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1. INTRODUCTION  
 

1.1. T-cell Acute Lymphoblastic Leukemia  
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy 

characterized by the accumulation of lymphoblast in the bone marrow (BM) and peripheral 

blood (PB) and consequent high tumor burden and highly proliferating malignant lymphoid 

cells (1,2). It is frequently linked to acquired chromosomal translocations as well as other 

genetic and epigenetic abnormalities that result in the aberrant expression of a specific 

subset of transcription factors (3). 

The accelerated tumor growth may reflect in part the capacity of immature thymocytes to 

divide at high rates in critical steps during early T-cell development and it is fueled by the 

activation of specific oncogenic pathways (4). 

From a physiological point of view, during normal T-cell development, early T-cell precursors 

enter the thymus at the cortical-medullary junction, where they are exposed to the thymic 

microenvironment's instructional signals, which predominantly stimulate interleukin-7 (IL-7) 

and stem cell factor to promote cell development and proliferation. The earliest T-cell lineage 

committed precursor cell is the immature CD34+ cell that has just entered the thymus and 

can differentiate, through various intermediate subsets, into mature T-cells carrying a 

functional T-cell receptor (TCR) from the TCRab or TCRgd lineage (4,5). 

The malignant counterpart occurs when biological processes such as differentiation, self-

renewal capacity, proliferation, and apoptosis are targeted and altered by several types of 

neoplasia-associated genetic alteration such as translocations, deletions, and mutations of 

genes that encode for proteins involved in signaling transduction, epigenetic regulation, and 

transcription (6). This process causes an uncontrolled clonal expansion resulting in the 

development of T-ALL (7). 
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In T-ALL, the malignant clone proliferates and spreads throughout the body, starting from 

the BM to the PB, lymph nodes and eventually the central nervous system (CNS) and other 

organs. The lymphoblasts spreading causes the T-ALL symptoms and signs, such as bone 

pain, leucocytosis, fatigue, and neurological symptoms. Therefore, the expansion of 

immature lymphoblasts in the BM represses hematopoiesis, resulting in a deficiency of 

normal PB cells with consequent cytopenia (8). 

T-ALL counts approximately 15-20% of all ALLs with a different distribution between adult 

and childhood, comprising 10-15% of pediatric and 25% of adult primary ALL cases, 

respectively (9). It occurs most frequently in children with a peak incidence between 2 and 

5 years of age and is one of the most common childhood malignancies (10). Overall cure 

rates are reaching over 75% in children and 50% in adult T-ALL cases. Current treatment 

regimens include risk-adapted high-dose chemotherapy, hematopoietic stem-cell 

transplantation, and supportive care. Unfortunately, T-ALL patients often relapse quite early 

during treatment resulting in a 5 year survival rate of 7-23% in relapsed T-ALL (5). 

Nevertheless, the use of new pediatric-oriented protocols in adult settings and intensified 

treatments, based on the persistence of minimal residual disease (MRD) in children and 

adults, have greatly improved patient outcomes (11). Despite the introduction of 

hematopoietic stem cell transplantations for refractory leukemias, the clinical outcome of 

these high-risk, primary resistant tumors remains extremely unfavorable (12).  

The evolution of flow cytometry analysis has allowed the clear definition of T-lineage and 

stage of differentiations of malignant lymphoproliferative disorders. According to European 

Group for the Immunological characterization of Leukaemias (EGIL), recognized T-ALL 

subsets are the following: pro-T (cCD3+, CD7+), pre-T (cCD3+, CD7+ and CD5/CD2+), 

cortical T (cCD3+, Cd1a+, sCD3+/−) and mature-T (cCD3+, sCD3+, CD1a−). Finally, a novel 

subgroup that was recently characterized is represented by the so called ETP-ALL (Early T-
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cell Precursor), which shows specific immunophenotypic features, such as the lack of CD1a 

and CD8 expression, weak CD5 expression, and expression of at least one myeloid and/or 

stem cell marker (7,13). The positivity of CD5 in an early T-cell precursor phenotype 

identifies the near-ETP subgroup (14). 

 

1.2. Genetics of T-cell Acute lymphoblastic Leukemia  
T-ALL has a highly varied genetic background due to any oncogenes and onco-suppressors 

linked to leukemia's beginning and advancement, frequently by intersecting on a few key 

cellular processes (11). 

Abnormalities in T-ALL can be divided into two different subgroups, type A and type B, 

according to specific gene expression signatures and aberrant activation of specific T-ALL 

transcription factor oncogenes. Type A abnormalities cause the up-regulation of oncogenes 

encoding for transcriptional factors critical in T-cell development, maturation, and 

differentiation. At least 70% of T-ALL cases can be classified into different genetic 

subgroups, based on the expression of specific transcription factor oncogenic drivers and 

hierarchical clustering of gene expression data. These transcriptional regulators include the 

basic helix-loop-helix transcriptional factor genes TAL1, TAL2, TLX1, TLX3, NKX2-1, NKX2-

2; the LIM only domain genes LMO1 and LMO2 and HOXA homeobox genes (7,15). 

Genes that code for many protein families, including signal pathway proteins, ribosomal 

proteins, tyrosine kinases, and epigenetic factors, are involved in type B abnormalities. Such 

T-ALL genetic groups are distributed differently in adults and children. For instance, HOXA-

positive T-ALL has an immature or ETP phenotype in 40–45% of cases; in ETP-ALL, 

leukemic blasts depend on the anti-apoptotic protein BCL2, which is widely overexpressed 

in this subtype of T-ALL. HOXA subgroup is also characterized by aberrant DNA replication 

and cell cycle due to deletion of cell cycle regulators, such as CDKN2AB (85%) or CDKN1B 
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(25%) (16). On the other hand, NKX2-1-positive cases show a high rate of deletions of LEF1, 

a DNA-binding transcription factor, and a high rate of mutations of RPL10, a ribosomal 

protein. Additionally, TLX3 and TLX1, which belong to the NKL family of homeobox 

transcription, are expressed in 40% of T-ALL, sharing common oncogenic pathways (15). 

TAL1 subgroup counts for 30-45% of pediatric and 10-15% of adult T-ALL (17). It shows 

frequently chromosomal rearrangements, or noncoding sequence mutations, which cause 

the activation of members of the basic helix-loop-helix family of transcription factors (TAL1 

and TAL2) or the LIM-only domain (LMO1, LMO2, and LMO3) proteins (18). TAL and LMO 

proteins belong to the same transcriptional complex and are frequently co-deregulated in T-

ALL, suggesting a cooperative role in T-leukemogenesis (11). 

Generally, T-ALL is frequently characterized by chromosomal abnormalities, such as 

deletions at the CDKN2A/CDKN2B tumor suppressor locus on the short arm (p) of 

chromosome 9, resulting in CDKN2A/CDKN2B inactivation and translocation affecting the 

TCR genes (19,20). Additional mutations include loss-of-function alterations of 

hematopoietic transcription factor genes, including BCL11B, ETV6, GATA3, LEF1, RUNX1 

and WT1 (20,21). Several genes that encode epigenetic regulators and chromatin modifiers 

are also mutated in T-ALL, including EED, EZH2 and SUZ12, which encode core 

components of Polycomb repressor complex 2 (PRC2) (21,22). Several additional 

intracellular signaling pathways are activated by mutation, including the Pi3k–Akt–mTor 

pathway, most affected by PTEN deletion (23,24); the Jak-Stat pathway through activating 

mutations in the interleukin 7 receptor α-chain gene (IL-7R) (25,26); Ras–Mapk signaling 

through KRAS and NF1 mutation (21). Furthermore, constitutive activation of the NOTCH1 

gene plays a key role in T-cell transformation and is implicated in the pathogenesis of 50-

70% T- ALL. NOTCH1 is considered a driver gene, target of mutations in the 
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heterodimerization domain (HD) or the peptide sequence rich in proline, glutamate, serine 

and threonine domain (PEST) (27,28). 

The Notch1 pathway plays a fundamental role in T cell functions like stem cell self-renewal, 

proliferation, and differentiation in the thymus. Consequently, its dysregulation in 

downstream pathways, such as MYC signaling or PTEN–AKT signaling, can lead to 

leukemic transformation or metabolic dysregulation (4,29). 

 

1.3. NOTCH  

1.3.1. NOTCH Structure and Signaling  
In mammals, the “NOTCH family” comprises a group of four transmembrane receptor 

proteins (NOTCH1-4) that interact with ligands expressed in contacting cells (30). 

Structurally, NOTCH receptors consist of a modular structure that is composed of different 

functional regions: an extracellular domain (N-ECD) at the N‐terminal, a transmembrane 

domain (N-TM), and a NOTCH intracellular domain (N-ICD) at the C‐terminal. The NOTCH1 

gene is where most of the recurring somatic mutations of all NOTCH proteins (I-IV) were 

found. More specifically, human N1-ECD contains 36 homologous epidermal growth factor 

(EGF)-like tandem repeats and three Lin-12/Notch units (LNR). Adjacent to the LNR domain 

lies the juxta-membrane (JME) and heterodimerization domain (HD), the linker between the 

N1-ECD and N1-ICD. N1-ICD consists of a membrane-proximal RBPJ-associated molecule 

(RAM) region, seven ankyrin-like repeats (ANK) and a C-terminal transactivation domain 

(TAD) that harbors the nuclear localization signal (NLS) (19). 

The NOTCH1 maturation steps start in the trans-Golgi with the proteolytic processing by a 

furin-like convertase at the site “S1” that lies 70 amino acids external to the transmembrane 

domain, yielding two non-covalently associated extracellular (N-ECD) and transmembrane 

(N-TM) subunits (27). Once preprocessed in the ER/Golgi, NOTCH1 receptors migrate to 
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the cell membrane and interact with the ligand. The subsequent binding with ligands induces 

a conformational change that allows two subsequent proteolytic cleavages on the N-TM 

subunit. The first cleavage (S2) is mediated by zinc-dependent disintegrin and 

metalloprotease (ADAM10/TACE) and occurs within the NOTCH JME domain, proximal to 

the N-TM (31,32). S2 cleavage results in a transient intermediate recognized by the -

secretase complex, which mediates the second cleavage (S3) within the transmembrane 

domain (33–35). The -secretase complex is a membrane-embedded protease complex 

composed of four proteins: presenilin (PSEN1 or PSEN2), presenilin enhancer-2 (PEN-2), 

anterior pharynx defective-1 (APH-1), and nicastrin (NCSTN) (28). Nicastrin recognizes 

transient intermediate through its amino terminus and PSEN is necessary for the catalytic 

activity, which releases N-ICD. Finally, N-ICD is translocated into the nucleus and interacts 

with a transcription-activating complex in which the RAM and ANK N-ICD motifs bind the 

DNA factor suppressor of hairless (Lag-1 or CSL) and recruit the N-terminal helices of 

mastermind-like (MAML) family co-activator (36). In succession, MAML recruits the histone 

acetyl-transferases (p300/CBP) to induce the transcription of downstream genes, such as 

HES, HEY, and MYC (37).  

Notch physiologically regulates several cellular networks, from embryogenesis to adult 

tissue commitment and homeostasis, to differentiation of T-cells. Depending on the cellular 

context, NOTCH may act as an oncogene or tumor suppressor but, more importantly, the 

degree of its contribution to the disease depends on the presence of activating or 

suppressing genetic aberrancies. Gain-of-function NOTCH1 mutations are sequenced in 

50–70% of T-ALL cases, in 10–15% of chronic lymphocytic leukemia (CLL) and mantle cell 

lymphoma (MCL) and a subset of diffuse large B cell lymphoma (DLBCL) (37). The discovery 

of the oncogenic role of NOTCH in T-ALL anticipated the identification of NOTCH 
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aberrations in solid tumors, such as lung adenocarcinoma, medulloblastoma, melanoma, 

colon cancer, and more frequently, in breast cancer (38). 

1.3.2. Anti-NOTCH1 Therapies: Challenges and Advances 
The preponderance of oncogenic NOTCH1 mutations in lymphoid malignancies has 

prompted the search for effective anti-NOTCH1 therapeutics. Because Notch activation 

relies on -secretase-mediated proteolysis, -secretase inhibitors (GSIs) have been studied 

for T-ALL treatment (39,40). GSIs are small molecules that can effectively suppress Notch 

signaling by blocking intramembrane proteolytic processing of NOTCH1 by the -secretase 

complex. However, the first generations of GSIs were poorly tolerated due to on-target 

gastrointestinal toxicity. The toxic effect of GSIs is a consequence of the lack of substrate 

specificity of these molecules resulting in the combined inhibition of wild-type NOTCH1 and 

NOTCH2 in intestinal progenitor cells. GSI treatment resulted in cell cycle arrest and 

accumulation of goblet cells in the gut mediated by upregulation of the gene encoding the 

transcription factor Kruppel-like factor-4 (Klf4), a negative regulator of the cell cycle required 

for goblet cell differentiation. Recently, several studies have identified a second generation 

of GSIs with better tolerability profiles and combination strategy to overcome the limitation 

showed with the single drug treatment (27). Importantly, this combination strategy considers 

GCs, the first drug classes used in clinic for the treatment of patients with T-ALL. Real and 

colleagues demonstrated that combining GSIs with GCs improved the anti-leukemic effects 

of GSIs and reduced their gastrointestinal toxicity in vivo compared to treatment with GSI 

alone. GSIs sensitize steroid resistant T-ALL cell lines to GCs therapy and induce apoptosis 

through induction of apoptotic initiator, BCL2L11. On the other hand, steroids mediate the 

induction of cyclin D2 (Ccnd2), a cyclin associated with cell cycle progression, which induces 

the down regulations of Klf4. These results highlight the functional relevance 
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of CCND2 upregulation induced by steroids treatment for the protection from GSI-induced 

toxicity in the gut and support the development of innovative anti-NOTCH1 therapies (27). 

Because of the therapeutic challenges of GSI therapy, different strategies were studied to 

inhibit NOTCH1, such as the development of NOTCH1-directed antibodies (Ab) that block 

Notch ligand-receptor interaction. Different research groups developed a class of receptor-

directed antibodies, such as monoclonal antibodies (mAb), directed against the EGF-repeat 

region and directed against the NRR NOTCH1 domain. On the other hand, another class of 

antibodies to impair NOTCH activation is directed against NOTCH1 ligands such as DLL1 

and DLL4. However, the targeting of ligand appears to be an ineffective strategy in the 

context of ligand independent NOTCH1 mutations in T-ALL (37). Additionally, it has been 

developed an alternative approach to modulate the NOTCH1 transcription factor complex 

using for example SAHM1, a stabilized a-helical peptide that interferes directly with the 

recruitment of MAML1 into the NOTCH-RBPJ transactivation complex (37).  

The Notch signaling pathway plays a significant role in the pathogenesis of human cancers. 

Notch controls both cell-intrinsic and extrinsic circuits leading to tumor development, 

progression and response to therapy. Several therapeutic efforts have historically focused 

on modulating Notch signaling by using small molecules such as GSI or antibody-based 

strategies. However, these approaches have a poor therapeutic window - wild type vs mutant 

proteins - limiting their application in human diseases. This is not the case of small molecules 

targeting the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) (27). SERCA inhibition 

interferes with Notch trafficking and its activation, emerging as druggable approach for 

NOTCH-dependent cancers.  

Gain-of-function NOTCH1 mutations, found in over 60% of T-cell Acute Lymphoblastic 

Leukemia (T-ALL) cases, drive leukemia development (41,42). Thus, targeting aberrant 

NOTCH1 activity with anti-Notch drugs is a promising and long-waited strategy (29).  
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1.4. SERCA 

1.4.1. SERCA Structure and Function 
SERCA (Sarco-Endoplasmic Reticulum Ca2+ ATPase) protein, located in the sarco-

endoplasmic reticulum (ER), belongs to the superfamily of active transporters known as P-

type ATPases. There are three genes ATP2A1 (16p11.2), ATP2A2 (12q24.11), ATP2A3 

(17p13.2) that encode for SERCA1, SERCA2 and SERCA3, respectively (43). Currently, 

over 70 SERCA isoforms resulting from alternative splicing are deposited in the Protein Data 

Bank database. 

SERCA proteins have the function of maintaining intracellular Ca2+ homeostasis by pumping 

Ca2+ from the cytosol into the ER. These 110 KDa pumps are organized in 10 

transmembrane (TM), helices (M1-M10) along with two Ca2+ binding site (site I and II), a 

small luminal tail and three cytoplasmic domains (44). The enzymatic reaction, proposed as 

the Post-Albers scheme, alternates phases with high (2Ca2+E1) or low (E2) affinity to Ca2+ 

coupled with high (2Ca2+E1 ~ P) or low (E2 ~ P) energy phosphorylated states (45). SERCA 

proteins have been involved in several human diseases from inherited syndrome to heart 

failure. For instance, loss-of-function mutations of ATP2A1 cause Brody myopathy, similarly 

ATP2A2 mutations account for the development of the Darier disease (keratosis follicularis), 

a severe skin disorder (46). Given its role in Ca2+ homeostasis and its effect on cell survival 

and ER stress pathway, the potential involvement of SERCA in cancer progression has been 

an active area of investigation. Some studies have demonstrated the involvement of genetic 

alterations of the ATP2A2 gene in tumor development (46–48). 

 

1.4.2. Targeting NOTCH1 with SERCA Inhibitors: Mechanisms and Therapeutic Potential 
Several studies described that the trafficking events leading to a correct NOTCH activation 

may be disrupted in the presence of a defective Ca2+-ATPase function in a Drosophila model 
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(49). Loss of function alleles of the Drosophila SERCA homologous gene CA-P60A alters 

proper synthesis, folding, and trafficking of the NOTCH receptor in the ER/Golgi 

compartments. Consistently, in Drosophila S2 cultured lines, the treatment with general 

SERCA inhibitors such as TG and cyclopiazonic acid (CPA) primarily reduces the number 

of NOTCH proteins that reach the cell surface (49). In line with these findings, as mentioned 

above, from a study of Roti et al. SERCA emerged as a novel potential therapeutic target in 

NOTCH1-associated cancers. They performed a gene expression-based high-throughput 

screening (GE-HTS) to identify inhibitors of oncogenic NOTCH1 signatures or enhancers of 

NOTCH1 HD mutant L1601PΔP activity in T-ALL. Among the top cDNA hits, the Ca2+ pump 

P-type ATPase SERCA was identified as a gatekeeper of oncogenic NOTCH1 and in 

parallel, one of the top compound hits identified was TG which is a non-competitive inhibitor 

of SERCA. TG induced a NOTCH1-off signature in a dose-dependent fashion in NOTCH1 

mutant T-ALL cells and reduced the expression of the direct Notch1 target genes MYC, 

HES1 and DTX1. Furthermore, NOTCH1 inhibition resulted in G0/G1 arrest in human T-ALL 

cells and reduced T-ALL formation in an in vivo model (3,49). TG is a potent natural product 

isolated from the umbelliferous Thapsia garganica plant that irreversibly stabilizes SERCA 

in an inactive state with low Ca2+ affinity (E2-Ca2+ free conformation), inhibiting both ATPase 

and Ca2+ transport activity. With varying selectivity, TG binds to all SERCA isoforms in the 

transmembrane helices M3 (at Phe256), M5 (at Ile765), and M7 (at Tyr837). Due to the 

strong dependence of mutated NOTCH1 to ER Ca2+ for correct folding, TG exerts a 

preferential activity against mutated NOTCH1 proteins, as shown by its antileukemic effect 

and the lack of gastrointestinal toxicity in a human T-ALL xenograft model, in sharp contrast 

with previous experiences with GSI (50,51). However, translating the effects of TG into a 

clinical setting could be challenging: first, it’s a natural compound and it eventually requires 

a synthesis process of more than 10 steps; furthermore, TG displays a generic effect 

towards all SERCA isoforms, particularly on the cardiac isoform SERCA2a. TG binding to 
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SERCA results in an increase in cytosolic Ca2+ concentration and a depletion of Ca2+ stored 

in the ER, thus the delivery of free TG to humans might cause cardiac toxicity due to a 

calcium ion shift (47,52). Initially, one way to overcome these limitations and to improve TG 

delivery to cancer cells was based on a pro-drug approach. For instance, the TG derivative 

mipsagargin/G202 is coupled with a masking peptide cleaved by the carboxypeptidase 

prostate-specific membrane antigen (PSMA) that is overexpressed in the neovasculature of 

several tumors including hepatocellular carcinoma, mesothelioma, ovarian, bladder, renal, 

and breast cancer. This peptide reduces the affinity of these molecules toward SERCA in 

non-neoplastic cells. Therefore, when mipsagargin intercepts PSMA on tumor cells or 

neoplastic neoangiogenic vessels, it is cleaved into a cytotoxic analog of TG (12-ADT-Asp) 

and diffuse specifically into cancer cells (53). In line with this type of enzymatic-based 

approach, Roti and collaborators have coupled TG with other molecules such as folic acid 

(FA), exploiting the dependency of T-ALL  on folic acid metabolism due to the higher 

expression of folate receptor 2 (FR-2) in T-ALL cells compared to the normal counterpart 

(54). Next, they showed that the conjugable alcohol derivative of TG, 8-O-debutanoyl-

thapsigargin, inhibits NOTCH1 in a way that is similar to the effect of TG observed in T-ALL 

models. Notably, 8-O-debutanoyl-thapsigargin preserved a selective activity against mutant 

over NOTCH1 wild-type T-ALL. Subsequently, they connected the carboxylate of folic acid 

to the C8-alcohol of 8-O-debutanoyl-thapsigargin via a cleavable ester linkage to generate 

JQ-FT. JQ-FT was 150 times more tolerable in mice than unconjugated TG and exerted an 

anti-leukemic effect in a preclinical NOTCH1 mutated T-ALL in vivo model (54). 

Another strategy to overcome the TG limitations due to cardiac effects is to search for novel 

isoform-specific SERCA inhibitors that share a therapeutic index similar to that of TG, but 

which have a safer toxicity profile. Beyond the few SERCA inhibitors, the tricyclic clerodane 

diterpene Casearin J (CJ) was extensively explored as a NOTCH1 inhibitor in T-ALLs for its 
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capacity to decrease the cell surface expression of N1-TM and to prevent the formation of 

cleaved N1-ICD modules (51). More recently, Marchesini and colleagues completed a small 

molecule screening of 191,000 compounds active on P-type ATPases and identified 

CAD204520, a new selective SERCA inhibitor with favorable pharmacodynamic properties. 

CAD204520,4-[2-[2-[3-propyl-6-(trifluoromethoxy)-1H-indol-2-yl]-1-piperidyl] ethyl]-

morpholine dihydrochloride binds SERCA between the transmembrane helices M1, M2, M3, 

and M4 through two polar interactions with Asp59 on M1 and Asn101 on M2, as well as 

through some hydrophobic interactions with Leu61, Val62, Ile307, Pro308, and Pro312. 

Although this binding groove is different from that of TG, CAD204520 still maintains anti-

NOTCH1 mutated leukemia properties both in preclinical and in vivo models, without 

disrupting Ca2+ homeostasis and cardiac toxicity. To further explore the pharmacodynamics 

of CAD204520, they generated a human T-ALL cell line (ALL/SIL) resistant to the effect of 

TG (R) by exposing the cells to increased concentrations of TG. Whole exome sequencing 

analysis identified a missense single-nucleotide polymorphism in the ATP2A2 locus 

mapping between the Asp254 and Leu260 amino acids lying in the third transmembrane 

helix (M3) of SERCA2 causing a glycine 257 to valine mutation (p.G257V). The introduction 

of the bulky valine side chain will limit the freedom of movement of the neighboring residue 

Phe256, which must move to host TG binding, thus providing a potential explanation for the 

resistance effect to TG. However, in these cells, they showed the lack of cross-resistance 

with CAD204520, confirmed by the crystallography structure that showed the different 

binding pocket of the two compounds. These data suggest that early characterization of the 

binding mechanism may overcome potential relapse from mutant clones (54,55). 
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1.5. Glucocorticoid Receptor Signaling and Resistance Mechanisms in T-ALL 
GC are one of the first drug classes used in clinics for the treatment of patients with ALL (56) 

and are now used as backbone therapy of almost all the chemotherapy regimens for ALL 

therapy. They exert their activity by binding to a specific intracellular glucocorticoid receptor 

(GR), which is a ligand-inducible transcriptional factor encoded by the NR3C1 gene. In the 

absence of a specific ligand, GRs remain in the cytoplasm by their association with 

chaperone proteins, such as Hsp70 and Hsp90 (57). Ligand binding generates a formation 

of the GC-GR complex, causing conformational changes and translocation to the nucleus, 

where it binds to accessible chromatin domains containing GC response elements (GRE) at 

proximal promoter regions or distal sites of a gene to induce chromatin remodeling and 

activate gene transcription (58). The GR-encoding gene NR3C1 contains nine exons that 

can produce various splice isoforms. In humans, the primary GRα isoform encodes a protein 

of 777 amino acids. In comparison, GRβ results from alternative splicing, producing a 

truncated protein of 742 amino acids. This truncated variant is unable to bind GCs and 

regulates a different set of genes from those targeted by GRα. When co-expressed with 

GRα, GRβ acts as a dominant-negative modulator and has been linked to GC resistance 

(59). 

GCs are widely recognized for their anti-inflammatory and immuno-suppressive activities 

(60). Many of the most important effects of GCs, however, are their direct actions on T cells, 

primarily through transcriptional regulation: enhancing the expression of immunomodulatory 

proteins, inhibitory receptors, and genes that promote apoptosis while reducing the 

expression of pro-inflammatory cytokines, co-stimulatory molecules, and cell cycle 

regulators (61,62). GCs, such as dexamethasone and prednisolone, are now essential 

elements of multi-agent chemotherapy regimens used to treat hematologic malignancies 

due to their ability to induce apoptosis in lymphocytes. Although GCs are efficient at 

eliminating malignant lymphoid cells, about 20% of ALL patients still have de novo or 
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acquired resistance, which is a major obstacle to their efficacy (34). Transcriptional 

responses to GC receptor activation are tissue and context-specific, and the selective 

proapoptotic response to GR signaling in lymphoid cells depends on their capacity to induce 

lymphoid-restricted transcriptional upregulation of BCL2L11, which encodes the 

proapoptotic BH3-only factor BIM (63). 

GC response is variable among T-ALL patients, and steroid resistance has been observed 

in a significant fraction of patients during induction therapy. Furthermore, secondary 

resistance to GC therapy is also common in R/R T-ALL and contributes significantly to 

therapeutic failure. Additionally, it has been shown that in T-ALL there is a relationship 

between abnormal activation of specific signaling pathways and steroid response, such as 

Notch, IL7-R/JAK/STAT, RAS/MEK/ERK, and PTEN/PI3K/AKT/mTOR (64,65). Moreover, it 

has been demonstrated that GC resistance in ALL is related to different genetic 

abnormalities, which cause not only upregulation of the above-mentioned pathways but also 

acceleration of cellular growth and metabolism, downregulation of the proapoptotic proteins, 

such as BIM, and upregulation of the antiapoptotic proteins, such as BCL-2, BCL-XL, MCL-

1, with a consequent apoptosis inhibition and overexpression of multidrug-resistance 

proteins (66). PI3K-AKT activation plays a major role in the pathogenesis of T-ALL, 

particularly in leukemias, harboring mutations and deletions in the PTEN tumor suppressor 

gene, AKT1 emerged as a plausible candidate for explaining in part the GC resistance (23). 

In silico studies of signaling pathways, influencing transcriptional patterns linked to GC 

resistance in T-ALL suggested that AKT1 may phosphorylate the GR at position S134, 

generating GC resistance (67). This inhibits the nuclear relocalization of the GR protein and 

prevents the transcriptional control of GC target genes. The inactivation of the GR can lead 

to resistance to GC therapy, but it should be considered that alternative processes 

downstream of AKT1 can also do so by enhancing T-ALL cell proliferation, metabolism, and 
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survival. In this regard, mTOR phosphorylation by AKT impairs GC-induced apoptosis by 

increasing the expression of MCL-1 anti-apoptotic protein. These data support the role of 

PTEN/PI3K/AKT/mTOR pathway as a therapeutic target for the reversal of primary GC 

resistance in T-ALL (67,68). 

Furthermore, Lauren K. Meyer et al. support the fact that the presence of IL-7 improves 

downstream signal transduction, increasing STAT5 transcriptional output and upregulating 

the pro-survival protein BCL-2, which is sufficient to counteract the proapoptotic effect of 

GCs (69). Their data therefore suggests that IL-7–induced GC resistance may protect these 

early thymocyte populations from apoptosis in the presence of endogenous GCs. 

Furthermore, they demonstrate that this mechanism of intrinsic resistance was retained in 

T-ALL cells resembling early thymocytes, where it may be exploited to enable resistance to 

pharmacologic concentrations of GCs (67).  

As mentioned above, more than 50% of human T-ALL are known to exhibit NOTCH1 

activating mutation and NOTCH1 is involved in the regulation of NR3C1 expression and GR 

protein levels. The underlying mechanism was shown to involve HES1, a transcriptional 

repressor, which is upregulated by Notch1 signaling and binds to NR3C1 promoters, 

responsible for the GR autoregulation. NOTCH1 also acts as a positive modulator of the IL-

7R that can be also activated by GCs causing their resistance (70). Importantly, while 

confirming that GC resistance of T-ALL cells requires an unaltered Notch1 signaling, GC 

treatment reduces NOTCH1 expression in sensitive cell lines, highlighting that any factors 

that modulate NR3C1 signaling will also affect NOTCH1 expression and response (54). On 

the other hand, inhibition of Notch1 signaling enhances GR auto-upregulation and GC 

sensitivity in otherwise GC-resistant T-ALL cells (45), laying the groundwork for a strict link 

between mutated Notch1 pathway and reversal of GC resistance. 
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2. AIM OF THE STUDY  
 

Given its critical oncogenic role in several human cancers, Notch1 signaling has garnered 

increased attention as a potential therapeutic target. To date, several Notch inhibitors, 

including GSI, have shown therapeutic efficacy in preclinical cancer models. However, 

despite this promise, few of these candidates have been demonstrated to have a meaningful 

clinical benefit for patients, in part due to tissue-dependent on-target toxicities from the 

simultaneous repression of both mutant and wild-type NOTCH proteins. The discovery of 

SERCA as actionable modulators of Notch1 suggested a new targeted approach to treat T-

ALL. Uniquely among Notch modulators, SERCA inhibitors preferentially impair the clinically 

relevant class of oncogenic NOTCH1 mutants compared to wild type. Thus, the development 

of tolerated SERCA modulators may uncover a new therapeutic avenue for one of the most 

frequently mutated genes in human cancers.  

In this work, we demonstrated that CAD204520, a novel isoform-specific SERCA inhibitor, 

exhibits a reduced Ca2+ related off-target toxicity but retains anti-Notch1 and anti-leukemia 

capacity both in vitro and in vivo in NOTCH1-mutated T-ALL models.  

To investigate and address potential resistance mechanisms to these SERCA inhibitors, we 

performed an extensive chemo-transcriptomic analysis on two T-ALL cell lines: one 

exhibiting resistance and the other sensitivity to TG. The results revealed distinct 

transcriptomic signatures between the two cell lines. Specifically, we observed an 

upregulation of steroid metabolism pathways in the resistant cell line. Furthermore, GC 

showed a higher sensitivity in the TG-resistant cell line compared to the parental one, 

unveiling a potential role of Notch1-SERCA-GR axis in overcoming GC resistance. Our 

findings point out SERCA as a regulator of cellular metabolism in T-ALL patients influencing 

cholesterol synthesis and increasing tumor cell sensitivity to GC.  
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3. MATERIALS AND METHODS  
 

3.1. Cell Culture 
The human cell lines ALL/SIL, MOLT4, DND41, JURKAT, SUPT1 and PF382 were 

purchased from Leibniz-Institut DSMZ-German collection of microorganisms and cell culture 

(Germany). The ALL/SIL R cell line was obtained by selecting ALL/SIL cells cultured under 

gradually increasing concentrations of TG, as previously described. The compound induced 

missense single-nucleotide polymorphism on ATP2A2 exon 8 causing Glycine257 to Valine 

mutation and resistance to TG. Similarly, MOLT4 R cell line was developed by exposing 

MOLT4 cells to progressively higher concentrations of TG. The TG concentration was 

increased every two weeks based on the viability of the cells. Cell lines were grown in RPMI 

1640 (Thermo Fisher Scientific, Waltham MA, USA) with 10% heat inactivated fetal serum 

bovine (FBS) (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin-streptomycin (Thermo 

Fisher Scientific, Waltham MA, USA) and 2 mM L-Glutamine (Thermo Fisher Scientific, 

Waltham MA, USA) and incubated at 37°C with 5% CO2 routinely identified by short tandem 

repeat profiling, and monitored for mycoplasma contamination. 

 

3.2. Compound library screening 
The human T-ALL cell lines ALL/SIL and ALL/SIL R were screened using with the European 

Chemical Biology Library, provided by EU-OPENSCREEN (Berlin, Germany). A total of 

2,464 biologically active compounds were tested at concentrations of 100 nM and 1 μM. The 

base medium for both cell lines consisted of 90% RPMI 1640, 10% heat inactivated FBS, 

1% penicillin-streptomycin and 2 mM L-Glutamine. After 72 hours of incubation, a resazurin 

fluorescence method was used as a viability assay. 
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3.3. RNA sequencing 
Library preparation Total RNA was extracted from ALL/SIL, and ALL/SIL R. Strand-specific 

Illumina mRNA libraries were prepared for sequencing, which was performed by Novogene 

along with, read quality control, alignment (using STAR) to the reference genome (GRCh38) 

and quantification using HTSeq. Transcript counts were analysed using R (v4.1.2) and they 

were filtered to retain only transcripts with a coverage of at least 3 in 3 samples. Differential 

Expression (DE) analysis was performed with DESeq2 by comparing ALL/SIL R to ALL/SIL 

using default parameters and a BH-adjusted p-value threshold of 0.05 to determine 

statistically significant DE genes. Gene Set Enrichment Analysis (GSEA) was performed 

using the ClusterProfiler package with fgsea method and minimum gene set size set to 10 

(minGSsize parameter), in total 4 gene sets were used: Ontology gene sets (C5), Kegg (C2), 

Reactome (C2) and Wikipathways, all downloaded from the molecular signature database 

(mSigDB). The R package Dorothea provides a list of transcription factor (TF)-target 

interactions classified based on their confidence level (A-E confidence classes). We 

selected those interactions having a high confidence level (A, B), and we kept TFs showing 

5 or more high-confidence interactions. For each TF, the list of its transcriptional targets was 

used as a regulon to perform TF activity enrichment analysis with the software viper, which 

analyses gene expression level of gene targets to infer the activity of upstream regulatory 

TFs. Viper can be used to estimate TF activity scores at the single-sample level. However, 

we applied the viper algorithm on a pre-ranked gene list that represented phenotype 

differences between ALL/SIL R and ALL/SIL cell lines. We used DESeq2 DE results from 

the comparison between ALL/SIL R and ALL/SIL as input data, and we ordered significant 

DE genes (adjusted P value < 0.05) based on their DESeq2 stat coefficient (ratio between 

log2 fold change and fold change standard error). We used the stat (Wald Statistics) 

coefficient as a gene weight score, then we performed TF activity enrichment analysis on 

the weighted gene “signature”. Eventually, we obtained a Normalized Enrichment Score 
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(NES) for each TF regulon activity: a positive NES indicates a higher TF activity in ALL/SIL 

R, while a negative NES indicates a higher TF activity in ALL/SIL cell line. 

We estimated the activity of 14 relevant signaling pathways with the R software PROGENy 

(Pathway RespOnsive GENes) which uses weighted consensus gene signatures obtained 

from literature-based perturbation experiments to calculate pathway activity scores. For 

each pathway, we used the 200 most responsive genes per pathway (based on their 

weighted score within the pathway consensus signature). In an analogous way to the TF 

activity analysis described above, we used the ranked list of significant DE genes obtained 

from DESeq2 analysis, and we used PROGENy to infer a NES for each pathway through a 

permutation approach. A positive NES indicates a higher pathway activity in ALL/SIL R, while 

a negative NES indicates a higher pathway activity in ALL/SIL cell line. 

 

3.4. SilR Score  
ALL/SIL R similarity (SilR) score for TARGET T-ALL samples was calculated as follows. 

Briefly, differentially expressed genes (adjusted P value < 0.05, LogFC > 1) between ALL/SIL 

R and ALL/SIL were filtered to keep only those genes having a minimum level of gene 

expression variability across samples (log2(FPKM+1) IQR > 1). The selected genes were 

then divided into up- and down-regulated genes. Genes within each of the two groups were 

ranked according to the absolute value of their corresponding Wald statistics (higher stat 

values correspond to lower rank positions). In parallel, log2(FPKM+1) gene expression 

values of the analyzed samples were ranked following the same strategy, in a sample-wise 

manner. 

For each selected gene in each sample, a score corresponding to the mean between their 

sample-wise ranking and DE ranking was calculated. Finally, UP and DOWN scores were 

computed in each sample for up- and down-regulated gene lists, respectively, as the 
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average of gene-specific scores. Final sample-specific SilR scores correspond to the scaled 

difference between each UP and DOWN score pair. 

 

3.5. Compound Sources  
GC compounds dexamethasone, clobetasol propionate and fluticasone propionate and 

RU486 were obtined from MedChemExpress EU (MCE) (#HY-14648; #HY-13600; #HY-

B0154; #HY-13683). TG was obtained from Enzo Biochem (Enzo Life Science Inc., USA 

#BML-PE180-0005). CAD204520 was obtained from MedChemExpress EU (MCE) (#HY-

164466).  The compounds were all dissolved in dimethyl-sulfoxide (DMSO), according to 

the manufacturer's instructions. 

 

3.6. Cell Treatment and Viability Assay 
Cells were then seeded in 384-well plates (Greiner Bio-One, Belgium, #781080) at the final 

concentration of 0.02 x 10⁶ cells/mL per condition using the MultiDropTM Combi Reagent 

Dispenser (Thermo Scientific, Waltham, USA, #5840300) peristaltic dispenser. Each 

compound was added with the nanometric dispenser Tecan D300e (Tecan Trading AG, 

Switzerland). Cells were incubated in a humidified environment at 37 °C and 5% CO2 for 72 

hours. Cell viability was evaluated through the CellTiter-Glo luminescence ATP-based assay 

(Promega Corporation, Madison, WI, USA, #G7573) and was measured using a Victor X4 

Multilabel Plate Reader (Perkin Helmer, Waltham, MA, USA). Output data were then 

analyzed using GraphPad Prism software version 9 (La Jolla, CA, USA) and a customized 

R script (RStudio, MA, USA). 

 

3.7. Western Blotting 
Protein lysates for western blotting were quantified using the Bio-Rad Protein Assay Dye 

Reagent (Bio-Rad Laboratories, Hercules, CA, USA, #5000006) and incubated with primary 
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antibodies specific for the following proteins: cleaved NOTCH1 (Val1744, #4147, Cell 

Signaling, Beverly, MA, USA), C-terminus of NOTCH1 (XP, #3608, Cell Signaling, Beverly, 

MA, USA), GR (#3660; Cell Signaling, Beverly, MA, USA) and SERCA2 in ALL/SIL were 

detected using ATP2A2 antibody (#9580, Cell Signaling, Beverly, MA, USA). Loading 

controls were performed with an antibody specific for beta-actin, (#3700, Cell Signaling, 

Beverly, MA, USA). Blots were developed using species-specific fluorescent antibodies 

obtained from LI-COR (Biosciences, Lincoln, NE, USA) such as IRDye 680LT Goat anti-

Mouse IgG (#925-68020); IRDye 800CW goat anti-rabbit IgG (#925-32211). 

 

3.8. RNA processing and quantification 

RNA was extracted using the RNeasy mini kit (Qiagen, Hilden, Germany, #74106). 

According to the manufacturer’s protocol, cDNA was synthesized using the high-capacity 

cDNA reverse transcription kit (Thermo Fisher Scientific, #4368814), using 1 µg of RNA as 

starting material. A quantitative real-time polymerase chain reaction (qPCR) was performed 

using TaqMan gene expression assays for NR3C1 (Thermo Fisher Scientific, 

#Hs00353740_m1), and TaqMan™ Universal PCR master mix (Thermo Fisher Scientific, 

#4364338) in an Applied Biosystems™ StepOne™ real-time PCR system (Thermo Fisher 

Scientific, #4376357). Each condition was run in triplicate. The expression levels of the 

target genes were normalized to those of RPL13A (Thermo Fisher Scientific, 

#Hs04194366_g1). Data were analyzed using the ΔΔ cycle threshold (CT) method and 

plotted as a percentage relative to control. 

 

3.9. Immunohistochemistry  
Hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and immunohistochemical (IHC) 

stainings were performed on 4µm serial sections of formalin-fixed paraffin-embedded 

(FFPE) of mice spleen, kidney, liver, bowel, and bone marrow tissues. Primary antibodies 
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employed in immunoperoxidase staining were mouse anti-human CD45 (DAKO; M0701; 

1:100; room temperature; 30 minutes). All sections were revealed by the IHC Detection Kit-

Micropolymer (Abcam; ab236466) according to manufacturer’s recommendations. 

Hematoxylin was used as the counterstain and closed with coverslips. The evaluation of 

immunostaining was performed using light microscope (Olympus BX60) connected with a 

digital camera (QICAM) and quantified using QuPath software v.0.3.2 

(https://qupath.github.io/).  

 

3.10. In vivo studies 

NOD-SCID IL2Rgammanull (NSG) mice (The Jackson labs, RRID: IMSR_JAX:005557) for 

efficacy studies were maintained in specific pathogen-free facilities at the University of 

Parma (Department of Food and Drug Science, Cod. BDNS. 4CEB4 Via: Parco Area delle 

Scienze 27/A Parma - PR). Animals were housed in a temperature-controlled room (22–

24°C), with a 12-hour light cycle (light on from 7.00 AM to 7.00 PM) with unrestricted food 

and water supply. Animal procedures were approved by the University of Parma (Protocol 

N.682/2019-PR) guidelines for the protection of animals used for scientific purposes. 

For each PDX sample, 10x106 cells in 200 μL of phosphate buffer saline (PBS) were injected 

in tail vein in adult (6 weeks old) non-irradiated NSG mice. Leukemic cell engraftment was 

monitored every 7 days by flow cytometry of peripheral blood cells stained with an anti-

human CD45-PE antibody (BD Bioscience, Franklyn Lakes, NJ, USA, #560975, HI30 clone). 

For efficacy studies, T-ALL leukemia cells (10 x 106) from the PDLX were transplanted by 

tail vein injection in 6 weeks old male. Engraftment of human PDLX cells was monitored 

every 4 days by flow cytometry of peripheral blood stained with an anti-human CD45-PE 

antibody. Eight mice per condition received the treatment upon engraftment, defined as 

≥0.5% peripheral blood human CD45+/human cells. Mice received CAD204520 in the fed 

state by oral gavage dissolved in Tween-80 0.5% (Sigma-Aldrich, Missouri, USA) and 
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hydroxypropyl-methylcellulose (HPMC) 1.0% (Sigma-Aldrich, Missouri, USA) at a dose of 

30 mg/kg bid day 1-5, day 8-12, and day 15-19. Dexamethasone by intraperitoneal injection 

at a dose of 5 mg/kg/die day 1-3-5, day 8-10-12, and day 15-17-19: both or control vehicle 

by oral gavage (Tween 80 0.5%, w/v, and hydroxypropyl-methylcellulose [HPMC] 1.0%), 

respectively. The antileukemic activity of drug combination in mice was assessed by a 

survival study (Kaplan-Meier method), and by measuring hCD45 expression on bone 

marrow and peripheral blood by flow cytometry (Attune NxT Flow Cytometer, Thermo Fisher 

Scientific, Waltham MA, USA). 

 

3.11. Statistical analysis  

Statistical analyses were performed using GraphPad Prism 8 or R software. The assumption 

of normal distribution was not determined, and the P value among samples was calculated 

by a non-parametric t-test (Mann-Whitney) by comparing treated samples to untreated 

controls. We used one- or two-way ANOVA using statistical correction for multiple 

comparison algorithms, as specified in the figure legends, to determine appropriate 

significance among groups. Statistical significance, group size, and experimental details are 

described in the figure legends. 
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4. RESULTS 
 

4.1. Characterization of SERCA Inhibitor Binding: CAD204520 and TG 
SERCA can be suppressed by various small molecules, such as TG, BHQ, 1,3-dibromo-

2,4,6-tris(methyl-isothio-uronium) benzene, and CPA. These compounds target distinct 

binding sites on the ATPase protein, resulting in unique modes of inhibition (71). An 

important question is whether CAD204520’s binding to SERCA replicates the ATPase 

inhibition kinetics seen with TG or if, as suggested by structural data, the two molecules 

function independently (Figure 1A). To test our hypothesis, we generated a T-ALL cell line 

(ALL/SIL) resistant to TG by selecting cells growing under increasing concentrations of this 

molecule (55). To investigate potential TG-induced mutations within the SERCA encoding 

genes, ATP2A1–3, we conducted whole-exome sequencing focusing our analysis 

specifically on exonic single-nucleotide missense variants. Interestingly, in ALL/SIL resistant 

cells (ALL/SIL R) we identified, within the Asp254-Leu260 hotspot, a missense single-

nucleotide polymorphism occurring in ATP2A2 exon 8 (c.G770T) causing a 

Glycine257/Valine mutation in the M3 helix (Figure 1B). No mutations occurred in ATP2A1 

(Figure 1C), while missense mutations in ATP2A3 were present both in the parental and 

resistant lines, indicating a pre-existing mechanism of allelic variance. Next, we treated 

ALL/SIL parental and resistant cells at ALL/SIL IC50 concentrations and demonstrated that 

p.G257V rescues ALL/SIL cells from TG-induced cytotoxicity while it does not interfere with 

CAD204520 effects (Figure 1D). 

Accordingly, because CAD204520 binds to SERCA in a pocket similar to that of CPA but 

distinct to that of TG, we anticipated that the combined inhibition might result in a synergistic 

effect with TG but not with CPA. To avoid the limitations and biases associated with any one 

algorithm used to study drug interactions, we used comprehensive approaches, including 

the Loewe additivity model, the Chou and Talalay index. The Loewe additivity is a commonly 
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used dose-effect-based model to quantify a zero-interactive state for the combination of two 

drugs (72). The Chou-Talalay method (73) for drug combination is based on the median-

effect equation and provides a mechanism-independent method for quantitative 

determination, combination index (CI), of drug interactions. A CI ranging from 0.9 to 1.1 is 

considered additive, a CI < 0.9 indicates synergy, and a CI > 1.1 resistance. We tested 

CAD204520 and TG in combination at the indicated concentrations for a total of 60 

combinatorial points in T-ALL cell lines. We found that simultaneous exposure to 

CAD204520 and TG for 72 h resulted in a robust synergistic inhibition of cell viability in T-

ALL cells (Figure 1E-F). 

Together, these data show that CAD204520 selectively binds SERCA in the same binding 

pocket as BHQ, CPA and that that p.G257V mutation in the M3 helix of SERCA do not 

interfere with CAD204520 activity and that a greater anti-leukemia effect may be achieved 

by the simultaneous binding of CAD204520 and TG to their respective sites in SERCA. 

 

4.2. Transcriptomic analysis reveals an upregulation of steroids metabolism 
To identify relevant pathways that may be dysregulated by ATP2A2 mutation, we performed 

an RNA sequencing (RNAseq) analysis in ALL/SIL and ALL/SIL R cell lines. Interestingly, 

despite a similar growth rate, parental and resistant cells showed 6241 differentially 

expressed (DE) genes (Figure 2A-B). We next performed gene set analysis on our 

transcriptional data, identifying an enrichment of pathways associated with steroid 

metabolism, including cholesterol biosynthesis and metabolism, lipid biosynthesis and 

metabolism, and response to sterol (Figure 2C).  

In parallel, we performed a transcription factor (TF) enrichment analysis on the upregulated 

gene set (Figure 2D). This analysis identified transcription factors likely to play significant 

roles in regulating the expression of these genes. Sterol Regulatory Element-Binding Protein 

1 and 2 (SREBP1-2) were enriched among the transcription factors associated with the 
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upregulated genes. SREBP1 is a key regulator of lipid biosynthesis, particularly influencing 

genes involved in fatty acid and cholesterol metabolism, consistent with the functional 

pathways enriched in our dataset (74). 

Piovan et al. highlighted that the activation of one or more oncogenic signaling pathways 

involved in T-cell transformation may drive primary GC resistance in T-ALL either by directly 

disrupting GR functionality or indirectly by suppressing GC-induced apoptosis (23,67). In 

this framework, the PI3K-AKT-mTOR signaling cascade plays a major role in the 

pathogenesis of T-ALL, particularly in leukemias harboring mutations and deletions in the 

PTEN tumor suppressor gene. In line with these findings, our pathway enrichment analysis 

revealed the involvement of PI3K pathway in the ALL/SIL R transcriptomic signature, 

supporting the investigation GC activity as a potential novel mechanism for anticipating 

resistance to SERCA inhibition (Figure 2E).  

 

4.3. TG resistance exhibits a sensitivity profile to GCs activity in NOTCH1-mutated 
cell line carrying ATP2A2 mutation 

To anticipate the potential mechanism of resistance to SERCA inhibitors and identify 

synthetic lethality in the TG-resistant T-ALL cell line, we performed a small molecule 

screening with nearly 2,464 bioactive compounds from the European Chemical Biology 

Library provided by EU-OPENSCREEN. The compounds were tested with 1 μM and 100 

nM concentrations. Compound hits were flagged based on their ability to preferentially inhibit 

either ALL/SIL or ALL/SIL R cell lines, or both. The two cell lines displayed a different 

sensitivity profile, with 105 compounds that showed the same activity in both models (Figure 

3A). Only three compounds—birinapant (an IAP inhibitor), GSK461364 (a PLK inhibitor), 

and zotarolimus (a rapamycin analog targeting the FKBP12-binding protein upstream of 

mTOR)—were specifically active in parental ALL/SIL cells compared to the resistant cell line 

(Figure 3B). We observed greater sensitivity in ALL/SIL R cells compared to the parental 
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cell line, with 163 compounds displaying a specific cytotoxic effect in the ALL/SIL R cells at 

100 nM concentration (Figure 3C).  RNA-Seq analysis highlighted the involvement of steroid 

metabolism, prompting us to evaluate the response of the two cell lines (ALL/SIL and 

ALL/SIL R) to steroid-based drugs, particularly drugs, specifically those that modulate 

nuclear receptor activity, such as glucocorticoids and other steroid hormone analogs. Among 

these, only GC treatment resulted in higher activity in the TG-resistant cell line than the 

parental one. No differences between the two models were identified for other steroid-based 

small molecules targeting androgen, estrogen, mineralocorticoid, and progesterone 

receptors (Figure 3D). Surprisingly with the sequencing data, we identified GCs as 

compounds with preferential activity in ALL/SIL R cell line and were used for further 

validations. 

 

4.4. The ATP2A2 mutation induces upregulation and functional restoration of the 
GR in ALL/SIL R cells. 

To determine whether the increased sensitivity to GCs was associated with upregulation of 

the specific nuclear receptor, we performed immunoblotting for GR in six human T-ALL cell 

lines (ALL/SIL, ALL/SIL R, DND41, JURKAT, PF382, SUPT1). We confirmed a significant 

increase in GR levels in ALL/SIL R compared to the other cell lines despite no differences 

being identifiable in the Notch1 pathway subunit protein levels (Figure 4A).To test if the 

function of SERCA and its sensitivity to SIs consistently induced a rescue of GC resistance 

in T-ALL, we generated additional T-ALL cell lines models (MOLT4) with resistance (R) to 

TG using the same stepwise TG increased concentration treatment. The immunoblotting 

confirmed GR upregulation also in MOLT4 R.  Real-time quantitative PCR (RT-PCR) 

confirmed the overexpression of GR in ALL/SIL R and MOLT4 R relative to the parental cell 

line (Figure 4B).  
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In addition, we validated the higher sensitivity at low nanomolar concentrations of the 

ALL/SIL R to three different GCs (dexamethasone, clobetasol propionato, and fluticasone 

propionato) compared to the parental cell lines and other T-ALL, as expected (Figure 4C).  

To determine whether GC sensitivity was mediated by a soluble factor induced by SERCA 

mutation, we incubated different T-ALL cell lines with conditioned media from ALL/SIL R cells 

and then treated them with GCs. However, the ALL/SIL R-conditioned media did not restore 

corticosteroid sensitivity in the parental line or the other T-ALL cell lines (Figure 4D). This 

finding confirmed that the modification of the GC sensitivity is related to an intrinsic 

transcriptomic profile reprogramming of the resistant cell line.  

Finally, to test the dependency of the GC sensitivity to the GR upregulation, we used a well-

known specific GR inhibitor, RU-486 for a competition assay, as follows. The parental and 

resistant cell lines were treated with three different GCs (dexamethasone, clobetasol, and 

fluticasone) as a single treatment, in combination with the ALL/SIL IC50 concentration of TG 

(10 nM), and in combination with TG IC50 and 1 M RU-486. As expected, the three GC 

alone were only active in the resistant cell line compared to the parental one. When 10 nM 

TG was added to the assay, in line with the high grade of resistance, no modification to the 

GC dose-response curve in the ALL/SIL R was detectable. In parallel, the ALL/SIL dose-

response curve in the presence of the stable IC50 10 nM concentration of TG showed a 

constant plateau on 50% of cells inhibited. Finally, pretreatment with RU-486 reduced the 

sensitivity of ALL/SIL R cells to the GC-TG combination (Figure 4E). These data confirmed 

that the ATP2A2 mutation drives a metabolic adaptation characterized by upregulation of 

GR and restored sensitivity to GC treatment. 

 

4.5. SERCA inhibitors exhibit synergy with GCs 
Previous studies have demonstrated that GSI can reverse GC resistance, supporting the 

potential of combinatorial therapy in GC-resistant T-ALL (45,75). To evaluate whether GCs 
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can synergize with SERCA inhibitors independently of ATP2A2 mutation status, overcoming 

resistance to SERCA inhibition, we treated both sensitive and resistant cell lines with a 

combination of a SERCA inhibitor (TG or CAD204520) and a GC (dexamethasone, 

clobetasol propionate, or fluticasone propionate) for 72 hours (Figure 4F).To analyze 

synergy, we used the Loewe model and the Chou-Talalay combination index approaches, 

as previously described. 

The association of SERCA inhibitors plus steroids displayed a synergistic effect at low dose 

combination in both cell lines, with a more pronounced ALL/SIL R activity that harbors the 

ATP2A2 mutation, highlighting a promising combination effect for translation application of 

this treatment (Figure 4F-G).  

 

4.6. The SERCA mutant cell line clusters with TAL/LMO genetic subgroup 
ATP2A2 mutation is not typically included in routine diagnostic evaluations, making the 

identification of GC-sensitive cases difficult to identify. For this reason, we developed a 

transcriptomic score based on the down and up-regulated gene signature of the ALL/SIL R 

and ALL/SIL (silR score). We compared the signature to available transcriptional data from 

publicly available T-ALL datasets. Samples with high silR score were identified as showing 

a gene expression profile more similar to the one of ALL/SIL R. On the contrary samples 

with low silR score were identified as showing a gene expression profile more similar to the 

one of the parentals ALL/SIL cell line. Analysis of two independent pediatric and adult T-ALL 

datasets (15,76) showed that samples with a high SilR score predominantly belong to the 

TAL1/LMO genetic subgroup (Figure 5A-B). 

As part of our translational strategy, we aimed to test the effects of CAD204520 and 

dexamethasone in primary T-ALL samples belonging to the TAL/LMO subgroup collected in 

our laboratory (Figure 5C). Samples with TAL1 rearrangement showed a favorable 

response to the combination of CAD204520 and dexamethasone, compared to 
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monotherapy (Figure 5B and 5C), confirming our hypothesis. These samples were 

subsequently used for in vivo validation. 

 

4.7. The combination of GC and CAD204520 displays an anti-leukemia activity in a 
TAL1-rearranged T-ALL Model in vivo 

To validate the efficacy of the combination between CAD204520 and dexamethasone in 

vivo, we established a patient-derived leukemia xenograft (PDLX) model using a primary T-

ALL sample with NOTCH1 mutation and TAL1 rearrangement. Following disease 

establishment, the mice were treated for 21 days with vehicle or CAD204520 at a dose of 

30 mg/kg BID on days 1-5, 8-12, and 15-19 with a washout period on days 6-7 and 13-14. 

Dexamethasone was administered at 5 mg/kg/die on days 1-3-5, 8-10-12, and 15-17-19 

(Figure 6A) with washout on the same days. The combination therapy effectively inhibited 

the progression of leukemic cells in both peripheral blood and bone marrow of treated mice 

compared to vehicle-treated control, as evidenced by the tracking of hCD45+. (Figure 6B 

and 6C). Additionally, the treatment led to a consistent reduction in leukemic infiltration 

within the spleen (Figure 6D). Moreover, mice treated with the combination showed a mild 

reduction of weight (Figure 6E) without general signs of toxicity. Next, an assessment of the 

combination therapy 's effect on the bone marrow was conducted via immunohistochemistry 

(HIC), revealing a nearly complete loss of CD45+ leukemic cells in treated animals 

compared to those treated with the vehicle control (Figure 6F). CD45 expression mirrored 

the extent of tumor infiltration (Figure 6G). 

These data highlight the efficacy of the GC-SERCA combination in a specific T-ALL 

subgroup, paving the way for a more specific and comprehensive characterization of steroid 

resistance and rescue and correlation with the Notch1-SERCA axis. 
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5. DISCUSSION 
 

T-cell acute lymphoblastic leukemia is a highly proliferative hematologic malignancy that 

results from a multistep transformation process where accumulating genetic alterations 

disrupt key oncogenic, tumour suppressor and developmental pathways responsible for the 

normal control of cell growth, proliferation, survival and differentiation during thymocyte 

development. The high prevalence of NOTCH1-activating mutations (60%) in T-ALL 

provides a strong rationale for the development of targeted strategies toward inhibition of 

Notch signaling. However, pan Notch pathway antagonists such as GSI, while reduce 

leukemia growth in mutant cancer cell lines and in mouse models, might cause prolonged 

suppression of the canonical Notch pathway in normal tissue with subsequent dose limiting 

gastrointestinal toxicity (77) or increase the risk of skin cancers (78). Appropriate NOTCH 

subcellular localization is crucial and provides the time and space context for its activation. 

The succession of “S” cleavages is tightly regulated and, consequently, the subcellular 

mislocalization of NOTCH proteins might represent an attractive strategy for therapeutic 

interventions. We and others have been pioneers in the research of this strategy, identifying 

SERCA as a liable regulator of Notch signaling. Indeed, SERCA inhibition is considered a 

potential strategy to block consequently the activity of mutated NOTCH1 gene without any 

off-target effect on the wild type of pathway (79).  

Because of the low tolerability of TG in terms of cardiac toxicity due to its off-target effect 

and disruption of homeostasis of Ca2+, limiting its activity in the clinical setting.  To overcome 

this limitation, Marchesini and colleagues optimized a novel SERCA inhibitor, CAD204520, 

that displayed a different binding site on the SERCA pump compared to the one of TG, and 

retained the same anti-leukemia and anti-NOTCH1 properties without the main off-target 

toxicity on cardiac tissue (55). 
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In our study, we began with a human T-ALL cell line previously made resistant to TG. This 

resistance was attributed to a missense mutation on ATP2A2 exon 8, resulting in a 

Glycine257 to Valine mutation. Our objective was to explore ways to anticipate resistance 

to SERCA inhibitors. Although ALL/SIL R are resistant to TG, they remained sensitive to 

CAD204520 due to the different binding site to SERCA. To dissect the different sensitivity of 

the two related cell lines, we coupled a transcriptomic screening and small molecule 

screening. From a gene expression point of view, the two models clearly showed different 

transcriptional programs of the cell metabolic behavior, characterized by significant 

upregulation of metabolic pathways related to cholesterol synthesis, response to sterol and 

more in general to the metabolism of steroids. This result suggested that the simple hotspot 

mutation that alters the function of SERCA may induce a strong modification of the steroid 

and cholesterol signaling pathway, hypothesizing a close relationship between Ca2+ 

homeostasis and lipid metabolism. Some studies have already attempted to identify a 

connection between Ca2+-ATPases and cholesterol (80) but the result was not confirmed by 

other authors (81). In parallel, we performed a small molecules screening with nearly 2500 

bioactive compounds from the ECBL. Consistent with the differential behavior observed in 

the transcriptomic analysis, we confirmed distinct sensitivities between the ALL/SIL and 

ALL/SIL R cell lines. Specifically, based on the upregulation of lipid metabolism and the 

response to sterols identified in the Gene Set Enrichment Analysis (GSEA), we focused our 

investigation on nuclear receptor inhibitors. Notably, we found that GCs exhibited specific 

activity against the resistant cell line. As evidence of GC resistance reversal, we observed 

an upregulation of the PI3K pathway, reflected by an increased NES, consistent with findings 

from other studies (67). We then investigated whether the restored sensitivity to GCs was 

linked to the GR. As expected, GR expression was elevated at both the gene and protein 

levels in the ALL/SIL R cell line compared to the parental line and a panel of other T-ALL cell 

lines. Correspondingly, TG-resistant cells showed heightened sensitivity to various GCs, 
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including dexamethasone, clobetasol, and fluticasone, in a dose-dependent manner. 

Generally, T-ALL patients showing increasing resistance to GC therapy may be related to 

the inability of leukemic cells to up-regulate the GR upon GC exposure, identifying GC 

resistance as a major contributor to treatment failure [74]. A study by Real et al. proposed 

that upregulation of GR expression in response to GCs could reduce resistance in ALL (45). 

In our study, we demonstrated that GR upregulation in the resistant cell line was responsible 

for the increased sensitivity to GCs. Specifically, treatment with the GR antagonist RU486 

reduced GC efficacy in ALL/SIL R confirming R dependency in the ATP2A2-mutated cell 

line. This suggests that the SERCA gene mutation may trigger a metabolic shift, leading to 

GR upregulation and heightened GC sensitivity. To further validate this hypothesis, we 

induced TG resistance in another NOTCH1-mutated T-ALL cell line, MOLT4. After obtaining 

the resistant MOLT4 cells (MOLT4 R), we confirmed GR upregulation via immunoblotting. 

Like ALL/SIL R, these cells showed increased GC sensitivity while maintaining resistance to 

TG but retaining sensitivity to CAD treatment. 

Building on previous findings by Real et al. showing synergistic activity between GSIs and 

GCs in reversing GC resistance in T-ALL (45), we investigated the potential synergy 

between the SERCA inhibitor CAD204520 and GCs. The combination demonstrated a 

synergistic effect at low doses in both cell lines, with greater efficacy in ALL/SIL R harboring 

the ATP2A2 mutation, highlighting a promising therapeutic strategy for T-ALL patients. 

To facilitate clinical translation, we developed a SilR score based on the ALL/SIL R gene 

expression profile. Patients with transcriptional profiles resembling the TAL1 subgroup were 

predominantly classified in the high SilR score group, highlighting the similarity between 

these contexts. Consistently, TAL1 subgroup patients with NOTCH1 mutations and 

resistance to SERCA inhibitors exhibited increased sensitivity to dexamethasone and a 

strong synergistic response to combined CAD204520 and dexamethasone treatment. 
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Finally, to validate our in vitro findings, we used a T-ALL patient-derived xenograft (PDX) 

model established from primary blasts of a TAL1 case with a high SilR score, mirroring the 

characteristics of ALL/SIL R. In vivo, the combination of CAD204520 and dexamethasone 

demonstrated significant anti-leukemic activity without inducing toxicity or weight loss. These 

results highlight the potential clinical relevance of combining SERCA inhibitors with GCs as 

an effective strategy for T-ALL, particularly in patients resistant to conventional therapies. 

Further preclinical and clinical studies are needed to confirm these findings and assess their 

translational potential. 
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6. CONCLUSIONS 
 

In conclusion, our study aimed to address the challenge of anticipating resistance to SERCA 

inhibitors in NOTCH1-mutated T-ALL. Our findings revealed that prolonged exposure to TG 

led to mutations in the ATP2A2 gene at the ligand binding site. Interestingly, this mutation 

exerted selective pressure on the malignant clone, resulting in a transcriptional profile more 

strongly associated with the TAL1 subgroup and increased sensitivity to GCs. Furthermore, 

our in vivo experiments showed that the combination of SERCA inhibitors and GCs exhibited 

enhanced anti-leukemic activity without causing toxicity or weight loss. These findings 

highlight the potential for this combination strategy to be translated into a targeted clinical 

approach for treating NOTCH1-mutated T-ALL. By combining SERCA inhibitors with 

steroids, we not only improve therapeutic efficacy but also provide a more targeted strategy 

that minimizes toxicity compared to conventional treatments, thereby improving the safety 

and tolerability of treatment regimens for patients affected by this disease. 
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8. FIGURE LEGENDS 

 

Figure 1. CAD204520 Overcomes Thapsigargin Resistance in T-ALL 

A) Crystal structure of the SERCA-CAD204520 complex. Right panel: cartoon and surface 

representation of SERCA (light blue) with CAD204520 bound at the membrane interface 

(orange surface representation). Left panels: close-up of the CAD204520 binding sites, as 

seen parallel to the membrane (upper panel) or along the membrane normal (lower panel). 

Dashed lines indicate polar interactions with Asp59 (2.9A°) and Asn101 (2.7A°). Nitrogen is 

shown in blue, oxygen in red, and fluorine in cyan. Carbon is light blue for SERCA and 

orange for CAD204520. 

B) Simulated annealing omits map (green mesh) of CAD204520 (orange), contoured at 3.0 

sigma. The top panel is viewed roughly along the membrane plane; the bottom panel, is 

viewed roughly perpendicular to the membrane. 

C) Lollipop graphs showing sequenced mutations in the exonic region of ATP2A1, ATP2A2, 

and ATP2A3 genes. Allelic variants are depicted with a circle (black, synonymous; red, 

missense) relative to their amino acid position (gray bottom bar, aa) and to their protein 

domains (color coded). The length of the lollipop (number of mutations) bar indicates: if 0, 

no mutations occur; if 1, mutations occur in one sample; if 2, mutations occur in both 

samples. 

D) Effect of CAD204520 and TG and CAD204520 treatment in parental and resistant 

ALL/SIL cells lines. Histograms show percentage of cells alive after 72 h of treatment at the 

indicated concentrations (~IC50). Error bar denotes the mean ± SD of a minimum of three 

replicates. Statistical significance among groups (****p % 0.0001) was determined by one-

way ANOVA. 

E) Surface plots analysis of ALL/SIL, DND41, and RPMI-8402 T-ALL cell lines treated with 

vehicle, CAD204520, TG, or CAD204520 plus TG. Each point represents an independent 
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measurement representative of three biological replicates. Plots were generated using the 

Combenefit script by MATLAB R201, which represents the Loewe (dose-effect-based 

approach) analysis. A color scale bar represents the level of drug antagonism or synergism. 

F) Combination index analysis for the combinations of CAD204520 with TG in ALL/SIL, 

DND41 and RPMI-8402 T-ALL cell lines NOTCH1- mutated T-ALL treated for 3 days. On 

the y axis is represented the combination index, on the x axis the fraction of cells inhibited. 

 

Figure 2. Transcriptomic profiling highlights increased steroid metabolism 

A) Gene expression heatmap of the top 500 differentially expressed genes in ALL/SIL R 

(red) vs ALL/SIL (blue) filtered by adjusted p-value (<0.05) and log2 Fold Change (>1). The 

top half clearly shows genes with higher expression (from yellow to red) in ALL/SIL R cells 

while the bottom half shows the opposite scenario. 

B) Volcano plot of the top differentially expressed genes (adjusted p-value threshold = 1e-

20, horizontal dashed line; log2 Fold Change threshold of 1, vertical dashed line) in ALL/SIL 

R vs ALL/SIL. Genes in red are up-regulated in ALL/SIL R cells while genes in blue are 

down-regulated. 

C) Network visualization of the most interesting pathways resulting from GSEA. The graph 

illustrated these relationships, where nodes commonly represent specific pathways or 

genes, such as those involved in cholesterol biosynthesis, with each step corresponding to 

enzymes and reactions contributing to cholesterol production. Edges or lines between nodes 

indicate functional connections, such as shared molecules or regulatory influences between 

pathways. Clusters of nodes signify closely related or co-regulated pathways, as often seen 

with lipid biosynthesis and cholesterol metabolism. These clusters help reveal pathways that 

are co-dependent, governed by common regulatory mechanisms, or affected by shared 

signaling molecules. Pathway nodes size is proportional to the number of genes they 

contain. Gene nodes are colored by log2 Fold Change derived from DE. 
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D) Barplot of top Transcription factors enriched/depleted in ALL/SIL R compared to ALL/SIL. 

Each TF is ranked by Normalized Enrichment Score (NES) computed using the wald 

statistics from the differential analysis.  

E) Barplot of Pathway activity inferred using PROGENy. Pathways in red are more active in 

ALL/SIL R while blue ones are more active in ALL/SIL. Each pathway is ranked by NES, 

which is estimated with a permutation approach. 

 

Figure 3. GC sensitivity in NOTCH1-mutated TG-resistant cells with ATP2A2 mutation 

A) Radar plots reporting drug screening results in ALL/SIL (blue lines) and ALL/SIL R (red 

lines) cell lines, in terms of cell viability reduction. All reported results were obtained 

considering a drug concentration equal to 100 nM. The radar plot shows the effect of specific 

drug subgroups in both cell lines: compounds that cause a viability reduction under 50% in 

both cell lines. 

B) Radar plots reporting drug screening results in ALL/SIL (blue lines) and ALL/SIL R (red 

lines) cell lines, in terms of cell viability reduction. All reported results were obtained 

considering a drug concentration equal to 100 nM. The radar plot shows the effect of specific 

drug subgroups in both cell lines: compounds that cause a viability reduction only in ALL/SIL 

(bottom right).    

C)  Radar plots reporting drug screening results in ALL/SIL (blue lines) and ALL/SIL R (red 

lines) cell lines, in terms of cell viability reduction. All reported results were obtained 

considering a drug concentration equal to 100 nM. The radar plot shows the effect of specific 

drug subgroups in both cell lines: compounds that cause a viability reduction only in ALL/SIL 

R. 

D) Radar plot showing the highest-ranked classes of small molecules that are distinctly 

active in the resistant cell lines. Among these, there are GCs (dexamethasone, clobetasol 

propionate, and fluticasone propionate) which modulate nuclear receptor activity. 
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Figure 4. ATP2A2 mutation restores GR function, promoting synergy with GCs and 

SERCA inhibitors 

A) Immunoblotting showing expression of Notch1 pathway and total GR in T-ALL cell lines.  

B) Immunoblotting showing expression of Notch1 pathway and total GR in T-ALL R cell 

lines. Real-time PCR results comparing the fold change in gene expression of GCs receptor 

in ALL/SIL, ALL/SIL R, MOLT4, MOLT4 R cell lines in basal conditions. The y axis 

represents the fold change between each condition and β-actin expression as an internal 

control. Error bar denotes the mean ± SD of a minimum of three replicates. Statistical 

significance among groups (*P < 0.05, ****P < 0.0001) was determined by one-way ANOVA. 

C) Effects of GCs on cell viability after 72 hours of treatments in T-ALL cell lines. Error bars 

denote ± SD of 3 replicates.  

D)  Effects of GCs on cell viability after 72 hours of treatments in T-ALL cell lines in basal 

conditions and after rescue with ALL/SIL R media. Error bars denote ± SD of 2 replicates. 

Black: rescue conditions; Rose: basal conditions 

E) Effects of GCs on cell viability in ALL/SIL and ALL/SIL R T-ALL cell lines with the following 

conditions: after 72 hours of treatments, after 72 hours of treatments in combination with TG 

10 nM; after a pre-treatment with RU486 1 μM and TG 10 nM for 24 hours and a following 

treatment with GCs for 72 hours. Error bars denote ± SD of 2 replicates. 

F) Surface plots analysis of ALL/SIL, ALL/SIL R T-ALL cell lines treated with 

dexamethasone, clobetasol propionate or fluticasone propionate plus CAD204520. Each 

point represents an independent measurement representative of three biological replicates. 

Plots were generated using the Combenefit script by MATLAB R201, which represents the 

Loewe (dose-effect-based approach) analysis. A color scale bar represents the level of drug 

antagonism or synergism. 

G) Combination index analysis for the combinations of CAD204520 with dexamethasone, 

clobetasol proprionate or fluticasone propionate in ALL/SIL and ALL/SIL R T-ALL cell lines 
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treated for 3 days. On the y axis is represented the combination index, on the x axis the 

fraction of cells inhibited. 

 

Figure 5. SERCA mutant cells cluster within the TAL/LMO genetic subgroup 

A) The heatmap shows the OncoPrint distribution of genetic alterations across key signaling 

pathways in T-ALL samples. Rows represent individual genes, and columns correspond to 

patient samples. Black squares indicate the presence of genetic alterations. Genes are 

grouped by pathway involvement, denoted by the color-coded bar on the left of the heatmap: 

transcriptional regulation (brown), JAK-STAT (blue), PI3K-AKT (light green), RAS (red), and 

Notch signaling (green).The histograms above each column represent the SilR Score (log2 

(TMP+1)) per patient sample, with the lowest 10th percentile shown in blue and the top 10th 

percentile in red. The histogram on the right shows the percentage of each gene mutation 

across the dataset. The bars below the heatmap represent genetic subtype: LM02/LYL1, 

HOXA, TLX3, TLX1, NKX2-1, LMO1/2, TAL1, TAL2, and Unknown. 

B) Analysis of T-ALL genetic subgroups based on SilR score. High score: greater similarity 

to the ALLSIL R signature. Low score: greater similarity to the ALLSIL signature. 

C) Bar plot showing T-ALL primary samples collected and classified according to their 

genetic subgroup. 

D) T-ALL primary samples from the TAL/LMO genetic subgroup. Table shows the IC50 (μM) 

and AUC values for CAD204520, Dexamethasone and their combined therapy. 

 

Figure 6. GC and CAD204520 combination show anti-leukemia activity in TAL1-

rearranged T-ALL model in vivo 

A) Schematic representation of the experiment. 

B) Antileukemic activity of dexamethasone and CAD204520 in hCD45+ T-ALL leukemia 

cells (peripheral blood) in a PDLX T-ALL murine model after 21 days of treatment 
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(CAD204520: 30 mg/kg/os BID, dexamethasone: 5 mg/kg/IP) or vehicle (PBS). Error bar 

denotes the mean ± SD of a minimum of eight replicates. Statistical significance for treated 

vs. vehicle (***P < 0.001) was determined by non-parametric t-test (Mann–Whitney). 

C) Antileukemic activity of dexamethasone and CAD204520 in hCD45+ T-ALL leukemia 

cells (bone marrow) in a PDLX T-ALL murine model after 21 days of treatment (CAD204520: 

30 mg/kg/os BID, dexamethasone: 5 mg/kg/IP) or vehicle (PBS). Error bar denotes the mean 

± SD of a minimum of eight replicates. Statistical significance for treated vs. vehicle (***P < 

0.001) was determined by non-parametric t-test (Mann–Whitney). 

D) Effect of CAD204520 and dexamethasone on spleen size after 21 days of treatment. 

Error bar denotes the mean ± SD of a minimum of eight replicates. Statistical significance 

for treated vs. vehicle (***P < 0.001) was determined by non-parametric t-test (Mann–

Whitney). 

E) Histograms show the effect of daily 30 mg/kg administration of CAD204520 and 5 mg/Kg 

of dexamethasone on body weight. Error bar denotes the mean ± SD of a minimum of seven 

replicates. Statistical significance among groups (*P < 0.05, ****P < 0.0001) was 

determinated by a two-way ANOVA with Sidak’s multiple comparisons testing. 

F) CD45 expression in bone marrow leukemia cells (PDLX T-ALL murine model) following 

21 days treatment (CAD204520: 30 mg/kg/os BID, dexamethasone: 5 mg/kg/IP). Bone 

marrow of all mice was examined; representative results for one control animal and one 

CAD204520 or Dexamethasone-treated animal are shown. FFPE tissues were stained with 

hCD45. Scale bars, 100 μm. 

G) Histograms display the mean ±SD of the percentage of the CD45-positive cells in FFPE 

tissue sections. Error bar denotes the mean ± SD of a minimum of thirteen replicates. 

Statistical significance among groups (****P < 0.0001) was determinated by non-parametric 

t-test (Mann–Whitney). 
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Figure 5
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