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In this study, we focused on the computational analysis of a selected single-point
mutation identified by a NGS screening panel in the TET2 enzyme classified as
“variant of uncertain clinical significance.” The mutation, namely Q1084P, occurs
at the interface between TET2, an important epigenetic regulator, and NANOG, a
transcription factor fundamental for hematopoietic cells differentiation. Notably,
themutation occurs in a protein region distant from the active site; moreover, the
experimental structures of the interacting region of both proteins are unknown,
making it difficult to validate the impact of TET2 mutation on its binding with
NANOG. To address these challenges, we employed an integrated computational
approach combining molecular docking, molecular dynamics simulations and
protein-protein interaction prediction. Our findings indicate that the single-point
mutation might effectively reduce the TET2-NANOG interaction, which would
consequently impair cells differentiation and hematopoiesis process, consistent
with the clinical presentation of pure red cell aplastic anemia. These results, along
with the proposed computational method, provide insights for establishing
clinical correlations between variants of uncertain significance and anemias in
general, comprising common hematological problems widespread in the world
population and for which dedicated NGS panels are still not available.
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1 Introduction

In contemporary clinical practice, doctors increasingly use Next-Generation
Sequencing (NGS) panels to perform comprehensive molecular profiling of somatic
mutations from tissue biopsies. Mapping the genomic landscape of these mutations
presents challenges, including the need to conduct extensive sequencing projects and
compare results with publicly available registries that contain real-world clinical-genomic
data. Databases like COSMIC (Tate et al., 2019) and STRING (Szklarczyk et al., 2023)
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consolidate somatic data from global sources, enabling researchers
to access and analyze information about somatic mutations and
their implications for many diseases, primarily including cancer
(Sondka et al., 2024). The catalogue provides visualizations of
mutation prevalence in relation to protein structures, offering
insights into how molecular findings correlate with clinical
significance, therapeutic options, and potential drug resistance.

Numerous somatic point mutations identified through NGS
screenings, nevertheless, affect protein regions distant from active
sites or within unstructured protein regions, therefore it is uncertain
whether such mutations can be considered driver events that could
lead to a loss of function of the protein. Therefore, these mutations
are often classified as having “uncertain clinical significance,” which
account for about 40% of total variants (Federici and Soddu, 2020).
This is particularly true in the context of pathologies unrelated to
cancer, for which NGS databases are not yet available. Indeed,
single-point mutations that affect cell differentiation are
commonly found in hematologic diseases, where clonal
expansion of mutated progenitors of the bone marrow
populations may lead to serious pathological conditions,
spanning from myelodysplastic syndrome to leukemias or
lymphomas. The hematopoietic system, especially red blood cell
line, exhibits unique self-renewal capabilities and has the highest
turnover rate of any cell type in the human body (Sender and Milo,
2021); it is thus particularly prone to expansion of hematopoietic
stem and progenitor cells (HSPCs) carrying mutations. Key
regulators of cell differentiation include epigenetic factors that
influence DNA methylation/demethylation and chromatin
remodeling.

Among these players, TET2 enzyme, belonging to TET (ten-
eleven translocation) family of proteins, is an important epigenetic
regulator responsible for DNA demethylation and cellular
differentiation, and is one of the most mutated proteins in
hematological malignancies (Delhommeau et al., 2009; Ko et al.,
2010; Busque et al., 2012; Huang and Rao, 2014; Coltro et al., 2020;
Jiang, 2020; Zhang et al., 2023; Guo et al., 2024). TET proteins,
including TET1-3, are dioxygenases that convert 5-methylcytosine
(5mC) into 5-hydroxymethylcytosine (5 hmC), 5-formyl cytosine
(5fC), and 5-carboxyl cytosine (5caC) (Jiang, 2020; Zhang et al.,
2023). This process generates substrates for base excision repair,
replacing 5mC with C. TET2 mutations in its catalytic domain are
prevalent in pathologies, found in about 10% of de novo acute
myeloid leukemia (AML), 30% of myelodysplastic syndrome
(MDS), and nearly 50% of chronic myelomonocytic leukemia
cases. These mutations are associated with DNA
hypermethylation, increased risk of MDS progression, and poor
prognosis in AML (Zhang et al., 2023). The COSMIC database
(cancer.sanger.ac.uk/cosmic/gene/analysis?ln=TET2) provides
insights into various TET2 mutations across thousands of
samples, many of them located in its catalytic region (Jiang,
2020; Guo et al., 2024).

However, many TET2 mutations thus identified occur outside
its catalytic domain and affect regulatory regions involved in
interactions with other proteins. To present a quantitative study
of the mutations currently identified in TET2, we conducted an
analysis on this aspect. By analyzing the coding point mutations
from genome-wide screens (including whole exome sequencing)
from the latest COSMIC release (https://cancer.sanger.ac.uk/

cosmic), we produced the results shown in Figure 1A. In the pie
chart in the top left corner, we show the distribution of mutation
types, noting that many do not affect the protein sequence.
Concentrating instead on mutations that impact the protein
sequence, we present in the bottom distribution the probability
of encountering a mutation across the entire sequence. As shown,
this probability is distributed throughout the protein, although, as
mentioned, mutations occurring in its catalytic domain are much
more recognized in pathology. Indeed, looking at the pie chart
shown in the top right corner, it is evident that only a minority (23.
3%) of mutations (we also considered insertions and deletions)
involve the catalytic domain. This result further highlights the
urgency of studying the effects of mutations occurring outside
this domain, and this work aims to be a first step in that
direction. Partner proteins of TET2 are multifold, such as, for
example, transcription factors (EBF1, NANOG, SPI1), histone
modifiers (HDAC2) or regulatory proteins such as ASXL1,
CXXC4 and many others (Zhang et al., 2023). Among these,
transcription factors as the homeobox protein NANOG
(Chambers et al., 2007; Silva et al., 2009) are responsible for
recruiting TET2 to regulate target genes expression, facilitating
DNA demethylation and differentiation processes (Costa et al.,
2013; Zhang et al., 2023). A representative depiction of the
protein-protein interactions involving TET2 can be found in
Figure 1B. Here, using the STRING database (https://string-db.
org/), we have highlighted the interactome of TET2, depicting
known interactions with the highest possible confidence level. As
shown and previously mentioned, TET2 is positioned at the center
of a complex interaction network, and any impairment in one of
these interactions could potentially trigger a cascading effect on
cellular functionality. In particular, TET2 binds NANOG outside of
its catalytic domain (Costa et al., 2013; Joshi et al., 2022): disruption
of this interaction due to single-point mutations in their contact
region could thus affect HSPCs differentiation, leading to an
impaired hematopoiesis.

In this study, we focused on a specific clinical case of refractory
anemia, classified as Pure Red Cell Aplastic Anemia (PRCAA)
where a NGS panel from a bone marrow biopsy identified a Q1084P
substitution in TET2, with a heterozygous variant allele frequency
(VAF) of 49%. This mutation had been shown to co-occur with
mutations in other relevant genes (e.g., ASXL1, RUNX1, SETBP1,
NRAS, SRSF2), all related to leukemias or myelodysplastic
disorders (Jankowska et al., 2009); here, nevertheless, it was
identified as the sole mutation of interest and was therefore
classified as of “variant of uncertain clinical significance.” Our
study aims to gain new insights into TET2 mutations in the
NANOG-interacting region, located outside of TET2 catalytic
domain (Joshi et al., 2022) (Figure 1) where, besides Q1084P, at
least other 60 mutations have been reported. No structural data on
this interaction interface is currently available: AlphaFold (Jumper
et al., 2021) predicts TET2 region involved in NANOG interaction
as unstructured, and the NANOG region interacting with
TET2 remains largely unknown. To address these issues, here
we employed a thorough computational approach based on the
combination of molecular docking, extensive molecular dynamics,
and the prediction of protein-protein interaction probabilities. This
allowed to identify the most representative configurations of
TET2 and NANOG and to hypothesize a possible binding mode
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between them, thereby highlighting the molecular mechanisms
through which the single-point mutation of interest could
impair this association. As such, we potentially identified a
molecular etiology that links the clinical onset of anemia to the
single-point mutation detected by a NGS panel that is originally

dedicated to the detection of somatic mutations of leukemia. We
thus present a computational tool that may provide correlations
between specific clinical onsets of unknown causes and mutations
located in protein regions distant from active sites or within
unstructured areas.

FIGURE 1
Structures of TET2 and NANOG proteins. (A) Distributions of coding point-mutations of TET2, from genome-wide screens extracted from COSMIC
database. Top Left: Pie chart of mutation types. Bottom: Probability density function of encountering mutations for each TET2 residue. Top Right: Pie
chart of any kind of mutation that occurs in the catalytic domain of TET2. (B) Interactome of TET2 protein (generated with STRING database) in which the
link between TET2 and NANOG is highlighted. (C)Upper panel: Schematic representation of TET2 structure, based on AlphaFold prediction (Jumper
et al., 2021) and protein structures deposited on Protein Data Bank (e.g. 4NM6, 5D9Y). TET2 is an important enzyme involved in DNA demethylation,
influencing gene expression and contributing to cellular differentiation (Zhang et al., 2023). It is divided in an unstructured part (residues 1–1,128), where
the NANOG interaction is known to happen (Costa et al., 2013; Joshi et al., 2022), and a catalytic domain composed by a Cys-rich region (residues
1,129–1,311), two beta-sheets (res. 1,312–1,480 and 1843–1,935) and one low-complexity domain (res. 1,481–1,842). The 1,084 residue of interest
belongs to the unstructured part and to the NANOG-binding domain. For molecular dynamics simulations, we extracted a 28 residues-long peptide
around 1,084 (dotted box region), from residue 1,071 to 1,098, and then we further narrowed down the peptide of interest around residues 1,077–1,091
(green bold residues, where 1,084 is highlighted). Lower panel: NANOG structure. This is a homeobox protein that maintains pluripotency in embryonic
stem cells by suppressing differentiation factors. Its structure comprises a structured part (composed of three alpha-helices, namely H1, H2 and H3,
residues 99–149, that bind to DNA), experimentally solved by NMR (PDB code 2KT0) and X-ray crystallography (PDB code 4RBO), a low-complexity
domain with unknown structure (residues 195–239) and several unstructured regions. In this study, we assumed that the interaction region of NANOG
with TET2 occurs mostly within the structured region (dotted box region); other important transcription factors (as Sox2 (Yesudhas et al., 2019) or Oct4
(Hayashi et al., 2015)) have been experimentally shown to bind here. The 99-105 sequence highlighted in blue is found from the peak of the
HybridPBRpred webserver prediction curve (see Figure 3B).
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2 Materials and methods

2.1 Dataset

The peptide constituting the examined region of TET2 was
extracted from the whole structure as modeled by Alphafold2
(Jumper et al., 2021; Varadi et al., 2024). In particular, we
selected the residues 1,071–1,098 from the whole protein
sequence, narrowing the subsequent analyses to its central part
1,077–1,091 (Figure 1C). We selected this region of the
TET2 protein to investigate a linear protein segment centered
around the position of the mutation of interest, i.e. Q1084P
(shaded green area of Figure 1C), in this study. Additionally, this
region of TET2 is known to be involved in the interaction with
NANOG. To explore the conformational space accessible to this
region, molecular dynamics simulations were performed, from
which equilibrium structural conformations were extracted.
Peripheral residues (at the ends of a 15-amino-acid segment
centered around the mutation, gray residues of Figure 1C) were
included in the simulation to mimic the influence of the rest of the
protein on the conformations accessible to the central peptide.
However, these residues were subsequently excluded from
further analyses.

The NANOG NMR structure was downloaded from Protein
Data Bank (Berman et al., 2000), labeled with the code 2KT0.
Although an X-ray crystallography structure of this protein is
available in the PDB (code: 4RBO, Hayashi et al., 2015), we
selected the NMR structure because it provides data for a larger
number of residues. Specifically, the NMR structure includes
residues 75–157, while the X-ray structure only covers
residues 94–162.

The modeling of the mutation Q1084P was performed using
Pymol (Schrödinger and DeLano, 2020), selecting the lowest energy
rotamer for the inserted residue. Therefore, among the rotamers
available in terms of the steric hindrance of the structure, we selected
the rotamer most frequent in terms of occurrence in protein
structures (Desantis et al., 2024; Miotto et al., 2023).

2.2 Molecular dynamics and molecular
docking simulations

We used Gromacs 2021 to conduct all molecular dynamics
simulations (Abraham et al., 2015). The system topologies were
generated using the CHARMM-27 force field (Brooks et al., 2009).
Initially, each molecular system underwent energy minimization
with the steepest descent algorithm. Following this, thermalization
was carried out through sequential simulations in both NVT and
NPT ensembles, consisting of two 0.1 ns-long runs with a 2 fs time-
step. The system’s temperature was maintained at 300 K using a
v-rescale thermostat (Bussi et al., 2007), and pressure was kept
constant at 1 bar via the Parrinello-Rahman barostat (Parrinello and
Rahman, 1980). A 1.2 nm cut-off was applied for short-range non-
bonded interactions, while the Particle Mesh Ewald method
(Cheatham et al., 1995) was employed to handle long-range
electrostatic interactions. We used the TIP3P model for water
molecules (Jorgensen et al., 1983). All the molecular dynamics
protocol was already used in our previous works (Di Rienzo

et al., 2023a; Parisi et al., 2023). In each simulation, we extracted
one frame each 1 ns. The conformations extracted from the
molecular dynamics simulation of the peptide derived from
TET2 were analyzed using principal component analysis (PCA)
on the C-alpha coordinates (see Results). By applying a clustering
approach to the first two principal components, we identified the
five representative structures of the peptide that best capture the
explored conformational space. Similarly, three representative
conformations were selected from the 20 provided by the NMR
structure of NANOG. The molecular docking simulations were
performed using the Hdock webserver (Yan et al., 2020), with
standard options. For each combination of the 5 TET2-derived
peptide structures and the 3 NANOG structures, we conducted an
independent run.

2.3 Statistical analysis

All the analyses of the protein structures and of the molecular
dynamics frames were conducted with in-house R script relying on
bio3d package (Grant et al., 2006). Root Mean Square Deviation
(RMSD) with respect to starting structure is defined as following:

RMSD �

�������������������
1
M

∑N
i

mi ri t( ) − ri 0( )[ ]2
√√

where M is the total mass, mi is the mass of the single atom and ri is
its position vector. It has been calculated on the protein backbone
atoms after structural alignment on the backbone atoms. Root Mean
Square Fluctuations (RMSF) is defined as:

RMSF �
������������
〈 rI − 〈ri〉( )2〉

√
and it has been calculated on all the weighted atoms and averaged
per residue.

The intermolecular contact between two residues has been
established if the distance between at least one of their couple of
atoms is lower than 4 Å (Di Rienzo et al., 2023b).

The Principal Component Analyses (PCA) were performed on
the 3D coordinate of the protein α-carbon atom.

3 Results

In this section, we initially present the structural details of the
two proteins involved: the enzyme TET2 and the transcription factor
NANOG. We selected a 28-residue long peptide from
TET2 sequence and we explored its conformational space
through molecular dynamics simulation; this region comprises
the mutation of interest (Q1084P) and constitutes the part
involved in the interaction with NANOG. Later, we analyzed the
variability of the NANOG experimental NMR structures, where we
hypothesized that the binding would take place. In such a manner,
we selected the most representative structures of both molecular
partners. We then identified a possible binding mode between
NANOG and TET2 by investigating the protein-binding
propensity of NANOG using HybridPBRpred webserver (Zhang
et al., 2020), through molecular docking simulation and extensive
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molecular dynamics. Finally, we found that the Q1084P residue
substitution would impair a physiological association between
proteins TET2 and NANOG, that could correlate with the
clinical onset of anemia presented.

3.1 Exploring the conformational space of
the TET2-derived peptide and NANOG

TET2 is an enzyme involved in DNA demethylation, influencing
gene expression and contributing to cellular differentiation (Zhang
et al., 2023). Whereas its experimental structure is not known,
AlphaFold (Jumper et al., 2021) predicts it to be divided in an
unstructured part (residues 1–1,128), where the NANOG
interaction was previously demonstrated (Costa et al., 2013; Joshi
et al., 2022), and a catalytic domain composed by a Cys-rich region
(residues 1,129–1,311), two beta-sheets (res. 1,312–1,480 and
1843–1935) and one low-complexity domain (res. 1,481–1842)
(Figure 1C). The 1,084 residue of interest belongs to the
unstructured part and to the NANOG-binding domain;

interestingly, this region is highly conserved among species,
indicating its significant importance.

In order to extrapolate the most representative structure
assumed by this specific region, we extracted a 28-residues long
peptide centered in residue 1,084 of TET2 (dotted box of Figure 1C)
and we performed a 150-ns long molecular dynamics simulation of
such a system. The obtained results are reported in Figure 2. The
Root Mean Square Deviation (RMSD) shown by the simulation with
respect to the initial configuration highlights, after the initial
equilibration, a substantial stability of the simulation (Figure 2A).
Moreover, we calculated the Root Mean Square Fluctuations
(RMSF) for each residue as an indicator of the residue motility
with respect to an average position (Figure 2B). In general, our
results show that the peptide is characterized by quite high mobility,
as expected. Peripheral residues (red bars in Figure 2B), displaying
the highest RMSF values, have been removed from the structure.
Indeed, we wanted to study solely the central residues, but we
retained the lateral residues in the simulation to preserve, to
some extent, the influence that the rest of the structure has on
the peptide’s conformations. Therefore, our focus was on the central

FIGURE 2
Analysis of themolecular dynamics simulation of the TET2-derived peptide. (A) Root Mean Square Deviation (RMSD) of each frame of the simulation
relative to the initial configuration. The vertical dashed line marks the beginning of the equilibrium range, fromwhich peptide structures are extracted for
analysis. (B) Root Mean Square Fluctuation (RMSF) of each residue during the equilibrium time interval. The 15-residue-long central peptide is highlighted
with a solid green line at the top, while the side residues are highlighted with a solid red line at the top. Additional side residues are included to
simulate the presence of the entire protein during the exploration of the configuration space. (C) Scatter plot of the equilibrium frames in the space of the
two principal components as determined by Principal Component Analysis (PCA) of the atom coordinate during the simulation. The frames are clustered
into five groups, each labelled with a specific color. The centroid of each cluster, represented by a larger point, is depicted with a molecular image in the
lower part of this panel.
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15-amino-acid region around position 1,084 (green bar in Figure 2B,
corresponding to residues 1,077–1,091).

After selecting the central 15 residues and the frames following
system equilibration, a principal component analysis (PCA) was
performed on the protein’s C-alpha coordinates. The
conformational space explored by the peptide during the
molecular dynamics simulation is illustrated in Figure 2C, where
each frame is depicted within the space defined by the two principal
components. To identify the most representative structures of the
peptide conformations during the simulation, we performed
k-means clustering: this approach allowed us to divide the
simulation frames into five groups and select the centroids of
each cluster. These centroid structures represent the set of
possible conformations the peptide can adopt in water and were
subsequently used for docking with the partner protein NANOG.
Molecular representations of these five structures are also shown in
the lower panel of Figure 2C.

NANOG is a transcription factor that maintains pluripotency in
embryonic stem cells by suppressing differentiation factors
(Chambers et al., 2007; Silva et al., 2009). Its structure comprises
a structured part (composed of three alpha-helices, namely H1,
H2 and H3, residues 99–149), a low-complexity domain with an
unknown structure (residues 195–239) and several unstructured
regions, as shown in Figure 1C. The structured part is responsible for
DNA interaction, as the helices H2 and H3 form a helix–turn–helix
motif. H3 is the recognition helix, inserted in the major groove of
DNA, and is responsible for bases recognition, whereas additional
base contacts are formed by the N-terminus that reaches into the
minor groove. The region comprising H1 and H2 has been observed
to be the one involved in binding other important transcription
factors such as Sox2 (Yesudhas et al., 2019) or Oct4 (Hayashi et al.,
2015): thus, the region comprising H1 and H2 might be the most
likely structural determinant for interaction with TET2. Hence, we
hypothesized that the interaction with TET2 occurs within the H1-

FIGURE 3
Analysis of NANOG NMR structure. (A) Scatter plot of the NMR frames in the space of the two principal components as determined by Principal
Component Analysis (PCA) of the atom coordinate in the various NMR conformation. The 20 frames are clustered into three groups, each labelled with a
specific color. The centroid of each cluster is represented by a larger point. (B) Barplot of the protein-protein binding propensity regarding each NANOG
residue, as predicted by HybridPBRpred webserver. The solid orange line in the bottom represents the fraction of NANOG structure experimentally
determined in NMR. The peak highlighted in orange corresponds to the binding propensity bars of the residues of NANOG taken into consideration
(positions 99–105). (C)Molecular representation of the NMR NANOG structure: each residue is colored according to the score reported in (B). The blue
dotted box is centered on the interacting segment of NANOG and the side chains of the residues are visible.

Frontiers in Chemical Biology frontiersin.org06

Testi et al. 10.3389/fchbi.2024.1517163

https://www.frontiersin.org/journals/chemical-biology
https://www.frontiersin.org
https://doi.org/10.3389/fchbi.2024.1517163


H2 structured region (dotted box of Figure 1C), experimentally
determined by NMR and available in the PDB (code 2KT0). To
generate a set of structures for docking analysis, we performed a
Principal Component Analysis (PCA) on the C-alpha coordinates
obtained from the NMR experiment (Figure 3A). Each of these
20 structures was then projected into the space defined by the first
two principal components. A k-means clustering into three groups
was subsequently applied to identify the centroid structures that
were then used for the subsequent docking analysis.

The use of the HybridPBRpred software (Zhang et al., 2020),
allowed us to identify the regions of NANOG most likely to interact
with other proteins. This software, which combines predictions for
both ordered and disordered regions of proteins, provided the
results shown in the bar plot in Figure 3B, where the binding
propensity value for each residue is displayed. Notably, when
focusing on the structured region, highlighted by a yellow line
underneath, there is a pronounced propensity peak
corresponding to residues 99–105 of NANOG. Indeed, the
molecular representation in Figure 3C shows the structured part
of NANOG protein, colored according to the binding propensity as
predicted by HybridPBRpred.

3.2 Molecular docking and molecular
dynamics simulations: hypothesizing the
structural details of the TET2-NANOG
interactions

After selecting the five structures of the TET2-derived peptide and
the three structures of NANOG, we carried out a docking analysis to
identify a plausible binding conformation between the two proteins.
We utilized the Hdock webserver (Yan et al., 2020) to simulate the

interaction between each peptide structure and each NANOG
configuration, resulting in 15 docking simulations. From these, we
chose the top 10 poses from each simulation, leading to a total of
150 potential docking poses. Each of these predicted complexes was
then analyzed in detail to filter out any poses that did not meet all the
necessary criteria for interaction. First, we examined the scores
predicted by Hdock. The distribution of these scores is depicted by
the cyan curve in Figure 4A, where it should be noted that a lower
score indicates a stronger interaction. Consequently, we selected only
those poses with scores below −175. The choice of the threshold is
based on the value of the top quartile of the probability distribution
shown in Figure 4A (specifically −174.03). In this way we ensured the
selection of the docking poses that belong to the top 25% of poses with
the best Hdock scores. Thereafter, we analyzed how many of the
NANOG residues with a high binding propensity, as defined in the
previous section, were involved in the interaction. Specifically, for
each pose, we examined the percentage of residues 99–105 that were
in contact with the peptide. The distribution of these percentages is
shown in Figure 4B. Again, we filtered out poses where less than 43%
of these key residues were engaged in the interaction, selecting the top
25% of poses with the highest number of NANOG residues in contact.
Lastly, we examined how many of the 15 residues forming the core of
the peptide were interacting with NANOG (See Figure 4C). In this
case, we required that at least 67% of the peptide residues be involved
in the interaction, filtering out any poses that did not meet this
criterion. Also here, this choice was made in order to select the top
25% of poses with the highest number of selected TET2 residues in
contact. Among the 150 poses evaluated, only one met all these
conditions, and this pose was subsequently selected as the potential
binding mode between these two proteins. Thus, this entire
computational protocol led us to the construction of an interaction
complex between these two proteins.

FIGURE 4
Analysis of the TET2-NANOGMolecular Docking. (A) Probability distribution of the Hdock scores characterizing all the docking poses. (B) Probability
distribution of the percentage of high-propensity NANOG residues involved in each docking pose. (C) Probability distribution of the percentage of central
peptide residues involved in each docking pose. In all the three panels, a red shaded area indicates the region where the poses are extracted.
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As previously mentioned, the next question we addressed was
whether the Q1084P mutation could impair this physiological
interaction. We thus conducted extensive molecular dynamics
simulations (1 µs-long each) using the docking complex as
starting structure for both the wild-type and mutated forms of
TET2 in order to single out possible significant variations. The
results of the analyses conducted on the two molecular dynamics
simulations are presented in Figure 5. Specifically, panel 5.a
shows the time evolution of the RMSD for both simulations,
highlighting that both simulations reach an overall stability, even
if the mutant exhibits a higher variability with respect to the
starting structure. Notably, the WT complex shows greater
stability than the mutated complex in terms of both the
number of intermolecular contacts and the compactness at the
interface (Figures 5B–D). In particular, panel 5.b displays the
distribution of the number of contacts in each equilibrium frame
for both simulations. It is evident that the green curve (WT) is
statistically higher than the red curve (mutated), indicating a

stronger interconnection at the interface. Interestingly, part of
this difference can be directly attributed to the behavior of
residue 1,084 at the interface. As shown in panel 5.c, the
distribution of intermolecular contacts involving residue
1,084 reveals that, when a glutamine is substituted with a
proline in this position, the number of contacts made by this
residue is significantly lower compared to the WT case. This
reduction in the number of contacts likely weakens the binding
strength. This hypothesis is further supported by the observation
that the two molecular partners are farther apart in the mutated
complex during the simulation. Specifically, panel 5.d, which
presents the distribution of distances between the centroids of the
two molecular partners in each frame, clearly shows that the WT
complex is characterized by a shorter distance (~1.5 nm)
compared to the mutated complex (~2.3 nm).

Taken together, these findings suggest that the Q1084P
mutation may destabilize the TET2-NANOG complex, potentially
resulting in impaired TET2 enzyme activity.

FIGURE 5
Analysis of the TET2-NANOG Complex Molecular Dynamics Simulation. In all the plots the green curve and the red curve regard the simulation of
the wild type and mutated version of TET2, respectively. (A) Root Mean Square Deviation (RMSD) of each frame of the simulation relative to the initial
configuration, both for wild type andmutated TET2. (B) Probability distribution of the number of intermolecular contacts between the two proteins, both
for wild type and mutated version of TET2. (C) Probability distribution of the number of intermolecular contacts between the two proteins involving
1,084, both for wild type andmutated version of TET2. (D) Probability distribution of the distance between the center ofmass of the two proteins, both for
wild type and mutated version of TET2.
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4 Discussion and conclusion

The aim of this study was to explore the binding between
TET2 and NANOG proteins by computational methods, starting
from results of a NGS screening on a clinical case of refractory
anemia, classified as pure red cell aplastic anemia on
histopathological basis. The screening spotted an isolated
missense substitution (c.3251 A > C) leading to Q1084P
mutation on TET2 protein in a region demonstrated to interact
with NANOG transcription factor (Costa et al., 2013; Joshi et al.,
2022). In the lack of structural data that may confirm a direct cause
to effect relationship that explains the pathological effect of the
mutation, we combined molecular docking, molecular dynamics
simulations and protein-protein interaction prediction in order to
demonstrate the possible destabilization of TET2-NANOG interface
as a consequence of the mutation.

Residue 1,084 is located outside of the TET2 catalytic domain
(shown in Figure 1C) and belongs to an unstructured region. We
performed a 150-ns molecular dynamics simulation on the
TET2 peptide centered around 1,084 (Figure 2) and performed
principal component analysis on its C-alpha coordinates, thus
finding the conformational space explored by the peptide and
identifying the five most representative structures of the peptide
through k-means clustering (Figure 2C). For NANOG, we
hypothesized that its binding region belonged to the structured
domain (Figure 1), a region already exploited by other transcription
factors, and whose experimental structure is known from NMR
(PDB code 2KT0) and X-ray crystallography (PDB code 4RBO).
While this could represent a major limitation of the present work,
the HybridPBRpred software showed a peak in binding propensity
with other proteins in this region (Figure 3B): this assumption thus
appeared to be justified. Again, we performed a PCA on C-alpha
coordinates of this region and used k-means to find the three most
representative structures of the NANOG binding domain.

By using the Hdock webserver (Yan et al., 2020), we then
performed the molecular docking between the five structures of
TET2 peptide and three structures of NANOG to identify a plausible
binding conformation between the two. Amongst the possible
150 docking simulations, we filtered one conformation with the
highest binding propensity, thus finding the putative docking
complex (Figure 4). We finally performed 1 µs-long molecular
dynamics simulations of the docking complex for both the wild-
type and mutated forms (Q1084P) of TET2 (Figure 5A). We found
that the WT complex shows greater stability than the mutated
complex in terms of both the number of intermolecular contacts
and the compactness at the interface (Figures 5B–D): both
distributions indicate that the number of contacts between the
wild-type protein and NANOG is higher compared to the
mutated protein. These results suggest that the Q1084P mutation
in TET2 significantly hinders its interaction with NANOG. This
assumption is further supported by the fact that the amino acids
involved have distinct chemical and structural properties: proline is
a unique amino acid known for disrupting secondary structures such
as alpha-helices due to its cyclic ring, which restricts peptide chain
flexibility; in contrast, glutamine is more flexible and polar, with a
side chain capable of forming hydrogen bonds. Replacing glutamine
with proline results in the loss of two hydrogen bonds, with an
energetic cost of approximately 3 kcal/mol. This alteration can

significantly impact the local protein structure, especially in
alpha-helices or flexible regions, which in turn may affect its
function and stability.

The consequence of such a mutation is likely to interfere with
the proper interaction of the transcription factor NANOG with
TET2. Transcription factors like the homeobox protein NANOG
bind to TET2 to regulate target gene expression, thus enabling cell
differentiation processes: disruption of this interaction due to single-
point mutations in their contact region could therefore affect HSPCs
differentiation, leading to an impairment of the hematopoiesis
process due to the clonal expansion of cells carrying this
TET2 somatic mutation.

On these bases, we hypothesized that the reported mutation can
be linked to the observed refractory anemia (or PRCAA) in the
clinical case of interest, which involved the single-point mutation
Q1084P of “uncertain clinical significance,” as classified by a NGS
panel dedicated to the screening of possible somatic mutations at the
origin of leukemias. Possible limitations of this work include the
hypothesis that the contact region between TET2 and NANOG lies
in the H1-H2 zone of NANOG (a hypothesis, however, that seems
plausible as this region is the one recognized by other important
transcription factors (Yesudhas et al., 2019; Hayashi et al., 2015)),
and that Q1084P mutation of TET2 would play an important role in
TET2-NANOG binding, an assumption that may not be true for
other variants for which, however, correspondence to clinical had
not been found yet.

To date, a deep investigation of potential clinical correlations
between TET2 mutations and hematological diseases from a
molecular interaction analysis perspective has not yet been
explored. Such an approach could significantly advance our
understanding of the cause-and-effect relationships underlying
hematological disorders, as NGS often provides information that
is not immediately linked to structural determinants of the target
protein. The refractory anemia (PRCAA) observed in the clinical
case here reported falls within this category of diseases and the
current analysis could be potentially expanded to many anemias of
unknown origin, which are widespread in the global population,
with only a small percentage being diagnosed at the molecular level
(Kassebaum et al., 2014; Chaparro and Suchdev, 2019; Sankar and
Oviya, 2024).

In summary, our current computational analyses pave the way
for the development of a novel computational tool aimed at
facilitating experimental validation and uncovering potential
correlations between single-point mutations in
proteins—particularly those in regions far from active sites or
within unstructured domains—and specific clinical outcomes of
unclear origin. In other words, such computational analysis could
be carried out or even implemented in current NGS database
analysis in order to suggest the clinicians novel diagnostic
pathways within the group of “uncertain clinical significance”
cases. Looking ahead, future efforts will focus on experimentally
investigating the interactions between NANOG and TET2, which
may affirm our computational predictions. Expanding this approach
to include systematic analyses of NGS databases could significantly
enhance our understanding, bridging observed mutations in somatic
cell lines with specific clinical scenarios by keeping in mind that
there are variants that are not necessarily related to malignant
transformations but lead to severe function impairment. This
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integration could be further augmented by AI methodologies,
driving deeper insights and connections in the field.
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