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Abstract

High-risk neuroblastoma (HR-NB) is branded with hematogenous metastasis, relapses, and 

dismal long-term survival. Intensification of consolidation therapy with tandem/triple autologous 

stem-cell (SC) rescue (with bone-marrow [BM]/ peripheral-blood [PB] CD34+ selection) after 

myeloablative chemotherapy has improved long-term survival. However, the benefit is limited 

by the indication of NB cells in CD34+ PBSCs, CD34-expression in NB cells, and the risk 

of reinfusing NB-cancer stem cells (NB-CSCs) that could lead to post-transplant relapse. We 

investigated the association of CD34 surface expression (92 patients) with NB evolution/clinical 

outcomes. CD34 gene-level status in NB was assessed through RNA-Seq data mining (18 cohorts, 

n=3,324). Genetic landscape of CD34-expressing NB-CSCs (CD133+CD34+) was compared 

with CD34− CSCs (CD133+CD34−). RNA-seq data revealed equivocal association patterns of 

CD34 expression with patient survival. Our IHC-data revealed definite, but rare (Mean=0.73%; 

Range 0.00-7.87%; Median=0.20%) CD34 positivity in NB. CD34+ significantly associated with 

MYCN amplification (p=0.003), advanced disease stage (P=0.016), and progressive disease (PD, 

p<0.0009) after clinical therapy. A general high-is-worse tendency was observed in patients with 

relapsed disease. High CD34+ correlated with poor survival in patients with N-MYC-amplified 

HR-NB. Gene expression analysis of CD34+-NB-CSCs identified significant up- (4,631) and 

down-modulation (4,678) of genes compared with NB-CSCs that lack CD34. IPA recognized 

the modulation of crucial signaling elements (EMT, stemness-maintenance, differentiation, 
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inflammation, clonal-expansion, drag-resistance, metastasis) that orchestrate NB disease evolution 

in CD34+-CSCs compared with CD34−CSCs. While the function of CD34 in NB evolution 

requires further in-depth investigation, careful consideration should be exercised for autologous 

stem-cell rescue with CD34+ selection in NB patients.
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INTRODUCTION

Neuroblastoma (NB), the most common cancer at infancy, (Gurney., Smith. & Ross., 1999; 

Marc et al., 1999) profoundly contributes to childhood cancer deaths (American-Cancer

Society., 2013; Morgenstern, Baruchel & Irwin, 2013; Smith et al., 2010). Clinically, 

NB progression is branded with hematogeneous metastasis and frequent relapses, with a 

rapidly decreasing timeline (Santana et al., 2008; Simon et al., 2011). The current intensive 

multi-modal clinical therapy (IMCT) for high-risk NB comprises induction phase with 

alternating regimens of high-dose chemotherapeutic drugs (cyclophosphamide, cisplatin, 

vincristine, doxorubicin, etoposide, topotecan) and load reduction surgery; consolidation 

phase with more intensive chemotherapy (carboplatin, etoposide, topotecan, bisulfan and 

melphalan, thiotepa), along with radiotherapy and stem cell transplant (autologous bone 

marrow transplantation, ABMT; peripheral blood stem cell reinfusion); and maintenance 

phase with 13-cis-retinoic acid treatment, immunotherapy (dinutuximab), and immune

activating cytokine (GM-CSF, IL-2) treatment (www.cancer.org/cancer/neuroblastoma/

treating.html; www.childrensoncologygroup.org/index.php/in-treatment-for-neuroblastoma). 

Intensification of consolidation therapy with autologous stem-cell rescue after myeloablative 

chemotherapy with/without radiotherapy has resulted in relatively improved patient survival 

(Frappaz et al., 2000; Matthay et al., 1999). Further, for the treatment of high-risk NB, 

studies have indicated the benefit of tandem or triple autologous stem-cell rescue (in 

combination with the high-dose therapy) with encouraging long-term survival and, slashed 

CNS relapse and secondary malignancies (George et al., 2006; Kletzel et al., 2002). 

However, the benefit of such a major therapeutic advancement is limited by the risk of 
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reinfusing NB cancer cells that could lead to and/or attributable to the post-transplant relapse 

(Moss et al., 1994; Rill et al., 1994). Such limitation is realized both in hematopoietic stem 

cell and in peripheral blood stem cells (PBSCs) transplantations (Moss et al., 1994; Rill et 

al., 1994). In light of sidestepping graft contamination, many ex vivo purging techniques, 

including negative selection with tumor cell killing toxic concentrations of chemotherapy, 

monoclonal antibodies targeting neuroblasts, transgenic virus directed enzyme-prodrug 

therapy, and positive selection of hematopoietic stem cells using specific anti-CD34+ 

monoclonal antibodies, have been adopted (Marabelle et al., 2011). The feasibility of CD34+ 

cell immunoselection, its purging efficacy against contaminating neuroblasts, the ability of 

such CD34+ grafts in reconstitution and maintenance of hematopoiesis, and its benefit in 

long-term clinical outcomes have been extensively investigated (Berger et al., 1997; Kanold 

et al., 2003; Marabelle et al., 2011).

As the part of current multi-modal therapy, CD34+ bone marrow or peripheral blood stem 

cell selection is widely used with increasing frequency for transplantation in patients with 

NB (Illhardt et al., 2018; Ning et al., 2016; Salazar-Riojas et al., 2015; Seif et al., 2013; 

Veljkovic et al., 2013). Development of rapid isolation approaches for CD34+ hematopoietic 

stem cell selection accentuates its clinical utility (Fritsch et al., 1993; Lebkowski et al., 

1992; Salazar-Riojas et al., 2015; Veljkovic et al., 2013). However, studies indicated the 

detection of NB cells in CD34+ selected peripheral blood stem cells (Lode et al., 1997). 

In addition, researchers recognized the surface membrane expression of CD34 in NB cells 

and further identified relatively stronger CD34 expression in clonogenic, less differentiated, 

non-adherent NB cells when compared with the adherent NB cells (Hafer et al., 1999; Leung 

et al., 1998; Tchirkov et al., 1998; Voigt et al., 1997). These observations indicate that 

caution is warranted for transplants obtained by CD34+ stem cell selection, at least for the 

NB setting. However, the criticality of CD34+ NB cell contamination in tumor relapse after 

autologous stem cell transplantation remains debatable with conflicting results (Choi et al., 

2005; Corrias et al., 2006; Hafer et al., 1999; Handgretinger et al., 2003; Hansford et al., 

2007; Leung et al., 1998; Lode et al., 1997; Tchirkov et al., 1998). Although heightened 

expression of CD34 was indicated in clonally active, less differentiated, non-adherent 

neuroblastoma cells (Hafer et al., 1999; Leung et al., 1998; Tchirkov et al., 1998; Voigt 

et al., 1997), the physiognomies of CD34+ NB clones and their relevance/capabilities in 

disease initiation and/or evolution remain unexplored.

Our recent investigation agrees with previous studies (Hafer et al., 1999; Leung et al., 

1998; Tchirkov et al., 1998; Voigt et al., 1997), and recognized the existence and/or 

selection of CD34+ clones in a metastatic site-derived neuroblastoma cancer stem cell 

(NB-CSC) population (Khan et al., 2015b). Hence, hypothetically, CD34+ NB-CSC clones 

may harbor elite genetic rearrangements and could thereby contribute to disease evolution. 

Thus far, the availability and magnification of CD34 surface expression in human NB 

and its relevance in disease progression and/or clinical outcomes is not realized. Likewise, 

the genetic and molecular physiognomies of the CD34-expressing NB cancer stem cells 

(NB-CSCs) and their probable significance in NB disease pathogenesis are largely unknown. 

Therefore, we aimed to investigate (i) the surface expression blueprint of CD34 positivity in 

human NB and its significance in clinical outcomes, (ii) association of CD34 with disease 

evolution (progression, dissemination, and therapy resistance), and (iii) the gene expression 
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rearrangements in CD34-expressing NB-CSCs (CD34+NB-CSCs) compared with NB-CSCs 

that lack CD34 (CD34−CD133+-NB-CSCs) and their association with disease evolution.

MATERIALS AND METHODS

CD34 immunohistochemistry (IHC) in human NB:

We examined 119 specimens from 92 cases of human NB collected from our institutional 

(University of Oklahoma Health Sciences Center, OUHSC) pediatrics pathology collection. 

Cooperative Human Tissue Network (CHTN), and the Oregon Health and Science 

University Biospecimen core. Table 1 lists patient demographics. All protocols were 

approved by the OUHSC Institutional Review Board (IRB), with permission for the research 

use of de-identified specimens. All experiments were performed in accordance with OUHSC 

IRB guidelines and regulations for the protection of human subjects. Hematoxylin-Eosin 

(H&E)-stained sections were examined. Only the cases with sufficient percent tumor (with 

minimal necrosis) and adequate tumor volume for tissue microarray (TMA) construction 

were included. TMA construction and CD34 IHC was performed in the Tissue Pathology 

Core of the Stephenson Cancer Center, as described in our earlier studies. (Khan et al., 

2015a; Khan et al., 2015b; Somasundaram et al., 2019) The cores (1 mm, in triplicate) 

from 10% NBF-fixed and paraffin-embedded (FFPE) tissue blocks were randomly arrayed 

with no predictability in the recipient paraffin block. Four-μm-thick sections from the TMAs 

were baked for IHC. Immunohistochemical staining was performed using a Leica BOND-III 

fully automated staining system® (Leica Biosystem Inc., Buffalo Grove, IL). Deparaffinized 

TMA sections were rehydrated, neutralized (0.25 M Tris-HCl), blocked (0.5% BSA-2% 

FBS), and labeled with 1 μg purified anti-human mouse monoclonal CD34 antibody 

(Biolegend, San Diego, CA) under humidified conditions. Appropriate negative (no primary 

antibody) controls were examined in parallel. The slides were micro-digitally scanned using 

an Aperio Scanscope (Aperio Technologies, Inc., Buffalo Grove, IL) slide scanner, and the 

virtual slide was constructed with digital histology. This process allows for the assembly 

of tissue collections in a TMA with variable magnifications. The digital images were 

then group analyzed with appropriate algorithms for membrane-specific CD34 positivity 

using Aperio integrated Spectrum (Aperio) software. To avoid equivocal representations, we 

considered only strong surface expression positivity for analysis, and presented as percent 

total cells. Group-wise comparisons and survival analysis (log rank tests, Kaplan-Meier 

plots) were performed using GraphPad Prism (version 8.3.1, GraphPad Software, San Diego, 

CA).

Cell culture and whole genome gene expression:

The human NB (SH-SY5Y) cell line obtained from ATCC (Manassas, VA) was cultured and 

maintained as described earlier (Khan et al., 2015b; Veeraraghavan et al., 2011). NB-CSCs 

(unsorted, CD133+CD34−, CD133+CD34+) derived and characterized earlier(Khan et al., 

2015a; Khan et al., 2015b; Pandian et al., 2015) were cultured and maintained in stem cell 

medium (DMEM:F12 with 1% N2 Supplement, 2% B27 supplement, 20 ng/ml hPDGF, 100 

ng/ml EGF, and 1% antibiotic-antimycotic). Whole genome gene expression analysis was 

performed in SH-SY5Y, unsorted NB-CSCs, CD133+CD34− NB-CSCs, and CD133+CD34+ 

NB-CSCs using the Human V2 SurePrint G3 Unrestricted GE 8x60K gene expression 

Aravindan et al. Page 4

Cell Biol Toxicol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microarray (Agilent Technologies, Inc., Santa Clara, CA). In brief, RNA from NB-CSCs 

was extracted using RNeasy mini spin columns (RNeasy Mini Kit, Qiagen, German town, 

MD) following the manufacturer’s instructions and quality/quantity controlled using a 

bioanalyzer (Agilent Technologies). 100 ng of each RNA sample was used for the linear T7

based amplification step. Cy3-labelled cRNA was generated from total RNA using the One 

Color Low Input Quick Amp Labeling (Agilent Technologies) following the manufacturer’s 

protocol. Equal amounts of purified Cy3-labelled cRNA were hybridized according to 

the Agilent microarray processing protocol (Gene Expression Hybridization Kit, Agilent 

Technologies) for 17 h at 65°C to Agilent SurePrint G3 Human GE 8 × 60K V2 microarrays. 

The microarrays were washed using the Gene Expression Wash Buffer Kit (Agilent) and 

scanned using a high-resolution microarray scanner (G2600D, Agilent Technologies, Palo 

Alto, USA). The data were processed using Agilent Feature Extraction software (version 

11.0.1) and analyzed using the Agilent GeneSpring GX version 12.5 software (Agilent). All 

data were background-corrected, normalized between arrays (quantile-normalization), and 

transformed to log2-scale. After normalization, filtering low-quality probes was based on 

quality flags set by the FES. The processed and filtered data were then subjected to between 

sample comparisons using GraphPad Prism.

Functional annotation of modulated genes in CD34+ NB-CSCs with Ingenuity pathway 
analysis:

To investigate the functional relevance of modulated genes in CD34 surface-expressing 

NB-CSCs, we utilized ingenuity pathway analysis (IPA). Only the genes that displayed 

significant (≥2 fold) up and down modulation were included for the analysis. Gene probe 

ID with corresponding expression levels were first annotated. The downstream analysis was 

restricted only to those mapped (defined or predicted data availability) by the IPA. Core 

analysis was performed with criteria including direct relationship with causal path scoring 

for networks and upstream regulator analysis and experimentally observed confidence level. 

Significant associations of the genes with diseases, molecular and cellular functions, and 

canonical pathways and networks were examined.

In silico data mining to assess the association of CD34 transcription with clinical 
outcomes:

We examined the correlation of CD34 transcription with overall survival, relapse-free 

survival, disease stage, prognosis, and patient status. For this, we used the R2: a web-based 

microarray analysis and visualization platform (http://r2.amc.nl. by Dr. Koster, Department 

of Oncogenomics, Academic Medical Center, Amsterdam, Netherlands) that allows us to 

correlate select gene expression profile with clinical outcomes for various patient cohorts 

that were submitted by individual investigators. Moreover, R2 is the only application 

that holds the comprehensive collection of NB studies with RNA-seq or microarray data. 

Eighteen individual studies (combined n=3,324) were examined for the association of CD34 

with disease progression and clinical outcomes.
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RESULTS

CD34 transcription in NB displays dubious association with disease evolution and clinical 
outcomes:

Eighteen patient cohorts were independently assayed for CD34 correlation with advanced 

disease stage (INSS) and clinical outcomes (overall survival, OS; Relapse-free survival, 

RFS) in overall, N-MYC-amplified, or N-MYC non-amplified patient subsets (Table 2). A 

direct correlation of CD34 with advanced disease stage was observed in overall (GSE27608, 

n=47; GSE54720, n=23; TARGET161, n=161 [Fig S1a]). N-MYC-amplified (TARGET161, 

n = 161; TARGET249, n = 249; GSE54720, n = 23; GSE85047, n=283) and in N-MYC 

non-amplified (GSE45547, n = 649) patient cohorts. An independent study (GSE12460, 

n = 64) showed an inverse relationship of CD34 levels with disease progression. While 

some studies (GSE16476, n=88; GSE3446, n=102; GSE85047, n=283) showed positive 

association with poor OS and RFS (Fig S1b–d), others (GSE62564, n=498; NB251, n=251; 

GSE45547, n=649) displayed inverse correlation with poor OS and RFS. A number of 

other independent studies (e.g. TARGET 249; n=249; GSE49710, n=498) exhibited MYCN 

status-specific mixed associations with OS or RFS. A handful of studies displayed no 

significant association (direct or inverse) of CD34 expression with disease progression 

and clinical outcomes (Table 2). Overall, these observations from in silico data mining 

suggest no agreement across NB patient cohorts. However, these findings could indicate that 

fluctuations in CD34 transcription may effect tumor evolution and poor clinical outcomes 

(Fig S1).

CD34 surface-expressing cells are sparse in neuroblastoma:

IHC assessment of the levels of CD34 revealed a definite surface expression of CD34 

in human NB (Fig 1a). We used custom-archived TMAs constructed with a manifold of 

tumors in primary/metastatic sites from patients during diagnosis/progressive disease after 

IMCT. Three randomly positioned independent cores were examined for each specimen. 

To avoid any inconclusive representations, we considered only strong surface expression 

positivity. Although the presence of CD34 surface-expressing cells was observed within 

most of the NB tissues, their occurrence remained in low to very-low percentile. For the 

119 NB specimens analyzed, CD34 IHC analysis revealed that expression ranged from a 

minimum of 0.00% to a maximum of 7.87%, with an average of 0.73% and a median of 

0.20%.

CD34 surface expression is associated with NB disease progression:

We sought to define and typify the association of CD34 to progressive NB. First, we 

examined the INSS stage-dependent fluctuations of CD34. Patients who presented with 

stage 1 (n=20) disease showed marginal (mean 0.17 ±0.04) levels of CD34 surface 

expression (Fig 1b). We observed increasing levels of CD34 expression in stage 2 (n=12, 

0.33±0.96), stage 3 (n=16, 0.95±0.39), and stage 4 (n=42, 1.36±0.48) NB. Group-wise 

comparison analysis showed significantly (P<0,016) higher levels of CD34 in high-risk 

(stage 4) NB than in clinically stable (stage 1) disease (Fig 1b).
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We also assessed CD34 surface expression variation in relation to N-MYC status. N-MYC 

amplification and its function in NB disease evolution has been extensively realized and 

serves as a dominant variable for the prediction of clinical outcomes in NB. Our IHC 

analysis revealed significantly (P=0,0034) high incidence of CD34 surface-expressing cells 

in the N-MYC-amplified subset (n=15) compared with the N-MYC non-amplified (n=76) 

group (Fig 1c).

Then, we investigated whether the increase in the availability of CD34 surface-expressing 

cells is an ongoing acquisition process in cells surviving therapy. For this, disease at 

diagnosis was compared to the progressive disease after IMCT. We observed a significant 

(P=0.0009) increase in CD34 surface-expressing cells in progressive disease after IMCT 

compared with disease at diagnosis (Fig 1d). Our analysis on acquired gain, revealed 

profound acquisition of CD34-expressing cells in progressive disease (compared with 

diagnosis) for the patients with stages 1, 3, and 4 (Fig 1e). We did not see similar pattern in 

stage 2 disease, however could speculate that this could be due to the limitations in the n for 

comparison.

We examined whether there was a difference in availability of CD34 surface-expressing 

cells in primary (n=47) and disseminated tumors (n=43). There was no significant difference 

between the primary and metastatic tumors (Fig 1f). Then, we investigated whether there 

was a difference in the availability of CD34-expressing cells in relation to the site of 

tumor tissue, irrespective of primary/metastatic status. Compared with adrenal tumors 

(generally considered a primary site for NB), we observed high CD34 levels in tumors 

of abdomen, bone marrow, and paraspinal tumors; and relatively high CD34 levels in 

chest, neck, mediastinum, sympathetic ganglion ,and peripheral nerve structure tumors (Fig 

1g). Tumors recovered from kidney, retroperitoneal, and soft tissues harbored few CD34+ 

cells compared with adrenal tumors. Together, these observations strongly suggest that 

CD34-expressing cells are associated with advanced disease stage, N-MYC amplification, 

and disease evolution after IMCT.

CD34-expressing cells and NB clinical outcomes:

We performed survival analysis to assess the influence of the CD34 surface-expressing 

cells on NB patient outcomes. Since the availability of CD34 surface-expressing cells in 

NB is minimal, the survival analysis was computed for the presence and absence of CD34 

surface-expressing cells. CD34 positivity above 0.2% (median value) was considered as 

presence and anything less than 0.2% was considered absence. Of the 84 patients with 

available survival data, 41 were negative CD34-expressing cells and 43 were positive for 

CD34-expressing cells. The presence of CD34+ NB cells had no significant association with 

poor (Fig 2a) and relapse-free survival (RFS; Fig 2b) in this cohort of NB patients. However, 

in patients with relapsed disease, we found a profound (HR = 2.248) association of CD34+ 

cells presence with poor survival (Fig 2c). Within the N-MYC amplified subset, we found a 

robust (HR=2.067) association of CD34+ cells presence with OS, although this association 

was not significant (Fig 2d). There was no association of CD34+ cell presence with RFS 

in this subset (Fig 2e). However, in patients with relapsed disease, we observed a complete 

decline in patient survival with the presence of CD34+ cells (Fig 2f). Interestingly, in the 
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N-MYC non-amplified patient subset, though not significant, CD34+ cell presence showed 

inverse association with OS (HR=2.325; Fig 2g) and RFS (HR=2.187; Fig 2h). In patients 

with relapsed disease, survival analysis revealed a sharp drop in patients’ survival with the 

presence of CD34+ cells (Fig 2i).

In high-risk progressive (stage 4) disease, presence of CD34+ cells had no significant 

association with OS (Fig 3a) and RFS (Fig 3b). Although a high HR (HR = 1.679) 

indicating a positive linear correlation of CD34+ cell presence to poor survival in patients 

with relapsed disease (Fig 3c). High-risk patients with N-MYC amplification showed a 

significant (P=0.0097; HR = 4.883) correlation of CD34+ cell presence with poor OS 

(Fig 3d). However, in high-risk patients with N-MYC non-amplified status, there was no 

association of CD34 with poor OS (Fig 3e) and RFS (Fig 3f). Although there was no 

significant relationship between CD34+ cell presence to poor survival in patients with 

relapsed disease, the trend of linear association between them was noted in this subset (Fig 

3g). Together, these data strongly suggest a significant relationship between the presence of 

CD34+ cells and poor survival in NB patients, particularly in N-MYC amplified high-risk 

patients and NB patients who present with relapsed disease after IMCT.

Genetic landscape of CD34+ cancer stem Cells (CSCs):

To define the genetic blueprint of CD34-expressing NB CSCs, we performed whole 

genome gene expression analysis. For this, NB CSCs, including unsorted (SM-CSC-L), 

CD133+CD34− (SM-CSC-L-CD133+), and CD133+CD34+ (SM-CSC-L-CD34+) derived 

and characterized from our earlier studies,(Khan et al., 2015a; Khan et al., 2015b; Pandian 

et al., 2015) were screened with Agilent SurePrint G3 Human GE 8 × 60K V2 microarrays. 

Human NB SH-SY5Y cells were used as controls. For better comparative understanding, 

we performed three-step analysis: 1) we defined the CSCs genetic makeup by comparing 

the CSC-like (unsorted) and CSCs (CD133+, CD133+CD34+) to the non-CSC tumor 

populations (SH-SY5Y); 2) we defined the genetic makeup of designated CSCs (CD133+, 

CD133+CD34+) compared with unsorted CSC-like populations; and 3) we defined the 

additive gene modulations in CD34+ NB CSCs. For the exploration of additive gene 

modulations, it is essential to determine the differences in CD34-negative and CD34-positive 

conditions in clearly defined CSCs. Thus, we used CD133, the well-documented and 

extensively recognized NB-CSC marker (reviewed in detail elsewhere(Aravindan et al., 

2019a)), to designate NB CSCs. Table 3 presents the upmodulations and downmodulations 

for each case and for each comparison individually. A two-step significance criterion 

(significant, ≥2 fold and highly significant, ≥10 fold) was adopted for each comparison.

The gene modulation in SM-CSC-L, SM-CSC-L-CD133+, and SM-CSC-L-CD34+ were 

compared with the gene profile of non-tumor (SH-SY5Y) NB cells. Each CSC type 

investigated displayed a robust activation (upmodulation) of genes (Fig 4–ai). Crisscross 

comparisons between the CSCs upmodulated genes identified ‘CSC type-specific’ and 

‘shared’ gene signatures. Interestingly, 17,868 transcripts showed CSC-type independent 

upregulation (Fig 4–ai). Applying stringent criteria (≥2 fold), we observed a unique gene 

signature with CSC type-specific (CSC-L, 882; CD133+, 581; CD34+, 2582), shared 

(CSC-L & CD133+, 581; CSC-L & CD34+, 521; CD133+ & CD34+, 472), and CSC 
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type-independent (1,327) profiles (Fig 4–aii). Further, focusing on highly significant 

upregulation, we observed that 85, 13, and 243 genes are specifically activated in CSC-L, 

CD133+, and CD34+ CSCs, respectively. Thirty-nine genes were shared between CSC-L 

and CD133+, 51 genes were shared between CSC-L and CD34+, and 17 genes were 

shared between CD133+ and CD34+ (Fig 4–aiii). Ninety-five genes showed CSC type

independent significant activation compared with non-CSC tumor cells. Similarly, CSCs also 

displayed distinct downmodulation signatures and identified ‘CSC type-specific’, ‘shared’, 

and ‘independent’ (9,064) gene signatures (Fig 4–aiv).

With stringent criteria (≥2 fold), we observed a CSC type-specific (CSC-L, 1,029; CD133+, 

1,148; CD34+, 3,143), shared (CSC-L & CD133+, 716; CSC-L & CD34+, 412; CD133+ & 

CD34+, 542), and CSC type-independent (985) downmodulation (Fig 4–av). Computing for 

highly significant (≥10 Fold) downregulated genes, we observed that 100, 71, and 630 genes 

are specifically suppressed in CSC-L, CD133+, and CD34+ CSCs, respectively. Sixty-seven 

genes were shared between CSC-L and CD133+, 32 genes were shared between CSC-L and 

CD34+, and 26 genes were shared between CD133+ and CD34+ (Fig 4–avi). Fifty genes 

showed CSC type-independent suppression compared with non-CSC tumor cells.

Together, these gene profiles clearly indicate the gene fluctuations in NB-CSCs 

compared with non-CSC tumor cells. The results identified the unsorted, CD133+, and 

CD34+CSCs genetic blueprints, clone-dependent differences, and the common NB-CSC 

designation signature. More importantly, these signature profiles (both upmodulation and 

downmodulation) under general, significant, and highly significant stratifications clearly 

indicate a unique and magnified SM-CSC-L-CD34+ clone-specific signature compared with 

SM-CSC-L or SM-CSC-L-CD133+.

Next, we compared the genetic profiles of the designated NB CSCs (CD133+ and 

CD133+CD34+) with that of the general population of unsorted CSC-like cells (SM-CSC-L). 

Compared with unsorted CSCs, CD133+ CSCs displayed upmodulation of 20,133 genes, of 

which 5,862 are specific to this population. Likewise, CD133+CD34+ CSC clones exhibited 

an upregulation of 22,016 genes, within which 7,745 are specific to this type. With stringent 

criteria in place, 2,215 and 4,846 genes were significantly upregulated in CD133+and 

CD133+CD34+ CSCs, respectively (Fig 4–bii). Of these, 1,063 are unique to CD133+, 

3,694 are unique to CD133+CD34+, and another 1,152 genes were commonly upregulated 

between these CSCs. With ≥10 fold significance in place, we observed an activation of 

72 and 290 genes in CD133+and CD133+CD34+ CSCs, respectively (Fig 4–biii). With 

49 of these genes shared between both designations, 23 genes were uniquely activated in 

CD133+CSCs and 241 were specific to CD133+CD34+ CSCs. Compared with the unsorted 

population, a large number of genes are downregulated in these designated CSCs, with 

7,745 genes specific to CD133+ CSCs, 6,862 genes unique to CD133+CD34+ CSCs, and 

21,721 genes that are commonly downmodulated (Fig 4–biii). Of this number, 2,818 and 

5,313 genes are significantly (≤2 fold) downmodulated in CD133+ and CD133+CD34+ 

CSCs, respectively; these genes include a shared downregulation of 1,060 genes (Fig 4–bv). 

More importantly, 70 and 659 genes were completely (<10 fold) inhibited in CD133+ and 

CD133+CD34+ CSCs, with only four genes commonly downregulated between both groups 

(Fig 4–bvi). These data identified genetic signatures (specific, shared) of the designated 
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(CD133+ and CD133+CD34+) NB-CSCs compared with the unsorted CSC population. 

Interestingly, within this comparison, we observed a heightened number of molecules that 

were upmodulated and downmodulated in CD133+CD34+ CSCs compared with CD133+ 

CSCs.

We compared the gene expression profiles between CD133+CD34− (SM-CSC-L-CD133) 

and CD133+CD34+ (SM-CSC-L-CD34+) NB-CSCs. Compared with CD34− NB-CSCs, 

CD34+ CSCs displayed upmodulation of 22,715 genes, of which 4,631 genes were 

significantly (≥2 fold) upregulated. Two hundred seventy-four genes showed highly 

significant (≥10 fold) activation (Fig 4–ci). Conversely, we found 27,884 genes were 

downregulated in CD34+ CSCs when compared with CD34− CSCs. While 4,678 of these 

genes showed significant downmodulation 572 genes were completely (310 fold) suppressed 

(Fig 4–cii). These results show that CD34+ NB-CSCs have additive gene modulations that 

warrant investigation to define their function in disease evolution and clinical outcomes.

Since this was the prime focus of this study, the significantly upregulated (4,631) 

and downregulated (4,678) genes in CD34+ NB-CSCs were subjected to IPA analysis. 

Of the 9,309 inputs, IPA was able to map 7,602 for core analysis. Confidence was 

set for ‘experimentally observed’ interactions and predictions were excluded for this 

analysis. IPA comparison analysis identified >500 canonical pathways (Table S1) in 

which these molecules have critical (statistically significant) and functional roles. Their 

statistical significance indicates the probability of association of the molecules modulated 

in CD34+ NB-CSCs with the documented canonical pathways. Furthermore, constructing 

an overlapping network with the top 100 canonical signaling pathways including the 

‘direct relationship’ and excluding any indirect interactions (Fig 5) revealed a tightly 

regulated signaling. To shed some light on the characteristics of CD34+ CSCs in regards to 

epithelial-to mesenchymal transition, stemness maintenance, self-renewal, clonal selection, 

and NB disease evolution, a few examples of the activated signaling pathways (stem 

cell pluripotency, transcriptional regulatory network in stem cell, regulation of EMT, 

differentiation via BMP receptors, regulation of WNT, G-protein coupled receptor and 

cancer metastasis signaling) and involved molecules from this tightly regulated overlapping 

network are highlighted in Fig 5. In addition to their defined roles and association in 

canonical signaling, we also evaluated their intricate roles in molecular and cellular 

functions. The genes modulated in CD34+ CSCs are critically involved in more than 

500 annotated cellular functions, which clearly showed their all-inclusive role in the 

orchestration of disease progression and evolution (Table S2). The annotated cellular 

functions and diseases that have high relevance to NB progression and evolution include: 

development of malignant tumor, tumor/lesion growth, cellular movement – migration and 

invasion, cell-to-cell signaling/interaction, angiogenesis, and secondary tumor. Together, 

the gene expression data identified the unique and additive gene modulations in CD34+ 

NB-CSCs, and the IPA analyses indicated the functional relevance of such candidates in 

the translation of stemness maintenance, clonal selection and expansion, tumor progression, 

dissemination, and evolution.
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DISCUSSION

In a cohort of NB patients in the present study, we showed the definite but rare presence 

of CD34 surface-expressing cells within NB. CD34 surface expression in general is thought 

to be confined to lymphohematopoietic cells, capillary endothelial cells, and brain cells 

(Civin, 1995). Early reviews speculated that, other than the malignancies of vascular origin 

(e.g., Kaposi’s sarcoma), CD34 is negative in solid tumors, including NB (Krause et al., 

1996). However, studies in other tumor systems indicated that tumor cells are still detectable 

after CD34 enrichment, and CD34 positivity exists in tumor cells (Leung et al., 1998; 

Mapara et al., 1997; Verbeek et al., 1995). Zintl and colleagues showed CD34 surface 

expression in primary and permanent NB cell lines (Voigt et al., 1997). Later, the same 

group validated the surface expression of CD34 in NB cells, and further indicated that CD34 

mRNA expression in NB cells may or may not correspond to surface protein expression 

(Hafer et al., 1999). However, to our knowledge, this study is the first attempt to identity 

the positivity of CD34 surface expression in NB tumors. Our results showed the presence of 

CD34 surface-expressing cells within NB, but such positive cells are rare (mean of 0.73% of 

total cell population). This key finding significantly addresses two contradictory claims: 1) 

that CD34 surface expression is negative in solid tumors, including NB, and 2) that NB cells 

exhibit surface expression of CD34. Our findings of rarity in CD34 surface-expressing cells 

(considering only the strong positivity) within NB suggest that the threshold for positivity 

could be the deciding factor in no-to-low frequency graft contamination in the clinics. If no 

threshold for positivity is applied, graft contamination might be overestimated.

Though it is relatively sparse, their definite existence with the NB population, we examined 

the relevance of CD34 surface expressing cells frequency to the NB disease evolution 

and clinical outcomes. For the first time, the results of this study demonstrated a linear 

relationship of the increasing number of CD34 surface expressing NB cells to the advanced 

disease stage. Significantly high number of CD34+ NB cells in tumors of high-risk (stage 

4) patients indicate its possible influence in disease progression. The amplification of the N

MYC gene that codes for an oncogenic transcription factor was observed in approximately 

20% of all NB, and is considered to be a molecular marker to identity high-risk patients 

(Ambros et al., 2009). N-MYC amplification predicting poor prognosis in NB has been 

extensively documented, and also serves as a tool for better patient stratification for therapy 

(Ahmed et al., 2017; Yue et al., 2017; Zhang et al., 2017). Results from our comparison 

analysis between N-MYC amplified and non-amplified statuses identified significantly 

more CD34 surface-expressing cells in the N-MYC amplified subset. Considering the 

criticality of MYCN status in poor NB prognosis, one could easily attribute the increased 

CD34+ positivity to high-risk status and disease progression. More importantly, patients 

with disease that does not respond to the front-line therapy and progresses are of major 

concern (Cho et al., 2018; Choi et al., 2005; Modak et al., 2018; Peinemann et al., 

2017; Zhou et al., 2015). The cells that survive first-line IMCT may undergo continuous 

acquisition of molecular and genetic rearrangements and contribute to disease evolution. 

Our results comparing the disease at diagnosis to the progressive disease after IMCT 

showed a significant increase in the number of CD34 surface-expressing cells in progressive 

disease without any sample number bias. Such a finding relates to the acquisition or clonal 
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expansion of CSCs in resistant populations that orchestrate disease evolution. We recently 

reviewed the role of CSCs in therapy resistance and NB disease evolution (Aravindan et al., 

2019a). Interestingly, our findings also showed fluctuations in CD34-surface expressing cells 

in relation to the site of tumor tissue. Compared to the adrenal tumors, CD34-levels were 

profoundly high in tumors of bone marrow and paraspinal tumors. With the documented 

evidence of high numbers of CSCs in NB spheres from bone marrow (Bahmad et al., 2019; 

Veschi, Verona & Thiele, 2019), we could speculate that the relative high-levels of CD34 

in these tumors could be linear to the selection and/or enrichment CSCs in these tissues. 

Together, these data strongly suggest that there is a correlation between the increasing 

number of CD34 surface-expressing cells and disease progression, therapy resistance, and 

disease evolution. Although we observed this linear relationship, functional studies are still 

needed to confirm the direct role of CD34-expressing cells in NB progression.

With such a low incidence, we did not expect that we would be able to predict any 

statistically definable relationship with clinical outcomes. However, to our surprise, we 

observed a tendency of high number of CD34+ cells → low survival in the patients 

with relapsed disease. This pattern was visible when survival curves were computed 

for the overall cohort, N-MYC-amplified or non-amplified, and high-risk subsets. More 

importantly, in N-MYC amplified high-risk (stage 4) subset, our results for the first 

time identified a significant correlation with poor survival. This finding is significant and 

indicates that CD34 may serve as a prognostic indicator for this highly progressive, hard to 

treat subset.

The recurrent clinical course of NB, as well as their self-renewal ability and uninhibited 

growth pattern despite IMCT, suggest the existence and/or de novo evolution of NB-CSCs 

(Abdullah & Chow, 2013; Alisi et al., 2013). CSCs are known to harbor critical genetic 

pro-oncogenic mutations that instigate clonal selection and expansion, promoting disease 

progression and evolution (Hansford et al., 2007; Mahller et al., 2009; Ross, Biedler & 

Spengler, 2003). CSCs display high resistance to IMCT, which is attributed to cancer 

recurrence, metastatic growth, and poor clinical outcomes (Peiris-Pages et al., 2016; Prieto

Vila et al., 2017; Zhu & Fan, 2018). Accordingly, recent investigations are focused on 

characterizing NB-CSCs on genetic, molecular, and functional levels. In our recent review, 

we have extensively discussed the roles of NB-CSCs in therapy resistance (Aravindan et 

al., 2019a). Of the many surface markers indicated for NB-CSCs, CD133 (Prominin-1) has 

been widely accepted as the marker for CSCs(Li, 2013). CD133 levels were associated with 

the gain in 16p13 (a genetic profile different from that of non-stem tumor cells), associated 

with chemoresistance (Sartelet et al., 2012), and inversely correlated with OS of NB patients 

(Tong et al., 2008).

For the first time, our characterization of CD133+CD34+ NB-CSCs in the present study 

revealed a unique genetic profile of these NB-CSCs compared with CD133+CD34− 

NB-CSCs. The difference in the genetic makeup clearly identified activated stemness 

maintenance, self-renewal, clonal selection and expansion, tumor growth and metastasis, 

and other key functions (Figure 5) in CD133+CD34+ NB-CSCs that could correspond 

to tumor progression, disease evolution, and poor clinical outcomes. Our recent reviews 

extensively documented (Aravindan et al., 2019a; Aravindan et al., 2019b) the direct 
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functional significance of the candidate genes and/or the signaling pathways (identified by 

IPA in this study) in driving NB stemness maintenance, self-renewal capacity, EMT, clonal 

expansion, tumor progression, and evolution. We have unveiled the complete variation, 

significant fluctuations, and the lead candidates with a stratified approach. Further, our 

step-wise experimental design to display the genetic blueprint of NB-CSCs compared with 

non-stem cancer cells, surface marker designated NB-CSCs compared with undesignated 

CSCs, and CD133+CD34+ NB-CSCs compared with CD133+CD34− clearly identified 

the evolution of NB-CSCs. Hierarchically, CD34+ NB-CSCs exhibited heightened pro

tumorigenic and tumor evolution genetic imprint, which indicates an aggressive phenotype. 

Consistently, studies have recognized relatively stronger CD34 expression in clonogenic, 

less differentiated, non-adherent NB cells when compared with the adherent NB cells (Hafer 

et al., 1999; Leung et al., 1998; Tchirkov et al., 1998; Voigt et al., 1997). The unique, yet 

tumor evolution-dedicated, genetic signature warrants in-depth functional characterization of 

CD34+ CSCs in NB and in other tumor systems.

The authors acknowledge that the genetic characterization of the circulating CD133+CD34+ 

NB-CSCs would have more direct relevance to clinical translation. In addition, we recognize 

that appropriate pre-clinical animal model studies are warranted to underscore the function 

of CD34+ CSCs in tumor development, metastasis, therapy resistance, and recurrence. 

Experimental approaches to address these critical questions are currently under development 

and/or in the pipeline in our laboratory.

CONCLUSIONS

The results presented here identify for the first time the levels of hematopoietic surface 

antigen CD34 in NB cells; their likely relevance in disease progression, evolution, and 

clinical outcomes; and the genetic blueprint of CD34-expressing NB-CSCs. The key 

findings include: (i) the existence of CD34 positivity of tumor cells in a cohort of NB 

patients; (ii) the sparse prevalence of CD34 surface-expressing cells; (iii) presence of 

CD34-expressing cells are significantly associated with advanced disease stage, N-MYC 

amplification, and disease evolution (progressive disease after IMCT); (iv) that presence of 

CD34-expressing cells show the tendency to associate with poor survival in patients who 

present with relapsed disease; (v) that high CD34 is significantly associated with the survival 

of high-risk patients with N-MYC amplification; (vi) the genetic blueprint of NB-CSCs 

(compared with non-stem tumor cells), surface marker designated NB-CSCs (compared 

with undesignated CSCs), and the thus-far unrealized genetic profile of CD133+CD34+ 

CSCs (compared with CD133+CD34−); and characterization of the activated pathways in 

CD133+CD34+ CSCs corresponding to tumor evolution. Together, the results indicate that 

CD34 positivity in NB could correspond to advanced disease stage and disease evolution to 

progressive disease despite IMCT, and could relate to the poor survival in N-MYC-amplified 

high-risk patients. In-depth genetic characterization of circulating CD34-expressing cells 

and preclinical assessment of CD34 function in tumor development and evolution are 

warranted and are currently under development in our laboratory. Additional studies with 

bigger cohorts of NB patients are warranted to define the role of CD34 in NB evolution and 

for any clinical applicability.
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Highlights

• A small fraction of NB cells displays CD34 surface expression.

• Presence of CD34-expressing cells associated with advanced disease stage, 

N-MYC amplification, and disease evolution and, associated with the poor 

survival of high-risk patients with N-MYC amplification.

• Comparative gene expression profile of CD34+ NB-CSCs recognized 

activated signaling pathways and cellular functions those correspond to 

disease evolution.
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Figure 1. Availability of CD34-expressing cells with advanced disease in neuroblastoma patients:
(a) Representative microphotographs showing surface expression of CD34 in human NB 

[Magnification 20x; Insert, 40x], Histograms constructed from Aperio TMA image analysis 

of CD34 strong positivity identified (b) significant association of CD34 expression with 

advanced disease stage; (c) profound correlation of high CD34 expression with N-MYC 

amplification compared with N-MYC non-amplified subset; (d) acquired gain of CD34

expressing cells in progressive tumors after intensive multimodal clinical therapy (PD, 

progressive disease) compared with the disease at diagnosis (Dx); (e) acquired gain of 
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CD34-expressing cells in progressive tumors after IMCT in patients presenting with various 

stages of disease; (f) no significant association with primary or metastatic disease; and (g) 
the levels of CD34-expressing cells in NB tumors from various recovery sites, irrespective 

of the primary or metastatic status. Group-wise comparisons were performed with GraphPad 

Prism. P values of less than 0.05 were considered significant.
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Figure 2. Presence of CD34+ expressing cells in NB clinical outcomes:
Kaplan-Meier curves showing the association of the presence of CD34+ cells with (a) 
overall survival, (b) relapse-free survival, and (c) survival in patients with relapsed disease 

in a cohort of 84 NB patients. Kaplan-Meier curves showing the association of the presence 

of CD34+ cells with (d) overall survival, (e) relapse-free survival, and (f) survival in patients 

with relapsed disease in a cohort of 14 N-MYC amplified NB patient subset. Kaplan-Meier 

curves showing the association of the presence of CD34+ cells with (g) overall survival, 

(h) relapse-free survival, and (i) survival in patients with relapsed disease in a cohort of 
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70 N-MYC non-amplified NB patient subset. All survival analysis (log rank Mantle cox 

test and hazard ratio) and Kaplan-Meier curves were performed in GraphPad Prism. Blue 
= absence of CD34+ cells; Red = presence of CD34+ cells; dotted lines = 95% confidence 

interval.
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Figure 3. Association of CD34+-expressing cells with clinical outcomes in high-risk NB patients:
Kaplan-Meier curves showing the association of the presence of CD34+ cells with (a) 
overall survival, (b) relapse-free survival, and (c) survival in patients with relapsed disease in 

a cohort of 41 high-risk (stage 4) NB patients. Kaplan-Meier curves showing the association 

of the presence of CD34+ cells with (d) overall survival in a cohort of 11 N-MYC amplified 

high-risk patient subset. Kaplan-Meier curves showing the association of the presence of 

CD34+ cells with (e) overall survival, (f) relapse-free survival, and (g) survival in patients 

with relapsed disease in a cohort of 30 N-MYC non-amplified high-risk (stage 4) NB patient 
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subset. All survival analysis (log rank Mantle cox test and hazard ratio) and Kaplan-Meier 

curves were performed in GraphPad Prism. Blue = absence of CD34+ cells; Red = presence 

of CD34+ cells; dotted lines = 95% confidence interval.
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Figure 4. Genetic landscape of NB-CSCs:
(a) Venn diagrams of gene comparison analysis from whole genome gene expression profile 

showing genes that are upmodulated and downmodulated in NB-CSCs (SM-CSC-L, SM

CSC-L-CD133+, vs. SM-CSC-L-CD34+) compared with non-CSC tumor cells (SH-SY5Y). 

(b) Venn diagrams of gene comparison analysis from whole genome gene expression 

profile showing genes that are upmodulated and downmodulated in designated NB-CSCs 

(SM-CSC-L-CD 133+, vs. SM-CSC-L-CD34+) compared with unsorted CSCs (SM-CSC-L). 

(c) Venn diagrams of gene comparison analysis from whole genome gene expression profile 

showing genes that are upmodulated and downmodulated in CD133+CD34+ (SM-CSC-L

CD34+) CSCs compared with CD133+CD34− (SM-CSC-L-CD133+) CSCs. Venn diagrams 

constructed for overall modulated, significantly modulated (≥2 fold) .and highly significant 

(≥10 fold) are arranged vertically. Numbers outside the circle are the total number of genes 

that are upregulated or downregulated in any given CSCs; numbers inside the circle are 

specific to the particular CSC; numbers in overlapping regions between two circles are the 

genes commonly modulated between those specific CSCs; numbers in the center are the 

commonly modulated genes.
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Figure 5. Relevance of CD34+ NB-CSC gene signature in stemness maintenance and tumor 
evolution:
Overlay of top 100 statistically significant canonical pathways identified by IPA analysis 

with direct relationship showing tightly inter-regulated signaling events that drive stemness 

maintenance, self-renewal capacity, EMT, clonal expansion, tumor progression, and 

evolution. Pull out boxes for some of the canonical pathways showing the list of candidate 

genes involved in these pathways that are modulated in the CD34+NB-CSCs.
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Table 1.

Demographics of neuroblastoma patients.

Total cases (n=92)

Total specimens (n=119)

Gender Male (n = 51) Female (n = 41)

Age <2Y or =2Y (n = 47) >2Y (n = 45)

N-Myc Status Amplified (n = 15) Not-amplified (n = 72)

INSS Stage I (n = 21) II (n = 12) III (n = 16) IV (n = 43)

Tumor site Primary (n = 47) Metastatic (n = 43) Unknown (n = 29)

Relapse No Relapse (n = 53) Relapsed (n = 20) Unknown (n = 19)

Survival Live (n = 55) Dead (n = 29) Unknown (n = 8)

Disease status Diagnosis (n = 51) PD-IMCT (n = 47) Dx & PD from same case (n = 9)
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Table 2.

In silico analysis of gene expression profiles in NB patients from various independent studies showing 

differential association of CD34 gene levels with NB advanced disease stage and clinical outcomes. The 

results of these gene expression (RNA sequencing, microarray) studies did not conclusively agree and affirm 

beneficial or detrimental effects of CD34 expression in NB. Momentous differences were observed in terms of 

patient cohorts, platform used, MYCN status, and disease status.

Geo ID n OS
All

OS
MA

OS
MN

RFS
All

RFS
MA

RFS
MN

ADSAll ADSMA ADSMN

GSE16476 88 HW X HW HW X HW X X X

GSE3446 102 HW

TARGET161 161 D D D

TARGET249 249 LW HW LW HW HW LW X D X

GSE27608 47 D

GSE73517 105 X X X

NBpreter24 24 X X X

GSE49710 498 LW HW LW LW HW LW X X X

GSE62564 498 LW LW LW LW X X

NB251 251 LW LW LW LW LW LW X X X

GSE3960 101 X X

GSE54720 23 D D X

GSE13136 30 X X

GSE45547 649 LW LW LW LW LW LW X X D

GSE19274 100 X X X

GSE16237 51 X X X

GSE12460 64 I X I

GSE85047 283 HW HW HW HW LW LW X D X

n = number of patients; OS = overall survival; RFS = Relapse-free survival; MA = N-MYC amplified; MN = N-MYC non-amplified; ADS = 
Advanced disease stage; HW = High is Worse; LW = Low is Worse; D = Direct association; I = Inverse Association; X = no association. Note: 
Fields left blank had no data available or computed.
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Table 3.

Comparison analysis from whole genome gene expression profile showing genes that are upmodulated 

and downmodulated in NB-CSCs (SM-CSC-L, SM-CSC-L-CD133+, vs. SM-CSC-L-CD34+) compared 

with non-CSC tumor cells (SH-SY5Y); in designated CSCs (SM-CSC-L-CD133+, vs. SM-CSC-L-CD34+) 

compared with unsorted NB-CSCs (SM-CSC-L; and in CD133+CD34+ (SM-CSC-L-CD34+) CSCs compared 

with CD133+CD34− (SM-CSC-L-CD133+) CSCs. Outcomes of the crisscross analysis are presented in 

overall, significant (≥2 fold), and highly significant (≥10 fold) settings. CSCs = Cancer Stem Cells; NB = 

Neuroblastoma

Group Comparisons Total
Overall Up

≥2 Fold Up
≥10 
Fold 
Up

Overall 
Down

≥2 Fold 
Down ≥10 Fold 

Down

A SH-SY5Y vs. SM-CSC
L

50,737 30,131 3,255 270 20,468 3,142 249

B
SH-SY5Y vs. SM-CSC
L-CD133+ 50,737 29,778 2,905 164 20,821 3,391 214

C
SH-SY5Y vs. SM-CSC
L-CD34+ 50,737 30,127 4,902 406 20,472 5,082 738

D
SM-CSC-L vs. SM
CSC-L-CD133+ 50,737 20,133 2,215 72 29,466 2,818 70

E
SM-CSC-L vs. SM
CSC-L-CD34+ 50,737 22,016 4,846 290 28,583 5,314 659

F SM-CSC-L-CD133+ vs. 
SM-CSC-L-CD34+ 50,737 22,715 4,631 274 27,884 4,678 572

Common 
Up Magnified Reverted to 

Up
Common 
Down Magnified Reverted to 

Down

G A vs. B (only ≥10 Fold) 163 56 1 196 145 18

H A vs. C (only ≥10 Fold) 366 317 40 542 711 196

Overall Up ≥2 Fold Up ≥10 Fold 
Up

Overall 
Down

≥2 Fold 
Down

≥10 Fold 
Down

I D vs. E (Common) 14,271 1,152 49 21,721 1,060 4
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