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Abstract 
 

Synonymous mutations, once presumed to be biologically silent, are increasingly implicated in the regulation 

of gene expression and disease pathogenesis. In clonal hematopoiesis of indeterminate potential (CHIP), the 

DNA methyltransferase DNMT3A is one of the most frequently mutated genes, including at synonymous 

positions. However, the regulatory consequences of such variants remain largely uncharacterized. In this 

study, we functionally interrogated synonymous DNMT3A mutations using a dual approach: CRISPR/Cas9-

mediated genome editing in THP-1 monocytic cells and overexpression-based transcript decay assays. 

Genome editing workflows were systematically optimized for suspension hematopoietic cells, identifying the 

FF100 nucleofection program as optimal for balancing transfection efficiency and cell viability. While 

homology-directed repair (HDR) remained inefficient despite nocodazole-mediated synchronization, a 

monoallelic clone bearing a patient-derived synonymous mutation was successfully isolated alongside 

multiple knockout lines. Western blot and enzymatic assays confirmed almost complete protein and 

functional loss in specific clones, while others retained partially functional or even hypomorphic DNMT3A 

variants. Notably, these protein-level effects were not always predictable from genomic edits alone, 

underscoring the need for direct protein validation. Transcriptomic analysis via RT-qPCR demonstrated that 

synonymous DNMT3A mutations can significantly modulate mRNA abundance and stability, with individual 

variants accelerating or delaying transcript decay relative to wildtype. A short 2-hour transcriptional arrest 

time course further resolved acute stability effects that were masked in longer assays. These findings provide 

direct evidence that synonymous substitutions in DNMT3A exert functional regulatory effects at the post-

transcriptional level, challenging the long-standing assumption of their neutrality. By coupling genome 

engineering with high-resolution RNA stability profiling, this study expands the functional spectrum of 

DNMT3A mutations relevant to CHIP and highlights the importance of mRNA-centric regulatory mechanisms 

in hematopoietic disease. 
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Resumo 
 

As mutações sinónimas, historicamente consideradas neutras do ponto de vista biológico, têm vindo a ser 

cada vez mais reconhecidas como moduladores da expressão génica e potenciais contribuintes para a 

patogénese de várias doenças. No contexto da hematopoiese clonal de potencial indeterminado (CHIP), o 

gene DNMT3A, codificador de uma DNA metiltransferase essencial, é um dos mais frequentemente mutados, 

incluindo a nível de posições sinónimas. No entanto, as consequências regulatórias destas variantes 

permanecem, em grande parte, por esclarecer. Neste estudo, foi realizada uma caracterização funcional de 

mutações sinónimas em DNMT3A, combinando abordagens de edição genómica via CRISPR/Cas9 em células 

monocíticas humanas THP-1 com ensaios de sobre-expressão para análise da estabilidade do mRNA. O 

protocolo de nucleofecção foi sistematicamente optimizado para células hematopoiéticas em suspensão, 

tendo sido identificado o programa FF100 como o mais eficaz, conciliando eficiência de transfeção com 

viabilidade celular. Apesar da tentativa de aumentar a eficiência da reparação dirigida por homologia (HDR) 

através de sincronização do ciclo celular com nocodazol, a maioria dos eventos de reparação ocorreu por 

junção de extremidades não homólogas (NHEJ). Ainda assim, foi possível isolar um clone monoalélico com 

uma mutação sinónima derivada de doente, bem como múltiplas linhas knockout. A análise por Western blot 

e ensaios de atividade enzimática confirmaram a perda completa de proteína e função em determinados 

clones, enquanto outros revelaram formas hipomórficas ou parcialmente funcionais de DNMT3A. Estes 

efeitos ao nível proteico não foram sempre previsíveis com base apenas nas alterações genómicas, 

sublinhando a necessidade de validação funcional direta. A caracterização transcricional por RT-qPCR 

demonstrou que mutações sinónimas em DNMT3A podem modular significativamente a abundância e 

estabilidade do mRNA, com variantes individuais a promoverem tanto o aumento como a redução da 

estabilidade transcricional em relação ao alelo selvagem. Uma análise de curta duração (2 horas) após 

bloqueio transcricional permitiu identificar efeitos agudos de destabilização, que se encontravam 

parcialmente mascarados em ensaios de maior duração. Estes resultados constituem evidência direta de que 

substituições sinónimas em DNMT3A têm efeitos funcionais a nível pós-transcricional, desafiando a 

tradicional presunção de neutralidade destas variantes. Através da integração de engenharia genómica com 

perfis de estabilidade de mRNA de alta resolução, este trabalho amplia o espectro funcional de mutações 

relevantes em DNMT3A no contexto da hematopoiese clonal e destaca a importância de mecanismos 

regulatórios centrados no mRNA em doenças hematológicas. 
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1. Introduction 

1.1. Hematopoiesis and Clonal Dominance 
 

Hematopoiesis is the tightly regulated biological process by which the body generates all mature blood cell 

types from a pool of undifferentiated hematopoietic stem cells (HSCs). This process occurs predominantly in 

the bone marrow and ensures continuous production of erythrocytes, leukocytes, including neutrophils, 

eosinophils, basophils, monocytes/macrophages, T lymphocytes, B lymphocytes, and natural killer (NK) cells, 

as well as thrombocytes (platelets) derived from megakaryocytes (Belyavsky et al., 2021; Udroiu & Sgura, 

2021). On average, approximately 100 billion blood cells are produced per day in healthy adult humans to 

maintain hematopoietic homeostasis and support immune surveillance, oxygen transport, and hemostasis. 

At the apex of the hematopoietic hierarchy are long-term repopulating hematopoietic stem cells (LT-HSCs), 

a rare population of quiescent, self-renewing cells characterized by multipotency, the capacity to generate 

all mature hematopoietic lineages (Komic et al., 2025). These HSCs give rise to short-term HSCs and a broader 

pool of hematopoietic progenitor cells (HPCs), including multipotent progenitors (MPPs), which lack long-

term self-renewal capacity but retain lineage plasticity. Further lineage commitment results in the formation 

of oligopotent progenitors such as common myeloid progenitors (CMPs) and common lymphoid progenitors 

(CLPs), which then differentiate into mature cell types through defined transcriptional and epigenetic 

programs (Laurenti & Göttgens, 2018; Mende & Laurenti, 2021). HSC fate is governed by a dynamic balance 

between quiescence, symmetric self-renewal (producing two daughter HSCs), asymmetric division 

(producing one HSC and one progenitor cell), and differentiation. Under homeostatic conditions, the majority 

of LT-HSCs are maintained in a quiescent (G₀) state within specialized bone marrow niches. These niches 

supply essential nutrients and “state-maintaining” cytokines and likely shield LT-HSCs from 

immune-mediated attacks. The protection from replication-induced DNA damage, however, arises 

specifically from their quiescent state itself, as cells in G₀ do not enter S-phase and therefore avoid DNA 

replication–associated lesions, thereby preserving their long-term regenerative potential (Eaves, 2015). 

However, in response to physiological stressors such as infection, hemorrhage, or inflammation, HSCs are 

rapidly activated to proliferate and replenish blood cell populations (Zhao & Deininger, 2023; Komic et al., 

2025). 

The prolonged lifespan and replicative capacity of HSCs predispose them to the gradual accumulation of 

somatic mutations. While many of these mutations are functionally neutral, some confer a competitive 

advantage, enabling specific clones to expand disproportionately within the hematopoietic compartment. 

This phenomenon, known as clonal hematopoiesis (CH), is defined by the expansion of hematopoietic clones 
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harboring recurrent somatic mutations in the absence of cytopenias or hematologic malignancy (Yamashita 

et al., 2020; Kusne et al., 2022; Ortmann et al., 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Taken from Yamashita et al., 2020. The human hematopoietic hierarchy. LT-HSC = Long-term hematopoietic stem cell. 
ST-HSC = Short-term hematopoietic stem cell. MPP = Multipotent progenitor. CLP = Common lymphoid progenitor. CMP = Common 
myeloid progenitor. MEP = Megakaryocyte–erythrocyte progenitor. GMP = Granulocyte–macrophage progenitor. B = B cell. T = T 
cell. NK = Natural killer cell. DC = Dendritic cell. E = Erythrocyte. Mk = Megakaryocyte. G = Granulocyte. Mac = Macrophage. 

CH is thought to originate from single HSCs or early progenitor cells that acquire mutations affecting genes 

involved in epigenetic regulation (DNMT3A, TET2, ASXL1), RNA splicing (SRSF2, SF3B1, U2AF1), signal 

transduction (JAK2, CBL), or DNA damage response (TP53) (Noubouossie et al., 2017). These mutations confer 

increased self-renewal, resistance to apoptosis, or enhanced inflammatory resilience, promoting clonal 

outgrowth and displacement of wild-type HSCs (Greaves & Maley, 2012; von Bonin et al., 2021). Clonal 

hematopoiesis is detectable through high-depth next-generation sequencing of peripheral blood 

mononuclear cells, with prevalence increasing sharply with age, approximately 10% of individuals aged 65 

and over, and over 20% of those aged 80 and above, carry detectable CH-associated mutations (Fuster et al., 

2018). 
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A clinically defined subset of CH, termed clonal hematopoiesis of indeterminate potential (CHIP), is diagnosed 

when a somatic mutation in a leukemia-associated driver gene is present at a variant allele frequency (VAF) 

of ≥2% without accompanying cytopenias or evidence of a hematologic neoplasm (Marnell et al., 2021; Reed 

et al., 2023). CHIP is associated with a 0.5–1.0% annual risk of progression to hematologic malignancies, 

particularly myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML) (Genovese et al., 2014). 

However, recent studies have also shown that CH, even in the absence of CHIP-level mutations, is associated 

with elevated risks of cardiovascular disease, atherosclerosis, ischemic stroke, and overall mortality (Jaiswal 

& Ebert, 2019; Xie & Zeidan, 2023). The pathobiology of CHIP and CH involves the expansion of HSC clones 

with altered transcriptional, inflammatory, and metabolic profiles. For example, loss-of-function mutations 

in TET2 and DNMT3A have been shown to reduce DNA demethylation and alter cytokine signaling pathways, 

enabling clonal dominance in pro-inflammatory microenvironments (Wang et al., 2022). Such mutated clones 

produce myeloid-biased progeny with increased secretion of inflammatory mediators (e.g., IL-6, TNF-α), 

which can exacerbate vascular dysfunction and contribute to non-hematologic pathology (Cai et al., 2018; 

Tall & Fuster, 2022). These findings reinforce that CH is not merely a precursor to leukemia but a systemic 

condition with broad clinical relevance (Caiado et al., 2025). 

The development of CH is driven by both intrinsic (genetic/epigenetic) and extrinsic (environmental) factors. 

Aging remains the strongest known risk factor, but exposure to ionizing radiation, cytotoxic chemotherapy, 

tobacco smoke, and chronic inflammation significantly accelerates the acquisition and selection of 

pathogenic mutations (Fujino et al., 2022). Notably, even in the absence of progression to malignancy, the 

presence of CH or CHIP is associated with adverse outcomes and warrants consideration in both clinical and 

research settings (Reed et al., 2023). 

 

 

 

 

 

 

 

 

 

Figure 2. Taken from Gaulin et al., 2022. Molecular pathways in clonal hematopoiesis of indeterminate potential (CHIP). HSC = 
Hematopoietic stem cell. CHIP = Clonal hematopoiesis of indeterminate potential. DNMT3A = DNA methyltransferase 3A. TET2 = 
Tet methylcytosine dioxygenase 2. ASXL1 = Additional sex combs-like 1. PPM1D = Protein phosphatase, Mg2+/Mn2+ dependent 1D. 
TP53 = Tumor protein p53. JAK2 = Janus kinase 2. ROS = Reactive oxygen species. CVD = Cardiovascular disease. AML = Acute 
myeloid leukemia. 
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1.2. The Impact of Clonal Hematopoiesis on Chronic Heart Diseases 
 

Beyond its role in hematologic contexts, CHIP has been identified as a significant age-related risk factor for 

non-hematologic conditions, most notably cardiovascular disease (CVD) (Zha et al., 2024). Population-based 

genomic studies indicate that by age 70, between 20% and 50% of individuals harbor a detectable CHIP clone, 

defined by somatic mutations in leukemia-associated genes at variant allele frequencies (VAFs) ≥2% 

(Natarajan et al., 2023). Importantly, CHIP is associated with a ~1.9-fold increased risk of incident coronary 

heart disease (CHD) and stroke (Todorovski et al., 2025), and an estimated 40% increase in all-cause 

mortality, primarily attributable to cardiovascular morbidity (Cao et al., 2023). CHIP carriers experiencing 

myocardial infarction, heart failure, or cardiogenic shock have consistently poorer outcomes, including higher 

mortality and increased incidence of recurrent events (Doehner et al., 2023; Dorsheimer et al., 2020). 

Mechanistically, CHIP drives cardiovascular pathology through dysregulated immune responses and chronic 

low-grade inflammation (Wang et al., 2025). Mutations in CHIP-associated genes, particularly DNMT3A and 

TET2, skew myeloid cell differentiation, enhance IL-1β and IL-6 production, and potentiate NLRP3 

inflammasome activation, contributing to accelerated atherogenesis and impaired cardiac remodeling 

(Gonzalez et al., 2024). These mutant myeloid cells exhibit prolonged lifespan, altered metabolic profiles, and 

increased tissue infiltration, establishing a feedforward loop in which inflammation promotes further clonal 

expansion (Strauss et al., 2021). 

Among CHIP-associated mutations, those in DNMT3A (DNA methyltransferase 3 alpha) are by far the most 

prevalent, accounting for 35–45% of all CHIP cases (Venugopal et al., 2021; Marnell et al., 2021). Initially 

identified in acute myeloid leukemia (AML) as early founder lesions (Ley et al., 2010; Yan et al., 2011), 

DNMT3A mutations are predominantly missense substitutions at residue R882 (disrupting tetramer 

formation) or loss-of-function truncating variants. These mutations impair DNMT3A’s function as a de novo 

methyltransferase responsible for catalyzing cytosine methylation at CpG dinucleotides, genomic regions 

where a cytosine is followed by a guanine in the 5’ to 3’ direction, and which serve as regulatory hotspots 

enriched in gene promoters, enhancers, and transcription factor binding sites (Challen et al., 2012). Proper 

methylation of CpG elements is essential for epigenetic silencing of lineage-inappropriate genes and 

maintenance of hematopoietic stem cell identity (Krämer, 2023). Disruption of DNMT3A-mediated CpG 

methylation leads to focal hypomethylation, particularly at distal enhancers and polycomb-regulated loci, 

resulting in aberrant expression of genes involved in stem cell maintenance and immune signaling (Guo, 

2023). Functionally, Dnmt3a-deficient murine HSCs demonstrate a significantly increased self-renewal 

capacity, reduced myeloid and lymphoid differentiation, and outcompete wild-type HSCs in serial 

transplantation assays (Gundry et al., 2016). These clones exhibit enhanced proliferation, resistance to 
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apoptosis, and impaired repression of proinflammatory programs via IL-6/STAT3 signaling, contributing to 

both clonal dominance and systemic inflammation (Bhat et al., 2022). From a cellular perspective, DNMT3A-

mutant clones display impaired DNA damage responses, increased proliferation, and enhanced cytokine 

signaling via the IL-6/STAT3 axis (Kallikourdis et al., 2025). Somatic mosaicism in DNMT3A, when confined to 

hematopoietic lineages, exemplifies the principles of selective somatic evolution (Nam et al., 2022). Most 

mutations that arise in somatic tissues due to endogenous replication errors or environmental insults are 

either neutral, having no measurable effect on cellular function, or deleterious, impairing gene expression, 

protein function, or regulatory integrity. While some neutral mutations are synonymous (silent) mutations 

that do not change the amino acid sequence, functional neutrality can also arise from non-synonymous or 

non-coding mutations that do not affect cellular fitness (Vijg et al., 2023). Neutral mutations typically 

accumulate passively in noncoding or non-functional regions and do not alter cell behavior (Díaz Navarro, 

2022). In contrast, deleterious mutations disrupt essential cellular processes, such as DNA replication, cell 

cycle regulation, or metabolic homeostasis, and are subject to purifying selection, leading to their removal 

via intrinsic apoptosis, stress-induced senescence, or immune-mediated clearance (Yang et al., 2025). These 

mutations, which frequently affect the methyltransferase domain (e.g., R882H/C) or truncate the protein, 

result in partial loss-of-function phenotypes that reprogram the DNA methylation landscape without inducing 

cytotoxic stress (Karpova et al., 2025). Consequently, DNMT3A-mutant hematopoietic stem cells (HSCs) 

retain viability while acquiring a selective advantage characterized by enhanced self-renewal, impaired 

differentiation, and increased resistance to apoptotic cues (Huang et al., 2024). Empirical estimates from 

longitudinal sequencing data indicate that these mutant clones expand at a rate of approximately 10–15% 

per year, particularly within aged HSC compartments or under genotoxic stress, such as cytotoxic therapy or 

chronic inflammation (Buscarlet et al., 2017). The persistence and expansion of such clones emphasizes the 

capacity of specific somatic mutations to circumvent negative selection and reshape hematopoietic 

architecture through non-malignant, yet pathophysiological significant, clonal dominance (Mitra et al., 2024). 

Taken together, DNMT3A mutations represent a prototypical driver of age-related clonal hematopoiesis 

(Fabre et al., 2025). Their high prevalence defines epigenetic mechanisms, and the pleiotropic impact on 

immune function and inflammation provides a compelling rationale for focused investigation. CHIP, and 

DNMT3A-driven clones in particular, represent a bridge between somatic evolution, epigenetic deregulation, 

and non-malignant disease progression. 

1.3. DNTM3A Synonymous Mutations: Silent Changes with Functional Consequences 

The human DNMT3A gene spans 23 exons on chromosome 2p23.3 and gives rise to multiple isoforms through 

alternative splicing, with two predominant protein products: DNMT3A1 (130 kDa) and DNMT3A2 (100 kDa) 

(Huang & Aghaei-Zarch, 2024; Venugopal et al., 2021). DNMT3A1 includes a complete N-terminal regulatory 
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domain, while DNMT3A2 lacks the first 219 amino acids, which alters its nuclear localization and chromatin 

targeting (Smith & Meissner, 2013). In the hematopoietic system, DNMT3A is robustly expressed in LT-HSCs 

and ST-HSCs, MPPs, and committed myeloid progenitors, with expression decreasing progressively during 

terminal differentiation (Chen et al., 2023). 

Pathogenic DNMT3A variants observed in CHIP and hematologic malignancies comprise a broad spectrum of 

alterations, including missense mutations, most commonly at the R882 codon within the C-terminal catalytic 

domain, which destabilize the tetrameric conformation required for full enzymatic activity; nonsense 

mutations that introduce premature stop codons and result in truncated, non-functional proteins; frameshift 

insertions or deletions that trigger nonsense-mediated decay. In addition, splice-site mutations frequently 

compromise the integrity of specific exons. Importantly, these exons may be coding exons, which directly 

contribute nucleotide sequences that are translated into the protein, or regulatory/non-coding exons, which 

are transcribed but not translated and instead play essential roles in regulating splicing, transcript stability, 

or translation efficiency. Disruption of either class can lead to aberrant DNMT3A isoforms with impaired or 

altered function, underscoring the critical contribution of both coding and non-coding elements to the gene’s 

proper expression and enzymatic activity (Grossmann et al., 2011). The R882H and R882C mutations, in 

particular, confer dominant-negative effects by incorporating catalytically inactive subunits into functional 

methyltransferase complexes, thereby suppressing DNA methylation even in the presence of a wild-type 

allele (Kunert, 2024). Both monoallelic and biallelic mutations have been reported, with monoallelic variants 

being significantly more prevalent in CHIP and adult acute myeloid leukemia (AML), whereas biallelic lesions 

are rare and often associated with aggressive disease phenotypes (Klco et al., 2021). 

Functionally, DNMT3A mutations, especially loss-of-function frameshift and R882 substitutions, induce 

global and site-specific hypomethylation at CpG dinucleotides, particularly in intergenic enhancers, 

polycomb-regulated regions, and developmentally important promoters (Li, 2023). CpG dinucleotides are 

cytosine-guanine nucleotides connected by a phosphodiester bond on the same DNA strand. These sites 

serve as key genomic elements where DNA methylation typically represses transcriptional activation (Zahoor 

et al., 2025). Proper methylation of CpG sites ensures the stable repression of lineage-inappropriate or 

stemness-related genes, a process required for epigenetic homeostasis and fidelity of lineage commitment. 

Disruption of this repression in DNMT3A-mutant cells leads to derepression of self-renewal-associated genes, 

such as Meis1, Gata2, and Hox family members, while concurrently impeding the activation of 

differentiation-specific programs (Ferreira et al., 2016; Jeong et al., 2018). This shift in the epigenetic 

landscape results in hematopoietic stem cell expansion, delayed differentiation, and the persistence of 

clonally derived multipotent progenitors (Brown, 2022). Mouse models of conditional Dnmt3a deletion 

exhibit enhanced serial repopulation potential, resistance to apoptosis, and accumulation of transcriptionally 
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dysregulated HSCs (Hormaechea-Agulla et al., 2021). However, these models typically do not develop 

leukemia in the absence of additional cooperating mutations, indicating that DNMT3A mutations prime the 

hematopoietic compartment for transformation but are insufficient to drive leukemogenesis independently 

(Basheer et al., 2021). 

The role of DNMT3A must be contextualized within the broader dynamics of DNA methylation, which is 

regulated by three primary methyltransferases: DNMT1, DNMT3A, and DNMT3B (Tajima et al., 2022). DNMT1 

maintains existing methylation patterns during S-phase by recognizing hemi-methylated DNA and restoring 

full methylation on daughter strands. Loss of DNMT1 activity during replication leads to passive 

demethylation, resulting in transcriptional instability and impaired cell fate fidelity (Turpin et al., 2022). In 

contrast, DNMT3A and DNMT3B catalyze de novo methylation during development and in response to 

lineage-instructive cues (Smith & Meissner, 2013). The methylation marks they establish are reversible 

through the action of the ten-eleven translocation (TET) dioxygenase family (TET1, TET2, TET3), which oxidize 

5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) and promote active demethylation. Loss-of-

function mutations in TET2, another gene commonly mutated in CHIP, result in aberrant DNA 

hypermethylation (Ito et al., 2010, 2011; Ko et al., 2010). In contrast, DNMT3A mutations, particularly those 

involving catalytic domain disruption, lead to persistent hypomethylation of critical hematopoietic regulatory 

loci. These methylation defects are not only present in leukemic cells but also in phenotypically normal clonal 

HSCs, establishing an epigenetic substrate for malignant progression (Buscarlet et al., 2017). 

Although regarded as biologically inert, synonymous mutations in DNMT3A are increasingly implicated in 

functional dysregulation (Lue, 2023). Synonymous mutations are nucleotide substitutions occurring within 

coding sequences that do not result in an amino acid change due to the redundancy of the genetic code 

(Sauna & Kimchi-Sarfaty, 2011).  Recent studies demonstrate that synonymous substitutions can alter mRNA 

secondary structure, codon usage bias, translational kinetics, and even exon inclusion by modulating splicing 

enhancer or silencer elements (Oelschlaeger, 2024). In DNMT3A, synonymous variants may therefore affect 

isoform ratios, ribosomal pausing, or post-transcriptional regulation, contributing subtly but significantly to 

altered protein abundance or folding dynamics (Zhang, 2023). These effects may be particularly relevant in 

the context of CHIP, where even small perturbations in enzyme activity can shift the clonal fitness landscape. 

The clinical implications of DNMT3A mutations extend beyond hematologic malignancy (Khrabrova, 2021; 

Jaiswal et al., 2017). CHIP driven by DNMT3A mutations is increasingly recognized as a major 

independent risk factor for cardiovascular disease, particularly heart failure and post-infarction 

complications (Jaiswal et al., 2017; Sano et al., 2018; Yu et al., 2023). Clinical cohort studies have 

demonstrated that individuals with CHIP carrying DNMT3A or TET2 mutations exhibit increased mortality 

following myocardial infarction and are at higher risk of developing chronic heart failure (Jaiswal et al., 2017; 
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Yu et al., 2023). The mechanistic basis involves altered immune cell output from mutant clones, leading to 

skewing of monocytes and macrophages toward a pro-inflammatory phenotype, enhanced IL-1β production, 

and activation of the NLRP3 inflammasome (Sano et al., 2018; Fuster et al., 2017). These 

inflammatory pathways contribute to endothelial dysfunction, cardiac fibrosis, and adverse 

remodeling (Fuster et al., 2017; Sano et al., 2018). Experimental murine models of Dnmt3a-deficient 

hematopoiesis confirm that inhibition of IL-1β signaling can ameliorate left ventricular dysfunction, 

highlighting the therapeutic relevance of targeting inflammatory circuits in CHIP-related 

cardiovascular disease (Sano et al., 2018). Moreover, mosaic loss of the Y chromosome (LOY), 

which frequently co-occurs with DNMT3A mutations in aging males, further amplifies cardiac risk by 

impairing immune surveillance and promoting profibrotic myeloid activation (Sano et al., 2022). Collectively, 

these findings emphasize the pathogenic relevance of DNMT3A mutations in systemic disease and 

establish CHIP as a critical determinant of cardiovascular outcomes (Yu et al., 2023; Sano et al., 2022). 

1.4. Molecular Mechanisms of DNMT3A in Epigenetic Regulation 

Epigenetic regulation is particularly relevant in the context of DNMT3A, where precise spatiotemporal control 

of transcript and protein abundance is essential for the maintenance of hematopoietic stem cell identity and 

epigenetic homeostasis (Guryanova et al., 2016; Gaulin et al., 2022). 

Mechanistically, synonymous mutations may alter the thermodynamic stability and secondary structure of 

mRNA, thereby influencing transcript folding, subcellular localization, and interactions with RNA-binding 

proteins (Hunt et al., 2014; Shen et al., 2022). Altered mRNA conformation can perturb the efficiency of 

ribosome loading and elongation, with consequences for translation fidelity and the kinetics of co-

translational protein folding (Sauna & Kimchi-Sarfaty, 2011; Supek et al., 2014).  Codon usage bias, shaped 

by the differential abundance of tRNA isoacceptors, determines translation elongation rates and is tightly 

coupled to nascent chain folding trajectories (Hanson & Coller, 2018). Substitution of a frequently used 

(optimal) codon with a rare synonymous codon can induce ribosomal pausing or stalling, increasing the risk 

of translational infidelity or proteostatic stress (Sauna & Kimchi-Sarfaty, 2011; Shen et al., 2022). Conversely, 

replacement of a suboptimal codon with a more efficiently decoded synonym may accelerate elongation and 

disrupt the folding of discrete protein domains. These effects are particularly consequential for multidomain 

proteins or enzymes with stringent structural requirements, such as DNMT3A (Guryanova et al., 2016). 

In addition to modulating translation dynamics, synonymous mutations can interfere with the fidelity of pre-

mRNA splicing. Although they do not alter the encoded amino acid, these substitutions can disrupt exonic 

splicing enhancers or silencers, which are critical for accurate recognition of exon-intron junctions by the 

spliceosome (Supek et al., 2014; Hunt et al., 2014). Functional disruption of these cis-regulatory elements 
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can result in aberrant exon skipping, intron retention, or activation of cryptic splice sites. In genes with 

complex splicing architectures or weak consensus splice motifs, such as DNMT3A, these alterations may 

generate aberrant isoforms with modified stability, localization, or enzymatic function (Gaulin et al., 2022; 

Guryanova et al., 2016). Moreover, changes to exon definition may affect the inclusion of regulatory protein 

domains, thereby compromising catalytic activity or interaction with chromatin-associated partners 

(Guryanova et al., 2016). 

Synonymous mutations may also affect mRNA half-life by altering codon usage or disrupting regulatory 

motifs embedded within the coding region. Codon identity and distribution can influence the recruitment of 

RNA-binding proteins that modulate transcript decay through deadenylation, decapping, or nonsense-

mediated decay pathways (Hanson & Coller, 2018; Hunt et al., 2014). Consequently, synonymous variants 

can shift the steady-state abundance of the mRNA transcript independently of transcriptional regulation, 

leading to quantitative alterations in protein output. This phenomenon is particularly relevant in genes such 

as DNMT3A, where tight regulation of protein expression is essential, and even minor deviations in protein 

levels can disrupt epigenetic programming and compromise lineage fidelity in hematopoietic stem cells 

(Gaulin et al., 2022; Guryanova et al., 2016). 

In clonal hematopoiesis, where selection acts gradually on small differences in cellular fitness, subtle changes 

in DNMT3A expression or activity resulting from synonymous mutations may yield a measurable selective 

advantage at the clonal level (Gaulin et al., 2022; Shen et al., 2022). While the majority of CHIP-associated 

DNMT3A mutations are protein-altering (e.g., R882H/C or frameshifts), the potential contribution of 

synonymous mutations to clonal selection has been underexplored. Recent studies integrating codon 

substitution models, RNA secondary structure predictions, and ribosome profiling suggest that select 

synonymous variants in regulatory genes may be subject to positive selection, particularly when affecting 

translational efficiency, splicing fidelity, or transcript stability (Shen et al., 2022; Supek et al., 2014). 

Taken together, these findings highlight that synonymous mutations, although silent at the level of primary 

protein sequence, can modulate multiple layers of gene expression regulation. In the case of DNMT3A, such 

variants may influence the epigenetic landscape indirectly by altering protein dosage, folding dynamics, or 

isoform composition, thereby contributing to hematopoietic clonal expansion and disease predisposition 

(Gaulin et al., 2022; Guryanova et al., 2016). Continued investigation into the non-canonical effects of 

synonymous variation is warranted to elucidate their functional relevance in clonal hematopoiesis and 

related pathologies (Shen et al., 2022; Supek et al., 2014). 
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1.5. CRISPR/Cas9 as a Tool for Genome Editing 

CRISPR/Cas9 genome editing represents a fundamental advancement in molecular biology, enabling precise 

and programmable modification of endogenous genomic loci in mammalian cells (Doudna & Charpentier, 

2014; Hsu et al., 2014). This system, derived from the adaptive immune machinery of prokaryotes, comprises 

a single-guide RNA (sgRNA) that directs the Cas9 endonuclease to a complementary DNA sequence adjacent 

to a protospacer adjacent motif (PAM), typically 5'-NGG-3' for Streptococcus pyogenes Cas9 (SpCas9) (Jinek 

et al., 2012; Hsu et al., 2014). Upon DNA binding, Cas9 introduces a double-strand break (DSB) three 

nucleotides upstream of the PAM site (Jinek et al., 2012). 

The cellular response to Cas9-mediated DSBs is governed by two principal DNA repair pathways: non-

homologous end joining (NHEJ) and homology-directed repair (HDR) (Ceccaldi et al., 2016; Yeh et al., 

2019).  NHEJ is an error-prone mechanism active throughout the cell cycle and is the predominant repair 

pathway in most mammalian cell types. It rejoins DNA ends without a homologous template, frequently 

introducing small insertions or deletions (indels) at the cleavage site, thereby disrupting open reading frames 

and leading to gene knockout (Ceccaldi et al., 2016; Yeh et al., 2019). HDR, by contrast, is a high-fidelity repair 

mechanism that utilizes a homologous donor DNA template, either a single-stranded oligodeoxynucleotide 

(ssODN) or double-stranded DNA (dsDNA), to precisely repair the DSB. This pathway enables the introduction 

of defined nucleotide substitutions, small insertions, or epitope tags (Yeh et al., 2019; Richardson et al., 

2016). HDR is predominantly active during the S and G2 phases of the cell cycle, and strategies to enhance 

HDR efficiency include cell cycle synchronization, small-molecule inhibition of NHEJ (e.g., DNA-PK inhibitors), 

and optimized design of homology arms (Maruyama et al., 2015; Yeh et al., 2019). 

CRISPR/Cas9 components can be delivered into mammalian cells in various formats: plasmid DNA encoding 

Cas9 and sgRNA, in vitro transcribed mRNA (allowing for transient Cas9 expression), or preassembled 

ribonucleoprotein (RNP) complexes composed of recombinant Cas9 protein and synthetic sgRNA (Kim et al., 

2014; Liang et al., 2015; Lino et al., 2018). Among these, RNP delivery is advantageous due to its immediate 
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activity upon cytoplasmic entry and transient expression profile, which minimizes off-target effects and 

genomic integration risks (Kim et al., 2014; Liang et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. CRISPR/Cas9 gene editing outcomes via non-homologous end joining (NHEJ) and homology-directed repair (HDR). Cas9, 
guided by a single-guide RNA (sgRNA), introduces a double-strand break at a specific genomic site near a PAM sequence. The break 
can be repaired by NHEJ, which often causes insertions or deletions that disrupt the gene, or by HDR, which uses a donor DNA 
template to introduce precise genetic changes. Figure created with BioRender.com. 

Multiple delivery platforms have been developed to facilitate the intracellular uptake of CRISPR/Cas9 

components (Lino et al., 2018; Wang et al., 2023). Electroporation and nucleofection are widely used for both 

adherent and suspension cells, including primary cells, due to their capacity to transiently permeabilize the 

plasma membrane via electrical pulses, allowing direct entry of RNPs or nucleic acids into the cytoplasm and 

nucleus (Kim et al., 2014; Lino et al., 2018). Nucleofection, a variant of electroporation optimized for nuclear 

delivery, has shown superior efficiency in hard-to-transfect cell types, including hematopoietic stem and 

progenitor cells (Lino et al., 2018; Mock et al., 2014). Lipofection utilizes cationic lipid-based carriers that 

encapsulate CRISPR components and mediate cellular uptake through endocytosis, while suitable for 

adherent cell lines, its efficiency is reduced in primary or suspension cells (Lino et al., 2018; Wang et al., 

2023).  Viral vectors, such as lentiviruses and adeno-associated viruses (AAV), offer high transduction 

efficiency and sustained expression of CRISPR elements, but raise concerns related to insertional 

mutagenesis and long-term Cas9 activity, making them less desirable for applications requiring transient 

expression or clinical translation (Lino et al., 2018; Wang et al., 2023). 
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To mitigate off-target activity, numerous high-fidelity Cas9 variants (e.g., SpCas9-HF1, eSpCas9, HypaCas9) 

and truncated sgRNAs have been developed to enhance sequence specificity (Kleinstiver et al., 2016; 

Slaymaker et al., 2016; Chen et al., 2017). Computational tools integrating chromatin accessibility, GC 

content, and sequence context are also employed to optimize sgRNA design and minimize unintended 

genomic alterations (Doench et al., 2016; Wang et al., 2023). Additionally, emerging platforms such as base 

editors and prime editors offer DSB-independent genome modification by catalyzing single-nucleotide 

conversions or small edits via tethered deaminase or reverse transcriptase domains, thereby expanding the 

functional capacity of CRISPR systems while reducing genotoxic risk (Anzalone et al., 2020; Komor et al., 2016; 

Wang et al., 2023). 

 

 

 

 

 

 

 

 

Figure 4. Overview of common delivery methods for CRISPR/Cas9 components. Gene editing tools such as plasmid DNA, RNA, or 
ribonucleoprotein complexes (RNPs) can be introduced into cells through various methods: lipofection (lipid-mediated uptake), 
electroporation (electric field-induced membrane permeabilization), microinjection (direct cytoplasmic or nuclear delivery), and 
viral transduction (vector-mediated gene transfer using viruses such as lentivirus or AAV). Each method varies in efficiency, cell type 
compatibility, and risk of genomic integration. Figure created with BioRender.com. 

In summary, CRISPR/Cas9 genome editing enables targeted gene disruption via NHEJ and precise sequence 

modification via HDR, facilitated by a diverse array of delivery strategies tailored to specific cell types and 

experimental objectives (Doudna & Charpentier, 2014; Lino et al., 2018; Yeh et al., 2019). Continued 

refinement of editing fidelity, delivery efficiency, and repair pathway modulation will further enhance the 

utility of CRISPR/Cas9 as a tool for dissecting gene function and modeling human disease (Hsu et al., 2014; 

Yeh et al., 2019; Wang et al., 2023). 
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2. Hypothesis and aims 

This project investigates the hypothesis that synonymous mutations in the DNMT3A gene, mutations 

traditionally considered silent due to their minimal impact on amino acid sequences, can, in fact, influence 

gene function and contribute to disease. Although these variants do not alter protein coding, their presence 

in patients with chronic heart failure and their known involvement in leukemia suggest they may play a 

regulatory role at the RNA or translational level. This research aims to uncover the molecular mechanisms 

through which such mutations affect DNMT3A function, potentially by altering mRNA stability, splicing, or 

translation efficiency, thereby challenging the conventional view of synonymous mutations as biologically 

neutral. 

Aims of the research: 

1. To employ CRISPR/Cas9 genome editing to introduce patient-derived synonymous DNMT3A 

mutations into the THP-1 myeloid cell line, enabling precise modeling of these variants in a relevant 

cellular context. 

2. To determine whether synonymous DNMT3A mutations, despite preserving the encoded amino acid 

sequence, can alter DNMT3A function and thereby contribute to pathogenic mechanisms. 

3. To elucidate the molecular consequences of synonymous DNMT3A mutations by systematically 

assessing their impact on mRNA stability, splicing patterns, transcriptional and translational fidelity, 

ribosome pausing dynamics, and protein folding. 
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3. Organisms,	materials,	and	methods	

3.1. Organisms 

3.1.1. Human Cell Line 

The cell line used for implementing the DNMT3A mutations was THP-1, a human monocytic leukemia cell line 

obtained from DSMZ (German Collection of Microorganisms and Cell Cultures, ACC 16).  

Stable cell culture models were established using THP-1 cells, which were maintained in RPMI 1640 medium 

supplemented with 10% fetal bovine serum (FBS), 1%  L-glutamine, and 1%  penicillin/streptomycin, under 

standard conditions of 37 °C in a humidified atmosphere containing 5% CO₂. 

Table 1. Stable cell lines established using CRISPR-Cas9 system. 

Cell line Aplication 

DNMT3A-THP1-_KO2 Gene and protein expression analysis 
mRNA expression 

qRT-PCR DNMT3A-THP1-_KO4 

 

3.2. Material 

3.2.1. Oligonucleotides 

Table 2. Oligonucleotides used in this thesis. 

Name Sequence (5' -> 3') Application 

5780 c.786T>A_template 
AGCCCACTGACCCCGCATCCCCCACTGTGGCTACCACGCC
AGAGCCCGTGGGGTCCGATGCTGGGGACAAGAATGCCA

CC 

Nucleofection 

5781 c.729C>T_template 
AATGAATGCTGTGGAAGAAAACCAGGGGCCCGGGGAGT
CTCAGAAGGTGGAGGAGGCCAGTCCTCCTGCTGTGCAGC

AGCC 

Nucleofection 

5782 c.759C>T_template 
GCCCACTGACCCTGCATCCCCCACTGTGGCTACCACGCCT
GAGCCCGTGGGGTCCGATGCTGGGGACAAGAATGCCAC

CAAA 
Nucleofection 

5783 c.741G>A_template 
ATGAATGCTGTGGAAGAAAACCAGGGGCCCGGGGAGTC
TCAGAAGGTGGAGGAGGCCAGCCCTCCTGCTGTACAGCA

GCCCACTGA 
Nucleofection 

5786 c.786T_template 
AGCCCACTGACCCCGCATCCCCCACTGTGGCTACCACGCC
TGAGCCCGTGGGGTCCGATGCTGGGGACAAGAATGCCA

CC 
Nucleofection 
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5787 c.729C_template 
AATGAATGCTGTGGAAGAAAACCAGGGGCCCGGGGAGT
CTCAGAAGGTGGAGGAGGCCAGCCCTCCTGCTGTGCAGC

AGCC 
Nucleofection 

5788 c.759C_template 
GCCCACTGACCCCGCATCCCCCACTGTGGCTACCACGCCT
GAGCCCGTGGGGTCCGATGCTGGGGACAAGAATGCCAC

CAAA 
Nucleofection 

5789 c.741G_template 
ATGAATGCTGTGGAAGAAAACCAGGGGCCCGGGGAGTC
TCAGAAGGTGGAGGAGGCCAGCCCTCCTGCTGTGCAGC

AGCCCACTGA 
Nucleofection 

CD.Cas9.MZBL2518.AA 

 

mG*mC*mU* rArCrC rArCrG rCrCrU rGrArG rCrCrC 
rGrUrG rUrUrU rUrArG rArGrC rUrArG rArArA rUrArG 
rCrArA rGrUrU rArArA rArUrA rArGrG rCrUrA rGrUrC 
rCrGrU rUrArU rCrArA rCrUrU rGrArA rArArA rGrUrG 
rGrCrA rCrCrG rArGrU rCrGrG rUrGrC mU*mU*mU* 

rU 

CRISPR-Cas9 

CD.Cas9.MZBL2518.AL 

 

mC*mU*mC* rCrArC rCrUrU rCrUrG rArGrA rCrUrC 
rCrCrG rUrUrU rUrArG rArGrC rUrArG rArArA rUrArG 
rCrArA rGrUrU rArArA rArUrA rArGrG rCrUrA rGrUrC 
rCrGrU rUrArU rCrArA rCrUrU rGrArA rArArA rGrUrG 
rGrCrA rCrCrG rArGrU rCrGrG rUrGrC mU*mU*mU* 

rU 

CRISPR-Cas9 

 

3.2.2. Constructs 

Table 3. Constructs used in this thesis. 

Constructs Identifier 

WT DNMT3A 5563 
507 G>A 5564 
561 G>A 5565 
729 C>T 5566 
732del 5567 

741 G>A 5568 
752del 5569 

753 T>C 5570 
759 C>T 5571 
840 C>T 5572 

1131 C>T 5573 
2013 G>A 5574 
2412 G>A 5575 
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3.2.3. Media and Solutions 

Table 4. Media and solutions used in this thesis. 

Media/Solution Source/Manufacture Application 

RPMI 1640 Gibco™ cell culture media 

Dublecco’s PBS Gibco™ cell culture applications 

Fetal Calf Serum (FCS) - cell culture media 
ingredient 

L-glutamine - cell culture media 
ingredient 

Penicillin/ Streptomycin OS-B, Capricorn cell culture antibiotics 

TAE Buffer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA agarose gel 
electrophoresis 

Cell Lytic M Buffer Sigma Aldrich Cell Lysis 

SDS Lysis Buffer Made in the lab Cell Lysis 

Cryo Media % FBS (v/v), 10 % DMSO (v/v) Cryo Conservation of 
cells 

 

3.2.4. Antibodies 

Table 5. Antibodies used in this thesis. 

Antibody Source Identifier 

DNMT3A (D23G1) Rabbit, 
monoclonal antibody (1:20 

WES) 
Cell Signaling Technology Cell Signaling 

Technology #3598 

DNMT3A Isoform 2 (E1Y50) 
Rabbit, monoclonal 
antibody (1:20 WES) 

Cell Signaling Technology Cell Signaling 
Technology #44807 

DNMT3A (E9P2F) Rabbit, 
monoclonal antibody (1:20 

WES) 
Cell Signaling Technology Cell Signaling 

Technology #49768 

a-Tubulin ((11H10) Rabbit, 
monoclonal antibody 

(1:200 WES) 
Cell Signaling Technology Cell Signaling 

Technology #2125 
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3.2.5. Chemicals 

Table 6. Chemicals used in this thesis. 

Chemical Source Identifier 

Nocodazole STEMCELL Technologies Catalog #74072 

DMSO Panreac Applichem  

Actinomycin D Roth 8969,1 
 

Reverse Transcriptase Thermo Scientific EP0452 

RNase H BioLabs 10250970 

dNTP Thermo Scientific R0192 
DTT Invitrogen D1532 

Agarose VWR 97062 
Proteinase K - - 

Ethanol - - 
Alt-R HDR EnhancerV2 

 IDT 10007910 

Eletroporation Enhancer IDT 1075916 
Cas9-GFP IDT 10008161 
Cas9-RFP IDT 10008163 

Nucleofection Buffer Lonza V4XC-3032 
2x NebNext PCR master mix NEB M0541L 

 

3.2.6. Commercial essays and kits 

Table 7. Commercial essays and kits used in this thesis. 

Assay/Kit Source Identifier 

SG Cell Line 4D-
Nucleofector™ X Kit S 

 
Lonza V4XC-3032 

NucleoSpin Gel and PCR 
Clean-up 

 
MACHEREY-NAGEL REF 740609.50 

QIAamp DNA Mini Kit Quiagen Quiagen 51304 

Qubit dsDNA HS D1000 Thermo Fischer Thermo Fischer 

WES Simple Protein SM-W004 

RevertAid H Minus First 
Strand cDNA synthesis Kit Thermo Scientific/Invitrogen K1632 

RNeasy Micro Kit Qiagen 217084 
Qubit HS RNA Agilent Q32852 

PierceTM BCA Protein Assay Thermo Scientific 23227 
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3.2.7. Consumables 

Table 8. Consumables used in this thesis. 

Consumables Source Identifier 

100 bp ladder NEB NEB N3231L 

Cell Culture 6-well plates Thermo Scientific 130184 

Cell Culture 12-well plates Thermo Scientific 130185 

Cell Culture 24-well plates Thermo Scientific 130186 

Cell Culture 48-well plates Thermo Scientific 130187 

Cell Culture 96-well plates Greiner Cellstar 650101 

Low binding tubes Eppendorf EP0030108051 

Reaction tubes 50 mL, 15 
mL, 2 mL, 1.5 mL, 0.2 mL Eppendorf T8T8-500EA 

qRT-PCR 96-well plates ThermoFisher Scientific AB0600 

Adhesive sealing film for 
qRT-PCR ThermoFisher Scientific AB0558 

Cryo tube for cell culture 2 
mL Saratedt 72.379 

Pipette 5 mL, 10 mL, 25 mL Sigma-Aldrich Z331740 

 
3.2.8. Devices 

Table 9. Devices used in this thesis. 

Devices Source 

PCR cycler Applied Biosystems 

Fluorescence microscope Observer Z1 Carl Zeiss 

Heating block Analytik Jena 

NucleofectorTM 4D Lonza 

Different centrifuges HettichLab 

Laminar flow bench SterilGard Thermo Scientific 

TC10TM Automated Cell Counter ThermoFisher 
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Qubit Invitrogen 

TapeStation 2200 Agilent 

WES ProteinSimple 

QuantStudio qPCR ThermoFisher 

FACS Fortessa BD Biosciences 

FACS Aria BD Biosciences 

Balance VWR 

Cell Incubator Thermo Scientific 

Light Microscope NIKON 

Ice Machine Hoshizaki 

Fluorescence microscope Observer Z1 Zeiss 

Sonicator Bandelin 

Vacuum pump VAC-MAN Integra 

Vortexer Scientific industries 

Water bath GFL 

 

3.2.9. Software 

Table 10. Software used in this thesis. 

Software Source 

SnapGene Viewer SnapGene Software 

AxioVision Carl Zeiss Microscopy 

Compass dor SW Compass Software 

FlowJo FlowJo Software 

Tape Station Analysis Agilent 

QuantStudio Thermofisher 

Graphpad Prism 7.01 GraphPad Software 
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Microsoft Office 365® Microsoft 

IGV Open source 

AI Chatgpt and Perplexity 

 
3.3.  Methods 

3.3.1. Cellular Methods 

3.3.1.1. Cell culture 

THP-1 cells were cultured under sterile conditions at 37°C in an environment with 5% CO₂ and 95% relative 

humidity. The cells were maintained as a suspension culture in RPMI-1640 medium supplemented with 10% 

fetal calf serum (FCS), 1% L-glutamine, and 1% penicillin-streptomycin, with the medium preheated to 37°C 

before use. Cell counting was performed using the TC10™ Automated Cell Counter following Trypan blue 

staining. To ensure optimal growth conditions, the cells were subcultured three times per week at a 1:10 

ratio, maintaining a density of approximately 0.2–1 × 10⁶ cells/mL. 

1.1.1.1. Cell Lysate Preparation with SDS lysis buffer 

Cell lysates were prepared using an SDS-based lysis buffer to ensure complete disruption of cellular 

membranes and efficient solubilization of total protein. A total of 4 × 10⁶ cells per sample were harvested, 

washed once with cold PBS, and resuspended in 100 µL of SDS lysis buffer (10% SDS, 100 mM Tris-HCl pH 8.0, 

150 mM NaCl, 10 mM EDTA pH 8.0). Following buffer addition, samples were sonicated on ice using a probe 

sonicator for 30 seconds per cycle, repeated 5 times at 45% amplitude, and the entire process was conducted 

twice to ensure complete lysis. The resulting lysates were centrifuged at 15,000 rpm for 3 minutes at room 

temperature to remove debris. Supernatants were collected and stored at −80 °C until use.  

1.1.1.2. Cell Lysate Preparation with Cell Lytic M reagent 

Cell lysates were prepared using Cell Lytic M buffer (Sigma-Aldrich) to extract soluble proteins under non-

denaturing conditions. A total of 2 × 10⁶ cells per sample were harvested, washed once with cold PBS, and 

resuspended in 125 µL of Cell Lytic M buffer. Samples were incubated on a shaker at 500 rpm for 15 minutes 

at room temperature to allow thorough lysis. Following incubation, lysates were centrifuged at 18,000 × g 

for 15 minutes at 4 °C to remove cell debris. Supernatants were collected and stored at −80 °C until further 

use.  

1.1.1.3. Electroporation of THP-1 cells 

THP-1 cells were electroporated using the Lonza Nucleofector™ 4D device with the Lonza Kit SG (V4SC-3096). 

Ribonucleoprotein (RNP) complexes were first assembled by combining Cas9-RFP (52 μM) and synthetic 
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gRNA (targeting DNMT3A; 50 μM) at a 1:1.5 molar ratio. Each RNP preparation was incubated for 10 minutes 

at room temperature to allow complex formation. The nucleofection mixture was composed of the RNP 

complex, 100 μM electroporation enhancer (IDT), and 100 mM HDR donor oligonucleotides, which contained 

the desired point mutation flanked by homologous arms. THP-1 cells were resuspended in SG buffer at a 

density of 2 × 10⁵ cells per nucleofection cuvette (16-well strip format) or 1 × 10⁶ cells per vessel (larger-scale 

format). The total reaction volume was adjusted with PBS to reach the final volume as specified by the 

manufacturer. Electroporation was carried out using the FF-100 program, optimized for THP-1 cells, following 

the standard Lonza protocol. Post-nucleofection, cells were immediately transferred into pre-warmed 

complete RPMI 1640 medium and incubated under standard culture conditions (37 °C, 5% CO₂).  

Post-nucleofection, cells in 96-well strips were maintained in complete RPMI-1640 medium supplemented 

with 690 μM HDR enhancer (IDT), while negative-control samples received an equivalent volume of DMSO. 

Larger-format cultures were maintained in 12-well plates under identical supplementation conditions. After 

24 hours, all cultures were refreshed with standard RPMI-1640 medium supplemented with 10% FBS, 

L-glutamine, and antibiotics to ensure optimal cell recovery and continued growth. 

1.1.1.4. Fluorescence microscopy 

The fluorescence microscope Observer Z1 (Carl Zeiss) was used for microscopic imaging. GFP signals were 

excited at 483 nm with an emission maximum of 506 nm and detected using a GFP HC filter. Cy3 and mCherry 

signals were excited at 550 nm and 587 nm, respectively, with emission maxima at 570 nm and 610 nm, and 

were detected using a Cy3 filter. 

1.1.1.5. Flow Cytometry 

To assess nucleofection efficiency, flow cytometry was performed using the BDLSRFortessa flow-cytometer. 

RFP-positive cells were detected using the G-582-15-A laser, while GFP detection was performed with the B-

530-30-A laser. To ensure accurate analysis, cells of interest were initially identified and gated based on 

forward scatter area (FSC-A) and side scatter area (SSC-A) parameters, enabling exclusion of subcellular 

debris and non-viable particulate material from subsequent analyses, followed by singlet selection based on 

forward scatter height (FSC-H) and forward scatter area (FSC-A) to exclude multiplets. Fluorescence-based 

gating was then applied to distinguish four populations: GFP⁻/RFP⁻, GFP⁺/RFP⁻, GFP⁻/RFP⁺, and GFP⁺/RFP⁺. 
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Figure 5. Flow cytometry-based gating strategy for identification of double-positive and single-positive populations. FACS data 
from a positive control Cas9-RFP and FITC labeled gRNA. 

 

After approximately 50 hours, the FACS ARIA was used to sort RFP-positive cells, maintaining the same laser 

configurations and gating strategy for consistency. Sorting was performed as index single-cell index sorting 

into 96-well plates, enabling precise isolation of successfully nucleofected cells for downstream analysis. The 

means and standard errors were calculated and statistical significance was determined using the Friedman’s 

and Krustal-Wallis tests. 

 

1.1.1.6. Proliferation Assay 

To evaluate cell proliferation and determine population doubling time, 10,000 cells per condition were 

seeded in 48-well plates in triplicate. Cell growth was monitored over a period of three weeks, with cell 

counts performed every 48 hours using an automatic cell counter to ensure consistent and unbiased 

quantification of cell number. As cultures reached optimal cell density, cells were sequentially expanded to 

larger vessels, first into 24-well plates, then 12-well, and eventually into 6-well plates, to prevent overgrowth 

and maintain optimal growth conditions. At each passage, cells were resuspended, centrifuged at 300 × g for 

5 minutes, and reseeded at a consistent density to preserve continuity in cell growth evaluation. 

This passaging strategy enabled accurate tracking of cumulative cell proliferation over time. Cell counts 

obtained at each 48-hour interval were used to calculate growth curves and assess population doubling time 

under each experimental condition (Kimiz-Gebologlu et al., 2022). 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔	𝑇𝑖𝑚𝑒	(𝑑𝑎𝑦𝑠) =
2	x	ln(2)

ln( 𝐶𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑎𝑡	𝑠𝑡𝑎𝑟𝑡
𝐶𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑎𝑡	𝑥	𝑡𝑖𝑚𝑒𝑝𝑜𝑖𝑛𝑡)	
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3.3.2. Molecular Methods 

3.3.2.1. Sanger Sequencing 

Genomic DNA (gDNA) was extracted from THP-1 CRISPR-edited cells using the QIAamp DNA Mini Kit (Qiagen) 

according to the manufacturer’s protocol. DNA concentration and purity were assessed using a Qubit 

fluorometer (Thermo Fisher Scientific) with the Qubit dsDNA HS Assay Kit to ensure accurate quantification. 

For PCR amplification, the NEBNext 2X PCR Master Mix (New England Biolabs) was used in a total reaction 

volume of 30 µL. Each reaction contained 2 ng of gDNA, 15 µL of NEBNext 2X PCR Master Mix, and 1 µL of 

each primer (forward and reverse) at a concentration of 25 µM. The target amplicon was 467 bp in length 

with a GC content of 64%, and primers had a melting temperature of 59ºC. The following PCR program was 

used: an initial denaturation at 98ºC for 30 seconds, followed by 35 cycles of denaturation at 98ºC for 10 

seconds, annealing at 62ºC for 30 seconds, and extension at 72ºC for 30 seconds. A final extension step was 

performed at 72ºC for 2 minutes, and reactions were held at 4ºC until further processing. Following 

amplification, PCR products were analyzed via 1.5% agarose gel electrophoresis. Samples were loaded onto 

a gel prepared in 1X TAE buffer and stained with HDGreen. A 100 bp DNA ladder was used as a molecular 

weight reference, and electrophoresis was carried out at 80 V for 1 hour and 30 minutes. Bands were 

visualized under UV illumination using a Bio-Rad imager. PCR products were then purified using the 

NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) following the manufacturer’s instructions. The 

purified DNA was eluted in 15 µL of elution buffer and quantified using a Qubit fluorometer. Samples were 

subsequently sent for Sanger sequencing using both forward and reverse primers. Resulting chromatograms 

were analyzed with SnapGene to confirm the sequence and identify any mutations. 

3.3.2.2. Protein quantification by BCA 

Protein concentration was quantified using the Pierce BCA Protein Assay Kit, according to the manufacturer's 

instructions for the microplate format. Samples were prepared using SDS-containing lysis buffer to ensure 

complete solubilization of membrane-bound and cytoplasmic proteins. Standards and samples were 

incubated with the working reagent (a 50:1 mixture of Reagent A and Reagent B) in a 96-well plate, with a 

total reaction volume of 200 µL per well. The plate was incubated at 37°C for 30 minutes to allow for color 

development, and absorbance was measured at 562 nm using a microplate reader. Protein concentrations 

were calculated based on a standard curve, which included the following concentrations: 0, 125 µg/mL, 

250 µg/mL, 500 µg/mL, 750 µg/mL, 1000 µg/mL, 1500 µg/mL, and 2000 µg/mL, generated with serial 

dilutions of bovine serum albumin (BSA). To ensure accuracy and reproducibility, all measurements were 

performed in technical duplicates. 
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3.3.2.3. Protein expression analysis using WES 

WES was employed to quantify protein levels in indel-containing knockout cell lines, generated using CRISPR-

Cas9 technology. The analysis was conducted using the 12–230 kDa kit, with the following parameters: 

separation time of 25 minutes, separation voltage of 375 volts, antibody diluent incubation for 5 minutes, 

primary antibody incubation for 60 minutes, and secondary antibody incubation for 30 minutes. Cell lysates 

were prepared using SDS lysis buffer to ensure optimal protein extraction. Protein detection focused 

specifically on DNMT3A isoform 1, the isoform of interest in this study, and α-tubulin was used as a loading 

control for normalization. As controls, HEK293A wild-type (WT) cells, DNMT3A-overexpressing cells, and 

input CD34⁺ cells were included to facilitate accurate quantification and comparative analysis of protein 

expression levels. 

 

3.3.2.4. DNMT Activity Assay  

The DNMT Activity Quantification Kit (Colorimetric) (Abcam, ab113467) was used to assess DNA 

methyltransferase (DNMT) activity in the KO lysates prepared with Cell Lytic M lysis reagent, to maintain the 

integrity and activity of the cells. The assay is based on the capture of methylated DNA by an immobilized 

substrate, followed by colorimetric detection using specific antibodies. 

A total of 10 µg of lysate was used per reaction well, in accordance with the manufacturer’s instructions. The 

assay was conducted in a 96-well strip plate format, and the following parameters were applied: enzymatic 

incubation at 37 °C for 120 minutes, followed by sequential antibody incubations, capture antibody for 60 

minutes, detection antibody for 30 minutes, and enhancer solution for 30 minutes. Each antibody incubation 

step was followed by three washes with 1× wash buffer to minimize background signal. Color development 

was achieved by adding developer solution and incubating for up to 10 minutes before the addition of stop 

solution. Absorbance was measured at 450 nm using a microplate reader. All experimental samples were run 

in technical duplicates, and each assay plate included a blank and a positive control (provided by the kit). 

The enzymatic activity was subsequently expressed as OD per hour per milligram of protein (OD/h/mg). 

𝐷𝑁𝑀𝑇	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	(𝑂𝐷/ℎ)/𝑚𝑔) =
(Sample	OD − Blank	OD)

(Protein	Amount	(µg)𝑥	ℎ𝑜𝑢𝑟)
 

 

3.3.2.5. Transgene Overexpression and mRNA stability assay via Actinomycin D Time-Course 

To evaluate the post-transcriptional effects of DNMT3A synonymous mutations on mRNA stability, CRISPR-

Cas9-generated DNMT3A knockout (KO) THP-1 cell lines were transfected with a panel of 13 pre-cloned 

DNMT3A expression constructs. These included wild-type (WT), synonymous mutant, and deletion variants 

previously available in the laboratory. Nucleofection was performed using the Lonza 4D-Nucleofector™ 
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system and SG Cell Line 4D-Nucleofector™ X Kit in nucleofection strips, following the manufacturer’s 

instructions. Each nucleofection reaction used 2 × 10⁵ cells and 0.1 μg of plasmid DNA, employing the FF-100 

program optimized for THP-1 cells. After transfection, cells were cultured in complete RPMI-1640 medium at 

37 °C with 5% CO₂ for 48 hours to allow for expression. 

To assess mRNA stability, transcription was halted using Actinomycin D (5 μg/mL final concentration), and 

cells were harvested at seven distinct time points: 0 h (no treatment), 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h post-

treatment. At each time point, cells were pelleted by centrifugation at 400 × g for 5 minutes at 4 °C, washed 

with cold PBS, and stored at –80 °C until RNA extraction. 

Total RNA was extracted using the RNeasy Micro Kit, and RNA concentration and quality were assessed using 

the Qubit™ RNA HS Assay Kit (Thermo Fisher Scientific) and the Agilent TapeStation System. Only samples 

with RNA integrity numbers (RIN) ≥ 6 were used for downstream analysis. cDNA synthesis was performed 

with the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific), following the manufacturer’s 

instructions. The resulting cDNA was diluted 1:5 with nuclease-free water for subsequent analysis. 

Quantitative PCR (qPCR) was conducted using TaqMan™ Gene Expression Assays (Applied Biosystems) on the 

QuantStudio™ 6 Flex Real-Time PCR System. Each reaction (20 µL) contained 10 µL of TaqMan™ Universal 

PCR Master Mix, 1 µL of the specific TaqMan probe, 4 µL of diluted cDNA 400ng, and nuclease-free water. All 

reactions were run in technical triplicates. Gene expression was normalized to RPL37A, and mRNA half-lives 

were calculated using the ΔCt values relative to time point 30min. Data were analyzed to compare mRNA 

decay kinetics between WT, synonymous, and deletion constructs. 

3.3.3. Statistical data analysis 

Statistical tests were conducted utilizing GraphPad Prism 7.01. Normality tests were conducted to determine 

the appropriate statistical approach, and either parametric or non-parametric tests were applied accordingly, 

as specified in the figure legends. The level of significance was denoted by asterisks corresponding to the 

following p-values: ns = p > 0.05; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 
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4. Results 

4.1. CRISPR-Cas9 Editing and Nucleofection Efficiency 

To optimize nucleofection conditions for efficient delivery of CRISPR/Cas9 components into THP-1 cells, the 

uptake of oligonucleotides with and without FITC labelling was initially assessed. The flow cytometry data 

revealed three main populations: GFP⁻RFP⁺ (Cas9 only), GFP⁺RFP⁺ (co-delivery), and GFP⁺RFP⁻ (FITC oligos 

only). In Figure 6a, where FITC-labeled donor oligonucleotides were employed, both AA1 and AA2 displayed 

a predominant population of GFP⁺/RFP⁻ (AA1 mean= 80.70±12.758; AA2 mean = 3.635±5.141) cells, 

consistent with the uptake of the donor oligos as detected by the FITC signal alone. The GFP⁺/RFP⁺ (AA1 mean 

= 14.0±5.515; AA2 mean = 14.750±5.869) double-positive population was present but remained relatively 

modest in both cell types, while GFP⁻/RFP⁺ (AA2 mean = 3.635±5.141) events were negligible, indicating 

minimal Cas9-RFP uptake without concurrent donor detection. This pattern demonstrates that FITC labeling 

itself does not interfere with Cas9-RFP uptake or co-delivery, although it also highlights that RNP delivery 

efficiency was suboptimal in a subset of cells. Notably, AA1 exhibited a higher proportion of GFP⁺/RFP⁺ cells 

compared to AA2, suggesting more efficient simultaneous donor uptake and Cas9 delivery in AA1 under 

FITC-labeled conditions. In Figure 6b, using non-labeled donor oligonucleotides, the expected distribution 

shifted: both AA1 and AA2 exhibited detectable GFP⁻/RFP⁺ (AA1 mean= 10.885±2.567; AA2 mean= 

18.0±1.980) populations, reflecting successful Cas9-RFP delivery, while GFP⁺/RFP⁻ and GFP⁺/RFP⁺ events 

were absent because no FITC signal was present. The relative proportions indicate that AA1 again 

outperformed AA2, showing a larger GFP⁻/RFP⁺ fraction and therefore a higher baseline efficiency of RNP 

delivery in the absence of donor labeling. Collectively, these findings confirm that donor oligo uptake is not 

the primary limiting factor in this system, rather, the efficiency of Cas9-RFP delivery dictates overall editing 

outcomes. The modest GFP⁺/RFP⁺ frequencies observed in Figure 6a indicate that the presence of FITC on 

the donor oligos does not interfere with Cas9–RNP delivery or its cellular uptake, as the RNP complexes 

themselves are unlabeled. This comparison is presented to show that, although FITC labeling could 

theoretically affect cell survival, particularly if FITC-tagged donors were incorporated into the genome during 

homology-directed repair, it does not measurably hinder the co-delivery process itself. Rather, it highlights 

that differences in GFP⁺/RFP⁺ frequencies primarily reflect RNP delivery efficiency rather than any intrinsic 

barrier imposed by FITC labeling. However, qualitative inspection suggested a slight reduction in cell viability 

under FITC-labeled conditions, potentially attributable to fluorophore-related cytotoxicity or 

post-nucleofection stress. However, this observation was not quantified or documented.  Importantly, across 

both experimental conditions, AA1 consistently exhibited superior co-delivery and editing-related 

fluorescence profiles compared to AA2, indicating that AA1 is intrinsically more amenable to efficient RNP 

uptake and functional integration of donor oligonucleotides. 
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In vitro cleavage assays were performed using TapeStation analysis to assess the functionality of two guide 

RNAs, AA and AL. As shown in Figure 6c, the cleavage products are visible as distinct bands, with the thickest 

lines representing the expected cut sites generated by Cas9-mediated DNA cleavage. A comparison between 

expected and observed fragment sizes confirmed that cleavage occurred at or near the predicted target sites. 

For gRNA AA, cut 1 was expected to yield fragments of 124 bp and 118 bp, and cut 2 fragments of 343 bp and 

279 bp, the observed bands matched these sizes closely. For gRNA AL, expected fragment sizes were 397 bp 

(cut 1) and 467 bp (cut 2), with observed bands at 354 bp and 423 bp, respectively (Figure 6d). While the 

TapeStation provides semi-quantitative and higher-resolution results compared to other methods, the 

detected patterns strongly support the specific and efficient cleavage activity of both guide RNAs. 

After, three nucleofection programs, FF100 (the standard for THP-1 cells), DK100 (reported by Lonza to 

enhance transfection efficiency), and CM138 (designed to maximize cell viability) were compared in order to 

optimize delivery conditions for Cas9-RFP. Cas9-RFP delivery efficiency was calculated as the percentage of 

RFP-positive cells among total singlets. As shown in Figure 6e, FF100 (first two samples) resulted in 

transfection efficiencies of approximately 55% and 58% at 50 hours (grey points) and maintained acceptable 

cell survival throughout the culture period, although this observation was not quantified or documented.   

DK100 (next two samples) produced slightly lower transfection efficiencies of 26% and 11% at the 20 h 

timepoint, which further declined to 7% at 50 h. Notably, this reduction appeared to coincide with increased 

cell death observed during routine microscopic inspection post-nucleofection, although cell viability was not 

quantitatively assessed. In contrast, CM138 (final two samples) yielded the highest cell survival, with cells 

appearing healthy and robust in culture, but transfection efficiencies were substantially lower, at 5% and 2% 

at 20h  and having a slight increase to 12% and 9% at 50 hours, respectively. Based on these results, FF100 

was selected as the optimal nucleofection program for subsequent experiments, as it provided the best 

compromise between efficient gene delivery and cell survival. 

It should be emphasized that no clear differences can be discerned from the current data. Therefore, these 

findings must be regarded as preliminary observations that require replication and rigorous statistical 

validation before any definitive conclusions can be drawn. 
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Figure 6. Optimization of THP-1 Nucleofection. a Distribution of THP-1 cell populations after nucleofection with FITC-labeled donor 
oligonucleotides. Values are represented as mean ± SD. Normalization was performed prior to analysis, and a non-parametric one-
way ANOVA was conducted using Friedman’s test followed by Dunn’s multiple comparisons test, where significance was not reached 
due to insufficient statistical power resulting from a lack of biological replicates. b. Distribution of THP-1 cell populations after 
nucleofection with non-FITC labeled oligonucleotides and Cas9-RFP. Normalization was performed, and non-parametrical ANOVA 
was applied using the Krustal-Wallis test, followed by multiple comparisons, where statistical significance could not be established 
owing to limited statistical power, primarily attributable to an insufficient number of biological replicates. c. TapeStation gel image 
showing DNA fragment sizes for different gRNA conditions. Lanes correspond to the DNA ladder, uncut control (U), and samples 
digested with gRNAs (gRNA AA and gRNA AL).  d. Comparison of expected vs. observed fragment sizes obtained from TapeStation 
analysis, where the analysis did not achieve significance because the dataset lacked adequate biological replication to provide 
sufficient statistical power. e. Impact of different nucleofection programs on efficiency over time, 20h black circles and 50h grey 
circles, where significance was not attained, likely reflecting reduced statistical power stemming from the low number of biological 
replicates available. 

 

4.2. Generation of DNMT3A KO THP-1 cell culture models 

Stable cell lines with a DNMT3A knockout were established using an electroporation system. 

Oligonucleotides harboring either wild-type (WT) or synonymous mutations, c.786T>A, c.729C>T, c.759C>T, 

c.741G>A, as well as their corresponding WT sequences (c.786T, c.729C, c.759C, c.741G), were designed and 

synthesized by Dr. Marius Kulp. THP-1 cells were nucleofected with RNP complexes comprising RFP-tagged 

Cas9, guide RNA (gRNA-AA or gRNA-AL) (Figure 7a,b,c), and a pair of single-stranded oligonucleotides (one 

WT and one mutated). This setup enabled targeted double-strand breaks (DSBs) and subsequent integration 
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via homology-directed repair (HDR). The inclusion of RFP-tagged Cas9 allowed real-time tracking and 

fluorescence-activated cell sorting (FACS)-based selection of successfully nucleofected cells. 

To confirm successful editing and enrichment of modified cells, fluorescence-activated cell sorting (FACS) was 

performed 48 hours after nucleofection, during which RFP⁺ cells were initially enriched. These sorted 

populations were subsequently subjected to single-cell sorting to establish individual clonal cultures. The 

resulting clones were expanded over two weeks, and genomic DNA was extracted for Sanger sequencing to 

verify precise oligonucleotide incorporation. Although homology-directed repair (HDR) was the intended 

repair mechanism, sequencing revealed a high frequency of insertions and deletions (InDels) at the target 

site, indicating predominant repair via non-homologous end joining (NHEJ), a phenomenon extensively 

reported in THP-1 and other myeloid cell lines (Pinaud & Zamborlini, 2025). Clones harboring InDels 

consistent with gene disruption were selected for further analysis. Importantly, Sanger sequencing 

demonstrated no detectable differences in the distribution of cleavage sites between the two gRNAs (AA1 

and AA2) in both cases, the majority of InDels clustered near position 11 (~32%) relative to the gRNA PAM, 

with secondary cleavage hotspots observed at positions −3 and 12 (~18%), reflecting a reproducible, 

non-random CRISPR cleavage pattern (Figure 7d).  

 

 

 

 

 

 

 

 

Figure 7. Mapping of CRISPR editing sites and distribution of indel formation in DNMT3A exon 7. a. Schematic representation of 
intron 7 with the positions of primer  5785 DNMT3AsymmutEx7.R used for amplification, indicated by an arrow. b. Sequence view of 
the 5ʹ region of exon 7 showing the forward primer binding site (5784 DNMT3AsymmutEx7.F) used for amplification and sequencing. 
c. Sequence view of the target region within exon 7 showing the two gRNA binding sites, CD.Cas9.MZBL2518.AA and 
CD.Cas9.MZBL2518.AL are indicated. d.  Histogram showing the distribution of insertion and deletion (indel) events relative to gRNA 
PAM (nt). 

 

These CRISPR-induced knockout clones were further characterized using phenotypic and molecular assays. 

Morphologically, all DNMT3A knockout clones maintained the typical round, suspension-growing phenotype 

observed in wild-type THP-1 cells when inspected by light microscopy, these observations were qualitative 

and not documented with imaging. Functional growth analyses demonstrated that knockout lines 
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proliferated at rates comparable to wild-type cells. Mean live cell counts over a 15-day culture period 

revealed overlapping growth curves between wild-type and all six knockout clones, with no statistically 

significant differences in cell expansion (Figure 8a). Doubling time analysis demonstrated that DNMT3A 

knockout clones exhibited variable proliferation rates compared to THP-1 wildtype cells. The wildtype line 

showed a doubling time of approximately 48 hours, in agreement with the reference value reported by DSMZ 

for this cell line. In contrast, KO2 displayed a shorter doubling times, indicating accelerated proliferation 

relative to WT. Conversely, KO1, KO4, and KO6 exhibited prolonged doubling times, suggesting reduced 

proliferative capacity under the same conditions. Despite these trends, statistical analysis across three 

independent biological replicates revealed no significant differences in doubling time when comparing each 

knockout clone to the wildtype. The individual doubling times of each established clone, ranged from 

approximately 20 to 72 hours and are summarized in Table 11. Cell viability remained generally high over the 

15-day monitoring period for both THP-1 wild-type and all knockout clones (KO1–KO6); however, notable 

transient deviations were observed. Most clones, including the wild-type, exhibited an initial drop of 

approximately 50 % in viability on day 2 (35-55% viability) before recovering to baseline levels. In addition, 

KO5 and KO6 displayed a secondary decline in viability around day 6 (41% viability), while KO2 showed a 

distinct reduction in viability at day 10 (50% viability). Despite these fluctuations, all cultures subsequently 

recovered, and no statistically significant differences in overall viability were detected between knockout and 

wild-type populations across the three biological replicates. (Figure 8b).  

 

 

Table 11. Characterization of the established cell lines. 

 

Cell Line Laboratory Designation Morphology Doubling time (h) 

THP-1 

DSMZ wild-type 

Small, round 

Suspension Cells 

~48±3.529 

THP-1_DNMT3A_KO_1 ~72±4.761 

THP-1_DNMT3A_KO_2 ~50±3.877 

THP-1_DNMT3A_KO_3 ~20±0.7847 

THP-1_DNMT3A_KO_4 ~72±6.638 

THP-1_DNMT3A_KO_5 ~43±3.510 

THP-1_DNMT3A_KO_6 ~72±6.565 
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Figure 8. Growth and viability analysis of DNMT3A knockout clones compared to wild-type THP-1 cells. a. Proliferation curves 
showing mean live cell counts over a 14-day culture period for wild-type (WT) THP-1 cells and six independent DNMT3A knockout 
(KO) clones. Cell numbers were determined at regular intervals using trypan blue exclusion and quantified with an automated cell 
counter. Normalization was performed prior to analysis, and a non-parametric one-way ANOVA was conducted using Kruskal-Wallis 
test also for multiple comparisons, although statistical significance was not reached across the three independent biological replicates 
analyzed for each condition. b. Viability analysis expressed as the percentage of live cells over the 14-day monitoring period for WT 
and KO clones, showing stable viability across all groups. Normalization was performed prior to analysis, and a non-parametric one-
way ANOVA was conducted using Kruskal-Wallis and Dunn’s test  for multiple comparisons, there was no statistical significance when 
comparing the KO to the WT. 
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To verify successful knockout at the protein level, a capillary-based Western blotting (WES) was employed. 

Protein lysates were prepared from THP-1 wild-type (WT) and knockout (KO) clones using SDS lysis buffer. In 

addition, lysates from HEK293T cells (both WT and DNMT3A-overexpressing) and from CD34⁺ cells were 

included as controls, these control lysates had been previously generated using Cell Lytic M buffer. The CD34⁺ 

samples represent primary hematopoietic stem and progenitor cells (HSCs), which naturally express DNMT3A 

and serve as a biologically relevant reference for endogenous DNMT3A expression and processing. Their 

inclusion as controls allowed comparison of DNMT3A levels in engineered THP-1 cells to those in unmodified 

primary hematopoietic cells, thereby providing a physiologically meaningful baseline for interpretation of the 

Western blot data. For comparative analysis, 4 µL of lysate, adjusted to equal protein amount 41.9 ng, was 

loaded onto the WES platform to eliminate signal variability due to unequal protein loading. This adjustment 

was necessary, as earlier experiments using volumetric loading failed to yield a consistent signal for DNMT3A 

isoform 1. As shown in Figure 9a, endogenous DNMT3A in THP-1 wild-type, HEK293T wild-type appeared 

near the ~118–130 kDa region. In contrast, the HEK293T overexpression sample exhibited a dominant 

DNMT3A band migrating at a higher apparent molecular weight, likely reflecting the presence of additional 

vector-derived sequences (e.g., epitope tags) or post-translational modifications associated with 

overexpression. Within the knockout panel, DNMT3A protein was undetectable in KO2, KO4 and KO5, 

confirming successful knockout at the translational level. Interestingly, residual DNMT3A signals in KO1, KO3, 

and KO6 were also detected at a higher apparent molecular weight compared to wild-type THP-1, suggesting 

the presence of altered DNMT3A isoforms or fusion products arising from in-frame editing events or aberrant 

splicing. The α-tubulin loading control bands were largely uniform across samples, although a slightly reduced 

intensity was observed in the THP-1 wild-type lysate relative to the nucleofected samples. As observed by 

the DNMT3A normalized to the housekeeping gene, α-tubulin, signal in Figure 9b, HEK293T show higher 

signals, as expected, especially for the overexpressing lysate, and knockouts 1,3 and 6 have comparable 

values to THP-1 wild-type, confirming the unsuccessful knockout. 
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Figure 9. Validation of DNMT3A knockout at the protein level and assessment of residual DNMT enzymatic activity in THP-1 clones. 
a. Western blot analysis of DNMT3A protein expression in wild-type THP-1 cells, six independent DNMT3A knockout (KO) clones, and 
reference controls (HEK293T wild-type, HEK293T overexpressing DNMT3A, and CD34⁺ cells). α-tubulin was used as a loading control. 
Contrast was adjusted to each sample b. Lane normalization was performed according to AUC values of the housekeeping gene, a-
tubulin, and normalization signals based on AUC of DNMT3A and lane normalization, for each sample, n=1.  

 

Following confirmation of DNMT3A knockout at the protein level, overall DNMT enzymatic activity was 

quantified using a colorimetric DNMT activity assay to assess the functional impact of the knockout. Although 

this assay also detects residual activity from other isoforms such as DNMT1 and DNMT3B, it provides a robust 

proxy for total methyltransferase function. Each of the six knockout clones was analyzed in parallel with 

wild-type cells and enzymatic standards (0.5 µg and 1 µg DNMT control), and optical density (OD) values were 

normalized to the blank (OD = 0.22). As shown in Figure 10, wild-type THP-1 cells displayed strong DNMT 

activity, within the expected range of the positive controls, whereas all six knockout clones exhibited 

markedly diminished activity. KO3, KO4, and KO5 retained low but detectable residual activity consistent with 

near-complete loss of enzymatic function, while KO1, KO2, and KO6 showed increased activity levels, 

although not statistically relevant due to high standard deviation. Taken together with the WES data, these 

findings indicate that KO4 and KO5 are the most promising candidates for a complete DNMT3A knockout at 

both the protein expression and functional activity levels. However, these observations have not reached 

statistical significance and therefore require further verification through additional replicates and statistical 

analysis. 
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Figure 10. Quantification of total DNMT activity in wild-type THP-1 cells and DNMT3A KO clones using a colorimetric DNMT activity 
assay. Values (OD/h/mg) were normalized to blank readings and compared with DNMT enzyme standards (0.5 µg and 1 µg). Bars 
represent mean ± SD from independent replicates, with individual data points shown. Normalization was performed prior to analysis, 
and a non-parametric one-way ANOVA was conducted using Kruskal-Wallis test also for multiple comparisons, all comparisons are 
ns. 

 

4.3. Development of Stable THP-1 Cell Models Carrying DNMT3A Synonymous Variants 

To introduce patient-derived synonymous mutations into THP-1 cells, CRISPR-Cas9 ribonucleoprotein (RNP) 

complexes consisting of Cas9, gRNA-AA, and two single-stranded DNA oligonucleotides, one corresponding 

to the wild-type (WT) sequence and the other carrying either of the synonymous mutations: AA1 (c.786T>A) 

or AA2 (c.759C>T) were employed. This strategy, building on the well-established use of RNPs for genome 

editing to minimize off-target effects and transiently express Cas9, aimed to achieve monoallelic mutation 

through homology-directed repair (HDR). HDR is known to provide a high-fidelity mechanism for introducing 

precise genomic alterations but is inherently limited by its restriction to the S/G2 phases of the cell cycle. 

To promote HDR, cells were treated with nocodazole (2 µg/µL), a microtubule-depolymerizing agent that 

arrests cells in G2/M phase. Prior studies have shown that synchronization of the cell cycle to enrich for G2/M 

populations can enhance the efficiency of HDR-mediated genome editing. Accordingly, four experimental 

conditions were established: AA1 + nocodazole, AA1, AA2 + nocodazole, and AA2. Following nucleofection, 

single-cell sorting was performed based on fluorescence markers. Wild-type cells were identified as RFP− 

singlets, whereas successfully nucleofected cells were sorted as RFP+, indicating the presence of Cas9-RFP 

fusion protein. Clonal populations were then expanded and analyzed by Sanger sequencing to evaluate 
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editing outcomes. Surprisingly, a reduction in clonogenic survival following single-cell sorting in nocodazole-

treated groups, compared to untreated controls was observed (Figure 11a). This finding aligns with prior 

reports of nocodazole-induced cytotoxicity and compromised clonogenic potential, particularly in 

hematopoietic cell lines such as THP-1 (Wang et al., 2019; Rello-Varona et al., 2009). 

Sequence analysis confirmed efficient CRISPR-mediated double-strand break induction, as reflected by the 

distribution of repair outcomes across all three independent experiments in the absence of nocodazole: the 

predominant outcome was the generation of insertions and deletions (InDels) via the non-homologous 

end-joining (NHEJ) pathway, whereas precise incorporation of the designed synonymous mutation occurred 

only rarely (mean= 1.33%; p<0.0458), and a smaller fraction of alleles remained wild type. These data 

demonstrate that the experimental conditions favored InDel formation far more frequently than successful 

introduction of the synonymous mutation, with only a minor proportion of unedited alleles persisting (Figure 

12b). This is consistent with prior studies demonstrating the dominance of NHEJ in mammalian cells, 

particularly in hematopoietic lineages, and the challenge of biasing repair toward HDR (Brunet et al., 2019; 

Scully et al., 2019; Wienert et al., 2020). The prevalence of InDels reflects the fact that NHEJ operates 

throughout the cell cycle, whereas HDR is limited to the S/G2 phases. Importantly, in one clone it was possible 

to identify a monoallelic synonymous mutation (Figure 12). Sanger sequencing chromatograms 

demonstrated superimposed peaks corresponding to both the wild-type and edited nucleotides at the target 

site. In a true monoallelic edit, the relative signal intensities of wild-type and mutant bases are expected to 

be approximately equivalent. Although minor deviations in peak height are commonly observed due to 

intrinsic limitations of Sanger sequencing, the reverse-primer read in this instance displayed the 

characteristic pattern of a heterozygous modification. These findings provide proof of principle that 

homology-directed repair (HDR)–mediated precise editing can be achieved in THP-1 cells, albeit with low 

overall efficiency under the current experimental conditions. 

To further validate editing outcomes at the sequence level, Sanger sequencing was also performed across 

the same target region for six DNMT3A knockout clones (KO1–KO6) using the forward primer (Figure 13). 

The wild-type THP-1 sequence served as a reference and revealed a clean electropherogram with no evidence 

of allelic disruption. In contrast, all six knockout clones exhibited overlapping peaks or signal degradation 

downstream of the expected Cas9 cut site, indicative of mixed allelic populations and heterogeneous InDel 

formation. Clones KO2 and KO4 in particular showed extensive sequence disruption with collapsed signal 

traces, consistent with biallelic editing and frameshift introduction. In KO1, KO3, KO5, and KO6, persistent 

background signal suggests a mixture of edited and possibly monoallelic sequences. These sequencing 

patterns confirm the diversity and complexity of repair outcomes associated with NHEJ and validate the 

editing status of each clone. 
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Figure 11. Single Cell Cloning Efficiency and CRISPR Editing Outcomes. a Single-Cell cloning efficiency of 60 clones with and 
without Nocodazole. Values are represented as mean ± SD of two individual experiments. Normalization was performed prior to 
analysis, and a non-parametric t-student test was performed, no significance due to lack of replicates. b. Distribution of CRISPR 
editing outcomes in clones. Normalization was performed prior to analysis, and a non-parametric one-way ANOVA was conducted 
using Kruskal-Wallis test also for multiple comparisons; *p<0.0458. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.  Representative WT and Mutant clone sequences showing CRISPR-induced mutation obtained by Sanger Sequencing 
with forward and reverse primers mentioned in Figure 7. 
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Figure 13. Sanger sequencing analysis of DNMT3A in wild-type and CRISPR-edited THP-1 clones. Representative chromatograms 
from forward strand Sanger sequencing are shown for THP-1 wild-type cells and six CRISPR-edited DNMT3A knockout clones (KO1–
KO6).  
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4.4. Functional Assessment of DNMT3A Variants Through Overexpression in THP-1  

 

To confirm robust overexpression of all DNMT3A constructs prior to transcriptional inhibition, transcript 

levels at the 0-hour timepoint were normalized to untransfected THP-1 wild-type cells using the ΔΔCt method 

(Figure 14). All constructs, including wildtype overexpressed, six synonymous variants (Syn1–Syn6), and the 

deletion variant (Del1), demonstrated elevated DNMT3A mRNA expression relative to endogenous levels in 

THP-1, with fold increases ranging from ~27-fold (Syn2) to over ~8,600-fold (Syn3). This confirms successful 

transgene expression across all constructs and validates that subsequent decay profiles reflect differences in 

transcript stability as well as some disparities in initial mRNA abundance.  

 

 

 

 

 

 

 

 

 

Figure 14. Relative expression of DNMT3A constructs at 0h normalized to untransfected THP-1 cells. 
Transcript levels were quantified by RT-qPCR at the 0-hour timepoint for wildtype overexpression (WT), six synonymous variants 
(Syn1–Syn6), and one deletion mutant (Del1), and were normalized to untransfected THP-1 wild-type cells using the ΔΔCt method. 
Data are presented as fold change (log₂ scale), mean ± SD of triplicates. Statistically significant differences in expression compared to 
THP-1 WT were assessed by Kruskal–Wallis test followed by Dunn’s multiple comparisons test.  

To investigate the impact of synonymous and deletion mutations on DNMT3A mRNA stability, a 24-hour 

time-course experiment was performed following transcriptional inhibition with actinomycin D. mRNA levels 

were quantified using RT-qPCR, and raw Ct values were measured for wildtype DNMT3A (WT) 
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overexpression, six synonymous variants (Syn1–Syn6), and one deletion variant (Del1), as shown in Figure 

15a. The 0-hour time point represents untreated samples and serves as the baseline for transcript 

abundance. At this time point, Ct values ranged from 24.8 to 31.5 across constructs, with Syn3 showing the 

lowest Ct values (~24.8) and also Del1 (~25.7), indicating the highest initial level of DNMT3A mRNA, and Syn4 

showing the highest (~31.5), indicating the lowest baseline expression. After actinomycin D treatment, all 

constructs exhibited increasing Ct values over time, consistent with progressive transcript degradation in the 

absence of new transcription. The WT construct showed moderate Ct increases over the 24-hour time course, 

from ~28 at 0 h to ~27.2 at 24 h, remaining within a relatively narrow range Syn1 showed a marked decrease 

in Ct values from 0 h (~29.9) to 30 minutes (~25.2), followed by a progressive increase, reaching ~30.7 at 2 

hours. This profile indicates an early transcript stabilization or accumulation phase followed by accelerated 

decay, distinguishing it from the more gradual decline observed in WT. Syn2 displayed slightly lower Ct values 

than WT at early timepoints but remained within a comparable decay range. Syn3, by contrast, showed a 

sharp increase from ~24.8 at 0 h to ~38.4 by 24 h, indicating rapid transcript decay. Del1 also showed a steep 

increase, rising from ~25.7 at 0 h to ~27.6 at 2 h; however, the lower endpoint Ct values suggest potential 

plateauing or re-expression artefacts, warranting further clarification. Syn4, which began with the highest Ct 

values (~30.7 at 0 h), decreased dramatically at 30 min (~24.9) and then remained consistently elevated ~27.1 

to ~30.2, between 1 and 24h, indicating both low baseline expression and rapid decay. Syn5 maintained 

intermediate Ct values throughout, increasing from ~28.3 at baseline to ~27.4 at 24 h. Syn6 began near WT 

levels (~27.3 at 0 h) and showed modest decay over time, ending at ~26.9 by 24 h, having its peak at 2h 

(~30.2). At the 2-hour timepoint, all synonymous and deletion constructs showed higher Ct values, and thus 

lower transcript abundance, compared to WT, with the exception of Syn2, which retained relatively lower Ct 

values. 

To evaluate the reliability of RPL37A as a reference gene under these experimental conditions, its raw Ct 

values were measured in parallel across all constructs and timepoints (Figure 15b). RPL37A Ct values varied 

widely, ranging from 24.9 to 39.5, and displayed no consistent trend with time or construct, indicating 

unstable expression. For instance, Ct values for the same construct could fluctuate up or down between 

adjacent timepoints, independently of actinomycin D treatment duration. This variability disqualified RPL37A 

from being used for normalization. Consequently, all analyses of DNMT3A transcript decay were based solely 

on raw Ct values. These findings reveal distinct mRNA stability profiles among the DNMT3A constructs and 

demonstrate that both synonymous codon changes and sequence deletions can modulate transcript decay 

rates, with the deletion mutant showing the most pronounced destabilization. 
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Figure 15. mRNA decay over 24 hours following transcriptional inhibition with actinomycin D. a. Raw Ct values from RT-qPCR were 
used to assess the mRNA stability of overexpressed wildtype DNMT3A (WT), six synonymous mutants (Syn1–Syn6), and one deletion 
mutant (Del1) across a 24-hour time course. Samples were collected at 0 h (untreated), 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h post-
treatment. Data represent mean ± SD of technical triplicates. Normalization was performed prior to statistical analysis. A non-
parametric one-way ANOVA was conducted using Kruskal–Wallis test followed by Dunn’s multiple comparisons. No statistically 
significant differences were found between any Syn and Del1 and WT overexpressed at any timepoint. b. Expression of RPL37A was 
measured across the same samples and timepoints to evaluate its suitability as a normalization control. Raw Ct values are shown as 
mean ± SD. Normalization and non-parametric statistical testing were conducted as described above. No significant differences were 
detected across most samples, except between: WT overexpressed and Syn1 (p = 0.0082), WT overexpressed and Syn3 (p = 0.0137), 
and WT overexpressed and Syn6 (p = 0.0008). These findings indicate instability in RPL37A expression under the tested conditions, 
precluding its use as a reliable reference gene. 
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To refine the analysis of early DNMT3A mRNA decay dynamics and enable higher temporal resolution of 

destabilization events, transcript abundance was quantified over a shortened 2-hour time course following 

transcriptional inhibition with actinomycin D (Figure 16). Constructs analyzed included wildtype DNMT3A 

overexpressed, six synonymous variants, and the deletion variant Del1. Transcript levels were normalized to 

the 0-hour timepoint, which corresponded to untreated cells and served as the baseline for relative 

quantification. 

This focused time course was designed based on observations from the full 24-hour experiment (Figure 15a), 

which showed that most of the construct-specific divergence in decay kinetics occurred within the first 1 to 

2 hours after transcriptional arrest. Beyond 2 hours, multiple samples, particularly the deletion mutant Del1 

and the synonymous mutant Syn3, displayed rapid loss of signal, while others plateaued at high Ct values, 

limiting quantitative resolution and increasing measurement variability. The presence of saturation and floor 

effects at the 4-, 8-, and 24-hour timepoints limited the ability to resolve differences in mRNA stability across 

constructs. In particular, floor effects, where Ct values approached the detection limit of the assay due to 

near-complete transcript degradation, reduced the reliability of quantitative comparisons. These limitations 

justified the exclusion of later timepoints in favor of a focused 30min to 2 hour window, during which mRNA 

decay dynamics were most accurately and reproducibly observed. 

Statistical comparisons were performed between each mutant and WT at each time point using Kruskal–

Wallis tests followed by either Dunn’s or Dunnett’s post hoc adjustments. At the 1-hour timepoint, all except 

Syn1  showed significantly reduced transcript abundance relative to WT. No statistically significant 

differences were detected at 2 hours after correction for multiple comparisons. The complete statistical 

results are shown in the table beneath the plot in Figure 16. 

These results confirm that the most discriminative phase for assessing transcript stability differences among 

DNMT3A constructs occurs within the first 2 hours following transcriptional arrest. Normalization to the 30 

min enabled clear resolution of early decay kinetics, highlighting subtle but significant differences in mRNA 

stability attributable to both synonymous substitutions and deletion mutations. 
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Figure 16. Short time-course analysis of DNMT3A mRNA decay normalized to 0 h. 
DNMT3A transcript abundance was measured over a 2-hour time course (0 h, 30 min, 1 h, 2 h) following actinomycin D treatment in 
wildtype overexpressed DNMT3A, Syn1, Syn2, Syn3, Syn4, Syn5, Syn6, and Del1. Data are shown as mean ± SD, normalized to the 0-
hour timepoint. A non-parametric one-way ANOVA with Kruskal–Wallis test and Dunn’s or Dunnett’s multiple comparison correction 
was performed. Statistically significant reductions in transcript levels relative to WT are observed in the table above. 
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5. Discussion 
 

This study set out to functionally interrogate synonymous DNMT3A mutations within a hematopoietic 

context by combining CRISPR/Cas9 genome engineering in THP-1 monocytic cells with overexpression assays. 

Synonymous mutations, once assumed to be biologically silent, are now recognized as modulators of gene 

expression through their potential effects on mRNA stability, splicing, and translation kinetics (Shen et al., 

2022; Zupek et al., 2014). These findings reinforce this paradigm, demonstrating that specific synonymous 

DNMT3A variants can drive substantial changes in transcript abundance and decay kinetics. In the setting of 

clonal hematopoiesis, even subtle changes in DNMT3A amount can confer a selective advantage that 

facilitates long-term clonal expansion and contributes to disease risk (Jaiswal et al., 2017; Venugopal et al., 

2021; Yu et al., 2023). 

Efficient genome editing in suspension hematopoietic cell lines remains technically challenging (Lino et al., 

2018; Kim et al., 2014). Systematic optimization of nucleofection protocols identified FF100 as optimal for 

balancing transfection efficiency and cell viability, which is in line with other studies in myeloid models (Figure 

6d) (Lino et al., 2018). Notably, FF100 is not only supported by the experimental data presented in this study 

but is also the program recommended by Lonza for THP-1 monocytic cells, based on extensive internal 

benchmarking in hematopoietic suspension models. By contrast, alternative programs such as DK100 and 

CM138 resulted in significantly poorer outcomes, either by reducing transfection efficiency or inducing 

marked cytotoxicity. These observations agree with prior reports showing that harsh nucleofection settings, 

while sometimes enhancing delivery in adherent lines, can cause irreversible membrane damage and trigger 

apoptosis in fragile suspension cultures such as THP-1 or CD34⁺ progenitors (Komor et al., 2016). It is well 

documented that myeloid cells exhibit heightened sensitivity to electroporation-induced stress, leading to 

transient mitochondrial dysfunction and activation of stress-response pathways that can sharply reduce 

post-nucleofection survival (Kim et al., 2014), consistent with our findings. 

In addition, the use of FITC-labeled donor oligonucleotides, while helpful for monitoring delivery, resulted in 

reduced post-nucleofection viability. This effect is consistent with prior evidence that covalent attachment 

of bulky fluorophores such as FITC can compromise oligonucleotide stability and increase recognition by 

innate immune sensors, leading to interferon-mediated cytotoxicity in sensitive cells (Delehedde et al., 

2021). Similar observations were reported in primary hematopoietic cells, where fluorophore-modified 

donors triggered elevated cell death without significantly impacting homology-directed repair efficiency (Li 

et al., 2020). Collectively, these data highlight that while fluorescent labeling can be a useful tracking tool, it 

carries biological costs in fragile hematopoietic cell lines that must be carefully weighed when designing 

genome-editing experiments.  
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Despite employing nocodazole-mediated G2/M synchronization to bias repair toward homology-directed 

repair (HDR), most editing outcomes were dominated by non-homologous end joining (NHEJ), consistent with 

reports that hematopoietic progenitors exhibit an intrinsic preference for NHEJ, coupled with considerable 

fitness costs under prolonged synchronization (Scully et al., 2019; Wienert et al., 2020). As observed in Figure 

11a, cell survival post-nocodazole was reduced to 1–3 %, compared to 21–27 % in unsynchronized controls, 

highlighting the technical bottleneck of HDR-based editing in these systems. Nevertheless, one monoallelic 

clone with a patient-derived synonymous mutation was successfully achieved, as well as 6 possibly 

monoallelic knockouts, demonstrating that precise integration is possible, albeit at low frequency (Figure 12 

and Figure 13). These data support the growing consensus that emerging tools such as base editors and 

prime editors, which circumvent double-strand breaks and HDR, are likely to be more effective for 

introducing precise point mutations in hematopoietic models (Anzalone et al., 2020).  

Western blot analysis (Figure 9a) was first performed to evaluate DNMT3A protein expression across the six 

CRISPR-engineered clones. This step was essential because genomic editing outcomes detected at the DNA 

level do not always correlate with protein loss or altered protein integrity. Therefore, a direct assessment of 

protein expression provides critical functional validation. In this assay, HEK293T wild-type and 

DNMT3A-overexpressing cells were included as positive controls, as these are well-characterized epithelial 

cells known to express DNMT3A at robust and consistent levels (Zhang et al., 2025), and their banding pattern 

allows the confirmation of antibody specificity. Additionally, CD34⁺ primary hematopoietic cells were 

included as a physiologically relevant control representing a non-leukemic hematopoietic population, 

enabling direct comparison to THP-1 backgrounds. As expected, the DNMT3A band in HEK cells migrated 

slightly higher than in THP-1 (~150 kDa vs. ~118–125 kDa). This is consistent with prior reports indicating 

cell-type–specific post-translational modifications, particularly differential phosphorylation and glycosylation 

patterns, which can alter electrophoretic mobility without changing the underlying coding sequence (Zhang 

et al., 2008). Of note, the α-tubulin loading control band appeared slightly fainter in THP-1 wild-type sample 

compared to the other samples. This difference may reflect cell-type–specific variations in basal cytoskeletal 

protein abundance and altered microtubule turnover in leukemic monocytic cells, which often display 

reduced steady-state tubulin content compared to adherent cells (Sallee et al., 2021). Analysis of the WES 

data revealed that only KO2 and KO4 lacked detectable DNMT3A protein bands between ~118 and 130 kDa, 

strongly suggesting protein-level knockout in these two clones. In contrast, KO1, KO3, KO5, and KO6 retained 

visible DNMT3A bands despite targeted editing, indicating that these alleles likely resulted in in-frame indels 

or generated truncated proteins still detectable by the antibody. Importantly, it remains undetermined 

whether these CRISPR-induced mutations occurred in homozygous or heterozygous configurations, as allele 

phasing information is lacking. Without evidence of biallelic disruption, residual protein expression in KO1, 

KO3, KO5, and KO6 may reflect partial editing or the presence of unmodified alleles. Moreover, considering 
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that CRISPR editing often generates small insertions or deletions, the distinction between in-frame and out-

of-frame indels becomes critical. A 5-nucleotide indel, for example, would disrupt the reading frame and 

likely introduce a premature termination codon, potentially triggering nonsense-mediated decay (Deneault, 

2024). Conversely, in-frame deletions may preserve the reading frame and result in internally truncated 

proteins that retain immunoreactivity, consistent with the DNMT3A signal observed in these four clones. 

 

This observation is further supported by the normalized expression values (Figure 9b) which show that these 

clones exhibit DNMT3A protein levels comparable to the THP-1 wild-type control. Therefore, these clones 

likely do not represent knockouts at the protein level. In contrast, THP-1 cells, representing a more 

differentiated monocytic lineage, typically show reduced DNMT3A expression, particularly during terminal 

differentiation (Huang et al., 2016). Although the two samples were lysed using different buffers, Cell Lytic 

M for CD34⁺ cells and HEK293T,  and SDS-containing buffer for THP-1 cells, control experiments showed that 

THP-1 lysed with Cell Lytic M yielded no detectable DNMT3A band. This suggests that the observed difference 

in DNMT3A signal intensity reflects a genuine biological disparity in protein abundance, rather than 

differences in extraction efficiency. To accurately compare DNMT3A protein expression between cell types, 

consistent lysis conditions, preferably using a strong denaturing buffer like SDS, are essential. This highlights 

the critical importance of performing Western blot verification, as genomic alterations alone (e.g., frameshift 

predictions) may not capture translational rescue mechanisms or the generation of truncated but still 

immunoreactive proteins (Kim et al., 2020). 

To complement the normalized protein quantification, DNMT activity assays were performed across the 

same THP-1 knockout clones (Figure 10). When comparing the Western blot–based quantification 

(normalized WES signal) to the functional activity readouts, several points emerge regarding assay sensitivity. 

The WES platform, while highly sensitive in detecting residual protein levels after normalization to loading 

controls, primarily reflects total immunoreactive protein and does not distinguish between catalytically 

competent and impaired forms. In contrast, the DNMT activity assay directly measures enzymatic function 

and is therefore more sensitive to functional impairments that may not alter antibody recognition. For 

instance, KO3 and KO5 display normalized WES signals comparable to wild type, indicating preserved 

DNMT3A protein levels, yet both show substantial reductions in DNMT activity. This discrepancy suggests the 

presence of structurally altered but immunoreactive proteins, potentially harboring in-frame deletions 

affecting the methyltransferase catalytic core or cofactor-binding motifs, as described in mechanistic studies 

of DNMT3A (Kunert, 2024). Conversely, KO2 demonstrates reduced normalized WES signal and a 

concomitant loss of activity, indicative of a non-functional protein product with partial degradation, while 

KO4 exhibits both absent WES signal and complete absence of activity, representing a true protein and 

functional knockout. These distinctions underscore the complementary nature of the two techniques: 
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normalized WES allows sensitive detection of residual or truncated protein, while activity assays provide a 

more functionally stringent assessment. Integrating both datasets is critical, as residual non-functional 

proteins can exert dominant-negative effects or interfere with multiprotein complexes, potentially leading 

to phenotypes divergent from those of complete null alleles. 

As shown in Table 11, DNMT3A knockout clones exhibited variable proliferation rates relative to THP-1 

wildtype cells. The wildtype line displayed a doubling time of approximately 48 hours, consistent with the 

reference value reported by DSMZ. Clones KO2, KO3, and KO5 demonstrated shorter doubling times, 

suggestive of enhanced proliferative capacity, whereas KO1, KO4, and KO6 exhibited longer doubling times, 

indicating relative growth delay. Despite these differences, no statistically significant variations were 

observed between the knockout clones and the wildtype across three independent biological replicates. 

These findings imply that DNMT3A disruption does not impart a uniform effect on cell cycle progression but 

instead leads to clone-specific alterations in proliferation. From a biological perspective, DNMT3A loss has 

been associated with epigenetic reprogramming and altered transcriptional control in hematopoietic stem 

cells, potentially influencing proliferative behavior through changes in DNA methylation and chromatin 

accessibility (Challen et al., 2012; Jaiswal et al., 2017). Therefore, even partial reductions in DNMT3A 

expression, as observed in some clones, could reshape epigenetic landscapes and transcriptional networks, 

leading to divergent growth kinetics. In line with this, cell viability monitoring over a 15-day period (Figure 8c) 

revealed high overall survival across all clones, including WT, though transient fluctuations were noted. All 

cell lines showed a sharp but temporary drop in viability around day 2, followed by recovery. KO5 and KO6 

exhibited an additional decline around day 6, while KO2 showed a viability decrease at day 10. Despite these 

episodic dips, all clones ultimately returned to baseline viability, and no statistically significant differences in 

overall cell survival were found when compared to the wildtype. These transient effects may reflect early 

adaptation to clonal outgrowth or stress responses linked to DNMT3A disruption, further supporting a model 

of functional heterogeneity among the knockout clones. 

The present study reveals that both synonymous and deletion mutations within the DNMT3A coding 

sequence significantly modulate mRNA stability, with distinct temporal decay profiles evident from both long 

(24 h) and short (2 h) transcriptional inhibition time courses. These findings underscore the critical role of 

local coding sequence features in determining post-transcriptional transcript fate and align with growing 

evidence that mRNA stability is not merely a passive consequence of sequence content but an actively 

regulated property with functional consequences for gene expression output. Importantly, all wildtype 

overexpressed, synonymous variants, and the deletion mutant, were robustly overexpressed at baseline 

relative to endogenous DNMT3A levels in THP-1 cells, as confirmed by ΔΔCt-based quantification. Therefore, 

the observed differences in mRNA decay between constructs are unlikely to reflect variability in initial 
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transcript abundance and instead point to genuine stability effects associated with specific sequence changes 

(Figure 14). 

From the 24-hour RT-qPCR time course (Figure 15a), it was apparent that several synonymous mutants, 

exhibited more rapid mRNA decay relative to the wildtype (WT) construct, as reflected by faster increases in 

raw Ct values. In contrast, Syn2 and Syn4 displayed similar decay trajectories to WT, suggesting that not all 

synonymous codon substitutions perturb mRNA stability to the same extent. These long-range decay kinetics 

established that the coding sequence of DNMT3A contains both codon-dependent and region-specific 

determinants of transcript longevity. To resolve early-phase decay events that may be obscured by transcript 

depletion or saturation effects at later timepoints, we implemented a higher-resolution 30min to 2 h analysis 

using transcript levels normalized to the 30 min condition (Figure 16). The short time course corroborated 

and extended the findings of the full decay profile. Syn3, which trended toward instability in the long-time 

course without reaching statistical significance at individual timepoints, showed a striking and continuous 

drop in relative abundance during the first 2 hours, identifying it as a likely unstable variant. All Syn 2-6 and 

Del1, revealed statistically significant reductions in abundance at the 1 h mark, supporting the conclusion 

that their destabilization occurs acutely and may be partially masked over longer intervals. Conversely, Syn1, 

did not show significant differences at early timepoints, suggesting that their destabilization may involve 

cumulative or delayed mechanisms. These observations highlight the complementarity of short- and long-

term transcript decay analyses for capturing both acute and sustained regulatory effects. 

These results contribute to a growing body of literature showing that synonymous codon changes, 

traditionally considered silent, can profoundly impact mRNA fate. Codon usage has been shown to affect 

transcript stability via codon optimality, where rare codons can slow ribosome transit and expose mRNA to 

decay machinery (Presnyak et al., 2015; Narula et al., 2023). More recently, Supek et al. (2021) demonstrated 

that synonymous mutations frequently act as driver mutations in cancer by altering RNA stability and 

translation efficiency, further reinforcing the functional importance of codon identity. In the context of 

DNMT3A, a gene frequently mutated in hematologic malignancies and essential for epigenetic regulation, 

such codon-level control may represent an additional layer of post-transcriptional regulation with phenotypic 

consequences. 

The pronounced instability observed in Del1 further implicates cis-acting elements within the deleted region 

as critical for transcript maintenance. This may include binding sites for RNA-stabilizing proteins, secondary 

structures that prevent exonucleolytic degradation, or sequence motifs such as AU-rich elements (AREs) 

known to regulate mRNA half-life (Mayr, 2017; Bazzini et al., 2020). The nearly complete loss of Del1 

transcript by 24 h, along with its consistently lower abundance across early timepoints, suggests that removal 
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of these elements can override codon-related effects and drive rapid degradation through general mRNA 

decay pathways. 

The failure of RPL37A to serve as a stable reference gene in these experiments further emphasizes the 

importance of validating normalization controls under each specific experimental context. Prior studies have 

demonstrated that housekeeping genes, including ribosomal proteins, can display variable expression under 

transcriptional inhibition or cellular stress (Vandesompele et al., 2021; de Jonge et al., 2007), and our findings 

are consistent with these observations. The decision to analyze only raw Ct values, while limiting in terms of 

relative quantification, ensured that observed differences reflect genuine transcript-specific decay dynamics 

rather than artifacts of normalization. 

Together, these data indicate that both synonymous codon usage and non-coding sequence context within 

DNMT3A significantly affect transcript stability, operating through distinct temporal kinetics. Early 

destabilization, as observed for Syn1, Syn3, and Syn5, likely reflects immediate susceptibility to decay 

machinery, whereas late-phase degradation seen in Syn2 and Syn4 may reflect more gradual loss of 

protection or translational disengagement. Deletion of structural elements, as in Del1, results in robust, 

sustained destabilization, emphasizing the combinatorial nature of mRNA stability regulation. 

Future studies will be required to define the precise mechanisms underlying these effects, including ribosome 

profiling to assess translational efficiency, SHAPE-MaP or related technologies to examine secondary 

structure, and crosslinking immunoprecipitation (CLIP) assays to identify RNA-binding proteins interacting 

with affected regions. Importantly, the demonstrated effects of synonymous and deletion mutations on 

mRNA stability support a model in which coding sequence variation directly contributes to post-

transcriptional regulation, with potential implications for DNMT3A function in health and disease. To further 

resolve the allelic complexity and confirm the precise sequence architecture of CRISPR-edited clones, future 

work should also include subcloning of allele-specific PCR products followed by Sanger sequencing. This 

approach allows unambiguous phasing of individual alleles, which is essential for distinguishing compound 

heterozygosity, assessing editing outcomes on each chromosome independently, and identifying potential 

mosaicism or unintended editing events that may not be detectable in bulk sequencing traces. 

These results hold significant implications for the understanding of clonal hematopoiesis and the 

pathogenesis of DNMT3A-mutant hematologic disorders. While clonal hematopoiesis of indeterminate 

potential (CHIP) is most frequently driven by missense or truncating mutations in DNMT3A, the present data 

demonstrate that synonymous variants are also capable of altering transcript abundance and stability, 

thereby contributing to functional heterogeneity. Even modest but sustained changes in DNMT3A expression 

over time have the potential to reshape DNA methylation landscapes, perturb hematopoietic stem cell 
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self-renewal and differentiation programs, and ultimately promote clonal selection and expansion within the 

hematopoietic compartment (Venugopal et al., 2021; Jaiswal et al., 2017; Yu et al., 2023). The transcriptional 

dysregulation identified in this study provides a compelling mechanistic link between ostensibly silent coding 

variation and altered cellular phenotypes, thereby expanding the recognized mutational spectrum that can 

influence clonal fitness and predisposition to malignant transformation. 

Several limitations of this study must be acknowledged. First, the low efficiency of homology-directed repair 

(HDR), combined with the cytotoxicity associated with nocodazole-mediated G2/M synchronization, slowed 

down and restricted our ability to generate multiple precise knock-in clones for functional replication. HDR 

inefficiency in hematopoietic suspension cells is well documented, reflecting intrinsic preferences for 

non-homologous end joining and cell-cycle heterogeneity (Wienert et al., 2020; Scully et al., 2019). 

Second, the transient overexpression assays employed in this work may not fully recapitulate endogenous 

regulatory dynamics, including transcriptional feedback loops and chromatin context. Moreover, mRNA 

measurements alone do not always correspond to protein abundance or enzymatic activity, underscoring the 

need for complementary proteomic and functional assays. Third, previous transcriptomic profiles confirm 

that RPL37A is expressed at significantly higher levels in THP-1 cells than DNMT3A. Because qPCR 

normalization assumes stable and proportionate reference gene expression, using a highly abundant 

transcript like RPL37A can compress the apparent dynamic range of low-abundance targets, potentially 

masking subtle yet biologically meaningful fluctuations in DNMT3A mRNA. In addition, we observed 

variability in RPL37A Ct values under constructs, suggesting that its transcription may itself be perturbed 

under extreme overexpression conditions. Future studies should therefore include multiple housekeeping 

genes of comparable abundance and implement transcriptome-wide normalization strategies to minimize 

these artifacts. Finally, as THP-1 cells are derived from an acute monocytic leukemia, their epigenetic and 

transcriptional landscapes does not accurately reflect primary hematopoietic stem and progenitor cells 

(HSPCs). Validation in primary hematopoietic models or in vivo systems will be essential to establish the 

physiological relevance of these findings. 

Future work should focus on integrating precise genome-editing strategies that overcome the limitations of 

HDR. Base editors and prime editors, which directly install point mutations without double-strand breaks, 

offer a promising avenue for modeling synonymous variants with higher fidelity (Anzalone et al., 2020). In 

parallel, high-throughput saturation mutagenesis in a permissive model such as HCT116 cells, a colorectal 

carcinoma line that exhibits exceptional HDR efficiencies, stable clonal expansion, and a well-characterized 

genetic background (Funk et al., 2025), would enable systematic interrogation of thousands of synonymous 

positions at scale. HCT116 cells are particularly suited because they tolerate extensive editing with minimal 

cell-cycle disruption, allowing for the robust recovery of edited clones for downstream multi-omics profiling. 
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These large-scale screens should then be complemented by focused validation in primary HSPCs or 

xenotransplantation models to assess hematopoietic relevance directly. 

At the mechanistic level, future investigations should integrate multi-omics approaches to link 

nucleotide-level changes to cellular phenotypes. Combining transcriptomics, ribosome profiling, and 

quantitative proteomics with genome-wide methylation analysis will allow a comprehensive assessment of 

how synonymous variants influence not only mRNA turnover but also translational efficiency and 

downstream epigenetic states (Brunet et al., 2019). High-resolution RNA structure probing (e.g., SHAPE-MaP) 

and RNA-protein interaction mapping (e.g., CLIP-seq) will further elucidate how individual substitutions 

remodel binding landscapes of regulatory proteins or expose/destabilize structural motifs (Hanson & Coller, 

2017). Finally, whole-genome sequencing should be implemented to monitor potential off-target editing 

events, ensuring specificity as genome-engineering technologies are advanced toward clinical translation. 

The findings presented here highlight that synonymous DNMT3A variants, long assumed to be functionally 

neutral, can exert significant effects on transcript stability and abundance. In the context of clonal 

hematopoiesis, these subtle alterations in DNMT3A amount may recalibrate DNA methylation programs, 

skew hematopoietic stem cell fate decisions, and provide a competitive advantage that promotes clonal 

outgrowth (Venugopal et al., 2021; Yu et al., 2023). Clinically, this suggests that patients carrying synonymous 

DNMT3A mutations might harbor previously unrecognized risks for hematologic progression or 

cardiovascular morbidity, expanding the spectrum of variants warranting surveillance in CHIP (Jaiswal et al., 

2017). Moreover, these data support the inclusion of synonymous changes in diagnostic pipelines and 

variant-interpretation frameworks, which historically prioritized only nonsynonymous alterations. 

In conclusion, this study demonstrates that synonymous DNMT3A mutations are not transcriptionally silent. 

Rather, they can induce profound and construct-specific effects on mRNA abundance and stability, with 

potential to reshape epigenetic landscapes and influence clonal fitness. By combining functional genomics 

with rigorous transcriptomic analysis, this work expands the mutational spectrum relevant to clonal 

hematopoiesis and assesses the need to reassess how synonymous variation is interpreted in both research 

and clinical contexts. Future integration of precise genome-editing tools, saturation mutagenesis in high-HDR 

systems such as HCT116, and multi-layered molecular profiling will be instrumental in defining the full 

regulatory impact of these subtle genetic alterations. Collectively, these approaches will deepen our 

understanding of how small coding changes reverberate through gene regulation networks, ultimately 

informing risk stratification and therapeutic strategies in hematologic disease. 
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