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I1. Introduction and Objectives

Non-coding ribonucleic acids (ncRNAs) represent essential components of genomic
regulatory architecture, participating in the control of gene expression at epigenetic,
transcriptional, and post-transcriptional levels (Esteller, 2011; Statello et al., 2021).
MicroRNAs (miRs) constitute a subclass of small ncRNAs (=21-23 nucleotides) that regulate
gene expression post-transcriptionally through interaction with the 3'UTR region of target
messenger RNAs, leading to translational repression and/or transcript degradation (Bartel,
2009; He and Hannon, 2004). Through partial complementarity, a single miR can
simultaneously modulate the expression of multiple transcripts, contributing to fine-tuning of
gene expression programs.

Hypoxia represents a stress condition of major pathophysiological relevance, present in acute

and chronic inflammation, tissue ischemia, and cardiovascular pathology (Eltzschig and



Carmeliet, 2011; Colgan et al., 2020). Cellular response to reduced oxygen availability is
coordinated by hypoxia-inducible factors (HIF), which modulate the expression of genes
involved in energy metabolism, angiogenesis, and cell survival (Semenza, 2012; Bakleh and
Al Haj Zen, 2025). HIF stabilization (Epstein et al., 2001; Bruick and McKnight, 2001)
triggers an adaptive transcriptional program characterized by metabolic reprogramming and
adjustment of mitochondrial function.

In this context, miR-210 has been identified as a central regulator of cellular response to
hypoxia, being directly controlled by HIF through binding to evolutionarily conserved
hypoxia-responsive elements (HRE) (Chan et al., 2012; Semenza, 2012). Functionally, miR-
210 modulates the expression of genes involved in mitochondrial metabolism, angiogenesis,
DNA repair, and cell cycle regulation, contributing to the integration of metabolic adaptation
with cell survival mechanisms under hypoxic conditions (Chan et al., 2009; Devlin et al.,
2011; He et al., 2012). The genomic organization of the miR-210 locus, located within an
intron of the MIR210HG gene, suggests a possible functional interdependence between miR-
210 and its genomic context.

Most available studies have utilized models of transient overexpression or inhibition, without
systematically evaluating the consequences of complete genomic deletion of the miR-210
locus. This limitation is relevant in the context of three-dimensional genome organization and
the existence of topologically associated domains (TAD), where perturbation of a genomic
locus can generate widespread transcriptomic effects beyond the targeted sequence (Dixon et
al., 2012; Nora et al., 2012; Engreitz et al., 2016).

Based on these considerations, in this thesis we aimed to investigate the link between hypoxia-
induced signaling and inflammation, specifically evaluating the role of the miR-210 genomic
locus in relevant inflammatory contexts. The doctoral thesis is based on the hypothesis that
genomic deletion of the miR-210 locus determines perturbations in transcriptomic networks
involved in cellular adaptation to hypoxia, through mechanisms that could reflect both the
absence of mature miR-210 and disruption of the local genomic context associated with the
MIR210HG locus. In this context, the main goal of the thesis was, on one hand, to investigate
the functional and transcriptomic consequences of miR-210 deletion at the cellular level, and
on the other hand, to investigate the consequences of miR-210 locus manipulation on genomic

stability. To achieve this goal, the following specific objectives were established: (i)
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characterization of transgenic mice (mice with constitutive miR-210 deletion and mice with
inducible miR-210 overexpression); (ii) generation and validation of cellular models with
miR-210 locus deletion; (iii) comparative evaluation of transcriptomic response in WT and
miR-210 KO cells; (iv) identification of genes and biological pathways modified following
miR-210 deletion or MIR210HG locus disruption; (v) analysis of the impact of deletion on
functional effects of miR-210 locus loss.

The novelty of this thesis consists in the systematic analysis of the effects of complete
genomic deletion of the miR-210 locus under normoxic and hypoxic conditions, in an
experimental framework that allows distinguishing between the consequences of loss of the
mature miR and possible effects associated with perturbation of the local genomic context
(MIR210HG). The thesis demonstrates that the miR-210 locus functions in interaction with
adjacent genetic elements and underscores the importance of considering genomic localization
and structural characteristics of each non-coding RNA locus in loss-of-function experiments
performed through genome editing technologies.

Furthermore, evaluation of these effects in physiologically relevant primary cells (fibroblasts,
macrophages, HEK cells) strengthens the biological relevance of the observations and
provides a robust interpretative framework for the identified transcriptomic changes. By
integrating transgenic mouse models, primary cells, and genetically modified cell lines, the
thesis proposes a unified perspective on the role of miR-210 at the interface between hypoxia

and inflammation.

II1. Thesis Structure

The doctoral thesis is structured in two major parts:

Part I — State of the Art comprises an analysis of the specialized literature regarding the role
of hypoxia in regulating cellular response, the functional interaction between hypoxia and
inflammation, as well as post-transcriptional regulation mechanisms mediated by non-coding
RNAs, with emphasis on microRNAs and, particularly, on miR-210. This part is structured in
three main chapters, which provide the theoretical framework necessary for developing the
experimental directions of the thesis. In Chapter 1, the molecular mechanisms through which

hypoxia modulates inflammatory response are presented, with emphasis on the role of



hypoxia-inducible factors and their interaction with inflammatory signaling pathways.
Multiple cell types involved in inflammation are analyzed, including macrophages,
fibroblasts, and mesenchymal stromal cells, as well as how these respond to hypoxic stress
(Davidson et al., 2021; Bernardo and Fibbe, 2013). The chapter highlights that hypoxia and
inflammation represent interdependent biological processes, which mutually influence each
other through common molecular and cellular mechanisms. Chapter 2 presents the general
mechanisms of post-transcriptional regulation mediated by ncRNAs, with emphasis on their
classification and the role of microRNAs in controlling gene expression. The processes of
microRNA biogenesis are described (Bartel, 2004), their mechanisms of action and impact on
transcriptomic networks, underscoring their role in fine-tuning of biological processes,
including in contexts of cellular stress such as hypoxia and inflammation. Chapter 3 is
dedicated to the analysis of miR-210, considered a central regulator of response to hypoxia.
The mechanisms of miR-210 expression regulation by HIF are presented, the genomic
organization of the MIR210HG locus and its functions in controlling cellular processes,
including mitochondrial metabolism, angiogenesis, genomic stability, and immune response
regulation. The chapter highlights the role of miR-210 as an integrator element of hypoxic and
inflammatory signaling. Through integration of these chapters, a conceptual framework is
outlined in which miR-210 is positioned at the interface between hypoxia and inflammation,
constituting a potential key regulator of cellular adaptation to stress.

Part II — Original Contributions is dedicated to experimental studies conducted to investigate
the role of miR-210 and its genomic locus in regulating cellular response to hypoxia and
inflammation, utilizing transgenic mouse models and multiple physiologically relevant cell
types. Chapter 1 is dedicated to the characterization of transgenic mouse models used in the
studies. The mice were obtained from our collaborators, the miR-210 OE model from Prof.
Dr. Fabio Martelli (Policlinico San Donato, Italy), and the miR-210 KO model from Prof. Dr.
Mircea Ivan (Indiana University, USA). The strategies for generating the animal models
(constitutive deletion, respectively inducible overexpression of miR-210) and methods for
characterization and molecular validation of the two lines are presented. This chapter
establishes the experimental framework necessary for investigating the consequences of miR-
210 loss or overexpression in vivo and ex vivo. Chapter 2 analyzes the role of miR-210 in

fibroblasts, with emphasis on transcriptomic and functional changes associated with its
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deletion. Cellular responses are investigated under normoxic and hypoxic conditions,
highlighting the impact on proliferation and metabolic adaptation processes. Chapter 3
analyzes the behavior of mesenchymal stromal cells under conditions of inflammation and
hypoxia, with emphasis on survival, proliferation, and activation of immunomodulatory
programs. The effects of pro-inflammatory stimuli on cell viability, expression of genes
involved in immunomodulatory function, and nitric oxide production are evaluated.
Furthermore, the impact of the association between inflammation and hypoxia on MSC
survival is investigated, highlighting that this microenvironment negatively affects the
homeostasis and function of these cells. Chapter 4 investigates the role of miR-210 in
macrophages, with emphasis on their polarization and regulation of inflammatory response.
miR-210 KO macrophages are analyzed, highlighting the disruption of anti-inflammatory
polarization and favoring of a pro-inflammatory phenotype in the absence of miR-210.
Chapter 5 is dedicated to the study of the role of the miR-210 genomic locus in human cell
lines (HEK293T) modified by genome editing. The consequences of deletion on gene
expression and cellular processes are analyzed, including proliferation, mitotic spindle
organization, and genomic stability. The results suggest that the observed effects are not
limited to the absence of mature miR-210, but also reflect perturbation of the genomic context
of the MIR210HG locus.

Thus, the structure of this part reflects a progressive approach, from validation of
experimental models to functional and transcriptomic analysis in different cell types.
Integration of the obtained results highlights that miR-210 acts as a regulator of cellular
adaptation to hypoxia and of inflammatory response, and the effects of its deletion cannot be
attributed exclusively to the loss of the mature miR, but also include consequences associated

with perturbation of the genomic context of the MIR210HG locus.

IV. Principal Results

Chapter 1. Characterization of Transgenic Mouse Models for miR-210 Study

An important first result of the thesis was represented by validation and characterization of the

two transgenic mouse models used for studying miR-210 function: the constitutive miR-210
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deletion model (miR-210 KO) and the inducible miR-210 overexpression model (miR-210
OE). In the case of the miR-210 KO model, genotyping allowed clear differentiation of WT,
heterozygous, and homozygous animals, based on the PCR products obtained; and the absence
of miR-210 expression was confirmed by RT-qPCR in both the left ventricle and macrophages
derived from bone marrow.

In parallel, the miR-210 OE model allowed controlled induction of miR-210 expression
through the Tet-On system, with integration of the transgene at the ROSA26 locus.
Doxycycline administration resulted in significant increase in miR-210 expression in heart and
skeletal muscle, in a dose-dependent manner, confirming the functionality of the model in
vivo. However, studies conducted on cells isolated from these animals revealed the transient
nature of overexpression and the inability to efficiently reactivate the Tet-On system in
culture, suggesting the existence of specific constraints of the in vivo environment. Overall,
this chapter provided the experimental models and methodology necessary for evaluating the

role of miR-210 in different cell types and biological contexts.

Chapter 2. Transcriptomic and Functional Changes in Fibroblasts with miR-210

Deletion

In this chapter, the impact of miR-210 deletion on metabolism and function of fibroblasts was
studied, using mouse dermal fibroblasts isolated from transgenic mice. Validation of deletion
demonstrated complete absence of miR-210 expression in KO fibroblasts, both in normoxia
and in hypoxia, while WT fibroblasts showed pronounced induction of miR-210 under
hypoxic conditions. Comparative transcriptomic analysis of miR-210 KO fibroblasts
highlighted significant changes in biological pathways associated with oxidative
phosphorylation, glycolysis, fatty acid metabolism, mTORCI1 signaling, and response to
hypoxia, supporting the role of miR-210 in integrating metabolic adaptation to hypoxic stress.
A notable result was the identification of expression changes at the level of genes located in
genomic proximity to the miR-210 locus, including Rassf7, Rnhl, Taldol, and Cdl151,
suggesting that deletion of this locus can affect not only the function of the mature
microRNA, but also local transcriptional regulation within the genomic domain containing it.
From a functional perspective, miR-210 KO fibroblasts showed significant reduction in

maximal respiratory capacity and mitochondrial respiratory reserve (Figure la), as well as
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increased mitochondrial ROS in hypoxia. Furthermore, cell cycle analysis revealed
redistribution of cells between cell cycle phases, characterized by accumulation in S phase and
reduction of the proportion of cells in GO/G1 phase, suggesting dysregulation of the G1/S
transition and disruption of correct cell cycle progression, associated with diminished cell
proliferation rate (Figure 1b). These data demonstrate that miR-210 contributes to
maintenance of mitochondrial homeostasis, redox balance, and correct cell cycle progression

in fibroblasts, especially under hypoxic stress conditions.
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Figure 1. OCR profile in WT and miR-210 KO fibroblasts and cell cycle analysis in WT and
miR-210 KO fibroblasts under normoxia (21% O:) and hypoxia (1% O:). (a) Temporal
representation of OCR dynamics measured by Seahorse Mito Stress test under basal
conditions and after addition of inhibitors. (b) Quantitative representation of the percentage
of cells in GO/G1, S, and G2/M phases. Data are expressed as mean + SD. Statistical analysis:
two-way ANOVA; **p < 0.01. (Figure adapted from Preda et al., 2025)

Chapter 3. Behavior of Mesenchymal Stromal Cells in Inflammation and Hypoxia

This chapter aimed to investigate how the inflammatory and hypoxic microenvironment
influences the phenotype and survival of mesenchymal stromal cells (MSC), considering their
central role in regulating inflammation and tissue regeneration. The results showed that
inflammatory stimulation activates the immunomodulatory programs of MSC, evidenced by

increased expression of IDO1, NOS2, and COX2 genes. At the same time, TNF-a inhibited



proliferation in a dose-dependent manner, and the association of TNF-o and IFN-y amplified

this effect, inducing morphological changes compatible with cellular stress and cell death.

An important result was the demonstration that inflammatory activation of MSC is
accompanied by a significant increase in nitric oxide production, and inhibition of NOS2
partially ameliorated cell viability, suggesting the involvement of excess NO in the observed
cytotoxicity. Under moderate hypoxic conditions, MSC initially maintained viability;
however, the association of hypoxia with inflammatory stimuli resulted in pronounced
reduction of cell survival. Overall, the obtained data show that the interaction between
inflammation and hypoxia compromises MSC function and viability, through excessive
activation of NOS2-dependent pathways and through disruption of redox homeostasis. These
results underscore the importance of optimizing preconditioning and culture conditions for

therapeutic use of MSC in inflammatory and hypoxic contexts.
Chapter 4. Role of miR-210 in Modulating Macrophage Function in Inflammation

In this chapter, the role of miR-210 in regulating the function of bone marrow-derived
macrophages was analyzed, with emphasis on functional polarization, metabolic profile, and
inflammatory response. Monocytes isolated from bone marrow were differentiated into MO
macrophages and subsequently polarized toward the M2 phenotype. The analyses performed
showed that macrophages from miR-210 KO mice present an accentuated inflammatory
profile in the basal state and a deficient transition toward the M2 phenotype. Transcriptomic
analysis indicated significant changes in gene expression in both MO and M2 macrophages,
and bioinformatic analyses highlighted activation of pathways involved in response to
oxidative stress, hypoxia, and inflammation, concomitantly with reduced expression of genes

associated with interferon-dependent response and IL-6/STAT3 signaling (Figure 2a,b).
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Figure 2. Effects of miR-210 deletion in M0 and M2 macrophages. Dot-plot representations
obtained with the Enrichr platform, highlighting biological pathways significantly enriched
among differentially expressed genes (DEG) between macrophages from miR-210 KO and WT
mice: (a) in MO-type macrophages and (b) in M2-type macrophages (adapted from Neculachi
etal., 2025).

These results were functionally confirmed by increased secretion of IL-6, TNF-a, and IL-1f in
miR-210 KO MO macrophages and by accumulation of pro-IL-1f precursor, indicating
intrinsic inflammatory activation in the absence of this microRNA. Under M2 polarization
conditions, KO macrophages showed incomplete reprogramming, with reduction of M2
markers, activation of pro-apoptotic pathways, and increased susceptibility to apoptosis
following TNF-a stimulation. Furthermore, increased levels of p53, TGF-B, and MMP-9
proteins were demonstrated, suggesting activation of programs associated with cellular stress
and tissue remodeling. Metabolic analysis showed that MO KO macrophages have reduced
basal glycolytic activity, and functional tests demonstrated increased phagocytic and
efferocytic activity (Figure 3a,b). Overall, the results demonstrate that miR-210 acts as an
integrative regulator of metabolism and inflammation in macrophages, contributing to
maintenance of balance between inflammatory activation, survival, and alternative

polarization
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Figure 3. Functional characterization of miR-210 KO macrophages. (a) Phagocytic capacity
of M0 and M2 macrophages (flow cytometry), quantified as FITC-MFI (n = 6/condition). (b)
Efferocytic capacity of WT and miR-210 KO macrophages, quantified as percentage of
CDI11b*CMTPX" cells under MO and M2 conditions (n=3/condition). Data are expressed as

mean + SEM. Statistical analysis: two-way ANOVA, **p < 0.01, ***p < 0.001 (adapted from
Neculachi et al., 2025).

Chapter 5. Impact of miR-210 Deletion on the Transcriptome in HEK293T Cells

To evaluate the role of the miR-210 locus in a human genomic context, an experimental
model was developed based on HEK293T cells, in which two types of knockout clones were
generated: clones with deletion of the pre-miR-210 sequence and clones with extended
deletion of the MIR210HG locus. Molecular validation confirmed the absence of miR-210
expression and MIR210HG host transcript in hypoxia. Transcriptomic analysis by RNA-seq
revealed consistent changes in gene expression in knockout cells, affecting especially
pathways involved in adaptation to hypoxia, cell cycle regulation, mTORCI signaling,
response to cellular stress, NF-kB activation, and response to proteotoxic stress. These results
show that deletion of the miR-210 locus perturbs cellular adaptation programs to hypoxia and

affects mechanisms of proliferation control.
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A notable result of this chapter was the demonstration of the existence of a local, cis-type
effect on the expression of genes located in the vicinity of the MIR210HG locus. Genes
localized within an interval of approximately 400—500 kb around the locus showed expression
changes, and analysis of chromatin interactions, using publicly available Hi-C data, suggested
integration of the region into a topologically associated domain (TAD). These data support the
hypothesis that deletion of the miR-210 locus can alter local chromatin architecture and cis-
regulatory interactions in the region. Functional tests showed that deletion of the miR-210
locus reduces proliferative capacity and affects mitochondrial respiration, and cell cycle

analysis indicated a delay in G1/S transition in hypoxia.
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Figure 4. Functional consequences of miR-210 locus deletion in HEK293T cells. (a) Changes
in OCR in HEK clones, measured under basal and stress conditions. (b) Competitive
proliferation tests between WT clones marked with GFP and miR210-KO or MIR210HG-KO
marked with dTomato, analyzed after 3 days of co-culture. (c) Analysis of cell cycle
distribution in HEK cells cultured under normoxic and hypoxic conditions. Statistical analysis
was performed using two-way ANOVA test, and statistical significance is represented as
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Figure adapted from Preda,
M.B., 2025).
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Overall, these results demonstrate that the phenotype associated with miR-210 locus deletion
cannot be explained exclusively by the loss of mature miR-210, but also reflects perturbation
of an integrated genomic unit, which includes the MIR210HG host transcript and local

regulatory elements.

V. General Conclusions

The results of this thesis demonstrate that miR-210 functions as an integrative regulator at
the interface between hypoxia and inflammation. In both fibroblasts and human HEK293T
cells, deletion of miR-210/its locus results in a common dysregulation of cellular adaptation
to hypoxia: disruption of metabolic programs and mitochondrial function (reduction in
respiratory capacity), alteration of cell cycle progression at the G1/S transition, and affecting
transcriptional programs of hypoxia response. Furthermore, in both models deletion
produces a local, cis-type effect: genes neighboring the locus are modified (Rassf7, Rnhl,
Taldol, Cd151), integrated within a topologically associated domain (TAD) — which shows
that the miR-210/MIR210HG locus behaves as an integrated genomic unit, with the
phenotype of deletion not being explainable exclusively by the loss of the mature
microRNA. In macrophages, miR-210 maintains the balance between inflammatory
activation and reparatory polarization: its absence results in a pro-inflammatory basal
phenotype (IL-6, TNF-a, IL-1B) and incomplete M2 reprogramming, accompanied by
activation of cellular stress programs (p53, TGF-B, MMP-9), positioning miR-210 as an
integrative regulator of metabolism and inflammatory response. Overall, the functional
consequences of miR-210 loss reflect both the absence of the mature miR and perturbation

of local chromatin architecture.

VI. Original Contributions of the Thesis

1. Characterization and molecular validation of two complementary transgenic mouse
models for functional study of miR-210 - constitutive deletion (KO) and inducible Tet-
On/ROSA26 overexpression (OE), through genotyping and RT-qPCR in tissues and

derived primary cells.
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10.

Demonstration of dose-dependent induction of miR-210 in vivo in the OE model and of

the transient nature of overexpression in culture.

Identification, in fibroblasts with miR-210 deletion, of a transcriptomic signature of
metabolic dysregulation (oxidative phosphorylation, glycolysis, fatty acid metabolism,

mTORCI1 signaling, and response to hypoxia).

Demonstration of reduction in maximal respiratory capacity and mitochondrial respiratory
reserve, accompanied by increased mitochondrial ROS in hypoxia, in miR-210 KO

fibroblasts.

Demonstration of cell cycle perturbation in KO fibroblasts (accumulation in S phase,
reduction of GO/G1 fraction, and dysregulation of G1/S transition), with diminished

proliferation rate.

Identification of a local effect of deletion on genes neighboring the miR-210 locus
(Rassf7, Rnh1, Taldol, Cd151), indicating perturbation of transcriptional regulation within

the genomic domain containing it.

Demonstration of an accentuated pro-inflammatory basal phenotype in miR-210 KO MO
macrophages (increased secretion of IL-6, TNF-a, and IL-1p and accumulation of pro-IL-

1B precursor).

Demonstration of deficient reprogramming toward the M2 phenotype in KO macrophages
(reduction of M2 markers, increased susceptibility to apoptosis following TNF-a, and

increased p53, TGF-B, and MMP-9).

Demonstration of reduced basal glycolytic activity and increased phagocytic and
efferocytic capacity in miR-210 KO macrophages, positioning miR-210 as an integrative

regulator of metabolism and inflammation.

Development of a human cell model (HEK293T) with deletion of either the pre-miR-210
sequence or the entire MIR210HG locus, through genome editing.
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11.

12.

Demonstration, by RNA-seq, of perturbation of adaptation programs to hypoxia, cell cycle
regulation, mTORC1 and NF-xB signaling, and response to proteotoxic stress in

HEK?293T KO clones.

Identification of a cis effect on expression of genes located at ~400—500 kb from the locus
and, through integration of Hi-C data, placement of the region within a topologically
associated domain (TAD), supporting the concept that the miR-210/MIR210HG locus

functions as an integrated genomic unit.
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