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Abstract

Myelodysplastic neoplasms (MDS) are clonal hematopoietic disorders defined by ineffective hematopoiesis, cytopenias, and variable risk of progre-
ssion to acute myeloid leukemia. Although genomic and epigenomic studies have provided insight into disease pathogenesis, reliable biomarkers 
for diagnosis and prognosis remain limited. Proteomics offers an important advantage because it reflects the functional protein state and captures 
post-translational modifications, making it highly relevant for risk assessment and therapy guidance. Recent studies have identified several groups 
of candidate biomarkers. Kinases and signal transduction proteins such as CAMK1D, PRKCZ, KIT, MAST4, PAK6, PTK7, and NTRK1 are dysregulated in 
MDS and associated with poor outcomes, immune evasion, and aberrant stem cell signaling. Oncofetal proteins like IGF2BP3 and signaling regula-
tors such as RBP4 further highlight proteomic signatures linked to chemoresistance and subtype specificity. In the transplant setting, immune re-
gulators including CSK, FGR, CRTAM, GP1BA, UBE2N, and STAT1 may serve as predictors of graft rejection and relapse. Cytoskeletal and extracellular 
matrix proteins such as CEP55, Talin-1, Kindlin-3, Vinculin, THBS1, LRG1, SPARC, SAA1, Clusterin, and PRDM16 underscore the role of bone marrow 
microenvironmental remodeling and adhesion defects in disease progression. Finally, metabolic enzymes such as LDHA reflect altered energy me-
tabolism and correlate with more aggressive disease biology. Collectively, these proteomic candidates illustrate the complex interplay of signaling, 
immune regulation, bone microenvironment, and metabolism in MDS. Their validation in clinical cohorts could enable early detection, refined risk 
stratification, and new therapeutic avenues, positioning proteomics as a central tool in the future management of MDS.
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Highlights 

•	 Myelodysplastic neoplasms are syndrome is defined by cytopenias and ineffective hematopoiesis
•	 Dysregulated signaling proteins involved in immune evasion are linked to poor outcome
•	 Bone marrow microenvironment remodeling drives disease progression and adhesion defects
•	 Proteomics biomarkers may guide therapy and improve patient outcomes

Myelodysplastic neoplasms

Myelodysplastic neoplasms (MDS) are a group of 
malignant clonal hematological disorders charac-
terized by ineffective hematopoiesis and dysplasia 

affecting cell lineages of the bone marrow. It typi-
cally presents with nonspecific symptoms related 
to cytopenias, including fatigue from anemia, in-
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early MDS versus reduced apoptosis reported dur-
ing clonal expansion in advanced disease, suggests 
a dynamic shift in cellular programs. These insights 
position apoptosis as both a hallmark of MDS-relat-
ed bone marrow failure and a potential biomarker 
and therapeutic target (11-13).

Recent advances in molecular profiling have re-
shaped our understanding of MDS pathogenesis, 
revealing a complex interplay between multiple 
factors. Genetic and cytogenetic abnormalities in-
fluence disease phenotype, progression, and treat-
ment response, thus defining different MDS sub-
types and carrying major prognostic value. Cy-
togenetic lesions occur in roughly half of de novo 
cases, while recurrent mutations that affect RNA 
splicing, epigenetic regulation, transcription and 
signaling, are detected in over 90% of cases (14).

Myelodysplastic neoplasms incidence rises sharply 
after age 70, which centers aging in its pathogen-
esis. Age-related defects in DNA repair, epigenetic 
regulation, metabolism, and chronic inflammation 
create a permissive environment for somatic mu-
tations, particularly in DNMT3A, TET2, and ASXL1, 
that are considered hallmarks of age-related clon-
al hematopoiesis (15,16). These processes drive 
clonal selection and hematopoietic imbalance, 
providing insight into early MDS evolution and 
guiding the search for predictive genetic biomark-
ers (11,12,17). Somatic mutations in genes regulat-
ing RNA splicing (SF3B1, SRSF2, U2AF1), DNA meth-
ylation (TET2, DNMT3A), and histone modification 
(ASXL1, EZH2) are common early events in MDS, 
disrupting gene expression and differentiation to 
drive clonal hematopoiesis (18). Additional muta-
tions in signaling pathways (NRAS, JAK2), transcrip-
tion factors (RUNX1), or tumor suppressors (TP53) 
promote clonal dominance, genomic instability, 
and leukemic transformation (19,20). Through the 
stepwise accumulation of such genetic and epige-
netic alterations that drive clonal expansion, im-
paired differentiation, and increased blast prolifer-
ation, MDS can progress to acute myeloid leuke-
mia (AML) (21).

Myelodysplastic neoplasms was classified in 2022 
by the World Health Organisation (WHO) 5th Edi-
tion, which replaced “syndromes” with “neo-
plasms” and defined entities based on morpholo-

fections from neutropenia, and bleeding or bruis-
ing from thrombocytopenia. The annual incidence 
of MDS is approximately 4.9 per 100,000. Although 
it is rare before age 40, it rises sharply after 70, with 
a median age at diagnosis of 65 years and a slightly 
higher incidence in men (1). Congenital, environ-
mental and life-style factors contribute to the risk 
of developing MDS. Hereditary bone marrow fail-
ure syndromes are well-established predisposing 
conditions, while environmental risks include ben-
zene exposure from cigarette smoke and occupa-
tional exposure to solvents, paints, and pesticides. 
Epidemiological studies also link higher body mass 
index (BMI) to increased risk of MDS, with relative 
risks of 1.15 for overweight, 2.18 for obese adults, 
and a particularly elevated risk for people with BMI 
> 35 kg/m2 (2). The increased risk might stem form 
obesity-related inflammation, immune dysregula-
tion, and adipocyte-driven alterations of the bone 
marrow microenvironment (3,4). Myelodysplastic 
neoplasms may also arise as a secondary condition 
from pre-existing hematologic disorders or follow-
ing cytotoxic chemotherapy and/or radiotherapy. 
Therapy-related MDS is linked to alkylating agents, 
topoisomerase II inhibitors and autologous stem 
cell transplantation (ASCT). It accounts for up to 
15% of cases, and carries a markedly increased risk 
of myeloid neoplasms (5,6). Elevated MDS inci-
dence has also been observed after solid organ 
transplantation, likely due to prolonged immuno-
suppression, with agents such as azathioprine con-
ferring a particularly high risk through impaired 
DNA repair and chromosomal instability (7-10). 

Pathogenesis of myelodysplastic 
neoplasms

Despite extensive study, the exact “cell of origin” in 
MDS remains unclear. Early MDS is marked by hy-
percellular bone marrow, coupled with peripheral 
cytopenias that are driven by increased apoptosis 
and impaired differentiation of affected cells. This 
apoptosis may reflect immune responses against 
MDS antigens, but it also arises from mitochondrial 
dysfunction and the activation of pro-apoptotic 
pathways, exacerbated by a raise in pro-inflamma-
tory cytokines. The paradox of high apoptosis in 
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gy and specific genetic markers, including MDS 
with low blasts and isolated chromosome deletion 
del(5q), MDS with low blasts and SF3B1 mutation, 
and MDS with biallelic TP53 inactivation (22). Simi-
larly, the International Consensus Classification 
(ICC) recognizes the mentioned genetically de-
fined entities, but classifies patients with 10-19% 
blasts as „MDS/AML“, whereas WHO retains them 
as MDS with increased blasts-2 (23). Both systems 
rely on morphologic criteria (≥ 10% dysplasia in 
one or more lineages, blast counts in marrow and 
blood, and ring sideroblasts) alongside genetic ab-
normalities to define subtypes (24). 

Several pre-MDS indolent myeloid disorders have 
also been recognized: idiopathic cytopenia of un-
determined significance (ICUS), idiopathic dyspla-
sia of undetermined significance (IDUS), clonal he-
matopoiesis of indeterminate potential (CHIP), and 
clonal cytopenia of undetermined significance 
(CCUS) (25-27). Idiopathic cytopenia of undeter-
mined significance involves persistent cytopenia 
without MDS-related dysplasia or cytogenetic/
molecular abnormalities (17,28,29). Idiopathic dys-
plasia of undetermined significance features mor-
phological dysplasia with minimal or no cytopenia 
and lacks clonal mutations or cytogenetic chang-
es. Clonal hematopoiesis of indeterminate poten-
tial is defined by age-related mutations in genes 
involved in myeloid malignancies, without cytope-
nias or neoplastic features. Clonal cytopenia of un-
determined significance combines unexplained 
cytopenia with clonal mutations, often with mini-
mal dysplasia but without MDS-defining abnor-
malities. These entities provide a valuable model 
for developing and validating diagnostic and 
prognostic biomarkers (11,26-29).

Diagnostic and therapeutic approaches

Given the marked biological heterogeneity of 
MDS, accurate classification is essential for diagno-
sis and therapeutic decision-making. Recent WHO 
and ICC updates integrate morphology and genet-
ic aberrations since cytogenetic or molecular alter-
ations are detectable in approximately 90% of cas-
es. Myelodysplastic neoplasms diagnosis thus re-
quires evidence of dysplastic changes in ≥ 10% of 

cells in at least one hematopoietic lineage, fewer 
than 20% myeloblasts in peripheral blood or bone 
marrow, and presence of clonal genetic abnormal-
ities. However, caution is needed, as many of these 
mutations also occur in healthy individuals or in 
related conditions (21). Some patients exhibit cy-
topenias without meeting full MDS criteria, often 
with stable blood counts for years (26). Myelodys-
plastic neoplasms is further characterized by its in-
herent risk of progression to AML. The risk was ini-
tially stratified by the International Prognostic 
Scoring System-Revised (IPSS-R) based on marrow 
blast percentage, cytogenetic risk group, hemo-
globin concentration, platelet count, and absolute 
neutrophil count (30). This framework was ex-
panded in 2022 by the International Prognostic 
Scoring System-Molecular (IPSS-M), by incorporat-
ing the mutational status of relevant genes (i.e. 
TP53, SF3B1, TET2, ASXL1, RUNX1) (31). This refines 
risk stratification and enables treatment adapted 
to patient age, comorbidities, and genetic profile, 
thus improving quality of life and delaying the 
progression to AML. 

Therapeutic options for MDS currently range from 
conventional therapies, such as hypomethylating 
agents and lenalidomide, to intensive myeloabla-
tive regimens. Although these approaches may in-
duce clinical responses, they fail to fully eradicate 
MDS stem cells (32-34). Current research in MDS in-
creasingly focuses on common genetic abbera-
tions, like targeting TP53 using its reactivator 
Eprenetapopt, or IDH1/2 inhibitors and luspater-
cept for patients with SF3B1 mutations (21,35). Al-
logeneic hematopoietic stem cell transplantation 
(HSCT) is the only potentially curative therapy for 
MDS (36,37). However, the disease is sustained by 
diverse and adaptable stem cell populations, 
which complicates their eradication, and relapse 
remains the leading cause of treatment failure. 
Maintenance and pre-emptive therapies following 
HSCT are, therefore, also areas of active investiga-
tion (38,39). Ultimately, the development of new 
approaches like digital diagnostics and peripheral 
blood omics may change future diagnostic prac-
tices. Effective management of MDS will likely de-
pend on rational combinations of classical sup-
portive and non-targeted treatments with individ-
ualized, mutation-directed therapies (40,41). 
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Protein biomarkers of myelodysplastic 
neoplasms 

As classification systems increasingly integrate 
molecular features, proteomic profiling offers an 
opportunity to refine these categories by captur-
ing the functional consequences of genetic lesions 
and microenvironmental alterations of MDS. This 
highlights the need to evaluate protein-level bio-
markers alongside established genomic markers. 
Proteomic studies in MDS have utilized several 
sample types, capturing distinct layers of disease 
biology. Peripheral blood offers a minimally inva-
sive source suitable for longitudinal monitoring 
and reflects systemic inflammatory and metabolic 
alterations. Bone marrow provides a more direct 
view of the dysplastic niche and microenviron-
mental remodeling. Finally, stem and progenitor 
cell-enriched fractions allow the identification of 
protein signatures specifically associated with 
clonal hematopoiesis and early leukemogenic 
events. 

Despite significant advances, robust and clinically 
applicable biomarkers capable of predicting dis-
ease course and stratifying high-risk patients re-
main a major unmet need (42-46). The purpose of 
this review is to integrate and evaluate candidate 
protein biomarkers with potential prognostic rele-
vance and therapeutic value in MDS. These pro-
teins can be categorized according to their pre-
dominant biological functions into: kinases and 
signal transduction molecules, proteins implicated 
in graft rejection, cytoskeletal and extracellular 
matrix (ECM) regulators, and metabolic enzymes. 
Such classification facilitates a clearer understand-
ing of their roles in disease pathogenesis and also 
highlights potential therapeutic avenues. These 
molecules were selected via a comprehensive lit-
erature review and are proposed for future valida-
tion of their diagnostic and prognostic utility in 
MDS.

1. Kinases/Signal transduction molecules

Protein kinases have a critical role in cell signaling 
and regulation. Through phosphorylation, they 
modify the function, activity, localization, or inter-

actions of their target proteins. Dysregulated ki-
nase activity is proposed as a defining feature of 
MDS progression and is closely associated with 
poor prognosis in patients. Individual kinase alter-
ations are well characterized in other cancers (e.g., 
KIT in systemic mastocytosis, neurotrophic tropo-
myosin kinase receptors fusions in solid tumors, 
but their collective dysregulation in MDS suggests 
a unique pathogenic network (47,48). While indi-
vidual biomarkers may not be relevant, their col-
lective expression, synthesized into a diagnostic 
panel, has proven useful for stratifying patients 
into subgroups based on disease severity. The ex-
pression profiles and activity of several kinases has 
recently been characterized and annotated to 
MDS patient subgroups using the Kinase Stratifica-
tion Score (KISS) (42). These proteins converge on 
three significant pathways: immune evasion, stem 
cell dysregulation and therapeutic resistance. Im-
mune evasion is a hallmark of cancer develop-
ment. It allows malignant cells to avoid detection 
by the host immune system, a process that is often 
orchestrated through dysregulated signaling path-
ways. Aberrant calcium/calmodulin and Wnt sig-
naling pathway were suggested to be of particular 
importance to MDS. A notable example is a calci-
um/calmodulin-dependent kinase (CAMK1D) that 
modulates the differentiation and apoptosis of 
haematopoetic cells (49). Yao et al. associated high 
expression of CAMK1D in MDS patients with poor 
overall survival rate, likely due its suppression of 
caspase-mediated apoptosis, which permits leu-
kemic clone survival. Another member of this sig-
naling pathway is protein kinase C zeta (PRKCZ) 
whose elevated expression was linked to poor 
prognosis (42). The cluster of Wnt-related kinases 
were also implicated in the pathology of this dis-
ease. Namely, elevated expression of the trans-
membrane receptor tyrosine kinase KIT appears to 
further disrupt stem cell signaling and to increase 
blast counts, thus potentially intersecting func-
tionally with CAMK1D activity in the progression 
of MDS (50). Elevated expression levels of several 
other Wnt-related kinases have been proposed as 
potential prognostic biomarkers within the KISS 
model, although their mechanisms of contribution 
to MDS pathogenesis are largely unknown. In par-
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ticular, overexpression of microtubule-associated 
serine/threonine kinase 4 (MAST4), p21-activated 
kinase 6 (PAK6), and protein tyrosine kinase 7 
(PTK7) have been linked to adverse outcomes. 
Moreover, while mutations in neurotrophic recep-
tor tyrosine kinase 1 (NTRK1) are commonly associ-
ated with solid tumours, they have also been cor-
related with poor overall survival (42). NTRK1 muta-
tions in MDS often result in constitutive kinase ac-
tivation, analogous to gain-of-function mutations 
in solid tumours, implicating a shared “hyperactive 
signaling” phenotype despite divergent mutation-
al spectra (51). Functionally, patients classified as 
KISS-high exhibit concurrent overexpression of all 
seven kinases. This implies that the kinases are not 
in direct biochemical interaction and that they act 
in additive manner in pathogenesis of MDS.

Insulin-like growth factor 2 mRNA-binding protein 
3 (IGF2BP3) exerts broadly detrimental effects on 
patient prognosis. This oncofetal protein, typically 
low in healthy adults, is frequently re-expressed in 
cancers. In MDS and AML patients, elevated plas-
ma concentrations of IGF2BP3 are associated with 
chemotherapy resistance and reduced survival. 
These effects are thought to result from the stabili-
zation of survival-promoting mRNAs, including 
modulators of the PI3K-AKT and MAPK pathways, 
thereby inhibiting apoptosis (52). 

Retinol-Binding Protein 4 (RBP4) is increasingly 
recognized not only as a transporter of retinol but 
also as a signaling molecule that modulates meta-
bolic and inflammatory pathways. Through its en-
docrine-like effects, RBP4 can influence cellular 
communication and immune responses, placing it 
among proteins with signaling functions. The 
RBP4 is a blood transporter of retinol (vitamin A), 
with a role in multiple metabolic and inflammato-
ry pathways (53). Elevated concentrations of RBP4 
expression have been observed in certain sub-
types of MDS, such as refractory anemia with ex-
cess blasts-1 (54). However, RBP4 concentrations 
remain normal in MDS subtype, anemia with 
ringed sideroblasts, suggesting that RBP4 may 
serve as a potential biomarker specific to certain 
MDS subgroups (55).

Kinases are among the most important drug tar-
gets in the human proteome, with a long history 

of being targeted for an expanding range condi-
tions (56). Understanding the kinase activation 
patterns driving MDS is a crucial insight into the 
mechanisms underlying disease progression. Tar-
geting these dysregulated pathways holds the po-
tential to modulate ineffective hematopoiesis or 
reduce malignant cell survival. With the exception 
of PTK7, for which inhibitory strategies have shown 
only limited success in phase 1 clinical trials, inhibi-
tors of other potential immune evasion mediators 
have yet to be evaluated in the context of MDS 
(Table 1) (51,57-61). Table 1 summarizes the most 
frequently reported proteomic biomarkers in MDS. 
To aid interpretation, the column ‘Validation po-
tential’ reflects an assessment based on several 
criteria: (i) reproducibility across independent co-
horts; (ii) availability of orthogonal confirmation 
(e.g., ELISA, flow cytometry, targeted MS); (iii) dem-
onstrated association with clinically relevant end-
points such as survival, progression, or treatment 
response; and (iv) feasibility of measurement in 
routine clinical samples such as peripheral blood, 
bone marrow plasma, or CD34+ fractions. These 
criteria collectively indicate the likelihood that 
each biomarker could progress toward clinical vali-
dation.

2. Proteins related to graft rejection 

Graft rejection is a transplant failure in which the 
recipient’s immune system attacks the transplant-
ed bone marrow or blood-forming cells, prevent-
ing engraftment and recovery. Disruption of the 
kinase signaling pathways can trigger dysregulat-
ed innate and adaptive immune responses. This 
imbalance promotes inflammation and immune 
cell infiltration, processes that can ultimately lead 
to graft rejection. This is of high importance to 
MDS since HSCT is the only curative option cur-
rently available for patients. Therefore, identifying 
proteins that predict allograft rejection at an early 
stage of treatment is of great importance for mon-
itoring graft function and assessing relapse risk. 
Several of these candidate proteins converge on 
common signalling pathways like NF-κB, and Src 
kinase pathways implicated in inflammatory sig-
naling and immune cell activation (62,63).



Novak R. et al.	 Proteomics in myelodysplastic syndromes

Biochem Med (Zagreb) 2026;36(2):020504		  https://doi.org/10.11613/BM.2026.020504 

6

Molecule Pathway/Category Reported effect in MDS Prognostic 
implication Validation potential Reference

CAMK1D Calcium/calmodulin 
signaling kinase

Suppresses 
caspase-mediated 

apoptosis, modulates 
hematopoietic 
differentiation

High expression 
linked to poor 
overall survival

Strong candidate 
biomarker; warrants 

functional and clinical 
validation

(42,49)

PRKCZ Protein kinase C family
Dysregulated expression 
contributes to immune 

evasion

Associated with 
poor prognosis

Promising, requires 
further mechanistic 

studies
(42)

KIT Receptor tyrosine 
kinase (Wnt-related)

Alters stem cell signaling, 
increases blast counts

Overexpression 
linked to disease 

progression

Targetable kinase, 
potential therapeutic 

biomarker
(50)

MAST4 Serine/threonine kinase 
(Wnt-related)

Mechanism unclear, 
implicated via KISS model

Overexpression 
associated with 

adverse outcome

Candidate for 
exploratory validation (42)

PAK6 Serine/threonine kinase 
(Wnt-related)

Mechanism unclear, 
implicated via KISS model

Overexpression 
associated with 

adverse outcome

Candidate for 
exploratory validation (42,61)

PTK7 Pseudokinase, Wnt 
signaling modulator

Implicated in MDS via KISS 
model; limited therapeutic 

inhibition tested

High expression 
linked to poor 

prognosis

Limited clinical trial 
data; further validation 

needed
(42,57)

NTRK1 Neurotrophic receptor 
tyrosine kinase

Activating mutations cause 
constitutive signaling

Mutations 
correlated with 

reduced survival

Potential shared 
oncogenic driver; 

promising biomarker
(42,51)

IGF2BP3 RNA-binding oncofetal 
protein

Stabilizes pro-survival 
mRNAs (PI3K-AKT, MAPK 

pathways); promotes 
chemoresistance

Elevated 
concentrations  

linked to reduced 
survival and 

therapy resistance

Strong candidate for 
clinical validation (52)

RBP4 Retinol-binding protein, 
signaling modulator

Alters metabolic and 
inflammatory signaling; 

subtype-specific expression

Elevated in RAEB-1 
but not in RARS; 

potential subgroup 
biomarker

Promising 
subtype-specific 

biomarker for 
stratification

(53-55)

For each candidate biomarker, it is crucial to distinguish whether clinical implementation would require detection of somatic 
mutations (e.g., NTRK1) or quantification of protein overexpression (e.g., KIT, PTK7), as the analytical platforms and clinical 
significance differ accordingly.

Table 1. Candidate protein biomarkers in myelodysplastic neoplasms (MDS) with potential prognostic and therapeutic relevance. 

A likely candidate is C-terminal Src kinase (CSK), 
which regulates immune homeostasis by prevent-
ing the overactivation of inflammatory pathways. 
Elevated CSK was associated with MDS by post-
transplant immune activity and is potentially pre-
dictive of disease relapse (46). CSK is a known reg-
ulator that can control the activity of tyrosine-pro-
tein kinase Fgr (FGR), a non-receptor tyrosine ki-
nase primarily expressed in hematopoietic cells 
(64). In physiologic conditions, FGR expression is 
largely restricted to macrophage subsets; howev-

er, during inflammation, it is produced by most he-
matopoietic cell types. As FGR regulates inflamma-
tory cytokine secretion and immune cell activa-
tion, the combined activity of these two modula-
tors could exacerbate the chronic immune dysreg-
ulation and ineffective hematopoiesis characteris-
tic of MDS (46,65). Similarly, dysregulation of Lck/
yes-related novel (LYN) kinase in hematopoietic 
cells has been reported in chronic myelomonocyt-
ic leukemia and AML (66). 
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Graft rejection is largely driven by cytotoxic T cells 
that recognize donor antigens, trigger inflamma-
tion, and destroy graft tissue. This process is ampli-
fied by class I-restricted T cell-associated molecule 
(CRTAM), which is expressed on activated cytotox-
ic immune cells and is overexpressed in patients 
with MDS. Its overexpression could contribute to 
enhanced graft rejection and disease relapse. Gly-
coprotein Ib alpha chain (GP1BA) is a component 
of the platelet receptor complex von Willebrand 
factor that is essential for hemostasis and vascular 
immunity (46). Although GP1BA is not mutated in 
MDS, the characteristic dysfunction of megakaryo-
cytes and abnormal platelet activation that pres-
ent in MDS patients, may reflect its altered levels. 

Finally, ubiquitin-conjugating enzyme E2N 
(UBE2N) mediates the attachment of ubiquitin to 
target proteins, a key mechanism regulating NF-
κB-dependent DNA repair (67). Unlike the previ-
ously discussed immune modulators, UBE2N pri-
marily influences malignant cell survival. It is over-
expressed in leukemic stem and progenitor cells in 
both MDS and AML, where it supports the mainte-
nance and persistence of these malignant cell 
populations (68). The roles of other immune mod-
ulators, such as oxidized LDL receptor 1 (OLR1), 

S100 calcium-binding protein A12 (S100A12), and 
signal transducer and activator of transcription 1 
(STAT1), have also been implicated in post-trans-
plant complications, though their contributions 
require further investigation (46). 

Similar to therapeutic approaches linked to im-
mune evasion, efforts to target graft rejection-re-
lated mediators or their pathways in MDS remain 
in the earliest stages of development. For instance, 
modulating STAT1 activity is being tested in vari-
ous disease settings such as myelofibrosis, myelo-
proliferative neoplasms, thrombocytopenia, and 
hematologic malignancies, including MDS (69-73). 
Such inhibitors may potentially help restore nor-
mal hematopoiesis by dampening the overactive 
JAK-STAT signaling observed in MDS, offering an 
altrenative therapeutic alley. Similarly, inhibition of 
UBE2N has been shown to suppress the function 
and viability of MDS/AML cell lines as well as pa-
tient derived samples (74,75).

Beyond these, multiple other conceptually promis-
ing mediators represent druggable targets, how-
ever most evidence is limited to early-stage stud-
ies or to different disease contexts and their clini-
cal relevance in MDS is yet to be established (Fig-
ure 1) (76-78).

Figure 1. Schematic representation of post-transplant mechanisms in MDS, illustrating the distinction between relapse biology and 
immunologic transplant complications. Chronic inflammation and immune infiltration activate dysregulated kinase pathways (NF-
κB, Src, JAK–STAT), which support leukemic stem cell persistence and ultimately lead to post-transplant relapse. In contrast, graft-
versus-host disease (GVHD) arises from alloimmune activation of cytotoxic T and NK cells, exemplified by CRTAM-mediated effector 
responses. Graft rejection reflects failure of donor engraftment, primarily driven by host innate immune activation. These pathways 
represent biologically and clinically distinct processes, and only the kinase-driven axis contributes to malignant relapse rather than 
GVHD or graft rejection.

Failure of engraftment

Innate immune activation

Graft rejactionGVHD

Cytotoxic t/NK
activation,
cytokines,

tissue injury

Post transplant complications
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Immune infiltration

Leucemic stem
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3. Bone marrow microenvironment and 
cytoskeletal/ECM regulators

The bone marrow cytoskeleton orchestrates the 
regulation of cell morphology, migratory capacity, 
intracellular signaling, and mitotic division. Several 
proteins related to impaired cytoskeletal dysfunc-
tion have thus emerged as promising therapeutic 
targets in acute leukemias (79). Centrosomal Pro-
tein 55 (CEP55) is a cell division modulator whose 
overexpression is considered to promote tumori-
genesis (80). Talin-1 (TLN1) is a cytoskeletal protein 
that plays a role in linking integrins to the actin cy-
toskeleton, facilitating cell adhesion and migration 
(81). The concentrations of both proteins were ele-
vated in bone marrow plasma of patients with 
MDS, particularly those with ring sideroblasts. In-
deed, increased CEP55 expression has been asso-
ciated with abnormal karyotypes which strength-
ens it as a potential for chromosomal instability 
(43). Kindlin-3 has strengthened the understand-
ing of problematic leukocyte adhesion in AML. Its 
epigenetic suppression (hypermethylation) leads 
to dysfunctional blood cell adhesion and cell via-
bility in both MDS and AML, potentially exacerbat-
ing the bone marrow failure observed in MDS (82). 
Furthermore, kindlin-3 deficiency may contribute 
to the defective hematopoietic microenvironment 
of MDS by disrupting integrin signaling. Its muta-
tions may overlap with inflammatory mechanisms 
that involved in the MDS pathogenesis (83). Vincu-
lin is another cytoskeletal modulator involved in 
cell adhesion and mechano-transduction whose 
expression levels are altered in MDS. Reduced ex-
pression of vinculin in peripheral blood mononu-
clear cells from MDS patients may contribute to 
impaired cell adhesion, thereby disrupting hemat-
opoiesis - a hallmark of the disease (84). Addition-
ally, its reduced expression in plateletes derived 
from MDS patients may impair integrin αIIbβ3 
activation, resulting in defective platelet aggrega-
tion and contributing to the bleeding complica-
tions commonly observed in MDS patients (85). Fi-
nally, increased levels of posttranslational modifi-
cations of vinculin have also been suggested as 
promising cadidate diagnostic biomarkers (86). 

The cytoskeleton is in constant crosstalk with the 
ECM, coordinating adhesion, signaling, and micro-

environmental remodeling (87). Low concentra-
tions of thrombospondin-1 (THBS1), an ECM glyco-
protein that plays a role in angiogenesis, apoptosis 
and tumor progression have been observed in pa-
tients with MDS. Those exhibiting reduced THBS1 
expression tend to have shorter overall survival, 
suggesting its potential utility as a prognostic bio-
marker (88). Pathological angiogenesis has also 
been associated with leucine-rich α-2-glycoprotein 
1 (LRG1), a glycoprotein primarily secreted by he-
patocytes and neutrophils. Elevated plasma con-
centrations of LRG1 in MDS patients are believed 
to influence the bone marrow microenvironment 
through its expression and secretion from neutro-
phil granules. LRG1 promotes aberrant angiogen-
esis by modulating TGF-β signaling, resulting in 
the formation of immature and dysfunctional 
blood vessels (44,89). Another important mediator 
of ECM remodelling is secreted protein acidic and 
rich in cysteine (SPARC, osteonectin). Implicated in 
several hematologic malignancies, particularly 
MDS, it is of growing interest due to its dual func-
tions as both a tumor suppressor and tumor pro-
motor. SPARC is located on chromosome 5q31.3-
q32, a region frequently deleted in MDS, particu-
larly in the 5q-syndrome, a distinct subtype of 
MDS defined by the deletion of chromosome 5q 
which has a more favourable prognosis. Similarly, 
the transcription factor PR domain containing 16 
(PRDM16) has recently been implicated in hemato-
logic malignancies. The PRDM16 gene is located 
on chromosome 1p36, a region frequently in-
volved in chromosomal translocations in patients 
with MDS and AML. Translocations of this gene are 
linked to its overexpression, which is associated 
with poor prognosis in affected patients (90). Se-
creted by the bone marrow stroma microenviron-
ment, serum amyloid A1 (SAA1) is known to regu-
late the ECM through matrix metalloprotineases 
(91). Emerging evidence also implicates SAA1 in 
the pathogenesis of both MDS and AML (92). It has 
been shown to promote the proliferation of malig-
nant clones in these disorders, regardless of cyto-
genetic or mutational profiles. Targeting SAA1 us-
ing IL-6 inhibitors or small peptides could mitigate 
clonal expansion in MDS (93,94). Aditionally, as el-
evated concentrations of SAA1 were correlated 
with increased disease severity in MDS and its pro-
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gression to AML, it could have potential as a bio-
marker for disease monitoring (Figure 2).

One of the most prominent chaperons of the ECM 
is clusterin. Overexpression of secreted clusterin 
(CLU) has been linked to resistance to chemother-
apy and radiotherapy in various types of cancer 
(95). In patients with MDS, CLU proteoforms in 
plasma-derived exosomes were compared to 
“free” plasma CLU concentrations. The observed 
altered distribution of CLU proteoforms suggests 
their potential utility as a biomarker for MDS pro-
gression (45).

4. Metabolic enzymes

Increased activity of lactate dehydrogenase A 
(LDHA) in MDS patients, as indicated by their ele-
vated plasma LDH, may serve as a potential prog-
nostic factor (96). LDHA is a glycolytic enzyme that 
catalyzes the conversion of pyruvate to lactate, 
thereby sustaining glycolytic flux and supporting 
energy production under hypoxic conditions. The 
involvement of this enzyme in tumorigenesis is 

well-established, reflecting its importance in the 
metabolic reprogramming of malignant cells (97). 
A wide array of LDHA inhibitors, ranging from syn-
thetic molecules and natural compounds to anti-
sense oligonucleotides, RNA interference, and N-
terminal mimetic peptides, are currently under in-
vestigation in various cancers (98-100). However, 
their role in MDS remains uncertain. 

In conclusion, a deeper understanding of the cel-
lular composition of the normal, dysplastic, and 
leukemic marrow niche, as well as the complex 
network of intercellular interactions, is expected 
to provide novel insights into therapeutic ap-
proaches in the coming years.

Genomics is an integral part of routine diagnostic 
and prognostic assessment in MDS. However, de-
spite advances in genomic profiling, MDS remains 
a therapeutic challenge due to its striking molecu-
lar heterogeneity, with patients exhibiting diverse 
mutational landscapes, epigenetic dysregulation, 
and metabolic adaptations. Future management 
will rely increasingly on strategies that integrate 

Figure 2. Schematic representation of the bone marrow microenvironment showing cytoskeletal regulators (CEP55, Talin-1, Kind-
lin-3, Vinculin) and ECM proteins (THBS1, LRG1, SPARC, SAA1, Clusterin), together with PRDM16, illustrating disrupted adhesion, sig-
naling, and remodeling processes driving MDS/AML progression. ECM - extracellular matrix. HSC - hematopoietic stem cell. MSC 
- mesenchymal stem cell.
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disease pathophysiology, biology, and their mo-
lecular underpinnings. Proteomics enables the 
identification of disease-specific protein expres-
sion patterns and post-translational modifications, 
and can uncover novel biomarkers of diagnosis, 
prognosis, and therapeutic response. Integration 
of clinical proteomic data into existing diagnostic 
frameworks may thus lead to improved molecular 
classification, optimized therapeutic decision-
making, and the development of protein-targeted 
therapies in MDS (46). 
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