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Abstract
The bone marrow microenvironment maintains a stable balance between self-renewal and differentiation of 

hematopoietic stem/progenitor cells (HSPCs). This microenvironment, also termed the “hematopoietic niche”, is 
primarily composed of stromal cells and their extracellular matrices (ECM) that jointly regulate HSPC functions. 
Previously, we have demonstrated that umbilical cord blood derived HSPCs can be maintained and expanded on 
stromal cell derived acellular matrices that mimic the complexity of the hematopoietic niche. The results indicated 
that matrices prepared at 20% O2 with osteogenic medium (OGM) were best suited for expanding committed HSPCs, 
whereas, matrices prepared at 5% O2 without OGM were better for primitive progenitors. Based upon these results we 
proposed that individual constituents of these matrices could be responsible for regulation of specific HSPC functions. 
To explore this hypothesis, we have performed comparative transcriptome profiling of these matrix producing cells, 
which identified differential expression of both known niche regulators, such as Wnt4, Angpt2, Vcam and Cxcl12, as 
well as genes not previously associated with HSPC regulation, such as Depp. MetaCore analysis of the differentially 
expressed genes suggests the down-regulation of several ECM related pathways and up-regulation of Ang-Tie2 and 
Wnt signaling pathways in OGM under high O2 (20%). Our findings provide an overview of several known and unique 
genes and pathways that play potential key roles in the support of HSPCs by stromal cells, both ex vivo and in vivo, 
and could be helpful in understanding the complex network of signaling and communication in hematopoietic niches.

Keywords: Hematopoietic niche; Acellular biological scaffold;
Stromal extracellular matrix; Stem cell expansion; Comparative 
microarray analysis

Abbreviations: HSPCs: Hematopoietic Stem/Progenitor Cells; BM: 
Bone Marrow; ECMs: Extra Cellular Matrices; UCB: Umbilical Cord 
Blood; OGM: Osteogenic Medium; GAGs: Glycosaminoglycans; MX: 
Decellularized Extracellular Matrix

Introduction
Ex vivo expansion of hematopoietic stem/progenitor cells (HSPCs) 

has been actively investigated for over 35 years [1,2]. In adults, 
hematopoietic stem cells (HSCs) self-renew in bone marrow (BM) 
microenvironment which is mainly composed of HSCs, stromal 
cells and secretory components from these cells, such as cytokines 
and extra cellular matrices (ECMs) [3]. Self-renewal is therefore 
maintained by signals from surrounding cells such as osteoblasts, 
stromal mesenchymal progenitors, adipocytes, vascular endothelial 
cells and maybe others, which are organized into specific niches [4]. 
Understanding these signals may allow us to culture, multiply and 
maintain undifferentiated HSCs in feeder-free conditions, which could 
be more scalable for clinical applications.

The stromal cells within the stem cell niche secrete ECM which is 
crucial for HSCs. The major structural protein of the ECM is collagen, 
specifically type I or type IV for the basal lamina [5]. Glycoproteins 
contribute to the organization of the matrix and help in cell 
attachment by binding tightly to collagen, elastin and proteoglycans 
[6]. Proteoglycans are specialized glycoproteins that usually carry 
glycosaminoglycans (GAGs). GAGs are important in cell signaling 
due to their unique location on the cell membrane and in the ECM 
[7,8]. Matrix metalloproteinases (MMPs) represent a family of 20+ 
members of zinc dependant proteolytic endopeptidases involved in the 
degradation of number of ECM proteins [9]. 

Microarray-based analysis of gene expression patterns of human 

and mouse embryonic stem cells (ESCs), neural stem cells (NSCs), 
mesenchymal stem cells (MSCs) and HSCs, has led to identification 
of commonly expressed genes, that constitute a stem cell molecular 
signature [10-15]. However, studies by Moore et al. [16] have, for the 
first time created a molecular profile of a stem cell niche. Their biological 
process oriented database, Stromal Cell Database (StroCDB), correlates 
with the documented stem cell supportive properties of stromal cell 
lines, suggesting that it may be used to predict genes that are associated 
with stem cell supportive ability that are conserved, at least between 
mouse and human [17]. A similar strategy was used by Bhatia et al. 
[18] to screen the microenvironmental molecular signals responsible
for maintaining active and quiescent HSCs by analyzing the differential 
genes expressed in fetal liver and BM stromal cells. Recently, Lee et al.
[19] also published the molecular profiles of neural stem cell niche in
the adult subventricular zone.

In an earlier study, we demonstrated the expansion of umbilical 
cord blood (UCB) derived HSPCs on decellularized MS-5 matrices as 
a model of the ECM component of stem cell niche [20]. We cultured 
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MS-5 cells in four conditions with varying O2 levels and osteogenecity 
for matrix preparation and tested them for their ability to support 
HSPCs. The expansion of committed HSPCs (CD34+CD45lo and 
CD34+CD133+) was greater on matrices obtained at 20% O2 in the 
presence of osteogenic medium (OGM) (MX2), whereas those of 
primitive CD34+CD38- was greatest using matrices generated at 5% 
O2 without OGM (MX3). The results suggested that the constituents 
of these matrices were responsible for this differential regulation of 
lineage specific HSPC expansion. To explore this hypothesis, we report 
here the selective ablation of components from these matrices by 
treating them with heparinase and chondroitinase to remove GAGs. 

To better understand the reason behind the differences in lineage 
specific expansion of HSPCs on all the matrices, we performed 
microarray analysis of the matrix producing MS-5 cells. Since acellular 
matrix grown at 5% O2 with osteogenic induction (MX1) was not very 
supportive to HSC expansion, we dropped out this condition for gene 
expression studies. MS-5 cells support human HSPC expansion as 
feeder layers, with or without exogenous cytokines [21,22]. We reasoned 
that molecules responsible for expanding different lineages would be 
differentially expressed in MS-5 cells grown at different conditions. 
Since we were interested in the genes involved in expansion of HSPCs 
on decellularized matrices, we focused on genes that encoded ECM and 
secreted proteins. By comparing our data with already known proteins 
from StroCDB, we hypothesize that there are yet to be discovered 
regulators, and that the stem cell supportive ability of the matrices 
prepared from MS-5 cells come from many interacting molecules. 
These differentially affected genes were also subjected to pathway and 
network analysis using MetaCore software which demonstrated the 
differential regulation of several HSPC related pathways.

Materials and Methods
The sources of various reagents and cells, used in all experiments, 

are provided in Supplementary Information S1.

CD34+ Isolation from UCB

The experimental approach used for preparation of acellular 
matrices and ex vivo expansion of UCB derived HSPCs on them is 
shown schematically in our paper previously [20]. Full-term delivery 
cord blood was collected with informed consent from Sridevi Nursing 
Home, under the approval of the Institutional Ethics Committee 
of Centre for Cellular and Molecular Biology (CCMB), Hyderabad, 
India (approval no: CCMB44/2009 - attached as Supplementary 
Information S2).  In short, freshly collected UCB was diluted (1:4) 
in phosphate-buffered saline (PBS) and mononuclear cells (MNCs) 
were collected on a Ficoll gradient. CD34+ HSPCs were isolated using 
AutoMACS cell sorter and the MACS CD34 MicroBead Kit, according 
to the manufacturer’s instructions. These cells were then analysed by 
flow cytometry and colony forming unit (CFU) assays.

Preparation of decellularized stromal cell matrices

MS-5 cells were maintained in complete medium (CM) containing 
α-MEM, supplemented with 10% FCS, 1X glutamax and 1X penicillin/
streptomycin (Pen/Strep) at 5% O2, 5% CO2 and 37ºC. For matrix 
preparation, MS-5 cells were seeded at 1 X 104 cells/cm2 in CM and 
grown under low O2 (5% O2) and normal O2 (20% O2) conditions for 10 
days with media change after every 72 hours. For osteogenic induction, 
CM was replaced with OGM i.e. CM containing 10 mM b-glycerol 
phosphate, 100 nM dexamethosone and 100 mM ascorbate-2-
phosphate for 48 hours. Confluent cells were rinsed in PBS, incubated 

with deionized water (MQ) for 2-3 minutes followed by incubation with 
0.02 M NH4OH was applied on the cells for 1-2 minutes for cell lysis 
which was observed carefully under inverted microscope and NH4OH 
was removed by gently inverting the culture plates. The fragile matrices 
were allowed to dry overnight in the laminar flow cabinet, washed and 
stored in PBS with Pen/Strep at 4°C. We thus generated three types of 
acellular matrices: MX2 (cells grown in 20% O2 + OGM), MX3 (cells 
grown in 5% O2 – OGM) and MX4 (cells grown in 20% O2 – OGM).

Ablation experiments

For ablation of GAGS, 0.3 mU heparinase I (cleaves in areas of 
high sulfation), 0.3 mU heparinase II (cleaves all along chain), 0.3 
mU heparinase III (cleaves in areas of low sulfation) and 0.3 mU 
chondroitinase ABC (cleaves chondroitin sugars) was added to dried 
MX2 for 30 minutes at 37°C (MX2-GAGS). Removal of GAGs was 
also confirmed by alcian blue staining as mentioned in Supplementary 
Information S3. 

Co-culture of CD34+ HSPCs on decellularized matrices and 
their characterization

Magnetically sorted UCB CD34+ cells were resuspended in 
Stemline II serum free media supplemented with 1X Pen/Strep and 
growth factors as indicated: thrombopoietin (TPO)-25 ng/ml, stem cell 
factor (SCF)-25 ng/ml, interleukin-6 (IL-6)-50 ng/ml and Flt3 Ligand 
(Flt3L)-40 ng/ml and seeded at 1 X 104 viable cells/ml in triplicates. 
Cells were cultured in low oxygen (5% O2, 5% CO2, 37ºC, humidified) 
for 8 days and later analysed by flow cytometry and CFU assays. 

We used standardized ISHAGE (International Society for 
Hematotherapy and Graft Engineering) gating strategy for CD34+ 
cell determination by flow cytometry [23]. Flow cytometric analysis 
for surface markers was performed with the following three antibody 
combinations: CD45FITC+ CD34PE+ 7AAD-, CD34FITC+ CD38PE- 
7AAD- and CD34FITC+ CD133PE+ 7AAD-; 7-AAD (7-amino-
actinomycin D) was used to measure cell viability. CFU assays were 
performed for all cell samples, as triplicate cultures in Methocult 
media (Stem Cell Technologies, cat no. #H4434) to assess the numbers 
of CFUs for granulocyte, erythrocyte, macrophage, megakaryocyte 
common precursors (CFU-GEMM), granulocyte/macrophage 
common precursors (CFU-GM), and burst forming units (BFU-E) 
for pure erythroid precursors as per manufacturer’s instructions. The 
details of this part of the experiment are shown in Supplementary 
Information S3.

Whole-Genome expression profiling

High-quality total RNA was extracted and purified from three 
samples MX2, MX3, MX4 of MS-5 cells grown in different culture 
conditions of varying O2 gradient and osteogenecity using the RNeasy 
Plus Mini Kit as per the manufacturer’s protocol. Gene expression 
profiling was performed by the Australian Genome Research 
Facility (AGRF) Melbourne, Australia. Total RNA from MS-5 
cells corresponding to three conditions of matrix preparation were 
labeled and hybridized to Illumina’s MouseWG-6 v2.0 Total RNA in 
duplicate, and labeled cDNA were quantified using Bioanalyzer prior 
to hybridization. The arrays were scanned using IlluminaBeadArray 
Reader and the image data was processed by BeadStudio. This raw data 
output was then used for data processing.

For data extraction, analysis of the array data was performed in 
R environment [24] with Bioconductor (open source R package for 
bioinformatics) [25]. Raw intensities were normalized by the limma 
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package using the neqc function, which performs normexp background 
correction and quantile normalization by using control probes, 
recommended for Illumina and linear models for statistical analysis 
[26]. Differentially expressed genes were identified using moderated 
t-statistics with an adjusted p-value ≤ 0.05. 

Functional annotation and pathway analysis

Functional annotation in specific gene sets was assessed using 
DAVID [27], SwissProt, BioCarta, and KEGG. For analysis of the 
differentially expressed genes in a pathway and their interaction with 
other signaling molecules, we used GeneGo-MetaCore software and 
EGAN [28]. Process and pathways were selected based on a p-value 
≤0.05. Venn diagrams were created using VENNY software [29]. The 
list of databases and software programs used for this study and their 
purposes are listed in Supplementary Table T5.

Validation of microarray data

RNA purity was checked using a Nanodrop spectrophotometer 
ND1000 by taking the ratio of the absorbance at 260 nm to 280 nm. 
Quantitative real-time PCR (QRT-PCR) was performed on the ABI 
prism 7900 HT sequence detection system for eight genes, six of 
which were differentially regulated and two (Ecm1 and GAPDH) were 
equally expressed in all the conditions. All oligonucleotides used in 
this study were designed by using PRIMER 3 software available online 
and synthesized by BIOSERVE, Hyderabad. Details of the primers 
and their sequences are provided in Supplementary Table T1. Reverse 
transcription (RT) for cDNA preparation was performed with oligo-dT 
using an RT-PCR kit as per the manufacturer’s instructions. 

A typical 10 µl reaction mixture contained 5 µl of 2x SyBR green 
dye, 1 pm of each primer, 1 µl of template and 2 µl of distilled water. All 
reactions were set up, in triplicate, in a 384-well optical reaction plate. 
The PCR conditions were as follows: 95ºC for 10 min, 95ºC for 15 sec, 
58ºC for 30 sec and 72ºC for 30 sec for 40 cycles. All the reactions were 
analyzed using the software (SDS 2.3) provided with the instrument. The 
relative expression of the genes was calculated by using 2-∆∆Ct formula 
using GAPDH has a normalizer. The values reported are the mean 
of three biological replicates. The standard deviation from the mean 
is shown as error bars in each group. The generation of amplification 
plots, standard curves and dissociation stage analysis was as per the 
manufacturer’s protocol. The calculation of the melting temperature of 
each amplicon (TM) was done directly by software provided.

Statistical analysis

Statistical relevance of the mean change in cell percentage and 
colony numbers during each experiment was determined via one way 
ANOVA using Minitab software. Standard errors in the data points 
were determined at the 95% confidence interval and values with p 
≤0.05 within each experiment were considered as significant.

Results
Ex vivo expansion of HSPCs on acellular matrices showed 
that MX3 was better for primitive progenitors whereas 
MX2 supported committed HSPCs however, the supportive 
capacity decreased significantly on GAG ablated MX2

The average fold increase in total and lineage specific cells as 
measured by flow cytometry from three experiments for all the three 
matrices are shown in Supplementary Figure 1A. These results confirm 
our previously published data [20]. Total and lineage specific cell 
expansion on control surface (C) was significantly lower than that on 

matrices. Overall, MX3 matrix, derived from stromal cells cultured 
at 5% O2 without OGM, showed better expansion and higher purity 
of primitive CD34+CD38- cells (p ≤ 0.001), representing 32% of total 
viable cells. Conversely, purity of more committed CD34+CD45lo (p ≤ 
0.001) and CD34+CD133+ (p ≤ 0.01) lineage cells was greater on MX2 
matrices (grown at 20% O2 with OGM), representing 35% and 25% of 
the total viable cells respectively, and this was reflected in greater fold 
expansion in these populations (Supplementary Figure 1A). Matrices 
derived from cells grown in 20% O2 in the absence of OGM (MX4) 
showed intermediate effects. The expansion of all colony forming 
units was significantly higher using MX2, in comparison to other 
experimental matrices and control (Supplementary Figure 1B). MX2 
was specifically efficient for expanding BFU-Es (p ≤ 0.001) which were 
almost equivalent to the fold increase in total viable cell number. MX2 
matrices also gave significantly higher fold expansion for CFU-GMs 
and CFU-GEMMs when compared to other matrices (p ≤ 0.001). 

Since MX2 showed the best expansion of HSPCs, we used them 
for experiments to assess the role of GAGs in the secreted matrices 
for HSPC expansion. Alcian blue stain gives a greenish blue colour 
to GAGs which are important in cell signaling due to their unique 
location on the cell membrane and in the ECM [7,8,30,31]. Hence, 
their removal was confirmed by staining matrices with alcian blue 
before and after treatment with heparinase I, II, III and chondroitinase 
ABC as shown in Figure 1A and 1B. The expansion of all HSPC sub-
populations as assessed by flow cytometry and CFU assay, except CFU-
GMs, was significantly decreased by the ablation of GAGs (p ≤ 0.001). 
It should also be noted that MX2-GAG was still better than control 
(C) in expanding both total cells and lineage specific HSPCs (Figure 
1C and 1D).

Number of genes affected by both increase in O2 and addition 
of OGM were 4.5 times higher than those affected by only 
increase in O2 and more than 60% of these genes were down-
regulated

We performed gene expression profiling of MS-5 cells 
corresponding to three conditions of matrix preparation - MX2, MX3 
and MX4 (as described in Experimental Procedures) using Illumina’s 
MouseWG-6 v2.0 Expression BeadChips. These arrays contain more 
than 45,000 probes which collectively interrogate all RefSeq annotated 
mouse genes (>26,000 genes) and ~ 7,000 RefSeq predicted genes. The 
purpose of this experiment was to identify candidate genes from MS-5 
cells that may have contributed to HSPC expansion when they were 
cultured on decellularized MS-5 matrices. MX3 was taken as the baseline 
as MS-5 cells were originally maintained in our lab at 5% O2. Since 
these cells were grown in varying conditions of O2 and osteogenecity, 
we performed the analysis by focusing on 2 comparison steps (Figure 
2A-2C). Step 1 represents ‘MX3 vs MX4’ and demonstrates the “effect 
of increase in O2” whereas step 2 represents ‘MX3 vs MX2’ showing the 
“effect of both, increase in O2 and addition of OGM”.

The analysis by VENNY software showed that out of total 172 
significantly affected genes (1.5 fold difference, p ≤ 0.05) in Step 1, 24% 
genes were up-regulated and 76% were down-regulated with 6 genes 
having more than 10 fold difference. In step 2, a total of 790 genes 
were significantly affected with more than 1.5 fold difference, out of 
which, 39% genes were up-regulated and 61% were down-regulated 
with 11 genes in former and 30 genes in later having more than 10 fold 
difference (Figure 2A-2C).

Figure 2D shows the top 15 cellular localizations of the differentially 
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Figure 1: Matrix modification and fold expansion of HSPCs for ablation experiment. (A-B) Alcian blue staining of untreated and GAGs ablated matrices respectively. 
Absence of bluish green staining in B indicates the ablation of GAGs after heparinise and chondroitinase treatment (scale bar = 100µm). (C) Represents the fold 
expansion of the HSPC subpopulation based on surface markers. (D) Represents the fold expansion of the CFUs compared to the fold expansion for total cells. 
Expansion of all HSPC lineages, except CFU-GMs, show significant reduction after GAGs ablation. Statistical analysis was done using One-way ANOVA (* p ≤ 0.05; ** 
p ≤ 0.01; *** p ≤ 0.005). Results are based on an average of three individual experiments with triplicates of each condition within an experiment. BFU-E (burst forming 
unit-erythroid), CFU-GM (Colony-forming unit Granulocyte, Macrophage) and CFU-GEMM (Colony-forming unit Granulocyte, Erythroid, Macrophage, Megakaryocyte).

expressed genes in step 1 and 2 as analyzed by the MetaCore software. 
It is to be noted that 6 out of 7 top localizations in this analysis were 
ECM-related; except “cytoplasmic part” which is fifth most significant 
localization affected. This may explain the differences in lineage specific 
HSPC expansion on each matrix prepared by decellularization. Upon 
addition of these gene groups, ECM related genes accounted for 21% 
(step 1) and 16% (Step 2) of the total genes affected as shown in Table 
1. Of these, 26% were common to both step 1 and 2 and 10% were 
unique to step 2. 

Validation of gene expression by QRT-PCR showed similar 
pattern to microarray fold differences and that against 
StroCDB database compared differentially expressed genes 
with known HSPC supportive and non-supportive cell lines

For validation with QRT-PCR, the reactions for eight genes were 
performed in triplicates with GAPDH as an internal control and the 
fold difference calculated showed a similar pattern to that of microarray 
fold differences (Figure 3A-3B). The level of Ecm1 did not show any 
significant difference in any condition, both in microarray and QRT-
PCR analysis (Figure 3B). 

Since MX2 was the best matrix for expanding committed HSPCs, 
we compared the differentially expressed genes in this treatment to 
the StroCDB database that compares the genes expressed in HSPC 
supportive and non-supportive cell lines. The design of StroCDB is 
oriented towards the biological process of stem cell regulation by 
the microenvironment [32]. We focused on cytoskeleton, secretory 

and ECM proteins, which are most likely to function in direct 
communication between stem cells and stroma (Supplementary Table 
T2).

Network analysis of the genes that matched to StroCDB using 
MetaCore software showed the interactions among these genes and 
their localizations (Figure 3C). Most affected MetaCore pathways were 
cell adhesion pathways such as “cell-matrix interactions”, “integrin-
mediated cell-matrix adhesion”, “integrin priming” and “leucocyte 
chemotaxis”, all of which are well known to regulate HSC niche [33-
35] (Supplementary Table T3). 

Other pathways that include genes shown to affect hematopoiesis 
included “cytoskeleton remodeling” [36,37] “regulation of angiogenesis” 
and “positive regulation of cell proliferation”(Supplementary Table 
T3) [38-40]. Four of these genes (Annexin I, Serpine 2, Gelsolin, Alpha-
actinin) were previously identified using proteomics approach [20] and 
another five were validated using QRT-PCR (Figure 3C).

Pathway and network analysis by MetaCore software depicted 
“ECM remodeling” and “Oncostatin M signaling” as most 
significantly affected pathways

The ECM related genes listed in Table 1 were submitted to 
MetaCore for pathway analysis. Upon combining the pathway 
maps, the most significantly affected groups were related to cell 
differentiation, calcium signaling, apoptosis, hematopoiesis, immune 
system response, inflammatory system response, mitogenic signaling, 
neurotransmission, oxidative stress regulation, tissue remodeling and 
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List of ECM related genes differentially expressed in step 1 and 2 and their 
fold change (FC) in comparison to MX3

S 
No. Gene IDs Gene Name FC 

(Step1)
FC    

(Step 2)

1 1100001G20Rik RIKEN cDNA 1100001G20 gene -11.839 -13.619

2 4930486L24Rik RIKEN cDNA 4930486L24 gene 3.1914

3 5430419D17Rik RIKEN cDNA 5430419D17 gene -3.7122

4 9030224M15Rik RIKEN cDNA 9030224M15 gene -2.8859 -3.2284

5 9030425E11Rik RIKEN cDNA 9030425E11 gene -1.7351

6 Acp5 acid phosphatase 5, tartrate resistant -1.6132

7 C130099A20Rik acid phosphatase-like 2 -2.7857

8 Adamts12
a disintegrin-like and metallopeptidase 
(reprolysin type) with thrombospondin 
type 1 motif, 12

-1.9985

9 Adamts4
a disintegrin-like and metallopeptidase 
(reprolysin type) with thrombospondin 
type 1 motif, 4

-1.7856

10 Adamts7
a disintegrin-like and metallopeptidase 
(reprolysin type) with thrombospondin 
type 1 motif, 7

-2.771

11 Adamts9
a disintegrin-like and metallopeptidase 
(reprolysin type) with thrombospondin 
type 1 motif, 9

-2.2331

12 Adipoq adiponectin, C1Q and collagen domain 
containing -13.224 -6.2983

13 Ager advanced glycosylation end product-
specific receptor 4.7325

14 Akp2 alkaline phosphatase, liver/bone/kidney -2.2072

15 Angpt2 angiopoietin 2 1.9482

16 Angpt4 angiopoietin 4 -1.9422

17 Angptl4 angiopoietin-like 4 -1.8673 -2.6075

18 Anxa1 annexin A1 2.0009

19 Apob apolipoprotein B -2.5145

20 Apoc1 apolipoprotein C-I -3.765

21 Aqp1 aquaporin 1 -2.8826

22 Bmp1 bone morphogenetic protein 1 -2.0406

23 Bmper BMP-binding endothelial regulator -5.4121

24 Calu calumenin -1.8206

25 Camp cathelicidin antimicrobial peptide -2.0961 -10.138

26 Ccdc3 coiled-coil domain containing 3 3.5129

27 Ccdc80 coiled-coil domain containing 80 -2.0505

28 Ccl2 chemokine (C-C motif) ligand 12 -4.9783

29 Ccl2 chemokine (C-C motif) ligand 2 -4.9783

30 Cd109 CD109 antigen 1.9406

31 Fap carboxyl ester lipase -2.4267 -9.1509

32 Cfb complement factor B -3.6377

33 Cfd complement factor D (adipsin) -38.614

34 Tna;Clec3b C-type lectin domain family 3, member 
b -3.1921

35 Cma1 chymase 1, mast cell 2.3672

36 Cml3 camello-like 3 -1.9007

37 Col16a1 collagen, type XVI, alpha 1 -1.7936

38 Col1a2 collagen, type I, alpha 2 -2.6495

39 Col28a1 collagen, type XXVIII, alpha 1 1.9029

40 Col3a1 collagen, type III, alpha 1 -5.1442

41 Col5a1 collagen, type V, alpha 1 -2.138

42 Col5a2 collagen, type V, alpha 2 -3.1669

43 Col6a2 collagen, type VI, alpha 2 -2.9376

44 Col6a3 collagen, type VI, alpha 3 -3.2754

45 Col8a1 collagen, type VIII, alpha 1 -2.5865

46 Colec10 collectin sub-family member 10 -3.0225

47 Creg1 cellular repressor of E1A-stimulated 
genes 1 1.5715

48 Ctla2a cytotoxic T lymphocyte-associated 
protein 2 alpha 4.8841

49 Cxcl1;Cxcl2 chemokine (C-X-C motif) ligand 1 -2.9

50 Cxcl12 chemokine (C-X-C motif) ligand 12 -2.8228

51 Cxcl14 chemokine (C-X-C motif) ligand 14 -6.0245

52 Zmynd15;
Cxcl16 chemokine (C-X-C motif) ligand 16 -4.3483

53 Cxcl2 chemokine (C-X-C motif) ligand 2 -1.6807

54 Cxcl1 chemokine (C-X-C motif) ligand 3 -2.910

55 Dcn decorin -6.1048 -12.857

56 Dkk3 dickkopf homolog 3 (Xenopus laevis) -2.007

57 Dpt dermatopontin -2.8247 -15.829

58 Dpysl3 dihydropyrimidinase-like 3 -4.7569

59 Edn1 endothelin 1 3.0253

60 Endod1 endonuclease domain containing 1 -1.5923

61 Enpp1 ectonucleotide pyrophosphatase/
phosphodiesterase 1 -2.9094

62 Enpp2 ectonucleotide pyrophosphatase/
phosphodiesterase 2 -1.8782

63 Enpp3 ectonucleotide pyrophosphatase/
phosphodiesterase 3 -3.4383

64 Epdr1 ependymin related protein 1 (zebrafish) -2.0888

65 Erap1 endoplasmic reticulum aminopeptidase 
1 -1.757

66 Esm1 endothelial cell-specific molecule 1 -1.89 -13.513

67 F13a1 coagulation factor XIII, A1 subunit -4.7944 -29.179

68 F8 coagulation factor VIII 2.3108

69 Fas Fas (TNF receptor superfamily member 
6) -2.2147

70 Fetub fetuin beta 4.0025

71 Fgf7 fibroblast growth factor 7 -1.8952

72 Fgfr2 fibroblast growth factor receptor 2 2.6829

73 Fgl1 fibrinogen-like protein 1 -3.9173

74 Fst follistatin 2.9435

75 Fxyd5 FXYD domain-containing ion transport 
regulator 5 -1.9048 -2.8009

76 Gbp1 guanylate binding protein 1 -2.8321

77 Gbp2 guanylate binding protein 2 -2.2818

78 Dbp group specific component -2.0841

79 Gdf15 growth differentiation factor 15 4.8264

80 Gpc1 glypican 1 -5.5069
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81 Gpi1 glucose phosphate isomerase 1 -2.0234

82 Grem1 gremlin 1 -2.1274

83 Gria3 glutamate receptor, ionotropic, AMPA3 1.6481

84 Gsn gelsolin -4.1321 3.2729

85 Gstm1;Gsta3 glutathione S-transferase, mu 1 6.1158

86 Hgf hepatocyte growth factor -5.9014

87 Hp haptoglobin -1.7199

88 Hsd17b11 hydroxysteroid (17-β) dehydrogenase 
11 2.9423

89 Htra1 HtrA serine peptidase 1 -1.6745

90 Igf1 insulin-like growth factor 1 -1.8976

91 Igfbp4 insulin-like growth factor binding protein 
4 -3.5146

92 Il13ra2 interleukin 13 receptor, α 2 -1.7713

93 Il15 interleukin 15 -1.7454

94 Il16 interleukin 16 -4.2025

95 Il1rl1 interleukin 1 receptor-like 1 -1.9204

96 Il33 interleukin 33 -2.951

97 Il4ra interleukin 4 receptor, α -2.1844

98 Hgf interleukin 6 -5.9014

99 Il7 interleukin 7 -4.6948

100 Insl3 insulin-like 3 -2.3022 -2.2062

101 Itgbl1 integrin, beta-like 1 -2.591 -3.1682

102 Kng1 kininogen 1 -2.745

103 Lbp lipopolysaccharide binding protein 3.2792

104 Lefty1 left right determination factor 1 -1.6338

105 Lepre1 leprecan 1 -1.6405

106 Lrg1 leucine-rich alpha-2-glycoprotein 1 -4.6728

107 Mcpt8 mast cell protease 8 2.9043

108 Hgf met proto-oncogene -5.9014

109 Mfap5 microfibrillar associated protein 5 -2.189

110 Mgp matrix Gla protein (glypican 3) 4.2015

111 Mmp13 matrix metallopeptidase 13 -1.7855 -11.849

112 Mmp3 matrix metallopeptidase 3 -3.3833 -17.747

113 Mmp9 matrix metallopeptidase 9 -5.0587

114 Msln mesothelin 1.6651

115 Nid2 nidogen 2 -2.6617

116 Olfml3 olfactomedin-like 3 -6.1867

117 Orm1;Orm2 orosomucoid 1 -5.2841

118 Pla1a phospholipase A1 member A 1.7027

119 Prelp proline arginine-rich end leucine-rich 
repeat 3.2311

120 Prg4 proteoglycan 4 3.9319

121 Prl2c2 prolactin family 2, subfamily c, member 
2 3.1404 3.4205

122 Prl2c4 prolactin family 2, subfamily c, member 
3 2.7615 3.0803

123 Prl2c4 prolactin family 2, subfamily c, member 
4 2.7615 3.0803

124 Prrg2 proline-rich Gla (G-carboxyglutamic 
acid) polypeptide 2 -1.6326

125 Prss23 protease, serine, 23 -2.4939

126 Ptgds prostaglandin D2 synthase (brain) 5.6525

127 Ptn pleiotrophin 1.7609 -2.0464

128 Tns1 PYD and CARD domain containing 6.0674

129 Lbp ribosomal protein SA 3.2792

130 S100a1 S100 calcium binding protein A13 2.0034

131 S100a8 S100 calcium binding protein A8 
(calgranulin A) -3.5527 -3.6393

132 Saa1 serum amyloid A 1 -8.4299

133 Saa3;Saa1 serum amyloid A 3 -35.708

134 Scgn secretagogin, EF-hand calcium binding 
protein 2.0983

135 Selp selectin, platelet -2.0813 -2.1803

136 Sema3a
sema domain, immunoglobulin domain 
(Ig), short basic domain, secreted, 
(semaphorin) 3A

-2.0095

137 Sema3c
sema domain, immunoglobulin domain 
(Ig), short basic domain, secreted, 
(semaphorin) 3C

-2.9553

138 Sema3e
sema domain, immunoglobulin domain 
(Ig), short basic domain, secreted, 
(semaphorin) 3E

2.9479

139 Sepp1;Selp selenoprotein P, plasma, 1 -2.0813 3.3669

140 Serpina3f serine (or cysteine) peptidase inhibitor, 
clade A, member 3F -1.7811

141 Serpina3g serine (or cysteine) peptidase inhibitor, 
clade A, member 3G -4.1345

142 Serpinb1a serine (or cysteine) peptidase inhibitor, 
clade B, member 1a -36.861

143 Serpine2 serine (or cysteine) peptidase inhibitor, 
clade E, member 2 -1.9456

144 Serping1 serine (or cysteine) peptidase inhibitor, 
clade G, member 1 -1.786

145 Sfrp1 secreted frizzled-related protein 1 -1.9697

146 Sfrp2 secreted frizzled-related protein 2 -3.2157

147 Slc1a3 solute carrier family 1 (glial high affinity 
glutamate transporter), member 3 -1.7185

148 Slpi secretory leukocyte peptidase inhibitor -12.206

149 Sparc secreted acidic cysteine rich 
glycoprotein -1.6497 -2.3295

150 St6gal1 beta galactoside alpha 2,6 
sialyltransferase 1 1.6493

151 Stc1 stanniocalcin 1 -13.677

152 Sulf1 sulfatase 1 -1.8901

153 Tfrc transferrin receptor -2.1891

154 Tgfbi transforming growth factor, beta 
induced -2.1783 -3.8837

155 Thbd thrombomodulin -3.1583

156 Timp1 tissue inhibitor of metalloproteinase1 -3.0244

157 Timp4 tissue inhibitor of metalloproteinase4 5.6433

158 Tinagl tubulointerstitial nephritis antigen-like 1 3.2907

159 Tnfrsf11b
tumor necrosis factor receptor 
superfamily, member 11b 
(osteoprotegerin)

-3.0351 -2.5493

160 Tnfsf13b tumor necrosis factor (ligand) 
superfamily, member 13b -1.6894

161 Tnxb tenascin XB -2.1409

162 Tpsab1 tryptase alpha/beta 1 -5.5514 -13.068
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163 Tpsab1 tryptase beta 2 -5.5514 -13.068

164 Trem2 triggering receptor expressed on 
myeloid cells 2 -2.1177

165 Hp transferrin -1.7199

166 Vcam1 vascular cell adhesion molecule 1 1.6674

167 Vcan versican -2.7587

168 Vegfa vascular endothelial growth factor A -2.3108 -3.7255

169 Vnn3 vanin 3 -1.9471 -2.049

170 Vtn vitronectin -3.3449

171 Wfdc12 WAP four-disulfide core domain 12 -3.2524 -4.1203

172 Wnt4 wingless-related MMTV integration 
site 4 1.9837

Table 1: List of ECM related genes differentially expressed in step 1 (increase 
in oxygen) and 2 (increase in oxygen and addition of osteogenic media) 
and their fold change in comparison to MX3. The numbers with minus sign (-) 
indicate their down regulation in that step.

wound repair and vascular development or angiogenesis. A list of 
pathways from some of these groups is shown in Supplementary Table 
T4.

The “ECM remodeling” pathway was the most significantly affected 
pathway related to cell adhesion (Figure 4A). ECM remodeling in the 
HSC niche is involved in physiological processes, such as development, 
proliferation, cell motility and adhesion and angiogenesis [41,42]. 
Cleavage of ECM proteins by Mmps also releases ECM-bound growth 
factors. Type I collagen degradation that is mediated by Mmp1 (up-
regulated in step 2) is necessary for HSC migration [43]. Mmp3 
(stromelysin-1) and Mmp13, down-regulated in both step 1 and 2, 
degrade ECM proteins, e.g., Sparc (also known as osteonectin) and 
collagen respectively [44]. Mmp9, which cleaves collagen, aggrecan 
and versican was also down-regulated in step 2 [9,45]. Insulin-like 
growth factor binding protein 4 (Ibp4) fragments lose binding capacity 
to insulin-like growth factors 1 and 2 (Igf-1 and Igf-2), thereby 
increasing bioavailability of Igf-1 (down-regulated in step 2) and Igf-2 
(up-regulated in step 2). The latter two activate Igf receptors that are 
involved in the signaling implicated with cell growth, proliferation and 
survival [46].

Oncostatin M (OSM) is a multifunctional cytokine produced 
by activated T lymphocytes, monocytes, and microglia in BM [47] 
(Figure 4B). It is structurally and functionally related to the subfamily 
of hematopoietic and neurotrophic cytokines known as the IL6-type 
cytokine family [48]. OSM stimulation of the JAKs/STATs signaling 
pathway in primary chondrocytes leads to induction of Mmp1 (up-
regulated in step 2) and Timp1 (down-regulated in step 2). It also 
participates in induction of epithelial-to-mesenchymal transition 
(EMT) [48,49]. Earlier studies have also shown the active involvement 
of EMT in the fetal liver HSC microenvironment [49].

Binding of OSM to OSM receptor (down-regulated in step 2), 
induces JAK/STAT signaling pathway [50]. Suppressor of cytokine 
signaling 3 (Socs-3), also down-regulated in step 2, is an inhibitor 
of oncostatin M signals. It regulates cell growth, e.g., via vascular 
endothelial growth factor A (Vegf-A) a quintessential angiogenic 
signal, which is down-regulated in step 2 [51]. Studies by Kinoshita 
et al demonstrate that signals exerted by OSM induced hepatic 
differentiation, which in turn terminate embryonic hematopoiesis [52] 
(Figure 4B).

Networks affected in step 1 and 2 were further analyzed by using 
about 110 cellular and molecular processes whose content is defined 
and annotated by GeneGo. Each process represents a preset network 
of protein interactions characteristic for the process along with their 
localizations. The list of top 15 significantly affected networks by the 
above mentioned genes are listed in Supplementary Table T5. The 
genes represented in the above list were then analyzed to trace the 
most represented pathways along with their localizations as shown 
in Supplementary Figure 2. The network mainly mapped to Mmp-9, 
Mmp-13, Mmp-1, Vegf-A and stromelysin-1 related pathways. Other 
important affected networks included “regulation of angiogenesis” that 
increases cell proliferation, survival and potentiates the endothelial cell 
migration [53]. 

The “Cell-matrix glycoconjugates” network showed the interactions 
between GAGs and cell surface proteins, as well as with chemokines, 
which plays an important role in cell adhesion and motility [54,55]. 
Most of the genes in this network, such as decorin, versican, stabilin 

Figure 2: Analysis of differentially expressed genes in step 1 and 2. The 
upper three panels show the graphical representation of the Venn diagram 
for differential genes. Step 1 represents MX3 vs MX4 and demonstrates ‘the 
effect of increase in O2’ whereas step 2 represents MX3 vs MX2 showing ‘the 
effect of both, increase in O2 and addition of osteogenic medium (OGM)’. (A) 
Indicates the number of total affected genes whereas (B and C) represent the 
number of up- and down- regulated genes respectively. The numbers in red 
color represents common genes between two steps, while that in black color 
represents number of genes unique to that step. (D) Indicates top 15 cellular 
localizations of the differentially expressed genes in step 1 and 2. The p value 
(log) is shown by orange color for step 1 and blue color for step 2. Green box 
highlights that 6 out of 7 top localizations are ECM-related; except “cytoplasmic 
part” which is fifth most significant localization affected.
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etc., were down-regulated in step 1 and step 2, however, Laynin and 
Prg4 were up-regulated in step 2. “Interferon signaling” activates JAK-
STAT-independent pathways and also participates in the activation of 
the Socs-1 [56]. “Ossification and bone remodeling” network helps in 
regulating the bone matrix [57].

Functional analysis by EGAN demonstrated the involvement 
of differentially expressed genes with chemokines, 
osteogenesis, stem cell niche and other hematopoiesis related 
networks.

To get a picture of the most represented genes both in up and 
down-regulated categories in step 1 and 2, we used EGAN software 
[28]. We imported 50 representative genes from MetaCore analysis, 
each from up and down-regulated groups, to EGAN to relate them 
to their locations, pathways and networks showing their involvement 
with stromal cells, bone marrow, osteogenesis, stem cell niche and 
other hematopoiesis related networks as shown in Figure 5A and 5B.

This network includes ECM and secretory proteins like advanced 
glycation end-product receptor (Ager), layilin (Layn), angiopoetin 2 
(Angpt2), annexin-1 (Anxa1), Col28a1, endothelin-1 (Edn1), gelsolin 
(Gsn), Mmp1a, mesothelin (Msln). Proteoglycan 4 (Prg4) which is a 
megakaryocyte stimulating factor, proliferins like Prl2c2 and Prl2c4, 
prostaglandin (Ptgds), S100a1, selenoprotein P (Sepp1), Timp4, 
vascular cell adhesion molecule 1 (Vcam1) and Wnt4 were also 
identified and are known to be involved with hematopoiesis through 
different signaling pathways like TGF-β [36], Hedgehog [58], Calcium 
signaling [59] and Wnt signaling pathways [60] (Figure 5A).

A number of genes in the “ECM related” and “secretory” pathways 
that have been shown to have associations with hematopoiesis in BM 
were down-regulated in step 1 and 2, notably Adamts4 and 9, Angpt4, 
Angptl4, Bmp1, Cav1, collagens (Col16a1, Col1a2, Col3a1, Col5a1, 
Col6a2), chemokines (Cxcl1, Cxcl12, Cxcl14, Dcn) and Mmps 13, 
3 and 9. These function as chemokines and cell adhesion molecules 

Figure 3: Validation of differential gene expression by matrix producing cells. (A) Shows the relative fold difference analysis of eight representative genes by QRT-
PCR (RT) compared to MX3 conditions. (B) Shows that the pattern of fold difference for microarray (MA) and RT for both step 1 and 2 were similar. Statistical analysis 
was done using one way ANOVA where *** denotes p ≤ 0.001 and ** denotes p ≤ 0.01. Error bars show standard deviation.  (C) Network analysis of the niche regulating 
genes from StroCDB database that were expressed by MX2 cells. The ECM related and secretory genes were mainly involved in MMP-9, MMP-13, Stromelysin-1, HGF 
receptor and Aggrecanase-1 related pathways. Red lines show the activation while the green lines depict inhibition. Red ovals show the presence of most commonly 
studied genes in HSC regulation. Blue and orange ovals denote the presence of different proteoglycans and growth factors/cytokines in our matrix producing cells. 
Green ovals indicate the genes that were previously identified using proteomics approach and the yellow ovals are the genes that are validated using QRT-PCR [20].
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Figure 4: Pathway analysis of the differential genes in step 1 and 2 by Metacore software. (A) ECM remodeling pathway was the most significantly affected pathway 
related to cell adhesion, which in the HSC niche is involved in physiological processes, such as development, proliferation, cell motility and adhesion and angiogenesis. 
(B) Shows Oncostatin M (OSM) signaling pathway via JAK-Stat signaling. OSM is a multifunctional cytokine which is structurally and functionally related to the subfamily 
of hematopoietic cytokines known as the IL 6-type cytokine family. Experimental data from both step 1 and 2 are linked to and visualized on the map as thermometer‑like 
figures. Up‑ward thermometers have red color and indicate up‑regulated signals and down‑ward (blue) ones indicate down‑regulated expression levels of the genes. 
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Figure 5: Functional analysis of differentially expressed genes by EGAN software. (A) Up and (B) down regulated genes in step 1 and 2 and their involvement 
in hematopoiesis related networks respectively. These figures show fifty most represented genes imported from MetaCore pathway, each from up and down regulated 
groups. EGAN software relates them to their locations, pathways and networks indicating their involvement with hematopoiesis, osteogenesis, stem cell niche and other 
hematopoiesis related networks. Genes shown in orange boxes belong to step 1 where as those in yellow boxes are from step 2. Genes that were differentially expressed 
in both step 1 and 2 are shown in yellow-orange gradient boxes. Red numbers in the green boxes indicate the number of genes associated with that term. The resulting 
network from EGAN software was redrawn manually for clarity.
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that help in HSC mobilization, ECM-receptor interaction, chemokine 
signaling [61,62], calcium signaling [63,64], and Jak-STAT signaling 
pathways [65,66] (Figure 5B). 

Discussion
In our previous study [20], we demonstrated that MX2 was a 

better matrix for expanding committed HSPCs whereas MX3 was best 
for expansion of primitive HSPCs. Previous studies have shown that 
osteoblasts support HSPCs in vitro and that co-culture of osteoblasts 
improves HSC maintenance [67]. These results support our hypothesis 
that osteogenic secretory molecules present in the matrices may be 
responsible for expanding more HSPCs on MX2. However, Hammoud 
et al. [68] have recently demonstrated that association of co-culture 
and low O2 concentration induces expansion of committed progenitors 
and also ensures a better maintenance/expansion of HSPCs, pointing 
to oxygenation as a physiological regulatory factor but also as a cell 
engineering tool. The greater expansion of progenitors on matrices 
grown in higher O2 conditions is consistent with the concept that the 
vascular niche promotes expansion of committed progenitors, while 
the greater expansion of cells with a more primitive phenotype on 
matrices grown under low O2 conditions is consistent with the concept 
that the hypoxic endosteal niche promotes self-renewal [69,70]. 

Although our proteomic studies helped us to identify a few 
proteins that were differentially regulated and that could be linked 
to the observed differences in the ability of those matrices to support 
HSPC expansion, this approach did have limitations [20]. For example, 
very high molecular weight proteins like GAGs could not be detected 
by this approach. Similarly, the detection of lower levels of proteins 
like cytokines and growth factors was not possible [71,72]. To further 
explore the role of GAGs in HSPC expansion, we performed matrix 
ablation experiments. MS-5 cells are known to produce GAGs [73] and 
previous studies have suggested that GAG metabolism is important 
in the interaction of HSCs and stromal cells [74]. To confirm this, we 
treated MX2 matrices with heparinase I, II, III and chondroitinase ABC. 
Heparinase and chondroitinase are heparin sulfate and chondroitin 
sulphate degrading enzymes that cleave GAG chains [75].

Our ablation results suggest that MX2 activity can be largely 
ablated by removal of GAGs (MX2-GAGs), with particular impact on 
BFU-E and CFU-GEMM colonies. Others have reported that GAGs 
secreted by stromal cells have the capacity to support hematopoietic 
cytokines in the maintenance and expansion of HSPCs [76], and that 
GAG expression is induced during early erythroid differentiation of 
multipotent HSCs [77]. However, we cannot exclude the possibility of 
other mechanisms for our observations, such as an effect of heparinase 
and other enzymes on the distribution of other proteins within the 
matrix. 

Our studies here focused on the gene expression profiling of the 
matrix-producing MS-5 stromal cells that mimics the HSC niche. We 
hypothesized that common transcripts between MS-5 and AFT024 
might represent an informatically validated list of HSC regulatory 
molecules. Hence, we interrogated the public StroCDB database [32] to 
compare the genes expressed in all of our matrices. Since we were more 
interested in the secretory (both soluble and insoluble) molecules of 
MS-5 cells that might have been present in our decellularized matrices 
upon induction with osteogenic factors and increase in O2, we did a 
2 step analysis for our microarray data. A total of 162 genes coding 
for secreted and ECM proteins were expressed by MS-5 cells cultured 
using condition for matrix production. These proteins are known to be 

involved in different HSC regulation mechanisms in the niche [61-66], 
explaining their ex vivo HSPC supportive behavior (Supplementary 
Table T3).

Response to O2 stimulus (Step 1)

Increase in O2 for MS-5 cells affected the expression of only 172 
genes. This can be related to the expansion of HSPC on MX4 which 
were comparable to that on MX3 matrices except CD34+CD38- cells 
(Supplementary Figure 1) [20]. Out of these 172 significantly affected 
genes with ≥ 1.5 fold differences in Step 1, 24% genes were up-regulated 
and 76% were down-regulated. None of these genes had more than 
3.9 fold up-regulation. However, for down-regulated category, 6 
genes were found with more than 10 fold difference. Cfd (-38.61 fold) 
and Adipoq (-13.22 fold) that encode cytokines expressed during 
adipogenesis were among the most down-regulated genes in step 1, 
suggesting that increase in O2 suppresses differentiation of stromal 
cells towards adipocytes [78] (Supplementary Table T2). Expansion 
of more primitive HSPCs on MX3 could also be due to up-regulation 
of these genes as adipocytes are known to be residing in HSC niches 
and hence playing roles in HSC maintenance [79]. While the published 
data suggests that HSPCs expand better under hypoxic condition, 
[80] little is known about the effect of O2 on other cells present in the 
supporting niche. We suggest that not only low O2 but also the presence 
of osteogenic factors may act in concert to regulate HSC proliferation 
and lineage commitment in vivo by modulating the expression of 
both positive and negative growth regulating factors by niche cells, in 
addition to their direct effects on HSPCs.

Response to both O2 and osteogenic stimulus (Step 2)

A total of 790 genes were significantly affected by the increase in O2 
and OGM treatment with more than 1.5 fold difference, out of which 
39% genes were up-regulated and 61% were down-regulated with 11 
genes in the former group and 30 genes in later group having more 
than 10 fold difference. It is also to be noted that 60-70% of the genes 
in both step 1 and 2 were down-regulated suggesting that the O2 and 
OGM stress on the MX3 condition resulted in down-regulation of most 
of the genes. We also examined common transcripts between MS-5 and 
AFT024 from the StroCDB database [32], which is a validated list of 
HSC regulatory molecules. A total of 162 genes coding for secreted 
and ECM proteins that are known to be involved in different HSC 
regulation mechanisms in the niche, were expressed by our matrices 
consistent with their ex vivo HSPC supportive behavior. Functional 
analysis based on localization showed that the most affected groups 
in both comparisons (step 1 and 2) were ECM related (172 genes); 
explaining the differences in the lineage specific HSPC expansion on 
each matrix prepared from these cells.

Depp, a hypoxia related gene expressed in endothelial stromal 
cells increases the level of extracellular-related-kinase (Erk) expression 
which in turn regulates HSC niches [81-83] was the most up-regulated 
gene in step 2 (21.55 fold), suggesting that it could be one of the novel 
proteins responsible for HSPC expansion in MX2 condition. However, 
stromal proteases like Mmp3 (-43.74 fold) and Mmp13 (-34.34 fold) 
that degrade ECM components and act as both positive and negative 
regulators for HSCs were among the most down-regulated genes in step 
2 [33]. These shedases cleave ECM components, making growth factors 
available to HSCs, however, cleavage of HSC supportive ligands like 
notch ligand delta-like1 results in negative regulation of hematopoiesis 
[84]. 

Among the most commonly studied insoluble ECM proteins in 
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HSC niches, vitronectin and collagens were down-regulated in step 2. 
Mmp9, which is the most important protease for the recruitment and 
mobilization of HSCs from the quiescent BM niche to the proliferative 
niche, was also down-regulated in MX2. Mmp3, and Mmp13 [33] and 
some of their inhibitors [85] were also expressed in lower quantities in 
MX2. However, some of these shedases like Mmp1 and Timp4 were 
up-regulated in step 2, consistent with the concept that the activity of 
the Mmp’s must be highly regulated, as inappropriate degradation of 
matrix would compromise the integrity of tissues [86]. Mauney et al. 
[87] have shown that upon differentiation, human BM stromal cells 
regulate their expression of Mmp’s and Timp’s in differentiation type-
specific manner. Our data support the critical role that shedases are 
believed to play in mobilisation, and hence differentiation of HSPC’s, 
though more detailed study is required to tease out the precise role of 
the individual elements in this complex system.

Differential regulation of proteoglycans and GAGs in both of 
these matrices also suggested their role in orchestrating the expansion 
of different HSPC lineages when co-cultured on them. Layilin, Prg-4 
and glypican 3 were up-regulated in MX2, confirming their crucial 
role in supporting better expansion. However, decorin, which is an 
extracellular modifier of Tgf-β/Bmp signaling, was down-regulated in 
both step 1 and 2 [88]. The biological roles of GAGs in ex vivo culture 
environment can be explained by the fact that GAGs bind to growth 
factors and these bound factors may enhance activity/affinity to their 
specific receptors on the HSPCs providing a favorable environment 
and modulating their effects on the maintenance and expansion of 
HSPCs. 

Several known soluble factors in HSC niche were also differentially 
regulated in MX2 and MX3. Angptl4 protein, which has been shown 
to stimulate ex vivo expansion of HSPCs [89]; chemokines like Cxcl1, 
Cxcl12 and Cxcl14 that influence migration, survival, and other actions 
of HSPCs [86,90]; and osteopontin, a highly acidic phosphoprotein with 
pleiotropic effects, including regulation of inflammation, cell adhesion 
and angiogenesis [91] were down-regulated in step 2 suggesting their 
role in maintain more primitive HSCs. However, Vcam1, which binds 
to β1 integrin expressed on HSCs and plays an important role in 
adhesion of progenitor cells in the niche [92]; chemokines and growth 
factors, such as Ccl2 [39] and Gdf15 [3,93] that regulates cell growth, 
senescence and differentiation and is dispensable for maintaining 
HSCs, were up-regulated in step 2. Proliferins like Prl2c2 and Prl2c4, 
which have angiogenic effects by positively regulating cell motility of 
stem cells [94], were also up-regulated in MX2 suggesting a mechanism 
that makes this matrix more proliferative for committed progenitors.

These genes, when subjected to pathway and network studies, showed 
strong effects on tissue remodeling, calcium signaling, hematopoiesis, 
cell differentiation and oxidative stress regulation. Genes known to 
be involved in signaling pathways related to hematopoiesis were also 
differentially regulated among MX2 and MX3. Non-canonical Wnt4 
enhances murine HSPC expansion through a planar cell polarity-like 
pathway resulting in diverse consequences like cell differentiation, 
proliferation/survival, migration and adhesion [95,96] and Angpt2, 
which is an angiocrine factor that controls vascular morphogenesis and 
homeostasis in the niche through the angiopoietin–tie system [39,97] 
were up-regulated in MX2 cells, indicating their role in maintaining 
more committed progenitors. However, HSC related pathways like 
ECM remodeling, cell matrix glycoconjugates and oncostatin M via 
Jak/Stat and MAPK signaling were down-regulated in step 2 [54,98] 
(Figure 6). 

The work presented in this paper points to O2 and osteogenic 
factors as significant variables in helping to define and alter the 
biological functions of niche ECM. It also suggests that MX3 condition 
expressed many genes found in endosteal niche and thereby expanding 
more primitive CD34+CD38- HSPCs whereas, MX2 matrix resembled 
vascular niche like conditions on gene level and hence expanded 
more committed CD34+CD45+ and CD34+CD133+ HSPCs (Figure 
6). We have also shown the importance of GAG metabolism in the 
maintenance and expansion of HSPCs,  which has encouraged us to 
extend this work to further characterize  the role of individual GAG 
classes on HSPC expansion. 

In summary, the picture that emerges from our studies of HSPC 
regulation by the stroma-generated niche is complex. We have 
identified a large number of genes that suggest that HSC-fate choices 
are controlled by multicomponent molecular networks. As such, the 
balance of self-renewal and differentiation is not likely to be governed 
by single or few stem cell factors, but rather by the integration of 

Figure 6: Replication of hematopoietic stem cell niche. Figure represents the 
major findings of gene expression profiling of HSPC supportive matrix producing 
cells and support the concept of extremely variable nature of mechanisms 
underlying stem cell niche functions. It points to O2 and osteogenic factors 
as significant variables in helping to define and alter the biological functions 
of niche ECM. The acellular matrices from MS-5 cells at low O2 (MX3) were 
closer to endosteal niche like conditions; expressed higher levels of ECM related 
genes and hence expanded more primitive CD34+CD38- HSPCs. MX2 matrix, 
which was prepared at higher O2 with osteogenic induction resembled vascular 
niche like conditions and hence expanded more committed CD34+CD45+ and 
CD34+CD133+ HSPCs. Ang-2, a ligand for Tie-2, was upregulated in MX2 
condition, whereas Cxcl-12, a secreted ligand for CXCR-4, was upregulated in 
MX3 condition. Genes regulating hematopoiesis related signaling pathways like 
Wnt and Jak/Stat were differentially regulated in MX3 vs MX2. Proteoglycan 
decorin (Dcn) was up regulated in MX3, whereas Gpc-3 and Prg-4 were 
upregulated in MX2 condition. Hematopoietic Stem Cells (HSC); Multipotent 
Progenitor Cells (MPP); Differentiated Cells (DC); Common Myeloid Progenitor 
Cells (CMP); Erythroid Cells (EC).
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many interacting signal inputs. The overall behavior of HSCs may be a 
property of regulatory networks related to the interactive architecture 
of the network rather than to its individual components. Our findings 
could be helpful in understanding the biochemical organization of 
hematopoietic niches and may also suggest the possible design of 
bioactive and biomimetic scaffolds that could be used for hematopoietic 
stem-cell based tissue engineering by increasing the availability of more 
transplantable HSPCs. 
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