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Abstract: The importance of dissecting signaling pathways governing cell differentiation is based
on their relevance not only for understanding basic biological phenomena but also for better com-
prehending the underlying mechanisms of pathologic alterations such as cancer. A paradigm of
cell differentiation processes is hematopoiesis, where a single stem cell gives rise to multiple, fully
differentiated, cell lineages. Nucleoredoxin (Nrx), a member of the thioredoxin family, is an im-
portant redox-sensitive modulator of Wnt/3-catenin signaling, a key pathway for the control of
hematopoiesis. In this work, the relevance of Nrx for the differentiation of mouse hematopoietic
progenitor cells has been analyzed in vitro. Nrx silencing leads to a dramatic reduction in the size
of the Lin™ and LSK progenitor populations. Moreover, there is also a remarkable decrease in
CD3* cells and an enhancement in the percentage of CD11b*Grl™ myeloid cells. This myeloid
bias would agree with the inhibition of the Wnt/3-catenin pathway. Interestingly, a reduction in
[3-catenin at the protein level was observed upon Nrx silencing. Our results strongly support the
importance of Nrx for hematopoietic differentiation, which could be mediated by the regulation of
the Wnt/ 3-catenin pathway.
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1. Introduction

Blood is a rather heterogeneous tissue in terms of cellular components, a feature that
allows it to perform many different functions. However, all hematopoietic lineages emerge
from a single cell type: the hematopoietic stem cell (HSC) [1]. Consequently, hematopoiesis
must be a fine-tuned process in which the balance between the repopulation ability of
HSCs and the generation of fully differentiated cells (lacking that property) needs to meet
the organism’s demands.

This equilibrium is maintained at the level of signaling pathways governing differenti-
ation and self-renewal. The Wnt/ 3-catenin pathway is a pivotal regulator of those cellular
phenomena at different developmental stages. For instance, an activation of this signaling
cascade is required at a particular dose and moment for the emergence of HSCs from the
aorta-gonad-mesonephros [2]. Once they have settled in the bone marrow, the activation
intensity of the pathway will dictate their outcome in terms of self-renewal ability and
lineage commitment [3]. More precisely, the central effector of the pathway, (3-catenin,
influences the expression of several adhesion genes, which in turn has an effect on the
quiescence of HSCs [4]. Of note, the stability and cellular localization of 3-catenin are
regulated by a myriad of extra- and intracellular cues beyond the interaction of Wnt ligands
with frizzled (Fzd) receptors and the subsequent downstream events. Therefore, it is worth
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studying the possible crosstalk between well-documented players in cell differentiation
and in 3-catenin levels and localization in the context of hematopoiesis.

Among the wide variety of cell-extrinsic and -intrinsic factors modulating the differ-
entiation of hematopoietic cells, reactive oxygen species (ROS) have gained attention over
the last two decades. ROS production is increased upon growth factor stimulation, and
their intracellular levels dictate lineage decisions (reviewed in [5]). Indeed, hematopoietic
cells subject to pro-differentiative stimuli undergo ROS generation in a regulated manner
through the activation of NADPH oxidases (NOXs), an event required to fully trigger the
process of megakaryocytic differentiation [6]. Mechanistically, ROS interfere with pro-
teins involved in cell signaling, thus altering their enzymatic activity or their interactions.
Well-known examples of this are the protein tyrosine phosphatases (PTPs), whose catalytic
activity can be transiently switched off through mild oxidation of a key cysteine residue
located at the active center [7]. We have previously described the close relationship between
different PTPs and {3-catenin in this context. Protein tyrosine phosphatase non-receptor
type 13 (PTPN13) is a negative regulator of megakaryocytic differentiation, and its levels
are linked to 3-catenin stability [8]. In addition, the transient oxidation and inactivation
of the SRC homology domain containing protein tyrosine phosphatases 1 (SHP1) and 2
(SHP2) is required to trigger the same differentiation processes. Interestingly, downregula-
tion of these proteins results in a decrease in 3-catenin levels [9]. This work supports the
influence of redox signaling on the Wnt/ 3-catenin pathway and encourages the study of
redox-sensitive proteins that may link these two cellular processes.

In this regard, nucleoredoxin (Nrx) must be mentioned as a protein subject to redox
regulation [10,11]. It belongs to the thioredoxin family and displays oxidoreductase activity
undertaken by two oxidation-sensitive cysteine residues located within the active center
motif Trp-Cys-Pro-Pro-Cys [12]. The mouse and human homologs share 99% identity,
and its active center is conserved across different species [13]. It is worth noting that its
redox status affects its interaction with the protein disheveled (Dvl), a positive regulator
of Wnt/3-catenin signaling that sequesters the destruction complex. Interestingly, the
oxidation of Nrx prompts different outcomes in 3-catenin levels in a context-dependent
manner. In the absence of kelch-like 12 (KLHL12), Nrx oxidation destabilizes its interaction
with Dvl and releases the latter for further sequestration of the destruction complex, thus
impairing Wnt/-catenin signaling [10]. On the other hand, KLHL12 targets Dvl for
proteasomal degradation, which has a negative impact on the canonical Wnt pathway.
Under these circumstances, reduced Nrx is able to disrupt the KLHL12-Dvl interaction,
thus maintaining a pool of Dvl that sustains Wnt/ 3-catenin signaling [14]. Interestingly,
it has been reported that stimulation of cells with the canonical ligand Wnt3a triggers
Nox1-derived ROS production, which in turn oxidize Nrx and prevent the interaction
with Dvl, thereby contributing to (3-catenin stabilization [11]. Moreover, Nrx expression
augments during adipocyte differentiation in mouse cell lines, with a negative impact on
nuclear accumulation of 3-catenin and expression of its downstream target cyclin D1 [15].

Against this background, the hypothesis that Nrx might take part in the regulation of
hematopoietic differentiation was tested in this work. A decrease in (3-catenin levels was
observed in a human hematopoietic cell line subjected to NRX knockdown. In addition,
the downregulation of the Nrx gene caused a severe reduction in immunophenotypic HSCs
after in vitro culture of murine primary hematopoietic stem and progenitor cells (HSPCs).
The results presented here support the influence of this protein on the differentiation of
hematopoietic cells.

2. Materials and Methods
2.1. Knockdown of Nucleoredoxin
The expression of nucleoredoxin was reduced by lentiviral transduction with con-

structs generating small hairpin RNAs (shRNAs) as previously detailed [6]. The specific
sequences targeting nucleoredoxin mRNA are detailed in Table 1.
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Table 1. Specific sequences for small hairpin RNA (shRNA) targeting of nucleoredoxin.

Target ID Sequence (5'-3')
Human NRX NRX 1 AAACAGTACTTCAGTGAGA
NRX 2 AGAAAATCATTGCCAAGTA
Mouse Nrx Nirx 1 AGATCATTGCCAAGTACAA
ouse Nrx 2 ATACCGAGTCTCCAACATT

2.2. Cell Culture

HEL cells (ACC-11) were purchased from DSMZ (Braunschweig, Germany) and
grown in RPMI medium supplemented with 10% FBS, 100 U/mL penicillin, 100 U/mL
streptomycin and 2 mM L-glutamine. NIH/3T3 cells (kindly provided by Dr. C. Guerrero,
CIC, Salamanca, Spain) were cultured in DMEM supplemented with 10% NCS, 100 U/mL
penicillin, 100 U/mL streptomycin and 2 mM L-glutamine.

Lineage-negative (Lin™) cells from C57BL/6 mice were purified and transduced as
described before [4], and seeded in 96-well plates at 10° cells/well in IMDM supplemented
with 20% FBS, 100 U/mL penicillin, 100 U/mL streptomycin, 2 mM L-glutamine and
20 pg/mL ciprofloxacin. To prevent lineage biases, the next cytokines from Miltenyi Biotec
(Madrid, Spain) were added to a final concentration of 10 ng/mL: mouse recombinant
interleukin-3 (mrIL-3), stem cell factor (mrSCF), thrombopoietin (mrTPO) and FLT3 ligand
(mrFLT3L). Cells were cultured for 5 days in this medium prior to flow cytometry analysis.
All experimental protocols involving animals were approved by the Bioethics Committee
of the University of Salamanca.

2.3. Assessment of Cell Proliferation

HEL cells were seeded at the indicated densities, and basal metabolic activity was
determined by MTT assays, as described before [16]. Replicate plates were cultured for
48 h, and metabolic activity was compared with basal level after that period.

2.4. Study of Cell Adhesion

HEL cells were seeded at a density of 1.5, 2.0 and 2.5 x 10° cells/mL in 200 uL of
culture medium in duplicate on 100 pg/mL collagen- or 20 ug/mL fibronectin-coated
plates and incubated for 3 h at 37 °C. Then, non-attached cells were removed from one of
the replicates by pipetting the supernatant and gently washing the wells three times with
PBS. Finally, metabolic activity was measured by MTT assays, and percentage of adhesion
was calculated by dividing metabolic activity of wells with only attached cells by that of
wells with all cells.

2.5. Flow Cytometry

Megakaryocytic differentiation of HEL cells was assessed by measuring the surface
antigens CD41 and CD61, as described previously [6,8]. Briefly, 5 x 10* cells were seeded
per well in a 96-well plate, and cells were treated with 20 nM phorbol 12-myristate-13-
acetate (PMA) for 48 h. Relative mean fluorescence intensity (Relative MFI in Figures) was
calculated as the ratio of MFI for every surface marker in a given condition against the MFI
for the same surface marker in the control PMA-untreated cells. For this last condition,
this ratio was considered to be 100. Differentiation status of Lin™ cells was studied through
staining with the following antibodies from Miltenyi Biotec (Madrid, Spain): Lineage cell
detection kit, Sca-1, c-kit, CD3, B220, CD41, Ter-119, CD11b and Gr-1. Gating strategy for
surface marker analysis can be found in Figures 51-S3.

2.6. Western Blot

Protein extracts were obtained from HEL cells, and expression of (3-catenin and
GAPDH was measured as previously [6,8]. GAPDH was used as loading control.
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2.7. Quantitative PCR (gPCR)

RNA extraction and gene expression analysis was performed as before [4], using
oligonucleotides against human and mouse beta actin coding genes. Expression of human
and mouse nucleoredoxin coding genes was measured by using the oligonucleotides
detailed in Table 2.

Table 2. Oligonucleotides used for quantitative PCR (qPCR) reactions.

Target Gene Target Strand Sequence (5'-3')

H NRX Forward ACCCAGAAGGTCTGGAGTTC
uman Reverse CCAATGTGCGGAGAAATAGA
Mouse Nrx Forward TCGTTAGTGCAGACAGGTCA

ouse Reverse TGCCTTGGATTCCATACAGT

Human ACTB Forward CACCACACCTTCTACAATGA
uma Reverse ACATGATCTGGGTCATCTTC
Mouse Actb Forward CAGCCTTCCTTCTTGGGTAT

ouse Ac Reverse TGGCATAGAGGTCTTTACGG

2.8. Statistical Analysis

Differences between control and nucleoredoxin knocked down cells were investi-
gated by two-tailed unpaired Student’s ¢-test. Significant differences were declared when
p <0.05 (*), p <0.01 (**) or p < 0.001 (***). Error bars represent the standard deviation (SD).

3. Results
3.1. Effect of NRX Downregulation on Megakaryocytic Differentiation of HEL Cells

HEL cells were subject to effective downregulation of NRX with two different se-
quences (Figure 1a), and effects on different cellular parameters were evaluated. Given that
proliferation capacity is usually lost concomitantly with cell differentiation, it was evalu-
ated in NRX-silenced cells. No relevant changes were observed in this regard, irrespective
of the cell density at the time of seeding (Figure 1b). Adhesion is another feature related to
differentiation in this system, with cells expressing integrins throughout the process. This
was the rationale for testing the adhesiveness of NRX knocked down cells. Two different
proteins, collagen (COL) and fibronectin (FN), were used as adhesive substrates to cell
surface integrins. In line with cell proliferation, no significant changes in the percentage of
attached cells could be observed (Figure 1c). Finally, the expression of the surface markers
CD41 and CD61, a common measurement of megakaryocytic differentiation [6,8], was as-
sessed. The observed changes were mild and inconsistent without stimulation of cells with
phorbol 12-myristate-13-acetate (PMA) (Figure 1d) and absent when cells were exposed to
this compound (Figure le). All in all, these results did not allow us to attribute a role for
NRX in the differentiation of HEL cells to the megakaryocytic lineage.

3.2. The Downregulation of NRX Prompts a Decrease in B-Catenin Levels in HEL Cells

To test whether NRX might have a role on Wnt/ 3-catenin signaling in our system, the
levels of the central effector 3-catenin were studied in NRX-downregulated HEL cells. A
consistent decrease in this protein could be observed with the two sequences employed
(Figure 2), which supports the idea that NRX might have a positive role in the canonical
Wnt pathway in this system.
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Figure 1. Effect of nucleoredoxin (NRX) downregulation on megakaryocytic differentiation-related features in HEL cells.
(a) Expression levels of NRX in HEL cells transduced with shRNA constructs targeting that gene (n = 3); (b) Cell proliferation
in NRX-downregulated HEL cells seeded at different densities (n = 3); (¢) Adhesiveness of NRX-downregulated HEL cells to
different protein substrates (n = 4); (d) Basal expression levels of megakaryocytic markers in NRX-downregulated HEL cells
(n = 4); (e) Expression levels of surface megakaryocytic markers in NRX-downregulated HEL cells after 48 h stimulation
with 20 nM phorbol 12-myristate-13-acetate (PMA) (n = 4).
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Figure 2. Knockdown of NRX reduces (3-catenin levels in HEL cells. (a) Representative image of a Western blot showing the
levels of 3-catenin in NRX-silenced HEL cells; (b) Densitometric quantification of the chemiluminescence signals from the
protein bands recorded on X-ray films (n = 3).

3.3. Nrx Downregulation Dramatically Decreases Murine Hematopoietic Progenitors In Vitro

To address the possible contribution of Nrx to hematopoietic differentiation in a wider
range of blood lineages, mouse Lin” HSPCs were subject to lentiviral transduction with
shRNA constructs targeting the mRNA of that protein. Prior to this, shRNA efficiency was
validated in the mouse fibroblastic cell line NIH/3T3 (Figure 3a), thus overcoming the
limitation of biological material characteristic of Lin™ cells.
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Figure 3. NRX downregulation drastically decreases the percentage of mouse hematopoietic stem and progenitor cells
(HSPCs) in vitro. (a) Expression levels of Nrx in NIH/3T3 cells transduced with shRNA constructs targeting that gene
(n = 2); (b) Percentage of LSK cells after 5 days of in vitro culture of Lin™ cells expressing shRNA constructs against Nrx;
(c) Percentage of Lin~ cells after Nrx downregulation and 5 days of in vitro culture.

After 5 days of in vitro culture, cell surface markers were studied to gain insights into
possible lineage biases triggered by Nrx knockdown. The most striking effect observed
was a dramatic reduction in Lin™ Sca-1* ¢-Kit* (LSK) cells, an immunophenotype-defined
population enriched in HSCs in the in vivo setting (Figure 3b). This result was consistent
with a less pronounced but significant decrease in Lin~ cells, which contains the LSK
population, together with more committed progenitors (Figure 3c). Overall, these data
suggest that Nrx is crucial to maintain the HSC characteristic undifferentiated phenotype
in vitro.

3.4. Surface Markers of Mature Blood Lineages Are Altered in Nrx-Silenced Mouse Hematopoietic
Progenitors In Vitro

The previously described results supported an altered differentiation process of mouse
HSPCs with reduced expression of Nrx. For this reason, characteristic surface markers
of different blood cell types were used to assess possible lineage biases caused by the
downregulation of Nrx. Lymphoid differentiation was studied by using antibodies against
CD3, a specific marker of T lymphocytes, and B220, which distinguishes B lymphocytes.
Whereas a notorious and consistent decrease in the expression of CD3 was observed
(Figure 4a), no changes were detected for B220 (Figure 4b), thus pointing to an impairment
in cell differentiation towards T cells, while sparing the B cell branch.
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Figure 4. The downregulation of Nrx affects lymphoid cell differentiation in vitro. (a) Percentage of
CD3* cells after a 5-day culture of Nrx-downregulated Lin~ cells; (b) Percentage of B220* cells after
a 5-day culture of Nrx-downregulated Lin~ cells.

Regarding the myeloid lineage markers, there was a general decrease in the erythro-
megakaryocytic branch, since Nrx-downregulated progenitors displayed diminished ex-
pression of both CD41 (Figure 5a) and Ter-119 (Figure 5b). When granulo-monocytic
specific markers were studied, a clear increasing trend could be observed for CD11b*Gr-1~
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cells, a surface immunophenotype characteristic of monocytes, with RNAi 1, and a signifi-
cant increase was detected in this population with RNAi 2 (Figure 5c). On the other hand,
no consistent changes were found for CD11b and Gr-1 double-positive cells, a combination
which allows the identification of granulocytes in blood compartments in vivo.

40 15
[}
304 °
= = 104
E 20- o E ° *k
3 *k *k 3
(8 o 5 £ 0
104
0 RNAI
CD41 Ter-119
er [Jcontrol
(a) (b)
[CINrx 1
80 80 [INrx 2
60— 60
(2] (2]
= 40- = 40+
o o
20 20
0- 0
CD11b+/Gr-1- CD11b+/Gr-1+

(c) (d)

Figure 5. The downregulation of Nrx originates a myeloid differentiation bias towards monocytes
in vitro. (a) Percentage of CD41" cells after a 5-day culture of Nrx-downregulated Lin~ cells; (b) Per-
centage of Ter-119* cells after a 5-day culture of Nrx-downregulated Lin~ cells; (c) Percentage
of CD11b*Gr-1" cells after a 5-day culture of Nrx-downregulated Lin~ cells; (d) Percentage of
CD11b*Gr-1* cells after a 5-day culture of Nrx-downregulated Lin~ cells.

All these things considered, it could be hypothesized that the reduction in Nrx ex-
pression impairs T cell differentiation, without a consistent effect on the generation of B
cells. Regarding the myeloid lineage, the previously described data point to a general bias
towards monocytic differentiation, with a concomitant reduction in the surface markers
distinctive of the rest of the main myeloid branches.

4. Discussion

Redox signaling has been unveiled over the last two decades as a regulator of
hematopoietic differentiation [17], and its dysregulation often leads to hematologic malig-
nancies [5], further supporting its relevance in the whole process. A seminal contribution
by Jang and Sharkis revealed the lineage decisions made by hematopoietic progenitors
depending on their intracellular levels of ROS [18]. Knowledge of how these ROS act to
modulate intracellular signaling would allow us to better comprehend the whole process
of hematopoiesis, as well as to identify altered pathways underlying pathologic conditions.

In this respect, thiol-based proteins are well-known examples of intracellular tar-
gets of ROS. They are involved in both redox homeostasis and signaling pathways [19].
PTPs are probably the best studied representatives of the second group, with reversible
oxidation of their active center as an important mechanism to modulate their catalytic
activity [7]. Indeed, they have a direct role in hematopoietic differentiation [8,9]. On the
other hand, thioredoxin family proteins have been mainly studied in the context of redox
homeostasis rather than cellular signaling. Therefore, the main goal of the present study
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was to assess the possible role of nucleoredoxin, a thioredoxin family member, in the
differentiation of hematopoietic cells. This attempt was supported by the direct implication
of this protein in Wnt/ 3-catenin signaling [10,14,15], a pathway with great relevance in
hematopoiesis [2,3,8,20].

First, the downregulation of NRX has shown a concomitant decrease in (3-catenin
levels in the human hematopoietic cell line HEL. NRX reportedly has a dual role in the
regulation of this central effector of canonical Wnt signaling: on one hand, it sequesters DVL
and releases the destruction complex to target (3-catenin for degradation [10]. Conversely,
it is required for the displacement of KLHL12 from its interaction with DVL, which in turn
prevents the degradation of the latter and promotes canonical Wnt signaling [14]. The
results presented here would be consistent with the second scenario, given the correlation
between NRX expression and 3-catenin levels. Further studies will be required to assess
whether KLHL12 is operating in the hematopoietic system and its direct involvement in
cell differentiation. This would help to clarify the link between NRX and (3-catenin levels
and the redox control of Wnt signaling from a broader perspective.

Nucleoredoxin has been shown to be required for embryonic development of the
cardiovascular system [14]. It is worth noting that both the cardiovascular and hematopoi-
etic systems share a mesodermal origin [1], and therefore, it might be also needed for
the emergence and maintenance of hematopoietic progenitors. This hypothesis would
agree with the results described here, showing a pronounced decrease in both Lin™ and
LSK populations.

Regarding the surface markers of mature blood cells, a remarkable decrease in CD3*
was observed upon Nrx downregulation. This would be consistent with a decrease in
-catenin in murine progenitors, as found in HEL cells, since this protein is required for
the activation of transcription factor 7, T cell specific (Tcf7), a protein required for T cell
development [21]. Further studies using Nrx-downregulated thymocytes would help to
address this issue. Under this same premise, the augmented percentage of CD11b*Gr1~
cells would be expected, according to a report showing that ex vivo treatment of murine
LT-HSCs with the non-canonical ligand Wnt5a, a reported inhibitor of canonical Wnt
pathway, increases this surface immunophenotype [22].

On the contrary, our own reports have shown a positive effect of 3-catenin downregu-
lation on the percentage of LSKs in vivo [4], as well as on megakaryocytic differentiation
of murine progenitors ex vivo [8]. In line with this, Paluru et al. have reported that
Wnt signaling prevents both megakaryocytic and erythrocytic differentiation in vitro in
mouse embryonic stem cells [23]. Given the dose-dependent effects of Wnt signaling in
hematopoiesis [24], none of the hypotheses should be discarded.

As a thioredoxin family protein, the effects seen on overall cell differentiation might be
explained by an alteration of the redox status of hematopoietic progenitors. Indeed, under
the premise that Nrx could also present ROS scavenger functions within the cell, its down-
regulation might increase intracellular ROS levels. This, in turn, would reduce the most
primitive hematopoietic cells and induce a lineage bias towards myeloid differentiation,
which would agree well with previous work by Jang and Sharkis [18].

Allin all, the results shown here strongly support the involvement of Nrx in hematopoi-
etic differentiation. Given the reported role of this protein in the Wnt/ 3-catenin pathway
and its relevance for the whole process, we hypothesize that this effect might be medi-
ated by this signaling cascade. Importantly, our work supports the strong implication of
redox targets in signaling pathways controlling hematopoietic differentiation, and sheds
light on a particular protein which participates in the process. The molecular mechanism
underlying these phenomena warrants further investigation in the field of redox signaling.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/biochem1010003/s1, “Supplementary Figures” file contains gating strategies for Lin™ and
LSK cells (Figure S1); CD3", B220" and CD61* cells (Figure S2); and Ter-119*, CD11b*Grl1~ and
CD11b*Grl* cells (Figure S3).
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