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Abstract: Background: Low Birth Weight (LBW) (birth weight <2.5 Kg) newborns are associated
with a high risk of infection, morbidity and mortality during their perinatal period. Compromised in-
nate immune responses and inefficient hematopoietic differentiation in term LBW newborns led us to
evaluate the gene expression status of hematopoiesis.

Materials and Methods: In this study, we compared our microarray datasets of LBW-Normal Birth

Weight (NBW) newborns with two reference datasets to identify hematopoietic stem cells genes, and

ARTICLE HISTORY their differential expression in the LBW newborns, by hierarchical clustering algorithm using gplots

. : and RcolorBrewer package in R.
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Results: Comparative analysis revealed 108 differentially expressed hematopoiesis genes (DEHGs),
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of which 79 genes were up-regulated, and 29 genes were down-regulated in LBW newborns compared
DoI: to their NBW counterparts. Moreover, protein-protein interactions, functional annotation and pathway
[0.2174/1389202920666191203123023 analysis demonstrated that the up-regulated genes were mainly involved in cell proliferation and dif-
ferentiation, MAPK signaling and Rho GTPases signaling, and the down-regulated genes were en-
gaged in cell proliferation and regulation, immune system regulation, hematopoietic cell lineage and
JAK-STAT pathway. The binding of down-regulated genes (LYZ and GBP1) with growth factor GM-
CSF using docking and MD simulation techniques, indicated that GM-CSF has the potential to allevi-
ate the repressed hematopoiesis in the term LBW newborns.

Conclusion: Our study revealed that DEHGs belonged to erythroid and myeloid-specific lineages and
may serve as potential targets for improving hematopoiesis in term LBW newborns to help build up
their weak immune defense against life-threatening infections.

Keywords: LBW and NBW newborns, hematopoietic-associated genes, genomics, molecular docking, systems genomics ap-
proach, neutropenia.

1. INTRODUCTION
Low birth weight (LBW) newborns defined as a birth

high rate of infections in LBW newborns are not well under-
stood.

weight below 2.5 kg, suffer from a higher rate of morbidity
and mortality than normal birth weight (NBW) newborns [1-
3]. Highest numbers of LBW newborns are born in India
annually with nearly 7.5 million newborns being born with a
birth weight less than 2.5 kg of which 60% are born at term,
and 40% are born preterm [4]. Neonatal mortality rate for
premature and LBW newborns has steadily risen from 12.3
per 1,000 live births in 2000 to 14.3 by 2015 [5]. Pneumonia,
acute lower respiratory infections, hematological problem,
hypocalcemia and hypoglycemia, hypo and hyperthermia are
physiological problems associated with LBW newborns [6,
7]. LBW newborns have an increased tendency towards bac-
terial infection and mortality and need specialized medical
consideration. The underlying mechanisms that lead to a
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White blood cells like lymphocytes and granulocytes are
principal components of the immune system. Significantly
lesser numbers of circulating lymphocytes and granulocytes
in LBW newborns are one of the primary reasons for their
inefficient defense system making them highly susceptible to
life-threatening infections and high mortality rates [8]. It has
been reported that the platelet counts are less (thrombocyto-
penia) in very LBW newborns (<1000g birth weight). The
newborns with thrombocytopenia have increased risk of in-
traventricular hemorrhage, mortality and adverse neurode-
velopmental consequences [9, 10]. Low neutrophil counts
(<1000/pl) (neutropenia), is mostly seen in 6-8% of all neo-
nates admitted to NICUs (Neonatal Intensive Care Units)
[11]. Neutropenia causes decreased neutrophil production,
increased neutrophil destruction, copper deficiency, myelo-
dysplastic syndrome and vitamins’ deficiency. Lower levels
of IgG [12-14], impaired early IgA and IgM synthesis [14],
lower T and B lymphocyte percentage and lower innate cells
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are reported in LBW newborns as compared to NBW new-
borns [12, 15, 16]. Normocytic, normochromic anemia re-
ported in term and preterm infants [17]. Multiple reasons for
this increased severity of anemia have been described, in-
cluding physiologic responses to decreased oxygen con-
sumption, blood loss secondary to phlebotomy for laboratory
studies related to clinical management in the first few weeks
of life, a developmentally immature erythropoietic response
to anemia, decreased survival of RBCs in preterm infants,
and deficiencies of folate, vitamin B-12 or vitamin E [6]. As
immune cell numbers are reduced in LBW newborns, we
assumed that their hematopoiesis process might be deficient.

Earlier, we have studied global gene expression patterns
in LBW and NBW newborns using Affymetrix Human Ge-
nome U133 Plus 2.0 Array platform, to obtain an insight of
the impaired immunocompetence in the LBW newborns
(NCBI GEO-databases, accession number-GSE29807) [18].
Several studies have addressed the association of birth
weight and hematopoietic stem cell measurements in the
cord blood samples [19-22]. But the process of hematopoie-
sis in full-term newborns, specifically in LBW newborns has
not been adequately addressed till date and remains a poorly
covered area. Therefore, the present study is aimed at study-
ing the comparative gene expression analysis of hematopoie-
sis-associated genes to identify the defective checkpoints of
hematopoiesis in full-term LBW newborns. Our approach
involved using two ‘reference’ datasets extracted from Gene
Expression Omnibus (GEO) (GSE64888 and GSE107497)
on gene expression profiling of hematopoietic stem cells to
identify the hematopoietic stem cells genes and their differ-
ential expression in our LBW-NBW newborns ‘test’ dataset
(GSE29807). We compared LBW-NBW microarray dataset
with hematopoietic microarray datasets and then identified
differentially expressed hematopoiesis genes (DEHGs) be-
tween full-term LBW and NBW newborns dataset. Subse-
quently, using the identified DEHGs in the term LBW new-
borns we performed integrated protein-protein interaction,
functional enrichment analysis, biological pathways, and
molecular docking. We propose that differentially expressed
erythroid and myeloid-lineage specific genes identified
through this study may be employed as potential drug targets
for improving the compromised hematopoiesis in term LBW
newborns which could contribute towards a more strength-
ened immune defense against life-threatening infections. To
the best of our knowledge, this is the first report on the de-
fective expression of hematopoiesis genes in term LBW
newborns compared to NBW newborns.

2. MATERIALS AND METHODS
2.1. Comparative Analysis of Datasets

Two microarray datasets associated with gene expression
profiling of hematopoietic stem cells GSE64888 (reference
dataset I) [23] and GSE107497 (reference dataset II) [24]
were retrieved from the GEO database (https:/
www.ncbi.nlm.nih.gov/geo/) for comparative analysis of our
microarray dataset GSE29807 (test dataset) on differential
gene expression in term LBW-NBW newborns [18]. The
reference datasets were chosen primarily as they were related
to expression profiling of human hematopoietic stem/
progenitor cells and their early myeloid and erythroid proge-
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ny, using RNA samples derived from human cord blood
from healthy newborns same as that for the test dataset. As
our objective was to study the status of DEHGs in low birth
weight (LBW) newborns so, using gene expression infor-
mation from similar sample source (cord blood) was neces-
sary. The gene expression profiling of the datasets was per-
formed using Affymetrix Human Genome U133 Plus 2.0
Array [18, 23] or Affymetrix Human Transcriptome Array
2.0 [24]. A comparative analysis of the reference datasets
with the test dataset was done to identify DEHGs between
LBW and NBW newborns. The data pre-processing was
done by gene expression average method using BiGGEsTS
(Biclustering gene expression time series) tool [25]. Fur-
thermore, a hierarchical clustering algorithm [26] followed
by ‘gplots’ and ‘RcolorBrewer’ package in R was employed
to deduce the differential gene expression. DEHGs were
selected by two approaches, fold change >2 or false discov-
ery rate (FDR) value of 0.5. Principal Component Analysis
(PCA) was done by ClustVis tool [27]. The study selection
protocol for comparative analysis is presented as a flowchart

(Fig. 1).
2.2. Protein-Protein Interaction (PPI) Network

The PPI network was constructed with the DEHGs
mapped into STRING (Search Tool for the Retrieval of In-
teracting Genes/Proteins database version 10.0) [28]. The
active interaction sources were based on the seven parame-
ters including experiments, co-expression, gene fusion, co-
occurrence, databases, text mining, and neighbourhood. The
species for PPI analysis was set as a human with the interac-
tion score >0.4. Functional domain and motif pattern predic-
tion were performed by InterPro scan [29] and MO-
TIFSCAN tool [30].

2.3. Functional Characterization and Pathway Analysis

Functional annotation of DEHGs was performed using
DAVID v6.7 (https://david.nciferf.gov) and REVIGO tool
[31, 32]. DEHGs were analyzed using KEGG and Reactome
database to illustrate intermediary metabolism, regulatory
pathways and signal transduction [33, 34]. Selected GO
terms and pathways were mainly enriched with a cutoff crite-
ria of p-value < 0.05.

2.4. Protein-Protein Docking and MD Simulation to Iden-
tify Molecular Targets for Growth Factor

To identify whether some of the molecules under ex-
pressed in the LBW newborns group could serve as targets
for growth factors known to induce differentiation to mye-
loid/granulocyte lineage molecular interaction study between
the growth factor (GM-CSF) and human LYZ and GBPI
proteins were performed using ClusPro [35]. Further, the
docked complexes were analyzed via binding energy, hydro-
gen bonds and visualizing the PPI interface using PyMol
(v1.7.4) software [36]. After docking, MD simulation was
applied to gain insight into the impact of docked complexes.
The docked complex was subjected to simulation for a time
period of 18ns on GROMACS 4.6.7 version [37] through a
gromos53a6 force field [38]. The simulations were repeated
twice, and each time the result was found to be steady. To
avoid unwanted steric clashes in the system, we performed
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Fig. (1). A flowchart describing steps used in the comparative analysis of gene expression data from three microarray datasets. (4 higher reso-
lution / colour version of this figure is available in the electronic copy of the article).

energy minimization for 50,000 steps utilizing the steepest-
descent method, and Maxwell-Boltzmann distribution equiv-
alent to 300K calculated the initial velocities. The stability of
the trajectories was evaluated by the root-mean-square devia-
tion (RMSD) and root mean square fluctuation (RMSF). We
used the Xmgrace program to plot our data.

3. RESULTS
3.1. Segregation of Hematopoiesis Genes

To segregate the hematopoiesis associated genes present
in our test dataset, it was compared with two reference da-

tasets (GSE64888, and GSE107497) of hematopoietic stem
progenitor cell and their committed erythroid and myeloid
progeny [23, 24]. The comparison of our test dataset re-
vealed that there were overall 16,589 genes present in our
dataset, that are associated with hematopoiesis (D+E+G, Fig.
2A). Among them, 13,835 hematopoiesis genes were com-
mon to test dataset and reference dataset I only (E, Fig. 2A),
398 hematopoiesis genes were common to test dataset and
reference dataset Il only (D, Fig. 2A), whereas 2356 hema-
topoiesis genes of test dataset commonly present in both
reference datasets I and II (G, Fig. 2A). Owing to higher
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Fig. (2). (A) Venn diagram representing the overlapping genes between three microarray datasets. GSE29807 set denote term LBW-NBW
newborns ‘test dataset’, GSE64888set symbolizes ‘reference dataset I’ and GSE107497set is ‘reference dataset I1I’. (B) Expression profile of
108 DEHGs in LBW and NBW newborns. Hierarchical clustering heatmap showing the up-regulated (red) and down-regulated (green) genes
in term LBW newborns vs NBW newborns. Each column represents one sample and each row represents one differential mRNA. The scale
bar denotes expression value. (C) PCA shows two distinct clusters which correspond to NBW and LBW newborns samples. X-axis and Y-
axis denote PC1 and PC2 that explain 84.5% and 6.7% of the total variance, respectively. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).
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confidence associated with the set ‘G’ genes being hemato-
poiesis related, we, therefore, chose the group ‘G’ for further
analysis in this study. There were 2619 hematopoiesis genes
(B, Fig. 2A) present in reference dataset I alone, 2141 genes
(C, Fig. 2A) present in reference dataset Il alone and 53
genes (F, Fig. 2A) present only in the two reference datasets
but not in the test dataset. In addition, 4999 genes (A, Fig.
2A) of the test dataset were non-hematopoiesis genes. There-
fore, the genes in sets (A, B, C and F) were not relevant for
this study and hence not analyzed further.

3.2. Analysis of DEHGs

For further identification of DEHGs in LBW newborns,
we analyzed the 2356 hematopoiesis genes of set G, by per-
forming hierarchical cluster analysis using an unweighted
pair group method with arithmetic mean (UPGMA) method.
The result of hierarchical cluster analysis revealed that of
2356 genes, 108 hematopoiesis-associated genes were identi-
fied differentially expressed in LBW newborns as compared
to the NBW newborns taken as control. The heatmap gener-
ated for 108 DEHGs using R package, revealed that 29 genes
were down-regulated, and 79 genes were up-regulated in
LBW newborns group (Fig. 2B, Table 1; Supplementary
table S1 and S2). The PCA plot on individual samples of
LBW and NBW newborns on two principal components re-
veals significant variation between two newborns samples
(Fig. 20).

3.3. Protein-Protein Interaction (PPI) Network

All the 108 DEHGs were used to construct the PPI net-
work using the STRING database. After removing the dis-

Table 1.
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connected genes, 90 nodes with 79 edges selected on the
basis of high confidence and k means clustering were
mapped in the PPI network. The selected proteins included
AKIRIN1, KHDRBSI1, PDCD4, DDX17, HNRNPA3,
ACIN1, SNRNP200, PRPF40A, UHMK1, RBM8A, PPIG,
ALOXS, CXCR4, IL6, GNB1, CD34, CD200, CD52, CD84,
HBB, HBD, LYZ, ACTB, FCGR2A, WASF2, ARPCS,
ACTR2, TAGLN2, ENOI, MYCBP, EPB41, CADM3,
ARF1, ALDH4A1l, RTNI, ALDH6A1, ACBD3, RTN4,
EPRS, RAB10, EHBP1L1, SNAP23, YIPF4 and SYNCRIP
(Fig. 3). The analysis revealed that they were mainly in-
volved in Fc gamma R-mediated phagocytosis, regulation of
IL-2 secretion, immune system, RHO GTPase signaling, and
neutrophil-mediated immunity. We also performed domain
and motif analysis of these interacted proteins and found
they were majorly involved in RNA-binding domain super-
family (IPR035979), Reticulon (IPR003388), Haemoglobin,
beta type (IPR002337) and RNA recognition motif domain
(IPR000504) (Supplementary Fig. 1).

3.4. Functional Characterization of DEHGs Identifies
Cellular Regulation, Proliferation and Differentiation

Functional annotation of DEHGs for the biological pro-
cesses, cellular components, and molecular functions was
performed. The GO categories for up-regulated and down-
regulated genes were enriched (p-value < 0.05).

3.4.1. Biological Process: Down-regulated DEHG's

Main biological functions of down-regulated genes
were cell differentiation (GO:0030154), regulation of im-
mune system (G0:0002682), cell-cell adhesion (GO:

The list of 108 DEHGs (29 down-regulated genes and 79 up-regulated genes) in LBW newborns.

DEHGs

Gene Name

Down-regulated genes

Clorf56, RAB10, SNAP23, EPHAS, HBB, GBP1, YIPF4, PPAP2A,

IL9R, ATP7B, RTN1, CD34, JAZF1, HBD, HNMT, EPHAS, CHAC2,

LGALSS, CD200, CADM3, CD84, ALDH6A1, MR1, ALDH4A1,

GLI2, ATPIF1, Clorfl16, LYZ, MYCBP

Up-regulated genes

RABGAPIL, EPB41, HNRNPA3, PIGC, ACTR2, IRF2BP2, MALATI,

SOX4, ARPC5, EML4, ALKBHS, UHMK1, RSBN1, PRPF40A, EPRS,

CD52, PPIG, IL6R, RBM8A, USP16, UHMK1, ZNF281, ELOVLI,

ZNF205, ACIN1, NR4A2, KHDRBS1, NR4A2, PRPF40A, PDCD4,

TNRC6B, SLC35D1, NUCKS1, VCAN, SNRNP200, PLEKHB2,

SNX17, ZNF22, ENO1, MALATI, GPATCH2L, ALOX5, ACBD3,

ZFP36L2, AKIRINI, SYNCRIP, ARF1, CXCR4, PDE4B, LIMSI,

RTN4, ENSA, TAGLN2, PDCD4, NUCKS1, MALATI, CCDCS88A,

DDX17, ENO1, SRGAP2C, VCAN, UBXN4, ACTB, EHBPILI,

SYNCRIP, TAGLN2, MALATI1, GNBI1, FCGR2C, ACTR2, PTP4A2,

EMLA4, Clorf43, PKN2, CD52, SPEN, WASF2, CXCR4, ACTB
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Fig. (3). The protein-protein interaction network performed by STRING software. Nodes represent proteins and an edge represents an asso-
ciation between proteins. The thickest edge indicates the highest confidence in protein-protein association. (4 higher resolution / colour version

of this figure is available in the electronic copy of the article).

0098609), peptide cross-linking (GO:0018149), cellular
modified amino acid metabolic process (GO:0006575),
regulation of IL-2 secretion (GO:0032663), neuron cell
differentiation (GO:0048667), epidermal cell differentia-
tion (GO:0009913) and mammary gland development
(GO:0030879) (Fig. 4A).

3.4.2. Molecular Functions: Down-regulated DEHGs

The chief molecular functions associated with down-
regulated genes were oxygen transport activity (GO:
0005344), thiol-dependent ubiquitin-specific protease activi-
ty (GO:0004843), Ras GTPase binding (GO:0017016), Rho
GTPase binding (GO:0017048) and enzyme binding
(GO:0019899) (Fig. 4A).

3.4.3. Biological Process: Up-regulated DEHGs

The same way with biological functions of up-regulated
genes were mainly enriched in cell morphogenesis

(G0O:0000902), regulation of catalytic activity (GO:0043085),
regulation of gene expression (GO:0010608), cell prolifera-
tion (GO:0008284), neuron differentiation (GO:0048667),
ubiquitin-protein ligase activity during mitotic cell cycle
(GO:0051437), cell-cycle process (GO:0022402) and macro-
molecule catabolic process (GO:0009057) (Fig. 4B).

3.4.4. Molecular Functions: Down-regulated DEHGs

Immunoglobin binding (GO:0019865), transcription fac-
tor activity (GO:0003700), enzyme inhibitor activity
(GO:0004857) and GTPase activator activity (GO:0005096)
mainly participated in molecular function of up-regulated
genes (Fig. 4B).

4. PATHWAY ANALYSIS

Based on KEGG and REACTOME pathway analysis
performed for the DEHGs data, the down-regulated genes
were mainly involved in megakaryocyte development and



Identification of Differentially Expressed Hematopoiesis-associated Genes Current Genomics, 2019, Vol. 20, No. 7 475

mammary gland development

epidermal cell differentiation

involved in neuron cell differentiation
regulation of IL-2 secretion

cellular modified amino acid metabolic process
peptide cross-linking

cell-cell adhesion

regulation of immune system

cell differentiation

0.00 0.01 0.02 0.03 0.04 0.05
Pvalue

Biological function of down-regulated genes

Enzyme binding

Rho GTPase binding

Ras GTPase binding

Thiol-dependent ubiquitin-specific protease activity

Oxygen transport activity

P-value

Molecular function of down-regulated genes

GV

macromolecule catabolic process

cell-cycle process

ubiquitin-protein ligase activity during mitotic cell cycle
neuron differentiation

cell proliferation

regulation of gene expression

regulation of catalytic activity

cell morphogenesis

L} L} L} 1
000 001 002 003 004 0.5
P-value

Biological function of up-regulated genes

GTPase activator activity
enzyme inhibitor activity +
transcription factor activity

Immunoglobin binding

T
0.0 0.1 0.2 0.3 04
P-value

Molecular function of up-regulated genes
(B)

Fig. (4). (A) Functional enrichment analysis. Most significant biological processes and molecular functions of down-regulated genes. (B)
Biological and Molecular function of up-regulated genes. (4 higher resolution / colour version of this figure is available in the electronic copy of
the article).
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platelet production, interferon gamma signaling, cell adhe-
sion molecules, JAK-STAT signaling, Wnt signaling, Hedge-
hog signaling hematopoietic cell lineages and PTEN regula-
tion (Fig. 5A).

The up-regulated genes mainly participated in Fc gamma
R-mediated phagocytosis, MAPK family signaling cascades,
Interleukin-12 signaling, Jak-STAT signaling after IL-12 stim-
ulation, RHO GTPase signaling, and SLIT-ROBO signaling
and deubiquitination (Fig. 5B) (Supplementary Table 3).

5. PROTEIN-PROTEIN DOCKING

Protein-protein docking studies were planned with the ob-
jective of identifying molecular targets that could be employed
therapeutically for rescuing the impact of under expressed hem-
atopoiesis genes in the LBW newborns group. For these two
molecules from the under expressed list of DEHGs, human
LYZ and GBP1 proteins were selected based on their important
role in immune system. Briefly, LYZ is associated with innate
immunity (monocyte-macrophage system) which forms the first
line of defense against microbial infection. It is an antimicrobial
agent that breaks down the carbohydrates in bacterial cell walls
[39]. Similarly, GBP1 exhibits antiviral activity and endorse
oxidative killing and delivers antimicrobial peptides to autoph-
agolysosomes, providing broad host protection against different
pathogen classes. Guanine-nucleotide-binding protein involved
in signaling pathways, such as Interferon gamma signaling,
cytokine signaling and innate immune system [40]. Cytokine
growth factor GM-CSF was chosen as a docking ligand as it is
known to have growth-promoting activities on hematopoietic
cell lineages. It induces differentiation of monocytes, macro-
phages, and granulocytes [41]. Molecular interaction study per-
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formed between the growth factor (GM-CSF) and human LYZ
and GBP1 proteins using STRING database revealed that both
the molecules were showing interaction with CSF2 (GM-CSF)
based on functional annotation and immune system pathway
(Supplementary Fig. 2).

5.1. Protein-protein Docking Studies of GM-CSF and
LYZ

Three-dimensional structure of LYZ protein (PDB id: -
410C) was docked with GM-CSF (PDB id: -1CSG) by the
help of FFT-based protein-protein docking using ClusPro
server that is based on rigid-body docking (produce billions
of conformation), root-mean-square deviation (RMSD) and
refinement of selected structures using energy minimization.
It provided two types of docking energies: the lowest energy
among the conformations within a cluster of conformations,
and the center energy of a cluster of conformations [35]. E-
value was taken into consideration to represent protein-
protein complex into the lowest energy state.

E = 0.40Erep + —0.40Eattr + 600Eelec + 1.00EDARS.

Eattr and Erep denote the attractive and repulsive contri-
butions to the van der Waals interaction energy, Eelec and
EDARS denote electrostatic energy and decoys as the refer-
ence state. An E-value score of the docked complex (LYZ:
GM-CSF) was -826.5. Nine hydrogen bonds involved in this
interaction are. ARG™-ASP¥, "ARG’-GLN™, ARG®-
VAL'", ARG®- ILE'7, ARG®-TYR®, ARG”-GLN",
ASN'-GLN'"" ARG'-GLU?! and LYS"*-ASN'". Interact-
ing interface residues are essential for recognition and bind-
ing to other proteins. This small subset of essential residues

Hedgehog signaling

Hematopoietic cell lineage

Whnt signaling

A JAK-STAT signaling +:
Interferon signaling

PTEN regulation

RHO GTPases Activate WASPs and WAVEs +:
JAK-STAT signaling after 1L-12 stimulation 4
B . .
FCGR mediated phagocytosis
IL-12 signaling

MAPK signaling -z

p-value

Fig. (5). Pathway enrichment analysis represents the top most significant pathways. (A) Down-regulated pathways. (B) Up-regulated path-
ways. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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is referred to as “hotspots”. Prediction of hotspots of dock
complex identified GLU®, ASP¥, ASP> and ASP'” resi-
dues as interface residues of LYZ protein and GLU*', ASP'"?
and GLU'” as interface residues of GM-CSF protein (Fig.
6A). Hence, docking results suggested that GM-CSF bound
strongly with LYZ receptor.

5.2. Protein-protein Docking Studies of GM-CSF and
GBP1

We also performed protein-protein docking for GBP1
protein and GM-CSF. Five hydro%en bonds were involved in
this interaction, such as GLN*-CYS'"! LYS**°-GLUY,
ARG®-GLY?®, SER’-GLN**’ and ARG**-ASP™**, Hotspots
prediction of dock complex found GLU**, GLU>, GLU™,
ASP>* and GLU* residues present as interface residues of
GBP1 protein and GLU', GLU*', ASP*, ASP'*and GLU'*
residues as interface residues of GM-CSF protein (Fig. 6B).
The lowest energy score of the most stable docked complex
was -817.5. Thus, the data suggested that GM-CSF and
GBP1 bound strongly with each other on the conserved do-
main.

6. TRAJECTORY ANALYSIS

Following the docking studies, the complex was further
analyzed using MD simulation approach for more accuracy.
RMSD value-based analyses of equilibration of MD trajecto-
ries and measurement of the backbone atoms of the complex
system provide insights into the conformational stability.
During the simulation, the LYZ: GM-CSF complex system
reached a stable state after the initial fluctuation, there was a
slight increase in the RMSD value to 0.57 nm and then down
to 0.42 nm and finally reached 0.41 nm at 18 ns. After that,
there were not many deviations in the RMSD value of
GBP1: GM-CSF complex and it shows 0.37 nm at 18 ns.
Hence, the RMSD value of both the docked complex was
observed 0.4 nm and 0.3 nm at 18 ns (Fig. 7A).

The RMSF per residue was calculated to determine high-
er flexibility in the complex system. High RMSF value indi-
cates more flexibility, while low RMSF value indicates lim-
ited movements. The high RMSF value in GBP1: GM-CSF
complex was more than 0.6nm and in case of LYZ: GM-
CSF, higher fluctuation of residues was 0.4nm (Fig. 7B).
The analysis, when applied to the complex system, suggested
that the following simulation docked complexes were re-
laxed and reached an equilibrium state.

7. DISCUSSION

In this study, the microarray datasets of the LBW-NBW
newborns were compared with hematopoiesis-associated
datasets to identify the DEHGs. Comparative microarray
analysis revealed that 108 hematopoietic-associated genes
were dysregulated in LBW newborns compared to NBW
newborns. Of 108 differential genes, 79 genes were up-
regulated, and 29 genes were down-regulated in LBW new-
borns compared to NBW newborns. Our results that hemato-
poiesis-associated genes are dysregulated in the LBW new-
borns suggests that this dysregulation could have the poten-
tial to contribute to their impaired hematopoietic status, es-
pecially pertaining to low WBCs counts and therefore need
to be evaluated through in-vitro/ in-vivo lab studies.
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To understand the signaling and interactive network in-
depth, we analyzed the functional characterization of
DEHGs which suggested that the down-regulated genes were
mainly involved in cell differentiation, immune system regu-
lation and cell-cell adhesion. The up-regulated genes were
functionally enriched in cell morphogenesis, cell prolifera-
tion and differentiation.

The pathway enrichment analysis of down-regulated
genes was majorly enriched in Hedgehog signaling, Wnt
signaling, JAK-STAT signaling, interferon gamma signaling
and hematopoietic cell lineage. Several studies suggest that
the Hedgehog signaling pathway regulates hematopoietic
stem cells’ function [42]. Suppression of the signaling path-
way has resulted in inhibition of hematopoietic stem cells
proliferation [43]. Wnt family of signaling proteins are capa-
ble of controlling multiple stages of embryonic hematopoiet-
ic stem cell development [44]. Additionally, the JAK/STAT
pathway is known to be involved in multiple effector mech-
anisms like the stimulation of cell proliferation, differentia-
tion, migration, and apoptosis. These cellular events have a
significant role in hematopoiesis and immune development
[45, 46]. Therefore, down-regulation of the above pathways
in LBW newborns could impact hematopoiesis.

The up-regulated genes were involved in a MAPK signal-
ing pathway which plays a critical role in controlling the
balance between cell expansion, cell survival and differentia-
tion of hematopoietic stem cells [47]. Fc gamma R-mediated
phagocytosis pathway is involved in the host-defense mech-
anism through the uptake, degranulation, antigen presenta-
tion, and destruction of infectious pathogens [48]. The path-
way enrichment analysis also revealed Rho GTPases signal-
ing, SLIT-ROBO signaling, JAK-STAT signaling, and IL-12
signaling. All of these are essential pathways involved in
immune response, growth, and development. The study re-
sults, therefore, indicate the requirement of optimum activa-
tion of these pathways for normal hematopoiesis.

Protein-protein interaction study indicates that a regulato-
ry relationship exists between up-regulated and down-
regulated genes and that many of DEHGs are functionally
related to each other in driving various pathways like Fec
gamma R-mediated phagocytosis, cytokine signaling path-
way, immune system, RHO GTPase signaling, and neutrophil
degranulation.

Of the most significantly down-regulated genes in LBW
newborns, such as LYZ, MYCBP, ATPIF1, GLI2, and
GBP1, LYZ is a precursor of lysozyme C involved in bacte-
riolytic function that catalyzes the hydrolysis of (1->4)-beta-
linkages between N-acetylmuramic acid and N-acetyl-D-
glucosamine residues in peptidoglycan [39, 49]. It is also
associated with the immune system as it enhances the activi-
ty of the monocyte-macrophage immune cells [49]. Accord-
ing to Ye et al. (2003), myeloid-specific lysozyme gene re-
tains long-term, multilineage repopulation potential in hema-
topoietic stem cells, thus ruling out the possibility that ex-
pression of a lineage-affiliated marker gene necessarily
commits them towards differentiation [S0]. It also acts as an
antimicrobial agent which breaks down the carbohydrates in
bacterial cell walls killing the bacteria. It has been reported
that runx1, c/ebpl and pul transcription factor plays an es-
sential role in myelopoiesis and these potential transcription-
al regulatory elements bind to the LYZ promoter in zebrafish
myelopoiesis [51].
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Fig. (6). (A) Structural model of the LYZ: GM-CSF complex. LYZ is in red, and GM-CSF is in green colour. Interacting amino acid residues
at the binding interface are marked in red and green. (B) GBP1: GM-CSF complex visualized by PyMOL software. GBP1 is in blue, and GM-
CSF is in green. Interacting amino acid residues at the binding interface are marked in blue and green. (4 higher resolution / colour version of

this figure is available in the electronic copy of the article).

Further, GBP1, a Guanine-nucleotide-binding protein,
exhibits antiviral activity against influenza virus and also
endorse oxidative killing and deliver antimicrobial peptides
to autophagolysosomes, providing broad host protection
against different pathogen classes. Guanine-nucleotide-
binding protein is involved in signaling pathways, such as
Interferon gamma signaling and other immune system sig-
naling pathways. IFN-gamma has either a stimulating or
inhibitory effect on hematopoietic specific lineages. It does
not affect cell-cycle entry, differentiation, or apoptosis of
hematopoietic stem cells but decreases the number of self-
renewing cell divisions [52]. IFN- induced GBP1 acts as a

marker and intracellular regulator of the inhibition of pro-
liferation, migration, and invasion of endothelial cells in-
duced by several pro-inflammatory cytokines. Besides,
GBP1 is actively secreted by endothelial cells and pro-
motes oxidative killing and delivers antimicrobial peptides
to autophagolysosomes [40]. Further studies suggested that
GBPI1 may serve as a target for mesenchymal stem cells
homing [53] but the role in hematopoietic stem cells has
not been mentioned yet.

MYCBP gene encoded a binding protein which binds to
oncogenic protein c-Myc at N-terminus and activates the
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Fig. (7). Structural analysis of the MD simulation results. (A) Backbone RMSD of the docked complex. LYZ: GM-CSF is in green and
GBP1: GM-CSF is in red colour. (B) The RMSF analysis of LYZ: GM-CSF and GBP1: GM-CSF complex. (4 higher resolution / colour ver-

sion of this figure is available in the electronic copy of the article).

E-box-dependent transcription [54]. c-Myc regulates prolif-
eration and differentiation in hematopoietic stem cells [55].
ATPIF1 gene reported as a regulator of energy metabolism
and cell survival [56]. It is an inhibitor of ATP synthase and
has an emerging context in metabolic reprogramming in can-
cer [57]. GLI2 acts as a transcriptional activator to provoke
Hedgehog signaling in mice [58]. However, none of them
has a role that is issued in hematopoietic stem cells.

We performed molecular docking of down-regulated
genes encoded protein (LYZ and GBP1) with GM-CSF, a
growth factor known to induce monocyte, macrophages and
granulocytes cells. Docking suggested that the interaction
surface of LYZ: GM-CSF complex and GBP1: GM-CSF
complex was bound tightly and precisely. MD simulation
analysis of the docked complex (LYZ: GM-CSF and GBP1:
GM-CSF) suggested that the complex-system reached an
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equilibrium state thus providing validation of docking re-
sults. Molecular docking and MD simulation results suggest-
ed that growth factor GM-CSF could stimulate the expres-
sion of LYZ and GBP1 proteins in impaired hematopoiesis
of LBW newborns. Ongoing genetic and proteomic benchtop
experiments in the lab would help further validate and evalu-
ate these findings.

CONCLUSION

Having a compromised innate immune system, the mor-
tality and morbidity rates in LBW newborns are higher than
that in NBW newborns. Based on the results of this in-silico
study an in-depth investigation of the impact of DEHGs on
hematopoiesis status in LBW newborns has been initiated in
the lab using cord blood-derived hematopoietic stem cells.
We hope that the functional investigations and pathway
analysis of the identified DEHGs would provide valuable
information on the underlying mechanisms of increased sus-
ceptibility to infection in the term LBW newborns. Besides,
therapeutic interventions targeting these dysregulated genes
may be developed that can help rescue the repressed hema-
topoiesis in the term LBW newborns resulting in improved
immune efficiency.

ETHICS APPROVAL AND CONSENT TO PARTICI-
PATE

Not applicable.

HUMAN AND ANIMAL RIGHTS

No Animals/Humans were used for studies that are the
basis of this research.

CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS

The following link has been created to allow review of
record GSE29807, https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE29807.

FUNDING

SS acknowledge the award of an INSPIRE fellowship (IF
150234) by Department of Science and Technology, Govt. of
India.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

We are thankful to Dr. Vikas Vikram Singh, Department
of Surgery, University of Michigan, USA for critical reading
of the manuscript.

SUPPLEMENTARY MATERIAL

Supplementary material is available on the publisher’s
website along with the published article.

Singh et al.

REFERENCES

[1] Acheson, E.D. Hospital morbidity in early life in relation to certain
maternal and foetal characteristics and events at delivery. Br. J.
Prev. Soc. Med., 1965, 19(4), 164-173.
[http://dx.doi.org/10.1136/jech.19.4.164] [PMID: 5891786]

[2] Ashworth, A. Effects of intrauterine growth retardation on mortali-
ty and morbidity in infants and young children. Eur. J. Clin. Nutr.,
1998, 52(Suppl. 1), S34-S41.

[PMID: 9511018]

[3] Valero De Bernabé, J.; Soriano, T.; Albaladejo, R.; Juarranz, M.;
Calle, M.E.; Martinez, D.; Dominguez-Rojas, V. Risk factors for
low birth weight: a review. Eur. J. Obstet. Gynecol. Reprod. Biol.,
2004, 716(1), 3-15.
[http://dx.doi.org/10.1016/j.ejogrb.2004.03.007]
15294360]

[4] Sankar, M.J.; Neogi, S.B.; Sharma, J.; Chauhan, M.; Srivastava, R.;
Prabhakar, P.K.; Khera, A.; Kumar, R.; Zodpey, S.; Paul, V.K. Sta-
te of newborn health in India. J. Perinatol., 2016, 36(s3), S3-S8.
[http://dx.doi.org/10.1038/jp.2016.183] [PMID: 27924104]

[5] Changes in cause-specific neonatal and 1-59-month child mortality
in India from 2000 to 2015: a nationally representative survey.
Lancet, 2017, 390(10106), 1972-1980.

[PMID:

[http://dx.doi.org/10.1016/S0140-6736(17)32162-1] [PMID:
28939096]

[6] Siva, S.K.N. Extremely low birth weight infant. Pediatrics: cardiac
disease and critical care medicine., 2014,

http://emedicine.medscape.com/article/979717-overview.

[7] McCall, E.M.; Alderdice, F.A.; Halliday, H.L.; Jenkins, J.G;
Vohra, S. Interventions to prevent hypothermia at birth in preterm
and/or low birthweight infants. Cochrane Database Syst. Rev.,
2008, (1), CD004210.
[http://dx.doi.org/10.1002/14651858.CD004210.pub3]
18254039]

[8] Witek-Janusek, L.; Shareef, M.J.; Mathews, H.L. Reduced lym-
phocyte-mediated antifungal capacity in high-risk infants. J. Infect.
Dis., 2002, 186(1), 129-133.

[http://dx.doi.org/10.1086/341293] [PMID: 12089675]

[PMID:

[9] Roberts, I.; Murray, N.A. Neonatal thrombocytopenia: causes and
management. Arch. Dis. Child. Fetal Neonatal Ed., 2003, 88(5),
F359-F364.

[http://dx.doi.org/10.1136/fn.88.5.F359] [PMID: 12937037]

[10] Christensen, R.D.; Henry, E.; Wiedmeier, S.E.; Stoddard, R.A.;
Sola-Visner, M.C.; Lambert, D.K.; Kiehn, T.I.; Ainsworth, S.
Thrombocytopenia among extremely low birth weight neonates:
data from a multihospital healthcare system. J. Perinatol., 2006,
26(6), 348-353.

[http://dx.doi.org/10.1038/sj.jp.7211509] [PMID: 16642027]

[11] Maheshwari, A. Neutropenia in the newborn. Curr. Opin. He-

matol., 2014, 21(1), 43-49.

[http://dx.doi.org/10.1097/MOH.0000000000000010] [PMID:
24322487]
[12] Chandra, R.K. Fetal malnutrition and postnatal immunocompe-

tence. Am. J. Dis. Child., 1975, 129(4), 450-454.
[PMID: 165712]

[13] Singh, M.; Manerikar, S.; Malaviya, A.N.; Premawathi, ; Gopalan,
R.; Kumar, R. Immune status of low birth weight babies. Indian
Pediatr., 1978, 15(7), 563-567.

[PMID: 569131]

[14] Saha, K.; Kaur, P.; Srivastava, G.; Chaudhury, D.S. A six-months’
follow-up study of growth, morbidity and functional immunity in
low birth weight neonates with special reference to intrauterine
growth retardation in small-for-gestational-age infants. J. Trop. Pe-
diatr., 1983, 29(5), 278-282.
[http://dx.doi.org/10.1093/tropej/29.5.278] [PMID: 6685774]

[15] Ferguson, A.C. Prolonged impairment of cellular immunity in
children with intrauterine growth retardation. J. Pediatr., 1978,
93(1), 52-56.
[http://dx.doi.org/10.1016/S0022-3476(78)80599-X]
77323]

[16] Chatrath, R.; Saili, A.; Jain, M.; Dutta, A.K. Immune status of full-
term small-for-gestational age neonates in India. J. Trop. Pediatr.,
1997, 43(6), 345-348.

[http://dx.doi.org/10.1093/trope;j/43.6.345] [PMID: 9476456]

[17] Walter, A.W. Perinatal Anemia. MSD MANUAL Professional

Version, 2017. http://www.msdmanuals.com/en-nz/professional/

[PMID:



Identification of Differentially Expressed Hematopoiesis-associated Genes

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

pediatrics/perinatal-hematologic-disorders/perinatal-anemial9 Sept
2017.

Singh, V.V.; Chauhan, S.K.; Rai, R.; Kumar, A.; Singh, S.M.; Rai,
G. Decreased pattern recognition receptor signaling, interferon-
signature, and bactericidal/permeability-increasing protein gene
expression in cord blood of term low birth weight human
newborns. PLoS One, 2013, 8(4), €62845.
[http://dx.doi.org/10.1371/journal.pone.0062845]
23626859]

Strohsnitter, W.C.; Savarese, T.M.; Low, H.P.; Chelmow, D.P.;
Lagiou, P.; Lambe, M.; Edmiston, K.; Liu, Q.; Baik, I.; Noller,
K.L.; Adami, H.O.; Trichopoulos, D.; Hsieh, C.C. Correlation of
umbilical cord blood haematopoietic stem and progenitor cell le-
vels with birth weight: implications for a prenatal influence on
cancer risk. Br. J. Cancer, 2008, 98(3), 660-663.
[http://dx.doi.org/10.1038/sj.bjc.6604183] [PMID: 18256588]
Kotowski, M.; Safranow, K.; Kawa, M.P.; Lewandowska, J.; Klos,
P.; Dziedziejko, V.; Paczkowska, E.; Czajka, R.; Celewicz, Z.;
Rudnicki, J.; Machalinski, B. Circulating hematopoietic stem cell
count is a valuable predictor of prematurity complications in pre-
term newborns. BMC Pediatr., 2012, 12, 148.
[http://dx.doi.org/10.1186/1471-2431-12-148] [PMID: 22985188]
Wisgrill, L.; Schiiller, S.; Bammer, M.; Berger, A.; Pollak, A.;
Radke, T.F.; Kogler, G.; Spittler, A.; Helmer, H.; Husslein, P.;
Gortner, L. Hematopoietic stem cells in neonates: any differences
between very preterm and term neonates? PLoS One, 2014, 9(9),
el06717.
[http://dx.doi.org/10.1371/journal.pone.0106717]
25181353]

Podesta, M.; Bruschettini, M.; Cossu, C.; Sabatini, F.; Dagnino,
M.; Romantsik, O.; Spaggiari, G.M.; Ramenghi, L.A.; Frassoni, F.
Preterm cord blood contains a higher proportion of immature he-
matopoietic progenitors compared to term samples. PLoS One,
2015, 10(9), e0138680.
[http://dx.doi.org/10.1371/journal.pone.0138680]
26417990]

Romano, O.; Peano, C.; Tagliazucchi, G.M.; Petiti, L.; Poletti, V.;
Cocchiarella, F.; Rizzi, E.; Severgnini, M.; Cavazza, A.; Rossi, C.;
Pagliaro, P.; Ambrosi, A.; Ferrari, G.; Bicciato, S.; De Bellis, G.;
Mavilio, F.; Miccio, A. Transcriptional, epigenetic and retroviral
signatures identify regulatory regions involved in hematopoietic li-
neage commitment. Sci. Rep., 2016, 6, 24724.
[http://dx.doi.org/10.1038/srep24724] [PMID: 27095295]
Dircio-Maldonado, R.; Flores-Guzman, P.; Corral-Navarro, J.;
Mondragén-Garcia, 1.; Hidalgo-Miranda, A.; Beltran-Anaya, F.O.;
Cedro-Tanda, A.; Arriaga-Pizano, L.; Balvanera-Ortiz, O.; Mayani,
H. Functional integrity and gene expression profiles of human cord
blood-derived hematopoietic stem and progenitor cells generated in
vitro. Stem Cells Transl. Med., 2018, 7(8), 602-614.
[http://dx.doi.org/10.1002/sctm.18-0013] [PMID: 29701016]
Gongalves, J.P.; Madeira, S.C.; Oliveira, A.L. BiGGESsTS: in-
tegrated environment for biclustering analysis of time series gene
expression data. BMC Res. Notes, 2009, 2, 124.
[http://dx.doi.org/10.1186/1756-0500-2-124] [PMID: 19583847]
Seo, J.; Gordish-Dressman, H.; Hoffman, E.P. An interactive
power analysis tool for microarray hypothesis testing and generati-
on. Bioinformatics, 2006, 22(7), 808-814.
[http://dx.doi.org/10.1093/bioinformatics/btk052]
16418236]

Metsalu, T.; Vilo, J. ClustVis: a web tool for visualizing clustering
of multivariate data using Principal Component Analysis and heat-
map. Nucleic Acids Res., 2015, 43(W1), W566-W570.
[http://dx.doi.org/10.1093/nar/gkv468] [PMID: 25969447]
Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller,
D.; Huerta-Cepas, J.; Simonovic, M.; Roth, A.; Santos, A.; Tsafou,
K.P.; Kuhn, M.; Bork, P.; Jensen, L.J.; von Mering, C. STRING
v10: protein-protein interaction networks, integrated over the tree
of life. Nucleic Acids Res., 2015, 43(Database issue), D447-D452.
[http://dx.doi.org/10.1093/nar/gkul003] [PMID: 25352553]

Jones, P.; Binns, D.; Chang, H.Y.; Fraser, M.; Li, W.; McAnulla,
C.; McWilliam, H.; Maslen, J.; Mitchell, A.; Nuka, G.; Pesseat, S.;
Quinn, A.F.; Sangrador-Vegas, A.; Scheremetjew, M.; Yong, S.Y;
Lopez, R.; Hunter, S. InterProScan 5: genome-scale protein func-
tion classification. Bioinformatics, 2014, 30(9), 1236-1240.
[http://dx.doi.org/10.1093/bioinformatics/btu031]
24451626]

[PMID:

[PMID:

[PMID:

[PMID:

[PMID:

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Current Genomics, 2019, Vol. 20, No. 7 481

Pagni, M.; Ioannidis, V.; Cerutti, L.; Zahn-Zabal, M.; Jongeneel,
C.V.; Hau, J.; Martin, O.; Kuznetsov, D.; Falquet, L. MyHits: im-
provements to an interactive resource for analyzing protein se-
quences. Nucleic Acids Res., 2007, 35, W433-W437.
[http://dx.doi.org/10.1093/nar/gkm352] [PMID: 17545200]

Huang, D.W.; Sherman, B.T.; Tan, Q.; Collins, J.R.; Alvord, W.G.;
Roayaei, J.; Stephens, R.; Baseler, M.W.; Lane, H.C.; Lempicki,
R.A. The DAVID Gene Functional Classification Tool: a novel bi-
ological module-centric algorithm to functionally analyze large ge-
ne lists. Genome Biol., 2007, 8(9), R183.
[http://dx.doi.org/10.1186/gb-2007-8-9-r183] [PMID: 17784955]
Supek, F.; Bosnjak, M.; Skunca, N.; Smuc, T. REVIGO summari-
zes and visualizes long lists of gene ontology terms. PLoS One,
2011, 6(7), €21800.
[http://dx.doi.org/10.1371/journal.pone.0021800]
21789182]

Kanehisa, M.; Goto, S.; Sato, Y.; Furumichi, M.; Tanabe, M.
KEGG for integration and interpretation of large-scale molecular
data sets. Nucleic Acids Res., 2012, 40(Database issue), D109-
D114.

[http://dx.doi.org/10.1093/nar/gkr988] [PMID: 22080510]

Croft, D.; O’Kelly, G.; Wu, G.; Haw, R.; Gillespie, M.; Matthews,
L.; Caudy, M.; Garapati, P.; Gopinath, G.; Jassal, B.; Jupe, S.; Ka-
latskaya, 1.; Mahajan, S.; May, B.; Ndegwa, N.; Schmidt, E.; Sha-
movsky, V.; Yung, C.; Birney, E.; Hermjakob, H.; D’Eustachio, P.;
Stein, L. Reactome: a database of reactions, pathways and biologi-
cal processes. Nucleic Acids Res., 2011, 39(Database issue), D691-
D697.

[http://dx.doi.org/10.1093/nar/gkq1018] [PMID: 21067998]
Kozakov, D.; Hall, D.R.; Xia, B.; Porter, K.A.; Padhorny, D.;
Yueh, C.; Beglov, D.; Vajda, S. The ClusPro web server for pro-
tein-protein docking. Nat. Protoc., 2017, 12(2), 255-278.
[http://dx.doi.org/10.1038/nprot.2016.169] [PMID: 28079879]
Mura, C.; McCrimmon, C.M.; Vertrees, J.; Sawaya, M.R. An int-
roduction to biomolecular graphics. PLOS Comput. Biol., 2010,
6(8), €1000918.
[http://dx.doi.org/10.1371/journal.pcbi.1000918]
20865174]

Abraham, M.J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J.C.; Hess,
B.; Lindahl, E. GROMACS: High performance molecular simulati-
ons through multi-level parallelism from laptops to supercompu-
ters. SoftwareX, 2015, 1-2, 19-25.
[http://dx.doi.org/10.1016/j.s0ftx.2015.06.001]

Oostenbrink, C.; Villa, A.; Mark, A.E.; van Gunsteren, W.F. A
biomolecular force field based on the free enthalpy of hydration
and solvation: the GROMOS force-field parameter sets 53A5 and
53A6. J. Comput. Chem., 2004, 25(13), 1656-1676.
[http://dx.doi.org/10.1002/jcc.20090] [PMID: 15264259]

Brott, A.S.; Clarke, A.J. Peptidoglycan O-Acetylation as a Viru-
lence Factor: Its effect on lysozyme in the innate immune system.
Antibiotics (Basel), 2019, 8(3), E94.
[http://dx.doi.org/10.3390/antibiotics8030094] [PMID: 31323733]
Nordmann, A.; Wixler, L.; Boergeling, Y.; Wixler, V.; Ludwig, S.
A new splice variant of the human guanylate-binding protein 3 me-
diates anti-influenza activity through inhibition of viral transcripti-
on and replication. FASEB J., 2012, 26(3), 1290-1300.
[http://dx.doi.org/10.1096/1j.11-189886] [PMID: 22106366]
Ushach, I.; Zlotnik, A. Biological role of granulocyte macrophage
colony-stimulating factor (GM-CSF) and macrophage colony-
stimulating factor (M-CSF) on cells of the myeloid lineage. J. Leu-
koc. Biol., 2016, 100(3), 481-489.
[http://dx.doi.org/10.1189/j1b.3RU0316-144R] [PMID: 27354413]
Gao, J.; Graves, S.; Koch, U.; Liu, S.; Jankovic, V.; Buonamici, S.;
El Andaloussi, A.; Nimer, S.D.; Kee, B.L.; Taichman, R.; Radtke,
F.; Aifantis, I. Hedgehog signaling is dispensable for adult hemato-
poietic stem cell function. Cell Stem Cell, 2009, 4(6), 548-558.
[http://dx.doi.org/10.1016/j.stem.2009.03.015] [PMID: 19497283]
Lim, Y.; Matsui, W. Hedgehog signaling in hematopoiesis. Crit.
Rev. Eukaryot. Gene Expr., 2010, 20(2), 129-139.
[http://dx.doi.org/10.1615/CritRevEukarGeneExpr.v20.i2.30]
[PMID: 21133842]

Richter, J.; Traver, D.; Willert, K. The role of Wnt signaling in
hematopoietic stem cell development. Crit. Rev. Biochem. Mol. Bi-
ol., 2017, 52(4), 414-424.
[http://dx.doi.org/10.1080/10409238.2017.1325828]
28508727]

[PMID:

[PMID:

[PMID:



482

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

Current Genomics, 2019, Vol. 20, No. 7

Rawlings, J.S.; Rosler, K.M.; Harrison, D.A. The JAK/STAT sig-
naling pathway. J. Cell Sci., 2004, 117(Pt 8), 1281-1283.
[http://dx.doi.org/10.1242/jcs.00963] [PMID: 15020666]
Miyamoto, T.; Iwasaki, H.; Reizis, B.; Ye, M.; Graf, T.; Weissman,
I.L.; Akashi, K. Myeloid or lymphoid promiscuity as a critical step
in hematopoietic lineage commitment. Dev. Cell, 2002, 3(1), 137-
147.
[http://dx.doi.org/10.1016/S1534-5807(02)00201-0]
12110174]

Geest, C.R.; Coffer, P.J. MAPK signaling pathways in the regulati-
on of hematopoiesis. J. Leukoc. Biol., 2009, 86(2), 237-250.
[http://dx.doi.org/10.1189/j1b.0209097] [PMID: 19498045]
Guilliams, M.; Ginhoux, F.; Jakubzick, C.; Naik, S.H.; Onai, N.;
Schraml, B.U.; Segura, E.; Tussiwand, R.; Yona, S. Dendritic cells,
monocytes and macrophages: a unified nomenclature based on on-
togeny. Nat. Rev. Immunol., 2014, 14(8), 571-578.
[http://dx.doi.org/10.1038/nri3712] [PMID: 25033907]

Peters, C.W.; Kruse, U.; Pollwein, R.; Grzeschik, K.H.; Sippel,
A.E. The human lysozyme gene. Sequence organization and chro-
mosomal localization. Eur. J. Biochem., 1989, 182(3), 507-516.
[http://dx.doi.org/10.1111/j.1432-1033.1989.tb14857.x]  [PMID:
2546758]

Ye, M.; Iwasaki, H.; Laiosa, C.V.; Stadtfeld, M.; Xie, H.; Heck, S.;
Clausen, B.; Akashi, K.; Graf, T. Hematopoietic stem cells expres-
sing the myeloid lysozyme gene retain long-term, multilineage
repopulation potential. Immunity, 2003, 19(5), 689-699.
[http://dx.doi.org/10.1016/S1074-7613(03)00299-1]
14614856]

Kitaguchi, T.; Kawakami, K.; Kawahara, A. Transcriptional regula-
tion of a myeloid-lineage specific gene lysozyme C during zebra-
fish myelopoiesis. Mech. Dev., 2009, 126(5-6), 314-323.
[http://dx.doi.org/10.1016/j.m0d.2009.02.007] [PMID: 19275935]
de Bruin, A.M.; Voermans, C.; Nolte, M.A. Impact of interferon-y
on hematopoiesis. Blood, 2014, 124(16), 2479-2486.
[http://dx.doi.org/10.1182/blood-2014-04-568451]
25185711]

[PMID:

[PMID:

[PMID:

[53]

[54]

[55]

[56]

[57]

[58]

Singh et al.

Bai, S.; Chen, T.; Deng, X. Guanylate-binding protein 1 promotes
migration and invasion of human periodontal ligament stem cells.
Stem Cells Int., 2018, 2018, 6082956.
[http://dx.doi.org/10.1155/2018/6082956] [PMID: 30622567]
Taira, T.; Maéda, J.; Onishi, T.; Kitaura, H.; Yoshida, S.; Kato, H.;
Tkeda, M.; Tamai, K.; Iguchi-Ariga, S.M.; Ariga, H. AMY-1, a no-
vel C-MYC binding protein that stimulates transcription activity of
C-MYC. Genes Cells, 1998, 3(8), 549-565.
[http://dx.doi.org/10.1046/j.1365-2443.1998.00206.x]
9797456]

Wilson, A.; Murphy, M.J.; Oskarsson, T.; Kaloulis, K.; Bettess,
M.D.; Oser, G.M.; Pasche, A.C.; Knabenhans, C.; Macdonald,
H.R.; Trumpp, A. c-Myc controls the balance between hemato-
poietic stem cell self-renewal and differentiation. Genes Dev.,
2004, 18(22), 2747-2763.

[http://dx.doi.org/10.1101/gad.313104] [PMID: 15545632]
Garcia-Bermudez, J.; Cuezva, J.M. The ATPase Inhibitory Factor 1
(IF1): A master regulator of energy metabolism and of cell survi-
val. Biochim. Biophys. Acta, 2016, 1857(8), 1167-1182.
[http://dx.doi.org/10.1016/j.bbabio.2016.02.004]
26876430]

Hardonniére, K.; Saunier, E.; Lemarié, A.; Fernier, M.; Gallais, L;
Hélies-Toussaint, C.; Mograbi, B.; Antonio, S.; Bénit, P.; Rustin,
P.; Janin, M.; Habarou, F.; Ottolenghi, C.; Lavault, M.T.; Benelli,
C.; Sergent, O.; Huc, L.; Bortoli, S.; Lagadic-Gossmann, D. The
environmental carcinogen benzo[a]pyrene induces a Warburg-like
metabolic reprogramming dependent on NHE1 and associated with
cell survival. Sci. Rep., 2016, 6, 30776.
[http://dx.doi.org/10.1038/srep30776] [PMID: 27488617]

Roessler, E.; Ermilov, AN.; Grange, D.K.; Wang, A
Grachtchouk, M.; Dlugosz, A.A.; Muenke, M. A previously un-
identified amino-terminal domain regulates transcriptional activity
of wild-type and disease-associated human GLI2. Hum. Mol. Ge-
net., 2005, 14(15),2181-2188.
[http://dx.doi.org/10.1093/hmg/ddi222] [PMID: 15994174]

[PMID:

[PMID:



