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Myelodysplastic Neoplasms (MDS) and Acute Myeloid Leukemia (AML) are hematologic 

malignancies marked by ineffective hematopoiesis, differentiation defects, and profound epigenetic 

dysregulation.These alterations drive disease heterogeneity and therapeutic resistance, emphasizing 

the need for mechanistic insights to guide new treatments.  

In the first part of this study, we investigated the molecular effects of Azacitidine (AZA) and 

Venetoclax (VEN), alone and in combination, in high-risk MDS (HR-MDS) patients and AML cell 

lines. We identified a recurrent BCL2 frameshift mutation at baseline, which may influence sensitivity 

to AZA+VEN through non-canonical mechanisms. Analyses of patient-derived hematopoietic cells 

suggested interplay between phosphoinositide-dependent signaling and apoptotic pathways, further 

confirmed in leukemic cell lines. In these models, AZA+VEN induced caspase-dependent apoptosis, 

modulated BCL2 family proteins, and altered PLC/PKC and AKT/GSK3 signaling pathways, 

providing novel insight into the molecular basis of response and resistance to this combination 

therapy.  

The second part of the project focused on developing a CRISPR-Cas9 genome-editing platform to 

investigate PDZD2, a poorly characterized gene hypermethylated in nearly 90% of AML cases and 

proposed as an epigenetic regulator of hematopoiesis. Conducted at Dr. Figueroa’s laboratory at the 

University of Miami, this work established targeted editing in HEK293 cells, introducing defined 

modifications at the PDZD2 locus—including an HA tag, a CASP3 cleavage-site mutation, and NLS 

alterations. Sequencing analyses revealed locus-dependent variability, with efficient homozygous 

knock-ins at the CASP3 site but lower HDR rates and instability for the HA and NLS modifications.  

Together, these two complementary projects integrate translational and mechanistic perspectives. 

The AZA+VEN study elucidates adaptive signaling networks with direct therapeutic relevance, 

while the PDZD2 genome-editing platform provides a methodological foundation to dissect 

epigenetic regulators in hematopoiesis. Collectively, this work advances our understanding of the 

molecular and epigenetic mechanisms driving leukemic progression and treatment response.  
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1.1. Hematopoiesis and Differentiation 

Hematopoiesis is the highly regulated process by which all blood cells are generated and mature from 

hematopoietic stem cells (HSCs). These multipotent cells reside primarily in the bone marrow and 

sustain lifelong hematopoiesis through their dual capacity of self-renewal and multilineage 

differentiation into both myeloid and lymphoid lineages (Figure 1)(1). 

During embryonic development, hematopoiesis occurs in a series of temporally and spatially distinct 

waves. The first “primitive” wave originates in the yolk sac and primarily generates nucleated 

erythrocytes and limited myeloid progenitors. This is followed by a “definitive” wave characterized 

by the endothelial-to-hematopoietic transition (EHT), which occurs within the aorta-gonad-

mesonephros (AGM) region and gives rise to long-term repopulating HSCs capable of self-renewal 

and full lineage potential (2–5). These definitive HSCs subsequently migrate to the fetal liver, which 

serves as the principal hematopoietic organ during mid-gestation, before homing to the bone marrow, 

which becomes the primary site of hematopoiesis in postnatal and adult life (1,6–8). The functional 

output of HSCs is tightly modulated by a complex network of intrinsic transcriptional and epigenetic 

programs, as well as extrinsic signals derived from the specialized bone marrow microenvironment, 

known as the hematopoietic niche. This niche provides essential cues that regulate HSCs quiescence, 

proliferation, and lineage commitment in response to physiological demands or stress signals (1). 

Hematopoietic differentiation proceeds through a hierarchical organization of increasingly lineage-

restricted progenitors, traditionally classified into the major branches of myelopoiesis (granulocyte 

development), erythropoiesis (red blood cell formation), megakaryocytopoiesis (platelet production), 

lymphopoiesis (lymphocyte development), and monocytopoiesis (monocyte formation). These 

progenitor cells, often referred to as “blasts” in their immature state, are morphologically indistinct 

within the bone marrow tissue. As a result, their identification and classification rely heavily on the 

use of cytogenetic, immunophenotypic, and molecular markers (9). A fundamental tool for 

characterizing hematopoietic cells is the expression of Cluster of Differentiation (CD) molecules, i.e., 

surface proteins that serve as hallmarks of cellular identity and developmental stage. CD markers are 

differentially expressed across hematopoietic lineages, thus enabling detailed tracking of 

differentiation trajectories. For instance, CD34 is typically expressed on early stem and progenitor 

cells, whereas CD117 (c-Kit), CD13, and CD33 are commonly associated with early myeloid 

progenitors. As monocytic differentiation progresses (Figure 1), CD33 marks early monoblasts (10), 

CD14 becomes detectable on promonocytes and mature monocytes (11), and CD11b is expressed on 

terminally differentiated monocytes and tissue-resident macrophages (12,13).  
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Figure 1. Schematic representation of human hematopoiesis 

[https://commons.wikimedia.org/wiki/File:Hematopoiesis_(human)_diagram.png] 

 

 

1.2. Myelodysplastic Neoplasms (MDS) and Acute Myeloid Leukemia (AML) 

Myelodysplastic Neoplasms (MDS) are a heterogeneous group of clonal myeloid disorders 

originating from HSCs dysfunction. They are characterized by ineffective hematopoiesis, peripheral 

cytopenias, morphological dysplasia, and a variable risk of progression to Acute Myeloid Leukemia 

(AML) (14,15). Diagnosis relies on persistent cytopenia, dysplasia in one or more myeloid lineages, 

and evaluation of bone marrow blasts. The 2022 World Health Organization (WHO) classification 

incorporates somatic mutation data, introducing entities such as MDS with SF3B1 mutation or with 

biallelic TP53 inactivation, and emphasizes the role of clonal hematopoiesis in defining disease 

(14,15). Prognostic scoring systems, including IPSS, IPSS-R, and the molecularly integrated IPSS-

M, combine clinical, cytogenetic, and mutational information to stratify patients by risk of AML 

progression and overall survival (16–18). 

AML is a biologically and clinically heterogeneous malignancy, defined by the clonal expansion of 

poorly differentiated hematopoietic cells that impair normal myeloid differentiation. It can arise de 

novo or evolve from pre-existing MDS, in which case it is referred to as secondary or MDS-related 

AML, often associated with distinct molecular features and poorer prognosis (19–21). Although MDS 

and AML are distinct entities, they are intimately linked, and progression from MDS to AML 
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generally reflects stepwise clonal evolution driven by the accumulation of additional genetic and 

epigenetic alterations (21). 

 

1.2.1. Key Genetic and Epigenetic Alterations in MDS and AML 

The advent of next-generation sequencing has enabled the identification of a broad spectrum 

of recurrent genetic alterations in MDS and AML, many of which converge on fundamental 

biological processes, such as RNA splicing, epigenetic remodeling and transcriptional 

regulation (22–25). SF3B1, SRSF2, U2AF1, and ZRSR2 are among the most frequently 

mutated splicing factors. These mutations often represent early initiating events in MDS and 

contribute to the widespread disruption of pre-mRNA splicing and blockade of differentiation. 

They are typically heterozygous and mutually exclusive, and each lead to specific splicing 

alterations that result in reduced production of canonical transcripts and, consequently, a 

decrease in functional protein output (26–29). While splicing factor mutations are the most 

frequent in MDS, genes involved in epigenetic regulation, including TET2, DNMT3A, 

IDH1/2, ASXL1, and EZH2, are also commonly affected (30) (Figure 2). The sequential 

acquisition of such mutations, often in distinct combinations, underlies the evolution from 

indolent clonal hematopoiesis (CHIP) to overt disease and ultimately to leukemic 

transformation (30). Increasing attention has been directed towards understanding how these 

genetic alterations induce functional epigenetic dysregulation in myeloid malignancies. These 

mutations may disrupt normal patterns of DNA methylation and histone modifications, 

thereby reshaping the chromatin landscape and altering gene expression programs critical for 

hematopoietic differentiation and lineage commitment (Figure 2) (31). Mutations in TET2 and 

IDH1/2 lead to a reduction in 5-hydroxymethylcytosine (5hmC) and accumulation of 5-

methylcytosine (5mC), resulting in transcriptional repression of genes essential for normal 

hematopoiesis (32,33). Importantly, a core methylation signature that is consistently present 

in both MDS and AML, independent of the specific genetic background, has been identified 

(33), suggesting that epigenetic disruption is not merely a consequence but a central driver of 

disease initiation and progression. Furthermore, the loss of proper epigenetic regulation 

enhances the clonogenic potential of mutated hematopoietic stem and progenitor cells and 

promotes resistance to therapy, particularly to DNA methyltransferase inhibitors (33).  

TP53 mutations, more common in therapy-related cases and in patients with complex 

karyotypes, are linked to disease progression and therapy resistance in both MDS and AML 

(34). Furthermore, a study involving 44 high-risk MDS patients treated with azacitidine and 

lenalidomide identified the emergence of specific mutations in Phosphoinositide 3-kinases 
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(PI3K), AKT serine/threonine kinase 3 (AKT3), and Phospholipase C γ2 (PLCG2) during 

therapy. These mutations, located in key functional domains of the encoded proteins, were 

associated with reduced treatment response and shorter overall survival. Their presence may 

therefore promote aberrant cellular proliferation and disruption of normal myeloid 

differentiation, thereby facilitating drug resistance and disease progression towards acute 

leukemia (35). 

Although MDS share several genetic alterations with AML, this latter also harbors mutations 

more specific to leukemic transformation, including activating mutations in signaling genes 

(FLT3, NRAS, KRAS, KIT) and transcription factors (RUNX1, CEBPA, GATA2). For instance, 

FLT3-ITD is found in up to 30% of AML cases but is rare in MDS, whereas biallelic CEBPA 

mutations define a favorable AML subset (36). 

 

Figure 2. Key epigenetic alterations in MDS/AML (37) 

 

1.2.1.1. Epigenetic alterations of PDZD2 in MDS/AML 

Locus-specific and genome-wide methylation analyses have consistently 

demonstrated that PDZ domain-containing protein 2 (PDZD2) gene is frequently 

silenced via promoter hypermethylation in myeloid malignancies. Epigenomic 

profiling conducted by Dr. Figueroa and colleagues revealed pervasive and 

biologically relevant DNA methylation alterations in AML and MDS, with PDZD2 

emerging as a gene recurrently hypermethylated in leukemic samples. Independent 

datasets corroborated these findings, showing that PDZD2 is silenced in approximately 

90% of AML cases, consistent with epigenetic repression as a common mechanism of 
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gene inactivation (38). In normal hematopoiesis, PDZD2 is expressed in hematopoietic 

stem and progenitor cells and erythroid progenitors, but its expression is almost 

universally lost in AML, highlighting its potential role as a tumor suppressor within 

an epigenetically deregulated pathway contributing to leukemic transformation (39). 

PDZD2 exhibits a multidomain architecture (Figure 3), characterized by the presence 

of four PDZ motifs distributed along its primary sequence, which confer protein–

protein and protein–lipid interaction capabilities, essential for the assembly of 

signaling complexes and the regulation of cellular polarity, receptor clustering, and 

signal transduction (40–43). PDZ motifs are highly conserved modules of 

approximately 90 amino acids, containing a canonical binding groove that typically 

recognizes C-terminal sequences of target proteins but can also interact with internal 

peptide motifs and membrane lipids, thereby contributing to functional versatility 

(41,44,45). PDZD2 also harbors caspase-sensitive motifs that mediate proteolytic 

cleavage, generating a secreted ~37 kDa fragment (sPDZD2) encompassing two PDZ 

domains. This cleavage is blocked by caspase inhibitors, and mutation of the caspase 

recognition sites prevents secretion, as demonstrated by immunoblotting studies (46). 

Additionally, PDZD2 contains a functional Nuclear Localization Signal (NLS) that 

regulates nuclear import. Mutations of basic residues within the NLS results in 

redistribution of the protein from the nucleus to the cytoplasm, suggesting a dual mode 

of action encompassing both nuclear and extracellular functions (46). Collectively, 

these structural features enable PDZD2 to function as a scaffold for receptor and 

channel positioning, modulation of cellular polarity, and regulation of signaling 

pathways critical for cell proliferation and differentiation, with direct implications for 

tumor suppressive activity (40,41,47,48).  

Beyond hematopoiesis, PDZD2 biology has been explored in several systems, 

including the generation of a secreted ~37 kDa fragment (sPDZD2) reported to exert 

tumor-suppressive effects in solid tumor models, as well as roles in pancreatic 

progenitor cell behavior and prostate cancer (46,49,50). Recent data presented by Dr. 

Marlise Guerrero and colleagues indicate that PDZD2 is critical for hematopoietic 

homeostasis and that the secreted sPDZD2 exerts tumor-suppressive activity in 

preclinical models of AML. Loss of PDZD2 impairs erythroid differentiation, whereas 

treatment with recombinant sPDZD2 inhibits leukemic cell proliferation and promotes 

differentiation (39,51). 
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Figure 3. PDZD2 domain architecture [Created in https://BioRender.com] 

 

1.2.2. MDS Pharmacological Treatment: Azacitidine (AZA) and Venetoclax (VEN) 

In lower-risk MDS (LR-MDS), treatment aims to improve cytopenia and quality of life, using 

agents such as erythroid-stimulating agents, Lenalidomide (for del(5q)), Luspatercept (for ring 

sideroblasts), or immunosuppressive therapy in selected cases, whereas iron chelation may be 

considered in transfusion-dependent patients (17,52). In high-risk MDS (HR-MDS), 

hypomethylating agents (HMAs) are the standard of care, while allogeneic hematopoietic 

stem cell transplantation remains the only curative option for eligible patients. Upon HMA 

failure, therapeutic options are limited, and clinical trial enrollment is advised (17,22).  

Azacitidine (AZA) is a synthetic nucleoside analogue structurally related to cytidine, 

distinguished by the substitution of the carbon atom at position 5 of the pyrimidine ring with 

nitrogen. This modification underlies its function as a DNA methyltransferase (DNMT) 

inhibitor. Following cellular uptake via nucleoside transporters, AZA is sequentially 

phosphorylated by uridine cytidine kinase to its mono-, di-, and triphosphate forms. The 

triphosphate derivative follows two major fates: approximately 80–90% is incorporated into 

RNA, where it interferes with RNA metabolism and protein synthesis, thereby inducing 

cytotoxic and pro-apoptotic effects. The remaining fraction is reduced by ribonucleotide 

reductase to generate the deoxyribonucleotide form, which becomes incorporated into DNA 

during replication (53,54) (Figure 4). DNA incorporation is particularly relevant for AZA 

epigenetic effects: covalent trapping of DNMT enzymes during DNA synthesis results in their 

degradation, leading to a global reduction in DNA methylation. This hypomethylating activity 

promotes re-expression of previously silenced genes, including tumor suppressors, and 

facilitates cellular differentiation. In parallel, incorporation into DNA may also trigger DNA 

damage responses, amplifying AZA cytotoxicity (55). Despite its clinical benefit, AZA may 

induce partial and transient responses, underscoring the need for more effective combinatorial 
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strategies (56). That is why the combination of AZA and VEN, already used in AML, is 

gaining attention in HR-MDS (57).  

 

 

Figure 4. Mechanism of action of Azacitidine (58). 

 

Venetoclax (VEN; ABT-199) is a highly selective, orally bioavailable small molecule 

designed to specifically target the BH3 domain of the anti-apoptotic protein B-cell lymphoma-

2 (BCL2) (Figure 5). In many myeloid malignancies, BCL2 is overexpressed and is associated 

with resistance to apoptosis and poor prognosis, allowing cancer cells to evade apoptosis by 

neutralizing BH3-only proteins, thereby promoting survival and proliferation (59,60). As a 

BH3 mimetic, VEN binds with high affinity to the BH3-binding pocket of BC-2, 

competitively displacing pro-apoptotic BH3-only proteins. Freed from sequestration, these 

BH3-only proteins can activate BCL2 associated X apoptosis regulator (BAX) and BCL2 

antagonist/killer 1 (BAK1), facilitating mitochondrial permeabilization and apoptotic cell 

death. This mechanism effectively restores the apoptotic pathway in tumor cells reliant on 

BCL2-mediated survival signals (59,61,62). However, resistance to VEN can develop, 

frequently associated with the upregulation of alternative anti-apoptotic proteins, such as 

MCL1, which can compensate for BCL2 inhibition and maintain cellular viability (63,64). 
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Figure 5. Mechanism of action of Venetoclax [Created in https://BioRender.com]. 

 

 

Early-phase clinical studies demonstrated encouraging response rates and survival benefits, 

supporting VEN potential incorporation into the therapeutic landscape of HR-MDS (56). 

Early-phase data from Zeidan et al. reported promising overall response rates (ORR) and a 

median overall survival (OS) of 12.6 months in relapsed/refractory HR-MDS after HMA 

failure, with a favorable safety profile for AZA and VEN (65). Similarly, Braish et al. reported 

an ORR of 49% and a median OS of 7 months in a phase I/II study, confirming the feasibility 

and tolerability of the combination, but also noting that the combination did not significantly 

improve clinical outcomes compared to historical controls (66). Even the VERONA trial 

(NCT04401748), that is assessing the efficacy and safety of AZA and VEN compared to AZA 

vs placebo in previously untreated patients with MDS with IPSS-R intermediate, high or very 

high (67), has not yet shown statistically significant improvement in OS. That is why 

secondary analyses are ongoing to identify subgroups that may benefit from this therapy and 

are trying to elucidate mechanisms of resistance (66).  

AZA, through its hypomethylating activity, has been shown to downregulate MCL1, a key 

anti-apoptotic protein commonly implicated in resistance to BCL2 inhibition, and to 

upregulate the BH3-only protein NOXA, which further antagonizes MCL1 function. 

Moreover, AZA has been shown to interfere with mitochondrial metabolism, including 

oxidative phosphorylation, thereby impairing the bioenergetic capacity of leukemic stem cells 

and amplifying their susceptibility to apoptosis (68). These effects may sensitize leukemic 

cells also to VEN-induced apoptosis, by reducing the available pool of anti-apoptotic proteins 

and enhancing the activity of pro-apoptotic effectors like BAX and BAK1 (69,70). Additional 

studies confirm that the combination of AZA and VEN achieves a dual blockade of anti-
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apoptotic pathways, through direct inhibition of BCL2 and indirect suppression of MCL1 

expression, while also modulating immune-related and oxidative stress pathways that may 

contribute to the anti-leukemic effect (61,71,72). However, despite the significant therapeutic 

potential of this strategy, acquired resistance remains a major clinical challenge. Emerging 

evidence suggests that resistance may be mediated by compensatory upregulation of 

alternative anti-apoptotic proteins, such as MCL1 and BCL-XL, thereby restoring 

mitochondrial integrity and promoting cell survival in the face of BCL2 inhibition (63,73). 

These findings underscore the need for continued investigation into the complex regulatory 

networks involved in AZA+VEN response and resistance, with the goal of identifying rational 

combination therapies that can overcome resistance and improve patient outcomes. 

 

1.3. The Apoptotic Pathway 

Apoptosis is a tightly regulated form of programmed cell death, crucial for maintaining tissue 

homeostasis and eliminating damaged or unwanted cells (Figure 6). The apoptotic process is 

primarily mediated through the activation of a family of cysteine-aspartic proteases known as 

Caspases. These enzymes exist as inactive zymogens and are activated by proteolytic cleavage in 

response to specific stimuli. Caspases are generally classified into initiator (such as Caspase-8 and 

Caspase-9), which begin the signaling cascade, and effector caspases (such as Caspase-3, -6, and -7), 

which execute the death program by cleaving various structural and regulatory proteins (74). 

Two main processes can lead to caspase activation: the extrinsic (receptor-mediated) and the intrinsic 

(mitochondrial) pathways (Figure 6). Although both of them converge on the activation of 

executioner caspases, the intrinsic pathway is particularly relevant in the context of cellular stress and 

is tightly controlled by the BCL2 protein family (75,76). The intrinsic apoptotic pathway is activated 

by intracellular stress signals such as DNA damage, oxidative stress, cytotoxic drugs, or calcium 

overload. These stimuli lead to mitochondrial outer membrane permeabilization (MOMP), a critical 

and irreversible step in the apoptotic process. MOMP results in the release of pro-apoptotic factors, 

such as cytochrome c, into the cytosol, where they bind to Apaf-1 and pro-Caspase-9 to form the 

apoptosome. This complex promotes the autocatalytic activation of Caspase-9, which then cleaves 

and activates downstream effector caspases, especially Caspase-3 (77,78). The regulation of MOMP 

is orchestrated by the interplay between pro- and anti-apoptotic members of the BCL2 protein family 

(79). Anti-apoptotic proteins, such as BCL2 and MCL1, maintain mitochondrial integrity, while pro-

apoptotic effectors like BAX and BAK1 oligomerize and form pores in the mitochondrial membrane, 

enabling the release of cytochrome c. BH3-only proteins, including BCL2-like 11(BCL2L11; BIM), 

p53 upregulated modulator of apoptosis (BBC3; PUMA), and BIK, further modulate this balance by 
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either directly activating BAX/BAK1 or by neutralizing anti-apoptotic proteins (80,81). When 

cellular damage is sensed, BH3-only proteins are upregulated or activated, tipping the balance in 

favor of apoptosis. BIM and PUMA play critical roles in sensing genotoxic stress and in promoting 

the activation of BAX and BAK1, while simultaneously sequestering BCL2 and MCL1 to relieve 

their inhibitory effects. Once BAX and BAK1 are activated, the apoptotic cascade proceeds 

irreversibly (82). Caspase-3, the central executioner caspase, cleaves a wide range of cellular 

substrates, including the DNA repair enzyme poly(ADP-ribose) polymerase (PARP), whose 

inactivation further accelerates apoptotic progression by preventing DNA repair and enhancing 

chromatin fragmentation (83). 

 

 

Figure 6. Apoptotic pathway [Created in https://BioRender.com]. 

In leukemia, the relative expression and activity of BH3-only proteins, BAX/BAK1, and anti-

apoptotic BCL2 family members determine the sensitivity of leukemic cells to chemotherapeutic 

agents and BH3 mimetics (83,84). While caspase-independent mechanisms involving mitochondrial 

proteins such as AIF and Endonuclease G exist, the caspase-dependent pathway, especially the 

regulation by BCL2 family dynamics, remains the principal mechanism in most leukemic contexts 

(79,85). 
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1.4. Phosphoinositide-dependent Signaling 

Phosphoinositides (PIs) are a family of phosphorylated derivatives of phosphatidylinositol, localized 

primarily to the cytoplasmic leaflet of eukaryotic cell membranes. From a structural point of view, 

they consist of a hydrophobic group bound to two fatty acid chains. Although they constitute a minor 

fraction of total cellular lipids, they play essential roles in regulating membrane identity, vesicular 

trafficking, cytoskeletal dynamics, and signal transduction (Figure 7) (86). There are seven naturally 

occurring PI species, each defined by the phosphorylation pattern on the inositol ring at the D3, D4, 

and D5 positions, and each enriched in specific subcellular compartments, thereby recruiting distinct 

sets of effector proteins to those membranes (87–89) (Figure 7). PIs are dynamically interconverted 

by specific lipid kinases and phosphatases, which are tightly regulated and compartmentalized 

(90,91). Dysregulation of PI metabolism is implicated in a range of human diseases, including cancer, 

metabolic disorders, neuropathies, and rare genetic syndromes. Mutations in phosphoinositide 

kinases or phosphatases can disrupt normal signaling and membrane trafficking, leading to 

pathophysiological consequences (92–94). 

 

 

Figure 7. Structure of Phosphoinositides (95). 
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1.4.1. Phospholipase C (PLC)/Protein Kinase C (PKC) Axis 

Phospholipases C (PLCs) enzymes constitute a critical family of signaling molecules involved 

in the transduction of extracellular stimuli into intracellular responses (Figure 8). In humans, 

at least six classes of PLCs (β, γ, δ, ε, ζ, and η) have been identified, further divided into 13 

classical and 3 atypical isoforms, each with specific structural features, activation 

mechanisms, and tissue distribution. PLCs share catalytic X and Y domains but have distinct 

accessory domains that determine their regulation and subcellular localization (96–98). PLC 

activation can occur through interaction with heterotrimeric G proteins (particularly Gαq and 

Gβγ subunits for PLCβ), receptor and non-receptor tyrosine kinases (PLCγ), small GTPases 

(PLCε, and some PLCβ and PLCγ), and calcium (PLCδ) (96,98–100). Some PLC isoforms, 

such as PLCε, also have additional regulatory functions, including guanine nucleotide 

exchange factor (GEF) or GTPase-activating protein (GAP) activity, in addition to their lipase 

function (101).  

There is strong evidence that PLC isoforms, particularly the PLCβ and PLCγ subfamilies, play 

central roles in the regulation of hematopoiesis and malignant transformation (102). PLCβ 

(PLCβ1–β4) isoforms are activated by G protein-coupled receptors and localize to the 

cytoplasm and nucleus, where they regulate essential intracellular signaling pathways (91). 

PLCβ1, encoded on chromosome 20p12 (103), has two splicing variants, PLCβ1a (150 kDa) 

and PLCβ1b (140 kDa), that differ in their C-terminal domain and subcellular distribution, 

with PLCβ1a present in both cytoplasm and nucleus and PLCβ1b mainly nuclear (104,105). 

In hematopoietic stem and progenitor cells (HSPCs), PLCβ1 regulates cell cycle progression 

via cyclin D3, influencing G1/S and G2/M transitions (106–108). It also contributes to lineage 

differentiation, with high expression during myeloid and low during erythroid programs, 

indicating a lineage-specific role (109). Monoallelic deletion of PLCB1 occurs in ~44% of 

MDS cases, ~66% of which progress to AML, correlating with reduced expression and serving 

as an independent prognostic marker (110,111). At the epigenetic level, PLCB1 promoter 

hypermethylation is common in HR-MDS, while AZA-induced demethylation restores 

expression. Increased PLCB1 during treatment is associated with myeloid differentiation and 

durable clinical responses, supporting its role as a direct molecular target of AZA in MDS and 

AML (112–115). 

The PLCγ subfamily comprises two isoforms, PLCγ1 and PLCγ2, which are primarily 

activated by receptor tyrosine kinases but can also be directly stimulated by lipid-derived 

second messengers in the absence of tyrosine phosphorylation (116). Despite structural and 
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regulatory similarities, the two isoforms fulfill distinct, non-redundant functions, as loss of 

one cannot be compensated by the other (117). 

PLCγ1 is encoded on chromosome 20q and is ubiquitously expressed, where it regulates 

essential cellular processes including proliferation, migration, and apoptosis. Its activity is 

tightly controlled by PI3K signaling (86). In hematopoiesis, PLCγ1 contributes to both 

erythroid and myeloid differentiation, with expression levels increasing during erythroid 

commitment and decreasing during myeloid lineage specification, suggesting a lineage-

specific role (107). 

PLCγ2, in contrast, is selectively expressed in HSPCs and is indispensable for myeloid 

differentiation, mirroring the behavior of PLCβ1 (118). Dysregulation or mutation of PLCG2 

has been implicated in the pathogenesis of hematologic malignancies, including leukemias 

and lymphomas (118). Of clinical relevance, specific point mutations in PLCG2 have been 

associated with therapy resistance in HR- MDS, especially during disease progression and in 

response to hypomethylating agents such as AZA (35). 

PLCG2 expression is strongly induced by cytokines, such as M-CSF and G-CSF, and it is 

involved in immune cell maturation. Mechanistically, cytokine signaling activates PLCγ2-

dependent hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2), producing inositol 

1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 facilitates the mobilization of 

calcium ions from intracellular stores, while DAG remains embedded in the plasma membrane 

(119), where it acts as a key activator of PKC, a family of serine/threonine kinases involved 

in the regulation of numerous cellular processes, including proliferation, differentiation, 

motility, survival, secretion, and exocytosis (120), and promoting myeloid lineage 

commitment (121,122) (Figure 8). Once activated, PKC phosphorylates a variety of 

cytoplasmic and nuclear substrates, influencing cell cycle progression, cytoskeletal dynamics, 

and transcriptional programs (120,123,124). Among its downstream effects, PKC can activate 

the MAPK/ERK signaling cascade (120), promote vesicle fusion in secretory cells, such as 

neurons and pancreatic β-cells, and modulate synaptic plasticity and memory formation in the 

nervous system (123–125). Additionally, PKC plays a context-dependent role in apoptosis, 

exerting either pro- or anti-apoptotic effects depending on the specific isoform and cellular 

environment (120,123). There are several isoforms of PKC, the most common of which are 

PKCα, PKCβ, and PKCγ (126,127). Among the PKC isoforms implicated in myeloid 

malignancies, PKCα has emerged as a critical modulator of leukemic cell behavior. PKCα 

promotes cell survival and proliferation, particularly in FLT3-ITD–mutated AML, where 

PKCα activity sustains leukemic cell viability and contributes to disease aggressiveness. 
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Inhibition of PKCα then results in reduced proliferation and the induction of apoptosis, 

highlighting its potential as a therapeutic target in genetically defined AML subsets (128). In 

MDS, PKCα plays a distinct role in promoting erythroid differentiation and modulating cell 

cycle dynamics. Notably, in patients with del(5q), nuclear translocation of PKCα has been 

associated with the erythroid maturation effects of lenalidomide treatment. This nuclear 

localization is thought to contribute to cell cycle arrest and lineage-specific differentiation, 

suggesting that PKCα may act as a mediator of therapeutic response in MDS (129,130).  

 

 

Figure 8. PLC / PKC axis (37). 

 

1.4.2. AKT / Glycogen Synthase Kinase 3 (GSK3) Axis 

One of the most critical PI-dependent signaling cascades involved in cellular homeostasis and 

transformation is the PI3K/AKT/ Glycogen Synthase Kinase 3 (GSK3) axis (Figure 9). This 

pathway regulates a broad spectrum of biological processes including cell proliferation, 

metabolism, differentiation, survival, and angiogenesis, and is frequently dysregulated in 

malignancies, including myeloid neoplasms (131). The pathway is typically activated upon 

engagement of receptor tyrosine kinases (RTKs) or G protein-coupled receptors (GPCRs) by 

extracellular ligands, leading to the recruitment of PI3Ks to the plasma membrane. Class I 
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PI3Ks, composed of a regulatory and a catalytic subunit, catalyze the phosphorylation of PIP2 

to generate phosphatidylinositol-3,4,5-trisphosphate (PIP3), a key lipid second messenger. 

PIP3 accumulation is tightly regulated by the tumor suppressor Phosphatase and tensin 

homolog (PTEN), which acts as a lipid phosphatase to reverse this reaction (132). The 

generation of PIP3 facilitates the membrane recruitment of pleckstrin homology (PH)-

domain-containing proteins such as 3-phosphoinositide-dependent protein kinase 1 (PDK1) 

and AKT. Subsequent phosphorylation of AKT at key threonine and serine residues by PDK1 

and mechanistic target of rapamycin complex 2 (mTORC2), respectively, leads to its full 

activation and translocation to the cytoplasm and nucleus, where it phosphorylates a variety 

of substrates that control cell cycle progression and apoptosis (133–135). 

Among the downstream effectors of AKT, GSK3 plays a central role. GSK3 is a ubiquitously 

expressed serine/threonine kinase existing in two isoforms, GSK3α and GSK3β, encoded by 

distinct genes (GSK3A on chromosome 19 and GSK3B on chromosome 3). Both isoforms are 

negatively regulated by AKT through phosphorylation at Ser21 (GSK3α) and Ser9 (GSK3β), 

which inhibits their kinase activity (136). Inactivation of GSK3 downstream of AKT promotes 

survival signaling by impairing the phosphorylation and degradation of anti-apoptotic 

proteins, such as MCL1, and by preventing activation of pro-apoptotic factors like BAD (137). 

GSK3 integrates signals not only from the PI3K/AKT axis but also from pathways such as 

Wnt/β-catenin and PLC/PKC (138), contributing to the fine-tuned regulation of metabolism, 

transcriptional control, RNA processing, and microRNA biogenesis (Figure 10) (139,140). 

In the context of MDS, the PI3K/AKT pathway is differentially activated depending on 

disease severity: low-risk patients exhibit only modest phosphorylation of AKT, whereas HR-

MDS and AML cases display marked activation of this axis, which is absent in normal 

hematopoietic progenitors (132). This constitutive activation contributes to leukemic 

transformation and disease progression by enhancing pro-survival signaling and resistance to 

apoptosis. GSK3, particularly the β isoform, is a key player in hematopoietic stem and 

progenitor cell regulation (141,142), and its aberrant activity has been implicated in the 

pathogenesis of both MDS and AML (143,144). Notably, GSK3β activity has been shown to 

support leukemic stem cell maintenance and promote therapeutic resistance (145–147). In 

AML, AKT-mediated inhibition of GSK3β fosters the stabilization of BCL2 family proteins, 

thereby impairing apoptotic responses and enhancing cell survival even in the face of 

chemotherapy (148,149). 
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Figure 9. AKT/GSK3 axis [Created in https://BioRender.com]. 

 

 

Figure 10. Regulation of GSK3 activity and GSK3 downstream targets (150). 
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2. AIM OF THE STUDY 
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MDS and AML are hematologic malignancies characterized by ineffective hematopoiesis, impaired 

differentiation of HSCs, and profound epigenetic dysregulation. These alterations underlie disease 

heterogeneity and contribute to therapy resistance and leukemic progression, highlighting the need 

for mechanistic insights that can guide therapeutic innovation.  

Within this framework, the present study was designed with two complementary aims. First, we 

aimed to investigate the molecular mechanisms of AZA and VEN, administered alone or in 

combination. We focused specifically on two pathways already implicated in MDS pathogenesis and 

AML progression: the PI signaling cascade, involving PLC/PKC and AKT/GSK3 axis, and the 

apoptotic pathway. To this end, we employed both ex vivo analyses of MDS patient-derived cells and 

leukemic cell lines, with the goal of clarifying how AZA+VEN impacts survival, differentiation, and 

apoptotic regulation.  

Second, we sought to establish a CRISPR-Cas9–based genome editing strategy to study the role of 

PDZD2, a poorly characterized factor that is found hypermethylated in nearly 90% of AML cases. 

Given its strong epigenetic regulation, PDZD2 represents a compelling candidate regulator of 

hematopoiesis. Through the development and optimization of genome-editing approaches, this work 

sets the stage for future studies aimed at delineating the contribution of PDZD2 to normal and 

malignant hematopoietic differentiation. 

Overall, this dual approach integrates a translational dimension, centered on deciphering the action 

of AZA+VEN in HR-MDS, with a mechanistic perspective focused also on PDZD2, thereby unifying 

both projects under the overarching theme of epigenetic regulation in myeloid malignancies. 
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3. MATERIALS AND METHODS 
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3.1. Ex vivo Analyses 

 

3.1.1. High-risk MDS Patients 

This study involved the analysis of peripheral blood (PB) samples obtained from eight patients 

newly diagnosed with HR-MDS (7/8 R-IPSS high or very-high, 1/8 R-IPSS intermediate-

risk), according to the Revised International Prognostic Scoring System (R-IPSS). All patients 

were enrolled at the Institute of Hematology “L. e A. Seràgnoli,” IRCCS—Azienda 

Ospedaliero-Universitaria di Bologna, University of Bologna, in accordance with the 

principles of the Declaration of Helsinki. Clinical responses and overall outcomes were 

evaluated based on the revised criteria of the International Working Group (IWG). 

Patients received AZA at a dose of 75 mg/m² per day for seven consecutive days in a 28-day 

cycle, either as monotherapy or in combination with VEN (400 mg orally, once daily on days 

1–14). Only those who completed at least two full treatment cycles and underwent formal 

disease assessment were included in the molecular analysis. 

 

3.1.2. Isolation of Mononuclear Cells  

For ex vivo analyses, mononuclear cells (MNCs) were isolated from patient samples using 

density gradient centrifugation with Ficoll-Paque (Amersham Biosciences, Uppsala, Sweden), 

following the manufacturer’s instructions. Samples were collected at baseline (T0, prior to 

treatment initiation) and at defined time points during therapy, specifically after 2, 4, 6, 10 

and 14 cycles of therapy (T2, T4, T6, T10, and T14). 

 

3.1.3. Genomic DNA extraction and BCL2 Mutational Analysis  

To assess mutational status at baseline, genomic DNA was extracted from MNCs collected at 

T0 using the QIAamp DNA Blood Mini Kit (Qiagen Ltd), following standard protocols. DNA 

concentration was determined with the Qubit™ 1X dsDNA High Sensitivity (HS) Assay Kit 

(Thermo Fisher Scientific). BCL2 mutational status was assessed using a next-generation 

capture-based target panel (Lymphoma Solution; SOPHiA GENETICS, Saint Sulpice, 

Switzerland), and the output data were analyzed using SOPHiA DDM™ (SOPHiA Genetics) 

as previously described for blood samples (151). BCL2 variants with coverage greater than 

2000× and variant allele frequency (VAF) >2% were retained. 

 

 

 



27 
 

3.2. Cell Culture 

Due to the lack of in vitro MDS experimental models, this study employed AML-derived cell lines 

to investigate the molecular mechanisms of interest. Specifically, the THP-1 and MV4-11 cell lines 

were used, alongside HEK293 cells for genome editing experiments.  

THP-1 cells are a human monocytic leukemia cell line originally isolated from the peripheral blood 

of a patient with acute monocytic leukemia (Figure 11). THP-1 cells were cultured at 37°C in a 

humidified atmosphere containing 5% CO₂, using RPMI-1640 medium supplemented with 10% fetal 

bovine serum (FBS) and 1% L-glutamine (Corning). Cells were seeded at an initial density of 3 × 10⁵ 

cells/mL and subsequently split three times per week when reaching a density of approximately 8 × 

10⁵ cells/mL. 

 

 
Figure 11. THP-1 cells (ATCC – American Type Culture Collection) 

 

MV4-11 is a human AML cell line harboring the FLT3-ITD mutation, commonly used as a model 

for HR-AML (Figure 12). MV4-11 cells were maintained under culture conditions similar to THP-1 

cells, using RPMI-1640 medium supplemented with 10% FBS and 1% L-glutamine (Corning) at 37°C 

in a 5% CO₂ atmosphere. 



28 
 

 
Figure 12. MV4-11 cells (ATCC – American Type Culture Collection) 

 

HEK293 cells are human embryonic kidney cells widely used for genetic manipulation due to their 

high transfection efficiency (Figure 13). HEK293 cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM, #11965092, GibcoTM) supplemented with 10% FBS and 1% L-glutamine 

(Corning), maintained at 37°C with 5% CO₂ in a humidified incubator. 

 

 
Figure 13. HEK293 cells (ATCC – American Type Culture Collection) 

 

3.3. Pharmacological Treatment 

In this study, initial experimental procedures included four treatment conditions for each cell line: 

untreated control, single-agent AZA (HY-10586, MedChemExpress; stock: 100 mg/mL in DMSO), 

single-agent VEN (HY-15531, MedChemExpress; stock: 1mM in DMSO), and the combination of 

AZA and VEN. THP-1 cells were seeded at a density of 3 × 10⁵ cells/mL and exposed to 5 μM AZA 

and 125 nM VEN, either individually or in combination. MV4-11 cells were seeded under identical 

conditions and treated with 5 μM AZA and 5 nM VEN. All treatments were administered at the time 

of seeding (T0), and cells were cultured for 24 hours under standard conditions without media 
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replacement. At the end of the incubation period, cells were collected and processed for molecular 

and functional analyses.  

 

3.4. Cytofluorimetric analyses 

Throughout the study, flow cytometric evaluations were performed on both treated and control 

samples to assess cellular parameters. Analyses were conducted using the Attune NxT Acoustic 

Focusing Cytometer (Thermo Fisher Scientific). 

 

3.4.1. Cell cycle analysis 

Flow cytometric analysis was employed to quantify DNA content at the single-cell level, 

enabling the discrimination of cells across different phases of the cell cycle through propidium 

iodide (PI) staining. For each sample, 500 μL of cell suspension were collected after 24 hours 

of treatment, subsequently fixed with 1 mL of cold 70% ethanol (4°C) and stored overnight 

at -20°C. On the following day, cells were washed twice with PBS 1X and incubated with PI 

solution at a final concentration of 5 μg/mL (BMS500FI-300, eBioscience) in the dark for 30 

minutes prior to flow cytometric acquisition through Attune NxT Acoustic Focusing 

Cytometer (Thermo Fisher Scientific). 

 

3.4.2. Cell death analysis: AnnexinV/PI staining 

Cell death was assessed by flow cytometry using Dead Cell Apoptosis Kits with Annexin V 

for Flow Cytometry (Invitrogen, V13245) following the manufacturer’s instructions. For each 

sample, 2 × 10⁵ cells were collected and samples were analyzed promptly by Attune NxT 

Acoustic Focusing Cytometer (Thermo Fisher Scientific), using at least three independent 

biological replicates. 

 

3.5. Gene expression analyses 

3.5.1. RNA extraction 

After 24 hours of treatment, samples containing 2 × 10⁶ cells were collected from each 

experimental group to extract total RNA. RNA isolation was carried out using the Qiagen 

RNeasy Mini Kit (Qiagen), following the manufacturer’s instructions. The concentration and 

purity of the extracted RNA were then measured by spectrophotometry using a Nanodrop 

instrument (CELBIO S.p.A.). 
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3.5.2. Retrotranscription 

Based on the quantification data obtained using the NanoDrop spectrophotometer, 1000 ng of 

total RNA were reverse-transcribed in a final volume of 20 μL using the High-Capacity cDNA 

Reverse Transcription Kit (ThermoFisher Scientific), following the manufacturer’s protocol. 

Reverse transcription reactions were performed on a 2720 Thermal Cycler (ThermoFisher 

Scientific) under the following thermal conditions (Table 1):  

 

Table 1. Retrotranscription reaction conditions 

 1st Step 2nd Step 3rd Step 4th Step 

Temperature (°C) 25 37 85 4 

Time (min) 10 120 5 ∞ 

 

3.5.3. Real-Time PCR with TaqMan probes 

Real-Time PCR reactions were carried out using 96-well plates, each well containing 10 ng 

of cDNA in a final volume of 20 μL. The reaction mix included 10 μL of TaqMan Universal 

PCR Master Mix (Applied Biosystems), 1 μL of the appropriate TaqMan Gene Expression 

Assay (ThermoFisher Scientific), and RNase-free water. All samples were run in technical 

triplicates. Amplification was performed using the QuantStudio 1 Real-Time PCR System 

(ThermoFisher Scientific), and data were analyzed using the associated software. Gene 

expression was analyzed using the comparative Ct method (2–ΔΔCt). For each sample, Ct values 

were first normalized to the endogenous control GAPDH (ΔCt), then compared to the 

untreated control sample to obtain ΔΔCt values. Relative quantification (RQ) was calculated 

as 2–ΔΔCt. The list of TaqMan probes used is provided in Table 2. 
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Table 2. qPCR TaqMan probes 

Genes ID code 

PLCB1 Hs01001930_m1 

PLCG1 Hs00234046_m1 

PLCG2 Hs01101857_m1 

CD33 Hs01076282_g1 

ITGAM (CD11b) Hs00167304_m1 

CD14 Hs02621496_s1 

BCL2 Hs00608023_m1 

BCL2L11 (BIM) Hs00708019_s1 

BAX Hs00180269_m1 

BBC3 (PUMA) Hs00248075_m1 

BAK1 Hs00832876_g1 

GAPDH Hs02786624_g1 

 

 

3.6. Protein extraction and Western Blot analyses 

3.6.1. Protein extraction 

To obtain protein lysates, cell lysis was performed using Mammalian Protein Extraction 

Reagent M-PER lysis buffer (Thermo Fisher Scientific, #78501) supplemented with Halt™ 

Protease and Phosphatase Inhibitor Cocktail (100X) (Thermo Fisher Scientific, #78440). 

Lysates were sonicated for 15 s at 70% power using a BANDELIN SONOPLUS sonicator 

(BANDELIN Electronic GmbH & Co. KG, Germany). Protein concentration was measured 

using Pierce™ Coomassie Plus (Bradford) Assay Reagent (Thermo Fisher Scientific). 

 

3.6.2. Western Blot 

For SDS-PAGE separation, a total of 30 µg of protein lysate was separated by SDS-PAGE 

using homemade 8% or 12% polyacrylamide gels, subsequently transferred onto 

nitrocellulose membranes for 1 hour at 4 °C using a constant power of 350 mA. Transfer 

efficiency and total protein distribution were assessed by staining the membranes with 

Ponceau S solution (Thermo Fisher Scientific) for 3 minutes. Membranes were then washed 

twice with 1X PBS/0.1% Tween-20 (PBST) to remove excess stain and blocked for 1 hour at 

room temperature under gentle agitation with a blocking buffer consisting of 5% non-fat dry 

milk in 1X PBST. Primary antibody incubation was carried out overnight at 4°C with 

antibodies diluted in either bovine serum albumin (BSA, Sigma-Aldrich) or milk according 
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to the manufacturer’s recommendations. A full list of primary antibodies used in this study is 

provided in Table 3. Membranes were then subjected to three additional PBST washes for 10 

min before incubation with HRP-conjugated secondary antibodies (Thermo Fisher Scientific) 

for 1 h at room temperature using a dilution of 1:10,000 for anti-mouse and anti-rabbit 

antibodies.  

Detection was performed using the iBright FL1500 imaging system (ThermoFisher Scientific) 

following chemiluminescence reaction. Bands were visualized using the Westar Antares HRP 

substrate kit (Cyanagen), consisting of a 1:1 mixture of luminol and hydrogen peroxide. 

Membrane images were subsequently analyzed using the iBright Analysis Software 

(ThermoFisher Scientific). Quantification and normalization of band intensity were performed 

using the Total Protein Normalization (TPN) method, which relies on the total protein content 

in each lane rather than housekeeping proteins. This approach allows for accurate comparison 

of relative protein levels across samples, generating a numerical value proportional to the 

intensity of each band. 

 

Table 3. Western Blot antibodies 

Antibody ID code Brand Dilution Host Specie Molecular Weight 

BCL2 13-8800 Invitrogen 1:500 Mouse 27 kDa 

PLCγ2 5283 Santa Cruz 1:500 Rabbit 148 kDa 

PKCα PA5-17551 Thermo Fisher Scientific 1:1000 Rabbit 80 kDa 

pPKCα 07-790 UPSTATE Biotechnology 1:500 Rabbit 80 kDa 

AKT 9272 Cell Signaling Technology 1:1000 Rabbit 60 kDa 

pAKT 4058 Cell Signaling Technology 1:1000 Rabbit 60 kDa 

GSK3α/β 5676 Cell Signaling Technology 1:1000 Rabbit 48, 51 kDa 

pGSK3α/β 8566 Cell Signaling Technology 1:1000 Rabbit 48, 51 kDa 

Caspase3 9662 Cell Signaling Technology 1:1000 Rabbit 17, 19, 35 kDa 

PARP 9542 Cell Signaling Technology 1:1000 Rabbit 89, 116 kDa 

 

3.7. Statistical analysis 

All statistical analyses were conducted using GraphPad Prism (version 5.0, GraphPad Software, San 

Diego, CA, USA). For experiments performed on cell lines, differences between groups were 

evaluated using the unpaired Student’s t-test. In the case of patient-derived samples, quantitative PCR 

data involving comparisons across multiple groups were analyzed using one-way analysis of variance 

(ANOVA). Statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p<0.0001. 
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3.8. CRISPR-Cas9 generation of PDZD2 Knock-in models 

 

3.8.1. Experimental Design 

For CRISPR-Cas9–mediated genome editing, HEK293 cells were used as the model system. The 

experimental design was carried out using the Alt-R™ CRISPR homology-directed repair (HDR) 

Design Tool (Integrated DNA Technologies, IDT) to select optimal target sites and donor 

templates. Synthetic single guide RNAs (sgRNAs) were purchased from Synthego (Synthego 

Corporation, Redwood City, CA, USA): one sgRNA was designed for the HA-tag locus, one for 

the CASP3 locus, and two independent sgRNAs were designed for the NLS locus due to the larger 

size of the target region (Table 4). For each locus, single-stranded donor DNA templates (HDR 

templates) were synthesized by Integrated DNA Technologies (IDT), with both sense and 

antisense strands prepared and subsequently used in equimolar mix to maximize knock-in (KI) 

efficiency (Table 4). 
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Table 4. HDR templates and guide RNAs employed for PDZD2 knock-in editing 

HA knock-in 

Primers/Guide Sequence Company 

HDR-HA+ 

AGACCTCTGATGATGCTGGTGTCTGGGAGTGAGCACCATGTACCCATAC

GATGTTCCAGATTACGCTTACCCATACGATGTTCCAGATTACGCTCCCA

TCACCCAAGATAATGCCGTGCTGCATCTGCCCCTCCTCTACCAGTGGCT 

IDT 

HDR-HA- 

AGCCACTGGTAGAGGAGGGGCAGATGCAGCACGGCATTATCTTGGGTG

ATGGGAGCGTAATCTGGAACATCGTATGGGTAAGCGTAATCTGGAACA

TCGTATGGGTACATGGTGCTCACTCCCAGACACCAGCATCATCAGAGGT

CT 

IDT 

PDZD2 HA sgRNA 2 GTGCAGCACGGCATTGTCCT Synthego 

NLSmut knock-in 

Primers/Guide Sequence Company 

HDR-NLSmut + 

GAGTTTTGGGAACATCCCTGTTTTCGGGGACTATGGTGAAGCGGCCGCA

GGGGGCGCAGCAGCGGCAACCCACCAGGGTCCTGTGCTGGATGTGGGC

TGCATCTGGG 

IDT 

HDR-NLSmut - 

CCCAGATGCAGCCCACATCCAGCACAGGACCCTGGTGGGTTGCCGCTG

CTGCGCCCCCTGCGGCCGCTTCACCATAGTCCCCGAAAACAGGGATGTT

CCCAAAACTC 

IDT 

PDZD2 NLSmut 

sgRNA 1 
GGGACTATGGTGAAAAGCGC Synthego 

PDZD2 NLSmut 

sgRNA 2 
AAGAAGAGGAAAACCCACCA Synthego 

Caspase3mut knock-in 

Primers/Guide Sequence Company 

HDR-Casp3mut + 
CGCTCCAAGCTCCAGGAGCTGAGAGCCTTGAGCATGCCTGCACTTGAC

AAGCTCTGCAGCGAGGATTACTCAGCAGGGCCGA 
IDT 

HDR-Casp3mut - 
TCGGCCCTGCTGAGTAATCCTCGCTGCAGAGCTTGTCAAGTGCAGGCAT

GCTCAAGGCTCTCAGCTCCTGGAGCTTGGAGCG 
IDT 

PDZD2 Casp3mut 

sgRNA 
CTGCAGAGCTTGTCAAGGTC Synthego 
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3.8.2. Genome editing 

HEK293 cells or HEK293 PDZD2 KI clones were expanded in standard culture conditions 

(DMEM + 10% FBS, 1% penicillin/streptomycin, 2 mM L-glutamine; 37°C, 5% CO₂) and 

used for genome editing at 60–80% confluence. To increase HDR efficiency, cells were 

synchronized by treatment with Nocodazole (NOC) at 1 ug/mL for 16 hours prior to 

electroporation, without release. After NOC treatment, cells were detached using 1× Trypsin 

and counted. For each condition, 3 × 10^5 cells were resuspended in Genome Editing Buffer 

(Thermo Fisher Scientific). In parallel, a fraction of NOC-treated cells was collected and 

processed for cell cycle analysis to confirm the efficacy of synchronization. 

Ribonucleoprotein (RNP) complexes were assembled immediately before electroporation by 

incubating recombinant Cas9 nuclease (Synthego) with the respective sgRNAs (Synthego) at 

a 1:6 molar ratio, as indicated in Table 5. The mixture was incubated on ice for 20 min to 

allow complex formation. For each targeted locus, the pre-assembled RNP was supplemented 

with an equimolar mix of sense and antisense HDR donor templates (IDT) at a final 

concentration of 500nM per condition.  

Electroporation was carried out using the Neon Transfection System (Thermo Fisher 

Scientific), following the manufacturer’s instructions at the optimized condition: 1100 V, 20 

ms, 2 pulses. Immediately after electroporation, cells were transferred into a 12-well plate 

with 1mL of pre-warmed complete DMEM medium supplemented with 10% FBS and 

antibiotics, and incubated under standard culture conditions (37 °C, 5% CO₂) for 72 hours. 

 

Table 5. Experimental setup for genome editing experiments (*Stock is at 100uM (dilute accordingly**)) 

Condition Cas9 (uL/cond) sgRNA sgRNA (uL/cond) 
HDR template * (+ and -) 

500nM/condition 

NTC 0.67 sgNTC 1.2 - 

NTC 0.67 sgNTC 1.2 0.5uL of dilution** 

HA 0.67 sgPDZD2 KI2 1.2 0.5uL of dilution** 

NLSmut 0.67 
NLSmut #1 + 

NLSmut #2 
0.6 + 0.6 0.5uL of dilution** 

Casp3mut 0.67 Cas3mut 1.2 0.5uL of dilution** 
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3.8.3. Cell Cycle analysis 

Cell cycle profiling was performed 16 h after NOC treatment to confirm synchronization 

efficiency. Briefly, 50-100 uL cells were harvested, transferred to 96-well round-bottom 

plates, and centrifuged at 1500 rpm for 5 min. Cells were washed once with FACS buffer (3% 

FBS in PBS 1×) and fixed in 4% paraformaldehyde for 15 min at room temperature. After 

fixation, cells were washed with FACS buffer and permeabilized with 0.15% Triton X-100 in 

PBS for 2–5 min at room temperature. Following an additional wash, cells were stained with 

DAPI (0.1 mg/mL stock; final concentration 1× in 0.03% Triton X-100) for 15 min at room 

temperature in the dark. Stained cells were acquired on a CytoFLEX flow cytometer 

(Beckman Coulter), and DNA content was quantified to determine the distribution of cells 

across cell cycle phases. Data were analyzed using FlowJo software (BD Biosciences). 

 

3.8.4. Clonal expansion 

Clonal expansion was performed by limiting dilution to seed an average of 5 cells/well in 96-

well plates. For each experimental arm (non-targeting control, HA, NLS and CASP3 edits) 

ten 96-well plates were prepared. Plates were incubated under standard culture conditions 

(37°C, 5% CO₂) for three weeks, with medium replacement once weekly. Wells were 

monitored by light microscopy at regular intervals and wells containing growing colonies after 

three weeks were selected for downstream processing. Each selected clone was split for two 

purposes: (i) genomic DNA extraction for genotyping and confirmation of precise knock-in 

events, and (ii) continued in vitro expansion to generate sufficient cells for functional assays 

and for cryopreservation. Expanded clones were cryopreserved in liquid nitrogen using 

standard freezing (90% FBS + 10% DMSO) medium and archived for subsequent analyses. 

 

3.8.5. Genome Editing verification 

Genomic DNA was extracted from pooled HEK293 cells, harvested 72 h post-transfection, as 

well as from expanded single-cell clones. DNA isolation was performed using the QIAamp 

DNA Mini Kit (Qiagen) for pooled cells and the Quick-DNA™ 96 Kit (Zymo Research) for 

clonal populations, according to the manufacturer’s protocols. DNA concentration and purity 

were assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific). 

Target loci were amplified by PCR using locus-specific primers (exon 2 forward/reverse for 

NTC, HA, and NLS; exon 20 forward/reverse for CASP3), yielding amplicons of ~985 bp. 

PCR reactions were prepared using the FastStart High Fidelity PCR System (Roche), with 

reagent composition and cycling conditions summarized in Table 6 and Table 7. 
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Table 6. PCR reaction mix. 

Reagent 
Volume 

(uL) 

FastStart HF Buffer 2 

(10X) 
5 

10nM dNTPs 1 

PDZD2 Primer mix 

(10uM) 
1 

FastStart HF Enzyme 

Blend 
0.5 

gDNA 15-75 ng 

H2O To 50 

 

Table 7. PCR cycling conditions. 

NTC, HA and NLSmut condition 

Step Cycle Time Temperature (°C) 

Initial denaturation 1 4 min 95 

Denaturation 

40 

30 sec 95 

Annealing 30 sec 60 

Elongation 1 min 72 

Final elongation 1 7 min 72 

Cooling  Unlimited 4 

CASP3mut condition 

Step Cycle Time Temperature (°C) 

Initial denaturation 1 4 min 95 

Denaturation 

40 

30 sec 95 

Annealing 30 sec 60 

Elongation 30 sec 72 

Final elongation 1 5 min 72 

Cooling  Unlimited 4 
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Following amplification, PCR products were purified using the MiniElute PCR Purification 

Kit (Qiagen) and stored at –20 °C until further analysis. 

For KI validation, purified PCR products were prepared and submitted to Integrated DNA 

Technologies (IDT) for sequencing. Samples were prepared as follows: 10 µL DNA (2 ng/µL) 

+ 5 µL forward primer (5 µM). Forward primers from exon 2 were used for NTC, HA, and 

NLS loci, whereas exon 20 forward primers were used for CASP3. Sequencing data were 

subsequently analyzed using the ICE Analysis Tool (Synthego Corporation, Redwood City, 

CA, USA). 
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4. RESULTS 
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4.1. Ex vivo Analyses in MDS Patients Treated with AZA or AZA+VEN 

4.1.1. Clinical and Molecular Characterization of MDS Patients Treated with AZA or 

 AZA + VEN   

The study included 8 subjects (Table 8) newly diagnosed with MDS, classified according to 

the 2016 WHO criteria (152). According to the IPSS-R for MDS (16), most patients (7 out of 

8) were classified as high or very-high, while one patient belonged to the intermediate-risk 

category.  As shown in Table 8, cytogenetic analyses revealed abnormal karyotypes in 6/8 

patients, with complex and high-risk features such as del(5q), del(7q), inv(2), and other 

structural aberrations involving chromosomes 1, 11, 16, and 20, while two patients showed 

normal karyotypes.  

Treatment regimens included AZA monotherapy (n=4) and AZA in combination with VEN 

(AZA+VEN, n=4). Patients treated with AZA alone received a median of 14 treatment cycles 

(range 9–31), while those treated with AZA+VEN received a median of 12.5 cycles (range 

11–23). Among patients treated with AZA alone, two cases achieved hematologic 

improvement (HI) in combination with either complete remission (CR) or marrow complete 

remission (mCR), whereas two patients showed a stable disease. The first documented 

response was observed between cycles 2 and 8, with a median of 5 cycles and the duration of 

response ranged from 14 to 18 cycles, with a median of 16 cycles. In contrast, all patients 

receiving AZA+VEN experienced a clinical response (2 CR, 1 HI and 1 mCR). In this group, 

responses occurred earlier, between cycles 2 and 4 (median: 2.5 cycles), and the duration of 

response ranged from 10 to 17 cycles, with a median of 12.5 cycles. Progression to AML was 

documented in only one AZA+VEN-treated patient after 20 months. 
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# Age Sex WHO 2016 IPSS-R Karyotipe [no 

Metaphases 

with 

aberration] 

NGS analysis Treatment Total 

Cycle

s 

Clinical 

Outcome 

(IWG 

2006) 

Time to 

first 

response 

(cycles) 

Duration 

of 

response 

(months) 

Time to 

AML 

evolution 

(months) 

Cause of 

death 

1 82 M MDS-EB-2 VERY 

HIGH 

8+ / Azacitidine 31 SD, HI + 

mCR 

8 4 (HI); 14 

(mCR) 

/ (not 

confirmed) 

CACHEXI

A 

2 73 F MDS-U HIGH del(20)(q11q1

3)[16]; -7 [16] 

/ Azacitidine 14 HI + CR 2 (HI); 4 

(CR) 

3 (HI); 15 

(CR) 

/ COVID-19 

3 84 M MDS-MLD VERY 

HIGH 

del(5q)[6]; 

del(5q), 

der(7;14), -16 

[13] 

SF3B1 (missense, 

c.2098A>G, p.Lys700Glu, 

exon 15, VAF 48%) 

Azacitidine 14 SD NA NA / NA 

4 68 M MDS-EB-2 HIGH NORMAL ASXL1 (missense, 

c.1927G>A, p.Gly643Arg, 

exon 13, VAF 29%); RUNX1 

(nonsense, c.419G>A, 

p.Gln268*, exon 7, VAF 

16%; frameshift, 

c.302_303dupCA, 

p.Leu102Cysfs*21, exon 4, 

VAF 7%); SRSF2 (missense, 

c.284C>A, p.Pro95His, exon 

1, VAF 5%); IDH2 (missense, 

c.419G>A, p.Arg140Gln, 

exon 4, VAF 31%) 

Azacitidine 9 SD NA NA / / 

5 76 F MDS-EB-1 HIGH del(5q) [5] / Azacitidine + 

Venetoclax 

13 CR 2 11 20 / 

6 81 M MDS-MLD INTER

MEDIA

TE 

46, XY, 

del(6)(q21q23

)[20] 

U2AF1 (VAF 33%), ASXL1 

(VAF 16%) 

Azacitidine + 

Venetoclax 

12 HI + CR 2 (HI); 8 

(CR) 

7 (HI); 3 

(CR) 

/ COVID-19 

7 69 F MDS-EB-1 HIGH NORMAL / Azacitidine + 

Venetoclax 

11 HI 4 14 / NA 

8 71 M MDS-EB-1 HIGH 8+ / Azacitidine + 

Venetoclax 

23 mCR 3 17 / / 

Table 8. Patients’ characteristics and outcome. [M, male; F, female; WHO 2016, World Health Organization 2016 

classification of myeloid neoplasms; MDS, myelodysplastic neoplasms; MDS-EB-1, MDS with excess blasts-1; MDS-

EB-2, MDS with excess blasts-2; MDS-U, MDS, unclassifiable; MDS-MLD, MDS with multilineage dysplasia; IPSS-R, 

Revised International Prognostic Scoring System; CPSS, CMML-specific Prognostic Scoring System; del, deletion; inv, 

inversion; der, derivative chromosome; IWG 2006, International Working Group response criteria (2006); CR, 

complete remission (normal blood counts and <5% marrow blasts); mCR, marrow complete remission; HI, 

hematologic improvement; SD, stable disease; AML, acute myeloid leukemia; NA, not available ]. 

 

 

4.1.2. Characterization of Baseline Mutations in HR-MDS Patients, with a Specific 

Focus on BCL2 Mutational Status 

Mutational analysis revealed alterations in genes commonly implicated in myeloid 

malignancies (Table 8). Within the AZA monotherapy group, mutations were exclusively 

detected in non-responders: one patient carried a SF3B1 Lys700Glu substitution (VAF 48%), 

while another presented multiple co-occurring variants, including ASXL1 Gly643Arg (VAF 

29%), a RUNX1 nonsense mutation (p.Gln268*, VAF 16%), a RUNX1 frameshift 

(p.Leu102Cysfs*21, VAF 7%), SRSF2 Pro95His (VAF 5%), and IDH2 Arg140Gln (VAF 

31%). By contrast, patients who responded to AZA did not display any detectable mutations 

or karyotypic abnormalities. In the AZA+VEN cohort, all responders, three patients showed 
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no variants, while one carried concurrent U2AF1 (VAF 33%) and ASXL1 (VAF 16%) 

mutations. Additional variants affecting EP300, SF3B1, and KMT2D were identified through 

a targeted NGS panel, although these data are not reported in detail. 

Of particular relevance, a novel recurrent frameshift mutation (c.245del, p.Ala82Glyfs*14) in 

BCL2 was detected in 6 of 8 patients (75%), independently from the treatment, with a VAF 

ranging from 2.54% to 3.33% (Table 9). Copy number analysis revealed no alterations in 

BCL2. The mutation was found in 3 out of 4 patients treated with AZA, two responders and 

one non-responder, and in 3 out of 4 patients receiving AZA+VEN, all of whom responded. 

The wild-type cases included one AZA non-responder and one AZA+VEN responder (Table 

9). 

 

Table 9. Summary of BCL2 mutational status across the patient cohort analyzed. 

 

 

According to a bioinformatic analysis, the c.245del frameshift mutation (p.Ala82Glyfs*14) 

originates from a single-nucleotide deletion that introduces a premature stop codon, resulting 

in a truncated BCL2 protein of 96 amino acids. In its physiological configuration, wild-type 

BCL2 is organized into four conserved BCL2 homology (BH) domains, BH1 (aa 136–155), 

BH2 (aa 187–202), BH3 (aa 93–107), and BH4 (aa 10–30), together with a C-terminal 

transmembrane (TM) domain that ensures mitochondrial outer membrane anchoring and is 

indispensable for its anti-apoptotic function (153) (Figure 14). The cooperative action of 

BH1–3 domains generates the hydrophobic binding groove required for interaction with pro-

apoptotic BH3-only proteins, while the BH4 domain contributes to protein stability and 

survival signaling pathways (153). Structural bioinformatic analyses of the mutant protein 

demonstrated the absence of the BH1, BH2, and TM domains, with preservation of the BH4 

region and only a partial sequence of the BH3 domain (Figure 14). This domain loss is 

predicted to abolish the canonical anti-apoptotic activity of BCL2, thereby profoundly altering 

its functional properties. 
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Figure 14. Schematic representation of BCL2 depicting the canonical BH1–4 and transmembrane domains, with 

indication of the truncation resulting from the p.Ala82Glyfs*14 frameshift mutation. 

 

When stratifying patients by treatment and mutational status, we observed that 100% of our 

BCL2-mutated patients treated with AZA+VEN were responders, while in the AZA-only 

group, the response rate among BCL2-mutated patients was 66,7% (Figure 15). 

 

Figure 15. Pie charts showing proportion of responders among BCL2-mutated patients, showing 66.7% in the AZA 

monotherapy group versus 100% in the AZA+VEN combination group. 

 

 

To further investigate the molecular effects of the combined AZA+VEN treatment in the 

context of this BCL2 mutation, we performed a comparative analysis of gene expression at T0 

and T4 in the AZA+VEN-BCL2-mutated cohort (Figure 16). Following treatment, BCL2 

transcript levels displayed a trend towards upregulation at T4 (6.179 ± 8.261), although this 

increase did not reach statistical significance. As for other molecules, a pronounced reduction 

was detected in the expression of genes encoding PLCG isoforms (PLCG1: 0.347 ± 0.276, p 

< 0.05 vs T0; PLCG2: 0.3815 ± 0.153, p < 0.01 vs T0), accompanied by a significant 
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downregulation of myeloid differentiation markers (CD11b: 0.232 ± 0.280, p < 0.01 vs T0; 

CD14: 0.307 ± 0.266, p < 0.05 vs T0). In parallel, we observed a robust induction of pro-

apoptotic regulators BIM (2.617 ± 0.892, p < 0.05 vs T0) and BAK1 (3.909 ± 0.182, p < 0.0001 

vs T0).  

 

Figure 16. qPCR assessment of gene expression for PLCB1, PLCG1, PLCG2, CD33, CD11b, CD14, BCL2, BAX, BIM, 

PUMA, and BAK1 in BCL2-mutated patients treated with AZA+VEN after four cycles (T4). Expression levels were 

normalized to GAPDH and relative to baseline (T0). Data are shown as mean ± SD. Statistical significance was 

evaluated using an unpaired two-tailed Student’s t-test: *p < 0.05, **p < 0.01, ****p < 0.0001 versus T0. 

 

 

4.1.3. Gene Expression Profiles in AZA and AZA+VEN-Treated Patients 

To further characterize the molecular changes linked to therapeutic response, we examined 

the transcriptional profiles of key signaling mediators and apoptosis-related genes dividing 

MDS patients according to treatment (AZA monotherapy or the AZA+VEN combination), 

independently of BCL2 mutational status (Figure 17 and Figure 18). 

In the AZA monotherapy cohort (Figure 17), patients who achieved a clinical response (AZA-

R; blue) exhibited a pronounced induction of PLC isoforms (PLCB1, PLCG1, and PLCG2) as 

early as cycle 2 (T2), a transcriptional pattern absent in non-responders (AZA-NR; yellow). 

In the AZA-R cases, early treatment cycles were further characterized by an increase in the 

expression of myeloid differentiation markers, including CD33, CD11b, and CD14. By 

contrast, AZA-NR patients showed delayed upregulation of CD33 and CD11b, which became 

evident only at later time points. Responders also displayed a strong and transient activation 

of pro-apoptotic effectors (BAX, BIM, PUMA, and BAK1) during the initial cycles, followed 

by a progressive reduction in transcript levels over the course of therapy (Figure 17). These 
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molecular changes were largely absent, or markedly attenuated, in AZA-NR patients. 

Additionally, a modest increase of BCL2 expression was observed at T2 in AZA-R cases. 

 

 

Figure 17. qPCR profiling of genes associated with PLC signaling (PLCB1, PLCG1, PLCG2), myeloid differentiation 

(CD33, CD11b, CD14), and apoptosis regulation (BCL2, BAX, BIM, PUMA, BAK1) in PB-MNCs from patients treated 

with AZA monotherapy. Samples were collected at baseline (T0) and at subsequent cycles (T2, T6, T10, T14). AZA 

responders (n=2) are shown in blue, and non-responders (n=3) in yellow. Gene expression is presented as mean ΔΔCt 

values normalized to GAPDH and baseline (T0), with SD indicated by error bars. Statistical significance was assessed 

using two-way ANOVA with multiple comparisons versus T0: **p < 0.01, ***p < 0.001. 

 

In the AZA+VEN cohort (Figure 18), the transcriptional dynamics were distinct. PLCB1 and 

PLCG1 levels remained largely unchanged throughout treatment, with only minor increases 

at T2 and T10 for PLCB1, and at T6 for PLCG1. Conversely, PLCG2 showed a clear 

induction, with peaks at T2 and T10, followed by a reduction at T14 (Figure 18). Markers of 

myeloid differentiation, particularly CD33 and CD11b, demonstrated a progressive increase 

beginning at T2, reaching maximal expression at T10, and subsequently declining at T14. 

CD14 followed a similar trajectory, albeit with less pronounced modulation (Figure 18). In 

addition, BCL2 transcript levels rose early in AZA+VEN responders, with increased 

expression already detectable at T2 and maintained thereafter (Figure 18). Among pro-

apoptotic genes, BAX, BIM, PUMA, and BAK1 showed robust upregulation at T6, consistent 

with the engagement of the intrinsic apoptotic pathway under combined therapy (Figure 18). 
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Figure 18. qPCR profiling of genes associated with PLC signaling (PLCB1, PLCG1, PLCG2), myeloid differentiation 

(CD33, CD11b, CD14), and apoptosis regulation (BCL2, BAX, BIM, PUMA, BAK1) in PB-MNCs from patients treated 

with AZA+VEN combination. Samples were collected at baseline (T0) and at subsequent cycles (T2, T6, T10, T14). 

AZA+VEN responders (n=4) are shown in pink. Gene expression is presented as mean ΔΔCt values normalized to 

GAPDH and baseline (T0), with SD indicated by error bars. Statistical significance was evaluated using two-way 

ANOVA with multiple comparisons against T0; all points were not significant (ns). 

 

 

4.2. In vitro Analyses of AZA+VEN Molecular Mechanisms in Leukemic Cell Lines 

To functionally validate our observations in patient samples, we next employed in vitro models of 

AML cells, as there are no reliable in vitro MDS models, with differential sensitivity to VEN. In 

particular, we used MV4-11 cells, which are highly sensitive to VEN, and THP-1 cells, which exhibit 

VEN resistance (154), that were treated for 24 hours with AZA (5 μM), VEN (5 nM for MV4-11; 

125 nM for THP-1), or AZA+VEN. 

 

  4.2.1. Cell Cycle Analysis 

Cell cycle analysis in MV4-11 cells (Figure 19A) revealed that treatment with AZA alone led 

to a significant increase in the proportion of cells in the sub-G0 phase (38.56% vs untreated 

control: 7.72%, p < 0.01), accompanied by a reduction in the G0/G1 (44.32% vs untreated 

control: 56.74%, p < 0.05) and G2/M (4.12% vs untreated control: 16.14%, p < 0.001) phases. 

These effects were further amplified upon combined treatment with AZA and VEN, resulting 

in a marked increase in sub-G0 cells (59.22% vs untreated control: 7.72%, p < 0.0001), and a 

pronounced reduction in G0/G1 (27.02% vs untreated control: 56.74%, p < 0.0001) and G2/M 

(2.62% vs untreated control: 16.14%, p < 0.0001) populations. In contrast, treatment with 

VEN alone exerted only minimal effects on cell cycle distribution, with a modest but 

significant increase observed in the sub-G0 phase (24.72% vs untreated control: 7.72%, 

p < 0.05), and no substantial changes in the other phases.  In THP-1 cells (Figure 19B), the 

effects on cell cycle progression were evident only upon combined treatment with 
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AZA+VEN. Treatment with VEN alone resulted in a slight increase in the sub-G0 population 

(11.6% vs untreated control: 5.8%, p < 0.05), while AZA alone led to a significant reduction 

in the S-phase fraction (14.2% vs untreated control: 23.8%, p < 0.01). Notably, AZA+VEN 

induced a robust increase in the sub-G0 fraction (43.6% vs untreated control: 5.8%, 

p < 0.0001), along with a significant decrease in both S (10.6% vs untreated control: 23.8%, 

p < 0.001) and G2/M (4.2% vs untreated control: 22.4%, p < 0.0001) phases.  

 

 

Figure 19. Representative cell cycle distribution in MV4-11 (A) and THP-1 (B) cells following 24-hour treatment with 

AZA (5 μM), VEN (5 nM/125 nM), or the AZA+VEN combination. Histograms depict the proportion of cells within each 

phase of the cell cycle (sub-G0/G1, G0/G1, S, G2/M). Bar graphs represent mean percentages ± SD calculated from at 

least three independent experiments. Statistical significance was evaluated using an unpaired two-tailed Student’s t 

test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs untreated control. 
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4.2.2. Gene and Protein Expression of BCL2 

To assess the modulation of BCL2, the primary molecular target of VEN, we analyzed  its 

transcript and protein levels in MV4-11 and THP-1 cells (Figure 20). In MV4-11 cells (Figure 

20A), BCL2 showed a modest induction that was restricted to the combined AZA+VEN 

treatment (2.997 ± 4.625), while no significant changes were detected following AZA or VEN 

monotherapy. In contrast, THP-1 cells (Figure 20B) exhibited BCL2 transcript levels 

comparable to untreated controls under all treatment conditions (AZA: 0.829 ± 0.369; VEN: 

1.092 ± 0.131; AZA+VEN: 0.953 ± 0.345). At the protein level, Western blot analyses 

revealed a pronounced decrease in BCL2 in MV4-11 cells exposed to VEN, which became 

even more evident when cells were treated with the AZA+VEN combination (Figure 20A). In 

THP-1 cells, a slight reduction in BCL2 protein expression was observed, but only under the 

combined treatment (Figure 20B). 

 

 

Figure 20. Analysis of BCL2 expression in MV4-11 (A) and THP-1 (B) cells by qPCR and Western blot. BCL2 mRNA 

levels were normalized to GAPDH and expressed relative to untreated controls. Representative Western blot images 

show BCL2 protein levels, with band intensity quantified using the Total Protein Normalization method. Data are 

presented as mean ± SD from at least three independent experiments. Statistical significance was assessed using an 

unpaired two-tailed. 

 

4.2.3. Cell Death Analysis 

As illustrated in Figure 19, one of the prominent effects of treatment was a notable increase 

in cell death, which had previously been suggested by the rise in the Sub-G0 cell cycle 

fraction. To further characterize the type of cell death induced by the treatments, Annexin 

V/PI staining was performed and analyzed via flow cytometry (Figure 21). 

In MV4-11 cells (Figure 21A), exposure to either AZA or VEN alone led to a moderate decline 

in cell viability accompanied by an increase in apoptotic populations. Specifically, early 

apoptotic cells (Annexin V⁺/PI⁻) increased to 10.25% with AZA and 11.73% with VEN, 

compared to 2.58% in untreated controls, while late apoptotic/secondary necrotic cells 

(Annexin V⁺/PI⁺) rose to 40.38% and 14.50%, respectively, versus 4.88% in controls (all p < 
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0.05 vs untreated control). The combined AZA+VEN treatment elicited a substantially 

stronger response, reducing the viable fraction and elevating both early (15.1%) and late 

apoptotic cells (61.03%, p < 0.01 vs untreated control). Cells positive solely for PI (Annexin 

V⁻/PI⁺), indicative of primary necrosis, remained unchanged, indicating that apoptosis was the 

predominant mechanism. 

In THP-1 cells (Figure 21B), the apoptotic effect was most pronounced under the AZA+VEN 

combination, which significantly decreased cell viability to 51.93% relative to 96.77% in 

controls (p < 0.01 vs untreated control) and increased both early (29.67% vs. 2.37%) and late 

apoptotic populations (18% vs. 0.43%, p < 0.001 vs untreated control). Treatment with AZA 

or VEN alone produced modest but statistically significant reductions in viability (AZA: 

92.63%, VEN: 85.03%, p < 0.05 vs untreated control) along with corresponding increases in 

apoptotic fractions. As observed in MV4-11 cells, the proportion of Annexin V⁻/PI⁺ cells did 

not differ significantly from controls, confirming minimal involvement of primary necrosis. 
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Figure 21. Apoptotic response in MV4-11 and THP-1 cells after 24-hour treatment, evaluated by Annexin V-FITC and 

Propidium Iodide (PI) staining. Representative dot plots depict the distribution of viable (Annexin V–/PI–), early 

apoptotic (Annexin V+/PI–), late apoptotic/secondary necrotic (Annexin V+/PI+), and necrotic (Annexin V–/PI+) cell 

populations. Quantification of these subsets from at least three independent experiments is shown in the accompanying 

bar graphs. Data are expressed as mean ± SD, with statistical significance determined using an unpaired two-tailed 

Student’s t test: *p<0.05, **p < 0.01, ***p < 0.001 vs untreated control. 

 

To validate the induction of apoptosis, Caspase-3 activation was assessed via Western Blot 

analysis. Following treatment, a reduction in the full-length Caspase-3 protein (35 kDa) was 

observed, while the cleaved, active fragments of Caspase-3 were not detectable (Figure 22A, 

B). To further investigate whether Caspase-3 activity was engaged, we examined PARP, a 

well-established downstream substrate of activated Caspase-3 (155). In both MV4-11 and 

THP-1 cells, treatment induced a decrease in the full-length PARP protein (116 kDa) 

accompanied by an accumulation of the cleaved form (89 kDa) (Figure 22A, B), indicating 

that PARP cleavage occurred as a consequence of Caspase-3-mediated apoptotic signaling. 
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Figure 22. Western blot analysis of Caspase-3 (35/17/19 kDa) and PARP (116/89 kDa) in MV4-11 (A) and THP-1 (B) 

cells following 24 hours of treatment. Representative blots are shown, and band intensities were quantified relative to 

untreated controls using the Total Protein Normalization (TPN) method. 

 

 

Lastly, we evaluated the transcriptional response of key pro-apoptotic genes (BAX, BIM, 

PUMA, BAK1) using quantitative qPCR (Figure 23A,B). Exposure to the AZA+VEN 

combination elicited a robust induction of these apoptotic mediators in both MV4-11 and 

THP-1 cells. Notably, BIM expression increased markedly (MV4-11: 28.99 ± 42.42; THP-1: 

2.179 ± 0.794, p < 0.05 vs untreated controls), as did BAK1 (MV4-11: 71.55 ± 107.9; THP-1: 

2.765 ± 0.971, p < 0.01 vs untreated controls), highlighting the activation of the intrinsic 

apoptotic pathway in response to combined therapy. 
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Figure 23. Quantitative analysis of pro-apoptotic BCL2 family members genes (BAX, BIM, PUMA, BAK1) expression 

in MV4-11 (A) and THP-1 (B) cells following treatment. mRNA levels were measured by qPCR and normalized to 

GAPDH, with untreated cells serving as control. Data are presented as mean ± SD from at least three independent 

experiments. Statistical significance was evaluated using an unpaired two-tailed Student’s t test. *p<0.05, **p<0.01 vs 

untreated control. 

 

4.2.4. Phosphoinositide (PI)-related Signaling Pathway Analyses 

             4.2.4.1. PLC/PKC Axis 

To elucidate the molecular events associated with AZA+VEN–induced cell cycle 

modulation, we analyzed the expression of PLC isoforms. In VEN-sensitive MV4-11 

cells, combined AZA+VEN treatment elicited a trend towards increased transcription 

of PLCB1, PLCG1, and PLCG2 (Figure 24A), an effect primarily driven by AZA 

monotherapy. VEN alone had minimal impact on PLC expression, except for a slight 

reduction in PLCB1 transcript levels (0.352 ± 0.225, p < 0.01 vs untreated control) 

(Figure 24A). In VEN-resistant THP-1 cells, PLCB1 was significantly upregulated 

following AZA treatment (3.018 ± 1.481, p < 0.05 vs untreated control) (Figure 24B). 

Notably, PLCG1 and PLCG2 transcripts were largely unaltered by AZA or VEN 

monotherapies but showed significant elevation when both agents were combined 

(PLCG1: 1.889 ± 0.805, p < 0.05 vs untreated control; PLCG2: 1.441 ± 0.195, p < 0.01 

vs untreated control) (Figure 24B). Overall, single-agent VEN exerted minimal effects 

on PLC transcription in both cell lines (Figure 24A,B).  

At the protein level, transcriptional upregulation in MV4-11 cells did not correlate with 

increased PLCγ2 abundance; instead, PLCγ2 protein was markedly decreased after 
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AZA or AZA+VEN treatment relative to untreated controls (Figure 24C). Conversely, 

in THP-1 cells, PLCγ2 protein remained stable following combined therapy and was 

slightly elevated with either AZA or VEN alone (Figure 24D). 

 

Figure 24. (A–B) qPCR analysis of PLCB1, PLCG1, and PLCG2 transcript levels in MV4-11 (A) and THP-1 (B) cells 

following 24-hour exposure to AZA (5 µM), VEN (5/125 nM), or the combined AZA+VEN treatment. Expression values 

were normalized to GAPDH and compared to untreated controls. Data represent mean ± SD from at least three 

independent experiments. Statistical significance was calculated using an unpaired two-tailed Student’s t test. *p<0.05, 

**p<0.01, ***p<0.001 vs untreated control. (C–D) Representative Western blot images showing PLCG2 protein levels 

in whole-cell lysates, with band intensity quantified using the Total Protein Normalization (TPN) method. 

 

We next examined downstream signaling by assessing PKCα activation. In MV4-11 

cells, total PKCα levels remained largely unchanged, whereas phosphorylated PKCα 

(pPKCα) was substantially increased after AZA and AZA+VEN exposure (Figure 

25A). In THP-1 cells, total PKCα was elevated, but pPKCα decreased following 

combined treatment (Figure 25B), indicating cell type–specific responses within the 

PKC signaling cascade to the same therapeutic intervention. 
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Figure 25. Representative Western blot images showing total PKCα (80 kDa) and phosphorylated PKCα (pPKCα, 

Thr638, 80 kDa) in MV4-11 (A) and THP-1 (B) cells following treatment. Protein band intensities were quantified using 

TPN method and normalized to untreated controls. 

 

4.2.4.2. AKT/GSK3 Axis 

To dissect the impact of AZA, VEN, and their combination on the AKT/GSK3 

signaling cascade, we performed Western blot analyses in both cell models. In VEN-

sensitive MV4-11 cells, treatment with AZA alone or in combination with VEN led to 

a pronounced reduction in total AKT levels and Ser473 phosphorylation, whereas 

VEN as a single agent produced no appreciable effect (Figure 26A, left panel). In 

VEN-resistant THP-1 cells, a similar downregulation of total and phosphorylated AKT 

was observed exclusively following the combined AZA+VEN regimen (Figure 26A, 

right panel). 

We then focused on GSK3 isoforms to evaluate downstream signaling dynamics. In 

MV4-11 cells, both AZA and AZA+VEN markedly decreased total GSK3α and 

GSK3β protein levels. Interestingly, phosphorylated GSK3α was elevated under these 

conditions, while phosphorylated GSK3β remained undetectable, suggesting that 

GSK3β predominantly remains in its active, unphosphorylated form after treatment 

(Figure 26B, left panel). In THP-1 cells, total GSK3α and GSK3β levels remained 

largely unchanged, with only a minor increase in pGSK3α detected upon treatment. 

Notably, phosphorylated GSK3β was absent across all conditions, including untreated 

controls, indicating a baseline lack of GSK3β phosphorylation in this model (Figure 

26B, right panel). 

 

 



55 
 

 

Figure 26. Representative Western blot images depicting total AKT (60 kDa) and phosphorylated AKT (Ser473) (A), as 

well as total GSK3α/β (51/46 kDa) and phosphorylated GSK3α/β (Ser21/Ser9) (B) in MV4-11 (left panels) and THP-1 

(right panels) cells following 24-hour treatment with AZA (5 µM), VEN (5/125 nM), or their combination (AZA+VEN). 

Protein band intensities were quantified using the TPN method and normalized to untreated controls. 

 

 

4.2.5. Myeloid Differentiation Markers Expression Analysis 

Given the established involvement of PLC/PKC signaling in the regulation of hematopoietic 

differentiation (129,156), we analyzed the transcriptional levels of key myeloid surface 

markers by quantitative PCR (Figure 27A,B) . In MV4-11 cells, CD33 expression was 

significantly elevated following AZA monotherapy (1.796 ± 0.562, p < 0.05 vs untreated 

control) and upon combined AZA+VEN treatment (2.711 ± 1.435, p < 0.05 vs untreated 

control), suggesting expansion of early myeloid progenitors. CD11b transcript levels did not 

show substantial variations under any treatment condition. CD14 was upregulated by both 

AZA (3.384 ± 1.842, p < 0.05 vs untreated control) and VEN (1.645 ± 0.606, p < 0.05 vs 

untreated control) alone, whereas the combination therapy induced a non-significant increase 

(Figure 27A). In THP-1 cells, a modest, yet statistically significant, increase in CD33 was 

observed only with AZA+VEN (1.587 ± 0.454, p < 0.05 vs untreated control). CD11b (2.058 

± 0.350, p < 0.001 vs untreated control) and CD14 (7.095 ± 3.614, p < 0.01 vs untreated 

control) were strongly induced by AZA alone, with CD14 levels remaining elevated following 

combination treatment (4.814 ± 1.463, p < 0.001 vs untreated control) (Figure 27B).  
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Figure 27. qPCR analysis of myeloid differentiation markers CD33, CD11b, and CD14 in MV4-11 (A) and THP-1 (B) 

cells. Data are expressed as mean ± SD from at least three independent experiments. Statistical significance was 

assessed using an unpaired two-tailed Student’s t test. *p<0.05, **p<0.01, ***p<0.001 vs untreated control. 

 

4.3. Generation of PDZD2 Knock-In models 

4.3.1. Insertion of the first modification 

To introduce precise modifications in the PDZD2 locus, three site-specific edits were 

targeted within a single genome editing workflow: (i) insertion of an N-terminal HA epitope 

tag, (ii) introduction of a single-nucleotide substitution at the canonical Caspase-3 (CASP3) 

cleavage site, and (iii) alteration of the NLS signal.  

To enhance HDR efficiency, HEK293 cells were synchronized using nocodazole (NOC). 

After 16 hours of treatment, cell cycle analysis revealed a redistribution of cells, with 

untreated controls showing 52.0% in G1, 11.5% in S, and 23.3% in G2-M, whereas NOC-

treated cells accumulated predominantly in G2-M (50.3%), accompanied by a reduction in G1 

(15.4%) and a modest increase in S phase (17.3%) (Figure 28).  
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 G1 S G2-M 

Untreated HEK293 cells 52% 11,5% 23,3% 

NOC treated HEK293 cells 15,4% 17,3% 50,3% 

 

Figure 28. Representative histograms showing cell cycle distribution of HEK293 cells following 16-hour nocodazole 

(NOC) treatment. The accompanying table summarizes the percentage of cells in G1, S, and G2-M phases for both 

untreated controls and NOC-treated samples. 

 

Subsequently, synchronized cells were electroporated with the three KI constructs. 72 hours 

post-electroporation, targeted sequencing revealed differential editing outcomes: the CASP3 

construct achieved a 13% knock-in rate, while the HA-tag construct reached only 2%. In 

contrast, analysis of the NLS construct demonstrated a high frequency of indels, with 94% of 

alleles carrying knockout-type mutations (Figure 29). 
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Figure 29. Assessment of PDZD2 K efficiency in pooled HEK293 cells 72 hours post-electroporation. The bar graph 

(top) represents the percentage of indels (blue), KO (green) and KI events (red) for NLS, CASP3, and HA constructs. 

The table summarizes editing outcomes, including indel frequency, model fit, and KI scores for each target. Below, 

sequence alignments illustrate the distribution of edited alleles in pooled HA-tagged and CASP3-mutant cells, 

highlighting successful KI events. 

 

 

To evaluate the stability of edits at the clonal level, single-cell cloning was performed 

following three weeks of culture, resulting in the isolation of 13 Non-Targeting Control 

(NTC)-derived clones, 20 HA-tag clones, and 56 CASP3-mutated clones. Among the CASP3-

modified population, two clones (#2 and #36) exhibited complete (100%) KI, consistent with 

biallelic homozygous integration. One additional clone (#55) displayed a KI score of 69%, 

indicative of heterozygous editing, while four other clones (#10, #19, #40, and #25) 

demonstrated high KI efficiencies ranging from 70% to 75% (Figure 30). 
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Figure 30. Targeted sequencing analysis of PDZD2 KI efficiency in clonal HEK293 cell lines. Representative 

sequencing results of individual CASP3-mutant HEK293 clones following HDR-mediated KI. Two clones (#2 and #36) 

exhibited complete biallelic (100%) KI, consistent with homozygous integration. Clone #55 showed partial (69%) KI, 

indicative of heterozygous integration. In addition, four independent clones (#10, #19, #40, and #25) displayed high KI 

efficiencies ranging from 70% to 75%. 

 

 

4.3.2. Secondary insertion of the HA tag in pre-edited clones 

To explore the feasibility of sequential editing, an N-terminal HA tag was introduced into 

clones already carrying homozygous CASP3 edits. Two CASP3 homozygous clones (#2 and 

#36) and one NTC clone (#7) were selected for these experiments. 

As an initial step, the impact of NOC treatment on the cell cycle was reassessed in these clonal 

lines. After 16 hours of exposure, all clones displayed an enrichment of cells in G2-M phase, 

consistent with efficient synchronization. Specifically, the NTC#7 clone showed 17.1% of 

cells in G1, 12.5% in S, and 52.9% in G2-M. CASP3mut clone #2 exhibited 17.4% in G1, 

14.5% in S, and 58.5% in G2-M, while CASP3mut clone #36 displayed 21.3% in G1, 15.1% 

in S, and 51.1% in G2-M (Figure 31). 
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 G1 S G2-M 

 Untreated HEK293 cells 46,9% 13,5% 24,5% 

NTC clone#7 (NOC treated) 17,1% 12,5% 52,9% 

CASP3mut clone#2 (NOC treated) 17,4% 14,5% 58,5% 

CASP3mut clone#36 (NOC treated) 21,3% 15,1% 51,1% 

 

Figure 31. Representative histograms showing cell cycle distribution of HEK293 KI clones following 16-hour 

nocodazole (NOC) treatment. The accompanying table summarizes the percentage of cells in G1, S, and G2-M phases 

for both untreated controls and NOC-treated samples. 

 

 

Following electroporation with the HA construct, KI efficiency was again found to be low. In 

the NTC#7 clone, the HA KI frequency reached 3%, while in CASP3mut clone #2 it was 

limited to 1%. No KI events were detected in CASP3mut clone #36 (Figure 32). 
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Figure 32. Assessment of PDZD2 KI efficiency in HEK293 KI clones 72 hours post-electroporation. The bar graph 

(top) represents the percentage of indels (blue), KO (green) and KI events (red) for HA constructs. The table 

summarizes editing outcomes, including indel frequency, model fit, and KI scores for each target. Below, sequence 

alignments illustrate the distribution of edited alleles in pooled HA-tagged and CASP3-mutant cells, highlighting 

successful KI events. 

 

 

After three weeks of culture, single-cell cloning was performed from the HA KI attempts. 

From the NTC#7HA pool, 7 clones were successfully isolated, while no viable clones could 

be recovered from the CASP3#2HA pool. Sequencing analysis of the NTC#7HA-derived 

clones could not be completed due to the limited number of cells, which precluded robust 

evaluation. Furthermore, re-analysis of the bulk NTC#7HA pool revealed complete loss of the 

HA KI over time: while a KI frequency of 3% had been detected at 72 hours, the modification 

was no longer detectable after three weeks, with efficiency declining to 0% (Figure 33). 
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Figure 33. Assessment of PDZD2 KI efficiency in HEK293 NTC#7-HA pooled cells after 3 weeks in culture. The table 

summarizes editing outcomes, including indel frequency, model fit, and KI scores for each target. Below, sequence 

alignments illustrate the distribution of edited alleles in pooled HA-tagged cells, highlighting successful KI events, if 

present. 
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5. DISCUSSION 
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MDS and AML are hematologic malignancies characterized by ineffective hematopoiesis, impaired 

differentiation of HSCs and profound epigenetic dysregulation. These alterations underlie disease 

heterogeneity and contribute to therapy resistance and leukemic progression, highlighting the need 

for mechanistic insights that can guide therapeutic innovation.  

AZA and VEN represent a promising therapeutic strategy in HR-MDS; however, the precise 

molecular mechanisms driving their combinatorial activity remain largely unknown. Prior research 

has identified genetic alterations that influence response or confer resistance to VEN-based regimens 

in MDS and AML (65,157,158). For instance, BAX mutations, which disrupt the C-terminal α9 helix 

required for mitochondrial localization, occur in ~17% of relapsed AML patients after AZA+VEN 

therapy and contribute to acquired resistance, while they are absent in primary refractory cases 

(159,160). In contrast, BCL2 mutations are rare in MDS and AML. Although BH3-domain–disrupting 

variants, such as G101V and D103Y reported in CLL, could theoretically impair VEN binding, they 

have not been detected in relapsed or refractory AML, highlighting the context-dependent nature of 

BCL2-mediated resistance (160,161). 

In our study, a recurrent frameshift mutation in BCL2 was detected in a subset of HR-MDS patients. 

This mutation is caused by a single nucleotide deletion that introduces a premature stop codon, 

generating a truncated protein of only 96 amino acids. The resulting protein lacks the BH1, BH2, and 

transmembrane domains, retaining only the BH4 domain and part of the BH3 region. Since VEN 

functions as a BH3-mimetic, selectively interacting with the BH3-binding groove of full-length BCL2 

to inhibit its anti-apoptotic activity, this truncation was expected to prevent VEN binding and abrogate 

the protein’s function. Interestingly, the mutation was present in both AZA-only and AZA+VEN 

treatment groups. Among patients receiving AZA alone, the observed response rate of 66.7% aligned 

with previously reported outcomes for this population. Surprisingly, all BCL2-mutated patients 

treated with the combination therapy achieved complete responses. This finding indicates that 

AZA+VEN can induce therapeutic effects even when the canonical VEN target is severely disrupted, 

suggesting the involvement of alternative or compensatory mechanisms. Considering the low variant 

allele frequency (VAF: 2–3%) of the BCL2-mutated clone, coexisting BCL2–wild-type subclones are 

likely to persist, allowing VEN to act canonically, while AZA+VEN may exert additional BCL2-

independent effects in mutated subclones. These observations challenge the current paradigm that 

VEN efficacy is strictly dependent on an intact BH3-binding site. It is possible that the remaining 

portion of BH3 retains some capacity for atypical interactions, which may influence downstream 

signaling pathways. Alternatively, VEN might exert pro-apoptotic activity indirectly, for example by 

inhibiting other anti-apoptotic BCL2 family members. In parallel, AZA-induced epigenetic 

reprogramming may enhance apoptotic priming, compensating for the absence of full-length BCL2 
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and facilitating cell death. It is important to emphasize that the primary aim of our study was not to 

determine whether VEN completely loses binding to the truncated BCL2 protein. Rather, we focused 

on the broader signaling networks affected by AZA and VEN, independent of BCL2 mutational status. 

Understanding these compensatory or adaptive pathways may indeed be critical for refining 

therapeutic strategies and may provide novel insights into mechanisms of sensitivity and resistance 

in myeloid malignancies. Future biochemical, structural, and functional studies will therefore be 

essential to clarify whether the observed responses arise from residual VEN–BCL2 interactions or 

from more global rewiring of apoptotic dependencies. 

Several studies have begun to clarify the molecular basis of AZA and VEN synergy in MDS and 

AML. Key mechanisms include coordinated inhibition of anti-apoptotic proteins through BCL2 

blockade and MCL1 downregulation (61,71), induction of NOXA by AZA to prime cells for 

apoptosis (70,162), disruption of mitochondrial metabolism (68), and modulation of immune and 

oxidative stress pathways (72). Nevertheless, the complexity of response and resistance suggests that 

additional regulatory layers remain uncharacterized. We therefore focused on the interplay between 

apoptotic programs and other signaling networks, including phosphoinositide-dependent cascades 

and survival pathways, which are known to influence MDS biology and treatment outcomes. 

Aberrant inositide-dependent signaling, encompassing PLC/PKC and AKT/GSK3 pathways, has 

been implicated in MDS and AML progression, as well as in modulating responses to AZA and 

mechanisms of resistance (35,113,139,143,144,148). These pathways are tightly interconnected and 

subject to regulation by epigenetic modifications (163) and miRNAs (164), providing a strong 

rationale to investigate how AZA+VEN affects their dynamic regulation in leukemic cells. 

In our cohort of BCL2-mutated responders, AZA+VEN treatment led to notable downregulation of 

PLCG2 and myeloid markers CD11 and CD14 at cycle 4, alongside upregulation of pro-apoptotic 

effectors BIM and BAK1. These results indicate coordinated modulation of PLC signaling, myeloid 

differentiation, and intrinsic apoptotic pathways, suggesting that BCL2 loss-of-function may rewire 

signaling networks to enhance sensitivity to the combination therapy. While these findings were 

obtained in a limited cohort, they support the hypothesis that BCL2 loss-of-function may reconfigure 

leukemic cells signaling pathways in a way that enhances responsiveness to the combination therapy, 

potentially via compensatory pathway activation. 

To dissect treatment-specific effects independent of BCL2 status, patients were stratified into 

Responders and Non-Responders. In the AZA-only group, therapeutic response correlated with early 

induction of PLC isoforms, myeloid differentiation markers, and pro-apoptotic genes. In contrast, 

AZA+VEN responders exhibited selective upregulation of PLCG2 and apoptosis-associated genes, 

supporting the notion that the two treatments engage overlapping but distinct signaling mechanisms. 
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To validate these findings under controlled conditions, we used two AML cell lines with distinct 

therapeutic profiles: MV4-11, a biphenotypic B/myeloid leukemia line harboring FLT3-ITD and 

MLL-AF4 rearrangements, highly sensitive to both AZA and VEN, and THP-1, a monocytic AML 

line with MLL-AF9 translocation, responsive to AZA but relatively resistant to VEN. AZA+VEN 

induced cell cycle arrest in both models, mostly driven by AZA and consistent with its cytostatic 

effect, while detailed analysis of BCL2 pathways revealed additional regulatory layers beyond gene 

expression. In MV4-11, AZA+VEN paradoxically increased BCL2 mRNA but decreased protein 

levels, suggesting post-transcriptional regulation. Apoptotic induction was confirmed by Annexin V 

staining, reduced full-length Caspase-3, and accumulation of cleaved PARP, accompanied by 

upregulation of BIM and BAK1 gene expression. Beyond apoptosis, AZA+VEN selectively 

modulated PLC/PKC signaling in MV4-11 cells, with decreased PLCG2 protein and increased PKCα 

phosphorylation, supporting a broader activation of the PKC pathway despite the downregulation of 

PLCγ2.  These changes were absent in VEN-resistant THP-1 cells. This differential regulation 

translated into lineage-specific differentiation: MV4-11 showed modest upregulation of CD11b and 

CD14, indicative of partial monocytic differentiation, whereas THP-1 cells, already partially 

differentiated at baseline, exhibited stronger induction of CD11b, CD14, and CD33. This supports 

the concept that AZA+VEN can simultaneously induce apoptosis and skew differentiation, with the 

outcome shaped by the baseline signaling architecture and maturation state.  Analysis of the 

AKT/GSK3 axis revealed that AZA-driven suppression of total and phosphorylated AKT occurred 

in both cell lines, suggesting that AKT downregulation is not the primary determinant of VEN 

sensitivity. GSK3 isoforms, instead, displayed model-specific modulation: in MV4-11, AZA+VEN 

reduced GSK3α/β expression and selectively phosphorylated GSK3α, while phosphorylated GSK3β 

remained undetectable, potentially contributing to apoptosis. In THP-1, GSK3 isoforms were largely 

unchanged. Given GSK3β role in post-transcriptional networks, including mRNA and miRNA 

processing, it may also influence key regulators of treatment response in MDS/AML (165). 

Collectively, these data indicate that AZA+VEN elicits a multilayered anti-leukemic response, 

integrating transcriptional, post-transcriptional, and signaling-level changes. These observations 

underscore that therapeutic response encompasses both apoptosis and functional reprogramming, 

while highlighting that resistance likely arises from complex adaptive networks. Future studies, 

including generation of resistant cell lines or introduction of the BCL2 frameshift mutation into 

isogenic models, will be critical to dissect adaptive mechanisms and identify novel vulnerabilities 

exploitable for therapeutic intervention. In addition, larger patient cohorts and integration of multi-

omic data will help define robust biomarkers of response and resistance, while investigation of 

distinct hematopoietic and leukemic subpopulations will clarify differential sensitivity to AZA+VEN. 
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The functional interplay between phosphoinositide signaling and BCL2-regulated apoptosis also 

remains a critical area for mechanistic dissection. In conclusion, our findings support a model in 

which AZA+VEN therapy activates distinct and converging apoptotic and signaling networks, shaped 

by transcriptional, post-transcriptional, and cell type–specific factors. These results lay the 

groundwork for future studies aimed at defining biomarkers of response and resistance and provide a 

mechanistic rationale for personalized therapeutic strategies in high-risk MDS and AML. 

 

Building on these insights, the second aim of this project was to investigate the role of PDZD2 in 

normal hematopoiesis by establishing a robust CRISPR-Cas9 genome editing platform in HEK293 

cells. PDZD2, a poorly characterized gene hypermethylated in nearly 90% of AML cases, was 

selected as a candidate epigenetic regulator. To this end, a precise genome editing strategy was 

developed and optimized at the University of Miami in the laboratory of Dr. Figueroa. This platform 

enables targeted modifications of the PDZD2 locus, providing a foundation to explore how this factor 

may influence normal human hematopoiesis. 

Using this approach, we engineered defined modifications at the PDZD2 locus, including an N-

terminal HA epitope tag to circumvent the lack of validated antibodies for Western blotting, ChIP, 

and related applications, a point mutation at the canonical CASP3 cleavage site, and targeted 

alterations of the NLS signal. The workflow was optimized to maximize HDR efficiency and 

minimize off-target effects, combining careful sgRNA selection via the Alt-R™ CRISPR HDR 

Design Tool with NOC-mediated cell cycle synchronization of HEK293 cells. 

HEK293 cells were chosen as a model system because, although our ultimate goal was to study 

PDZD2 in normal hematopoiesis, particularly within the erythroid lineage (51), hematopoietic cells 

such as HUDEP-2 are challenging to genetically engineer. HEK293 cells provided a tractable 

platform to introduce precise modifications and characterize the molecular, structural, and functional 

properties of PDZD2—including expression patterns, subcellular localization, and interacting 

partners—before translating these findings into more physiologically relevant hematopoietic models. 

Cell cycle analysis confirmed effective synchronization with NOC treatment, redistributing cells 

predominantly into G2-M phase, which is known to favor HDR. This step proved crucial, as the 

baseline cell cycle distribution in untreated HEK293 cells displayed only a minor fraction of cells in 

G2-M, limiting the probability of precise KI events. Interestingly, while the literature generally 

recommends a 1-hour release following NOC treatment to allow cells to progress into G1 before 

electroporation (166,167), we observed that including this release period actually reduced HDR 

efficiency. In contrast, electroporation immediately after NOC treatment resulted in higher KI rates. 

Following electroporation with RNP complexes and HDR donor templates, targeted sequencing of 
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pooled cells revealed differential editing efficiencies among the three loci. The CASP3 site exhibited 

a relatively high KI rate (~13%), whereas the HA-tag construct showed a markedly lower efficiency 

(~2%). In contrast, the NLS locus, which required a larger modification, proved more challenging to 

edit. To facilitate efficient cleavage, two independent sgRNAs were employed to generate a double-

strand break across the extended NLS target region. Despite this strategy, the locus displayed a high 

frequency of indels (~94%), indicating that Cas9 efficiently induced breaks but predominantly 

engaged error-prone repair pathways. These results underscore the intrinsic variability of CRISPR-

Cas9 editing outcomes, influenced by locus-specific chromatin context, target sequence, and repair 

pathway dynamics, as well as by the size and complexity of the intended modification.  

Clonal expansion further confirmed the stability of edits at the CASP3 locus, with two clones 

achieving complete biallelic KI and several additional clones exhibiting high heterozygous KI 

efficiencies (69–75%). In contrast, attempts to sequentially introduce the HA tag in pre-edited CASP3 

clones were largely unsuccessful, with only minimal KI detected in the non-targeting control clone 

and no successful integration in CASP3-edited clones. Moreover, prolonged culture of HA KI pools 

resulted in complete loss of the modification, suggesting limited cellular tolerance or selective 

disadvantage associated with HA integration at this locus. 

Collectively, these findings demonstrate the technical feasibility of introducing precise PDZD2 edits 

using CRISPR-Cas9 while also revealing significant locus-dependent variability and challenges in 

sequential editing strategies. The successful generation of CASP3-mutant clones establishes a reliable 

platform for downstream functional studies, whereas the low efficiency and instability observed for 

HA-tag insertion and NLS modification underscore the need for careful optimization of donor design, 

delivery methods, and clonal selection. Overall, this work provides a foundational framework for 

future genome-editing experiments targeting PDZD2 and other epigenetically regulated loci, enabling 

targeted functional studies in physiologically relevant contexts and facilitating the exploration of 

adaptive pathways as well as validation of candidate regulators. 

Taken together, these two complementary projects converge toward a common goal: elucidating the 

molecular circuits that govern leukemic progression and therapeutic response. While the study of 

AZA+VEN revealed adaptive signaling networks with direct clinical implications, the PDZD2 

genome-editing platform establishes a tractable model to interrogate epigenetic regulators in 

hematopoiesis. Together, they provide a framework that bridges mechanistic insights with innovative 

experimental tools, ultimately advancing our understanding of MDS and AML biology. 
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