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Abstract

The glucocorticoid (GC) resistance onset in pediatric T-cell acute lymphoblastic leukemia (T-ALL) patients remains one of 
the biggest challenges in current cancer treatment. The mechanisms driving this resistance are still not fully understood, 
making it difficult to predict patient outcomes and to develop effective therapies. Our study uncovered critical insights 
into the biological processes underlying GC resistance, offering potential breakthroughs for future treatments. Building on 
our previous research on lymphocyte cell-specific protein-tyrosine kinase (LCK) hyperactivation in GC-resistant T-ALL pa-
tients, we have now delved deeper into the LCK downstream nuclear factor of activated T cells (NFAT) transcription factor 
family’s contribution to GC resistance. We discovered that, even at the time of diagnosis, GC resistant T-ALL patients ex-
hibit an intrinsic low glucocorticoid receptor (GR) activity coupled with high NFATc1 and NFATc2 activity. This dysregulation 
creates a roadblock to effective GC therapy. Indeed, in the absence of either NFATc1 or NFATc2, the normal transcriptional 
activity of GR is restored, re-sensitizing leukemia cells to dexamethasone treatment both in vitro and in vivo. This suggests 
that NFATc1 and NFATc2 are central to driving GC resistance, as they directly regulate crucial pathways like cholesterol bio-
synthesis and WNT/β-catenin signaling. The identification of NFAT transcription factors as key players in leukemia therapy 
resistance offers a promising target for future therapeutic strategies, potentially transforming the way we approach treat-
ment for these challenging conditions or autoimmune disorders where glucocorticoids are a cornerstone of treatment.

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a heteroge-

neous childhood malignancy characterized by an aberrant 
T-cell growth, proliferation, survival, and differentiation, ac-
counting for 10-15% of all pediatric ALL cases.1 Glucocorti-
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coids (GC), such as dexamethasone (dex), due to their im-
munosuppressive and anti-inflammatory effects on immune 
cells, are pillar drugs of T-ALL pediatric patients’ multi-agent 
therapeutic protocol.2 These compounds exert their genomic 
pro-apoptotic effects via the glucocorticoid receptor (GR), 
a ligand-activated protein and member of the nuclear re-
ceptor superfamily of transcription factors.3,4 Notably, the 
GC resistance onset after the first 8 days of treatment and 
the minimal residual disease (MRD) detection on day +78 
≥10-3, still represent the strongest predictors of poor treat-
ment outcome.5,6 Indeed, it is well reported that although 
GC-resistant patients, namely prednisone poor responder 
(PPR), are assigned to the high-risk (HR) arm of the proto-
col, they tend to have a worse prognosis compared to the 
other T-ALL HR patients.5-7 Recently, the hyperactivation of 
the lymphocyte cell-specific protein-tyrosine kinase (LCK), 
which is activated downstream of the T-cell receptor (TCR), 
has been associated in ALL with GC resistance by our group 
and other authors.8-11 Furthermore, we found that genes 
belonging to the nuclear factor of activated T cells (NFAT) 
family, which is downstream of LCK kinase, are enriched in 
diagnosed PPR T-ALL patients.8 NFAT is a family of five differ-
ent transcription factors, of which the first four are activated 
by the Ca2+/calmodulin-dependent phosphatase calcineurin. 
In resting conditions, the NFAT proteins are heavily phos-
phorylated and reside in the cytoplasm of T cells. Following 
TCR engagement and LCK activation, T cells are stimulated 
by a rise in intracellular Ca2+ level, and subsequently NFAT 
proteins are dephosphorylated by calcineurin and translo-
cated to the nucleus to activate target gene expression.12 On 
the contrary, NFAT activity is inhibited by several kinases, 
including glycogen-synthase kinase 3, casein kinase 1, p38 
and JUN N-terminal kinase, which via phosphorylatiion of 
NFAT proteins control their nuclear shuttling.13 Notably, the 
calcineurin/NFAT signaling pathway, which is fundamental to 
maintaining normal T-cell physiology, has been found to be 
deregulated in B-cell lymphomas14 and NFATc1, NFATc2 and 
NFATc3 have been reported in T-ALL initiating potential and 
progression.15-17 Despite this, the mechanisms behind the LCK/
NFAT-driven GC resistance remain to be elucidated in T-ALL 
pediatric patients. Our study is the first to report how the 
NFAT transcription factors, particularly NFATc1 and NFATc2, 
drive GC resistance in T-ALL. Already at diagnosis, GC-resistant 
T-ALL patients exhibit an intrinsic imbalance; high levels of 
NFATc1 and NFATc2 activity coupled with low GR transcrip-
tional activity. This imbalance is not just a marker of GC re-
sistance but a key mechanism that underpins it. We found 
that these NFAT factors directly interfere with GR function 
by regulating two critical pathways: cholesterol biosynthesis 
and the WNT/β-catenin whose inhibition restores GR activity 
and sensitize T-ALL cells to dexamethasone treatment. The 
implications of our findings are profound. By unlocking the 
mechanisms that drive GC resistance in T-ALL, we not only 
gain a deeper understanding of the disease but also open the 
door to more effective therapies. Targeting the NFAT-driven 

pathways or even NFAT directly could lead to new, more 
personalized treatment options for pediatric T-ALL patients, 
ultimately improving survival rates and outcomes for children 
battling this aggressive form of leukemia.

Methods

Transcriptome data analysis
Transcriptome data from 104 T-ALL pediatric patients at di-
agnosis, belonging to the AIEOP-BFM ALL2000/R2006 ther-
apeutic protocol were available.18,19 NetBID2,20 a data-driven 
network-based inference pipeline was applied to identify 
driver transcription factors (TF) and signaling factors (SIG) in 
T-ALL patients (see Online Supplementary Methods).

High-throughput drug synergism screening
High-throughput drug synergism screening (HTS) was con-
ducted on primary T-ALL cells from patient-derived xeno-
graft (PDX) and GC-resistant T-ALL cell lines using a 6×6 
dose matrix of drugs (cyclosporin A [CsA], dex, simvastatin, 
or PRI-724) in single or combination treatments. Cells were 
seeded in 384-well plates, pre-treated 24 hours with drugs 
followed by dex. After 48 hours, viability was assessed via 
resazurin assay. Data were normalized and analyzed for drug 
synergy using the SynergyFinder R package (see Online Sup-
plementary Methods).

Annexin V/propidium iodide staining
Cell death was assessed using Annexin V–FLUOS staining 
(Roche) in cell lines and primary cells treated with cyclosporin 
a (CsA), simvastatin, PRI-724, or dexamethasone in NFATc1/
c2-silenced conditions (see Online Supplementary Methods).

Xenotransplantation model and in vivo drug treatment
Two-day-old Tg(fli1:EGFP) zebrafish embryos were anesthe-
tized and placed on agarose. TALL-1 small hairpin RNA (shR-
NA) NFATc1, RPMI-8402 shRNA NFATc2, and control cells were 
labeled with Vybrant® DIL (Invitrogen). All procedures were 
approved by the Italian Ministry of Health (decree number 
21/2019-UT) and the institutional animal welfare committee 
(OPBA, approval number 5168F_N03ZFU5), in compliance with 
D.lgs 26/2014 (see Online Supplementary Methods).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay
The effect of drug treatments or NFAT gene silencing on cell 
lines proliferation was measured using 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells 
were plated in triplicate, incubated with MTT for 4 hours, and 
viability was measured (see Online Supplementary Methods).

Glucocorticoid receptor luciferase assays
TALL-1, ALL-SIL (ShRNA NFATc1/control) and RPMI-8402, LOUCY 
(shRNA NFATc2/control) cells were electroporated with the 
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GR-GRE-luciferase reporter and pMAXGFP vector. GFP signal 
was used to assess transfection efficiency and normalize 
luciferase activity (see Online Supplementary Methods).

Filipin III staining
Intracellular cholesterol levels were measured in NFATc1- or 
NFATc2-silenced and control cells using the Cholesterol Cell-
Based Detection Assay Kit (Cayman Chemical) (see Online 
Supplementary Methods).

Chromatin immunoprecipitation and droplet digital 
polymerase chain reaction analysis
Chromatin immunoprecipitation (ChIP) was performed on 
TALL-1 and RPMI-8402 cells crosslinked with formaldehyde, 
lysed, and sonicated. Precleared chromatin was incubated 
with NFATc1 or NFATc2 antibodies (or IgG control). DNA was 
eluted, de-crosslinked, and purified. NFAT binding to selected 
genomic regions was assessed by droplet digital polymerase 
chain reaction (ddPCR) (see Online Supplementary Methods).

Lipid raft staining
To detect plasma membrane lipid rafts (LR) in ALL-SIL and 
TALL-1 ShRNA NFATc1 knock-down cells and controls, the 
Vybrant™ Alexa Fluor™ 488 Lipid Raft Labeling Kit (Thermo 
Fisher Scientific) was employed as detailed in the Online 
Supplementary Methods.

LCK staining
LCK expression was assessed by immunofluorescence in ALL-
SIL and TALL-1 NFATc1-silenced and control cells. Cells were 
fixed, permeabilized, and stained with primary and secondary 
antibodies, as detailed in the Online Supplementary Methods.

Flow cytometry
Immunophenotyping was performed on NFATc1- or NFATc2-si-
lenced cells and respective controls. Cells were incubated 
with the appropriate antibody mixes for 30 minutes at room 
temperature, as detailed in the Online Supplementary Methods.

Statistical analysis
Statistical analyses were performed using the Graphpad Prism 
v8 software program (GraphPad Software, La Jolla, CA, USA) 
or R software packages (www.r-project.org).

Results

NFATc1 and NFATc2 transcriptional activity and signaling 
negatively correlate with glucocorticoid receptor 
activity in T-cell acute lymphoblastic leukemia pediatric 
patients at diagnosis
To examine T-ALL GC resistance transcriptional mechanisms 
and identify hub drivers we applied the data-driven net-
work-based NetBID2 tool20 to a cohort of pediatric T-ALL 

patients at diagnosis, classified based on GC response.5-7 
Interestingly, among the top drivers we identified the GC 
nuclear receptor subfamily 3 group C member 1 (NR3C1), 
already known to be associated with GC response, as well 
as NFATc2 and NFATc1, although the latter at the limit of 
significance (Figure 1A). This result confirmed our previous 
evidence of the LCK-calcineurin NFAT axis involvement in 
T-ALL GC resistance.11 Additionally, we revealed a negative 
correlation between NR3C1 transcriptional activity/signaling 
and NFATc1/NFATc2 ones (Figure 1B; Online Supplementary 
Figure S1A). Furthermore, among T-ALL patients with a 
high NFATc1 and/or NFATc2 transcriptional activity/signal-
ing and a low NR3C1 ones we observed an enrichment 
of PPR patients. On the contrary, most prednisone good 
responder (PGR) patients clustered together showing low 
NFATc1 and/or NFATc2 transcriptional activity/signaling and 
high NR3C1 ones. No significant association with a specific 
T-ALL subtype was observed (Figure 1C). Altogether these 
results suggest a putative role of NFATc1 and NFATc2 in 
GC response and prompted us to further investigate their 
function in guiding T-ALL GC resistance.

NFATc1 and NFATc2 inhibition either by cyclosporin A or 
by specific gene silencing re-sensitize T-cell acute 
lymphoblastic leukemia cells to glucocorticoid 
treatment
First, we demonstrated the pivotal role of NFAT inhibition in 
sensitizing T-ALL cells to GC action by using CsA, a Food and 
Drug Administration-approved calcineurin/NFAT inhibitor, in 
combination with dex in four T-ALL GC-resistant cell lines 
(ALL-SIL, RPMI-8402, TALL-1 and LOUCY) and in primary 
T-ALL cells derived from four different PDX mice models. 
Notably, the CsA treatment strongly synergizes with dex on 
reducing GC-resistant cell proliferation and viability both 
in cell lines and in primary T-ALL cells (Figure 1D-E; Online 
Supplementary Figures S1B-D and S2A). Interestingly, we 
did not observe the same synergistic effect of CsA and dex 
combination on GC sensitive primary T-ALL cells (Online 
Supplementary Figure S2B-C). Notably, among the most 
expressed NFAT members in T-ALL cells, CsA treatment 
mostly affects NFATc1 expression and activation in ALL-SIL 
and TALL-1, and the NFATc2 one in RPMI-8402 and LOUCY 
cell lines (Online Supplementary Figure S3A-C). Additionally, 
a slight increase in NFATc3 was observed in nearly all the 
cell lines tested (Online Supplementary Figure S3C). Howev-
er, only the silencing of NFATc1 or NFATc2, following single 
NFATc1-c2-c3 knock-down and subsequent dex treatment, 
was able to restore GC sensitivity in GC-resistant T-ALL 
cells (Online Supplementary Figure S4A-C). Consistently 
with this evidence, the overexpression (OE) of either NFATc1 
or NFATc2 gene turns 720 and the 5146 GC-sensitive T-ALL 
cell lines resistant to dex treatment (Online Supplementary 
Figure S5A-D). We further validated the role of these two 
transcription factors both in zebrafish embryos implanted 
with GC-resistant T-ALL cells stably silenced for either 
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NFATc1 or c2 expression and treated with dex, as well as 
in PDX GC resistant T-ALL primary cells. As expected, the 
embryos injected with TALL-1 shRNA NFATc1 and RPMI-8402 
shRNA NFATc2 showed a significantly reduced number of 
circulating leukemia cells after dex treatment compared to 
controls, further highlighting the enhanced cytotoxic effect 
of dex in the absence of either NFATc1 or c2 in vivo (Figure 
2A,B; Online Supplementary Figure, S5E-G). In agreement, 
primary T-ALL cells silenced for either NFATc1 or NFATc2 
expression are more susceptible to dex treatment compared 
to controls (Figure 2C; Online Supplementary Figure S5H-I). 
Based on physiological evidence supporting the selective 
transport of steroids by ATP-binding cassette subfamily B 
member 1 (ABCB1) and its reported overexpression in the 
context of GC resistance,21-23 we subsequently evaluated 
whether the ABCB1 transporter’s downregulation could be 
responsible for GC sensitivity restoration. Surprisingly, we 
did not observe any changes in GC response using the ABC 
transporter inhibitor tariquidar, in combination with dex in 
T-ALL GC-resistant cells (Online Supplementary Figure S5L). 
Furthermore, ABCB1 mRNA expression was not decreased 
after NFATc1 or NFATc2 knock-down (Online Supplementary 
Figure S5M). Overall, these results demonstrate that CsA 
in combination with dex can sensitize both cell lines and 
primary T-ALL cells to GC action and that, both in vitro and 
in vivo, NFATc1 and NFATc2 are the main calcineurin/NFAT 
pathway players that drive GC resistance in T-ALL cells 
without exploiting the ABC transporters activity.

NFATc1 and NFATc2 support glucocorticoid resistance in 
T-cell acute lymphoblastic leukemia cells by hindering the 
glucocorticoid receptor canonical transcriptional activity
Based on the evidence of the increased GC sensitivity in 
NFATc1/c2 knock-down cells, we evaluated the impact of 
NFATc1 or NFATc2 gene silencing on GR canonical transcrip-
tional activity. We applied the gene set enrichment analysis 
(GSEA) on the upregulated differentially expressed genes 
(DEG) in T-ALL-1 shRNA NFATc1 and RPMI-8402 ShRNA 
NFATc2 knock-down cells treated with dex. As expected, 
we observed a positive enrichment of genes related to 
corticosteroid response (Figure 3A). In particular, the tran-
scription of several GR target genes such as interleukin-10 
(IL-10), serum/glucocorticoid regulated kinase 1 (SGK1) and 
BCL2-like 11 (BCL2L11), is restored upon dex treatment in 
shRNA NFATc1 and shRNA NFATc2-expressing cells (Figure 
3B). Additionally, the 43% and 40% of genes significantly 

upregulated by dex in NFATc1- and NFATc2-silencedcells are 
in common with the ones upregulated by dex in P12-ICHIKA-
WA GC-sensitive T-ALL cell line, including genes related to 
GR transcriptional activity (Figure 3C). In agreement, we 
observed a significant increase in the GR transcriptional 
activity in T-ALL GC-resistant cells silenced for either NFATc1 
or NFATc2 expression and treated with dex compared to 
controls (Figure 3D). Altogether, these results indicate that 
both NFATc1 and NFATc2 are involved in GC response and 
their knock-down sensitizes GC-resistant T-ALL cells to dex 
action by re-establishing the GR transcriptional program 
of a cell intrinsically sensitive to GC.

NFATc1 directly regulates cholesterol biosynthesis in 
glucocorticoid-resistant T-cell acute lymphoblastic 
leukemia cells
To disclose the biological processes (BP) controlled by 
NFATc1 likely to be involved in driving GC resistance, we 
conducted transcriptome analysis in TALL-1 shRNA NFATc1 
knock-down cells. Specifically, by applying over-repre-
sentation analysis (ORA) of gene ontology for biological 
processes (GO-BP) on upregulated DEG, we found the 
negative regulation of leukocyte activation among the 
most significant upregulated BP in the absence of NFATc1 
(Online Supplementary Figure S6). Conversely, among the 
most significantly downregulated BP and hallmarks in 
cancers in NFATc1 knock-down condition we found cell 
cycle regulation, a well-known NFATc1 target process,24,25 
and cholesterol biosynthesis (Online Supplementary 
Figure S7A, B). Thus, based on the emerging role of cho-
lesterol metabolism in aggressive early T-cell precursor 
ALL (ETP-ALL) subtype and the cholesterol biosynthesis’ 
contribution to chemotherapy resistance in different 
cancer cells,26-28 we deeply investigated the relationship 
between NFATc1 and cholesterol biosynthesis in T-ALL 
GC resistant cells. Firstly, by Filipin III fluorescence 
assay, we confirmed the specificity of the intracellular 
cholesterol pool decrease in NFATc1 knock-down cells 
compared to controls (Figure 4A). Of note, we did not 
observe an equal reduction in RPMI-8402 NFATc2 knock-
down cells, thus suggesting that other BP may be involved 
in NFATc2-driven GC resistance (Online Supplementary 
Figure S8A). In addition, in the absence of NFATc1, by 
nuclear magnetic resonance (NMR) spectroscopy, we 
observed a significant decrease in sphingolipids, polyun-
saturated fatty acids, as well as in the three cholesterol 

Figure 1. NFATc1 and NFATc2 guide glucocorticoid resistance in T-cell acute lymphoblastic leukemia. (A) Volcano plot of NetBid2 
inferred transcription factor (TF) and signaling (SIG) activity in prednisone poor responders (PGR) versus prednisone good re-
sponders (PPR) patients. In x-axis log2 fold change; in y-axis the P value. (B) Heatmap showing Pearson’s correlation values be-
tween NFATc1, NFATc2 and NR3C1 activity in 104 T-cell acute lymphoblastic leukemia (T-ALL) pediatric patients at the diagnosis. 
(C) Heatmap and hierarchical clustering analysis of NFATc1, NFATc2 and NR3C1 transcriptional activity and signaling in T-ALL pe-
diatric patients at diagnosis; color annotations are based on glucocorticoid (GC) response (upper bar) and T-ALL patients mo-
lecular subtypes (lower bar). (D) 2D matrix representing Bliss synergy score of cyclosporin A (CsA) and dex in reducing ALL-SIL, 
RPMI-8402, TALL-1 and LOUCY GC-resistant cells and (E) ex vivo primary T-ALL GC-resistant cells’ proliferation after 72 hours of 
treatment. PDX: patient-derived xenograft; NA: not available.
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Figure 2. NFATc1 or NFATc2 knock-down sensitizes T-cell acute lymphoblastic leukemia cells to dexamethasone treatment in 
vivo zebrafish model. Lateral view of the trunk region of Tg(Fli1:GFP) embryos injected with with approximately 200 pre-labeled 
DiL+ (A) TALL-1 small hairpin RNA (shRNA) CNTR and shRNA NFATc1 and (B) RPMI-8402 shRNA CNTR and shRNA NFATc2 (orange) 
cells, after 24 hours of treatment with dexamethasone (dex) 10 μM or dimethyl sulfoxide (DMSO) (control group). On the right, 
quantification of the orange intensity signal associated with transplanted cells. Scale bar, 100 μm. Results are presented as means 
+ standard error of the mean (SEM) (unpaired t test; *P<0.05; ***P<0.001), N≥3 for all experiments. (C) Percentage of live prima-
ry T-cell acute lymphoblastic leukemia (T-ALL) cells transiently silenced for NFATc1 or NFATc2 gene expression after 48 hours of 
ex vivo dex treatment (1 μM). Primary cells are derived from patient-derived xenografts (PDX) grafted with glucocorticoid (GC)-re-
sistant T-cell acute lymphoblastic leukemia patients (N=4). Results are presented as means + SEM (paired t test; *P<0.05; 
***P<0.001; ****P<0.0001), N≥3 for all experiments. DIL: red-orange fluorescent dye; PI: propidium iodide.
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biosynthesis intermediates namely: cholestenol, latho-
sterol and 7-dehydrocholesterol (Online Supplementary 
Figure S8B, C). Interestingly, we revealed that NFATc1 can 
directly bind to the DNA promoter region of the 7-dehy-
drocholesterol reductase (DHCR7), hydroxy-3-methylgl-
utaryl-CoA synthase 1 (HMGCS1), emopamil-binding pro-
tein (EBP) genes, encoding key cholesterol biosynthesis 

enzymes, and not to the internal negative control (IgG) 
and myogenic differentiation 1 (MyoD) gene (Figure 4B). 
Besides, we demonstrated the contribution of choles-
terol in NFATc1-driven GC resistance in T-ALL cells by 
combining exogenous cholesterol administration with 
dex treatment. Specifically, the exogenous cholesterol 
restores GC resistance exclusively in NFATc1 knock-down 

Figure 3. NFATc1 or NFATc2 knock-down sensitizes T-cell acute lymphoblastic leukemia cells to dexamethasone treatment by re-
storing the glucocorticoid receptor transcriptional activity. (A) Gene set enrichment anaslysis (GSEA) for gene ontology for biolog-
ical processes (GO-BP) response to corticosteroid gene set in TALL-1 NFATc1 and RPMI-8402 NFATc2 knock down cells treated with 
dexamethasone (dex) compared to control cells treated in the same conditions (normalized enrichment score [NES]=2.0 for TALL-1 
and NES=1.89 for RPMI-8402; P<0.001). Venn diagram of genes upregulated by dex in (B) TALL-1 small hairpin RNA (shRNA) CNTR or 
NFATc1 and RPMI-8402 shRNA CNTR or NFATc2 and (C) TALL-1 shRNA NFATc1 and RPMI-8402 shRNA NFATc2 and P12-ICHIKAWA. Cir-
cled, the number of genes positively regulated by dex and in common between the groups. (D) Glucocorticoid receptor (GR) tran-
scriptional luciferase activity measured on ALL-SIL, TALL-1, RPMI-8402 and LOUCY cell lines stably silenced for NFATc1 or NFATc2 
expression and controls, followed by the GR-GRE-luciferase plasmid reporter transfection and 6 hours of treatment with 10 µM dex. 
Results are presented as means + standard error of the mean (unpaired t test; *P<0.05), N≥3 for all experiments.
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cells comparable to intrinsically resistant control cells’ 
levels (Figure 4C). Conversely, the inhibition of choles-
terol biosynthesis by simvastatin both in vitro or in vivo 
strongly synergizes with dex in reducing GC-resistant 

T-ALL cells’ proliferation and viability by restoring the 
canonical GR transcriptional activity (Figure 4D, E; On-
line Supplementary Figures S8D, E and S9A). Altogether 
these results indicate that NFATc1 contributes to T-ALL 

Figure 4. NFATc1 confers glucocorticoid resistance to T-cell acute lymphoblastic leukemia cells by directly modulating choles-
terol biosynthesis, whose inhibition re-sensitizes T-cell acute lymphoblastic leukemia glucocorticoid-resistant cells to dexa-
methasone treatment. (A) Intracellular unesterified cholesterol staining by Filipin III probe in ALL-SIL and TALL-1 NFATc1 knock-
down cells and controls. On the right side Filipin III median mean fluorescense intensisty (MFI) absolute quantification. (B) 
Chromatin immunoprecipitation (ChIP) analysis from TALL-1 cells. NFATc1 binding on the DHCR7, HMGCS1, EBP and MyoD promot-
ers was compared with the immunoglobulin (IgG) control. (C) Percentage of cell proliferation in ALL-SIL and TALL-1 NFATc1 knock-
down and control cells after 72 hours of treatment with exogenous cholesterol alone or in combination with dexamethasone 
(dex). (D) 2D matrices displaying Bliss synergy score between simvastatin and dex in ALL-SIL and TALL-1 cells after 72 hours of 
treatment with scalar concentration of the 2 compounds. (E) BCL2L11 and TSC22D3 mRNA expression levels measured by real-time 
quantitative polymerase chain reaction in ALL-SIL and TALL-1 cells pre-treated with 10 µM simvastatin for 4 hours followed by 5 
µM and 1 µM of dex respectively for 20 hours. Results are presented as means + standard error of the mean (paired t test; *P<0.05; 
**P<0.01; ***P<0.001; ****P<0.0001), N≥3 for all experiments.
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GC resistance by directly regulating key enzymes involved 
in cholesterol biosynthesis, whose inhibition increases 
GC sensitivity by restoring the GR ability to transcribe 
primary target genes.  

Cholesterol contributes to NFATc1-driven glucocorticoid 
resistance by sustaining the formation of plasma 
membrane lipid rafts and the activation of LCK and PLCγγ 
proteins
Subsequently, we looked deeper into how cholesterol 
participates in NFATc1-driven GC resistance in T-ALL cells. 
Starting from the evidence that in NFATc1 absence, the two 
main components of LR,29 cholesterol and sphingolipids, are 
significantly reduced (Online Supplementary Figure S8B), 
we quantified the abundance of LR in NFATc1 knock-down 
cells. Interestingly, we detected a significant decrease in 
LR numbers, together with a reduced expression of the an-
chored CD4 co-receptor and the LCK kinase in ALL-SIL and 
TALL-1 cell lines after NFATc1 gene silencing (Figure 5A-C; 
Online Supplementary Figure S9B). Moreover, in the same 
cell lines, we observed a reduction of LCK active form (SRC 
Y416) as well as of the activation of the LCK downstream 
phospholipase C γ active form (PLCγ Y783) (Figure 5D, top 
panel). Consistently with this evidence, the ectopic NFATc1 
expression in the 720 and 5146 T-ALL cell lines led mostly 
to an increase in LCK protein activation (SRC Y416) (Figure 
5D, bottom panel) suggesting a possible regulation of the 
entire TCR/LCK signaling cascade mediated by NFATc1 in 
T-ALL cells. Finally, we also observed a decrease in the 
expression and activation of LCK, PLCγ Y783 and NFATc1 
itself after simvastatin treatment (Online Supplementary 
Figure S9C). Thus, given the well-known role of LCK kinase 
signaling in supporting GC resistance,8-11 our data indicates 
that a possible mechanism by which NFATc1 guides T-ALL 
GC resistance is, by sustaining the TCR/LCK entirely signal-
ing cascade, playing on the intracellular cholesterol levels 
and LR abundance.

NFATc2 influences glucocorticoid resistant T-cell acute 
lymphoblastic leukemia cells’ differentiation and 
confers resistance to glucocorticoid treatment through 
direct regulation of the WNT/ββ-catenin pathway
To assess the putative molecular processes involved in GC 
response driven by NFATc2, we performed transcriptome 
analysis on RPMI-8402 NFATc2 knock-down cells and rel-
ative controls. Interestingly, among the most significantly 
upregulated BP we found the T-cell pro-differentiation (On-
line Supplementary Figure S10). In agreement, among the 
surface markers routinely used in the diagnostic procedure, 
we observed a reduced percentage of CD34+ T-ALL cells 
and an increase of CD7+ one after NFATc2 gene silencing 
compared to controls (Figure 6A; Online Supplementary 
Figure S11A). This result is consistent with the reduced/
increased levels of CD34/CD7 mRNA, detected by GEP 
analysis (Online Supplementary Figure S11B). Of note, no 

changes on CD34 and CD7 expressions were observed in 
TALL-1 ShRNA NFATc1 compared to control, further suggest-
ing that the two NFAT regulate different cellular processes 
(Online Supplementary Figure S11C, D). In a complementary 
manner, we observed the WNT/β-catenin signaling pathway, 
which is a well-known process to be involved in cancer 
stem cell maintenance and chemotherapy resistance,30,31 
among the most significantly downregulated biological 
processes in the absence of NFATc2 (Online Supplemen-
tary Figure S12A). Using immunoblotting, we confirmed 
that NFATc2 silencing markedly reduced the expression of 
proteins belonging to WNT/β-Catenin signaling, such as 
the β-catenin, the LDL receptor-related protein 6 (LRP6), 
the transcription factor 7 like 2 (TCF-4) and the hema-
topoietically expressed homeobox (HHEX) in RPMI-8402 
and LOUCY cell lines (Figure 6B). Additionally, to assess 
if NFATc2 exerted a direct regulation on WNT/β-Catenin 
signaling pathway, we performed ChIP experiments for 
NFATc2 protein on RPMI-8402 cell line. Interestingly, we 
revealed a significant enrichment of NFATc2 DNA binding 
sequence in the LRP6 promoter. Of note, no positive en-
richment has been observed for the IgG and MyoD gene, 
thus suggesting that NFATc2 directly regulates LRP6 ex-
pression (Figure 6C). Besides this, we demonstrated that 
the WNT/β-catenin pathway participates in NFATc2-driven 
GC resistance in T-ALL cells. Indeed, the addition of exog-
enous WNT3a ligand restores the intrinsic GC resistance 
of control cells in RPMI-8402 and LOUCY shRNA NFATc2 
expressing cells treated with dex (Figure 6D). Consistently 
with these findings, the WNT/β-catenin inhibitor PRI-72432 
strongly synergizes with dex on reducing RPMI-8402 as 
well as LOUCY GC-resistant cells’ proliferation and viabil-
ity by restoring GR transcriptional activity (Figures 6E-F; 
Online Supplementary Figure S12B, C). Overall, these data 
suggest that NFATc2 can affect T-ALL cells’ differentiation 
and contributes to GC resistance by directly modulating 
WNT/β-catenin signaling.
Finally, we observed that among the PPR patients (N=12), the 
ones with a high MRD count at day +78 (>10-3) are charac-
terized by a significant enrichment of genes related to the 
WNT signaling pathway. On the contrary, the PPR patients 
(N=16) with a low MRD value (<10-3) show an enrichment 
of genes belonging to cholesterol homeostasis (Online 
Supplementary Figure S13). The association of distinct bi-
ological processes with different MRD levels suggests their 
potential not only as novel therapeutic targets but also as 
new prognostic markers for PPR patients.

Discussion

GC resistance represents a major hurdle in the treatment 
of approximately 20-25% of T-ALL pediatric patients, for 
whom the prognosis remains quite poor.5-7 Despite exten-
sive research highlighting several oncogenic pathways that 
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impair GR functions, such as AKT-mediated phosphorylation 
preventing GR nuclear translocation,33 or aberrant activation 
of the IL7R pathway,34 the molecular mechanisms underlying 
GC resistance remain poorly understood. In this study, we 
present the first evidence of the involvement of NFATc1 and 
NFATc2 in GC resistance, identifying them as novel potential 
therapeutic targets in T-ALL.
We discovered that PPR patients, at diagnosis, display ele-
vated levels of NFATc1 and NFATc2, along with reduced GR 
transcriptional activity. In contrast, PGR patients exhibit 
much more robust GR signaling and activity than NFATc1 
and NFATc2. These findings suggest that PPR patients are 
characterized by an impaired GR transcriptional function 
already at diagnosis, rather by an intrinsic low NR3C1 mR-
NA expression, as previously reported in T-ALL patients at 
relapse.35 It is very important to mention here that NR3C1 
genetic aberrations are rare at diagnosis,36,37 therefore our 
findings suggest that reduced GR transcriptional activity may 
be caused by non-genetic factors,4,38 such as the dysregula-
tion of NFATc1 and NFATc2. The synergistic effect of CsA and 
dex on cell proliferation and viability of primary and T-ALL 
cell lines, highlights the crucial role of NFAT transcription 
factors in GC resistance. Accordingly, we found that specific 
gene silencing of NFATc1 or NFATc2 in GC-resistant T-ALL 
cells restored GR activity, thereby sensitizing the cells to 
dex therapy both in vitro and: in vivo. Indeed, reactivation 
of GR’s function assessed by the increased GR luciferase 
activity upon NFATc1 or c2 silencing, led to the expression 
of BCL2L11 in the presence of dex, in agreement to previous 
reports,39-41 supporting our findings of a negative correla-
tion between NFATc1/c2 activity and GR function in primary 
T-ALL patient samples. Notably, despite the known role of 
ABCB1 drug transporter in managing GC efflux,21-23,42,43 we 
observed no changes in its expression or activity during 
the restoration of GC sensitivity, reinforcing the idea that 
NFATc1 and NFATc2 are central players in GC resistance.
From a wide analysis of BP affected by NFATc1 gene si-
lencing we observed a significant downregulation of MYC 
target genes as well as of genes primarily involved in cell 
cycle regulation and cholesterol biosynthesis. However, 
while NFATc1’s role to promote cell cycle progression by 
modulating cyclin expression is well-known and perfectly 
aligns with our findings,24,25 its regulation of cholesterol 
biosynthesis is an entirely new discovery. Interestingly, in 
recent years a large body of evidence on the critical role of 

cholesterol metabolism in cancer development and resis-
tance to treatment is emerging.26-28 Particularly, in childhood 
ALL the upregulation of cholesterol biosynthetic pathway 
was reported to support central nervous system invasion.44 
Moreover, this mechanism contributes to the poor prognosis 
of the high-risk ETP-ALL patient subgroup through regula-
tion of AKT1/MYC signaling axis.26 Given these compelling 
associations, we focused on cholesterol biosynthesis to 
dissect its relationship with NFATc1 and T-ALL GC resis-
tance. Our study reveals that NFATc1 directly regulates key 
enzymes of cholesterol biosynthesis, thereby maintaining 
the formation of LR, where the CD4 co-receptor and the 
TCR are anchored, thus allowing the activation of the LCK 
signaling cascade.45,46 Given the link shown by our group 
between LCK hyperactivation and GC resistance,8 mech-
anistically, we propose a positive feedback loop between 
NFATc1 and LCK to drive T-ALL GC resistance. Moreover, our 
results are in good agreement with previous findings that 
cholesterol-enriched LR maintain NFATc1 activation, and that 
inhibiting the mevalonate pathway (e.g., with simvastatin) 
restores GC response both in vitro and in vivo,47-49 further 
supporting the critical role of cholesterol in NFATc1-driven 
GC resistance. In line, overexpressing NFATc1 in GC-sensi-
tive cells or supplementing cholesterol in NFATc1-depleted 
T-ALL cells both induce dexamethasone resistance. This 
makes the cholesterol biosynthesis pathway a critical focus 
for future research aimed at overcoming GC resistance in 
leukemia.
Furthermore, our finding that NFATc2 silencing in T-ALL 
GC-resistant cells enhance T-cell differentiation and down-
regulates the key regulator of T-cell stemness WNT/β-cat-
enin pathway is also extremely novel as this pathway is 
hyperactivated in around 80% of pediatric T-ALL cases.50 
Thus, we demonstrated that NFATc2 directly binds the 
LRP6 promoter, positively regulating WNT/β-catenin signal-
ing and supporting GC resistance. Indeed, WNT/β-catenin 
induction signaling in NFATc2-depleted T-ALL cells also 
restores resistance to GC treatment, similarly to the over-
expression of NFATc2 in GC-sensitive cell lines. As a result, 
the pharmacological inhibition of WNT/β-catenin signaling 
with PRI-724 restored GC sensitivity by reactivating GR 
function, in accordance with what was previously shown 
in B-ALL cells.51 Lastly, while NFAT proteins are known to 
regulate T-cell differentiation,52 for the first time our work 
establishes a direct connection between NFATc2 depletion 

Figure 5. NFATc1-cholesterol driven glucocorticoid resistance is mediated by plasma membrane lipd rafts and LCK pathway ac-
tivation. (A) On the left, fluorescent labeling of lipid rafts (LR) in ALL-SIL and TALL-1 NFATc1 knock down and control cells (scale 
bar represent 30 µm). On the right, relative quantification of the number of LR per single cell. Results are presented as means + 
standard error of the mean (number of images analyzed N=6 for each experiment) (unpaired t test; *P<0.05; **P<0.01). (B) Rep-
resentative histogram showing percentage of CD4+ cells in ALL-SIL and TALL-1 small hairpin RNA (shRNA) NFATc1 compared to 
control cells. (C) On the left, LCK staining in ALL-SIL and TALL-1 NFATc1 knock-down cells and controls (scale bar represent 30 µm). 
On the right, the LCK mean fluorescence intensity (MFI) absolute quantification. Results are presented as means + standard 
error of the mean (unpaired t test; *P<0.05; **P<0.01). (D) Western blotting (WB) analysis of NFATc1 or HA-NFATc1, SRC Y416, total 
LCK and PLCγ Y783 protein expression in ALL-SIL and TALL-1 NFATc1 knock-down (upper part) or in 720 and 5146 NFATc1 OE cells 
(lower part), and relative controls.



Haematologica | 111 March 2026

839

ARTICLE - NFATc1/c2 as new glucocorticoid resistance drivers  G. Veltri et al.

Figure 6. NFATc2 regulates T-cell differentiation and WNT/ββ-catenin pathway, whose inhibition restores T-cell acute lympho-
blastic leukemia glucocorticoid resistant cells’ response to dexamethasone administration. (A) Representative histogram show-
ing the intensity expression of CD34+ and CD7+ cells in RPMI-8402 NFATc2 knock-down and control cells. (B) Western blotting 
analysis of NFATc2, LRP6, β-catenin, TCF-4, HHEX and GAPDH proteins’ expression levels in RPMI-8402 and LOUCY NFATc2 knock-
down cells and controls. (C) Chromatin immunoprecipitation analysis from RPMI-8402 cells. NFATc2 binding on the LRP6 and 
MyoD promoters was compared with the immunoglobulin G (IgG) control. (D) Percentage of cell proliferation in RPMI-8402 and 
LOUCY NFATc2 knock-down cells and the control cells after 72 hours of treatment with exogenous WNT3a ligand alone or in 
combination with dexamethasone (dex). (E) 2D matrix representing Bliss synergy score of PRI-724 and dex in reducing RPMI-8402 
and LOUCY cells’ proliferation after 72 hours of treatment. (F) BCL2L11 and TSC22D3 mRNA expression levels measured by re-
al-time quantitative polymerase chain reaction in RPMI-8402 and LOUCY cells pre-treated with 2.5 µM PRI-724 for 4 hours fol-
lowed by 1 µM dex for 20 hours. Results are presented as means + standard error of the mean (paired t test; *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001), N≥3 for all experiments.
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and WNT/β-catenin downregulation as well as changes in 
CD34 and CD7 expression in T-ALL cells. Most importantly, 
considering that CD34+ is a leukemia-initiating cell marker,53 
we can here speculate that NFATc2 depletion reduces the 
rate of  leukemia-initiating cells responsible for therapy 
resistance and relapse, as already described for high MRD 
patients,5 although further vivo experiments are necessary 
to assess it.
In conclusion, our discovery that NFATc1 and NFATc2 control 
two distinct and independent biological processes marks 
a pivotal breakthrough in understanding the molecular 
mechanisms behind GC resistance in pediatric T-ALL. For 
the first time, we have shown both in vitro and in vivo that 
these transcription factors play a central role in regulating 
T-ALL cells’ response to GC, with NFATc1 driving choles-
terol biosynthesis and NFATc2 governing WNT/β-catenin 
signaling. What makes this finding particularly exciting is 
the way these pathways correlate with MRD levels at day 
+78 in PPR patients. Indeed, we observed that cholesterol 
pathway homeostasis was associated with low MRD lev-
els, while WNT/β-catenin signaling related to higher MRD. 
These distinct associations not only reinforce the NFATc1 
and NFATc2 crucial roles in GC resistance but also suggest 
that these pathways serve as valuable prognostic markers 
for PPR patients as well as putative novel therapeutic tar-
gets. In this context, however, current treatments targeting 
the calcineurin/NFAT pathway, such as CsA and FK506, are 
limited by non-specific off-targets and significant side ef-
fects.14,15,54,55 Other approaches, like inhibiting the upstream 
LCK kinase with dasatinib in PPR patients,8-11 are so far ef-
fective only in a subset of T-ALL patients.56 Simvastatin and 
PRI-724 have shown limited applicability in the pediatric 
population due to concerns related to developmental tox-
icity and a lack of significant clinical efficacy,57 as reported 
in clinical trials (clinicaltrials gov. Identifier: NCT01302405, 
NCT03620474). Nevertheless, in the adult group statins seem 
to have been associated with a protective effect against 
leukemogenesis and with improved molecular response 
in chronic myeloid leukemia.58-59 Therefore, the design of 
novel specific NFATc1 and NFATc2 inhibitors is crucial to 
overcome the limitations of current therapies and improve 
treatment options for T-ALL patients, offering a promising 
path forward for more targeted and effective treatments.
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