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INTRODUCTION
Cyclin-dependent kinases (CDKs) are a family of ser-
ine/threonine kinases with crucial roles in many cel-
lular processes, including cell cycle progression and 
transcriptional regulation (1). CDKs were originally 
identified and categorized based on their functions 
in cell cycle regulation and their association with 
activating partners, such as cyclins and CDK activat-
ing kinases (2-4). CDKs involved in cell cycle regula-
tion include CDK1, CDK2, CDK3, CDK4, CDK5, CDK6, 
CDK14, CDK15, CDK16, CDK17, and CDK18. Whereas 
CDK7, CDK8, CDK9 (5), CDK10, CDK11, CDK12, CDK13, 

CDK19, and CDK20 are involved in transcriptional 
regulation. CDK2, CDK4 and CDK7 play a role in 
immune response activation, while CDK1, CDK2, 
CDK5 and CDK12 contribute to the DNA damage 
response (DDR). Accordingly, CDK activity is tightly 
regulated in a cell cycle phase-dependent manner 
by specific cyclins, changes in phosphorylation, and 
other regulatory molecules including CDK protein 
inhibitors (6). Beyond their key role in triggering cell 
cycle entry (Figure 1), CDKs orchestrate DNA syn-
thesis and chromosome segregation (7), which are 
crucial processes for cell cycle progression and cell 
fate determination.
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CDK4 and CDK6 (CDK4/6) are the main CDKs respon-
sible for cell cycle initiation and proliferation, as they 
modulate retinoblastoma (RB) family tumor sup-
pressor protein activity by promoting their hyper-
phosphorylation (8). Hyperphosphorylated RBs are 
inactivated, thereby releasing E2F-dependent tran-
scriptional programs (9-11). Dysregulation of CDKs, 
specifically (CDK4/6), are associated with cancer ini-
tiation. Thus, CDK4/6 inhibitors are very attractive 
targets for cancer therapy. In this review, we will 
discuss molecular properties of CDKs and cyclins, 
including their main protein interactors, role in mod-
ulating the cell cycle, and focus on CDK4/6 inhibitors 
currently used in clinical practice. Although CDK4/6 
inhibitors have transformed the therapeutic land-
scape of hormone-receptor-positive (HR+) breast 
cancer, substantial unmet needs remain, including 
mechanisms of drug resistance, incomplete under-
standing of CDK4 versus CDK6 dependency across 
tumor types, lack of robust predictive biomarkers, 

and limited benefit in RB-deficient or Triple-Nega-
tive Breast Cancer (TNBC). Moreover, the expand-
ing evidence that CDK inhibition modulates tumor 
immunogenicity underscores the need to redefine 
CDK targeting beyond cytostatic control and toward 
rational combination strategies. Thus, a comprehen-
sive reassessment of CDK biology and therapeutic 
targeting is both timely and necessary.

THE CELL CYCLE
The cell cycle is crucial for controlling cell devel-
opment and cell regulation (12). The cell cycle, as 
shown in Figure 1, is divided into G0, G1, S, G2, and 
M phases. When cells are withdrawn from the cell 
cycle, they are in a quiescent state, defined as the 
G0 phase (13). The S and M phases are parted by 
the G1 and G2 phases, which are defined also as 
“Gap Phases.” Upon mitogenic stimuli, cells enter 

Figure 1. Overview of cell cycle regulation and the revised “Competing Clock” model.
This diagram illustrates the major phases of the mammalian cell cycle (G1, S, G2, M) and the quiescent state (G0). Cycle progression is driven 
by mitogenic stimuli and governed by specific CDK and cyclin complexes (e.g., Cyclin D-CDK4/6, Cyclin E-CDK2). The canonical Restriction 
Point (R Point) mechanism is detailed on the right. Cyclin-CDK-mediated phosphorylation of RB proteins releases the E2F transcription factor, 
leading to commitment to proliferation. The lower section presents the revised “Competing Clock Model” (Cornwell et al., 2023). Contrary 
to the canonical view of irreversible commitment after the R point, this model proposes that mitogen withdrawal post-R point leads to a 
decrease in Cyclin A levels. Insufficient Cyclin A fails to sustain necessary CDK2 activity, resulting in a cell pool exiting cycle in a senescent 
state with 4N DNA content, rather than entry into mitosis.
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the cell cycle in the G1 phase and then proceed 
through the synthesis (S) phase, where DNA rep-
licates, followed by the G2 phase (13). In the mito-
sis (M) phase, cell division occurs. CDKs and part-
nering cyclins are essential components in modu-
lating the cell cycle (Figure 1), and dysregulation 
of this process is associated with many diseases, 
including neoplasia. Genetic abnormalities such as 
gene amplification (i.e., CCND1, CDK4), overexpres-
sion (i.e., Cyclin E), translocation (i.e., t11;14), and 
3’-UTR mutations can often cause dysregulations 
in CDKs, cyclins, affecting cell cycle progression and 
possibly leading to cancer development (12, 14-16). 
In mammalian cells, growth factor stimulation pro-
motes cell exit from the G0 phase and initiation of 
the G1 phase (2). Importantly, CDK4/6 interaction 
with cyclin D is the primary contributor to starting 
the G1 phase. Furthermore, the activation of CDK2 
and cyclin E begins at the G1/S phase transition, as 
confirmed by using inhibitory anti-cyclin E antibod-
ies, which blocked the cells at the start of the G1/S 
phase transition (17, 18).
The restriction (R) point of the cell cycle is a crucial 
checkpoint in late G1 when cells commit to prolif-
eration and DNA replication at the G1/S transition 
and become largely independent of continued mito-
genic stimulation (18). In early G1, mitogen-depen-
dent induction of D-type cyclins promotes the forma-
tion of cyclin-D-CDK4/6 complexes, which initiate RB 
phosphorylation and weaken RB-mediated repres-
sion of E2F transcription factors (2, 19). As mitogens 
promote the assembly of cyclin-CDK complexes, they 
activate cyclin-CDKs, which progressively phosphor-
ylate RB, destabilizing inhibitory RB-E2F complexes 
and releasing E2F proteins to activate transcription 
of genes required for S-phase entry (9, 20). Consis-
tent with this sequential model, cyclin E-CDK2 activ-
ity rises at the G1/S transition, further reinforcing 
RB inactivation through RB hyperphosphorylation 
and establishing a CDK-E2F positive feedback loop 
that consolidates commitment to S phase (9, 17). 
Before passage through the R point, mitogen with-
drawal reduces upstream cyclin D-CDK4/6 signal-
ing and favors re-establishment of RB-dependent 
repression, in part through increased CDK inhibitor 
activity (e.g., p21/p27), thereby preventing RB hyper-
phosphorylation and blocking E2F-dependent tran-
scription (21, 22). By contrast, after cells pass the R 
point, RB remains functionally inactivated and the 
E2F-driven transcriptional program sustains progres-
sion through S phase even when mitogenic signals 
decline, while subsequent cyclin-CDK complexes 

coordinate orderly transitions across the remain-
ing phases of the cell cycle (Figure 1) (18).
Cornwell and colleagues recently presented a revised 
model, the competing clock model, in which they pro-
posed that mitogen withdrawal results in a decrease 
of cyclin A protein level resulting in cell cycle exit, 
even after passing the R point (18). Notably, cells 
with 4N DNA content exiting the cell cycle (about 
15%) are not in G0 but in a sort of senescent state. 
Cells enter mitosis only when sufficient cyclin A pro-
tein is available to sustain CDK2 protein activity (18).

CDKS
CDKs are conserved across eukaryotes, ranging 
from unicellular organisms such as yeast to com-
plex mammalian organisms (23). In humans, the 
CDK family comprises 20 members classified into 
two main categories: “cell cycle CDKs” and “transcrip-
tional CDKs” (24-26). The “cell cycle CDKs” are CDK1, 
CDK2, CDK3, CDK4, CDK6, and CDK7, and primarily 
regulate cell cycle progression, whereas the “tran-
scriptional CDKs”, CDK7, CDK8, CDK9, first identi-
fied as proteins containing the “PITALRE” motif (27), 
CDK10, originally cloned as a “PISSLRE”-containing 
protein (27, 28) and CDK11, CDK12, and CDK13, mod-
ulate the transcription of specific target genes (24).
All CDK proteins share a conserved 250 amino acid 
catalytic domain with two-lobe structures: the ami-
no-terminal (N) lobe and the carboxy-terminal (C) 
lobe (29). The N lobe presents β-sheets while the 
carboxy-terminal lobe presents α-helices and has 
an active sandwich-like site in between. The N-lobes 
have a glycine-rich inhibitory element, known as the 
G-loop, while C-lobes have an activation segment 
which contains the conserved PSTAIRE sequence in 
CDK1. The C-lobes also contain an activation domain, 
which extends from the Asp-Phe-Gly (DPG) motif 
to the Ala-Pro-Glu (APE) motif (30), while including 
phosphorylation-sensitive residues in their T-loops 
(31). For all CDKs except CDK5, phosphorylation of 
T-loops is required for kinase activation.
CDK4/6 are homologous CDKs that are essential for 
mammalian cell proliferation (19), as they drive pro-
gression through the cell cycle from the G1 phase 
to S phase. CDK4/6 function differs from CDK1 and 
CDK2, which work during later stages of the cell cycle. 
The activity of CDK4/6 is tightly regulated by cyclin D 
isoforms (D1, D2, and D3), whose expression is mod-
ulated by extracellular signals, including mitogens, 
cytokines, and cell-cell contact (19, 32). Under mito-
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genic stimuli, D-type cyclin levels increase, leading 
to the formation and activation of cyclin D-CDK4/6 
complexes and subsequent phosphorylation and 
inactivation of RB proteins, releasing their inhib-
itory action on E2F transcription factors, thereby 
promoting transcription of genes essential for cell 
cycle progression and entry into S phase (Figure 2A).
It is important to specify that CDK7 plays a dual role 
within the cell. In addition to being a crucial com-
ponent of the general transcription factor TFIIH, it 
functions as a Cyclin-Activating Kinase (CAK). In this 
capacity, CDK7 phosphorylates the T-loop activa-
tion segment of several key kinases, including CDK1, 
CDK2, CDK4, and CDK6, thereby enabling their cat-
alytic activity (33).

CYCLINS
Cyclins are key for cell cycle progression and work 
with their cell cycle-specific CDK partners (34). The 
cyclin-CDKs complexes are essential modulators 

of the cell cycle, each complex working at specific 
phases of the cell cycle. Cyclin proteins contain cyclin 
box domains (CBDs) or CBD-like domains which reg-
ulate cyclin-CDK binding (35). CBDs were first discov-
ered in the cell cycle proteins of sea urchins. There 
are 46 human proteins which contain CBDs or CBD-
like domains, where 29 of them are direct CDK acti-
vators, such as Speedy A and p35 (35). However, not 
all CBDs and CBD-like domains-containing cyclins 
have a CDK partner, like G-type cyclin.
D-type cyclins are crucial for controlling cell cycle 
transition to the G1 phase as well as cell cycle pro-
gression (36) through the G1/S transition phase. 
D-type cyclins are essential, especially during mito-
genic signaling, where they are required for initiat-
ing cell cycle in response to growth factor stimula-
tion. D-type cyclins form a complex with CDK4 or 
CDK6 to modulate the transition from the G1 phase 
to S phase. D-type cyclins are essential prognostic 
biomarkers, especially for neoplasia since they are 
predictors of cell proliferative capacity (34). Three 
genes encode for specific D-type cyclins, each located 

Figure 2. Regulation of G1-S phase transition by Cyclin D-CDK4/6 and selective CDK4/6 inhibitors action.
(A) Mitogenic signals, including growth factors, cytokines, and cell–cell contact, induce cyclin D during early G1 phase. Cyclin D isoforms (D1, 
D2, and D3) associate with CDK4 and CDK6 to form active Cyclin D-CDK4/6 complexes, which phosphorylate RB proteins. RB phosphorylation 
disrupts its inhibitory action on E2F transcription factors, resulting in E2F activation and transcription of genes required for G1-S phase 
transition and cell cycle progression. (B) Pharmacological inhibition of CDK4/6 by selective inhibitors, including palbociclib, ribociclib, and 
abemaciclib, block Cyclin D-CDK4/6 kinase activity and prevents RB phosphorylation. Thus, RB remains bound to E2F, suppressing E2F-
dependent transcription and leading to G1 cell cycle arrest, thereby preventing progression into S phase.
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on a different chromosome (36). Those genes are 
CCND1:11q13.3, CCND2:12p12.23, and CCND3: 6p21.1, 
which encode for a specific D-type cyclin that share 
approximately 57% protein sequence identity and 
are expressed during the G1 phase and G1/S phase 
of the cell cycle.
During S phase, the cyclin A-CDK2 complex promotes 
DNA replication and facilitates the S to G2 transition 
(37). As cells progress into late S/G2, cyclin A increas-
ingly associates with CDK1, supporting early mitotic 
events and faithful chromosome segregation, in part 
by regulating the stability of kinetochore-microtu-
bule attachments (37).
Eukaryotic species have three B-type cyclin genes 
(CCNB1, CCNB2, and CCNB3), which are expressed 
during the G2/M phase transition period of the cell 
cycle (38, 39). In yeast model organisms, the Mcm1 
transcription factor interacts with Swi Five Factor 
(SFF), and SFF mediates cell cycle-dependent pro-
moter activation of CCNB1 and CCNB2. In addition, 
the CCNB1 promoter is regulated by cis-acting ele-
ments, which require the activation of a G2/M pro-
moter; therefore, cyclin B works with CDK1 for acti-
vation of the G2/M transition period, indicating a 
phase-specific CDKs activation, and expression of 
their accompanying cyclins, including regulation 
during the transition phase (38).
E-type cyclins are also essential proteins during the 
G1 and G1/S transition phase of the cell cycle (40, 41). 
Mammals express two E-type cyclins, cyclin E1 and 
cyclin E2, which activate CDK2 to promote cell cycle 
progression via phosphorylation of cellular proteins 
during the G1 and S phases. Cyclin E1 and cyclin E2 
are expressed in all proliferating cell types and share 
similar amino acid sequences. In addition, E-type 
cyclins can also activate CDK1 and CDK3 proteins, 
and elevated cyclin E-CDK2 activities were observed 
in various human tumors, as they are correlated to 
anticancer drug resistance (41). However, in nor-
mal growth conditions, the cyclin E-CDK2 complex 
is most active in cells that are in the G1 phase (40).
Cyclin M (FAM58A), in association with CDK10, regu-
lates transcription by phosphorylating ETS2, which 
in turn modulates the expression of targets such as 
c-RAF. Scientific evidence highlights the role of CDK10 
in the G2/M transition and in maintaining genome 
stability. Clinically, the loss of function of the cyclin 
M/CDK10 complex has been linked to endocrine ther-
apy resistance in breast cancer, specifically contrib-
uting to the mechanisms of tamoxifen resistance 
(33). Low levels of the Cyclin M/CDK10 complex are 
associated with a broad form of endocrine resis-

tance in breast cancer extending beyond tamoxi-
fen to other estrogen receptor (ER)-targeted ther-
apies, including aromatase inhibitors and fulves-
trant (42). Loss or reduced expression of CDK10 pro-
motes activation of alternative proliferative signal-
ing pathways, most notably the RAF-MEK-ERK MAPK 
cascade, through stabilization of the transcription 
factor ETS2 and increased expression of c-RAF. Acti-
vation of this pathway enables tumor cell prolifera-
tion in an estrogen-independent manner, thereby 
diminishing their reliance on ER signaling for growth 
and survival. As a result, therapies inhibiting estro-
gen production or blocking ER activity become less 
effective. Consequently, low CDK10 expression has 
been proposed as a potential biomarker of poor 
response to endocrine therapies (43-45).

CELL DIVISION CYCLE 25 (CDC25)
CDC25 proteins are key members of the CDK phos-
phatase family and play an essential role in positively 
regulating cell division by activating CDKs (46-48). 
The CDC25 family includes three isoforms: CDC25A, 
CDC25B, and CDC25C (49). Results from immunoflu-
orescent analysis showed that CDC25A localizes pri-
marily in the nucleus, suggesting that it may be also 
important for DNA replication. Additionally, CDC25A 
is regulated throughout the cell cycle, and this pro-
tein plays a central role in regulating cell cycle pro-
gression, and it is especially active at the G1/S tran-
sition phase and in the M phase (28, 48). Its consti-
tutive activity or overexpression can disrupt normal 
checkpoints and lead to oncogenesis (48). CDC25B 
exhibits dual specificities for phosphatase enzymes, 
which promote cell division by activating the cyclin 
B-CDK1 complex (49). CDC25B phosphatases dephos-
phorylate phosphotyrosine (pTyr15) and phospho-
threonine (pThr14) residues on CDK1, which results 
in mitotic entry. CDC25C is active during the S phase 
and M phase (50). CDC25B begins activating cyclin 
B-CDK1 in the G2/M transition phase, but then the 
activation is completed by CDC25C at the start of 
the M phase (50). Furthermore, CDC25A is stabi-
lized upon cyclin B-CDK1 phosphorylation, and cre-
ates a positive feedback loop with CDC25C, which 
finishes the activation of cyclin B-CDK1, which then 
leads to mitotic entry.
Although there is little knowledge about the functions 
of CDC25C, it was demonstrated that it can prevent 
progression to the S phase (50). CDC25A and CDC25B 
protein levels change in a cell-cycle-dependent man-
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ner, while CDC25C protein levels remain constant 
throughout the cell cycle. Clinically, the CDC25 gene 
was one of the ten most predominant genes asso-
ciated with gastric cancer (GC) when mutated (49). 
The CDC25 proteins are also targets of the MYC tran-
scription factor, which regulates their function (49).

RB PROTEINS
RB protein, RB1(p105), was identified over 30 years 
ago as the first human tumor suppressor protein 
(51-55). In addition to p105, the RB family includes 
RB-like RBL1(p107) and RBL2(p130), which all share 
structural similarities and function as tumor suppres-
sor proteins. RBs are known as pocket proteins and 
consist of three main structural domains: the N-ter-
minal domain, the A/B pocket, and the C-terminal 
domain (56, 57). Each domain has phosphorylation 
sites that are important for modulating p105 activi-
ties and mediating functional interactions with tran-
scription factors and RB-binding proteins, such as 
p53. Published data indicated that p105 and p53 work 
in concert and are critical for cell growth arrest and 
apoptosis upon DNA damage (2). The direct physical 
interaction between p53 and Rb is limited to specific 
cellular contexts, but p53 and RB tumor suppressor 
pathways are well known to intersect through multi-
ple regulatory mechanisms. One important point of 
convergence involves the DREAM (DP, RB-like, E2F 
and MuvB) complex, which contains the RB family 
members p107 and p130 and mediates p53-depen-
dent transcriptional repression of a large set of cell 
cycle genes. Through this complex, p53 regulates 
hundreds of genes involved in cell cycle progres-
sion, DNA replication, and mitosis, thereby coor-
dinating cell cycle arrest and maintaining genomic 
stability (58, 59). The N-terminal domain is essential 
for RB functions as a tumor suppressor, stabiliza-
tion of p105, and phosphorylation-dependent regu-
lation of RB activity (56, 57). The A/B pocket domain 
works as a binding site for a diverse array of viral 
and cellular proteins and plays key roles in main-
taining the regulatory functions of p105. The C-ter-
minal domain facilitates binding to the E2F-DP com-
plex, which is critical for inhibiting cell proliferation 
and controlling the cell cycle, especially in the G1/S 
transition period (20).
In the G0 phase, p130 is the most abundant RB fam-
ily member. After cells are stimulated to enter the 
cell cycle, p105 and p107 expression is induced, as 
they are E2F target genes. When expression levels 

of p105 and p107 increase, the expression levels of 
p130 decrease accordingly. In subsequent cell cycle 
phases, p105 and p107 expression levels remain 
constant while p130 levels are relatively low under 
these specific growth conditions (20). Pocket pro-
teins, including p107 and p130, function as key regu-
lators of cell cycle control and cellular fate decisions. 
During differentiation, these proteins act as molec-
ular “brakes” enabling cells to exit the cell cycle and 
initiate specialized developmental programs, such 
as muscle or bone formation (60). Consistent with 
this role, p107 and p130 loss can lead to premature 
or defective differentiation as cells could fail to prop-
erly withdraw from proliferation, as observed in car-
tilage development. Pocket proteins also contribute 
to the regulation of cellular senescence by mediat-
ing cell cycle arrest. For example, p107 is required 
for the initiation of senescence in certain settings 
when p105 is absent. In addition, pocket proteins 
often promote cell survival by restraining the activity 
of E2F transcription factors, particularly E2F1, which 
can induce apoptosis. By inhibiting E2F activity, p107 
and p130 help prevent E2F-driven cell death. This 
regulatory role is highlighted by studies showing 
that the simultaneous loss of all three pocket pro-
teins (p105, p107, and p130) results in broad ectopic 
apoptosis in the brain. Although elevated levels of 
pocket proteins can facilitate certain forms of cell 
cycle-associated cell death in certain context, their 
predominant role during development is to main-
tain cellular homeostasis by preventing premature 
or inappropriate apoptosis (61). These pocket pro-
teins were first identified as a homolog of p105 and 
target points for transforming domains of viral onco-
genic proteins (62).
p105 tightly regulates the E2F transcription factors, 
which are key players in regulating cell proliferation 
(63). Among them, E2F1-E2F3 function primarily as 
transcriptional activators that stimulate the expres-
sion of genes required for S-phase entry, whereas 
E2F4 and E2F5 act predominantly as transcriptional 
repressors. p105 preferentially binds and inhibits 
the activation of E2Fs (E2F1, E2F2, E2F3a) to regu-
late the G1/S transition. Conversely, the p105 pro-
tein preferentially associates with E2F1-E2F5 tran-
scription factors, while p107 and p130 form com-
plexes exclusively with E2F4 and E2F5 (64). This 
interaction is crucial for maintaining cellular qui-
escence (G0) and preventing unscheduled reentry 
into the cell cycle. The p105 family members con-
trol different aspects of E2F activity, but the specific 
functions of different RB family members are not 
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yet well defined. To characterize the specific role of 
these pocket proteins, Hurford et al. (1997) investi-
gated how the expression of E2F-regulated genes 
is affected in cells deleted of each of the RB family 
members (65). There were no differences detected 
in the expression of E2F-target genes in cells deleted 
of either p107 or p130, but dysregulated expression 
of E2F target genes was evident in cells deleted of 
p105 and in cells that were deleted of both p107 and 
p130. These results proved that p105, p107, and p130 
play different roles in regulating E2F. Hurford et al. 
studied these RB proteins and discovered that cells 
with a triple knockout of p105, p107, and p130 had an 
increased expression of E2F target genes (65). Addi-
tionally, the p105/E2F, p107/E2F, and p130/E2F com-
plexes are active repressors on E2F sites, each with 
different roles for E2F regulation. Thus, E2F sites are 
critical targets for p105 family proteins, which regu-
late cell proliferation (65).
Early studies investigating the specific roles of the 
RB pocket proteins, p105, p107, and p130, demon-
strated that these proteins regulate E2F-dependent 
transcription through distinct yet overlapping mech-
anisms (66-69). In one of the early genetic analyses, 
Hurford et al. showed that deletion of individual 
RB family members had differential effects on the 
expression of E2F-regulated genes. Loss of either 
p107 or p130 alone had minimal impact on E2F tar-
get gene expression, whereas deletion of p105, or 
combined deletion of p107 and p130, resulted in 
dysregulated expression of E2F-responsive genes 
(65). Moreover, cells lacking all three pocket pro-
teins exhibited a strong increase in E2F target gene 
expression, demonstrating that RB family members 
collectively repress E2F-dependent transcription and 
control cell-cycle progression (70).
Subsequent work expanded this model by identify-
ing the DREAM complex (DP, RB-like, E2F, and MuvB) 
as a central regulator of cell-cycle gene repression 
in quiescent and early G1 cells (71, 72). Seminal stud-
ies from the laboratory of James DeCaprio demon-
strated that p130 and p107 associate with E2F4/5 
and the MuvB core complex to form the DREAM 
complex, which represses a large set of cell-cycle 
genes during quiescence (71). Later studies from 
Kurt Engeland and others further established that 
DREAM coordinates transcriptional repression of 
genes required for S phase and mitosis by binding 
to E2F and CHR promoter elements (73-75). Upon 
cell-cycle entry, phosphorylation of pocket proteins 
by cyclin-dependent kinases disrupts the DREAM 
complex, allowing the MuvB complex to transition 

into transcriptionally activating complexes such as 
MMB (Myb-MuvB) and FOXM1-MuvB, thereby pro-
moting expression of genes required for DNA rep-
lication and mitosis (71, 76-78).
Collectively, these findings refined the earlier RB-E2F 
model by demonstrating that RB proteins function 
within larger multiprotein complexes that dynami-
cally regulate cell-cycle gene expression. In particu-
lar, p130-containing DREAM complexes play a dom-
inant role in maintaining transcriptional repression 
during cellular quiescence, whereas p105 primarily 
regulates E2Fs during the G1/S transition. This inte-
grated regulatory network ensures tight control of 
cell proliferation through coordinated repression 
and activation of E2F target genes.
p105 is frequently inactivated in a wide range of 
tumors, and RB1 loss or functional mutations are 
associated with pediatric RB cancers (4, 56). Muta-
tions or deletions in the RB1 gene can lead to uncon-
trolled cell proliferation, thereby promoting cancer 
initiation (4).
p105 interacts with the adenovirus early region 1A 
(E1A) oncoprotein in adenoviruses (79). The bind-
ing between p105 and E1A prevents p105 interac-
tions with E2Fs, thereby inducing cell proliferation 
and replication of adenoviral DNA (80). p105 binds 
to E1A via the LXCXE peptide motif, while E1A utilizes 
its conserved region 1 (CR1) domain to interact with 
E2F and inhibits the p105-E2F interactions.

CDK PROTEIN INHIBITORS
CDK inhibitors are critical regulators of cell cycle 
progression and play essential roles in coordinating 
cell cycle arrest during processes such as the DDR 
(2). These inhibitors are broadly classified into two 
major families: the INK4 (Inhibitor of CDK4) fam-
ily and the CIP/KIP (CDK-interacting protein/Kinase 
inhibitory protein) family, which differ in both their 
CDK specificity and their mode of interaction with 
CDK complexes (81). The INK4 family, which includes 
p16INK4A, p15INK4B, p18INK4C, and p19INK4D, selectively inhib-
its CDK4 and CDK6 by binding monomeric CDK4/6, 
thereby preventing their association with D-type 
cyclins and ultimately blocking phosphorylation of 
the RB (82). In contrast, members of the CIP/KIP 
family, including p21CIP1, p27KIP1, and p57KIP2, inter-
act with and inhibit a broad spectrum of cyclin-CDK 
heterodimeric complexes, particularly cyclin E-CDK2 
and cyclin A-CDK2 complexes, thereby restraining 
progression through the G1/S transition (22, 81). 
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Among these inhibitors, p21 was the first identified 
CDK inhibitor and represents a key transcriptional 
target of p53. By inhibiting cyclin E-CDK2 and cyclin 
A-CDK2 complexes, p21 prevents RB hyperphos-
phorylation and enforces cell cycle arrest, thereby 
contributing to tumor suppression (21, 83-85). Sim-
ilarly, p18 functions as an inhibitor of CDK4/6, pri-
marily during the G1 phase (2). Interestingly, there 
were attempts made to generate kinase inhibitors 
by altering cyclin-CDK complexes by resembling the 
functions of typical p21, p16, and p27, or via regula-
tion of the cyclin-CDK targets (86).
A central regulatory node linking the RB and p53 
tumor suppressor pathways is the CDKN2A locus, 
which encodes two distinct tumor suppressor pro-
teins through alternative reading frames. p16INK4A, 
a member of the INK4 family that regulates the 
RB pathway, and p14ARF in humans (p19ARF in mice), 
which functions in the p53 regulatory network (87, 
88). p16INK4A induces G1 arrest by inhibiting CDK4/6 
activity, thereby preventing RB phosphorylation and 
maintaining RB in its growth-suppressive state (19, 
89). In contrast, ARF functions primarily through 
the p53-Murine Double Minute 2 (MDM2) pathway. 
Studies using mouse models demonstrated that 
murine p19ARF interacts with both p53 and the E3 
ubiquitin ligase MDM2, highlighting the importance 
of ARF in regulating p53 stability. MDM2 is a major 
negative regulator of p53 as in fact it promotes p53 
ubiquitination and proteasomal degradation (88). 
ARF antagonizes this process by binding to MDM2 
and inhibiting its ligase activity, thereby stabilizing 
and activating p53. This regulatory axis forms a crit-
ical checkpoint in which ARF-mediated inhibition of 
MDM2 leads to p53 accumulation, resulting in tran-
scriptional activation of p53 target genes involved in 
cell cycle arrest, apoptosis, and DDR (90).
Activation of p53 further reinforces cell cycle con-
trol by promoting transcription of p21, which sup-
presses CDK activity and reduces CDK-mediated 
phosphorylation of RB, thereby limiting the release 
of E2F transcription factors and inhibiting cell cycle 
progression (91). Post-translational modifications of 
p53, including phosphorylation at residues such as 
Ser15, Thr18, Ser20, Ser37 and Ser106, disrupt the 
p53-MDM2 interaction and contribute to p53 stabi-
lization. In response to DNA damage, Ser15 is phos-
phorylated by ATM and can also be targeted by ATR 
(92, 93) while Ser37 is phosphorylated by ATR and 
DNA-PK (93, 94). Phosphorylation of Thr18 is medi-
ated by casein kinase 1 (CK1) in Ser15-primed cas-
cade (95). Ser20 is phosphorylated by the checkpoint 

kinase Chk2 (96), and Ser106 has been identified as 
an Aurora-A phosphorylation site that inhibits p53-
MDM2 binding and prolongs p53 half-life (97). These 
phosphorylation events are often associated with 
acetylation events that further inhibit MDM2-me-
diated ubiquitination of p53, enhancing its tumor 
suppressor activity (88).
Importantly, alterations in endogenous cell cycle 
inhibitors are frequent events in human cancers. 
These alterations can occur through genetic dele-
tion, transcriptional downregulation, or abnormal 
subcellular localization of CDK inhibitors. Nota-
bly, loss of the CDKN2A locus simultaneously dis-
rupts both the RB pathway (via loss of p16INK4A) and 
the p53 regulatory axis (via loss of ARF), represent-
ing a common oncogenic event that contributes to 
uncontrolled proliferation and tumor development.

CDK4/6 INHIBITORS
Although CDKs rapidly emerged as attractive ther-
apeutic targets, the development of effective CDK 
inhibitors initially faced significant challenges (98). 
CDKs are highly conserved kinases across eukary-
otic species, from yeast to humans, and their cata-
lytic domains share strong homology, particularly 
within the ATP-binding pocket (15, 31). As a result, 
early generations of ATP-competitive CDK inhibitors 
lacked sufficient selectivity and inhibited multiple 
CDK family members (99). While these compounds 
showed promising activity in preclinical models, their 
clinical efficacy was limited because they targeted 
not only cell-cycle CDKs such as CDK4 and CDK6 
but also transcriptional CDKs (e.g., CDK7, CDK9) and 
kinases involved in DDR pathways (12). This broad 
inhibition often resulted in significant toxicity and 
limited therapeutic windows, highlighting the need 
for more selective strategies targeting specific CDK 
complexes in cancer.
In response to these limitations, alternative strate-
gies for targeting CDKs have been explored. These 
include the development of highly selective ATP-com-
petitive inhibitors specifically targeting CDK4/6, as 
well as non-ATP-competitive approaches designed 
to interfere with CDK-cyclin interactions, substrate 
recognition, or regulatory complex assembly (100). 
More recently, emerging technologies such as prote-
olysis-targeting chimeras (PROTACs) and molecular 
glues have been investigated to selectively degrade 
CDKs or disrupt CDK-associated regulatory networks 
(12). These approaches are aimed at improving spec-
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ificity while minimizing off-target effects associated 
with earlier broad-spectrum CDK inhibitors.
Because dysregulation of CDK4/6 is frequently asso-
ciated with cell cycle perturbance and cancer initia-
tion, these kinases have always been attractive tar-
gets for therapeutic intervention but only recently 
they finally were successfully introduced in the clin-
ical setting (101). CDK4/6 inhibitors work by block-
ing CDK4/6 activity (Figure 2B), thereby inhibiting 
RB phosphorylation, and preventing the transition 
from the G1 to S phase (102, 103). In clinical prac-
tice, CDK4/6 inhibitors have substantially improved 
the therapeutic options for HR+/HER2− breast can-
cer (104). Several CDK inhibitors are in clinical trials, 
which can function as single agents and in combina-
tion with anticancer therapies (105). In this section, 
we will describe first-, second- and last generation 
CDK inhibitors and their main features.
Roscovitine is first-generation CDK inhibitor (106), and 
it is a broad-range purine inhibitor acting through 
direct competition at the conserved kinase ATP-bind-
ing site (34). Roscovitine inhibits CDK1, CDK2, CDK5, 
CDK7, and CDK9 but not CDK4 or CDK6 (107, 108). 
Also, this inhibitor primarily targets CDK2 (108). Ros-
covitine demonstrated therapeutic efficacy in dif-
fuse pleural mesothelioma (DPM) cells when used 
in combination with AKT inhibitors (8, 109, 110) and 
enhanced the therapeutic efficacy of anti-PD1 in 
non-small cell lung cancer (109). This CDK inhibi-
tor can also induce apoptosis through a p53-de-
pendent pathway (111). An additional first-genera-
tion CDK inhibitor is flavopiridol (112), which blocks 
the activity of multiple CDKs, as in fact it is consid-
ered a pan-CDK inhibitor. Flavopiridol was devel-
oped after animal model studies demonstrated a 
tissue-specific necessity of single CDKs (113). How-
ever, flavopiridol is highly cytotoxic for patients, as 
in fact it is associated with gastrointestinal toxicity 
and extreme neutropenia, especially in metastatic 
breast cancer (112).
Palbociclib, ribociclib, and abemaciclib are defined 
as second-generation CDK inhibitors and were 
designed to specifically target CDK4/6 by binding 
to the ATP-binding pocket of CDK4/6, and block 
CDK4/6 activity (8, 103, 114). In contrast to the highly 
selective CDK4/6 inhibitors, dinaciclib is a broad-
er-spectrum CDK inhibitor that targets CDK1, CDK2, 
CDK5, and CDK9, and has been evaluated in clinical 
trials for multiple malignancies rather than being 
approved for breast cancer therapy (115). Palboci-
clib was the first CDK4/6 inhibitor developed and 
was first approved by the FDA in 2015 for breast 

cancer therapy (4), followed by ribociclib and abe-
maciclib, which were approved by the FDA in 2017 
(116). Accordingly, these three agents share the same 
core cytostatic mechanism CDK4/6 inhibition lead-
ing to blockade of RB phosphorylation and G1/S pro-
gression, whereas clinically relevant differences are 
primarily reflected in their safety profiles (10, 101).
The integration of palbociclib into the therapeutic 
regimen for HR+/HER2− advanced breast cancer, in 
combination with endocrine therapy, has demon-
strated a substantial increase in progression-free 
survival compared to endocrine monotherapy alone. 
Safety profile analysis highlights that grade 3-4 neu-
tropenia represents the most significant adverse 
event, with a frequency of approximately 66% (117). 
However, the cytostatic nature and reversibility of 
this toxicity render febrile neutropenia a rare event, 
occurring in less than 2% of cases (117). In terms of 
relative comparison with other CDK4/6 inhibitors, 
palbociclib is characterized by superior gastrointes-
tinal tolerability, a feature that clearly distinguishes 
it from the safety profile of abemaciclib (117).
Abemaciclib differs from other CDK4/6 inhibitors for 
its better selectivity for CDK4, a biochemical prop-
erty that allows for continuous daily administration 
and results in a unique toxicity profile (118). In com-
bination with endocrine therapy, the efficacy of abe-
maciclib has been extensively demonstrated in the 
MONARCH 3 trial, where it showed significant clin-
ical benefit in both progression-free survival and 
overall survival (118). Unlike palbociclib and riboci-
clib, abemaciclib exhibits significantly lower rates 
of grade 3-4 neutropenia, at approximately 25-27% 
(117). However, the most characteristic adverse event 
is gastrointestinal toxicity; diarrhea reached grade 3 
in 10-15% of cases, usually during the first treatment 
cycles (119). Other specific complications include an 
increased risk of venous thromboembolic events 
and an elevation in serum creatinine levels, the lat-
ter due to the inhibition of renal transporters and 
not indicative of actual organ damage (118).
Ribociclib, used in combination with endocrine ther-
apy, has demonstrated robust clinical efficacy across 
various therapeutic settings, as confirmed by the 
results of the MONALEESA-2 and MONALEESA-3 clin-
ical trials (120, 121). Similar to palbociclib, the safety 
profile of ribociclib is characterized by significant 
hematological toxicity, with grade 3-4 neutropenia 
being the most common adverse event, occurring 
in approximately 60% of patients (122). However, 
ribociclib is distinguished by specific non-hemato-
logical toxicities that require rigorous clinical mon-
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itoring. In particular, it is associated with a risk of 
dose-dependent QTc interval prolongation, which 
occurs in about 3% of cases, necessitating periodic 
electrocardiographic monitoring (121). Furthermore, 
the drug shows a relevant incidence of hepatotoxic-
ity, with grade 3-4 increases in transaminases (ALT/
AST) reported in approximately 8-9% of patients, 
typically within the first six months of treatment 
(120). Dosage adjustments are frequently neces-
sary to manage these specific toxicities; therefore, 
CDK4/6 inhibitors should be utilized in clinical prac-
tice to select the most appropriate drug, taking into 
account both efficacy and safety (104).
CDK4/6 inhibitors have demonstrated high efficacy 
as single agents and in combination therapies, par-
ticularly in HR+ breast cancer. Multiple phase III clin-
ical trials evaluating CDK4/6 inhibitors such as Pal-
bociclib, Ribociclib, and Abemaciclib have consis-
tently shown improved progression-free and over-
all survival when combined with endocrine ther-
apy in HR+/HER2− metastatic breast cancer (123). 
Importantly, these trials generally enroll patients 
whose tumors retain functional p105, as RB activity 
is required for CDK4/6 inhibitor-mediated cell-cycle 
arrest. In contrast, clinical efficacy in TNBC has been 
limited. TNBC frequently exhibits low p107 expres-
sion or p107 loss, which renders tumors intrinsi-
cally resistant to CDK4/6 inhibition because these 
drugs rely on RB-dependent suppression of E2F-
driven transcription. Consequently, most clinical tri-
als have focused on HR+ disease rather than TNBC, 
and TNBC patients have largely been excluded or 
have shown minimal benefit. However, emerging 
evidence suggests that CDK4/6 inhibition may exert 
additional effects independently of their effect on 
the canonical RB-dependent pathway. For example, 
in RB-deficient TNBC, CDK4/6 inhibition can reduce 
mutant p53 protein stability through the RBM38 
pathway, suggesting that mutant p53 status may 
serve as an additional biomarker of response and 
expanding the potential therapeutic scope of these 
agents (124). To overcome resistance and broaden 
their therapeutic applicability, CDK4/6 inhibitors 
are also actively explored in combination strate-
gies. These include combinations with chemother-
apeutic agents in breast cancer patients resistant to 
endocrine therapy (103), as well as with endocrine 
therapies, immunotherapy, and targeted therapies. 
Although early-phase studies have examined these 
strategies in TNBC, clinical responses remain mod-
est and appear largely restricted to tumors retain-
ing RB function.

Importantly, paclitaxel is a commonly used taxane 
that can be administered alone via IV infusion or in 
combination with additional anticancer drugs (125). 
Paclitaxel is used in combination with CDK4/6 inhib-
itors, especially with palbociclib (103). This dual tar-
geting strategy effectively regulates the cell cycle and 
increases anticancer treatment efficacy. The com-
bination therapy using paclitaxel and the CDK4/6 
inhibitor palbociclib was highly effective and signifi-
cantly minimized side effects associated with pacl-
itaxel alone. A clinical study by Clark et al. (2019), 
on RB+ advanced breast cancer patients treated 
with a paclitaxel-palbociclib combination therapy, 
showed improved patient outcomes without severe 
side effects (126). Patients first received intermittent 
doses of oral palbociclib and paclitaxel every other 
week. Patients who had a plateau response at more 
than 6 cycles in this clinical study design were able to 
continue their treatments with just palbociclib. Their 
dose increased one level higher than their previous 
combinatorial dose. Palbociclib and paclitaxel in RB+ 
advanced breast cancer patients proved to be safe 
and effective without toxicity in RB+ breast cancer.
CDK4/6 inhibitors, especially abemaciclib, can also 
be effectively used in combination with aromatase 
inhibitors to treat breast cancer (118). The aromatase 
inhibitors are classified into two groups: steroidal 
(type I) and nonsteroidal (type II). Anastrozole and 
letrozole are nonsteroidal aromatase inhibitors, 
which are highly effective in breast cancer ther-
apy. For treatment of HER+ and HER2– advanced 
breast cancer, abemaciclib was used in combination 
with these two aromatase inhibitors in the MON-
ARCH-3 (randomized phase III) study, abemaciclib 
and anastrozole or letrozole greatly improved pro-
gression-free survival as well as an objective response 
rate. These treatments were safe for women with 
these advanced breast cancers (118).
Collectively, abemaciclib is considered highly effec-
tive for the treatment of HR+ and HER- breast can-
cer and exhibited significant efficacy when used as 
a second-line treatment in combination with fulves-
trant, an anti-estrogen drug (8, 118). Sledge Jr et al. 
(2017) demonstrated that the abemaciclib-fulvestrant 
dual treatment was more effective than fulvestrant 
alone, as it was associated with increased cancer pro-
gression-free survival in patients with HER+/HER2–

advanced breast cancer (127). In advanced breast 
cancer, abemaciclib or palbociclib were effective in 
combination with fulvestrant (128). The PALOMA-3 
phase III trial was conducted in a 2:1 randomized 
ratio, multicenter, double-blind, and placebo-con-
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trolled to examine the safety and efficacy of a pal-
bociclib-fulvestrant combined therapy (128). Patients 
treated with palbociclib-fulvestrant showed improve-
ment in progression-free survival, while patients 
treated with placebo-fulvestrant did not signifi-
cantly improve.
Similar to breast cancers, abemaciclib was effective 
in endometrial cancers (ECs) to prevent tumor pro-
gression (129). Treating ECs is very crucial as ECs are 
the sixth most common cancer in women, and the 
thirteenth most lethal globally (29, 130). ECs have 
dysregulated CDK4/6, but CDK4 plays a more prev-
alent role (129). Abemaciclib targets CDK4/6 with 
higher efficacy towards CDK4 inhibition, which is 
therefore highly beneficial for treating ECs. In addi-
tion, a combination therapy approach using the aro-

matase inhibitor letrozole and abemaciclib demon-
strated encouraging efficacy in recurrent ER+ endo-
metrioid EC (131).
Costa et al. (2024) recently demonstrated that treat-
ing cisplatin-resistant DPM cell lines with abemaciclib 
was very effective in inhibiting growth and 3D spher-
oid formation of these cells. It was suggested that 
abemaciclib treatment may help in overcoming cis-
platin-resistance in mesothelioma cells (8) (Table 1).
CDK4/6 inhibitor resistance is associated with abnor-
malities in the critical molecules of the cyclin D-CD-
K4/6-RB regulatory axis (114). FAT atypical cadherin 
1 (FAT1) protocadherin tumor suppressor protein 
modulates CDK4/6 activity and may play a role in 
modulating resistance to CDK4/6 inhibitors (103), 
as in fact loss of function (LOF) mutations impact 

Table 1. Combination therapies involving CDK4/6 inhibitors.

CDK4/6 
INHIBITOR

COMBINATION 
PARTNER CANCER TYPE STUDY / 

TRIAL KEY FINDINGS REFERENCE

Palbociclib Paclitaxel RB+ advanced 
breast cancer

Phase I/II 
clinical study

Combination improved 
patient outcomes and 

was well tolerated.
(126)

Abemaciclib

Aromatase 
inhibitors 

(anastrozole or 
letrozole)

HR+/HER2– 
advanced breast 

cancer

MONARCH-3 
(Phase III)

Significant improvement 
in progression-free 

survival and objective 
response rate compared 

to endocrine therapy 
alone

(118)

Abemaciclib Fulvestrant
HR+/HER2– 

advanced breast 
cancer

MONARCH-2

Combination significantly 
improved progression-

free survival versus 
fulvestrant alone

(127)

Palbociclib Fulvestrant
HR+/HER2– 

advanced breast 
cancer

PALOMA-3 
(Phase III)

Improved progression-
free survival compared to 

placebo-fulvestrant
(128)

Palbociclib / 
Abemaciclib Fulvestrant Advanced breast 

cancer
Multiple 

clinical studies

Endocrine therapy 
plus CDK4/6 inhibition 
improved outcomes 

compared to endocrine 
therapy alone

(128)

Abemaciclib Letrozole

ER+ 
endometrioid 
endometrial 

cancer

Clinical 
evaluation

Combination showed 
encouraging efficacy 

in recurrent ER+ 
endometrial cancer

(131)

Abemaciclib Cisplatin-resistant 
tumor models Mesothelioma Preclinical 

study

Abemaciclib inhibited 
growth and 3D spheroid 

formation in cisplatin-
resistant mesothelioma 

cells

(8)

Atirmociclib 
(CDK4-

selective)

Endocrine therapy 
± CDK2 inhibition 
/ HER2 antibodies 

/ immune 
checkpoint 
inhibitors

HR+ breast 
cancer

Preclinical / 
translational 

studies

Selective CDK4 targeting 
improves anti-tumor 

efficacy and combination 
therapies may overcome 

resistance

(132)
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FAT1 and mediate CDK4/6 inhibitor resistance (132). 
FAT1 LOF activates the Hippo pathway, as it induces 
CDK6 expression, leading to resistance to CDK4/6 
inhibitors (103, 132). FAT1 is often mutated in human 
cancers, therefore leading to tumor progression 
and an impact on cancer prognosis (103). Genomic 
analysis has demonstrated that FAT1 loss-of-func-
tion (LOF) mutations occur in approximately 5.8% 
of patients with metastatic breast cancer. The clini-
cal relevance of this mechanism is underscored by 
a significant reduction in progression-free survival 
(PFS), which decreased from 10.1 months in FAT1 
wild-type patients to 2.4 months in patients carrying 
the mutation, identifying FAT1 loss as a robust pre-
dictive biomarker of poor response (132). FAT1 reg-
ulates the Wnt/β-catenin signaling pathway as well 
as the Hippo pathway and the MAPK/ERK pathways 
via protein-protein interactions, which affect cell 
proliferation, cell migration, and invasion (103). The 
YAP, MST1, LATS1, and NF2 proteins can also affect 
resistance to CDK4/6 inhibitors. While FAT1 targeting 
shows promise for reversing CDK4/6 inhibitor resis-
tance, there is still a need for additional research 
to fully understand how FAT1-dependent regula-
tory mechanisms can cause resistance to CDK4/6 
therapy. Despite the remarkable clinical success of 
CDK4/6 inhibitors in HR+ breast cancer, both intrin-
sic and acquired resistance often limit long-term 
therapeutic benefits. Resistance mechanisms can 
arise through multiple molecular alterations that 
restore cell-cycle progression or activate compensa-
tory proliferative pathways (114, 133). These mecha-
nisms include loss or functional inactivation of RB1, 

amplification of CCNE1 leading to increased CDK2 
activity, upregulation of CDK6 expression, and activa-
tion of parallel signaling pathways such as PI3K/AKT/
mTOR and MAPK signaling (103). Additional mech-
anisms involve alterations in upstream regulators 
of the CDK4/6-RB axis, epigenetic changes affect-
ing cell cycle gene expression, and tumor microen-
vironment-mediated adaptive responses (101, 114, 
134). Understanding these diverse resistance path-
ways is essential for designing rational combina-
tion strategies aimed at improving clinical efficacy 
of CDK4/6 inhibition (Table 2).
There are significant side effects associated with 
CDK4/6 inhibitors (1). Nonetheless, CDK4/6 inhibi-
tors showed better efficacy than endocrine thera-
pies (135). Abemaciclib is associated with the most 
significant adverse events, including diarrhea, ane-
mia, neutropenia, nausea, and fatigue, especially 
when combined with endocrine therapies (10, 101). 
Abemaciclib can also trigger gastrointestinal-linked 
toxicities in comparison to palbociclib. Palbociclib 
can cause leukopenia, and fatigue, and ribociclib 
can lead to decreased leukocyte counts, neutrope-
nia, elevated liver enzymes and prolonged QT levels.
Ribociclib can also cause skin rash, fatigue, hypo-
kalemia, and hyponatremia (107). Ribociclib is the 
CDK4/6 inhibitor with the highest risk of mortality, 
especially when used in combination with endocrine 
therapies. The use of ribociclib necessitates extreme 
caution, especially in patients with preexisting car-
diovascular conditions. Patients put on ribociclib 
are therefore recommended to be closely moni-
tored. These three inhibitors can all lead to mye-

Table 2. Mechanisms of resistance to CDK4/6 inhibitors.

RESISTANCE 
MECHANISM

MOLECULAR 
PATHWAY INVOLVED BIOLOGICAL EFFECT CLINICAL 

RELEVANCE REFERENCE

FAT1 loss-of-function 
mutations

Hippo pathway 
activation

Increased CDK6 expression 
leading to resistance to 

CDK4/6 inhibitors

Observed in several 
cancers. Potential 

predictive biomarker
(103, 133)

Dysregulation of 
cyclin D-CDK4/6-RB 

axis
Cell cycle pathway

Reactivation of cell cycle 
progression despite 

CDK4/6 inhibition

Major driver of 
intrinsic and acquired 

resistance
(114)

Hippo pathway 
alterations (YAP, 

MST1, LATS1, NF2)
Hippo signaling

Increased proliferation 
and reduced sensitivity to 

CDK4/6 inhibition

Potential therapeutic 
targets (103)

Wnt/β-catenin 
pathway activation Wnt signaling

Promotes tumor 
progression and CDK4/6 

inhibitor resistance

Linked to FAT1 
mutations (103)

MAPK/ERK pathway 
activation MAPK signaling Increased cell proliferation 

and survival

Contributes 
to therapeutic 

resistance
(103)
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losuppression and neutropenia (101). Collectively, 
these observations support the notion that palbo-
ciclib, ribociclib, and abemaciclib share a common 
on-target cytostatic mechanism, while drug-specific 
toxicity patterns likely reflect differences in target 
engagement and tissue dependence on CDK4 ver-
sus CDK6 (136).
Significantly, very recent work by Palmer et al. (2025) 
demonstrated that HR+ breast cancer cells are sig-
nificantly more dependent on CDK4 activity than 
CDK6, which is instead critical for hematopoiesis 
(136). Based on this observation, the researchers 
developed a next-generation selective CDK4 inhibitor, 
atirmociclib (PF-07220060), which showed enhanced 
anti-tumor efficacy and reduced toxicity compared 
to dual CDK4/6 inhibitors. Notably, the combination 
of endocrine therapy with either CDK2 inhibition, 
HER2 antibodies, or immune checkpoint inhibitors 
further increased atirmociclib efficacy, suggesting 
that dual therapy might counteract acquired resis-
tance to CDK4 selective targeting (136). These results 
are very important as, in fact, they strongly support 
the expansion of more specific cell cycle-targeted 
therapy. A summary of current CDK4/6 inhibitor is 
listed in Table 3.

ANTI-CDK-RELATED CANCER 
THERAPIES
Dihydroartemisinin (DHA) is an immunotherapeu-
tic anticancer drug that blocks cell proliferation and 
prevents tumor metastasis and angiogenesis in 

patients with colorectal cancer (CRC) (137). DHA also 
promotes immunogenic cell death (ICD) in hepato-
cellular carcinoma (HCC) (138). DHA therapies can 
even remodel the TME, boost cancer immunother-
apy and enhance the efficacy of chimeric antigen 
receptor-T (CAR-T) cell-mediated tumor suppres-
sion and anti-programmed death-1 (anti-PD-1) anti-
body (Figure 3).
DHA leads to CDK inhibition (CDK1/2/4/5/6), as DHA 
upregulates intracellular reactive oxygen species 
(ROS), and an increase in ICD. ROS are critical fac-
tors associated with ICD since its immunogenicity 
weakens the N-Acetyl-L-cysteine antioxidant. The 
accumulation of ROS increases the amount of dam-
age-associated molecular patterns (DAMPs) during 
the pre-apoptosis phase, thereby leading to the 
increase of ICD.
As DHA can inhibit CDKs, it can increase intracel-
lular ROS and subsequently trigger apoptosis, cell 
cycle arrest, and autophagy (138). DHA can inhibit 
CDK4/6, but it mainly inhibits CDK4 (139). For exam-
ple, DHA effectively inhibits cyclin D1-CDK4-RB sig-
naling pathway in GC. DHA prevents GC cell prolif-
eration and promotes cell cycle arrest. Fan et al., 
discovered from flow cytometry analysis that DHA 
delivery increased the number of GC cells in G0/G1 
transition phase, thereby lowering the number of 
cells in the S phase (139).
As demonstrated in HCC mouse model studies by 
Zhou et al. (2024), DHA treatment of HCC signifi-
cantly increases the number of tumor-infiltrating 
CD8+ T cells, which express CD25 and CD69 (138). 
Clinically, patients successfully treated with DHA 

Table 3. Pharmacological properties of second-generation CDK4/6 inhibitors. They all have greater efficacy over CDK4 and CDK6, but can 
also inhibit CDK1 and CDK5.

DRUG PRIMARY TARGETS ADDITIONAL 
TARGETS

PHARMACOKINETICS 
(HALF-LIFE, TMAX)

Palbociclib

Comparable activity against CDK4 
and CDK6:

•	Cyclin D1-CDK4
•	Cyclin D1/2/3-CDK6

•	CDK1-Cyclin B
•	CDK5-p25

Half-life: ~26-27 h
Tmax: 4-6 h

Ribociclib

Greater selectivity for CDK4 over 
CDK6:

•	Cyclin D1-CDK4
•	Cyclin D1/2/3-CDK6

•	CDK1-Cyclin B
•	CDK5 – -p25

Half-life: ~32-42 h
Tmax: 1-5 h

Abemaciclib

Preferential inhibition of CDK4 over 
CDK6:

•	Cyclin D1-CDK4
•	Cyclin D1/2/3-CDK6

•	CDK1-Cyclin B
•	CDK5-p25

Half-life: ~17-38 h
Tmax: 4-6 h

Atirmociclib (PF-07220060) Highly selective for CDK4:
•	Cyclin D1-CDK4 •	Cyclin E-CDK2 Terminal half-life: ~26.5 h

Tmax: Not yet determined
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had increased mRNA levels of chemokines CCL5 
and CXCL10. These clinical results indicate how DHA 
can inhibit dysregulated CDKs. The clinical prosper-
ous results reaffirm the potential of ROS to sup-
press CDK-caused tumors. Also, CCL5 and CXCL10 
decrease the amount of tumor-infiltrating CD8+ T 
cells in colon cancer and melanoma (138).
In addition, results from experiments conducted in 
Huh7 cells (immortalized human hepatoma cells) 
treated with DHA downregulated CDK1/2/4/5/6 
expression (138). The same results were obtained 
in Hepa1-6 (murine hepatoma – spontaneous liver 
tumor), H22 (mouse hepatocellular carcinoma), and 
HCCLM3 (human hepatocellular carcinoma) cell lines 
and were then further validated by qPCR and West-
ern blotting analysis in HCC tumors (138). Notably, 
while conventional cytotoxic therapies act by dam-
aging DNA and activating cell-cycle checkpoints, 
leading to efficient inhibition of CDKs, by contrast, 
DHA-associated CDK suppression works predomi-

nantly downstream of ROS induction and ICD/TME 
remodeling (140).
An additional important aspect currently under inves-
tigation is the optimal timing and sequential treat-
ment of CDK4/6 inhibitor-based therapies relative to 
chemotherapy, radiotherapy, or other neo-adjuvant 
or adjuvant treatments. Because CDK4/6 inhibitors 
induce a cytostatic G1 cell-cycle arrest, their concur-
rent administration with cytotoxic agents targeting 
actively proliferating cells may reduce therapeutic 
efficacy (14, 141, 142). Consequently, several stud-
ies have explored sequential treatment strategies 
in which CDK4/6 inhibition is temporarily paused 
during chemotherapy or radiation exposure (143, 
144). Conversely, in other contexts, CDK4/6 inhibi-
tors may enhance antitumor immunity or promote 
tumor cell senescence, thereby potentiating the 
efficacy of immunotherapies or endocrine treat-
ments (145, 146). Determining the optimal thera-
peutic scheduling of CDK4/6 inhibitors, therefore, 

Figure 3. DHA-mediated CDK inhibition promotes ROS-dependent immunogenic cell death and enhances antitumor immune responses.
DHA inhibits multiple CDKs (CDK1, CDK2, CDK4, CDK5, and CDK6), with predominant inhibition of CDK4/6, leading to suppression of cyclin-
dependent cell cycle progression in CRC cells. CDK inhibition by DHA results in increased intracellular ROS, which trigger apoptosis, cell cycle 
arrest, and autophagy. Elevated ROS levels promote ICD, characterized by the release of DAMPs, including HMGB1, during the pre-apoptotic 
phase. ICD subsequently enhances antitumor immunity by increasing tumor immunogenicity and stimulating immune cell infiltration. DHA 
treatment is associated with increased expression of chemokines CCL5 and CXCL10, facilitating recruitment and activation of CD8+ T cells 
expressing activation markers CD25 and CD69. In parallel, DHA remodels the TME and potentiates CAR-T–mediated antitumor responses, 
ultimately leading to enhanced tumor cell death.
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represents an important area of ongoing clinical 
investigation.

DISCUSSION AND CONCLUSION
CDKs are essential kinases for cell cycle progression, 
cell proliferation, differentiation, and DDR and act in 
concert with cyclins and RB proteins. CDK4/6 activ-
ity at the G1/S checkpoint is required for cell cycle 
progression, and dysregulation of CDK4/6 disrupts 
the cell cycle and promotes cancer initiation. CDK4/6 
inhibitors have demonstrated significant efficacy in 
cancer therapies, as a monotherapy or in a combina-
tional approach. Additionally, atirmociclib, a recently 
developed CDK4-specific inhibitor has shown great 
promises and enhanced safety as compared to clas-
sic CDK4/6 dual inhibitors. Nevertheless, some lim-
itations should be acknowledged, including the lim-
ited availability of long-term clinical data and the 
rapidly expanding landscape of CDK-targeted ther-
apies, which may lead to the emergence of addi-
tional therapeutic strategies beyond those discussed 
here. In conclusion, CDK inhibitors are emerging as 
important tools for cancer therapy. Future studies 
are aimed at better integrating CDK4/6 inhibitors 
with new immunotherapeutic therapies and/or per-
sonalized treatment modalities to further improve 
safety and clinical response.
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INTRODUCTION
SARS-CoV-2 is a member of the same coronavirus 
family (Betacoronavirus) as the SARS and MERS 
viruses, which were responsible for two of the most 

devastating epidemics in recent years (1). SARS-CoV-2 
infects alveolar epithelial cells through receptor-me-
diated endocytosis. The SARS-CoV-2 spike protein 
(S) binds to the ACE2 receptor, which is expressed 
in several organs, including the lung, heart, kid-
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ABSTRACT: SARS-CoV-2 infection results in a broad spectrum of COVID-19 disease, from mild or no symptoms to hospitalization 
and death. The degree of the adaptive immune response to SARS-CoV-2 and some pre-existing diseases has been linked to the 
severity of COVID-19 disease, and a recent genome-wide association study (GWAS) of the risk of critical illness found a strong genetic 
component. Many assume that the diversity of HLA increases the likelihood that a species can survive pandemics. The requirement 
for a species to have a diversified immune system to survive a pandemic is believed to be the cause of the HLA system’s widespread 
polymorphism. Two genomic regions are associated with severe COVID-19: one region on chromosome 3, which contains six genes, 
and one region on chromosome 9 that determines ABO blood groups. Numerous ACE2 and TMPRSS2 polymorphisms that affect the 
expression of COVID-19-related receptors have been linked to risk factors and disease susceptibility. Differential cytokine production 
in COVID-19 patients may be linked to genetic variations in the regulatory regions of cytokine genes. The plasma miRNA expression 
profile at an early stage of COVID-19 is profoundly disrupted by SARS-CoV-2 infection, which makes miRNAs extremely useful as early 
indicators of severity and mortality. An inflammatory outburst and lymphopenia are associated with severe COVID-19, which may 
worsen the prognosis for cancer. Through mechanisms including cytokine storm, tissue hypoxia, poor T-cell responses, autophagy, 
neutrophil activation, and oxidative stress, SARS-CoV-2 infection may increase cancer susceptibility and speed cancer progression.
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ney, and intestine. For the detection of viruses, the 
innate immune system utilizes a variety of pattern 
recognition receptors (PRRs). Plasmacytoid den-
dritic cells detect the incoming viral genomic RNA 
in the endosome through Toll-like receptor 7 (TLR7). 
Other cell types express endosomal TLR3 (variety of 
cells) and TLR8 (myeloid cells) that can also recog-
nize endocytosed double-stranded RNA (dsRNA) or 
single-stranded RNA (ssRNA), respectively (2). Alve-
olar and interstitial macrophages contribute to the 
immune response against SARS-CoV-2 and can adopt 
either pro-inflammatory (M1) or anti-inflammatory 
(M2) phenotypes depending on the local microenvi-
ronment (3). Macrophage Activation Syndrome may 
further explain the high serum levels of CRP, which 
are normally lacking in viral infections (4). Certain 
proteases, such as Transmembrane Serine Prote-
ase 2 (TMPRSS2) and Cathepsin L (CTSL), cleave to 
S domains to mediate membrane fusion and virus 
infectivity after the receptor binds, allowing the virus 
to enter the host cell cytosol through acid-depen-
dent proteolytic cleavage of the S protein (3). Pro-in-
flammatory cytokines, Interleukin (IL)-1b and IL-18, 
are released by macrophages, epithelial cells, and 
endothelial cells when their inflammasomes are acti-
vated. These cytokines cause neutrophilia and leu-
kopenia, which add to the pathogenic inflammation 
that causes the severity of COVID-19 symptoms (5). 
Higher blood plasma levels of IL-2, IL-7, IL-10, granu-
locyte colony-stimulating factor (G-CSF), IP-10, MCP-
1, macrophage inflammatory protein 1α (MIP1α), and 
tumor necrosis factor (TNF) were seen in patients 
with severe COVID-19 who needed intensive care 
in hospitals (6). The infected cells display viral pep-
tides inside major histocompatibility complex (MHC) 
class I antigens during the course of the viral infec-
tion cycle. Viral peptides shown in class I will acti-
vate CD8+ T lymphocytes, which can lyse tissue cells 
infected with viruses. Professional antigen present-
ing cells, such as dendritic cells, macrophages, and 
B-lymphocytes, use MHC class II molecules to deliver 
viral peptides to CD4+ T cells in the early stages of 
infection (7). Adaptive immune responses are par-
ticularly important because SARS-CoV-2 suppresses 
antigen presentation by downregulating MHC class 
I and II molecules, which in turn suppresses T cell 
mediated immune responses (8). Like antibodies, 
SARS-CoV-2 T cells are detected within a week from 
the onset of symptoms (9). CD4+ and CD8+ T cells 
elicited by SARS-CoV-2 infection are directed against 
a range of antigens, including structural and non-
structural proteins, and are significantly associated 

with milder disease (2). Chronic viral infections can 
result if CD8+ or CD4+ T cells have difficulty iden-
tifying the HLA class I or II antigens on the cell sur-
face or lower expression levels of the HLA molecules 
(10). Environmental, demographic, and geographic 
factors have also been proposed as contributors 
to differences in COVID-19 outcomes across popu-
lations (11). Despite major advances in understand-
ing COVID-19 pathogenesis, substantial variability 
remains in disease susceptibility, severity, and mor-
tality among individuals and populations. While envi-
ronmental, demographic, and clinical factors contrib-
ute to this heterogeneity, increasing evidence sug-
gests that host genetic and epigenetic determinants 
also play a critical role in shaping immune responses 
and clinical outcomes. The following sections review 
the current evidence regarding the genetic and epi-
genetic factors associated with COVID-19 suscepti-
bility, severity, and prognosis.

COVID-19 AND THE HLA SYSTEM

HLA biology and antigen presentation
Many assume that the diversity of HLA increases 
the likelihood that a species can survive pandem-
ics. The extensive polymorphism of the HLA sys-
tem is thought to result from the need for a spe-
cies to be immunologically diverse to survive a pan-
demic. For example, HLA-B27 confers some protec-
tion against HIV and hepatitis C (12). The expression 
of HLA genes is known to be influenced by age, sex, 
and obesity, all identified as key factors in the sever-
ity of COVID-19 (13). It is generally known that several 
chronic illnesses and viral infections, including HIV, 
HBV, H1N1, and HCV, are linked to specific HLA alleles 
(14). After being vaccinated, people who exhibit HLA 
class I and/or class II molecules with low affinity for 
SARS-CoV-2 peptides are likely to be more suscep-
tible to serious infections and experience weak or 
non-sterilizing immunity (15). The MHC, located on 
the short arm of chromosome 6, is the most complex 
genetic system in the human genome and includes 
the human leukocyte antigen (HLA) genes. The pri-
mary function of the HLA transmembrane proteins 
expressed by the classical (A, B, C, DR, DQ, and DP) 
HLA genes is to present tiny pathogen-derived pep-
tides to T cells as antigens, which sets off an immune 
response (13) (Figure 1A (16)).
The peptide-binding site is formed by the α1 and α2 
domains of HLA class I (A, B, and C) molecules. Cyto-
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toxic CD8+ lymphocytes are presented with short 
peptides of 8-10 amino acids that are generated 
from viral proteins produced by an infected cell. 
Helper CD4+ cells are presented with 13-25 amino 
acid peptides from endocytosed antigens by the α1 
and β1 domains of HLA class II (DR, DQ, DP) mole-
cules (17). There may be four sets of digits in each 
HLA allele name, separated by colons. An HLA pre-
fix is followed by a particular HLA locus, such as 
HLA DQ-A1. A star (HLA-DQA1*) separates the HLA 
locus from the first two digits. The allele group (HLA-
DQA1-01) is designated by the first two digits. A spe-
cific HLA allele is indicated by the third and fourth 
digits (HLA-DQA1*01 02). The mutations in the allele 
are described by the second four digits (10). Cyto-
toxic CD8+ T lymphocytes identify immunogenic 
peptide-MHC class I complexes that are shown on 
nucleated cells. Antigen-presenting cells, such as 
dendritic cells (DCs), macrophages, or B cells, can 
activate CD4+ T lymphocytes by presenting immuno-
genic peptide–MHC class II complexes. This results 
in the coordination and control of effector cells (18) 
(Figure 1B (19)).
Overall, HLA class I and class II molecules play a cen-
tral role in shaping antiviral immunity by regulating 
antigen presentation and T-cell activation, thereby 
potentially influencing susceptibility to and sever-
ity of SARS-CoV-2 infection.
HLA-Cw15:02, DR*03,01, and HLA-B*46:01, B*07:03, 
DRB1*12:02 were linked to resistance and sever-
ity of SARS-CoV, respectively, according to Wang 

et al. (20). Numerous studies have investigated 
whether specific HLA alleles influence susceptibil-
ity to SARS-CoV-2 infection or the clinical severity 
of COVID-19. However, findings have often varied 
across populations, reflecting differences in eth-
nic background, study design, and sample size. 
Langton et al., (13) using next generation sequenc-
ing (NGS), analyzed and compared the class I and 
class II classical HLA genes of 49 patients admitted 
to the hospital with severe respiratory disease fol-
lowing COVID-19 infection with those obtained from 
a group of 69 asymptomatic hospital workers who 
had evidence of COVID-19 exposure based on blood 
antibody testing. They discovered that the severe 
patient’s allele frequency of HLA-DRB1*04:01 dif-
fered significantly from that of the staff group that 
did not exhibit any symptoms. There was a signifi-
cantly lower frequency of the haplotype DQA1*01:01-
DQB1*05:01-DRB1*01:01 in the asymptomatic group 
compared to the background population. The pop-
ulation of North-Western Europe has higher fre-
quency of these alleles. The various statistical anal-
yses presented in the current article indicate that 
while DRB1*04:01 may be protective, other DRB1*04 
alleles, such as DRB1*04:02 and DRB1*04:05, may be 
associated with an increase in disease severity. In 
the current study, the alleles most strongly related 
to COVID-19 severity (DRB1*01:01 and DRB1*04:01) 
were the only alleles to show significant, positive 
correlations to latitude and inverse correlations to 
longitude (13).

A B

Figure 1. HLA locus organization and main MHC functions.
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These findings suggest that some HLA alleles that are 
more prevalent in certain European populations may 
be associated with a reduced risk of severe COVID-
19. However, such associations should be inter-
preted cautiously because HLA effects are strongly 
influenced by population structure, environmental 
factors, and viral evolution (13).
Weiner et al. (21) examined the relationship between 
COVID-19 severity and HLAs in 435 participants 
who registered between March 2020 and August 
2020 and came from Germany (n = 135), Spain (n = 
133), Switzerland (n = 20), and the United States (n 
= 147). They tested their results by meta-analyzing 
data from prior genome-wide association studies 
(GWAS). They described a potential association of 
HLA-C*04:01 with a severe clinical course of COVID-
19. Carriers of HLA-C*04:01 had twice the risk of intu-
bation when infected with SARS-CoV-2. These find-
ings are biologically plausible, as HLA-C*04:01 has 
fewer predicted binding sites for relevant SARS-CoV-2 
peptides compared to other HLA alleles. Also, their 
findings suggest that HLA class I alleles have a rel-
evant role in immune defense against SARS-CoV-2. 
An ecological study strongly suggests a permissive 
role of HLA-C*01 and B*44 towards SARS-CoV-2 
infection across Italy (22). Wang et al. (23) reported 
the first host genetic study in the Chinese popula-
tion by deeply sequencing and analyzing 332 COVID-
19 patients categorized by varying levels of sever-
ity from the Shenzhen Third People’s Hospital. They 
found that the patients’ worst outcomes are con-
siderably predisposed by the HLA-A*11:01, B*51:01, 
and C*14:02 alleles.
Collectively, these findings suggest that several HLA 
class I and class II alleles may contribute to increased 
susceptibility or disease severity. However, many 
associations have been reported in specific pop-
ulations and require validation in larger multieth-
nic cohorts.

Protective and Risk HLA Variants
Several HLA alleles have been proposed as protec-
tive or risk factors for COVID-19, largely depending on 
their ability to efficiently present SARS-CoV-2-derived 
peptides and promote effective T-cell responses.
Nguyen et al. (24) performed a comprehensive in 
silico analysis of viral peptide MHC class I binding 
affinity across 145 HLA-A, -B, and -C genotypes for 
all SARS-CoV-2 peptides. A variety of HLA alleles 
were used to successfully sample and represent 
the SARS-CoV-2 proteome. They discovered that the 
allele with the fewest predicted binding peptides for 

SARS-CoV-2 was HLA B*46:01, indicating that people 
with this allele would be more susceptible to COVID-
19. Conversely, they found that HLA-B*15:03 showed 
the greatest capacity to present highly conserved 
SARS-CoV-2 peptides that are shared among com-
mon human coronaviruses, suggesting that it could 
enable cross-protective T-cell-based immunity. Poul-
ton et al. (25) analyzed data from 80 patients who 
tested positive for SARS-CoV-2 RNA who had previ-
ously been HLA typed to support transplantation. 
They reported a significant HLA association with 
HLA DQB1*06 and infection. In Italy, only the HLA-
C*01 and HLA-B*44 alleles, which are present with 
a higher frequency in the northern regions of Italy, 
remained positively associated with COVID-19 (10). 
Correale et al. (22) suggested that healthy individu-
als carrying HLA-B*44 and/or C*01, and to a lesser 
extent, HLA-A*25, HLA-B*08 alleles may be more 
susceptible to SARS-CoV-2 infection. Correale et al. 
(26) revealed later that the direct correlation of HLA-
C*01, and HLA-B*44 gene expression and COVID-19 
risk was completely lost just after the first pandemic 
wave in Italy. On the contrary, the expression of the 
HLA-B*49 allele in specific populations emerged as 
inversely correlated to the risk of COVID-19 and could 
be considered as a protective factor.
The frequency of the two most prevalent HLA hap-
lotypes in the Italian population varies significantly 
between the northern, central, and southern regions, 
according to a study conducted in Italy using a geo-
graphic epidemiological analysis, with HLA-A*01:01 
g-B*08:01 g-C*07:01 g DRB1*03:01 g (the most fre-
quent haplotype nationwide) showing a decreas-
ing frequency gradient, and HLA-A* 02:01 g-B*18:01 
g-C*07:01 g-DRB1*11:04 g (the second most frequent 
haplotype) an increasing frequency gradient from 
North to South (10). A study conducted with 82 Chi-
nese patients found that the HLA-C07:29 and HLA-
B15:27 alleles were more frequently detected in the 
COVID-19 group than in the control population (27). 
Novelli et al. (28) analyzed the HLA allele frequency 
distribution in a group of 99 Italian patients affected 
by a severe or extremely severe form of COVID-19. 
After the application of Bonferroni’s correction for 
multiple tests, a significant association was found 
for HLA-DRB1*15:01, -DQB1*06:02, and -B*27:07, 
after comparing the results to a reference group of 
1017 Italian individuals, previously typed in their lab-
oratory. Yung et al. (29) investigated the HLA-B gen-
otypes in 190 unrelated Chinese patients with con-
firmed COVID-19, identified a significant positive asso-
ciation between the B22 serotype and SARS-CoV-2 
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infection. According to the study by Barquera et al. 
(30), the HLA class II alleles DRB1*01:01, DRB1*10:01, 
DRB1*11:02, and DRB1*13:01 present more SARS-CoV-2 
peptides, while the HLA-DRB1*03:02, DRB1*03:03, and 
DQA1*01:02/DQB1*06 were found to be the worst 
presenters of SARS-CoV-2-derived peptides. HLA-
A*:01:01-g-B*08:01 g C*07:01g-DRB1*03:01g and HLA-
A*02.01g-B*18.01g-C*07.01g-DRB1*11.04g, the two 
most prevalent HLA haplotypes in the Italian popu-
lation, had a regional distribution that overlapped 
that of COVID-19 and demonstrated a significant pos-
itive (suggestive of susceptibility) and negative (sug-
gestive of protection) correlation with both COVID-
19 incidence and mortality, according to Pisanti et 
al. (31). Littera et al. (32) showed that the extended 
haplotype HLA-*02:05, B*58:01, C*07:01, DRB1*03:01 
has a protective effect against SARS-CoV-2 infection 
in the Sardinian population. Genetic factors that 
resulted in having a negative influence on the dis-
ease course were presence of the HLA-DRB1*08:01 
allele and G6PDH deficiency, but not the beta thal-
assemic trait. Shkurnikov et al. (33) identified HLA-
A, HLA-B, and HLA-C genotypes of n = 111 deceased 
patients with COVID-19 (Moscow, Russia) and n = 
428 volunteers with NGS. Three HLA-A alleles were 
highly overrepresented in these groups: HLA A*02:01 
and HLAA* 03:01 were tightly associated with low 
risk while HLAA* 01:01 contributed to the high-risk 
group. Yu et al. (34) verified that HLAB*15:27 and 
HLA-DRB1*04:06 were linked to COVID-19 suscepti-
bility in China by comparing against many subpopu-
lation groupings as a control. Weak binding affinities 
toward viral proteins were expected for both alleles. 
Wang et al. (35) used NGS to genotype 82 COVID-
19 patients for the HLA -A, -B, -C, -DRB1, -DRB3/4/5, 
-DQA1, -DQB1, -DPA1, and -DPB1 loci. They demon-
strated that, when the revised P-value was taken into 
account, only HLA-C*07:29 and B*15:27 were signif-
icant. According to Romero Lopez et al. (36), there is 
a positive association with HLA A*03:02 and a neg-
ative correlation with the cumulative incidence per 
million people for both A*31:01 and HLA-A*02:03 
frequencies. The authors concluded that, with this 
result, HLA A*02:03 and A*31:01 were associated 
with better immunity against the infection and that 
HLA A*03:02 can be considered as a risk factor. HLA-
A*02:02, HLA-B*15:03, HLA-C*12:03, HLAA*02:03, and 
HLA-A*31:01 were identified as protective alleles in a 
number of studies, while HLA-A*25:01, HLA-B*46:01, 
HLA-C*01:02, HLA-A*24:02, HLADPA1*02:02, HLA 
DPB1*05:01, HLA-DQB1*03:01, and HLA-DRB4*01:01 
were identified as risk alleles (37).

Furthermore, population-specific studies contin-
ued to identify additional alleles associated with 
either susceptibility or protection. Farahani et al. (38) 
reported significant associations between severe 
COVID-19 and HLA-B38, HLA-A68, HLA-A24, and 
HLA-DRB101 in an Iranian cohort. Augusto et al. 
(46) found that HLA-B15:01 was significantly associ-
ated with asymptomatic SARS-CoV-2 infection, while 
Letovsky et al. (39) identified several alleles associ-
ated with either increased (HLA-A68:01, HLA-C01:02, 
HLA-DQB103:02, HLA-DRB108:02 and HLA-DRB114:06) 
or decreased (HLA-DRB108:03, HLA-C05:01 and HLA-
B*38:01) likelihood of SARS-CoV-2 infection. The list 
of potentially relevant HLA variants continues to 
expand as additional studies are performed.

HLA and immune dysregulation
Beyond genetic susceptibility, HLA-related mecha-
nisms may also contribute to immune dysregulation 
and hyperinflammatory responses during COVID-19.
The CDC issued a notice on May 14, 2020, alerting 
medical professionals to the multisystem inflamma-
tory syndrome (MIS-C) linked to COVID-19. MIS-C pres-
ents clinical features resembling Kawasaki disease 
(KD). The HLA region, particularly HLA-B and HLA-C 
variants, has been proposed among the genetic fac-
tors potentially involved in susceptibility to KD-like 
manifestations.
Other studies explored the relationship between 
HLA polymorphisms and markers of disease sever-
ity. Elevated serum ferritin levels, which are associ-
ated with hyperinflammation and poor clinical out-
comes in COVID-19, were reported more frequently 
in patients carrying specific HLA variants such as 
HLA-C*03.
Spinetti et al. (40) compared ICU patients with severe 
COVID-19 to noncritically ill hospitalized COVID-19 
patients and showed reduced mHLA-DR expres-
sion on circulating CD14+ monocytes at ICU admis-
sion, indicating a dysfunctional immune response 
and impaired antigen-presenting capacity during 
severe disease.
The immune cell, cytokine, and HLA-G (including 
receptor) levels of a COVID-19 patient during his 
hospital stay were documented in a case study by 
Zhang et al.(41). In general, HLA-G levels rose follow-
ing viral clearance and decreased during the active 
replication phase, suggesting a possible relation-
ship with cytokine-mediated immune regulation.
A recent study documented evidence of SARS-CoV-2 
antigens circulating in the blood up to 14 months 
after infection and reported an association between 
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antigen positivity and post-acute sequelae of COVID-
19 (PASC) involving several symptom domains (42) 
(Table 1).

COVID-19, CYTOKINES, ABO, ACE2 
AND TMPRSS2 GENES

Genetic susceptibility loci identified by GWAS
SARS-CoV-2 infection results in a broad spectrum 
of COVID-19 disease, from mild or no symptoms to 
hospitalization and death. A recent genome-wide 
association study (GWAS) of the risk of critical ill-
ness revealed a significant genetic component (44). 
Genetic loci from COVID-19 GWAS in peer-reviewed 
publications to date represent a mixture of risk vari-
ants for SARS-CoV-2 infection (blue upward arrows) 
and severe COVID-19 with complications (red down-
ward arrows). More loci are anticipated to appear as 
sample sizes increase. N/A indicates that the MHC 
on chromosome 6 was omitted from the reporting 

in this article due to high heterogeneity of puta-
tive associations from the individual studies in the 
meta-analysis (Figure 2) (45).
The genes identified through physical association 
with accessible COVID-19 variants have known roles 
in viral replication, interferon response, and inflam-
mation (46). Host genetic predisposition to COVID-19 
is now increasingly recognized, and whole-genome 
and candidate gene association studies regarding 
COVID-19 susceptibility have been performed. Sev-
eral common and rare variants in genes related to 
inflammation or immune responses have been iden-
tified (47). A previous study identified two genomic 
regions that are associated with severe COVID-19: one 
region on chromosome 3, which contains six genes, 
and one region on chromosome 9 that determines 
ABO blood groups. The sole region on chromosome 
3 that is strongly linked to severe COVID-19 at the 
genome-wide level, according to a dataset recently 
made public by the COVID-19 Host Genetics Initia-
tive (48). The genes ACE2, IL6, TMPRSS2, and TNF 
are often highlighted. FURIN, CXCL10, OAS1, OAS2, 

Table 1. Summary of selected studies investigating the association between HLA polymorphisms and COVID-19 susceptibility, severity, 
immune response, and clinical outcomes.

CATEGORY REPRESENTATIVE HLA 
ALLELE(S) REPORTED ASSOCIATION KEY REFERENCE(S)

Protective alleles HLA-B*15:03
Enhanced presentation of 

conserved SARS-CoV-2 peptides; 
potential cross-reactive immunity

Nguyen et al. (24)

Protective alleles HLA-B*15:01 Associated with asymptomatic 
SARS-CoV-2 infection Augusto et al. (46)

Protective alleles HLA-DRB1*04:01 Increased frequency among 
asymptomatic individuals Langton et al. (13)

Risk alleles HLA-C*04:01 Severe disease and increased risk 
of intubation Weiner et al. (21)

Risk alleles HLA-B*46:01 Low predicted peptide-binding 
capacity; increased susceptibility Nguyen et al. (24)

Risk alleles HLA-A11:01, HLA-B51:01, 
HLA-C*14:02

Associated with worse clinical 
outcomes Wang et al. (23)

Risk alleles HLA-B15:27, HLA-DRB104:06 Associated with susceptibility in 
Chinese populations Yu et al. (34)

Population-specific 
associations

HLA-B38, HLA-A68, HLA-A24, 
HLA-DRB101

Associated with severe COVID-19 
in Iranian patients Farahani et al. (38)

Antigen presentation 
efficiency

DRB101:01, DRB110:01, 
DRB111:02, DRB113:01

Efficient presentation of SARS-
CoV-2 peptides Barquera et al. (30)

Antigen presentation 
efficiency

DRB103:02, DRB103:03, 
DQA101:02/DQB106

Poor presentation of SARS-CoV-2 
peptides Barquera et al. (30)

Immune dysregulation HLA-C*03; reduced mHLA-DR 
expression

Hyperinflammation and impaired 
antigen presentation Spinetti et al. (40)

Vaccine-related 
outcomes HLA-A*03:01 Increased reactogenicity following 

Pfizer-BioNTech vaccination Bolze et al. (43)
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OAS3, and ISG15 are emerging genes for COVID-19 
(49). Using the Infinium Methylation EPIC array13, 
Corley et al. (50) examined genome-wide DNAm 
profiles in peripheral blood mononuclear cells from 
nine patients with severe COVID-19. Droplet digital 
PCR revealed detectable plasma SARS-CoV-2 RNA in 
patients with severe COVID-19. The idea that SARS-
CoV-2 suppresses host IFN responses was supported 
by their finding of notable hypermethylation in the 
regulatory areas of genes implicated in the type 
I IFN response linked to severe COVID-19, includ-
ing first-line antiviral defense genes like IFITM1 and 
ISG20. The SARS-CoV-2 viral host receptor ACE2 gene 
was also linked to abnormal levels of DNA linked to 
severe COVID-19, which supports research that sug-
gests ACE2 is up-regulated during SARS-CoV-2 infec-
tion. On the other hand, they found that the cyto-
kine genes linked to severe COVID-19 and the reg-
ulatory regions of genes related to immunological 
inflammation, such as the antiviral MX1 genes and the 
NLRP3 inflammasome, had substantial hypometh-
ylation. Wei et al. (51) extracted biological concepts 
from the titles and abstracts of the gathered research 
publications using PubTator, a deep learning-based 
entity extraction tool created by the National Library 
of Medicine (NLM). They linked COVID-19 disease to 
the top ten genes, which include ACE2, TMPRSS2, 
IL6, CRP, TNF, CD4, ACE, CD8A, IFNG, and FURIN. 
Immune cells from patients with severe versus mod-
erate COVID-19 disease showed differential expres-
sion of several of these genes (PAXBP1, IFNAR2, OAS1, 
OAS3, TNFAIP8L1, GART). The scientists found that 
the gene locus in TMEM189 (PEDS1, HGNC:16735)-
UBE2V1 (HGNC:12494), which is implicated in the IL-1 
signaling pathway, was associated with the severity 

of COVID-19. An investigation found inborn errors of 
Toll-like receptor 3 (TLR3, HGNC:11849) – and inter-
feron regulatory factor 7 (IRF7, HGNC:6122) – depen-
dent type I IFN immunity related to life-threatening 
COVID-19 pneumonia (52).
Compared to COVID-19 patients with powerful inter-
feron responses, many SARS-CoV-2-infected people 
have blunted and/or delayed interferon responses 
and suffer from more severe illness (46). SARS-CoV-2 
dsRNA genomes are sensed by the RIG-I/MDA5 and 
RNAseL pathways (53). One of the earliest known 
IFN-stimulated gene (ISG) antiviral pathways was the 
OAS/RNaseL pathway. Three catalytically active OAS 
genes (OAS1-3) and one inactive gene (OASL) have 
been identified in humans (54). The chr12q24.13 
locus encoding OAS1-OAS3 antiviral proteins has 
been associated with COVID-19 susceptibility and 
severity (55). Banday et al. (55) analyzed patients of 
European (n = 2,249) and African (n = 835) ancestries 
with hospitalized versus non-hospitalized COVID-19; 
the risk of hospitalized disease was associated with 
a common OAS1 haplotype. They concluded that 
decreased OAS1 expression due to a common hap-
lotype contributes to COVID-19 severity.

Cytokine genes and inflammatory responses
Genetic variation in cytokine-related genes has been 
proposed as an important determinant of the inflam-
matory response to SARS-CoV-2 infection and may 
contribute to disease severity.
Differential cytokine production in COVID-19 patients 
may be linked to genetic variations in the regu-
latory regions of cytokine genes. Cytokines and 
chemokines SNPs are associated with the severity 
of COVID‑19 (53).

Figure 2. Genetic loci from COVID-19 GWAS in peer-reviewed publications to date.
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Single-nucleotide polymorphisms (SNPs) of interfer-
ons, TNF, IL1, IL4, IL6, IL7, IL10, and IL17 are among the 
gene variants that predispose patients to the severe 
form of COVID-19, also known as SARS-COV-2 (53).
The COVID-19 virus causes cytokine storms, which 
are excessive inflammatory reactions linked to the 
release of proinflammatory cytokines like interleu-
kin-6 (IL-6), IL-1β, IL-10, IL-18, IL-4, IL-33, interferon 
(IFN)-γ, and tumor necrosis factor alpha (TNFα) (54). 
In severe COVID-19 patients, an increase in IL-6 lev-
els has been observed and is related to the dis-
ease’s poor prognosis. Several gene variants in IL6 
(HGNC:6018) with differential cytokine expression 
and with different disorders have been reported (5). 
The cis-regulatory landscapes of human immune 
cell types with established roles in disease severity 
were linked to putatively functional COVID-19 risk 
variants by Pahl et al. (44), who used high-resolu-
tion chromatin conformation capture to map these 
disease associated elements to their effector genes 
to obtain insight into how human genetic variation 
attenuates or exacerbates disease after SARS-CoV-2 
infection. 16 genes related to inflammation, the inter-
feron response, and viral replication were implicated 
by this functional genomic approach.
Various cytokines and VEGF have higher serum lev-
els in COVID‑19 patients compared to healthy sub-
jects, suggesting that cytokines and their receptors 
play a role in disease development.
Collectively, these findings support a central role 
for cytokine-related genetic variation in modulat-
ing the inflammatory response and clinical sever-
ity of COVID-19.

ABO blood group and COVID-19 susceptibility
Several genome-wide association studies have iden-
tified the ABO blood group locus as a potential 
genetic factor influencing susceptibility to SARS-
CoV-2 infection and COVID-19 severity. Ellinghaus et 
al. (56) conducted a GWAS involving 1980 patients 
with COVID-19 and severe disease (defined as respi-
ratory failure) at seven hospitals in the Italian and 
Spanish epicenters of the SARS-CoV-2 pandemic in 
Europe. They found cross-replicating relationships 
between rs657152 at locus 9q34.2 and rs11385942 
at locus 3p21.31. The association signal included the 
genes SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, and 
XCR1 at locus 3p21.31.
Shelton et al. (57) identified several non-genetic 
conditions as risk factors for hospitalization, and 
the genetic variants LZTFL1 rs13078854 and ABO 
rs9411378 were associated with COVID-19 outcome 

severity and diagnosis, respectively. Adjacent genes 
in the 3p21.31 locus, such as SLC6A20, CCR9, FYCO1, 
CXCR6, and XCR1, may be responsible for the asso-
ciation. The ABO blood group locus and the associ-
ation signal at locus 9q34.2 were in co-occurrence.
Pereira et al. (58) identified a 3p21.31 gene cluster as 
a genetic susceptibility locus in patients with COVID-
19 with respiratory failure and confirmed a potential 
involvement of the ABO blood-group system. While 
blood type A is commonly referred to as a risk fac-
tor, blood type O is primarily linked to decreased 
rates of SARS-CoV-2 infection. Blood type A is most 
closely linked to the severity and mortality of COVID-
19, although findings on the likelihood of severe con-
sequences are more mixed. In contrast, most stud-
ies characterize blood type O as protective against 
disease progression. Blood antigens have been pro-
posed as contributing to intracellular absorption, 
signal transduction, or adhesion, and blood groups 
may act as receptors and/or co-receptors for bac-
teria, viruses, and parasites (59).
Overall, available evidence suggests a role for the 
ABO blood group system in susceptibility to SARS-
CoV-2 infection and clinical outcomes, although the 
biological mechanisms underlying these associa-
tions remain incompletely understood.

ACE2 and TMPRSS2 variants
Most African populations could be protected to some 
degree because they lack some genetic susceptibil-
ity risk factors or have low level expression of allelic 
variants, such as ACE2 and TMPRSS2, that are thought 
to be involved in increased infection risk or disease 
severity (60). Numerous ACE2 and TMPRSS2 aberra-
tions that impact the expression of COVID-19-related 
receptors have been linked to risk factors and dis-
ease susceptibility. Besides its role in SARS-CoV-2 
infection, ACE2 acts as a negative regulator of the 
renin-angiotensin system and a facilitator of amino 
acid transport (5). The ACE2 system is a critical pro-
tective pathway against heart failure with reduced 
and preserved ejection fraction, including myocar-
dial infarction and hypertension, lung disease, and 
diabetes mellitus (61). Unfortunately, the function 
of ACE2 is lost following the binding of SARS-CoV-2. 
According to a recent study, South Asian and East 
Asian groups have genetic markers of the highest 
ACE2 expression, whereas Africans have the lowest 
levels of ACE2 expression (62). Africans showed a 
genetic tendency for the lowest levels of TMPRSS2 
(HGNC:11876) expression, while East Asians showed 
the greatest levels (5). While two mutations (p. Leu-
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351Val and p. Pro389His) were expected to interfere 
with SARS-CoV-2 spike protein binding, three com-
mon missense alterations in ACE2 (p. Asn720Asp, 
p. Lys26Arg, and p. Gly211Arg) have been predicted 
to interfere with protein structure and stabiliza-
tion (60). These studies provide information on the 
genetic overlap between immunological factors and 
COVID-19, indicating possible avenues for further 
investigation and clinical testing (63).

COVID-19 AND MICRORNAS

Biological role of miRNAs in SARS-CoV-2 
infection
COVID-19 and MicroRNAs Noncoding RNAs (ncRNAs) 
do not encode a protein but rather modulate chro-
matin regulation and gene expression. These com-
prise piwi-interacting RNAs (piRNAs), small nuclear 
RNAs (snRNAs), small nucleolar RNAs (snoRNAs), 
microRNAs (miRNAs), small interfering RNAs (siRNAs), 
ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and 
long noncoding RNAs (lncRNAs) (64). Human miR-
NAs can interact with other single-stranded RNAs, 
including viral genomes, in addition to post-transcrip-

tionally regulating mRNAs (65). SARS-CoV-2 infection 
deeply disturbs the plasma miRNA expression pro-
file from an early stage of COVID-19, making miR-
NAs highly valuable as early predictors of severity 
and mortality (66). miRNAs are proposed as prom-
ising biomarkers, new targets, and tools in thera-
peutic approaches, but also as prognostic factors 
in SARS-CoV-2 infection (Figure 3) (62).
Given their ability to regulate both viral and host 
gene expression, miRNAs have emerged as import-
ant modulators of SARS-CoV-2 infection and disease 
progression.
Several studies have investigated the role of miR-
NAs in regulating key host factors involved in SARS-
CoV-2 entry and antiviral immune responses, includ-
ing ACE2, TMPRSS2, and interferon-related pathways.
In their respective 3′-UTRs, Pierce et al. (67) found 
43 miRNAs targeting ACE2, 107 for TMPRSS2, 20 
for IFN-α, 29 for IFN-β, and 47 for IFN-γ using five 
miRNA computational methods (miRWalk, MicroT4, 
miRMap, RNAhybrid, and TargetScan). There were 7 
predicted lung-enriched miRNAs (the top 5 miRNAs 
were miR-141-3p, miR-4270, miR-331-3p, miR-200a 
3p, and miR-218-5p) that targeted the ACE2 mRNA 
30-UTR and 25 predicted lung-enriched miRNAs (the 
top 5 miRNAs were miR-4763-3p, let-7d-5p, miR-

Figure 3. Proposed roles of microRNAs in SARS-CoV-2 infection and COVID-19 pathogenesis. Host and viral miRNAs may regulate key 
pathways involved in viral entry (ACE2 and TMPRSS2), interferon signaling, cytokine production, immune-cell activation, and inflammatory 
responses. Altered miRNA expression profiles have also been associated with disease severity, prognosis, and potential therapeutic targets, 
highlighting their relevance as biomarkers and modulators of host-virus interactions. miRNAs Regulating Viral Entry and Host Responses.



Vol. 6(2), 82-98, 2026

91

4530, let-7e-5p, and miR-181a 5p) that targeted the 
TMPRSS2 mRNA 30-UTR. The 30-UTRs of IFN-α and 
IFN-β mRNAs contained two (miR-203a-3p and miR-
361-5p) and one (miR-145-5p) predicted binding sites, 
respectively, for lung-enriched miRNAs, whereas 
IFN-γ harbored nine (miR-128-3p, miR-143-3p, miR-
181b-5p, miR-181d-5p, miR-24-3p, miR-26a-5p, miR-
26b-5p, miR-340-5p, and miR-664b 3p). Interestingly, 
in human lung tissue, the only miRNAs that share 
both target mRNAs (TMPRSS2 and IFN-γ) are miR-
181b-5p, miR-181d-5p, and miR-664b-3p. Using sin-
gle-cell RNA-sequencing-based data, two miRNAs, 
hsa-miR-302c-5p and hsa-miR-16-5p, were identi-
fied to be potential virus-targeting miRNAs across 
multiple cell types from bronchoalveolar lavage fluid 
samples. The results showed that these miRNA/tar-
get pairs are involved in the ACE2 receptor network, 
regulating pro-inflammatory cytokines and immune 
cell maturation and differentiation (65).

miRNAs and immune dysregulation
Beyond viral entry mechanisms, miRNAs may con-
tribute to immune dysregulation and inflamma-
tory responses that characterize severe COVID-19. 
Increases in plasma cytokine storms, including TNF-
α, IL-1β, IL-6, miR-146a, miR-146b, and IL-8, are asso-
ciated with miR-125b, miR-138, miR-199a, and miR-21 
in acute respiratory distress syndrome and COPD 
(68). Recent studies include the role of ID02510.3p 
miRNA, ID00448.3pmiRNA, miRNA 3154, miRNA 
7114-5p, miRNA 5197-3p, ID02750.3p miRNA and 
ID01851.5p-miRNA, miR-5197-3p, miR-17-5p and miR-
20b-5p in control COVID-19 pathogenesis by bind-
ing to the genome of SARS-CoV-2 (69). These find-
ings suggest that miRNA-mediated regulation may 
influence both cytokine production and host antivi-
ral responses during SARS-CoV-2 infection.

miRNAs as diagnostic and prognostic 
biomarkers
Nersisyan et al. (70) introduced six miRNAs, includ-
ing miR-21-3p, miR-195-5p, miR-16-5p, miR-3065-5p, 
miR-424 5p, and miR-421, that potentially regulated 
all human coronaviruses through direct binding 
to the viral genome. The high predictive accuracy 
reported in these studies highlights the potential 
utility of miRNA signatures for disease detection and 
risk stratification. The miR-21-3p binds to the human 
coronavirus genome the best. Supervised machine 
learning analysis revealed that a three-miRNA signa-
ture (miR-423-5p, miR-23a-3p, and miR-195-5p) inde-
pendently classified COVID-19 cases with an accuracy 

of 99.9% (71). The three miRNA signature identified 
SARS-CoV-2 infection in a ferret COVID-19 model with 
99.7% accuracy and differentiated SARS-CoV-2 infec-
tion from influenza A (H1N1) infection and healthy 
controls with 95% accuracy (71). The inflammatory 
miR-31-5p was the most significantly increased of the 
55 miRNAs that were changed in COVID-19 patients 
in the early stages of the illness (71). In addition to 
their diagnostic value, miRNAs may represent novel 
therapeutic targets because of their ability to mod-
ulate both viral replication and host immune path-
ways. Pawlica et al. (72) discovered a viral miRNA-like 
small RNA, named CoV2-miR-O7a (for SARS-CoV-2 
miRNA-like ORF7a-derived small RNA). Its abundance 
ranges from low to moderate compared to host miR-
NAs, and it is associated with Argonaute proteins, 
core components of the RNA interference pathway. 
They discovered potential targets for CoV2-miR 7a, 
such as the interferon signaling-related Basic Leu-
cine Zipper ATF-Like Transcription Factor 2 (BATF2). 
According to Li et al. (73), when comparing human 
COVID-19 patients to healthy controls, 35 miRNAs 
were elevated and 38 miRNAs were downregulated. 
The following is a list of the top 10 genes: hsa-miR-
16-2-3P, hsa-miR-5695, hsa-miR-10399-3P, hsa-miR-
6501-5P, hsa miR-361-3P, hsa-miR-361-3p, hsa-miR-
4659a-3p, hsa-miR-142-5p, hsa-miR-4685-3p, hsa-
miR 454-5p, and hsa-miR-30c-5p. Hsa-miR-183-5p, 
Hsa-miR-627-5p, Hsa-miR-941, Hsa-miR-21-5p, Hsa-
miR-20a-5p, Hsa-miR-146b-5p, Hsa-miR-454-3p, Hsa-
miR-18a-5p, Hsa-miR-340-5p, and Hsa-miR-17-5p 
were the ten genes that had the biggest decrease. 
Notably, miR-627-5p was the most downregulated 
miRNA, changing by 2.3 times in comparison to the 
controls, whereas miR 16-2-3p was the most upreg-
ulated miRNA, changing by 1.6 times. Four miRNAs 
(miR-127-3p, miR-21-5p, miR-285p, and miR-34a-5p) 
were found by Salem et al. (74) to regulate the TGF-
beta signaling system, interleukin-4 and 13 signaling, 
IL-17 signaling pathway, and B cell receptors (BCRs) 
signaling pathway. They have been suggested as 
possible biomarkers for a variety of COVID-19 dis-
ease characteristics, including susceptibility, sever-
ity, course of complications, prognosis, and poten-
tial treatments (75). Therefore, a profile of the cir-
culating miRNA at various phases of COVID-19 dis-
ease may offer valuable clinical information and 
point the way for future treatments (76).

Therapeutic potential and future perspectives
In addition to their diagnostic value, miRNAs may 
represent novel therapeutic targets because of 
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their ability to modulate both viral replication and 
host immune pathways. Pawlica et al. (72) discov-
ered a viral miRNA-like small RNA, named CoV2-
miR-O7a (for SARS-CoV-2 miRNA-like ORF7a-de-
rived small RNA), which associates with Argonaute 
proteins and may regulate interferon-related path-
ways through targets such as BATF2. Furthermore, 
several host miRNAs have been implicated in reg-
ulating inflammatory responses, cytokine produc-
tion, and viral-host interactions, suggesting poten-
tial applications in both therapeutic intervention 
and disease monitoring.
Overall, current evidence supports a multifaceted 
role of miRNAs in COVID-19, ranging from the regu-
lation of viral entry and immune responses to their 
potential use as biomarkers and therapeutic targets. 
However, many findings remain based on compu-
tational predictions or small cohorts and require 
validation in larger and more diverse populations. 
A summary of representative miRNAs, their princi-
pal targets, level of evidence, and potential clinical 
relevance is presented in Table 2.

COVID-19 AND CANCER

Impact of the COVID-19 pandemic on cancer 
care
Regular health service delivery was seriously ham-
pered during the COVID-19 pandemic. The poten-
tial of COVID-19 infection for patients necessitated 
careful assessment, and resources were reallocated 

to COVID-19 services. There was a halt to cancer 
screening programs, fewer medical professionals 
were available, and some patients had trouble get-
ting the best care in a timely way (77).
These disruptions raised concerns regarding 
delayed diagnosis, treatment interruptions, and 
potentially worse outcomes among patients with 
cancer.

Shared biological mechanisms between COVID-
19 and cancer
Beyond healthcare-related consequences, several 
biological pathways appear to be shared between 
COVID-19 and cancer progression.
An inflammatory outburst and lymphopenia are asso-
ciated with severe COVID-19, which may worsen the 
prognosis for cancer (78). Zong et al. (79) described 
the four main signaling pathways at the junction 
of COVID-19 and cancer: cytokine, type I interferon 
(IFN-I), androgen receptor (AR), and immunologi-
cal checkpoint signaling. They also emphasized the 
clinical and molecular parallels between COVID-19 
and cancer. Depletion of B cells, natural killer cells, 
and CD8+ and CD4+ T cells is linked to COVID-19 
progression. COVID-19 susceptibility is increased 
by the expression of receptors such as transmem-
brane protease serine 2 (TMPRSS2) and angioten-
sin-converting enzyme 2 (ACE2) (80). Through mech-
anisms including cytokine storm, tissue hypoxia, 
poor T-cell responses, autophagy, neutrophil acti-
vation, and oxidative stress, SARS-CoV-2 infection 
may increase cancer susceptibility and speed can-
cer progression (81).

Table 2. Representative microRNAs associated with SARS-CoV-2 infection, their major targets, level of evidence, and potential clinical relevance.

miRNA MAIN TARGET(S) EVIDENCE TYPE PROPOSED CLINICAL 
RELEVANCE

miR-141-3p ACE2 Computational Potential regulation of 
viral entry

miR-181b-5p TMPRSS2, IFN-γ Computational Modulation of antiviral 
responses

miR-181d-5p TMPRSS2, IFN-γ Computational Immune regulation

hsa-miR-302c-5p ACE2 network Computational/Transcriptomic Potential antiviral activity

hsa-miR-16-5p ACE2 network Computational/Transcriptomic Regulation of immune-cell 
maturation

miR-21-3p Coronavirus genomes Computational Potential broad antiviral 
activity

miR-423-5p, miR-23a-
3p, miR-195-5p Biomarker signature Experimental + Machine Learning Diagnostic/prognostic 

biomarker

CoV-2-miR-O7a BATF2 pathway Experimental Viral immune-evasion 
mechanism
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SARS-CoV-2 infection and cancer-related 
molecular pathways
According to Serwaa et al. (82), SARS-CoV-2 infection 
affects different cancer cellular phenotypes as well 
as the expression of molecular cancer markers and 
proinflammatory cytokines. They demonstrated how 
SARS-CoV-2 infection affects some crucial cellular pro-
cesses related to prostate and colorectal cancer cell 
proliferation, death, and migration. The primary recep-
tor of the SARS-CoV-2 virus, angiotensin-converting 
enzyme 2 (ACE2), is extensively expressed on the cell 
surface of pancreatic cells, including exocrine glands 
and pancreatic islets, making these cells a prime tar-
get for the virus (1). Moreover, CREB1, PTEN, SMAD3, 
and CASP3 have been reported to be differentially 
expressed in pancreatic adenocarcinoma according to 
TCGA database analyses. Although current evidence 
does not support a direct causal relationship between 
SARS-CoV-2 infection and pancreatic carcinogenesis, 
these observations suggest potential overlap between 
molecular pathways involved in cancer biology and 
those affected during SARS-CoV-2 infection (83).

Vaccination, immunotherapy, and clinical 
outcomes
Grippin et al. (84) demonstrated that mRNA vaccines 
targeting SARS-CoV-2 also make tumors more sus-
ceptible to immune checkpoint inhibitors (ICIs). For 
many cancer patients, ICIs prolong survival. In sev-
eral large retrospective populations, receiving SARS-
CoV-2 mRNA vaccinations within 100 days of start-
ing ICI is linked to considerably enhanced median 
and three-year overall survival.
These findings highlight the potential interaction 
between vaccination-induced immune activation 
and the efficacy of cancer immunotherapies, war-
ranting further investigation in prospective studies.

SARS-CoV-2 infection and cancer-related 
molecular pathways
Recent evidence has also highlighted the potential 
involvement of the cyclic GMP-AMP synthase-stimula-
tor of interferon genes (cGAS-STING) pathway at the 
intersection between COVID-19 and cancer biology. 
Activation of cGAS-STING signaling during the early 
stages of SARS-CoV-2 infection may promote antivi-
ral immunity through induction of type I interferon 
responses. Conversely, persistent activation of this 
pathway may contribute to excessive inflammation 
and tissue damage. Interestingly, cGAS-STING sig-
naling has also emerged as a promising therapeutic 
target in oncology because of its ability to enhance 

antitumor immune responses and improve the effi-
cacy of immunotherapies (85). These observations 
suggest that molecular pathways involved in host 
antiviral defense may also influence cancer progres-
sion and therapeutic responsiveness, highlighting 
potential areas for future translational research.

CONCLUSIONS
Every disease has a genetic component, to varying 
degrees. Variations in our DNA and differences in 
how that DNA functions, alongside the environment, 
contribute to disease processes (86). By identifying 
the causal processes that explain why some peo-
ple are more seriously affected by the disease after 
contracting the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) virus, human genetics 
can help understand the biology and epidemiology 
of coronavirus disease 2019 (COVID-19) (78).
Although advanced age, male sex, and several comor-
bidities are recognized risk factors for severe COVID-19, 
these variables alone do not fully explain the marked 
heterogeneity observed in clinical outcomes. A grow-
ing body of evidence indicates that host genetic factors 
contribute to individual susceptibility, disease sever-
ity, immune responses, and clinical prognosis (45).
The studies reviewed here highlight the potential 
role of multiple genetic determinants, including HLA 
polymorphisms, cytokine-related genes, ABO blood 
groups, ACE2 and TMPRSS2 variants, and microR-
NA-mediated regulatory pathways. These genetic 
factors may influence viral entry, antigen presenta-
tion, inflammatory responses, immune regulation, 
and vaccine-related outcomes. In addition, emerg-
ing evidence suggests complex interactions between 
COVID-19 and cancer-related biological pathways.
Despite considerable progress, many reported 
genetic associations remain population-specific 
and have not been consistently replicated across 
independent cohorts. Differences in ethnicity, study 
design, sample size, viral variants, and environmen-
tal factors may partly explain these discrepancies. 
Therefore, larger multiethnic studies, functional 
investigations, and integrative genomic approaches 
are needed to clarify the biological significance of 
these findings and their potential clinical applications.
A better understanding of host genetic variability 
may contribute to improved risk stratification, per-
sonalized preventive strategies, and the develop-
ment of targeted therapeutic approaches for cur-
rent and future viral outbreaks.
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INTRODUCTION
Thyroid cancer is the most common endocrine malig-
nancy worldwide, with a rapidly increasing inci-
dence over the past decades. In 2022, approximately 
821,214 new cases were diagnosed globally, ranking 
seventh among all cancers and fifth among women, 
with an incidence rate of 9.1 per 100,000 population 
(1). Despite this increasing incidence, thyroid can-
cer is generally associated with an excellent prog-
nosis, data from the Surveillance, Epidemiology and 

End Results (SEER) program indicate a 5-year sur-
vival rate of up to 98.4% (2). Papillary thyroid carci-
noma (PTC), the most common histological subtype, 
accounts for approximately 85-90% of thyroid can-
cer cases and is typically characterized by indolent 
behavior and favorable treatment outcomes (3).
Extrathyroidal extension (ETE), defined as tumor inva-
sion beyond the thyroid capsule into adjacent soft 
tissues, is an important pathological feature asso-
ciated with more aggressive disease behavior (4, 5). 
ETE can be broadly classified into minimal extrathy-
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ABSTRACT: Extrathyroidal extension (ETE) is a key pathological feature of papillary thyroid carcinoma (PTC) associated with 
aggressive tumor behavior and adverse outcomes. However, clinicopathological factors associated with ETE remain incompletely 
characterized, particularly in Southeast Asian populations. This study aimed to identify factors associated with pathological ETE in 
patients with PTC. This prospective observational study included 346 consecutive patients with histopathologically confirmed PTC 
who underwent thyroidectomy at a tertiary referral center in Vietnam between April and August 2025. ETE was defined based on 
postoperative histopathological examination, including both minimal and gross ETE. Clinicopathological variables were evaluated 
using univariable analysis and multivariable logistic regression. ETE was identified in 66 patients (19.1%). In univariable analysis, age 
≥ 55 years, symptomatic presentation, multifocality, tumor size, lymph node metastasis and thyroiditis were associated with ETE (all 
p < 0.05). In multivariable analysis, age ≥ 55 years (OR = 2.321; 95%CI 1.153-4.674; p = 0.018), tumor size (per 10 mm increase) (OR 
= 1.052; 95%CI 1.016-1.090; p = 0.005) and lymph node metastasis (OR = 2.932; 95%CI 1.565-5.492; p < 0.001) were independently 
associated with increased odds of ETE. In contrast, coexisting thyroiditis was associated with lower odds of ETE (OR = 0.440; 95%CI 
0.231-0.839; p = 0.013). In conclusion, older age, larger tumor size and lymph node metastasis were independently associated with 
pathological ETE in PTC, whereas coexisting thyroiditis showed a potentially inverse association that should be confirmed in larger 
cohorts. These findings provide additional insight into clinicopathological factors associated with tumor invasiveness in PTC and 
may contribute to improved risk assessment.
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roidal extension (mETE), which is identified only on 
histopathological examination and gross extrathy-
roidal extension (gETE), which is evident clinically, 
radiologically, or intraoperatively (6).
Historically, mETE was classified as T3 disease in ear-
lier editions of the American Joint Committee on Can-
cer (AJCC) staging system (7). However, its indepen-
dent prognostic significance has been increasingly 
questioned due to substantial interobserver vari-
ability and its strong dependence on histopatholog-
ical interpretation (8, 9). In contrast, gETE has been 
consistently associated with advanced tumor stage, 
higher recurrence rates and increased disease-spe-
cific mortality (10). Consequently, the eighth edition of 
the AJCC staging system removed mETE from tumor 
staging and placed greater emphasis on gETE (11).
Despite these differences in prognostic impact, the 
presence of ETE at any extent may still reflect tumor 
invasiveness and local tumor aggressiveness (12, 13). 
From a clinical perspective, identifying factors associ-
ated with the occurrence of ETE, regardless of its extent, 
may provide insights into tumor behavior, particularly in 
settings where preoperative distinction between mETE 
and gETE remains challenging (14, 15). Assessment of 
potential differences between ETE subtypes may also 
improve the understanding of tumor invasiveness.
Although ETE is widely recognized as an important 
prognostic factor, its reported prevalence varies con-
siderably across studies (5%-45%), largely reflecting 
differences in definitions, assessment methods and 
study populations (16). Reported clinicopathological 
factors associated with ETE also remain inconsis-
tent and data from certain populations, particularly 
those in developing countries, remain limited (17, 18). 
In Vietnam, prospective data on clinicopathological 
factors associated with ETE in PTC remain scarce.
Therefore, this study aimed to identify clinicopatho-
logical factors associated with postoperative patho-
logical ETE in patients with PTC. This study is reported 
in accordance with the STROBE reporting checklist.

MATERIALS AND METHODS

Study population
This prospective observational study was conducted 
at a tertiary referral oncology center in Vietnam. 
Patients were consecutively enrolled between April 
2025 and August 2025. A total of 346 patients who 
underwent thyroidectomy and had a final histopatho-
logical diagnosis of PTC were included in the study.

The study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki and its subse-
quent amendments. Ethical approval was obtained 
from the Institutional Ethics Committee of Ho Chi 
Minh City Oncology Hospital (No. 542/BVUB-HDDD). 
Written informed consent was obtained from all par-
ticipants prior to inclusion.
Patients were eligible for inclusion if they had pre-
operative cytological findings from fine-needle aspi-
ration (FNA) suggestive of or diagnostic for PTC and 
subsequently underwent thyroid surgery. Patients 
were excluded if they had a history of previous 
neck surgery, prior radioactive iodine (I-131) therapy 
or other treatments, the presence of another pri-
mary malignancy, incomplete clinical or operative 
data, or a postoperative histopathological diagno-
sis other than PTC.
During the study period, 368 patients with preop-
erative FNA results of PTC or suspicious for PTC 
underwent thyroidectomy. Of these, 22 patients 
were excluded, including 2 with a second primary 
malignancy, 13 with a history of prior neck surgery 
and 7 with benign postoperative histopathological 
findings. Ultimately, 346 patients were included in 
the final analysis.
The patient selection process is illustrated in Figure 1.

Data collection
Patients were prospectively enrolled and clinical and 
histopathological data were collected using a stan-
dardized case report form according to a predefined 
study protocol. Tumor characteristics, lymph node 
status and coexisting thyroid conditions were deter-
mined based on histopathological examination of the 

Figure 1. Flowchart of patient selection and inclusion in the final 
analysis.
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surgical specimens. Surgical management, including 
lobectomy, near-total thyroidectomy, or total thy-
roidectomy with or without lymph node dissection, 
was performed according to institutional protocols 
and contemporary clinical guidelines. Central and/
or lateral neck dissection was performed based on 
clinical indications.
The following variables were analyzed:
•	 Demographic characteristics: age, sex and body 

mass index (BMI).
•	 Clinical characteristics: reason for consultation 

and Graves’ disease.
•	 Tumor characteristics: maximum tumor diame-

ter, multifocality and histological variant.
•	 Lymph node status: lymph node metastasis and 

extranodal extension.
•	 Coexisting thyroid conditions: lymphocytic thy-

roiditis and multinodular goiter.
•	 Primary outcome: presence of ETE.
The reason for consultation was initially recorded in 
detailed categories, including health screening and 
specific symptoms (neck mass, throat discomfort, 
dysphagia, hoarseness, dyspnea, neck pain and pal-
pitations). For analytical purposes, these were cate-
gorized into two groups: health screening (asymp-
tomatic) and symptomatic presentation. Patients 
were classified as symptomatic if they presented 
with at least one of the above symptoms. This cat-
egorization was performed to improve statistical 
power and model stability given the relatively small 
number of events in individual symptom subgroups.
Lymph node metastasis was defined based on post-
operative histopathological examination of resected 
lymph nodes. Only patients who underwent lymph 
node dissection were considered assessable for 
pathological nodal status, while those without lymph 
node dissection were classified as having no patho-
logical evidence of nodal metastasis.
Coexisting thyroid conditions were defined based on 
postoperative histopathological examination of sur-
gical specimens. Although these conditions may be 
suggested preoperatively based on cytological find-
ings, including FNA, the final diagnosis in this study 
was established histopathologically. Thyroiditis in this 
study refers to lymphocytic thyroiditis and goiter was 
defined as multinodular goiter (nodular hyperplasia).
ETE was determined based on postoperative his-
topathological examination of surgical specimens. 
All slides were independently reviewed by two 
board-certified pathologists with approximately 10 
years of experience in oncologic pathology and any 
discrepancies were resolved by consensus.

mETE was defined according to standard histo-
pathological criteria as microscopic tumor exten-
sion beyond the thyroid capsule that was identified 
exclusively on histopathological examination and was 
not accompanied by gross operative, radiological, 
or macroscopic pathological evidence of invasion. 
Microscopic involvement of perithyroidal soft tissue, 
including adipose tissue, small foci of skeletal mus-
cle fibers, or extension around or into vascular struc-
tures or nerves, was categorized as mETE only when 
it was detected microscopically. Cases with gross 
strap muscle invasion observed intraoperatively and 
confirmed histopathologically were not counted as 
mETE; these cases were classified as gETE (pT3b), 
consistent with the AJCC 8th edition staging frame-
work and contemporary thyroid pathology recom-
mendations (11,19-21). gETE was defined as macro-
scopic tumor invasion beyond the thyroid capsule, 
including invasion into strap muscles (pT3b) or exten-
sion beyond the strap muscles into adjacent struc-
tures such as subcutaneous soft tissue, larynx, tra-
chea, esophagus, recurrent laryngeal nerve, prever-
tebral fascia, or major vessels (pT4) (11, 21). gETE was 
initially identified intraoperatively by the operating 
surgeon and correlated with histopathological find-
ings. This classification was applied consistently for 
prevalence estimates and subgroup comparisons.
For statistical analysis, ETE was treated as a dichot-
omous variable (present vs absent), with both mETE 
and gETE categorized as ETE-positive. This approach 
was adopted to increase statistical power and model 
stability given the limited number of events in each 
subgroup.

Statistical analysis
Statistical analyses were performed using IBM SPSS 
Statistics version 27.0 (IBM Corp., Armonk, NY, USA). 
Continuous variables were presented as mean ± 
standard deviation (SD), whereas categorical vari-
ables were expressed as frequencies and percent-
ages. Differences between groups were assessed 
using the chi-square test or Fisher’s exact test, as 
appropriate.
Univariable logistic regression analysis was per-
formed to evaluate clinicopathological factors associ-
ated with the presence of ETE and crude odds ratios 
(ORs) with 95% confidence intervals (CIs) and corre-
sponding P-values were reported. Variables with a 
P-value < 0.10 in the univariable analysis, together 
with clinically relevant variables, were entered into 
a multivariable logistic regression model to identify 
factors independently associated with ETE. Adjusted 
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odds ratios (ORs) with 95% confidence intervals (CIs) 
were calculated. For the subgroup analysis of gETE, 
variables were selected based on clinical relevance 
and consistency with the primary model.
The number of events per variable (EPV) was assessed 
to evaluate the risk of overfitting in the multivari-
able model. A total of 66 events were included with 6 
variables entered into the model, resulting in an EPV 
of 11, which exceeds the commonly recommended 
threshold and supports the robustness of the model.
Multicollinearity among variables was assessed using 
the variance inflation factor (VIF) and no significant 
collinearity was observed (all VIF < 2). Extranodal 
extension was analyzed descriptively in the univari-
able analysis but was not included in the multivari-
able model because it occurs only in the presence 
of lymph node metastasis and is therefore not con-
sidered an independent predictor.
Tumor size was categorized into four groups (≤ 10 
mm, > 10-20 mm, > 20-40 mm and > 40 mm) based 
on clinically relevant cutoffs derived from estab-
lished thyroid cancer staging systems, including the 
10 mm threshold defining papillary thyroid micro-
carcinoma. Tumor size categories were used for 
descriptive analyses, whereas continuous tumor 
size was entered into logistic regression models.
Model calibration was assessed using the Hosmer-Le-
meshow goodness-of-fit test and further evaluated 
using a calibration plot. Model discrimination was 
quantified using the area under the receiver oper-
ating characteristic curve (AUC). Internal validation 
was performed using bootstrap resampling. All sta-
tistical tests were two-sided and a P-value < 0.05 was 
considered statistically significant.

RESULTS
A total of 346 patients were included in the final 
analysis. The baseline clinicopathological charac-
teristics of the study population are summarized 
in Table 1. The mean age was 42.6 ± 12.1 years, 
and most patients were aged < 55 years (82.9%). 
Females predominated, accounting for 86.1% of the 
cohort. The mean body mass index was 23.2 ± 3.3 
kg/m2, with the majority of patients having a nor-
mal BMI (64.7%).
Most tumors were incidentally detected during health 
screening (72.2%), whereas 27.8% of patients pre-
sented with symptoms. Graves’ disease was identi-
fied in 2.6% of patients. Goiter and thyroiditis were 
observed in 14.7% and 14.2% of cases, respectively.

Regarding tumor characteristics, the mean tumor 
size was 11.3 ± 7.7 mm and 66.2% of tumors mea-
sured ≤ 10 mm. Multifocal tumors were present in 
26.0% of patients. The classical variant was the pre-
dominant histological subtype (98.8%). Lymph node 
metastasis was identified in 28.3% of patients, extran-
odal extension in 3.8% and ETE in 19.1%.
Among these patients, 205 (59.2%) underwent total 
thyroidectomy, 3 (0.9%) underwent near-total thy-
roidectomy and 138 (39.9%) underwent lobectomy. 
Among patients who underwent total thyroidectomy, 
81 (39.5%) had central neck dissection, 9 (4.4%) had 
lateral neck dissection and 39 (19.0%) had both cen-
tral and lateral neck dissection. Among patients who 
underwent lobectomy, central neck dissection was 
performed in 9 patients (6.5%), while no lymph node 
dissection was performed in patients who under-
went near-total thyroidectomy.
Larger tumor size was significantly associated with 
ETE (Table 2). Patients with ETE more frequently had 
tumors > 10 mm compared with those without ETE.
In univariable analysis (Table 3), age ≥ 55 years, symp-
tomatic presentation, multifocality, larger tumor 
size, lymph node metastasis, thyroiditis and extran-
odal extension were significantly associated with 
ETE (all p < 0.05).
In multivariable logistic regression analysis (Table 4), 
age ≥ 55 years (OR = 2.321, 95%CI 1.153-4.674; p = 
0.018), tumor size (per 10 mm increase) (OR = 1.052, 
95%CI 1.016-1.090; p = 0.005) and lymph node metas-

Figure 2. Calibration plot of the multivariable logistic regression 
model evaluating the association between clinicopathological factors 
and extrathyroidal extension.
The dashed diagonal line indicates perfect calibration.
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tasis (OR = 2.932, 95%CI 1.565-5.492; p < 0.001) were 
independently associated with higher odds of ETE. 
In contrast, thyroiditis was independently associated 
with lower odds of ETE (OR = 0.440, 95%CI 0.231-
0.839; p = 0.013). Other variables were not signifi-
cantly associated with ETE after adjustment.
The Hosmer–Lemeshow goodness-of-fit test indi-
cated an adequate model fit (p = 0.543). The model 
demonstrated good discriminatory ability, with an 
area under the receiver operating characteristic 
curve (AUC) of 0.777 (95%CI 0.717-0.838).
Calibration of the model was assessed using a cali-
bration plot, which showed good agreement between 
predicted and observed probabilities of ETE across 
deciles of risk (Figure 2). Most data points were 

closely aligned with the 45-degree reference line, 
indicating satisfactory calibration. Minor variability 
was observed in the lower-risk range, while a slight 
tendency toward overestimation was noted at higher 
predicted probabilities.
Internal validation using bootstrap resampling (1,000 
iterations) demonstrated stable model performance, 
supporting the robustness and reliability of the 
model.
In a supplementary analysis, clinicopathological char-
acteristics were further compared across ETE sub-
groups (no ETE, mETE and gETE) (Supplementary 
Table 1). Several key variables differed across sub-
groups, with a tendency toward more aggressive 
features in the gETE group compared with mETE 

Table 1. Baseline clinicopathological and surgical characteristics of the study population.

VARIABLES VALUE (N = 346)
Age (years) 42.6 ± 12.1

<55 years 287 (82.9)

≥55 years 59 (17.1)

Sex

Female 298 (86.1)

Male 48 (13.9)

Body mass index (kg/m²) 23.2 ± 3.3

<18.5 24 (6.9)

18.5–24.9 224 (64.7)

25.0–29.9 89 (25.7)

≥30 9 (2.6)

Reason for consultation

Health screening 250 (72.2)

Neck mass 67 (19.4)

Throat discomfort 13 (3.7)

Dysphagia 3 (0.9)

Hoarseness 5 (1.4)

Dyspnea 2 (0.6)

Neck pain 4 (1.2)

Palpitations 2 (0.6)

Graves’ disease 9 (2.6)

Maximum tumor diameter (mm) 11.3 ± 7.7

≤10 229 (66.2)

>10–20 82 (23.7)

>20–40 32 (9.2)

>40 3 (0.9)

Multifocality

Yes 90 (26.0)

No 256 (74.0)

Data are presented as mean ± standard deviation or number (%). ETE: extrathyroidal extension.

VARIABLES VALUE (N = 346)
Histological variant

Classic 342 (98.8)

Invasive follicular variant 4 (1.2)

Lymph node metastasis 98 (28.3)

Extranodal extension 13 (3.8)

Thyroiditis 49 (14.2)

Goiter 51 (14.7)

Extrathyroidal extension (ETE) 66 (19.1)

Gross ETE 46 (13.3)

Microscopic ETE 20 (5.8)

Surgical management
Type of thyroidectomy

Total thyroidectomy 205 (59.2)

Near-total thyroidectomy 3 (0.9)

Lobectomy 138 (39.9)

Lymph node dissection stratified by surgery type
Total thyroidectomy (n = 205)

None 76 (37.1)

Central 81 (39.5)

Lateral 9 (4.4)

Both central and lateral 39 (19.0)

Lobectomy (n = 138)

None 129 (93.5)

Central 9 (6.5)

Near-total thyroidectomy (n = 3)

None 3 (100.0)
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and no ETE. Larger tumor size and a higher fre-
quency of lymph node metastasis were observed 
in patients with gETE.

In a separate multivariable analysis focusing on 
gETE (Table 5), older age (≥ 55 years), larger tumor 
size and lymph node metastasis remained inde-

Table 2. Comparison of clinicopathological characteristics according to extrathyroidal extension status.

VARIABLES ETE (N = 66) NO ETE (N = 280) P-VALUE
Age 0.037

<55 years 49 (74.2) 238 (85.0)

≥55 years 17 (25.8) 42 (15.0)

Sex 0.128

Male 13 (19.7) 35 (12.5)

Female 53 (80.3) 245 (87.5)

Body mass index (kg/m²) 0.336

<18.5 6 (9.1) 18 (6.4)

18.5–24.9 44 (66.7) 180 (64.3)

25.0–29.9 13 (19.7) 76 (27.1)

≥30 3 (4.5) 6 (2.1)

Reason for consultation 0.008

Health screening 39 (59.1) 211 (75.4)

Symptomatic 27 (40.9) 69 (24.6)

Graves’ disease 1.000

Yes 1 (1.5) 8 (2.9)

No 65 (98.5) 272 (97.1)

Tumor size (mm) <0.001

≤10 25 (37.9) 204 (72.9)

>10–20 31 (47.0) 51 (18.2)

>20–40 8 (12.1) 24 (8.6)

>40 2 (3.0) 1 (0.4)

Multifocality <0.001

Yes 28 (42.4) 62 (22.1)

No 38 (57.6) 218 (77.9)

Histological variant 0.166

Classic 64 (97.0) 278 (99.3)

Invasive follicular 2 (3.0) 2 (0.7)

Lymph node metastasis <0.001

Yes 34 (51.5) 64 (22.9)

No 32 (48.5) 216 (77.1)

Extranodal extension <0.001

Yes 8 (12.1) 5 (1.8)

No 58 (87.9) 275 (98.2)

Thyroiditis 0.013

Yes 3 (4.5) 46 (16.4)

No 63 (95.5) 234 (83.6)

Goiter 0.916

Yes 10 (15.2) 41 (14.6)

No 56 (84.8) 239 (85.4)

Values are presented as number (%). P-values were calculated using the chi-square test or Fisher’s exact test, as appropriate. ETE: extrathyroidal 
extension.
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pendently associated with higher odds of gETE. Spe-
cifically, each 10 mm increase in tumor size was inde-
pendently associated with higher odds of gETE (OR 

= 1.090, 95%CI 1.048-1.134; p < 0.001), while lymph 
node metastasis was associated with more than a 
threefold increase in risk (OR = 3.486, 95%CI 1.662-

Table 3. Univariable logistic regression analysis of factors associated with extrathyroidal extension.

VARIABLES CRUDE OR 95%CI P-VALUE
Age

<55 years 1 (reference)

≥55 years 1.966 1.035–3.735 0.039

Sex

Female 1 (reference)

Male 0.582 0.289–1.176 0.131

Body mass index (kg/m²)

18.5–24.9 1 (reference)

<18.5 2.045 0.492–8.501 0.325

25.0–29.9 1.500 0.284–7.934 0.633

≥30 2.923 0.649–13.174 0.163

Reason for consultation

Health screening 1 (reference)

Symptomatic 2.117 1.208–3.710 0.009

Graves’ disease

No 1 (reference)

Yes 0.523 0.064–4.256 0.545

Tumor size (mm)

≤10 1 (reference)

>10–20 6.000 0.478–75.344 0.165

>20–40 3.290 0.286–37.811 0.339

>40 16.320 1.428–186.515 0.025

Multifocality

No 1 (reference)

Yes 2.591 1.474–4.553 <0.001

Histological variant

Classic 1 (reference)

Invasive follicular 4.344 0.601–31.420 0.146

Lymph node metastasis

No 1 (reference)

Yes 3.586 2.053–6.262 <0.001

Extranodal extension

No 1 (reference)

Yes 7.586 2.396–24.023 <0.001

Thyroiditis

No 1 (reference)

Yes 0.242 0.073–0.805 0.021

Goiter

No 1 (reference)

Yes 0.961 0.454–2.034 0.916

CI: confidence interval; OR: odds ratio. Reference categories are indicated for each variable. Tumor size was analyzed as a categorical 
variable. Variables with p < 0.10 in univariable analysis were considered for multivariable analysis.
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7.316; p < 0.001). Age ≥ 55 years was also signifi-
cantly associated with gETE (OR = 2.936, 95%CI 1.306-
6.600; p = 0.009). In contrast, multifocality and thy-
roiditis were not significantly associated with gETE 
after adjustment.

DISCUSSION
ETE is a well-recognized adverse prognostic factor in 
PTC and is associated with an increased risk of locore-
gional recurrence and poorer oncologic outcomes. In 
this prospective observational study, older age (≥ 55 
years), larger tumor size and lymph node metastasis 
were independently associated with ETE, whereas 
thyroiditis was associated with lower odds of ETE.
Although gETE is clearly associated with disease recur-
rence and disease-specific mortality, the clinical sig-
nificance of mETE remains controversial (9, 22-24). 
Consistent with AJCC 8th edition concepts, mETE was 
not used for T upstaging in this study; it was analyzed 
only as a histopathological marker of local microscopic 
invasion (11). Macroscopic strap muscle invasion and 
invasion into deeper adjacent structures were clas-
sified as gETE. This distinction is important because 
mETE and gETE differ in prognostic relevance and in 
the reliability of pathological assessment.

Older age (≥ 55 years) was independently associated 
with ETE in our cohort, suggesting a more aggres-
sive clinicopathological phenotype in older patients. 
This observation is consistent with previous stud-
ies reporting a higher likelihood of ETE or aggres-
sive clinicopathological features in older individuals 
with PTC (18, 25). This association may reflect longer 
subclinical tumor growth, progressive local exten-
sion and the accumulation of biological alterations 
over time. Molecular events associated with aggres-
sive PTC, including coexisting BRAF V600E and TERT 
promoter mutations, may also contribute to invasive 
behavior in some patients (44). Age-associated met-
abolic alterations, including increased reliance on 
aerobic glycolysis (the Warburg effect) and age-re-
lated changes in immune function have also been 
proposed as possible contributors to invasive can-
cer phenotypes (26-28). Because metabolic profiling 
and molecular testing were not performed, these 
explanations should be considered speculative. The 
present finding should therefore be interpreted as a 
clinicopathological association rather than evidence 
of a direct biological mechanism.
Tumor size also emerged as an independent factor 
associated with ETE, reinforcing its role as an import-
ant indicator of tumor aggressiveness. Larger tumors 
are more likely to penetrate the thyroid capsule and 

Table 4. Multivariable logistic regression analysis of factors associated with extrathyroidal extension.

VARIABLES ADJUSTED OR (95%CI) P-VALUE
Age (≥55 vs <55 years) 2.321 (1.153–4.674) 0.018

Reason for consultation (symptomatic vs health screening) 1.613 (0.863–2.983) 0.135

Multifocality (Yes vs No) 1.649 (0.882–3.081) 0.117

Tumor size (per 10-mm increase) 1.052 (1.016–1.090) 0.005

Lymph node metastasis (Yes vs No) 2.932 (1.565–5.492) <0.001

Thyroiditis (Yes vs No) 0.440 (0.231–0.839) 0.013

CI: confidence interval. Tumor size was modeled as a continuous variable per 10-mm increase. Variables were selected for multivariable 
analysis based on clinical relevance and a univariable screening threshold of p < 0.10.

Table 5. Multivariable logistic regression analysis of factors associated with gross extrathyroidal extension.

VARIABLES ADJUSTED OR (95%CI) P-VALUE
Age (≥55 vs <55 years) 2.936 (1.306–6.600) 0.009

Multifocality (Yes vs No) 1.393 (0.665–2.920) 0.379

Tumor size (per 10-mm increase) 1.090 (1.048–1.134) <0.001

Lymph node metastasis (Yes vs No) 3.486 (1.662–7.316) <0.001

Thyroiditis (Yes vs No) 0.337 (0.091–1.248) 0.104

CI: confidence interval. Tumor size was modeled as a continuous variable per 10-mm increase. Variables included in the multivariable model 
were selected based on clinical relevance and consistency with the primary model.
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invade surrounding tissues, reflecting progressive 
tumor growth. This observation is consistent with 
prior studies demonstrating a strong association 
between increasing tumor diameter and the risk 
of ETE (17, 29, 30). Notably, papillary thyroid micro-
carcinoma (≤ 10 mm) accounted for a substantial 
proportion of cases in our cohort (66.2%), reflect-
ing the increasing detection of early-stage disease 
through health screening and routine imaging (31-
33). Although microcarcinomas are generally consid-
ered indolent, ETE can still occur in a subset of these 
tumors, albeit at a lower frequency than in larger 
tumors (34). This pattern supports a continuum of 
tumor behavior, in which the risk of extrathyroidal 
invasion increases progressively with tumor size 
rather than being defined by a strict size threshold.
Lymph node metastasis was another factor inde-
pendently associated with ETE, reflecting a more 
aggressive tumor biology characterized by enhanced 
invasive and metastatic potential. Previous stud-
ies have consistently reported a close association 
between lymph node metastasis and ETE (5, 17, 29, 
35-39). From a clinical perspective, the presence of 
lymph node metastasis may therefore raise suspi-
cion for concurrent ETE and should prompt careful 
preoperative and intraoperative evaluation. How-
ever, the detection of lymph node metastasis may 
be influenced by the extent of surgical dissection 
and the strategy of lymph node evaluation, poten-
tially leading to underestimation in patients who 
do not undergo systematic lymph node dissection.
Coexisting lymphocytic thyroiditis was associated 
with lower odds of ETE in our study. This finding is 
consistent with several previous reports suggest-
ing a potential association between autoimmune 
thyroiditis and less aggressive tumor behavior in 
PTC (40-43). Nevertheless, only 49 patients (14.2%) 
had thyroiditis and the confidence interval for the 
adjusted estimate was relatively wide, indicating 
uncertainty in the magnitude and stability of the 
association. This result should therefore be regarded 
as hypothesis-generating rather than evidence of a 
protective effect. Potential biological explanations, 
such as enhanced immune surveillance, have been 
proposed, but these mechanisms were not directly 
evaluated in the present study (45). Conflicting evi-
dence has also been reported, and further studies 
are warranted to clarify the relationship between 
autoimmune thyroiditis and tumor invasiveness (18).
Although ETE was analyzed as a composite out-
come in the primary analysis to reflect tumor inva-
sion across its full spectrum, supplementary anal-

yses focusing on gETE were performed because 
mETE and gETE may represent distinct biological 
and prognostic entities. Clinicopathological charac-
teristics differed across ETE subgroups, with gETE 
showing more aggressive features, including larger 
tumor size and a higher prevalence of lymph node 
metastasis. In a separate multivariable model, these 
factors remained independently associated with 
gETE, whereas the association between thyroiditis 
and gETE was attenuated and no longer statistically 
significant. These findings are consistent with the 
concept that gETE represents a more advanced and 
clinically relevant form of tumor invasion (10, 11).
The prospective observational design, standardized 
histopathological review and multivariable analysis 
strengthen the reliability of this study. The model 
also showed acceptable stability, discrimination and 
calibration, supporting the internal consistency of 
the findings.
Several limitations should be acknowledged. The 
single-center setting and relatively short enrollment 
period may limit generalizability. Variations in surgi-
cal technique and intraoperative assessment were 
not fully controlled and may have introduced resid-
ual confounding. Assessment of lymph node metas-
tasis was limited to patients who underwent lymph 
node dissection, which was generally performed 
in those with clinical or intraoperative suspicion of 
nodal involvement. Therefore, the detection of lymph 
node metastasis may have been influenced by the 
surgical strategy and extent of lymph node dissec-
tion, potentially leading to underestimation of sub-
clinical or occult nodal disease in patients who did 
not undergo surgical evaluation. ETE was primarily 
analyzed as a composite outcome combining both 
minimal and gross ETE, which may have obscured 
differences in biological behavior and clinical signif-
icance. Although a supplementary analysis focusing 
on gETE was performed, the relatively limited num-
ber of mETE cases precluded a more detailed com-
parative analysis between mETE and gETE. Interob-
server variability in the assessment of ETE cannot 
be entirely excluded, particularly for minimal exten-
sion, despite the use of standardized histopatholog-
ical criteria. Imaging features, metabolic data and 
molecular markers, such as BRAF and TERT promoter 
mutations, were not included because the primary 
focus was on clinicopathological factors and molec-
ular testing was not routinely performed during 
the study period. Some variables were determined 
based on postoperative histopathological findings; 
therefore, caution is needed when applying these 
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results to preoperative risk assessment. Long-term 
oncologic outcomes were not assessed. In patients 
with multifocal disease, only the dominant tumor 
was included in the analysis, which may have under-
estimated the contribution of smaller tumor foci to 
ETE. However, this approach reflects routine clinical 
practice and current staging principles.
Beyond discrimination, the model demonstrated 
adequate calibration, with only minor deviations at 
higher predicted probabilities. These findings support 
the internal consistency of the multivariable model.

CONCLUSIONS
In this study, older age (≥ 55 years), larger tumor 
size and lymph node metastasis were independently 
associated with pathological ETE in patients with PTC. 
Coexisting thyroiditis showed a potentially inverse 
association with ETE; however, given the relatively 
small number of thyroiditis cases and the uncertainty 
around the effect estimate, this finding should be 
interpreted cautiously and requires confirmation in 
larger cohorts. These results provide further insight 
into clinicopathological factors related to tumor inva-
siveness. Supplementary analyses suggested that 
gETE may represent a more aggressive disease phe-
notype, characterized by stronger associations with 
tumor size and lymph node metastasis, as well as a 
significant association with older age. Further mul-
ticenter studies with larger populations, standard-
ized ETE classification, imaging variables and molec-
ular data are warranted to validate these findings 
and to determine their potential value in preoper-
ative risk stratification.
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SUPPLEMENTARY MATERIALS
Supplementary Table 1. Comparison of clinicopathological characteristics according to extrathyroidal extension subgroups.

VARIABLES NO ETE METE GETE P-VALUE
Age 0.080

<55 years 238 (82.9) 16 (5.6) 33 (11.5)

≥55 years 42 (71.2) 4 (6.8) 13 (22.0)

Sex 0.314

Male 35 (72.9) 4 (8.3) 9 (18.8)

Female 245 (82.2) 16 (5.4) 37 (12.4)

Reason for consultation 0.02

Health screening 211 (84.4) 8 (3.2) 31 (12.4)

Symptomatic 69 (71.9) 12 (2.5) 15 (15.6)

Tumor size (mm) <0.001

≤10 204 (89.1) 13 (5.7) 12 (5.2)

>10–20 51 (62.2) 7 (8.5) 24 (29.3)

>20–40 24 (75.0) 0 (0.0) 8 (25.0)

>40 1 (33.3) 0 (0.0) 2 (66.7)

Lymph node metastasis <0.001

Yes 64 (65.3) 7 (7.1) 27 (27.6)

No 216 (87.1) 13 (5.2) 19 (7.7)

Extranodal extension <0.001

Yes 5 (38.5) 0 (0.0) 8 (61.5)

No 275 (82.6) 20 (6.0) 38 (11.4)

Thyroiditis 0.035

Yes 46 (93.9) 0 (0.0) 3 (6.1)

No 234 (78.8) 20 (6.7) 43 (14.5)

ETE: extrathyroidal extension; mETE: minimal extrathyroidal extension; gETE: gross extrathyroidal extension. Values are presented as n (row 
%). P-values were calculated using the chi-square test or Fisher’s exact test, as appropriate.
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ABSTRACT: In situ breast cancer represents an important subset of breast neoplasms and is frequently detected through organized 
screening programs. We analyzed incidence trends, clinicopathologic characteristics, and treatment patterns of in situ breast tumors 
registered in the Reggio Emilia Cancer Registry from 2000 to 2023. A total of 1,543 in situ breast tumors were identified, representing 
13.3% of all registered breast cancers during the study period. Age-adjusted incidence rates per 100,000 were calculated using the 2013 
European Standard Population, and the annual percentage change (APC) was estimated to assess temporal trends. Clinicopathologic 
features, including histology and hormone receptor status, were collected. Surgical management and demographic characteristics 
were also analyzed. Overall, in situ breast tumors showed a modest upward trend over the study period; however, this increase 
was not statistically significant (APC 0.7; 95%CI -0.6 to 2.2). A modest decline was observed in 2022–2023 following the COVID-19 
pandemic, which significantly affected screening uptake in 2020–2021. Age distribution revealed that 8.5% of cases occurred in 
women under 45 years and 8.5% in women over 75 years. The majority (83%) were diagnosed in women aged 45-74, the primary 
target of screening programs, including 19.7% in women aged 45-49 years, 69% aged 50-69, and 11.3% aged 70-74. Histologically, 
the vast majority (93.5%) were ductal in origin. Hormone receptor analysis showed that 36.5% were estrogen receptor-positive 
(ER+) and 25.9% progesterone receptor-positive (PR+). Breast-conserving surgery was performed in 74.7%, while 19.1% underwent 
mastectomy. Sentinel lymph node biopsy (SLNB) was performed in 46.2% of cases, whereas axillary lymph node dissection was 
uncommon (3.3%). Women of foreign nationality represented 6.6% of the cohort. In situ breast tumors in our Cancer Registry 
demonstrated a modest, non-significant increase in incidence over time and predominantly affected women within the screening 
age range. Most cases were ductal and managed with breast-conserving surgery, reflecting current clinical practice. These findings 
highlight the sustained impact of screening programs and the importance of ongoing surveillance of early breast cancer, especially 
in the context of healthcare disruptions such as the COVID-19 pandemic.
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Impact statement: From 2000 to 2023, in situ breast cancers 
in the Reggio Emilia Cancer Registry showed a modest, non-sig-
nificant increase, predominantly ductal and mainly treated with 
breast-conserving surgery within screening ages.
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INTRODUCTION
Ductal carcinoma in situ (DCIS) is a non-invasive 
breast neoplasm characterized by the proliferation 
of malignant epithelial cells confined to the mam-
mary ducts, without invasion through the basement 
membrane. DCIS is considered a precursor lesion of 
many invasive breast carcinomas, although the risk 
of progression is variable and not fully predictable (1).
The incidence of DCIS increases with age, with the 
highest rates observed after 50-60 years of age (2). 
Over the past decades, a marked increase in DCIS 
incidence has been reported in Western countries, 
largely attributable to the widespread implementa-
tion of population-based mammographic screening 
programs. The introduction of screening has led to 
an increase in DCIS diagnoses, reaching approxi-
mately 10-11 cases per 100,000 women-years in some 
populations, with the greatest increases observed 
among women aged 50-69 years, the primary tar-
get group for screening (3).
Some studies also suggest a modest increase in 
incidence may also be attributable to factors inde-
pendent of screening, possibly reflecting changes in 
underlying risk or diagnostic practices (4). Despite 
the growing number of diagnosed cases, it remains 
unclear to what extent this trend represents a true 
increase in clinically relevant disease versus improved 
detection resulting from screening and advances in 
diagnostic techniques (2). DCIS frequently expresses 
estrogen (ER) and progesterone (PR) receptors, with 
implications for the potential use of endocrine ther-
apy in selected cases, similarly to invasive breast 
carcinoma (5).

DCIS is frequently asymptomatic and is most com-
monly detected through mammographic screening, 
with microcalcifications representing the most fre-
quent radiologic finding (6).
Primary surgical treatment options include 
breast-conserving surgery (lumpectomy), with or 
without adjuvant radiotherapy, aimed at excising 
the lesion while preserving the breast (7), and mas-
tectomy, which is recommended in cases of exten-
sive disease, multicentric involvement, or when clear 
surgical margins cannot be achieved (8).
The use of SLNB has increased over time and may 
be considered in selected DCIS cases, particularly 
when mastectomy is planned or when there is a 
high suspicion of occult invasive disease (7). Endo-
crine therapy (e.g., tamoxifen) has been shown to 
reduce the risk of subsequent invasive breast can-
cer and recurrent DCIS in patients with ER-positive 
disease, as demonstrated in randomized trials and 
reflected in international and Italian (AIOM) clinical 
guidelines (9, 10).
The present study aims to describe a popula-
tion-based cancer registry case series of in situ breast 
tumors over a long observation period (2000-2023).

MATERIALS AND METHODS

Reggio Emilia Cancer Registry
This study used data from the Reggio Emilia Cancer 
Registry (RE-CR), a population-based registry cover-
ing the Province of Reggio Emilia, Italy, and dedicated 
to descriptive epidemiological surveillance. Cancer 

Figure 1. Reggio Emilia Cancer Registry, 2000-2023. Number of in situ tumors per year of incidence.
Agestandarded rate, per 100,000. APC: Annual Percentage Change.
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Registry operates with ethical approval from the 
Provincial Ethics Committee of Reggio Emilia (Pro-
tocol no. 2014/0019740; August 4, 2014). Case ascer-
tainment is achieved through systematic linkage of 
multiple data sources, including pathology data-
bases, hospital discharge records, mortality regis-
tries, laboratory datasets, diagnostic and therapeu-
tic procedure records, and information provided by 
general practitioners.
The RE-CR covers approximately 532,000 residents 
and is recognized for the high quality and complete-
ness of its data. Previous analyses reported histo-
logical confirmation rates exceeding 90% and a pro-
portion of Death Certificate Only (DCO) cases of 
0.2%. For breast cancer specifically, the proportion 
of microscopically verified cases currently reaches 
99.5% (11). Reggio Emilia Cancer Registry is among 
the few in Italy with incidence data updated through 
2023 and has contributed substantially to the epi-
demiological characterization of cancer burden at 
national and international levels.

Data analysis
The study included all DCIS of the breast diagnosed 
between 2000 and 2023. Tumors were classified by 
topography according to the International Classi-
fication of Diseases for Oncology (ICD-O) (12) and 
grouped by year of diagnosis. Age at diagnosis was 
categorized as < 45, 45-74 (the organized screening 
age group in our region since 2010), and ≥ 75 years. 
For descriptive purposes, the 45-74 age group was 
further subdivided into 45-49, 50-69, and 70-74 
years. Information on receptor status was obtained 
through careful review of clinical records. Estrogen 
receptor (ER) and progesterone receptor (PR) were 
considered positive when expression exceeded 20%.
Age-standardized incidence rates were calculated 
using the resident population of the Province of Reg-
gio Emilia (as of 1 January of each year) as denomina-
tors. Rates were standardized by the direct method 
using the 2013 European Standard Population as a 
reference. Temporal trends were analyzed by esti-
mating the annual percent change (APC) in age-stan-
dardized rates using Joinpoint Regression analysis. 
The APC represents the average annual percentage 
change in incidence over a specified time interval, 
assuming that rates change at a constant percent-
age of the previous year. The joinpoint model iden-
tifies points in time at which statistically significant 
changes in trend occur, based on predefined sta-
tistical criteria. For these analyses, the maximum 
number of joinpoints was set at four (13).

RESULTS
The study included 1,543 in situ breast tumors, rep-
resenting 13.3% of all breast cancers registered 
between 2000 and 2023 (Table 1). Overall, the inci-
dence of in situ tumors showed a slight upward 
trend over time, with age-adjusted incidence rates 
per 100,000 women showing a modest increase 
(Figure 1). However, this trend was not statistically 
significant (APC 0.7; 95%CI -0.6 to 2.2). A modest 
decline in the number of situ cases was observed in 
2022-2023, following the COVID-19 pandemic period, 
which had as substantial impact on our province 
during 2020-2021.
In our cohort, 190 patients with an initial diagnosis 
of in situ breast cancer subsequently developed an 
invasive breast tumor. This is in line with the long-

Table 1. Distribution of in situ cancers compared with infiltrating 
tumors, by year of incidence. Reggio Emilia Cancer Registry, 2000-2023.

YEAR IN SITU INFILTRATING % IN SITU*
2000 42 407 10.3

2001 54 415 13.0

2002 43 398 10.8

2003 49 422 11.6

2004 53 444 11.9

2005 57 439 13.0

2006 59 436 13.5

2007 47 451 10.4

2008 73 440 16.6

2009 53 437 12.1

2010 56 499 11.2

2011 66 502 13.1

2012 67 479 14.0

2013 76 497 15.3

2014 76 465 16.3

2015 82 522 15.7

2016 59 485 12.2

2017 95 522 18.2

2018 64 502 12.7

2019 67 522 12.8

2020 92 551 16.7

2021 83 579 14.3

2022 64 589 10.9

2023 66 577 11.4

Total 1,543 11,580 13.3

* “In situ” refers to non-invasive cancers; “Infiltrating” refers to invasive 
tumors. Percentages are calculated as the proportion of in situ cases 
relative to total cases per year.
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term natural history of DCIS documented in NSABP 
B-17/B-24, the 20-year SweDCIS update, EORTC 10853 
at 15 years and the UK Sloane Project, which consis-
tently identify high grade, ER-negativity, comedone-
crosis and young age (< 40 years) as predictors of 
late invasive recurrence.
In our institution, women treated for DCIS undergo 
oncology-led follow-up with annual mammography 
for 10 years, after which they re-enter the organized 
regional screening program. Although our registry 
spans 24 years, the median follow-up of cases diag-
nosed after 2010 is still below 15 years, and events 
beyond 20 years are currently too few to support 
robust pattern-specific stratification (now stated 

as a limitation and as a prospective registry objec-
tive). Regarding age at diagnosis, 8.5% of cases were 
recorded in women younger than 45 years, and a 
similar proportion was observed among women 
aged 75 years or older (Table 2). The 45-74 age 
group, corresponding to the target population for 
organized screening programs, accounted for the 
majority of in situ tumors (83%). Within this group, 
19.7% of cases occurred in women aged 45-49 years, 
69% in those aged 50-69 years, and 11.3% in those 
aged 70-74 years.
Histologically, 93.5% of tumors were classified as 
DCIS. Regarding hormone receptor status, 36.5% of 
tumors were estrogen receptor-positive (ER+) and 
25.9% were progesterone receptor-positive (PR+).
Concerning surgical treatment, 74.7% of patients 
underwent breast-conserving surgery (lumpectomy), 
while 19.1% underwent mastectomy. SLNB was per-
formed in 46.2% of cases, while axillary lymph node 
dissection was carried out in 3.3%. Finally, women 
of foreign nationality represented 6.6% of the over-
all in situ breast cancer cohort.

DISCUSSION
Our population‑based registry study of 1,543 in situ 
breast tumors (13.3% of all breast cancers, diagnosed 
between 2000 and 2023) confirms several epidemi-
ologic and clinical patterns consistently reported in 
the literature.

Incidence and age distribution
Consistent with historical evidence indicating that 
DCIS incidence increased markedly following the 
implementation of screening mammography – par-
ticularly among women aged 50 and older – our data 
showed a modest upward trend in age‑adjusted 
DCIS rates over time, followed by a slight decline in 
2022-2023. This recent decrease likely reflects pan-
demic‑related disruptions in screening activities and 
healthcare access. Screening mammography remains 
one of the strongest determinants of DCIS detection, 
accounting for a substantial proportion of diagno-
ses in screened populations (14). The age distribu-
tion observed in our cohort mirrors established epi-
demiologic patterns: the majority of cases occurred 
in women aged 45-74 years, corresponding to the 
target population of organized screening programs. 
These findings further support the central role of 
screening practices in shaping both the incidence 
and age distribution of detected DCIS cases (15).

Table 2. Characteristics of in situ breast cancers (n = 1,543). Reggio 
Emilia Cancer Registry, 2000-2023. 

CHARACTERISTIC N %
Age at diagnosis

<45 131 8.5

45–74 1,281 83.0

45–49 252 19.7

50–69 884 69.0

70–74 145 11.3

75+ 131 8.5

Morphology

Ductal 1,442 93.5

Lobular 90 5.8

Other 11 0.7

ER positive 563 36.5

PR positive 400 25.9

Surgery

None 53 3.4

Quadrantectomy 1,153 74.7

Mastectomy 294 19.1

Tumorectomy/Lumpectomy 41 2.7

NOS 2 0.1

Sentinel lymph node biopsy

No 830 53.8

Yes 713 46.2

Axillary lymph node dissection

No 1,492 96.7

Yes 51 3.3

Nationality

Italian 1,441 93.4

Foreign 102 6.6

Percentages calculated among available cases.
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Surgical management and axillary evaluation
Breast‑conserving surgery (BCS) was the predom-
inant surgical approach, consistent with contem-
porary management strategies that favor conser-
vative treatment when appropriate (16). Over time, 
the use of SLNB in DCIS has increased, particularly 
in patients undergoing mastectomy, due to the risk 
of occult invasive disease not detectable preopera-
tively (17). Large retrospective analyses have demon-
strated that SLNB positivity in DCIS is rare, and the 
likelihood of detecting nodal micrometastases is 
low. These findings underscore that routine SLNB is 
not indicated for all DCIS patients, especially those 
treated with BCS. However, in selected cases – such 
as patients undergoing mastectomy or those pre-
senting high‑risk clinicopathologic features – SLNB 
may be appropriate to avoid the need for axillary 
staging after mastectomy. In our cohort, SLNB was 
performed in 46.2% of cases and axillary dissection 
in 3.3%, reflecting a tailored application of axillary 
staging in line with current evidence and guidelines. 
This approach supports selective rather than rou-
tine axillary evaluation in DCIS management (18).

Clinical implications

Screening and detection
The strong association between screening partic-
ipation and DCIS detection reinforces the need to 
balance early detection with the risk of overdiag-
nosis (14, 15). Risk stratification tools incorporating 
age, imaging characteristics, and biomarkers remain 
essential to inform individualized screening strate-
gies and follow‑up protocols.

Axillary management
The low incidence of axillary metastasis in DCIS argues 
against routine SLNB in all patients, particularly those 
undergoing BCS. Decisions regarding axillary staging 
should be individualized and based on the planned 
surgical procedure (e.g., mastectomy) and clinicopath-
ologic features suggestive of occult invasion (17, 18).

Surgical decision‑making
The high rate of breast-conservative surgery in our 
cohort underscores the continued emphasis on 
breast preservation when oncologically appropriate. 
However, increasing mastectomy rates reported in 
some settings highlight the importance of shared 
decision‑making that integrates patient preferences 
with evidence regarding recurrence risk, cosmetic 
outcomes, and long‑term prognosis (18).

Strengths and limitations
A major strength of this study is its population-based 
design with a long observation period and complete 
case capture. The analysis included all women diag-
nosed with in situ breast tumors in the Province of 
Reggio Emilia between 2000 and 2023, without selec-
tion criteria. This real-world setting reinforces the 
external validity of the findings and provides a valu-
able opportunity to assess the impact of screening 
programs, evolving clinical guidelines, and advance-
ments in surgical and pathological practice on rou-
tine care. The observed trends are consistent with 
findings reported in the literature, but derive from 
an unselected, non-trial population, thereby reflect-
ing the translation of evidence into everyday clini-
cal practice. Moreover, the study provides detailed 
information on molecular characteristics, surgical 
management, and axillary staging, variables that 
are not always comprehensively captured in popu-
lation-based registries.
However, some limitations should be acknowledged. 
First, this is a single-province study, which may limit 
generalizability beyond northern Italy, despite the 
use of standardized diagnostic and therapeutic pro-
tocols.
Second, long-term outcome data, such as local 
recurrence or progression to invasive carcinoma, 
were not uniformly available, limiting the ability to 
correlate molecular and clinical characteristics with 
prognosis. Finally, temporal changes in screening 
coverage, diagnostic techniques, and healthcare 
access over the study period may have influenced 
incidence patterns and treatment choices, poten-
tially introducing residual confounding in trend 
interpretation.

CONCLUSIONS
In conclusion, this population-based study provides 
a comprehensive overview of in situ breast tumors 
diagnosed over 23 years period in the Province 
of Reggio Emilia. The findings indicate a modest 
increase in DCIS incidence over time, together with 
a predominant use of breast-conserving surgery and 
selective approach to sentinel lymph node evalua-
tion. These results reflect real-world practice and 
are consistent with existing literature. They under-
score the value of high-quality population-based 
cancer registry data in informing screening policies, 
improving risk stratification, and supporting person-
alized management strategies for DCIS.
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INTRODUCTION
Schwannomas, also known as neurilemmomas, are 
slow-growing, benign, encapsulated tumors arising 
from Schwann cells of neural crest origin (1). Although 
they are typically benign, malignant transformation 
has been reported, particularly in association with 
neurofibromatosis type 1 (NF1) (2). These tumors 
most commonly occur in the head and neck region 
and along the flexor surfaces of the extremities. In 
contrast, retroperitoneal schwannomas (RPS) are 
exceedingly rare, accounting for approximately 4% 
of all retroperitoneal tumors and nearly 3% of all 
schwannomas (3). Owing to their deep anatomical 
location and nonspecific clinical presentation, diag-
nosis is often delayed and challenging, with defin-
itive diagnosis usually established only after imag-

ing and surgical excision (1). We report a rare case of 
RPS managed by laparoscopic excision in a 25-year-
old female who presented with right flank and right 
hypochondrial pain.

CASE PRESENTATION
A 25-year-old female with no known comorbidities 
presented to our outpatient department with pro-
gressive right upper abdominal pain of 8 months’ 
duration, which had been managed with over-the-
counter analgesics. Physical examination revealed 
a non-tender, globular mass measuring approxi-
mately 6 × 6 cm below the right subcostal margin, 
which did not move with respiration. In view of the 
uncertain origin of the mass, an ultrasonography of 
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the whole abdomen was performed, which demon-
strated a well-defined heterogeneous hypoechoic 
lesion in the right retroperitoneum, displacing the 
right kidney and associated with moderate hydro-
nephrosis. Further evaluation with contrast-en-
hanced computed tomography (CECT) of the abdo-
men revealed a well-circumscribed, smoothly mar-
ginated, heterogeneously enhancing solid mass 
measuring 104 × 92 mm in the right retroperito-
neum, with central non-enhancing necrotic areas. 
The right kidney and adrenal gland were visualized 
separately, confirming the retroperitoneal origin of 
the lesion. The right kidney was compressed and 
displaced superolaterally with secondary hydrone-
phrosis. The mass was seen abutting the inferior 
vena cava, duodenum, and ascending colon without 
evidence of invasion, and no significant lymphade-
nopathy was noted (Figure 1). Given the radiological 
suspicion of a paraganglioma, a metabolic workup 
including serum metanephrines, cortisol, and dehy-
droepiandrosterone was performed and found to 
be within normal limits. With a provisional diagno-
sis of ganglioneuroma, the patient was planned for 
laparoscopic excision of the retroperitoneal mass.

Intraoperatively, a large retroperitoneal mass mea-
suring approximately 10 × 10 cm was identified, 
abutting the liver and displacing the right kidney 
superolaterally. The ascending colon, including the 
hepatic flexure, and the duodenum were mobilized 
to expose the mass (Figure 2A). The right ureter 
and gonadal vessels were displaced inferolaterally 
(Figure 2B). The right ureter was identified, care-
fully mobilized, and preserved. The mass was dis-
sected off the underlying psoas muscle, proceeding 
medially toward the inferior vena cava and supero-
laterally toward the right kidney after identification 
of the right renal artery and vein (Figure 2C,D). The 
right renal vessels were found to be closely adher-
ent to the mass, and during dissection, three rents 
occurred in the renal vein, which were successfully 
repaired using prolene sutures. After complete 
mobilization, the specimen was extracted through 
a right iliac fossa incision. Post-operative course of 
the patient was uneventful. Drain was clamped on 
3rd day and removed next day, with the patient being 
discharged on day 4.
On gross examination, the tumor was greyish white 
to yellow bosselated in appearance, measuring 10 × 

Figure 1. Contrast-enhanced CT images depicting the retroperitoneal mass.
(A, B) CT Axial sections revealing a heterogeneously enhancing clearly encapsulated solid retroperitoneal mass (denoted by *) with displacing 
effects on the surrounding structures like IVC, Liver, Kidney and right renal vessels (denoted by arrow heads). (C, D) Coronal reconstruction 
section of the CT abdomen revealing a retroperitoneal large mass of size 10 × 9 cm (denoted by *) with displacing effects on the right kidney 
and hydronephrosis owing to proximal ureteral extrinsic compression (denoted by +).
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9 cm in size, being covered by capsule (Figure 3A). 
The cut surface was predominantly solid, lobulated 
and firm in consistency, and was whitish to tan-yel-
low with mucoid to myxoid texture. Areas of necro-
sis and focal hemorrhage were seen. On micro-
scopic examination, findings were consistent with 

schwannoma with Antoni A and B areas. Section 
showed an encapsulated neoplasm composed of 
cytologically bland spindle cells arranged predom-
inantly in densely cellular areas with nuclear pali-
sading (Verocay bodies) and alternating hypocellu-
lar areas. Focal areas showed thick walled hyalin-
ized blood vessels and microcystic change, with no 
mitosis/atypia seen. The pathological findings were 
consistent with schwannoma without any signs of 
malignancy (Figure 3B-D). At the 6-month follow-up 
visit, the patient was asymptomatic with no clinical 
or radiological evidence of recurrence.

DISCUSSION
Schwannomas are usually solitary benign tumors, 
with malignant transformation being exceptional. 
However, patients with NF1, particularly those har-
boring plexiform neurofibromas, are at increased 
risk of developing malignant peripheral nerve sheath 
tumors, with the reported lifetime risk reaching up to 
60% in selected high-risk subgroups (4). Retroperito-
neal involvement is rare, accounting for approximately 
0.7% of benign schwannomas and 1.7% of malignant 
schwannomas (5, 6). The age spectrum of RPS is wide, 
ranging from 6 months to 70 years; however, they are 
most frequently reported in women between the sec-
ond and fifth decades of life (7). Although extremely 
uncommon, schwannomas should be considered in 
the differential diagnosis of retroperitoneal masses 
in young patients, with only two cases reported in 
the adolescent age group to date (1).
Most RPS are detected incidentally, particularly 
smaller lesions identified during evaluation for unre-
lated conditions. When symptomatic, clinical presen-
tation is often nonspecific, including low back pain or 
gastrointestinal and urinary complaints due to mass 
effect on adjacent organs, which contributes to diag-
nostic delay (8). Owing to the capacious nature of the 
retroperitoneum, these tumors frequently attain a 
large size before detection, typically ranging from 4 
to 15 cm, with a reported median size of 8.7 cm (4).
Preoperative imaging plays a central role in identi-
fying the origin of retroperitoneal masses despite 
diagnostic challenges posed by nonspecific symp-
toms. Ultrasonography and computed tomogra-
phy are indispensable initial modalities, allowing 
assessment of tumor location, density, and rela-
tionship to surrounding structures. These typically 
demonstrate a well-circumscribed, heterogeneous 
mass with peripheral enhancement, suggestive of 

Figure 3. Gross and histopathological features of the resected 
specimen.
(A) Gross appearance of the excised encapsulated tumor. (B) 
Microscopic examination revealing an encapsulated lesion composed 
of biphasic areas (H & E; 100X). (C) Presence of compact hypercellular 
Antoni A areas and myxoid hypocellular Antoni B areas along with 
thickened and hyalinized blood vessels (H & E; 100X). (D) High 
power view demonstrating Verocay bodies characterized by nuclear 
palisading around fibrillary process (H & E; 400X).

Figure 2. Intraoperative anatomical relationships of the 
retroperitoneal mass.
(A) Inferior aspect of the retroperitoneal mass (blue arrow). (B) Right 
Ureter identified coursing inferolaterally to the mass (black arrow). 
(C) Inferior vena cava located medially in relation to the mass (green 
arrow). (D) Relationship of the mass with the right renal vein (yellow 
arrow) and right kidney.
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a benign lesion. Magnetic resonance imaging (MRI) 
remains the gold standard due to its superior diag-
nostic accuracy, characteristically showing hypo- to 
isointense signals on T1-weighted images and hyper-
intensity on T2-weighted images. MRI also facilitates 
better evaluation of origin, vascular involvement and 
possible extension into the intervertebral foramina, 
although such extension is rare (9).
Preoperative percutaneous biopsy remains contro-
versial and is generally not recommended because of 
the risks of hemorrhage and infection, as well as the 
rare but serious possibility of neoplastic dissemina-
tion in the event of a malignant tumor (9). The differ-
ential diagnosis of RPS includes several mesenchy-
mal and neuroendocrine neoplasms, such as pheo-
chromocytoma, paraganglioma, liposarcoma, leio-
myosarcoma, fibrosarcoma, and ganglioneuroma; 
therefore, a high index of suspicion and meticulous 
clinical evaluation are essential (Table 1).
Complete surgical excision remains the primary and 
most effective treatment for schwannoma. How-
ever, the necessity of extensive multiorgan resec-
tion to achieve negative margins remains debat-
able. Given that the majority of these tumors are 
benign, aggressive organ resection may be unwar-
ranted and potentially overtreats the disease. Nev-
ertheless, uncertainty regarding the exact nature 
of the tumor in the preoperative period often cre-

ates a dilemma, necessitating complete excision to 
exclude malignancy. To date, no clear consensus has 
been established. Radical excision of RPS is techni-
cally challenging because of the tumor’s hypervas-
cularity and its close adherence to major retroper-
itoneal vessels, which increases the risk of intraop-
erative bleeding (10).
A definitive diagnosis of schwannoma is established 
on histopathological examination of the resected 
specimen. Grossly, RPS are typically solitary, well-cir-
cumscribed, encapsulated, and bosselated masses. 
Histopathological examination reveals Schwann cells 
arranged in alternating compact hypercellular Antoni 
A areas and hypocellular myxoid Antoni B areas, with 
strong immunoreactivity for S-100 protein. Secondary 
degenerative changes such as hyalinization, calcifi-
cation, cystic degeneration, and fibrosis character-
ize the variant known as “ancient schwannoma” (8).
The prognosis of RPS is excellent, with minimal risk 
of recurrence following complete resection. Recur-
rence rates of 5-10% have been reported after incom-
plete excision, underscoring the importance of com-
plete tumor removal (1, 3). This highlights the need 
for a systematic postoperative follow-up proto-
col, although no standardized guidelines currently 
exist. Most centers perform imaging at 6-12 months 
postoperatively; however, follow-up practices vary 
between institutions.

Table 1. Differential diagnosis of retroperitoneal schwannoma: comparative morphological, immunohistochemical, and molecular features 
of selected retroperitoneal neoplasms.

ENTITY MORPHOLOGICAL FEATUREZ IMMUNOHISTOCHEMISTRY MOLECULAR 
FEATURES

Schwannoma
Encapsulated; Antoni A and 

B areas; Verocay bodies; 
nuclear palisading

S100+, SOX10+; CD34−; SMA−; 
Desmin−

NF2 alterations 
occasionally present

Malignant Peripheral 
Nerve Sheath Tumor

Hypercellular spindle cells; 
pleomorphism; necrosis; high 

mitotic activity

Focal/weak S100, SOX10; loss of 
H3K27me3

NF1 mutations; 
CDKN2A, SUZ12, 
EED alterations

Solitary fibrous tumor Patternless spindle-cell 
proliferation; staghorn vessels STAT6+, CD34+, BCL2+ NAB2-STAT6 fusion

Leiomyosarcoma
Intersecting fascicles of 

eosinophilic spindle cells with 
atypia

SMA+, Desmin+, h-caldesmon+ Complex karyotype

Dedifferentiated 
liposarcoma

Adipocytic component with 
atypical stromal cells and 

non-lipogenic sarcoma
MDM2+, CDK4+ MDM2 amplification

Fibrosarcoma Herringbone architecture Vimentin+; nonspecific Complex genetic 
abnormalities

Ganglioneuroma Mature ganglion cells within 
Schwannian stroma S100+, Synaptophysin+, NSE+ No characteristic 

alteration

Paraganglioma Zellballen pattern; 
sustentacular cells

Chromogranin+, Synaptophysin+, 
S100 in sustentacular cells

SDHB/SDHD, RET, 
VHL mutations
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CONCLUSIONS
RPS are uncommon tumors that present significant 
diagnostic challenges due to their variable and non-
specific clinico-radiological features. Surgical exci-
sion remains the treatment of choice, providing 
both definitive histopathological diagnosis and cure. 
While complete resection is desirable, a conservative 
surgical approach should be considered whenever 
feasible, given the predominantly benign nature of 
these lesions. Early recognition and appropriate fol-
low-up are essential to ensure optimal outcomes.
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