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ABSTRACT

Dexamethasone administered by autologous red blood cells (RBCs) is used in clinical trials and as
compassionate therapy to alleviate ataxia telangiectasia (AT) symptoms, providing long-term deliv-
ery of low doses of the drug. In the present paper, we report a dexamethasone-induced variation in
gene expression that differed between healthy and AT primary fibroblasts simulating patient con-
ditions. Gene expression levels were analysed by a microarray platform. The obtained gene-set data
were used for biological pathway analysis by Reactome functional network clustering. Over 3000
probes were differentially modulated by dexamethasone in wild-type (WT) and AT fibroblasts. Con-
sequently, the biological pathways induced by dexamethasone treatment also differed between the
two samples. Some of the pathways were the same as those normally altered in AT compared to WT
cells. Our results were consistent with earlier studies on HDAC4 and DDIT4 dynamics. The 30-day low
dose dexamethasone treatment induced differential gene expression in AT and WT cells, leading to
the partial recovery of genes that are usually dysregulated in AT. This is probably due to glucocor-
ticoid receptor diversity in AT, which is likely genetically imprinted in AT, thus accounting for the
differential response of AT cells to dexamethasone treatment.
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Introduction

Ataxia telangiectasia (AT) is a rare severe genetic dis-
ease caused by the biallelic mutation of the ATM
(ataxia telangiectasia mutated) gene, which codes for a
large protein called ATM, a member of the PI3 kinase-
like kinase (PIKK) family (Gatti et al. 1988; Abra-
ham 2004). First discovered as a protein with nuclear
functions, because it is activated after DNA dam-
age (Bakkenist and Kastan 2003; Kozlov et al. 2006)
modulating cell-cycle-checkpoint signaling (Abraham
2001), ATM also has defined functions as well as sev-
eral other functions that are still under investigation in
the cytoplasm (Yang and Kastan 2000; Alexander, Cai,
et al. 2010; Alexander, Kim et al. 2010; Cam et al. 2010;
Guo et al. 2010; Sharma et al. 2014; Zheng et al. 2019;
Guo et al. 2020; Sarkar et al. 2020).

Subjects with AT are wheelchair dependent by the
age of ten and show a varied phenotype, characterized
by ataxia, oculocutaneous telangiectasias, immunod-
eficiency, proneness to cancer and respiratory infec-
tions (Gilad et al. 1998; Chun and Gatti 2004; Biton

et al. 2008; Lavin 2008; van Os et al. 2017). No defini-
tive cure is available for the pathology and supporting
therapies are administered to care for patients. Never-
theless, several studies and clinical trials have shown
that glucocorticoid administration in AT patients can
improve their clinical outcome and quality of life
(Buoni et al. 2006; Broccoletti et al. 2008; Zannolli et al.
2012; Chessa et al. 2014; Leuzzi et al. 2015). How-
ever, the mechanism of action of glucocorticoids in
AT patients has only been partially elucidated; there-
fore, we have focused our research on investigating
the effects of dexamethasone (dex) in both cellular
models (Menotta et al. 2012; Menotta, Biagiotti, Bar-
tolini, et al. 2017; Menotta, Orazi, et al. 2018; Ricci
et al. 2020) and patients (Menotta, Biagiotti, Spap-
peri, et al. 2017; Leuzzi et al. 2018; Menotta, Biagiotti,
et al. 2018). We had the opportunity to test whole
blood gene expression variation in patients treated
with autologous dexamethasone loaded RBCs (Chessa
et al. 2014). Using this method, the loaded dexam-
ethasone is slowly released into the bloodstream at
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a therapeutic dose, thus avoiding the glucocorticoid
side-effects. The pharmacokinetic study on dexam-
ethasone RBC administration release (Coker et al.
2018) was then assessed, showing that the circulating
drug concentration ranged from approximately 3nM
(one day after the infusion) to 50pM (three weeks after
the infusion). In light of these findings, we decided
to investigate whether a low dexamethasone concen-
tration administered over a long period was able to
alter gene expression in AT fibroblasts. In the present
study, we investigated the genes that were altered by
the treatment and their role in the cells using biological
network analysis.

Materials and methods
Cell cultures

Primary fibroblasts WT AG09429, GMO02673
(ATM+/4) and AT GMO00648, AG04405, AG03058
(ATM -/-) from the Coriell Institute (Camden, NJ,
USA) were used as cellular models. Cells were
grown in MEM (Eagle formulation) supplemented
with 2 mmol/l L-glutamine, 100 U/mL penicillin and
0.1 mg/mL streptomycin (Sigma-Aldrich), 10% or 15%
of fetal bovine serum (depending on cell line, Thermo
Fisher Scientific) and 5mM glucose. All cells were
incubated at 37°C with 5% CO2 and treated with 1nM
dexamethasone every medium change (twice a week)
for 30 days prior to RNA extraction. Two technical
replicates were assessed for each cell line. Dimethylsul-
foxide (DMSO) was used as the drug vehicle and thus
was administered in untreated cells as a control.

Microarray analysis

Total RNA was extracted from all the investigated cell
lines using the RNeasy kit plus (QIAGEN). Quality
control of RNA was assayed by Nanodrop and Agi-
lent Bioanalyzer-Tape Station (RIN > 8). The label-
ing procedure was performed using the Affymetrix
GeneChip WT Pico kit. Two ng of RNA was assessed,
and the labeling was achieved as recommended by
the manufacturer. Human Clariom D array chips from
Aftfymetrix were used, and the procedures were carried
out according to the manufacturer’s instructions. The
GeneChip Scanner 3000 7G platform was used for data
acquisition. The data analysis, after pre-processing at
the probe level (CEL files), was performed by RMA

background adjustment, using the quantile method for
normalization and median polish for summarization.
DEGs (differentially expressed genes) were selected by
the Affymetrix TAC console for functional annotation
using an FDR p-value <0.05 (Limma Bioconductor
package).

Quantitative PCR

Some of the genes that were found to be modulated
by dexamethasone were further investigated by qPCR.
For this purpose, 500 ng of RNA were employed in
each experiment to obtain cDNA by PrimeScript™ RT
Master Mix (Takara). One ng of cDNA was employed
in each TagMan Gene Expression Assay (Thermo
Fisher Scientific) for the FKBP5, HDAC4 and DDIT4
genes according to the manufacturer’s instructions.
PPIC and PPIA gene expressions were used as house-
keeping genes, averaging their expression by geometric
mean (Vandesompele et al. 2002). Amplification plots
were analysed using the ABI PRISM 7500 sequence
detection system (Applied Biosystems) and the relative
expression data were calculated by the A ACt method
(Winer et al. 1999; Pfaftl 2001) and represented as
1/2ACt.

Data analysis and functional networks

Statistical analyses and graph plotting were performed
by GraphPad Prism. Statistical tests were chosen
according to the sample size and variance homogeneity
(parametric or non-parametric tests). The gene sym-
bol lists resulting from the gene selection procedure
and the matching gene expression values were used
to compute functional networks by using the Reac-
tome FI Functional Interaction Network plugin for
Cytoscape (Wu et al. 2010). Biological processes (BP)
and pathway enrichment of moduli were assessed by
FDR p-value <0.01, while the whole network func-
tions were computed using FDR <0.1.

Results
Basal differences between AT and WT cells

We have previously reported the effects of dexametha-
sone on whole blood gene expression in AT patients
observing a basal difference between healthy and AT
subjects. In the present investigation, we first assessed
whether differences were also observable between
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Figure 1. Reactome FI network from gene symbols achieved comparing WT and AT fibroblasts in basal conditions. Numbers indicate
the matching moduli order from the Reactome clustering procedure reported in Material S2. Red perimeters of the nodes indicate
upregulated genes, while the green ones indicate downregulated genes.

untreated AT and W' fibroblasts. After the array anal-
yses, 5995 probe sets (3835 gene symbols) were found
to be differentially expressed between AT and WT
fibroblasts. The gene symbol list and the matching fold
changes are reported in Material S1a. WT cells showed
4137 upregulated and 1858 downregulated probe sets
(2371 upregulated and 1464 downregulated gene sym-
bols), compared to AT fibroblasts. In order to define
their biological functions, Reactome FI clustering was
performed. The functional network that was obtained
is illustrated in Figure 1 and all coupled biological
processes, pathway enrichments of moduli and the
whole network pathway enrichment are reported in
Material S2.

Sixteen pathways were found to be altered in AT
fibroblasts compared to WT samples, including the
DNA replication-DSB repair cluster and the mTOR
signaling- autophagy cluster, two pathways that are
known to be altered in AT cells and patients (Bakkenist
and Kastan 2003; Kozlov et al. 2006; Alexander, Kim,
et al. 2010; D’Assante et al. 2017; Choy and Wat-
ters 2018; Zheng et al. 2019), thus making our model
biologically relevant. The other highlighted pathways
were receptors and cell signaling; mRNA metabolism;

phosphorylation; protein catabolism and chromatin
dynamics.

Dexamethasone differentially alters gene
expression in AT and WT cells

The 30-day low-dose dexamethasone treatment was
able to alter the behaviour of the primary AT and
WT fibroblasts used in the present study. As regards
the AT samples, dexamethasone was able to alter the
expression of 3021 probes after one month of treat-
ment (Material S1b). There were 1215 upregulated and
703 downregulated genes. The effects of the dexam-
ethasone were assessed by analysing the expression of
the gene that is usually altered by the drug, namely
FKBP5 (Menotta, Biagiotti, et al. 2018; Menotta, Orazi,
et al. 2018). FKBPS5 is one of the useful reporters and,
in the analysed gene set it was also upregulated (F/C
3.15). FKBP5 expression was also validated by gPCR
(Figure 2). Two additional reporter genes that are
used to gage the effects of dexamethasone are DUSP1
and TSC22D3, but in the current investigation they
were not altered (data not shown). In WT treated
samples, dexamethasone increased the expression of
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Figure 2. FKBP5 expression in AT and WT samples treated or not
with dexamethasone. As illustrated, the drug was able to improve
the gene expression in both samples (p < 0.05, Wilcoxon test).

1160 gene symbols, while 1308 genes were downreg-
ulated (Material Slc), and the reporter gene FKBP5
was congruently overexpressed (about 5 F/C in the
array gene set) and was confirmed by qPCR (Figure
2). The biological functions of the two gene sets were
extrapolated using the Reactome FI clustering proce-
dure. The obtained plotted functional networks are
reported in Figures 3 and 4 respectively, while the
biological processes and pathways of moduli with the
whole network pathway enrichments are described in
Material S3 and $4, respectively. Nine principal bio-
logical processes were controlled by dexamethasone
in AT, while 12 processes were defined in WT. Of
these processes, pathways involved in transcription,
splicing, translation, receptor signaling and chromatin
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organization were controlled in both AT and WT.
Signaling mediated by neurotransmitter, cytoskeleton
and vesicle transport were exclusive pathways in AT
treated samples, whereas processes involved in cell
cycle, necrosis/apoptosis, glycoprotein and ubiquitina-
tion appeared to be WT specific pathways.

Gene-set and biological pathway comparisons

The comparisons of the three gene sets were subse-
quently carried out. Figure 5(a) shows the Venn dia-
gram obtained by comparing all the gene symbols of
the three samples. The output lists from the matching
processes are reported in Material S5. A total of 3787
gene symbols were found to be differentially expressed
between WT and AT fibroblasts, and 404 of those were
modulated by dexamethasone in AT fibroblasts. Dex-
amethasone effects influenced the gene expression of
both treated AT and WT cells (1898 and 2432 gene
symbols respectively), but 1747 gene symbols in AT
and 2281 in WT were specifically modulated, and
only 151 gene symbols were mutually modified. These
results show that dexamethasone alters gene expres-
sion according to cell genotype.

In addition, the functional pathways in moduli were
compared in the investigated dataset. The intersec-
tion is illustrated in Figure 5(b) in a Venn diagram,
while the detailed lists are reported in Material S6.
Dexamethasone controlled 24 pathways in moduli out

4 Sensor signaling
transduction

5 Vesicle-mediated transport

9 mRNA Eukaryotic

’ ¢\ Translation Initiation

Figure 3. Reactome Fl network from gene symbols achieved comparing AT-dex vs AT fibroblasts. Numbers indicate the matching moduli
order from the Reactome clustering procedure reported in Material S3. Red perimeters of the nodes indicate upregulated genes, while

the green ones indicate downregulated genes.
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Figure 4. Reactome FI network from gene symbols achieved comparing WT-dex vs WT cells. Numbers indicate the matching moduli
order from the Reactome clustering procedure reported in Material S4. Red perimeters of the nodes indicate upregulated genes, while

the green ones indicate downregulated genes.

of the 180 that were altered in WT and AT fibrob-
lasts. Furthermore, dexamethasone treatment induced
different cellular responses because only 15 pathways
in moduli were common to both treated WT and AT
fibroblasts, and 29 pathways were specifically mod-
ulated by dexamethasone only in AT (Material S6).
The latter are involved in biological processes, such as
cytoskeleton modelling and vesicles, organelle trans-
port, and cellular signaling, involving DAG-IP3 and
P38-P53 axis.

Comparisons among the whole network pathway
enrichments were also made. The resulting output
is illustrated in a Venn diagram in Figure 5(c) and
as lists in Material S7. Reflecting the gene symbols
and pathways in moduli, the pathways in networks
were also found to be dissimilar as basal behaviour
between WT and AT fibroblasts. In fact, 59 pathways
were altered, and dexamethasone action in AT fibrob-
lasts specifically influenced four of them (extracellular
matrix organization, pathways in cancer, proteogly-
cans in cancer, thromboxane A2 receptor signaling),
while one pathway was also found in the WT-dex vs
WT dataset (ErbB signaling pathway).

As mentioned above, the action of dexametha-
sone was likely dependent on genotype and therefore
the retrieved pathways were also probably geno-
type dependent. Only two biological pathways were

common to both dexamethasone treated groups,
Chromatin organization and ErbB signaling pathway;,
two well-known dexamethasone modulated pathways
in several cell lines (Dammann et al. 2006; Scheving
et al. 2007).

HDAC4 is also overexpressed at low drug
concentration

We recently reported a dexamethasone induced
DDIT4 transcription mechanism mediated by HDAC4
in AT fibroblasts treated with 100nM dexametha-
sone. Furthermore, in all treated AT patients, HDAC4
expression was upregulated as it was in cells, while
DDIT4 was upregulated only in some patients (Ricci
et al. 2020). We investigated if these two target genes
behaved in the same way in the experimental setup
described herein. Using microarray analysis, we found
that HDAC4 was upregulated after 30 days of low dose
dexamethasone treatment, as previously demonstrated
in AT fibroblasts treated with higher dexamethasone
concentrations, while DDIT4 overexpression was not
statistically significant. On the contrary, using qPCR
assay, DDIT4 was found to be slightly overexpressed
in AT samples, while the HDAC4 result was confirmed
(Figure 6, p < 0.05 Wilcoxon test).
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A WT vs AT AT-dex vs AT

WT-dex vs WT

B WT vs AT AT-dex vs AT

WT-dex vs WT

C WT vs AT AT-dex vs AT

WT-dex vs WT

Figure 5. Venn diagram of data inferred from the three sample
comparisons. In (a), the cross comparison of the three gene sym-
bol datasets. The corresponding gene symbol lists are reported in
Material S5. In (b), the cross comparison of the pathway enrich-
ments of the moduli inferred from three data sets. The cor-
responding lists are reported in Material S6. In (c), the cross
comparison of the pathway enrichments of the whole networks.
The corresponding lists are reported in Material S7.

Discussion

We have been investigating the effects of dexametha-
sone in AT patients and cells since glucocorticoid
administration has been shown to have a positive
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Figure 6. HDAC4 and DDIT4 gene expression assayed by gPCR in
AT and WT samples treated or not with dexamethasone. As illus-
trated, the drug was able to increase the gene expression of the
two targets in both samples (p < 0.05, Wilcoxon test).

impact on the quality of life of AT patients (Buoni
et al. 2006; Broccoletti et al. 2008; Zannolli et al. 2012;
Chessa et al. 2014; Leuzzi et al. 2015). The pharmacoki-
netics of dexamethasone administrated by autologous
RBCs results, in a three to four weeks treatment, in
the nano/pico molar range; hence, we decided to sim-
ulate these conditions in human primary WT and AT
fibroblasts. Using microarray analysis, we found that
30 days of low dose dexamethasone treatment was
also able to modulate gene expression in fibroblasts in
vitro. As in our previous studies (Menotta, Biagiotti,
et al. 2018; Menotta, Orazi, et al. 2018), a gene expres-
sion variation between untreated WT and AT was also
found in the present report. Apparently, some differ-
ences stem from genetic variability, but others, such as
the biological function ‘DSB repair processes’, which
are well-known to be altered in AT (Bakkenist and



Kastan 2003), depend on the lack of ATM, and we
found that these processes differed between WT and
AT samples that also showed differences in autophagy
signaling, one of the compromised pathways in AT
(D’Assante et al. 2017; Guo et al. 2020).

The administration of dexamethasone in cell cul-
tures concomitant to medium change led to an oscil-
lation of the drug concentration in the nano-pico
molar range (due to dexamethasone availability by FBS
scavenger effect and dexamethasone half-life) for 30
days in both WT and AT fibroblasts. The modifica-
tion of gene expression was greater than expected.
More than 3000 probes were altered in both models
by dexamethasone, but in different ways. In fact, of the
approximately 2000 gene symbols in each group, only
152 were found in both groups. The distinct molec-
ular action of dexamethasone is presumably depen-
dent on the genomic arrangement of the testers, which
in turn, is dependent on ATM activity. Importantly,
some of the deficient biological functions found in
AT were dexamethasone regulated, and 11 of these
functions were specifically modulated only in AT and
not by the overall effect of the drug in cells. Vesi-
cle transport, G-protein signaling and transcription
are biological pathways that appeared to be dexam-
ethasone recovered or regulated. The involvement of
vesicle transport has been already described as glu-
cocorticoid regulated by IL7 receptor recycling in AT
patients (Prencipe et al. 2020). Moreover, we previ-
ously reported the effects of glucocorticoid on FKBP5
and DUSP1 gene expression in AT (Menotta, Biagiotti,
Spapperi, et al. 2017; Menotta, Biagiotti, et al. 2018).
Surprisingly, only FKBP5 expression was affected by
the applied drug administration. The dexamethasone
concentration was likely too low to induce the classical
DUSP1 anti-inflammatory response, but high enough
to induce the expression of the stress related gene
FKBPS5. This finding reinforces the hypothesis that glu-
cocorticoid administration has multiple impacts on
cells and organisms, with a range of biological out-
comes that depend on glucocorticoid concentrations.

It is interesting to note that the ’Neurotransmit-
ter signaling® pathway is specifically modulated in AT.
The constituents of this modulus might help to explain
the relationship between dexamethasone administra-
tion and the neurological improvements observed
in AT patients. Clearly, the results reported herein
only concern gene expression variation and linking
those variations to biological pathway outcomes is
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certainly partially speculative. In fact, in the last few
years it has been ascertained that the overall matching
between mRNA and protein levels is less than expected
(Schwanhausser et al. 2011; Wilhelm et al. 2014; Buc-
citelli and Selbach 2020; Freen-van Heeren et al. 2020).
The main findings to emerge from the gene expression
data are the differential outcomes of glucocorticoid
treatment in the two tested cell lines and the possible
effects on biochemical pathways.

The specificity of gene regulation in AT by dex-
amethasone can rely only on the lack of ATM and
it is likely that the response depends on the plethora
of ATM influenced pathways and signaling. The link
between ATM signaling and glucocorticoid receptors
is probably more complex than once thought (Yan
et al. 2007). The effects of a low dose of dexam-
ethasone for 30 days can probably trigger different
events. Early on, direct dexamethasone action on glu-
cocorticoid receptors or on other unknown mecha-
nisms directly regulates gene expression. Further along
in the treatment, effects may consist in genome re-
arrangement induced by long term dexamethasone
action on proteins involved in chromatin remodeling,
thus regulating the accessibility of transcription fac-
tors by relaxing or not relaxing DNA scaffolds (Mitre-
Aguilar et al. 2015; Grbesa and Hakim 2017). The
genome re-arrangement in turn may depend on glu-
cocorticoid receptor activity and organization (Paak-
inaho et al. 2019) leading to a combinatory puzzling
outcome in regulating gene expression. All of the
above-mentioned circumstances might contribute to
the dexamethasone induced AT outcome described
herein.

We have previously investigated short-term dexam-
ethasone stimulation and the differential response of
WT and AT cells to dexamethasone has already been
observed (Menotta, Biagiotti, Bartolini, et al. 2017;
Menotta, Orazi, et al. 2018; Ricci et al. 2020), and prob-
ably only the differential glucocorticoid receptor-ATM
balance could trigger the outcome observed in the
long-term glucocorticoid treated cells. Based on the
findings reported herein, we can speculate that simi-
lar dexamethasone early-late modulation might also
take place in vivo. It would be worthwhile to verify this
hypothesis by monitoring patients during glucocorti-
coid treatment.

Among the short-term dexamethasone effects, the
role of HDAC4-DDIT4 in autophagy has recently been
described (Ricci et al. 2020); they were capable of
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inducing a slight autophagy flux improvement in AT
fibroblasts. The examination of the expression of these
two genes in the 30-day stimulated model revealed
that they behaved in the same manner as mentioned
above. Hence, the dexamethasone induced expression
of some genes appears to be likely, even if differ-
ent mechanisms of action on gene regulation coexist.
The observation regarding the HDAC4-DDIT4 axis
is important, and the reported findings reinforce the
notion that dexamethasone can modulate this signal-
ing even when it is administered at low concentrations
for a long period, emulating the patient’s conditions
during the EryDex administration where both genes
behaved in the same way.

In conclusion, the treatment of the AT cellular
model and WT cells with low concentrations of dex-
amethasone for 30 days is able to modulate gene
expression and the variation between AT and WT
fibroblasts was found to be distinguishable, thus pro-
viding further support for the concept of a spe-
cific dexamethasone function in AT fibroblasts. Direct
and indirect mechanisms of action are probably trig-
gered thanks to early and late dexamethasone treat-
ment responses. Further studies performing whole
proteomic investigations and integrating all types of
data, transcriptomic and proteomic, may reveal excit-
ing glucocorticoid biological action and could help to
shed light on the molecular mechanisms of action of
glucocorticoids in the AT pathology.
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