Cell
Signaling Technology, USA, 2103S, 1:1000), rabbit anti-phospho-PKR
(Sigma, USA, SAB4504517, 1:3000), mouse anti-PKR (Santa Cruz, USA,
Sc-6282, 1:1000), rabbit anti-GCN2 (Cell Signaling Technology, USA,
3302s), mouse anti-phospho-GCN2 (Cell Signaling Technology, USA,
3301S), rabbit anti-PERK (Cell Signaling Technology, USA, 3192s,
1:1000), rabbit anti-phospho-PERK (Cell Signaling Technology, USA,
3179s), mouse anti-HRI (Santa Cruz, USA, sc-365239). Primary antisera
was detected using the following secondary antisera: HRP-conjugated anti-
rabbit (Abcam, UK, 6721, 1:3000) and HRP-conjugated anti-mouse
secondary (Invitrogen, USA, # 62-6520 1:5000) antibodies and ECL
(BioRad, USA, 1620177) and analyzed (imaged on ImageQuant600 and
quantified using ImageJ). The levels of eIF2α, phospho-eIF2α, PKR and
Phospho-PKR were normalized to the total protein content of the respective
lanes. For analysis of SOD1 expression from murine brain and lung tissue
lysate, tissues were collected after dissection, washed with PBS and protein
was extracted with RIPA buffer and protease inhibitor cocktail. Total protein
was run on a 12% SDS PAGE gel and transferred onto a nitrocellulose
membrane. We used 5% non-fat dry milk (Santa Cruz, USA, Sc-2325)
solution in PBS for blocking and probed the blots with anti-SOD1 (Abcam,
UK, ab16831) and anti-β-tubulin (CST, USA, 15115S) antisera. Levels of
SOD1 were normalized to corresponding β-tubulin levels.

Quantitative PCR analysis
RNA from cell lysates was extracted using TRIzol (Invitrogen, USA,
15596018, as per the manufacturer’s protocol) and qPCR was performed
using the primers listed in Table S11. The qPCR assays were constituted
with the Maxima SYBR Green/ROX qPCR Master Mix (2×) (Thermo
Scientific, USA, K0221) and analyzed on a BioRad CFX3 real-time PCR
system (BioRad, USA).

Statistical analysis
Statistical significance of datasets was assessed using unpaired two-tailed t-
tests post Shapiro–Wilk tests for normality. Data were also analyzed using a
two-way ANOVA with a Sidak post-hoc test to compare changes in two
groups with respect to time, genotype and interaction parameters. ANOVA
data and normality test results for each figure are presented in a tabular
format (Tables S1–S10).
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Abstract Progenitors of the thoracic tracheal system of adult Drosophila (tracheoblasts) arrest in 
G2 during larval life and rekindle a mitotic program subsequently. G2 arrest is dependent on ataxia 
telangiectasia mutated and rad3-related kinase (ATR)-dependent phosphorylation of checkpoint 
kinase 1 (Chk1) that is actuated in the absence of detectable DNA damage. We are interested in 
the mechanisms that activate ATR/Chk1 (Kizhedathu et al., 2018; Kizhedathu et al., 2020). Here we 
report that levels of reactive oxygen species (ROS) are high in arrested tracheoblasts and decrease 
upon mitotic re-entry. High ROS is dependent on expression of Duox, an H2O2 generating dual 
oxidase. ROS quenching by overexpression of superoxide dismutase 1, or by knockdown of Duox, 
abolishes Chk1 phosphorylation and results in precocious proliferation. Tracheae deficient in Duox, 
or deficient in both Duox and regulators of DNA damage-dependent ATR/Chk1 activation (ATRIP/
TOPBP1/claspin), can induce phosphorylation of Chk1 in response to micromolar concentrations of 
H2O2 in minutes. The findings presented reveal that H2O2 activates ATR/Chk1 in tracheoblasts by a 
non-canonical, potentially direct, mechanism.

Introduction
Ataxia telangiectasia mutated and rad3-related kinase (ATR, Mei-41) and its substrate, checkpoint 
kinase 1 (Chk1, Grapes), are essential for DNA damage repair and for normal development (Artus and 
Cohen-Tannoudji, 2008; Blythe and Wieschaus, 2015; Cimprich and Cortez, 2008). The mechanism 
by which ATR phosphorylates and activates Chk1 in response to DNA damage and the mechanism 
by which activated Chk1 induces cell cycle arrest have been well characterized (Choi et al., 2010; 
Cimprich and Cortez, 2008; Delacroix et  al., 2007; Lee et  al., 2012; Xu and Leffak, 2010). In 
contrast, the mechanisms for the activation of ATR/Chk1 during development, and the roles of these 
proteins therein, are less well understood. We reported recently that the ATR/Chk1 axis is co-opted 
during Drosophila development for inducing G2 arrest in progenitor cells (Kizhedathu et al., 2018; 
Kizhedathu et al., 2020). The current study was designed to shed light on the mechanism by which 
the pathway is activated in this context and to probe if it is distinct from the mechanism for DNA 
damage-induced activation.

The progenitors of the adult tracheal (respiratory) system in Drosophila remain mitotically quiescent 
through larval life and rekindle cell divisions at the onset of pupariation. Progenitors of the tracheal 
branches of the second thoracic metamere (Tr2, hereafter referred to as tracheoblasts) are arrested 
in the G2 phase of the cell cycle for ~56 hr and divide thereafter (Djabrayan et al., 2014). Impor-
tantly, we have shown previously that G2 arrest in tracheoblasts is dependent on ATR-dependent 
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phosphorylation of Chk1. Two aspects of this process are striking and merit mention here. First, 
arrested tracheoblasts phosphorylate Chk1 (phosphorylated Chk1 [pChk1]) in the absence of detect-
able DNA damage. Second, Chk1 is upregulated by a Wnt signaling-dependent mechanism in arrested 
tracheoblasts and high levels of Chk1 expression are necessary to induce arrest (Kizhedathu et al., 
2018; Kizhedathu et al., 2020). In the absence of detectable DNA damage, the mechanism for the 
activation of ATR/Chk1 pathway in tracheoblasts has been unclear from the studies so far.

Although ATR and the related kinases ataxia telangiectasia mutated (ATM) and DNA-PK are the 
principal sensors of DNA damage and effectors of the DNA damage response (Durocher and Jackson, 
2001), there is evidence that these kinases can also be activated by non-canonical mechanisms that 
are not dependent on DNA damage (Guo et al., 2010; Kumar et al., 2014). Reactive oxygen species 
(ROS) are a group of oxygen-derived small molecules that interact avidly with macromolecules like 
proteins, lipids, and nucleic acids, and alter their function (Corcoran and Cotter, 2013). Pertinently, 
there is evidence that ROS can directly activate ATM by stabilizing ATM homodimers through the 
formation of intermolecular disulfide bridges (Guo et al., 2010). ROS-activated ATM can phosphor-
ylate and activate substrates like checkpoint kinase 2 (Chk2). Whether ROS can activate ATR in the 
same manner is not known. There is evidence that ROS can activate ATR and lead to Chk1 phosphory-
lation via the induction of DNA damage (Srinivas et al., 2019; Willis et al., 2013). A recent study has 
shown that mechanical stress on the nuclear envelope, arising during DNA replication (S phase) or in 
response to osmotic stress or mechanical stimulation, can lead to ATR activation (Kumar et al., 2014). 
This implies that ATR can also be activated by a non-canonical mechanism.

ROS are now generally recognized as important regulators of developmental processes (Zhang 
et al., 2016). The regulation of ROS levels in cells during development is orchestrated by altering 
rates of aerobic respiration in cells or by altering the levels of expression of ROS-producing enzymes 
like NADPH oxidases (NOXs). Interestingly, the Drosophila genome encodes two NADPH oxidases – 
NOX and dual oxidase (Duox) (Kim and Lee, 2014) – and one of these, Duox, is expressed at high 
levels in the larval tracheal system (Robinson et al., 2013 ). Duox catalyzes the oxidation of NADPH, 
leading to the generation of H2O2 (Bedard and Krause, 2007; Geiszt et al., 2003).

Our interest in the mechanism for activation of ATR/Chk1 led us to probe the role of ROS in 
this context. We found that ROS levels are high when the cells are arrested in G2 and low after the 
cells rekindle cell division. We quenched ROS in tracheoblasts via overexpression of the superoxide 
dismutase 1 (SOD1) to find that the cells started dividing precociously in a manner similar to Chk1 
mutants. These findings led us to probe the role of Duox in the regulation of ROS and the mechanism 
by which ROS regulate the ATR/Chk1 axis.

Results
High ROS is required for G2 arrest in larval tracheoblasts
The cells that comprise the tracheal branches of the second thoracic metamere (Tr2) of the larvae are 
differentiated adult progenitors that contribute to the development of pupal and adult tracheal struc-
tures (Djabrayan et al., 2014; Guha et al., 2008; Guha and Kornberg, 2005). The cells that make 
up the dorsal trunk (DT) in Tr2, hereafter referred to as tracheoblasts, are the focus of our studies. 
Tracheoblasts remain arrested in the G2 phase of the cell cycle during larval life and initiate mitosis 
thereafter. Analysis of the cell cycle phasing of tracheoblasts using the fluorescent ubiquitination-
based cell cycle indicator (FUCCI) system (Zielke et al., 2014) has shown that the cells are in the G1 
phase at the time the embryo hatches into a larva and that the cells transition from G1 to S to G2 in the 
first larval instar (L1). Tracheoblasts remain in G2 from the second larval instar (L2) till mid third larval 
instar (L3) (32–40 hr L3, ~56 hr) and divide rapidly thereafter (Kizhedathu et al., 2018; Kizhedathu 
et al., 2020, Figure 1A).

To probe the role of ROS in the regulation of G2 arrest in tracheoblasts, we assessed the levels 
of cytoplasmic ROS in tracheoblasts at L2, 0-8 hr L3, 16-24 hr L3 and 32–40 hr L3 using two well-
established, redox-sensitive dyes: 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) and dihydro-
ethidium (DHE). Both H2DCFDA and DHE are cell-permeable molecules that alter light emission upon 
oxidation (Yang et al., 2014). Analysis of H2DCFDA and DHE staining in tracheoblasts at various stages 
revealed that levels of both reporters are readily detectable at L2 (Figure 1B and F, Figure 1—figure 
supplement 1A and B, n ≥ 6 tracheae per condition per experiment, n = 3), 0–8 hr L3 (Figure 1C 
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Figure 1. High levels of reactive oxygen species (ROS) are required for checkpoint kinase 1 (Chk1) activation and G2 arrest in tracheoblasts. (A) A 
diagram of the third instar larva showing the dorsal trunk (DT) of the second thoracic metamere (Tr2, colored in green and marked by dashed line). 
The diagram also shows the timecourse of G2 arrest and cell division in Tr2. The cells in Tr2 DT remain geographically isolated from tracheal cells in 
other branches during larval life. (B–E) Levels of the ROS reporter 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) in Tr2 DT during larval stages. 

Figure 1 continued on next page
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and G, Figure 1—figure supplement 1A and B, n ≥ 6 tracheae per condition per experiment, n = 3), 
16–24 hr L3 (Figure 1D and H, Figure 1—figure supplement 1A, B, n ≥ 6 tracheae per condition per 
experiment, n = 3), and nearly undetectable at 32–40 hr L3 in wild type (btl-Gal4) animals (Figure 1E, 
I, Figure 1—figure supplement 1A and B, n ≥ 6 tracheae per condition per experiment, n = 3). Taken 
together, the analysis of ROS reporters (Figure 1) showed that cytoplasmic ROS is high in arrested 
cells and low in mitotically active cells.

Next, we asked whether changes in ROS levels had any bearing on the cell cycle program. To 
answer this question, we adopted a genetic approach for quenching ROS in tracheoblasts. SOD1 is a 
cytoplasmic enzyme that scavenges ROS (Blackney et al., 2014). We overexpressed SOD1 in trachea 
(btl-GAL4/UAS-SOD1, hereafter btl-SOD1) and examined the effects of SOD1 overexpression on ROS 
levels by H2DCFDA and DHE staining. Levels of H2DCFDA and DHE were found to be significantly 
lower in btl-SOD1-expressing animals compared to controls (Figure  1J and K, Figure  1—figure 
supplement 1C and D, compare with Figure 1B and F, n ≥ 6 tracheae per condition per experiment, 
n = 3). This showed that SOD1 overexpression is an effective way to quench ROS in tracheae. We 
then determined whether SOD1 overexpression altered the cell cycle program of tracheoblasts. We 
counted the number of cells in Tr2 DT at L2, 0–8 hr L3, 16–24 hr L3, 32–40 hr L3, and wandering L3 
(WL3) and quantified the frequencies of phospho-histone H3+ (pH3+) mitotic figures in Tr2 DT at L2, 
0–8 hr L3, and 16–24 hr L3. Analysis of the cell numbers and frequency of pH3+ figures in Tr2 showed 
that SOD1 overexpression resulted in precocious cell division from 0 to 8 hr L3 (Figure 1L and M, n 
≥ 7 tracheae per timepoint, Figure 1—source data 1; Figure 1—source data 2). We noted that the 
precocious cell divisions in btl-SOD1 tracheae are similar to that observed in Chk1 mutants (btl-GAL4/
UAS-Chk1RNAi (btl-Chk1RNAi), Figure 1L, Figure 1—source data 1). Based on these data, we concluded 
that quenching of ROS phenocopies the loss of Chk1 in these cells. We also noted a difference in cell 
proliferation kinetics in btl-Chk1RNAi and btl-SOD1-expressing animals. Tracheoblasts in btl-Chk1RNAi 
rekindle mitoses earlier than wild type but divide more slowly thereafter. In contrast, tracheoblasts in 
btl-SOD1 rekindle mitoses earlier than wild type but do not appear to divide more slowly than wild 
type cells (see Discussion).

The findings above led us to investigate the levels of phosphorylated (activated) Chk1 in tracheo-
blasts in wild type and btl-SOD1 animals. As reported previously, pChk1 levels are high in L2 and early 
L3 and diminished at 32–40 hr L3. pChk1 immunostaining in btl-SOD1-expressing tracheae in L2 and 
early L3 showed that pChk1 levels were reduced in comparison to wild type at these respective stages 
(Figure 1N, Figure 1—figure supplement 2A, n ≥ 6 tracheae per condition per experiment, n = 3). 
We inferred that high ROS levels are necessary for G2 arrest and that high ROS contributes in some 
manner to high levels of pChk1.

Shown in the figures are H2DCFDA staining in L2 (B), 0–8 hr L3 (C), 16–24 hr L3 (D), and 32–40 hr L3 (E) in wild type (btl-Gal4) animals. (F–I) Levels of the 
ROS reporter dihydroethidium (DHE) in Tr2 DT during larval stages. Shown in the figures are DHE staining in L2 (F), 0–8 hr L3 (G), 16–24 hr L3 (H), and 
32–40 hr L3 (I) in wild type (btl-Gal4) animals. (J, K) Effect of btl-Gal4-dependent overexpression of superoxide dismutase 1 (SOD1) on levels of ROS 
reporters in Tr2 DT. (J) H2DCFDA staining in btl-SOD1 (btl-GAL4/UAS-SOD1)-expressing larvae (n ≥ 6 tracheae per condition per timepoint). (K) DHE 
staining in btl-SOD1 larvae (n ≥ 6 tracheae per condition per timepoint). (L) Effect of SOD1 overexpression on cell numbers in Tr2 DT at different larval 
stages. Graph shows numbers of Tr2 tracheoblasts in wild type (btl-Gal4), btl-SOD1 (btl-GAL4/UAS-SOD1), and btl-Chk1RNAi (btl-GAL4/UAS-Chk1RNAi) 
larvae at L2, 0–8 hr L3, 16–24 hr L3, 32–40 hr L3, and wandering L3 (WL3) (n ≥ 7 tracheae per condition per timepoint). (M) Effect of SOD1 overexpression 
on mitotic indices in Tr2 DT (see text). Graph shows mitotic indices in Tr2 DT in wild type and btl-SOD1 (btl-GAL4/UAS-SOD1)-expressing larvae at L2, 
0–8 hr L3 and 16–24 hr L3 (mean values ± standard deviation, n ≥ 7 tracheae per condition per timepoint). (N) Effect of SOD1 overexpression on Chk1 
phosphorylation in Tr2 tracheoblasts. Shown in the figure is phosphorylated Chk1 (pChk1, phospho-Chk1Ser345) immunostaining (red) in Tr2 DT in wild 
type (btl-GAL4) and btl-SOD1 (btl-GAL4/UAS-SOD1) larvae at L2. Scale bars = 10 µm. Dashed lines outline the cuticular lumen of the tracheal tube here 
and elsewhere and are shifted outward to include the epithelial lining when they overlap with the signal. Student’s t-test: *p<0.00001.

The online version of this article includes the following figure supplement(s) for figure 1:

Source data 1. Cell Frequencies in SOD1 overexpressing animals.

Source data 2. Mitotic indices in SOD1  overexpressing animals.

Figure supplement 1. Quantification of reactive oxygen species (ROS) levels in Tr2 tracheoblasts.

Figure supplement 2. Quantification of phosphorylated checkpoint kinase 1 (pChk1) levels in Tr2 tracheoblasts.

Figure 1 continued

https://doi.org/10.7554/eLife.68636
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High ROS in G2-arrested tracheoblasts is dependent on Duox
The identification of ROS as regulator of G2 arrest in tracheoblasts raises two questions. First, how 
are ROS levels regulated in the tracheoblasts? Second, how does high ROS translate into high levels 
of pChk1? As mentioned previously, the H2O2-generating enzyme Duox is expressed at high levels in 
larval tracheae (Robinson et al., 2013). To probe the role of Duox in the generation of ROS in tracheo-
blasts, we first examined Duox expression in tracheoblasts at different larval stages using quantitative 
RT-PCR (qPCR). We isolated mRNA from micro-dissected fragments of Tr2 DT at different timepoints 
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Figure 2. High reactive oxygen species (ROS) in tracheoblasts is dependent on Duox expression. (A) Quantitative PCR analysis of Duox mRNA levels 
in micro-dissected Tr2 dorsal trunk (DT) fragments at different stages. Graph shows fold change in Duox mRNA in Tr2 DT fragments from wild type 
(btl-GAL4) larvae at L2, 0–8 hr L3, 16–24 hr L3, and 32–40 hr L3. Fold change has been represented with respect to L2 (n = 3 experiments, n ≥ 15 Tr2 DT 
fragments/stage/experiment, mean ± standard deviation, p<0.0001). (B–E) Effect of the knockdown of Duox expression on the levels of ROS reporters 
in Tr2 DT in L2. Shown here are the results of the expression of two different Duox RNAi lines (32903 and 33975). (B, D) 2',7'-Dichlorodihydrofluoresce
in diacetate (H2DCFDA) staining and (C, E) dihydroethidium (DHE) staining in Tr2 DT in btl-DuoxRNAi. ([B, C] btl-GAL4/+; UAS-DuoxRNAi (32903)/+ and 
[D, E] btl-GAL4/+; UAS-DuoxRNAi (33975)/+) larvae (n ≥ 6 tracheae per condition per timepoint). (F) Effect of reduction of Duox expression on levels of 
phosphorylated checkpoint kinase 1 (pChk1) in Tr2 DT in L2. pChk1 immunostaining (red) in Tr2 DT in wild type (btl-Gal4) and btl-DuoxRNAi (btl-GAL4/+; 
UAS- DuoxRNAi (32903)/+) larvae. (G) Effect of the knockdown of Duox expression on cell numbers in Tr2 DT at different larval stages. Graph shows cell 
numbers of Tr2 tracheoblasts in wild type (btl-Gal4) and btl-DuoxRNAi (btl-GAL4/+; UAS-DuoxRNAi (32903)/+ and btl-GAL4/+; UAS-DuoxRNAi (33975)/+) 
larvae at L2, 0–8 hr L3, 16–24 hr L3, 32–40 hr L3, and WL3 (n ≥ 7 tracheae per condition per timepoint). (H) Effect of the knockdown of Duox expression 
on mitotic indices in Tr2 DT. Graph shows mitotic indices in Tr2 DT in wild type (btl-Gal4) and btl-DuoxRNAi (btl-GAL4/+; UAS-DuoxRNAi (32903)/+ and btl-
GAL4/+; UAS-DuoxRNAi (33975)/+) larvae at L2, 0–8 hr L3 and 16–24 hr L3 (mean values ± standard deviation, n ≥ 7 tracheae per condition per timepoint). 
Scale bars = 10 µm. Student’s t-test: *p<0.0001

The online version of this article includes the following figure supplement(s) for figure 2:

Source data 1. Cell frequencies in Duox RNAi expressing animals.

Source data 2. Mitotic indices in Duox RNAi expressing animals.

https://doi.org/10.7554/eLife.68636
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and utilized these samples to query Duox expression. Our analysis showed that Duox mRNA levels 
are higher at L2, 0–8 hr L3, and 16–24 hr L3 than at 32–40 hr L3 (Figure 2A, n ≥ 15 tracheal fragments 
per timepoint per experiment, n = 3 experiments). We concluded that the timecourse of Duox mRNA 
expression correlates with the timecourse of ROS accumulation in the tracheae.

To probe whether Duox is the driver of ROS accumulation, we knocked down the levels of Duox in 
the tracheal system by RNA interference and examined its impact on the levels of ROS reporters. The 
reduction in the levels of Duox using two different RNAi lines (BDSC-32903, BDSC-33975, btl-GAL4/+; 
UAS-DuoxRNAi/+ (btl-DuoxRNAi)) followed by H2DCFDA and DHE staining showed that the reduction of 
Duox leads to a dramatic decrease in levels of both the reporters (Figure 2B–E, Figure 1—figure 
supplement 1E and F, compare with Figure 1B and E, n ≥ 6 tracheae per condition per experiment, 
n = 3). Based on these data, we inferred that the high levels of ROS in arrested tracheoblasts are 
dependent on Duox expression.

Next, we examined how the knockdown of Duox impacted Chk1 phosphorylation and the program 
of cell division. Consistent with the previous findings with SOD1 overexpression, we observed that the 
knockdown of Duox resulted in the loss of pChk1 (Figure 2F, Figure 1—figure supplement 2B, n ≥ 6 
tracheae per condition per experiment, n = 3). We counted the number of cells of tracheoblasts at L2, 
0–8 hr L3, 16–24 hr L3, 32–40 hr L3, and WL3 and quantified the frequencies of pH3+ nuclei in Tr2 DT 
at L2, 0–8 hr L3, and 16–24 hr L3. We found that btl-DuoxRNAi-expressing animals rekindle cell divisions 
sooner than their wild type counterparts. Interestingly, btl-DuoxRNAi-expressing animals also showed 
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Figure 3. Reactive oxygen species (ROS) dependence identifies a novel pathway for the regulation of ataxia telangiectasia mutated-related 
kinase/checkpoint kinase 1 (ATR/Chk1) in tracheoblasts. (A) Model for G2 arrest mechanism in Tr2 tracheoblasts based on previous studies. Earlier work 
has shown that four Wnt ligands (Wg, Wnt5, Wnt6, Wnt10) act synergistically to upregulate Chk1 mRNA levels in arrested tracheoblasts. High levels 
of Chk1 expression are necessary for G2 arrest and Chk1 overexpression can rescue defects in Wnt signaling (Kizhedathu et al., 2020). (B, C) Effect 
of superoxide dismutase 1 (SOD1) overexpression and Dual oxidase (Duox) knockdown on expression of Wnts and Wnt-target genes. Quantitative 
PCR analysis of levels of Wg, Wnt5, Wnt6, Wnt10, Fz3, Chk1, and ATR mRNA in micro-dissected Tr2 DT fragments at L2. Graph shows fold change in 
Wg, Wnt5, Wnt6, Wnt10, Fz3, Chk1, and ATR mRNA levels in Tr2 dorsal trunk (DT) fragments expressing (B) btl-SOD1 (btl-GAL4/UAS-SOD1) and (C) 
btl-DuoxRNAi (btl-GAL4/+; UAS-DuoxRNAi (32903)/+). Fold change has been represented with respect to wild type (btl-Gal4, shown by dashed red line, 
n = 3 experiments, n ≥ 15 Tr2 DT fragments/stage/experiment, mean ± standard deviation). (D) Effect of overexpression of a phosphomimic variant of 
Chk1 in btl-DuoxRNAi larvae at 16–24 hr L3. Graph shows numbers of Tr2 tracheoblasts in wild type (btl-Gal4), btl-DuoxRNAi (btl-GAL4/+; UAS-DuoxRNAi 
(32903)/+), btl-DuoxRNAi, Chk1 (btl-GAL4/+; UAS-DuoxRNAi (32903)/ UAS-Chk1), btl-DuoxRNAi, ATR (btl-GAL4/+; UAS-DuoxRNAi (32903)/ UAS-ATR) and btl-
DuoxRNAi, Chk1S373D (btl-GAL4/+; UAS-DuoxRNAi (32903)/ UAS-Chk1S373D) larvae at 16–24 hr L3 (n ≥ 7 tracheae per condition per timepoint). Student’s t-test: 
*p<0.00001.

The online version of this article includes the following figure supplement(s) for figure 3:

Source data 1. Cell frequencies in Chk1S373D expressing animals.

https://doi.org/10.7554/eLife.68636
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no obvious slowdown in cell division rate after mitotic re-entry (Figure 2G and H, n ≥ 7 tracheae per 
timepoint, Figure 2—source data 1, Figure 2—source data 2).

ROS dependence reveals a novel mode of ATR/Chk1 regulation
Having identified the source for high ROS in arrested tracheoblasts, we turned our attention to 
addressing how ROS is coordinating G2 arrest. Our previous studies have shown that Wnt-dependent 
transcriptional upregulation of Chk1 is essential for G2 arrest. Wnt signaling in the trachea is medi-
ated by four Wnt ligands – Wg, Wnt5, Wnt6, and Wnt10 – that are expressed by the tracheoblasts 
(Figure 3A). All ligands are expressed at high levels in arrested cells and downregulated post-mitotic 
entry. We have also shown that the four Wnts act synergistically to upregulate Chk1 expression but 
are redundant for expression of other Wnt targets like Fz3.

Our first step toward characterizing the role of ROS in G2 arrest was to analyze how ROS levels 
impacted Wnt signaling and the expression of Wnt target genes, particularly Chk1. We micro-dissected 
Tr2 fragments from btl-SOD1 and btl-DuoxRNAi animals at L2, extracted mRNA, and analyzed expres-
sion of Wnts and Wnt target genes by qPCR. We found that the expression of all Wnt ligands, Fz3 and 
Chk1, was comparable in wild type, btl-SOD1 and btl-DuoxRNAi-expressing animals (Figure 3B and 
C, red dashed line marks wild type levels, n ≥ 15 tracheal fragments per timepoint per experiment, 
n = 3 experiments). This showed that perturbations in ROS levels in the trachea do not impact Wnt 
signaling nor expression of Wnt targets like Chk1. We also assayed the levels of ATR in btl-SOD1 and 
btl-DuoxRNAi-expressing animals by qPCR and found no change in ATR transcript levels compared to 
control (Figure 3B and C, red dashed line marks wild type levels). Together, the qPCR data suggested 
that ROS did not regulate the abundance of either Chk1 or ATR transcripts.

We have shown previously that precocious mitotic re-entry observed in Wnt signaling-deficient 
tracheoblasts (btl-TCFRNAi) can be rescued by overexpression of Chk1 (Kizhedathu et  al., 2020). 
Thus, to functionally test whether ROS levels impact Chk1 expression, we overexpressed Chk1 in btl-
DuoxRNAi-expressing animals and examined cell proliferation. We counted numbers of tracheoblasts 
in btl-GAL4/+; UAS-DuoxRNAi/UAS-Chk1 (btl-DuoxRNAi, Chk1) animals at 16–24 hr L3 to find that the 
numbers were considerably higher than wild type and comparable to the numbers in btl-DuoxRNAi 
animals (Figure 3D, n ≥ 7 tracheae, Figure 3—source data 1). Along these lines, we also overex-
pressed ATR in btl-DuoxRNAi animals and counted the number of Tr2 tracheoblasts at 16–24 hr L3. We 
found that the numbers were higher than wild type and comparable to the numbers in btl-DuoxRNAi 
animals (Figure 3D, n ≥ 7 tracheae, Figure 3—source data 1). Taken together, the analyses suggested 
that ROS does not regulate ATR/Chk1 gene expression.

In light of the findings that ROS depletion does not perturb Chk1 expression but does perturb 
Chk1 phosphorylation and function, we hypothesized that ROS may regulate Chk1 phosphorylation 
in some manner. The ATR-dependent phosphorylation of Chk1 at serine 373 is thought to be neces-
sary for its activation (Liu et al., 2000; Patil et al., 2013; Bayer et al., 2018). Our immunohisto-
chemical analyses are consistent with these findings. To probe the possibility that ROS facilitates 
Chk1 phosphorylation, we tested whether a phosphomimic variant of Chk1, in which the serine at the 
position 373 has been replaced by aspartic acid (Chk1S373D), could rescue the Duox phenotype. We 
overexpressed Chk1S373D in btl-DuoxRNAi animals and counted cell numbers in Tr2 at 16–24 hr L3. We 
found that Tr2 cell numbers in these animals were now comparable to wild type (and lower than in 
btl-DuoxRNAi animals, Figure 3D, n ≥ 7 tracheae, Figure 3—source data 1). The rescue of the Duox 
mutant phenotype by the phosphomimic variant of Chk1 suggested that ROS is required for ATR-
dependent phosphorylation and activation of Chk1.

ROS-dependent activation of ATR/Chk1 does not require ATRIP/
TOPBP1/claspin
The coincidence of high ROS levels and activated Chk1 in cells would typically implicate ROS-
dependent genotoxic stress as the driver of Chk1 activation. However, our analysis of DNA damage 
in tracheoblasts, using the well-characterized marker for double-strand DNA breaks (γ-H2AX), found 
no detectable DNA damage in arrested cells (Kizhedathu et al., 2018). In light of the findings with 
respect to ROS, we decided to probe more rigorously the incidence of genotoxic stress in tracheo-
blasts and the role of the DNA damage response in Chk1 activation.

https://doi.org/10.7554/eLife.68636
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We re-evaluated the levels of DNA damage in tracheoblasts using two assays. First, we examined 
the accumulation of 8-oxo-2'-deoxyguanosine (8-oxo-dG), a marker for nucleotide oxidation. Second, 
we scored the frequencies of nuclear foci of RPA70, a protein that binds single-strand DNA breaks. To 
validate nuclear 8-oxodG as a marker of oxidative damage in tracheoblasts, tracheae from L2 larvae 
were dissected and treated ex vivo with different concentrations of H2O2 (100 μM, 500 μM, and 1 mM) 
for 30 min and stained with an antibody against 8-oxodG. Robust staining was detected in trachea 
at 1 mM H2O2(Figure 4A, n ≥ 6 tracheae per condition per experiment, n = 2), but no signal was 
detected at lower concentrations or in untreated tracheae. This showed that although 8-oxodG accu-
mulation is responsive to oxidative stress, there is no 8-oxodG accumulation in G2-arrested tracheo-
blasts under normal conditions. An aspect of the 8-oxodG staining in tracheal cells merits mention 
here. The accumulation of 8-oxodG in Tr2 tracheoblasts was cytoplasmic unlike the tracheal cells in 
other metameres, where 8-oxodG was observed in both cytoplasm and nucleus (Figure 4B, n ≥ 6 
tracheae per condition per experiment, n = 2). One reason for this difference could be that Tr2 DT are 
arrested in G2 and not engaged in DNA synthesis while cells in other metameres are actively endocy-
cling and replicating DNA.

Next we probed the incidence of single-stranded DNA breaks in tracheoblasts with the help of a 
strain that ubiquitously expresses RPA70-GFP (Blythe and Wieschaus, 2015). RPA 70 has been shown 
to be uniformly distributed in the nucleus under normal conditions and to form focal nuclear aggre-
gates at sites of single-strand DNA breaks (Blythe and Wieschaus, 2015). To validate RPA70-GFP as 
a marker for genotoxic stress in the tracheal system, L2 animals were exposed to either 0 (control) 
or 50 Gy of γ-irradiation and immunostained for GFP. Foci of GFP could be observed in the nuclei of 
tracheoblasts exposed to 50 Gy γ-irradiation (Figure 4C, n ≥ 6 tracheae per condition per experiment, 
n = 3) but no foci were detected in untreated tracheae at the same stage. In a parallel set of experi-
ments, we also examined levels of γ-H2AX in L2 animals under these conditions. We observed foci of 
nuclear γ-H2AX staining in tracheoblasts exposed to 50 Gy of γ-irradiation (Figure 4D, n ≥ 6 tracheae 
per condition per experiment, n = 3) but not in untreated tracheae at the same stage. Taken together, 
our analysis of 8-oxodG, RPA70-GFP, and γ-H2AX further confirmed that there is no detectable DNA 
damage in arrested tracheoblasts.

To probe the relationship between DNA damage and Chk1 activation in tracheoblasts, we also 
utilized a genetic approach. The mechanism for ATR/Chk1 activation in response to DNA damage has 
been characterized in some detail. These studies show that the activation of ATR/Chk1 requires three 
major proteins: ATR interacting protein (ATRIP, mus-304), topoisomerase II binding protein 1 (TOPBP1, 
mus-101), and claspin. Breaks in DNA that are bound by single-strand DNA-binding proteins like 
RPA-1/RPA-70 recruit ATR via its partner ATRIP and, in turn, TOPBP1. This complex activates ATR, and 
consequently, in a claspin-dependent manner, Chk1 (Choi et al., 2010; Cimprich and Cortez, 2008; 
Delacroix et al., 2007; Lee et al., 2012; Xu and Leffak, 2010).

To determine if ATRIP, TOPBP1, and claspin are required in tracheal cells for DNA damage-
dependent phosphorylation of Chk1, we examined pChk1 levels post γ-irradiation in tracheoblasts in 
which we simultaneously knocked down Duox and the aforementioned gene products. We exposed 
animals expressing btl-DuoxRNAi, ATRIPRNAi (btl-GAL4/ UAS-ATRIPRNAi; UAS-DuoxRNAi/+), btl-DuoxRNAi, 
TopBP1RNAi (btl-GAL4/+; UAS-DuoxRNAi/UAS-TOPBP1RNAi), and btl-DuoxRNAi, btl-DuoxRNAi, ClaspinRNAi 
(btl-GAL4/+; UAS-DuoxRNAi/UAS-ClaspinRNAi) to 50 Gy of γ-radiation and performed immunostaining 
for pChk1 1 hr after irradiation (Figure 4—figure supplement 1A). Although pChk1 could be detected 
post irradiation in animals expressing btl-DuoxRNAi (Figure 5—figure supplement 1C, n ≥ 6 tracheae 
per condition per experiment, n = 3), we did not detect pChk1 in btl-DuoxRNAi, ATRIPRNAi, btl-DuoxRNAi, 
TOPBP1RNAi, and btl-DuoxRNAi, ClaspinRNAi-expressing animals at the same stages (Figure 4—figure 
supplement 1B–E, n ≥ 6 tracheae per condition per experiment, n = 2). This shows that DNA damage-
dependent phosphorylation of Chk1 in Tr2 DT cells requires ATRIP, TOPBP1, and claspin.

To determine if any of the components of DNA damage-dependent ATR activation are necessary 
for the phosphorylation of Chk1 in the trachea, we knocked down ATR, ATRIP, TOPBP1, and claspin 
and probed the levels of pChk1 in L2 (Figure 4E–H, n ≥ 6 tracheae per condition per experiment, n 
= 2). pChk1 staining of the tracheae from these animals revealed that the loss of ATR led to the loss 
of pChk1 (Figure 4E). In contrast, the knockdown of ATRIP, TOPBP1, or claspin did not lead to a loss 
of pChk1 in L2 (Figure 4F–H). We also counted the number of cells in Tr2 DT at L2 and 16–24 hr L3 
in each of these genetic backgrounds. While the knockdown of ATR led to an increase in cell number 

https://doi.org/10.7554/eLife.68636
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Figure 4. ATRIP, TOPBP1, and claspin are not required for reactive oxygen species (ROS)-mediated checkpoint kinase 1 (Chk1) activation in 
tracheoblasts. (A–D) Detailed analysis of DNA damage in Tr2 dorsal trunk (DT). Shown here are findings from three different reporters of genotoxic 
stress. (A) 8-Oxo-2'-deoxyguanosine (8-Oxo-dG) immunostaining in wild type (btl-GAL4) Tr2 DT in untreated tracheae (left panel) and tracheae exposed 
to 1 mM H2O2 for 30 min ex vivo (right panel) at L2. (B) 8-Oxo-dG immunostaining in wild type (btl-GAL4) endocycling cells of the tracheae exposed 

Figure 4 continued on next page
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at 16–24 hr L3, knockdown of ATRIP, TOPBP1, and claspin did not (Figure 4I, n ≥ seven tracheae per 
timepoint, Figure 4—source data 1). These data indicate that ATR-dependent activation of Chk1 in 
G2-arrested tracheoblasts cells does not require ATRIP, TOPBP1, or claspin.

Collectively, these experiments lend support to the idea that the ROS-dependent Chk1 activation 
in tracheoblasts does not involve the DNA damage response pathway.

to 1 mM H2O2 for 30 min ex vivo at L2. (C) GFP immunostaining in non-irradiated and γ-irradiated larvae expressing RPA70-GFP. Shown in the figure 
are GFP immunostaining in non-irradiated larvae (top panel) and larvae exposed to 50 Gy of γ-radiation (bottom panel) at L2. (D) γ-H2AXSer139 
immunostaining in Tr2 DT in wild type (btl-GAL4) non-irradiated larvae (top panel) and larvae irradiated with 50 Gy of γ-radiation (bottom panel) at 
L2. (E–H) Analysis of the contribution of components of the DNA damage-dependent activation of ATR/Chk1 to Chk1 activation in Tr2 DT. Effects of 
the knockdown of ATR, ATRIP, TOPBP1, and Claspin on phosphorylated checkpoint kinase 1 (pChk1) levels in Tr2 DT at L2. pChk1 immunostaining 
(red) in Tr2 DT in (E) btl-ATRRNAi (btl-GAL4/UAS-ATRRNAi), (F) btl-ATRIPRNAi (btl-GAL4/UAS-ATRIPRNAi), (G) btl-TOPBP1RNAi (btl-GAL4/+; UAS-TOPBP1RNAi/+), 
and (H) btl-ClaspinRNAi (btl-GAL4/+; UAS-ClaspinRNAi/+) larvae at L2. (I) Effects of knockdown of ATR, ATRIP, TOPBP1, and Claspin on cell numbers in 
Tr2 DT. Graph shows numbers of Tr2 tracheoblasts in wild type (btl-Gal4), btl-ATRRNAi (btl-GAL4/UAS-ATRRNAi), btl-ATRIPRNAi (btl-GAL4/UAS-ATRIPRNAi), 
btl-TOPBP1RNAi (btl-GAL4/+; UAS-TOPBP1RNAi/+), and btl-ClaspinRNAi (btl-GAL4/+; UAS-ClaspinRNAi/+) at L2 and 16–24 hr L3 (mean values ± standard 
deviation, n ≥ 7 tracheae per condition per timepoint). Scale bars = 5 µm (A–D), 10 µm (E–H). Student’s t-test: *p<0.00001.

The online version of this article includes the following figure supplement(s) for figure 4:

Source data 1. Cell frequencies in ATR RNAi, ATRIP RNAi, TOPBP1 RNAi and Claspin RNAi expressing animals.

Figure supplement 1. ATRIP, TOPBP1, and claspin are required for DNA damage-dependent activation ofATR/Chk1.

Figure supplement 2. Loss of ATRIP, TOPBP1, and claspin does not affect cell numbers at WL3.

Figure 4 continued

0 Min  indicated times

Figure 5. Incubation with H2O2 can restore phosphorylated checkpoint kinase 1 (pChk1) levels in Dual oxidase (Duox)-deficient tracheoblasts. (A–E) 
Kinetics of Chk1 phosphorylation upon exposure to H2O2 ex vivo. (A) Regimen for H2O2 treatment and analysis of pChk1 in Tr2 dorsal trunk (DT) in 
L2. pChk1 immunostaining (red) in Tr2 DT in (B) untreated btl-DuoxRNAi (btl-GAL4/+; UAS-DuoxRNAi (32903)/+)-expressing tracheae and treated with 
100 µM H2O2 for (C) 30 min, (D) 5 min, and (E) 2 min. (F) Effect of knockdown of ATR on Chk1 activation in Tr2 DT upon exposure to H2O2 ex vivo. pChk1 
immunostaining (red) in Tr2 DT in btl-ATRRNAi (btl-GAL4/UAS-ATRRNAi) tracheae treated with 100 µM H2O2 for 30 min. (G–I) Effect of knockdown of Duox 
and ATRIP or TOPBP1 or Claspin on pChk1 levels in Tr2 DT in tracheae exposed to 100 µM H2O2 at L2. pChk1 immunostaining (red) in Tr2 DT in (G) btl-
DuoxRNAi, ATRIPRNAi (btl-GAL4/ UAS-ATRIPRNAi; UAS-DuoxRNAi (32903)/+), (H) btl-DuoxRNAi, TOPBP1RNAi (btl-GAL4/+; UAS-DuoxRNAi(32903)/UAS-TOPBP1RNAi) 
and (I) btl-DuoxRNAi, ClaspinRNAi (btl-GAL4/+; UAS-DuoxRNAi(32903)/UAS-ClaspinRNAi) tracheae treated with 100 µM H2O2 for 2 min at L2. (J) Model for the 
regulation of ATR/Chk1 activation in Tr2 DT. We propose that H2O2 can induce ATR-dependent phosphorylation and activation of Chk1 in the absence of 
detectable DNA damage, leading to G2 arrest in Tr2 tracheoblasts. Scale bars = 10 µm.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Exposure to γ-radiation can restore phosphorylated checkpoint kinase 1 (pChk1) levels in dual oxidase (Duox)-deficient 
tracheoblasts.

https://doi.org/10.7554/eLife.68636
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H2O2 can rescue pChk1 levels in Duox-deficient tracheoblasts
The next obvious question was to ask if Chk1 phosphorylation can be induced in Duox mutants by the 
addition of H2O2. To investigate this possibility, we examined levels of pChk1 in btl-DuoxRNAi tracheae 
after exposure to different concentrations of H2O2 for different periods of time. Tracheae from L2 
animals were exposed to PBS or H2O2 (PBS) ex vivo and immunostained for pChk1 (Figure 5A). We 
detected no pChk1 staining in tracheae exposed to buffer alone and robust pChk1 staining in tracheae 
incubated with H2O2 (Figure 5B–E, Figure 1—figure supplement 2C, n ≥ 6 tracheae per condition 
per experiment, n = 3). Interestingly, we noted that exposure to H2O2 for periods as short as 2 min 
was sufficient to restore levels of pChk1 in btl-DuoxRNAi tracheae (Figure 5E). We also probed pChk1 
levels in btl-ATRRNAi (btl-GAL4/UAS-ATRRNAi) tracheae post H2O2 treatment and found that there was 
no pChk1 accumulation (Figure 5G, Figure 1—figure supplement 2C, n ≥ 6 tracheae per condition 
per experiment, n = 3). Together, these data show that H2O2 treatment is sufficient to induce Chk1 
phosphorylation in an ATR-dependent manner and that H2O2 can induce pChk1 in minutes.

In an independent set of experiments, we examined the kinetics of DNA damage-dependent acti-
vation of Chk1 in tracheoblasts. As described earlier, we exposed L2 larvae to 50 Gy of γ-radiation and 
performed pChk1 immunostaining at different timepoints post irradiation (Figure 5—figure supple-
ment 1A). We could detect pChk1 1 hr post irradiation (Figure 5—figure supplement 1C, n ≥ 6 
tracheae per condition per experiment, n = 2) but not earlier (Figure 5—figure supplement 1D and 
E, n ≥ 6 tracheae per condition per experiment, n = 2). Here again, pChk1 induction in response to 
γ-radiation was dependent on ATR as pChk1 was not detected in tracheoblasts expressing btl-ATRRNAi 
(Figure 5—figure supplement 1F, n ≥ 6 tracheae per condition per experiment, n = 2). These exper-
iments suggest that the kinetics of Chk1 phosphorylation in response to H2O2 could be significantly 
faster than in response to γ-radiation.

Next, we tested whether H2O2 could restore levels of pChk1 in the absence of ATRIP, TOPBP1, 
and claspin in btl-DuoxRNAi-expressing animals. To test this possibility, we exposed animals expressing 
btl-DuoxRNAi, ATRIPRNAi, btl-DuoxRNAi, TOPBP1RNAi, and btl-DuoxRNAi, ClaspinRNAi-expressing tracheae to 
100  μM H2O2 and performed Chk1 immunostaining 2  min after exposure. pChk1 immunostaining 
showed that the knockdown of ATRIP, TOPBP1, and claspin did not prevent the activation of Chk1 
(Figure 5G–I, Figure 1—figure supplement 2C, n ≥ 6 tracheae per condition per experiment, n = 
2). This strongly suggests that the H2O2-dependent phosphorylation of Chk1 is independent of ATRIP, 
TOPBP1, and claspin.

Discussion
ATR and Chk1 are essential for normal development in Drosophila and other animals. In this regard, 
both kinases are thought to serve as guardians of genomic integrity and loss of either is associated 
with increased genomic instability and catastrophic cell death. Our studies in the tracheal system 
reveal a different facet of ATR/Chk1 function . We have shown previously that the pathway is required 
to arrest tracheal progenitor cells in G2 and that the activation of ATR/Chk1 occurs in the absence of 
any detectable DNA damage. The findings presented here demonstrate that Duox-generated H2O2 is 
required for the activation of ATR/Chk1 axis in this context (see model in Figure 5J). We discuss below 
the possible mechanisms by which ROS can activate ATR/Chk1, how ROS levels are regulated during 
tracheal development, and the clinical implication of the findings.

The precedence for ROS-based activation of PIKK-family kinases like ATR, ATM, and DNA-PK was 
set by studies on ATM. The formation of an intermolecular disulfide bond between cysteine residues 
located at the C-terminus of ATM was found to be essential for ATM homodimerization and activation 
(Guo et al., 2010). The structure of Drosophila ATR is not known, but the structure of human ATR in 
complex with ATRIP has been determined by cryoEM and the human ATR-ATRIP complex has been 
shown to dimerize (Rao et al., 2017). Using SWISS-MODEL and the kinase domain of human ATR as 
template, we modeled the Drosophila ATR monomer (the sequence range modeled was 855–2517, 
which has 33.6%  sequence identity to human ATR). A model for the Drosophila ATR dimer was subse-
quently generated using the human ATR-ATRIP complex as the template (Waterhouse et al., 2018; 
Guex et al., 2009). This model shows that there are no exposed cysteines that are close enough to 
form intermolecular disulfide bridges. Thus, there is a possibility that H2O2 regulates ATR in a different 
way than what has been proposed for ATM. The possibility that H2O2 can directly activate ATR by 

https://doi.org/10.7554/eLife.68636
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other mechanisms seems likely. ROS can alter kinase activity either by modifying cysteine residues 
at or near the active site or more broadly, leading to conformational changes (Corcoran and Cotter, 
2013). As indicated in the Introduction, ATR can be activated in response to mechanical stress by 
a mechanism that is likely to be dependent on ATRIP. Although our studies show that activation of 
ATR/Chk1 by ROS does not require ATRIP, future experiments will investigate all possibilities for non-
canonical activation. ATR aside, ROS may also regulate Chk1 activation by modifying Chk1 in some 
manner or via recruitment of other factors (see model in Figure 5J).

A comparison of the effects of ATR/Chk1 knockdown and SOD1 overexpression/Duox knockdown 
suggests that there may be other (ROS-independent) mechanisms for the non-canonical activation 
of ATR/Chk1. We have shown that loss of either ATR or Chk1 leads to slow rate of cell division post 
mitotic reentry (Kizhedathu et  al., 2018). Since there is no evidence for any DNA damage post-
mitotic re-entry and the knockdown of ATRIP, TOPBP1, and claspin does not recapitulate the ATR/
Chk1 mutant phenotype (Figure 4—figure supplement 2, n ≥ 7 tracheae per timepoint), the mecha-
nism for the activation of ATR/Chk1 post-mitotic re-entry is unclear. Interestingly, neither the overex-
pression of SOD1 nor the knockdown of Duox recapitulates the mitotic defect observed in ATR/Chk1 
mutants (Figures 1J and 2F). This suggests that there are other non-canonical-mechanisms of ATR/
Chk1 activation that are relevant to the roles of these kinases during development.

How are ROS levels regulated during development? Analysis of Duox mRNA levels in tracheoblasts 
shows that expression is high in L2 and early L3 and drops significantly at 32–40 hr L3. This parallels 
the expression of Chk1. We have previously shown that the levels of Chk1 mRNA are regulated tran-
scriptionally by the Wnt signaling pathway. We determined whether Wnt signaling also regulates 
Duox expression and ROS levels. This analysis showed that ROS levels are unaffected in Wnt pathway 
mutants (data not shown). We infer that Wnt signaling pathway does not regulate Duox nor ROS 
levels. Juvenile hormone (JH) has been shown to act as a negative regulator of cell proliferation in 
tracheae (Djabrayan et al., 2016). Pertinently, the levels of JH are high in L2 and early L3 and drop 
mid L3 (Dubrovsky, 2005). Thus, the timecourse of JH levels parallels the timecourses of both Duox 
and Chk1 expression. Future experiments will test the possibility that JH signaling in trachea regulates 
Duox expression and potentially Wnt signaling/Chk1 expression as well.

The possibility that ROS can activate ATR/Chk1 without inducing DNA damage may be clinically 
relevant. It has been reported that ovarian cancer cells that express high levels of Duox1 and high 
levels of activated Chk1 are relatively Cisplatin-resistant (Meng et al., 2018). The authors suggest that 
high levels of Chk1 activation are critical for chemoresistance and that the high levels of Chk1 activa-
tion are likely the result of ROS-generated DNA damage. The findings presented here suggest that 
high ROS may independently activate Chk1 and contribute toward chemoresistance. Along the same 
lines, cancer cells that have high levels of ROS (Gu et al., 2018; Singh et al., 2020) and an active DNA 
damage repair pathway have been shown to be relatively radioresistant (Alsubhi et al., 2016; Wang 
et al., 2013). Here again, the enhanced radioresistance has been attributed to ROS-dependent DNA 
damage priming of the DNA damage response. We suggest that the ROS-based activation of ATR/
Chk1 activation evidenced here may also contribute toward the observed chemo-/radioresistance of 
cancer cells.

Materials and methods

 Continued on next page

Key resources table 

Reagent type
(species) or resource Designation

Source or 
reference Identifiers Additional information

Genetic reagent 
(Drosophila melanogaster) btl-GAL4 Shiga et al., 1996 FLYB: FBtp0001208 This line was a gift from Dr. Shigeo Hayashi

Genetic reagent (D. 
melanogaster) UAS-Chk1RNAi VDRC 110076

Genetic reagent (D. 
melanogaster) UAS-Chk1S373D This study

Please see Materials and methods for a 
detailed description. (Can be obtained 
through NCBS Fly Facility: https://​
bangalorefly.​ncbs.​res.​in/)

https://doi.org/10.7554/eLife.68636
https://bangalorefly.ncbs.res.in/
https://bangalorefly.ncbs.res.in/


 Research advance﻿﻿﻿﻿﻿ Cell Biology | Developmental Biology

Kizhedathu et al. eLife 2021;10:e68636. DOI: https://​doi.​org/​10.​7554/​eLife.​68636 � 13 of 18

Reagent type
(species) or resource Designation

Source or 
reference Identifiers Additional information

Genetic reagent (D. 
melanogaster) RPA-70GFP

Blythe and 
Wieschaus, 2015

This line was a gift from Dr. Eric F 
Wieschaus

Genetic reagent (D. 
melanogaster) UAS-DuoxRNAi BDSC

RRID:BDSC_33975 and 
RRID:BDSC_32903

Genetic reagent (D. 
melanogaster) UAS-ATR Bayer et al., 2018 This line was a gift from Dr. Anja C Nagel

Antibody
Phospho-Chk1 (Ser345) (rabbit 
monoclonal) antibody CST

Cat #2348 
(RRID:AB_331212) (1:200)

Antibody

Anti-8-hydroxy-2’-deoxyguanosine 
antibody (mouse monoclonal) 
antibody Abcam

Cat #ab48508 
(RRID:AB_867461) (1:200)

Commercial assay or kit Tyramide signal amplification 
system

Thermo Fisher 
Scientific

Cat #B40912

 Continued

Fly strains and handling
The following strains were obtained from repositories: UAS-Sod1 (RRID:BDSC_24754), UAS-DuoxRNAi 
(RRID:BDSC_32903, RRID:BDSC_33975), UAS-ATRIPRNAi (RRID:BDSC_61355), UAS-TOPBP1RNAi 
(RRID:BDSC_43244), UAS-ClaspinRNAi (RRID:BDSC_32974) (Bloomington Drosophila Stock Center), 
UAS-Chk1RNAi (RRID:FlyBase_FBst0473748), and UAS-ATRRNAi (RRID:FlyBase_FBst0475838; Vienna 
Drosophila Resource Center). UAS-Chk1 was generated in the in-house fly facility. The following 
strains were received as gifts: btl-GAL4, UAS-ATR, and RPA70-GFP. Strains were raised on a diet of 
cornmeal-agar and maintained at 25°C . All experiments were performed on animals raised at 25°C  
unless otherwise indicated.

Cloning of pUAST-Chk1S373D and generation of transgenic flies
Drosophila Chk1 cDNA clone was ordered from DGRC in pOT2 vector. Serine at 373 (TCG) position 
was mutated to aspartic acid (GAT) using the primers Chk1_S373D_Forward and Chk1_S373D_Re-
verse. The complete plasmid was amplified by polymerase chain reaction (PCR) using Phusion poly-
merase. The PCR product was then digested with Dpn1 enzyme and further transformed into XL10 
cells. The plasmid was isolated from a few colonies and sent for sequencing. The positive clone with 
the mutation (TCG to GAT) was then subcloned into the vector pUAST. Mutant Chk1 (Chk1 S373D) 
was amplified using the primers pUAST_Chk1_Ecor1_Forward and pUAST_Chk1_Kpn1_Reverse. 
The PCR fragment and the empty vector were then double digested using enzymes EcoR1 and 
Kpn1 at 37°C  for 1 hr. The vector was purified using gel extraction and the PCR fragment was puri-
fied using the PCR clean-up kit (Qiagen). The digested vector and insert were mixed in the ratio 1:3 
and ligated using T4 DNA ligase (NEB) at 16°C  overnight. The ligation mixture was transformed 
into XL10 cells. Plasmid isolation was performed on the positive clones and sent for sequencing for 
further confirmation. The clone with the correct mutation pUAST-Chk1S373D was used to establish five 
independent transgenic fly lines by P-element mediated germline transformation by the in-house 
fly facility.

The following primer sets were used for generating and cloning Chk1S373D:

Chk1_S373D_Forward 5′ ​CAGT​TACT​CCTT​CGAT​CAAC​CAGC​TTTG​CTTGATG 3′

Chk1_S373D_Reverse 5′ ​ATCG​AAGG​AGTA​ACTG​AGCC​GAGC​CTCCTG 3′

pUAST_Chk1_EcoR1_Forward 5′ ​AGAG​AATT​CATG​GCTG​CAACGCTG 3′

pUAST_Chk1_Kpn1_Reverse 5′ ​AGAG​GTAC​CCTA​AGGC​ACCG​AATTTG 3′

https://doi.org/10.7554/eLife.68636
https://identifiers.org/RRID/RRID:BDSC_33975
https://identifiers.org/RRID/RRID:BDSC_32903
https://identifiers.org/RRID/RRID:AB_331212
https://identifiers.org/RRID/RRID:AB_867461
https://identifiers.org/RRID/RRID:BDSC_24754
https://identifiers.org/RRID/RRID:BDSC_32903
https://identifiers.org/RRID/RRID:BDSC_33975
https://identifiers.org/RRID/RRID:BDSC_61355
https://identifiers.org/RRID/RRID:BDSC_43244
https://identifiers.org/RRID/RRID:BDSC_32974
https://identifiers.org/RRID/RRID:FlyBase_FBst0473748
https://identifiers.org/RRID/RRID:FlyBase_FBst0475838
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Larval staging
Larval staging was performed as previously described (Guha and Kornberg, 2005) based on the 
morphology of the anterior spiracles. L2 larvae were collected and examined to identify animals that 
had undergone the L2-L3 molt in 8 hr intervals (0–8 hr L3). 0–8 hr L3 cohorts collected in this method 
were staged for subsequent timepoints.

Immunostaining and imaging
Animals were dissected in PBS and fixed for 30  min with 4%   (w/v) paraformaldehyde (PFA) in 
PBS. The following antisera were used for immunohistochemical analysis: chicken anti-GFP (Aves, 
1:500, RRID:AB_10000240), rabbit anti-phospho Chk1 (CST, 1:200, RRID:AB_331212), rabbit anti-
pH3 (Millipore, 1:500, RRID:AB_310177), mouse anti-8-hydroxy-2′-deoxyguanosine (Abcam, 1:200, 
RRID:AB_867461), and Alexa 488/568-conjugated donkey anti-chicken/rabbit/mouse secondary anti-
bodies (Invitrogen, 1:200). Tyramide signal amplification was performed as per the manufacturer’s 
recommendations for pChk1 detection. The following reagents were used as part of this protocol: 
tyramide amplification buffer and tyramide reagent (Thermo Fisher), vectastain A and B (Vector 
Labs), and biotinylated donkey anti-rabbit IgG (Jackson ImmunoResearch, 1:200, RRID:AB_2340593). 
Tracheal preparations were flat-mounted in ProLong Diamond Antifade Mountant with DAPI (Molec-
ular Probes) and imaged on Zeiss LSM-780 laser-scanning confocal microscopes. All images were 
taken by adjusting the parameters (gain and laser power) such that there is no saturation in the posi-
tive control images. All images from the same experiment were acquired at the same settings. Images 
were processed using ImageJ (RRID:SCR_003070). For quantification of cell number, fixed specimens 
were mounted in ProLong Diamond Antifade Mountant with DAPI and the number of nuclei was 
counted from images collected with an Olympus BX 53 microscope. The DT of the second thoracic 
metamere was identified morphologically based on the cuticular banding pattern at anterior and 
posterior junctions.

ROS detection
Larvae of indicated stages were dissected in PBS, flipped inside out to expose the trachea, and incu-
bated in 100  μM H2DCFDA (Thermo Fisher) for 30  min or 10  μM DHE (Thermo Fisher) for 5  min 
at room temperature. The larvae were then washed in PBS and fixed mildly in 4%  PFA for 5 min. 
Tracheae were flat mounted in ProLong Diamond and imaged immediately.

Fluorescence intensity quantification
Fluorescence intensities were quantified by doing a maximum intensity projection followed by back-
ground subtraction. In each image, three square regions of interest (ROIs) were selected at random 
within the tracheal boundaries. The intensity density values obtained from these ROIs were aver-
aged and then divided by 1000 to obtain arbitrary unit values (AU). Fluorescence intensities of all the 
samples for H2DCFDA, DHE staining, and pChk1 immunostaining were calculated in the same manner. 
ImageJ software was used to perform all the above operations.

RNA isolation and quantitative PCR
RNA extraction and qPCR were performed as described in Kizhedathu et al., 2018. Primer sequences 
for Chk1, Fz3, Wg, Wnt5, Wnt6, Wnt10, ATR, Duox, and GAPDH (internal control) are provided below. 
Relative mRNA levels were quantified using the formula RE = 2- ∆∆Ct method.

The following primer sets were used:

GAPDH forward 5' ​CGTTCATGCCACCACCGCTA 3'

GAPDH reverse 5' CACGTCCATCACGCCACAA 3'

Chk1 forward 5' ​AACA​ACAG​TAAA​ACGC​GCTGG 3'

Chk1 reverse 5' ​TGCATATCTTTCGGCAGCTC 3'

Wg forward 5' ​AAATCGTTGATCGAGGCTGC 3'

Wg reverse 5' ​GGTG​CAGG​ACTC​TATC​GTTCC 3'

 Continued on next page
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Wnt5 forward 5' ​AGGATAACGTGCAAGTGCCA 3'

Wnt5 Reverse 5’ ​ACTTCTCGCGCAGATAGTCG 3’

Wnt6 Forward 5’ ​AGTTTCAATTCCGCAACCGC 3’

Wnt6 Reverse 5’ ​TCGGGAATCGCGCATTAAGA 3’

Wnt10 Forward 5’ ​CACGAATGGCCCGAAAACTG 3’

Wnt10 Reverse 5’ ​CCCACGGTGCCCTGTATATC 3’

Fz3 Forward 5’ ​ATGAATGTCGTTCAAAGTGG 3’

Fz3 Reverse 5’ ​TATAGTAAATGGGGCTTGCG 3’

ATR Forward 5' ​CCAGATAGCAGCGAGTGCAT 3'

ATR Reverse 5' ​CGAGGTCCAGGGAACTTAGC 3'

Duox Forward 5’ ​ATCTACACGGTGGATAGGAA 3’

Duox Reverse 5’ ​CAGCAGGATGTAAGGTTTCT 3’

γ-Irradiation of larvae
Second instar larvae were exposed to 50 Gy of γ-radiation at the rate of 2.56 Gy/min using Blood Irra-
diator 2000 (Board of Radiation and Isotope Technology, DAE, Mumbai). After irradiation, the larvae 
were transferred into media vials, maintained at 25°C  for 3 hr (detection of RPA-70GFP and γ−H2AX) 
or indicated timepoints (detection of pChk1), after which they were sacrificed.

Hydrogen peroxide treatment
Animals were dissected in PBS and flipped inside out to expose the tracheae. They were then incu-
bated with specific concentrations of H2O2 in PBS at room temperature. For detection of 8-oxo-dG, the 
larvae were immediately washed in PBS and fixed with 4%  PFA and immunostaining was performed 
as described above. For detection of pChk1, the specimens were washed in PBS immediately and ice-
cold PFA was added. The samples were fixed overnight at 4°C . Immunostaining was then performed 
as indicated above.
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