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ABSTRACT

Ataxia Telangiectasia (A-T) is a rare incurable neurodegenerative disease caused by biallelic mutations
in the ATM gene. The lack of a functional ATM kinase leads to a pleiotropic phenotype, and oxidative stress
is thought to have a crucial role in the complex physiopathology. Recently, steroids have been shown to
reduce the neurological symptoms of the disease, but the molecular mechanism of this effect is largely
unknown. We demonstrated that dexamethasone treatment of A-T lymphoblastoid cells increases the content
of two of the most abundant antioxidants, GSH and NADPH, by up to 30%. Dexamethasone promoted the
nuclear accumulation of the transcription factor NRF2 to drive expression of antioxidant pathways involved
in glutathione synthesis and NADPH production. The latter effect was via G6PD activation, as confirmed by
increased enzyme activity and enhancement of the pentose phosphate pathway rate. This evidence indicates
that glucocorticoids are able to potentiate antioxidant defenses to counteract oxidative stress in Ataxia
Telangiectasia, and reveal an unexpected role for dexamethasone in redox homeostasis and cellular
antioxidant activity.

INTRODUCTION

Ataxia Telangiectasia (A-T) is a neurodegenerative disease with autosomal recessive inheritance and,
despite being monogenic, is characterized by a very pleiotropic phenotype. In addition to the well-known
role of ATM in the DNA damage response, the phosphorylation landscape and functions of this versatile
protein are also the focus of growing interest [1-6]. The lack of kinase activity leads to the impairment of a
very large network of signalling pathways, including regulation of the cellular redox homeostasis and
metabolic pathways [7-14]. Metabolic defects are thought to play a crucial role in the complex
physiopathology [15-18] and the resulting altered metabolism can be a source of oxidative stress [19].

In recent years, oxidative stress has been profusely singled out. Indeed, the link between oxidative
stress and A-T is well established, but mainly relies on studies performed in in vitro or in animal models [20-
25]. Those studies suggested that oxidative stress may actively contribute to the oddest degenerations in A-T
cells, even before ATM functions in redox homeostasis were known.

Despite the poor evidence collected in patients, dietary antioxidants have been largely accepted as
supportive therapies in people suffering from Ataxia Telangiectasia [26-28]. Although the lifespan of
patients with A-T has been prolonged over the years, no established therapy is currently available. Recently,
the glucocorticoid analogues, Betamethasone and Dexamethasone, have been successfully proposed as a
novel treatment for A-T patients [29-36], but their mechanism of action is still under investigation [37;38].
We have previously reported that Dexamethasone can partially rescue ATM deficiency by promoting a
shortened protein variant [39]. In addition, we have identified the meaningful pathways required for the drug
action [40].

In this investigation, we attempted to delineate new links between Ataxia Telangiectasia, oxidative
stress and glucocorticoid action. Our results provide evidence that Dexametasone (Dexa) treatment could
improve the antioxidant capacity of A-T cells by enriching the pool of antioxidant molecules. In addition, we
propose new molecular mechanisms for this drug, which are mechanistically related to the intrinsic
pathogenic mechanisms of Ataxia Telangiectasia.
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RESULTS

Effect of Dexa on antioxidant molecules

Glutathione is the most abundant scavenger molecule within cells; thus, we started by measuring
reduced glutathione (GSH). Experiments were performed on lymphoblastoid cells lines (LCLs) derived from
three A-T patients (AT50RM, AT28RM, AT129RM,TABLE 1) and compared to those derived from a
healthy donor (WT). Suitable samples were extracted from LCLs with or without Dexa administration. In
agreement with other studies [41-45], we found that basal levels of GSH do not differ significantly in A-T
cells compared to wild type (WT) cells (FIGURE 1A). Even more interestingly, we observed a significant
increase in GSH content after 24 hours of exposure to Dexa in both wild type and mutated cells (ranging
from 20 to 30%). GSH content, assayed again after 48 hours of Dexa exposition, did not increase further. It
is noteworthy that A-T cells treated with Dexa displayed GSH levels that were even higher than basal WT
cells (Wilcoxon signed rank test WT versus each A-T cell line p<0.05). To our knowledge, this is the first
time that it has been shown that glucocorticoids are capable of augmenting the GSH pool in A-T cells.

We subsequently assessed whether the significant increase observed in GSH content after
Dexamethasone administration could be due to redox-cycling of glutathione. Indeed, glutathione exists in
both reduced and oxidized (GSSG) states but, under normal conditions, GSSG accounts for only 5-10% of
total glutathione. We showed that Dexa is able to significantly increase both reduced and total glutathione in
A-T cells (FIGURE 1B). On the contrary, GSSG content was unaffected. This is consistent with the
hypothesis that Dexa enriches the total glutathione pool to possibly counteract oxidative stress.

To support our hypothesis, we measured reduced glutathione upon induction of an oxidative stress.
Unfortunately, lymphoblastoid cells proved to be too sensitive to hydrogen peroxide, which was found to be
associated with a reduced survival and did not allow us to reliably assess GSH content under stressful
conditions. Thus, we performed the same investigations in primary fibroblasts from A-T patients.
Specifically, stress was triggered by 0, 25 and 50 uM hydrogen peroxide. As shown in FIGURE 1C, Dexa
was also able to increase GSH levels in fibroblasts. Moreover, the drug was able to protect cells preventing
GSH depletion. In fact, comparing data from control and treated fibroblasts, GSH contents were found to be
significantly higher even when cells were subjected to hydrogen peroxide.

GSH/GSSG is the major redox couple that determines the antioxidant capacity of cells, but its value can
be affected by other redox pairs, especially the NADPH/NADP" ratio. We therefore measured NADPH and
NADP" in WT and A-T lymphoblastoid cell lines with or without Dexa. We observed that Dexamethasone
raised NADPH concentration both in normal and mutant LCLs (FIGURE 2A). NADP" concentrations were
also measured to estimate the NADPH/NADP ratio and the obtained values are shown in FIGURE 2B. All
LCLs showed an increased ratio after drug treatment compared with the respective untreated samples, which
is consistent with an increased reducing power. In fact, comparison of NADP" levels among each cell line
does not find out any statistical difference neither between basal WT and AT nor between treated ones.

Given its synergic effect on both glutathione and NADPH, it can be argued that Dexa enhances cellular
antioxidant capacity. Since oxidative stress is the result of an imbalance between antioxidant and pro-oxidant
species, we sought to complete the picture by assessing reactive oxygen species content. ROS were evaluated
by dichlorofluorescein assay in WT and A-T lymphoblastoid cells treated with Dexa or untreated. Basal ROS
levels were undetectable in WT and AT50RM, while AT28RM and AT129RM showed detectable ROS
levels even at rest. Accordingly with the observed increased antioxidant capacity, Dexa also reduces ROS
production (FIGURE 3). This is in agreement with the observations of Russo et al. [34], who documented a
remarkable reduction in ROS levels in a single patient studied at different time-points of betamethasone
therapy.
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Effect of Dexa on the antioxidant response

After showing that Dexa was able to strengthen the cellular antioxidant defences increasing the cell’s
redox capacity, we turned our attention to the underlying mechanisms of action of the drug.

A set of pathways can control antioxidant molecules within cells. All these pathways belong to a
complex network of molecular signals that together constitute the antioxidant response. These molecular
pathways need to be finely controlled and regulation mainly occurs via transactivation of the respective
antioxidant genes.

Among the various branches, we focused on GSH metabolism and NADPH production. To this end, a
guantitative PCR array was set up to address when and whether Dexa could enhance antioxidant gene
expression. Selected target genes are listed in TABLE 2. A preliminary time-course analysis conducted in
AT129RM revealed the upregulation of most genes after a 24-hour treatment. Results are summarized in
FIGURE 4A. Unfortunately, targets belonging to GSH utilization were undetectable.

After having tested the effect of Dexa on the whole targets, we assayed the entire panel of genes in the
remaining A-T cells. The same assays were performed on WT genes as a control. As shown in FIGURE 4B,
overexpression of the whole genes of GSH synthesis was validated, as it was the most significant effect on
glutamylcysteine ligase catalytic subunit (GCLC). Both the catalytic and modifier subunit of glutamyl-
cysteine ligase (GCL) were found to be significantly overexpressed in all LCLs, while glutathione synthetase
(GSS) was upregulated in all cells but significantly so in two out of three. It is notable that Dexa was able to
induce those genes in A-T cells but not in WT cells. Moreover, glutathione reductase (GSR) was found to be
slightly upregulated in A-T cells but not in WT cells. Regarding the last target of GSH synthesis, SLC7A11,
its expression was rather unaffected in A-T cells and slightly reduced in WT cells.

Among the genes involved in NADPH production, G6PD was found to be overexpressed in all tested
LCLs, but significantly overexpressed only in A-T cells. PHGDH overexpression was confirmed in
AT129RM, but not in AT50RM or AT28RM, while it was downregulated in WT. ME1 and IDH1 were
rather unaffected. Taken together, these results showed an overall transactivation of antioxidant genes giving
rise to the hypothesis that Dexa could somehow turn on the different targets by means of one or more
specific mechanisms.

The groups of antioxidant genes are jointly regulated by a single transcription factor, NRF2, which is
encoded by the NFE2L2 gene. Therefore, we first assessed the transcriptional activation of NFEL2L2 by
guantitative PCR. FIGURE 5A displays how Dexa elicited a mild induction in A-T cells after 24-hour Dexa
treatment but not in WT cells but the difference is not statistically significant. However, NRF2 activation
mainly occurs at the protein level and is regulated by a fine-tuned mechanism [46]. Under resting conditions,
NRF2 is continuously degraded in the cytoplasm by its suppressor KEAP1. In response to stress, NRF2 is
released from its suppressor, leading to protein translocation and accumulation in the nucleus. Hence, we
assessed the nuclear shift of NRF2 by western blot on cytosolic and nuclear fractions from WT and A-T cells
treated with Dexa or untreated. As shown in FIGURE 5B, the drug was able to dramatically promote the
nuclear translocation of NRF2, especially in A-T cells, as shown by the nuclear accumulation and
concomitant disappearance from the cytosol. Moreover, the western blot on total extracts showed no
significant changes in the NRF2 protein level, thus excluding that NRF2 nuclear accumulation is a
consequence of the overall increase in protein expression (FIGURE 5C). Intracellular redistribution of
NRF2 was also assayed by immunofluorescence, confirming the nuclear localization only in A-T cells
treated with Dexa (FIGURE 5D and 5E). The activation of NRF2 pathway was indeed functionally assessed
by Real-Time PCR analysis of a well-characterized NRF2 target gene, NQO1 used as positive control
(FIGURE 5F).

Hence, our data provide strong evidence that Dexamethasone enhances cellular antioxidant defences via
NRF2 activation, which in turn results in transcriptional induction of the antioxidant genes required for the
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synthesis of GSH and NADPH. Our next step was then to assess whether the increased transcriptional rate
was accompanied by a parallel increase in enzymatic activity and/or metabolic rate.

Effect of Dexa on antioxidant enzymes and metabolic pathways

The production of two of the most abundant antioxidants, NADPH and GSH, has been shown to be
positively modulated by Dexa in A-T cells. The above-mentioned data are consistent with an increase in
glutathione synthesis, driven by NRF2-dependent overexpression of GSH biosynthetic enzymes. Among the
NADPH-producing enzymes, we demonstrated that Dexa may enhance NADPH production via induction of
glucose 6-phosphate dehydrogenase (G6PD). G6PD is the rate limiting enzyme of the pentose phosphate
pathway (PPP), which is the key pathway for NADPH generation, accounting for approximately 60% of total
NADPH production in human cells. Therefore, we investigated whether the higher transcription rate of the
G6PD gene was associated with a higher enzymatic activity. G6PD activity was evaluated by
spectrophotometric assay. As displayed in FIGURE 6A, the activity of the enzyme after Dexamethasone
treatment was higher than in untreated cells both in WT and A-T LCLs, as expected by the higher gene
transcription, but the increase was significant only in A-T cells. Because G6PD and the NADPH/NADP ratio
control the amount of glucose directed to the hexose monophosphate shunt, we decided to investigate
whether the higher enzyme activity was associated with an effective higher rate of pathway utilization. Thus,
we assessed glucose metabolism and the rate of the PPP in AT129RM cell line before and after Dexa
(FIGURE 6B). PPP rates were determined as the difference between the amounts of **CO, production from
the oxidation of [1-C'*]-glucose, occurring in both the PPP and TCA (first bars) and CO, production from [6-
C"]-glucose that, under the experimental conditions, is mainly produced in the Krebs cycle (second bars).
The resulting values are represented by the last bars showing that the amount of **CO, produced during the
oxidative decarboxylation of the hexose monophosphate pathway increased after Dexamethasone
administration, consistent with an increased rate of the PPP. At the same time, the graph shows that the
carbon dioxide produced by oxidative decarboxylation during TCA decreases after Dexamethasone
treatment, suggesting a reduced influx of glycolytic products to the mitochondrion. To verify this hypothesis,
we assessed the effect of Dexamethasone on the transcription of PDK4, which negatively regulates pyruvate
dehydrogenase thereby blocking the influx of pyruvate into TCA. As shown in FIGURE 6C, a significant
overexpression of PDK4 was found both in WT and A-T cells receiving Dexa, with the latter cells showing a
higher increase.

We subsequently investigated whether this metabolic reprogramming could affect the energetic status
of A-T cells. To this end, we measured the ATP and NADH levels in WT and A-T cells treated with Dexa or
untreated. FIGURE 7A shows the intracellular concentration of AMP, ADP and ATP, with no significant
differences observed in WT and A-T cells before and after drug administration. On the other hand, as shown
in FIGURE 7B, there was an increase in NADH levels after Dexa administration, especially in A-T cells,
where NAD" levels also increased slightly.

This result suggested that an enrichment of the NAD pool might contribute to an increase in NADPH.
NAD" can be converted into NADP" thanks to the action of NAD kinase. We therefore evaluated the effect
of Dexa on NADK genes and proteins. NADK induction was first investigated by RT-PCR and then by
enzymatic activity in WT and A-T cells with or without Dexa treatment. 24 hours after Dexa administration,
no significant effects were detectable in mMRNA levels or in enzymatic activity (FIGURE 8).
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DISCUSSION

Far from being only a DNA damage kinase relegated to the nucleus, ATM is emerging as a pivotal and
ubiquitous kinase, which can be directly activated by oxidative stress. ATM localizes to the cytosol and in
particular to organelles such as mitochondria to manage the antioxidant response and orchestrate
mitochondrial metabolism, autophagy and the overall cellular metabolism [13;15;18;19;47;48]. In addition, a
growing body of evidence suggests that metabolic defects strongly contribute to the complex A-T phenotype
observed in patients [10;14;23-25;28;49-51]. Among the impaired metabolic pathways, glucose, purine
metabolism and lipid turnover are the most known. On the other hand, as long as the understanding of the
role of ATM in A-T physiopathology remains poorly understood, the development of a cure will continue to
be elusive. Indeed, effective therapeutic approaches are still lacking, although there is growing interest in
steroid treatments (in particular Betamethasone and Dexamethasone) and pharmacological manipulation of
the metabolism (http://www.atcp.org/GrantsFunded#sthash.BqE5Zubj.dpuf). In addition, some clinicians are
calling for the measurement of GSH levels in the brains of A-T children using current neurological scales for
the assessment of neurodegeneration.

In light of the current state of research in the field, we attempted to put some pieces of the puzzle
together by investigating whether the therapeutic effectiveness of Dexamethasone on A-T phenotype could
be related to redox homeostasis and cell metabolism. To this end, the antioxidant capacity and the metabolic
reprogramming after Dexa treatment were investigated in A-T cell models.

Dean [42] was the first author to suggest that GSH metabolism could be involved in the sensitivity of
A-T cells to ionizing radiation and DNA damage accumulation. However, he reported that basal GSH levels
were similar in A-T and normal fibroblasts. Moreover, he investigated several aspects of glutathione
metabolism but found no significant variations in GST activity and only a small reduction in GSR activity.
One vyear later, Meredith and Dodson [45], in agreement with Dean, showed that basal GSH content was
similar in fibroblasts and lymphoblasts from A-T patients compared to WT cells. Hence, they hypothesized
an impaired glutathione re-synthesis in A-T cells after its depletion. However, their findings were promptly
guestioned by Dean who stated that a reduced rate of re-synthesis can be found only in some A-T fibroblasts,
as it is related to passage number [43]. Our results are consistent with Dean’s findings, confirming that
neither basal GSH levels in A-T lymphoblasts (31-35 nmol/mg proteins) nor in A-T fibroblasts (15-20
nmol/mg proteins) differ significantly compared to WT. Interestingly, we found that Dexamethasone
significantly increases GSH levels in both A-T and WT cells. The only study that examined the effect of
betamethasone on oxidative stress in A-T, by Russo et al. [34], inversely correlated antioxidant capacity to
cerebellar atrophy and measured GSH levels in peripheral blood mononuclear cells from A-T patients
enrolled in a clinical trial, who received a short-term steroid treatment. Unfortunately, GSH measurements
after betamethasone treatment were not investigated in this study.

Moreover, we did not find noteworthy abnormalities in glutathione metabolism in A-T cells. In
agreement with Dean [42], we revealed that in basal A-T cells, GSH accounted for 90-95% of total
glutathione. In contrast, Degan et al. documented a significant decrease in GSSG content in A-T patients
suggesting an adaptive response to pro-oxidants [44]. We demonstrated that Dexa was able to increase total
glutathione without affecting oxidized glutathione. Glutathione reductase contributes to increase reduced but
not total glutathione by regenerating GSH from GSSG after its utilization during ROS scavenging.
Accordingly, a slight but insignificant increase in GSR expression was observed in A-T cells. Moreover, we
showed that after Dexa treatment, A-T cells exhibit GSH levels that are even higher than those in basal WT
cells, suggesting that the drug strengthens the antioxidant capacity of A-T cells, perhaps as an adaptive
mechanism to chronic oxidative stress, as hypothesized by Degan [44]. Overall, these data are consistent
with a rise in glutathione de novo synthesis. As reported in TABLE 2, the synthesis of the tri-peptide GSH
occurs in two subsequent reactions, and it is mainly regulated via the activity of glutamyl-cysteine ligase
(GCL), the enzyme which catalyses the first critical gamma-peptide bond formation between glutamate and
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cysteine [52]. We showed that that Dexa significantly enhanced GCL and glutathione synthetase (GSS)
expression in A-T cells by guantitative PCR. Both the catalytic and modifier subunits of GCL are regulated
at multiple levels to activate GSH biosynthesis, and up-regulation of GSS can further enhance the capacity of
cells to synthetize glutathione [52]. The last determinant in glutathione biosynthesis is the availability of
cysteine in the cells. We found a slightly higher level of SLC7A11 mRNA in WT cells compared to A-T
cells; nevertheless, its expression was unaffected by Dexa. This gene encodes for the cysteine/glutamate
carrier, which transports cysteine in exchange for glutamate, thereby contributing to the availability of
cysteine in the cells. Meredith et al. suggested an impaired cystine uptake in A-T fibroblasts [45], but, as
already mentioned, these findings were questioned by Dean et al. [42]. More recently, Campbell et al.
reported a decreased expression of XCT transporter in astroglia culture from A-T mice [41]. We have found
intracellular cysteine levels to be similar in WT and A-T lymphoblastoid cells, and slightly increased in both
after Dexa administration (data not shown), although cysteine transporter transcription was unaffected.
However, it is noteworthy that the cysteine level is not limited to cysteine import but is also generated by
transulfuration of methionine, and this is particularly true in high GSH utilising cells such as lymphocytes
[53]. Moreover, a recent work hypothesizes that depletion of cystathionine gamma-lyase, the enzyme
responsible for cysteine production from cystathionine in the transulfuration pathway, may mediate
neurodegeneration in Hungtinton’s disease [54].

Concomitant with the GSH increase, an increase in NADPH content was observed in both WT and A-T
lymphoblastoid cells after 24h Dexa treatment. Among the targets involved in NADPH production, we found
that Dexa significantly trans-activated only the G6PD gene. Enhanced G6PD transcription was accompanied
by a parallel increase in enzyme activity. Other authors have previously observed a positive effect of Dexa
on G6PD mRNA [55] and protein [56;57]. Increased G6PD activity, in addition to leading to direct
production of NADPH, prompts glucose metabolism in the pentose phosphate pathway. The third reaction of
PPP catalysed by phosphogluconate dehydrogenase can further increase NADPH production. The activity of
this enzyme has also been assayed, but no significant increase was found in WT or AT129 RM cells (data
not shown).

In summary, Dexa proved able to increase the production of two of the most abundant antioxidants,
GSH and NADPH, thereby improving the antioxidant capacity of A-T cells to counteract oxidative stress.
NRF2 acts as master regulator of the antioxidant response driving the expression of most of the antioxidant
genes, including those involved in GSH and NAPDH production [58]. Thus, we hypothesized that Dexa
could strengthen the cellular antioxidant defences by triggering this antioxidant machinery. We showed that
in A-T cells, NRF2 is shifted by Dexa from cytosol to the nucleus, where its accumulation continues up to
24-h after drug administration to sustain phase Il antioxidant gene expression. In WT cells, NRF2 is also
involved in enhancing antioxidants but is probably rapidly inactivated, as demonstrated by the transcription
of target genes which is inhibited at 24h. Unfortunately, we cannot provide conclusive evidence of the
critical role of NRF2 because NRF2 mRNA silencing, which would have been the most recommended
approach, is not viable owing to inefficient transfection of lymphoblastoid cells. However, additional
experiments to explore in depth the role and modes of activation of NRF2 are ongoing.

The production of NAPDH is closely related to cellular metabolism, as it is produced within cells via
glucose and glutamine metabolism. Indeed, Glucose 6-phosphate is a key regulatory checkpoint in the
overall glucose metabolism. Under normal conditions, 90% of glucose is directed to glycolysis while only
10% is directed to the pentose phosphate pathway (PPP). Under oxidative stress conditions, the rate of PPP
can be dramatically increased to promote antioxidant defence [59] and DNA repair [7]. We found that Dexa
was indeed able to increase the PPP rate in A-T cells. Moreover, a lower influx of glycolytic intermediates to
TCA was shown. Hence, we investigated whether this metabolic reprogramming involved reduced activity of
pyruvate dehydrogenase, a key regulatory checkpoint in the carbohydrate metabolism. Pyruvate
dehydrogenase is negatively regulated by pyruvate dehydrogenase kinase in response to various stimuli.
Several isoforms exist for this enzyme, and among these, we focused on PDK4, which acts in response to
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metabolic stress to switch metabolism from glucose to fatty acids to preserve glucose. In addition, PDK4 is
known to be trans-activated by glucocorticoids [60]. Effectively, PDK4 was shown to be significantly
induced by Dexa in both WT and A-T cells. As mentioned above, inhibition of pyruvate dehydrogenase
reduces pyruvate metabolism in the mitochondrion with a decreased mitochondrial ROS production.
Interestingly, in response to ROS, ATM inhibits oxidative phosphorylation through the AMPK and HIFa
pathways, thus reducing mitochondrial ROS production [50]. Indeed, activated ATM promotes an overall
energy metabolism reprogramming to maintain cellular redox homeostasis. It is well known that oxidized
ATM activates multiple redox signalling pathways to increase the cellular antioxidant capacity (for example,
enhancing glycolysis by up-regulating glucose uptake via AKT-dependent manner) and to promote the
pentose phosphate pathway via G6PD activation, increasing NADPH generation [50]. In the absence of
ATM, we showed that Dexa can drive this metabolic reprogramming in response to an increased requirement
of NADPH, which suggests that this gain in functions could be mediated by protein replacement. Indeed, in a
previous work performed on the same cell lines [39], we demonstrated that Dexa promotes the production of
a shortened but active ATM protein variant. Moreover, the activation of NRF2 may be related to ATM
kinase activity. Some authors are proposing new ways of regulation of NRF2 managed by key kinases such
as AKT, ERK and p38 MAPK [61] that are at the moment under our investigations.

Finally, unlike other Authors [62;63], we did not find lower ATP or NAD levels in untreated A-T cells
compared to WT cells, but previous evidence was based on experiments in the brain of ATM” mice and
primary A-T fibroblasts. In lymphoblasts, we showed that even though Dexa reduces the entrance of
glycolytic metabolites to the TCA this does not affect significantly ATP and NADH contents. We can
speculate that diverging glucose from the TCA, the cellular machinery is forced to fall back on glutamine to
draw energy. Glutamine enters the TCA directly at the level of alpha-ketoglutarate and is able to fully sustain
the energetic requirement of the cells in terms of ATP and NADH. Preliminary microarray data performed in
our cellular models show that oxoglutarate (alpha-ketoglutarate) dehydrogenase, the enzyme which regulates
the flux of glutamine into the TCA, is one of the most over-expressed genes after Dexa administration.
Conversely, we observed that NAPDH content was more affected by the drug. Then, we hypothesized the
involvement of a metabolic network between the synthesis of NADH and NADPH. NAD kinase converts
NAD to NADP, and its role in energy metabolism [64] and antioxidant defence is emerging [65].
Nonetheless, investigations of this kinase did not show any significant effect by Dexa. This is consistent with
Pollak’s work [65] indicating that NADK is summoned only when the NADP pool is significantly
diminished thus becoming the limiting factor. That is to say, the rate of NADPH regeneration is more critical
than the actual concentration of the pre-existing NADPH.

In conclusion, in this work we propose a novel role for glucocorticoid as a guest actor in the antioxidant
pathway in Ataxia Telangiectasia. Regardless of whether this effect relies on direct or indirect mechanisms,
our results mark a step forward in the understanding of steroid action in neurodegenerative diseases and
suggest that the drug may be much more than a simple anti-inflammatory or immunosuppressive compound.
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MATERIAL AND METHODS
Cell lines

Lymphoblastoid cell lines (LCLs) used in this study were ATS0RM, AT28RM, AT129RM, derived
from three A-T patients (ATM™), whose genotype is reported in TABLE 1, and one wild type donor
(ATM*"), as control. All cell lines were established from fresh lymphocytes infected by Epstein-Barr virus
and maintained in RPMI11640 medium supplemented with 2 mM L-glutamine, 100 U/mL Penicillin, 0.1
mg/mL Streptomycin, and 10% fetal bovine serum.

Human primary fibroblasts, AG09429 (ATM™*) and GM2052 (ATM™) (Coriell Institute, Camden,
USA), were grown in Minimum Essential Medium Eagle. The medium was supplemented with 2 mM L-
glutamine, 100 U/mL Penicillin, 0.1 mg/mL Streptomycin, 10% FBS (for AG09429) and 15% FBS (for
GM2052).

All cells were incubated at 37°C with 5% CO, and treated with 100 nM Dexa for 24h prior to
metabolite, RNA and protein extractions. Dimethylsulfoxide (DMSQO) was used as the drug vehicle and thus
administered in untreated cells as a control.

Measurement of reducing equivalents

The endogenous levels of reduced glutathione (GSH) in WT and A-T lymphoblastoid cell lines treated
or not with Dexa were measured as previously reported [66]. 1 x 10° cells were washed twice in PBS and
immediately subjected to lysis and protein precipitation. De-proteinized supernatants were added with 25%
(v/v) Na;HPO, and 10% (v/v) DTNB and used for HPLC determination of derivatized thiols. Quantitative
measurements were obtained by injection of standard solutions of GSH. In some cases, the same thiol
extracts were used for determination of total glutathione. Briefly, samples were added with suitable
concentrations of NADPH, DTNB and GSH reductase to convert oxidized glutathione into GSH, according
to [67]. Total glutathione was then quantified by spectrophotometric assay at 412 nm as described in [68].
Nicotinamide adenine dinucleotide phosphate is an enzymatic cofactor involved in many redox reactions
where it cycles between the reduced (NADPH) and the oxidized (NADP*) forms. NADP*and NADPH were
extracted from lymphoblastoid cells and measured using a colorimetric assay (NADP*/NADPH Quantitation
Kit, Sigma Aldrich).

ROS measurements

Cellular ROS were evaluated by 2°,7’-dichlorofluorescein diacetate (DFCH-DA) assay [69]. DCFH-DA
(Sigma Aldrich) is a nonfluorescent compound that reacts with cellular ROS to produce dichlorofluorescein
(DCF), a highly fluorescent molecule. 5 pM of DCFH-DA was administered to 1 x 10° WT and A-T
lymphoblastoid cells treated or not with Dexamethasone and incubated for 20 min at 5% CO,, essentially as
described in [34]. Cells were collected, washed with PBS and immediately analysed on a microplate assay.

Quantitative Real-Time PCR

Total RNA was extracted from LCLs treated or not treated with Dexa, using the RNeasy mini kit
(Qiagen) and cDNA was obtained by PowerScript reverse transcriptase (Clontech). Quantitative PCRs were
performed by custom TagMan® Array Plates 16 x 6 Format (Life Technologies). The selected targets are
listed in TABLE 2 with a brief description of their role in the antioxidant response. 18S and HPRT1 were
used as housekeeping genes. Positive target validations, as well as other quantitative PCRs, were performed
by the respective single-tube assay TagMan® Gene Expression Assay (Life Technologies).
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Western blotting and fluorescence imaging

Western blots were performed on WT and A-T cytosolic and nuclear protein extracts. Antibodies used
in the analyses were anti-NRF2 and anti-HPRT1, from Santa Cruz Biotechnology, and anti-Lamin A/C, from
Diatheva. Microscopic observations of NRF2 were performed by Leica DMLB fluorescent microscope
equipped with a DC300F CCD camera. Images were analysed by ImageJ as reported in [70]. NRF2
normalised signals were integrated by using the DAPI signal as ROI. About 250 cells were counted for each
sample.

Enzyme activity assays

Glucose 6-phosphate dehydrogenase (G6PD) activity was evaluated by spectrophotometric assays
reported by [71]. G6PD catalyses the oxidation of glucose 6-P to 6-phosphogluconolactone, which
spontaneously hydrolyses to 6-phosphogluconate (PGA) generating one mole of NADPH. 6-
phosphogluconate dehydrogenase (6PGD) catalyzes the oxidation of the newly formed 6-PGA to ribulose 5-
phosphate with the production of another mole of NADPH.

G6PD
GLUCOSE 6-P + NAPD+6—> 6-PGA + NADPH + H*

6-PGA + NADP* L 5RIBULOSE 5-P + CO, + NADPH + H*

Measurements were made by monitoring the increase in absorption at 340 nm due to the reduction of
NADP* to NADPH at 37°C. One enzyme unit represents the reduction of 1 umol of NADP*/min. Also
phosphogluconate dehydrogenase (PGD) was assayed as described in [72].

NAD kinase (NADK) activity was measured essentially as described in [73]. NADK catalyses the
conversion of NAD" to NADP* using ATP as phosphate group donor.

. NADK .
NAD™ + ATP —— NADP™ + ADP

G
NADP* + GLUCOSE 6-P e 6-PGA + NADPH + H*

Briefly, phosphorylation of NAD" by NADK was monitored at 340 nm by pairing this reaction with the
subsequent reduction of newly formed NADP* to NADPH by G6PD. Reactions contained 5 mM NAD", 5
mM ATP, 5 mM glucose 6-phosphate, 0.5 U G6PD (Sigma Aldrich), 5 mM MgCl, and 100 mM Tris-HCI
pH 8.0. All assays were performed on native protein extracts from WT and A-T lymphoblastoid cell lines
treated with Dexa or untreated.

Pentose phosphate pathway rate and overall glucose metabolism

The pentose phosphate pathway (PPP) rate was determined by incubating cells with tracer doses of [1-
C*]-glucose and [6-C**]-glucose, essentially as reported by [59]. After its internalization, glucose is rapidly
phosphorylated to glucose 6-phosphate (G6P) to enter glycolysis. G6P can also be shunted to PPP. In the
oxidative branch of PPP, it is first oxidized to 6-phosphogluconate and then decarboxylated to ribulose 5-
phosphate. Emission of CO, can be monitored by administration of radiolabelled glucose in position 1.
Glucose 6-phosphate, which continues with glycolysis, can enter the tricarboxylic acid cycle (TCA)
encountering two subsequent decarboxylations. Emissions of CO, during TCA can be monitored by
administration of radiolabelled glucose in position 6. The PPP rate was calculated as the difference between
the **CO, derived from [1-C*]-glucose (metabolized in both PPP and TCA) and that derived from [6-C**]-
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glucose (metabolized only by the TCA). Cells were cultured and the assay was performed in 2 mmol/l
glucose. Trapping of the **CO, and scintillation counting were performed as already reported in [74].

Adenine and pyridine simultaneous extraction and determination

Determination of ATP, ADP, AMP, NAD" and NADH in lymphoblastoid cells lines treated with Dexa
or untreated was performed by alkaline extraction allowing the simultaneous recovery of purine nucleotides
as described in [75]. Nucleotide extraction was followed by chromatographic separation using an ion-pair
reverse-phase HPLC method with UV detection developed in our lab [76]. Standard solutions of nucleotides
were used for absolute quantitation.
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TABLE 1. GENOTYPING OF A-T LYMPHOBLASTOID CELL LINES

Biagiotti S

LCL Genotype Mutation allele 1 and resulting protein Mutation allele 2 and resulting protein

AT50RM | Compound Htz | 7792C>T | Nonsense/ Truncated protein | 8283delTC Deletion/ Truncated protein
AT28RM | Compound Htz | 5692C>T | Nonsense/ Truncated protein | 1IVS37+2T>C | Splicing/ Truncated protein
AT129RM | Hmz 8283delTC | Deletion/ Truncated protein | 8283delTC Deletion/ Truncated protein

Lymphoblastoid cell lines were established both from A-T patients (ATM™) and healthy volunteers (ATM*").
In the table genotyping of A-T cell lines is reported; as shown, all the investigated mutations lead to
truncated protein with no detectable ATM levels.

TABLE 2. SELECTED GENE TARGETS INVOLVED IN THE ANTIOXIDANT RESPONSE

GSH SYNTHESIS AND

REGENERATION NADPH PRODUCTION GSH UTILIZATION

GCLC Glutan?ylcystel_ne ligase G6PD Glucose 6-phosphate GPX2 Glutat_hlone
catalytic subunit dehydrogenase peroxidase

GCLM Glutgr_nylcystel_ne ligase PHGDH Phosphoglycerate GSTAL35 Glutathione
modifier subunit dehydrogenase transferases

GSS Glutathione synthetase ME1 Malic enzyme

XCT Cysteine transporter IDH1 Isocytrate dehydrogenase

GSR Glutathione reductase

Among the antioxidant pathways we focused on GSH synthesis and regeneration and NADPH
production. GSH production is regulated by glutamylcysteine ligase, which catalyses the first step of
glutathione de novo synthesis, that is the isopeptide bond formation between glutamate and cysteine. The
enzyme complex is composed of a catalytic subunit (GCLC) and a modifier subunit (GCLM). The second
step is catalysed by glutathione synthetase (GSS), which releases the final tri-peptide after addition of
glycine. GSH synthesis is limited by the availability of cysteine into the cells. SLC7A11 gene encodes for an
anionic amino acid carrier (XCT) that transports cysteine in exchange with glutamate, thereby contributing to
the intracellular cysteine concentration. Finally, glutathione reductase (GSR) participates to GSH
homeostasis by regenerating reduced glutathione after oxidation at the cost of a NADPH molecule.

NADPH is mainly produced into the cells by the pentose phosphate pathway that shunts from glycolysis

at glucose 6-phosphate level. Glucose-6-phosphate dehydrogenase (G6PD) prompts the entrance of glucose
6-phosphate into the oxidative phase of PPP in response to NADPH requirement. Secondarily, NADPH can
be formed as a product of metabolic reactions catalysed by malic enzyme 1 (ME1) and some isoforms of
isocitrate dehydrogenase, such as IDH1. This cytoplasmic enzyme serves a significant role in cytoplasmic
NADPH production and can localize to the peroxisomes.
Finally, GSH and NADPH productions can be indirectly enhanced by phosphoglycerate dehydrogenase
(PHGDH), the key enzyme of serine biosynthesis. In fact, serine is the metabolic precursor of glycine, which
is needed for GSH synthesis. Moreover, serine affects pyruvate kinase activity leading to the diversion of
metabolites from glycolysis towards NADPH generation.
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FIGURE LEGENDS
FIGURE 1. GSH CONTENT INWT AND A-T CELLS WITH OR WITHOUT DEXA

(A) Reduced glutathione (GSH) content was evaluated in WT and A-T lymphoblastoid cell lines after 24-
hour Dexa and compared with the respective untreated cell line. Values are means and SEM of six
independent experiments (Wilcoxon signed rank test; *two-tailed p-values<0.05). (B) Total and reduced
glutathione was measured in AT129RM before and after Dexa. Striped bar pattern refers to GSSG obtained
by subtracting GSH to total glutathione. (C) GSH contents were evaluated also in WT (AG09429) and A-T
(GM2052) fibroblasts, treated or not with Dexa, and subjected to increasing hydrogen peroxide
concentrations (0, 25 and 50 uM).

FIGURE 2. NADPH CONTENT IN WT AND A-T CELLS WITH OR WITHOUT DEXA

(A) NADPH levels and (B) NADPH/NADP+ ratios were evaluated in WT and A-T lymphoblastoid cell lines
treated with Dexa and compared with the respective untreated LCLs. Values are means and SD of three
independent experiments (Wilcoxon signed rank test; *two-tailed p-values<0.05, **two-tailed p-
values<0.005).

FIGURE 3. ROS LEVEL IN WT AND A-T CELLS WITH OR WITHOUT DEXA

ROS levels were measured by DFCH-DA assay in resting WT and A-T lymphoblastoid cell lines receiving
Dexa and compared with the respective untreated cell line. Dashed line represents the threshold of
detectability as estimated from the mean of the negative controls. Values are means and SD for quadruplicate
wells (Wilcoxon signed rank test; *two-tailed p-values<0.05).

FIGURE 4. EFFECT OF DEXA ON ANTIOXIDANT GENE EXPRESSION

The effect of Dexa on the gene expression of selected targets belonging to the antioxidant response was
evaluated by quantitative PCR. (A) Preliminary time-course analysis performed in AT129RM at 2, 6 and 24
h Dexa. Fold changes were calculated as the difference between the treated and respective untreated sample.
(B) Panel of targets in WT and A-T lymphoblastoid cells treated with Dexa for 24 h. Fold changes were
calculated as the difference between the treated and respective untreated LCL. Values are means and SEM of
four independent experiments. Overexpression has been validated for targets with a *p-value lesser than 0.05
(Wilcoxon signed rank test).

FIGURE 5. NRF2 GENE EXPRESSION AND PROTEIN LOCALIZATION IN WT AND A-T
CELLS WITH OR WITHOUT DEXA

(A) Transactivation of the Nuclear factor 2 gene, NFE2L2, was assayed by quantitative PCR. Fold changes
were calculated as the difference between the treated and the respective untreated lymphoblastoid cell line.
(B) Nuclear shift of NRF2 was assessed by western blot on cytosolic and nuclear fractions extracted from
WT and AT129RM treated or not with Dexa. NRF2 protein levels were checked by western blots of total
extracts, as well (C). HPRT1 and LAMIN A were used as cytosolic and nuclear loading controls,
respectively. Nuclear localization of NRF2 was also confirmed by immunofluorescence imaging (D) and
quantification (E) on WT and A-T cells with or without Dexa. (F) The activation of NRF2 was confirmed by
Real-Time PCR on NQO1 as positive control. Values are means and SEM of four independent experiments
(* = p-values <0.05).
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FIGURE 6. EFFECT OF DEXA ON PENTOSE PHOSPHATE PATHWAY AND OVERALL
GLUCOSE METABOLISM

(A) The activity of G6PD, the rate-limiting enzyme of PPP, was firstly assayed spectrophotometrically on
native protein extracts from WT and A-T LCLs treated or not with Dexa. Values are means and SEM of six
independent experiments (Wilcoxon signed rank test; *two-tailed p-values<0.05) (B) Effective rates of
utilization of PPP was confirmed in AT129RM by administration of [1-C**]-glucose and [6-C**]-glucose and
subsequent monitoring of emitted CO,. First bars represent the rates of radiolabeled carbon dioxide
production by [1-C**]-glucose, which is metabolized in both PPP and TCA. Second bars are those produced
by [6-C'*]-glucose metabolized only by the TCA. PPP rates in the last bars were determined as the difference
between the rates of **CO, production from [1-C**]- and [6-C'*]-glucose. Values are means and SEM of six
independent experiments (Wilcoxon signed rank test; *two-tailed p-values<0.05). (C) The effect of Dexa on
TCA rate has been examined also by the expression of PDK4, which inhibits pyruvate dehydrogenase and
reduces the influx of glycolytic intermediates to TCA. Quantitative PCRs were performed on the panel of
WT and A-T lymphablastoid cell lines with or without Dexa. Fold changes were calculated as the difference
between the treated and respective untreated LCL. Values are means and SEM of four independent
experiments (Wilcoxon signed rank test, *p-values<0.05).

FIGURE 7. ENERGETIC STATUS OF WT AND A-T CELLS WITH OR WITHOUT DEXA

The pools of ATP (A) and NAD (B) have been measured by simultaneous extraction of adenine and pyridine
nucleotides followed by HPLC-UV detection. Analyses were performed in A-T cells and in WT cells as
control, subjected or not to drug treatment. Values are means and SD of three independent experiments.

FIGURE 8. EFFECT OF DEXA ON NADK

The effect of Dexa on NADK was investigated both at mMRNA and protein levels. (A) Expression of NADK
was assessed by quantitative PCR on WT and A-T LCLs with or without Dexa. Fold changes are expressed
as the difference between treated and untreated samples. (B) NADK enzymatic activity has been estimated
by spectrophotometric assay on native protein extracts from the same LCLSs.
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FIGURE 1
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FIGURE 2
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FIGURE 3

Raw DCF fluorescence

1500+

1000+

500

Intracellular ROS levels in WT and AT LCLs
with or without Dexa

[ Ty .

18

22

| o 5 )
ATS0RM AT28RM AT129RM

Biagiotti S

) DMSO
E3 DEXA



FIGURE 4
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FIGURE 5
A. NFE2L2 mRNA B. Nuclear shift of NRF2
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FIGURE 6
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B. Glucose metabolism in AT129RM
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FIGURE 7
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FIGURE 8

A. NADK expression
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