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a1,3-fucosylation treatment improves cord blood
CD34 negative hematopoietic stem cell navigation

Asma S. Al-Amoodi,1 Jing Kai,1 Yanyan Li,1 Jana S. Malki,1 Abdullah Alghamdi,1 Arwa Al-Ghuneim,1

Alfonso Saera-Vila,2 Satoshi Habuchi,1 and Jasmeen S. Merzaban1,3,4,*

SUMMARY

For almost two decades, clinicians have overlooked the diagnostic potential of CD34neg hematopoietic
stem cells because of their limited homing capacity relative to CD34posHSCs when injected intravenously.
This has contributed to the lack of appeal of using umbilical cord blood in HSC transplantation because its
stem cell count is lower than bonemarrow. The present study reveals that the homing and engraftment of
CD34negHSCs can be improved by adding the Sialyl Lewis X molecule via a1,3-fucosylation. This unlocks
the potential for using this more primitive stem cell to treat blood disorders because our findings show
CD34negHSCs have the capacity to regenerate cells in the bone marrow of mice for several months.
Furthermore, our RNA sequencing analysis revealed that CD34negHSCs have unique adhesion pathways,
downregulated in CD34posHSCs, that facilitate interaction with the bone marrow niche. Our findings sug-
gest that CD34neg cells will best thrive when the HSC resides in its microenvironment.

INTRODUCTION

Transplanting hematopoietic stem cells (HSCs) has long been a routine treatment for blood disorders due to the regeneration capacity of

these cells.1 The success of such treatments mostly depends on the presence of HSCs that are positive for the characteristic stem cell marker,

CD34, which are found in greater frequency in the bone marrow, mobilized peripheral blood (mPB) and umbilical cord blood than stem cells

that are negative for this marker. The importance of the CD34neg segment of HSCs has, therefore, tended to be sidelined due not only to its

smaller quantity but also because, being more primitive, the cells have limited migratory capacity when injected into the blood stream,2 the

primary delivery method in hematopoietic stem cell transplantation (HSCT). Our research seeks to demonstrate the significant untapped po-

tential of using CD34negHSCs more intentionally and effectively in transplantation. We will show that it is possible to improve the migration

and engraftment of CD34negHSCs through intervening in their adhesion mechanisms, as well as demonstrate the benefits of ensuring their

delivery to the bone marrow, particularly to prolonging cell regeneration.

Over the past 10 years, a growing body of research has lent support to the inclusion of CD34neg cells in HSCT, beginning with the Bonnet

et al.3 study of 2013 that foundCD34neg cells had certain characteristics thatCD34pos cells lacked: namely, activeNotch pathway signaling and

repressed canonical Wnt pathway signaling, both of which allowCD34neg cells to sustain a resting state for longer and, therefore, continue to

multiply and reproduce new blood cells.4 Prior to this study, CD34neg had been largely overlooked since the early 2000s due to research by

Gao5 and others suggesting that the lower supply meant it was less practical to use clinically in repopulating blood cells compared with

CD34pos. Yet in the late 1990s, scientists including Bhatia pointed to the distinct cell regenerative capacity of CD34negHSCs despite their

low frequency6 while a study by Zanjani et al.7 found that CD34negHSCs are capable of differentiating into CD34pos progenitors and hemato-

poietic lineage cells. Nakamura et al.8 added to this knowledge in 1999 by identifying the particular in vitro culture conditions that allowed

CD34negHSCs to be maintained and multiplied. More recently, research from the Sonoda lab9–11 as shown that when CD34negHSCs are in-

jected directly into the bone marrow, they have a similar capacity to CD34pos to give rise to hematopoietic cells in mouse blood after 8–

12 weeks. The lab also brought the unique qualities of CD34negHSCs to light: Namely, that they are more primitive and quiescent than

CD34pos cells, and therefore able to repopulate the bone marrow for a longer period, giving them the qualifier of long-term HSCs (LT-HSCs).

To fully exploit these benefits offered by CD34negHSCs, the challenge lies in improving their delivery via the intravenous injection route

that’s become synonymous with HSCT. This led us to the following research questions: Can we improve the migration and engraftment of

CD34negHSCs in-vivo by enhancing their adhesion mechanism? And furthermore, what insights can single-cell RNA sequencing reveal about

the advantages of ensuring CD34negHSC transplantation? We chose to use umbilical cord blood for our experiments to highlight the
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potential of exploiting the most widely available source of HSCs, often disregarded by clinicians due to its lower concentration of stem cells

than bone marrow, where the stem cell count is rich but harder to extract.1

The low adhesion capacity ofCD34negHSCs is due to the absence on their surface of the carbohydrate ligand sialyl Lewis X (sLex), an essen-

tial navigation molecule that directs HSCs to the bone marrow by promoting binding to E-selectin, constitutively expressed on the bone

marrow endothelium. When sLex was added to CD34negHSCs using a1,3 fucosylation, we found that: i) CD34negHSCs gained the ability to

migrate in vivo to the bone marrow and, once they reach their new home, there was an about 7-fold improvement in engraftment compared

with untreated cells; and ii) CD34negHSCs were able to regenerate blood cells in mouse models for several months. Single cell RNA-

sequencing studies,meanwhile, underscored the importance of ensuring delivery ofCD34negHSCs in transplantation. For one,CD34negHSCs

naturally contain upregulated adhesion pathways that promote interactionwith the bonemarrowmicroenvironment, pathways that are down-

regulated in CD34pos cells. This suggests that their presence in the bone marrow niche would contribute to blood cell differentiation and

proliferation. Furthermore, erythrocyte/megakaryocyte genes are highly expressed on CD34negHSCs, supporting the notion that CD34neg

may play a role in the development of these precursors – for red blood cell formation and platelets, respectively – in the bone marrow. In

sum, even though they are limited in number, CD34neg cells can go a long way in improving regenerative medicine.

RESULTS

Two different methods effectively isolate CD34neg hematopoietic stem cells based on cell markers

To isolate the population ofCD34negHSCs within cord bloodmononuclear cells, we used twomethods that employ cell surfacemarkers to sift

out themoremature cells. Thesemethods have been proven to leave only a concentration of these authentic stem cells that have the greatest

capacity to generate hematopoietic cells in vivo when injected directly into the bone marrow.6,9,12

In the first method, we depleted more mature lineage-positive cells with the autoMACS separator, using the cocktail of monoclonal an-

tibodies that target lineage-committed cells. What remained were lineage-negative (Linneg) fraction of cells enriched for stem and progenitor

cells. These were then sorted according to the stem cell marker expression of CD38 and CD34 (Figure 1A). As illustrated in Figure 1A, Method

1 allowed us to divide the cells into two groups and, consistent with previous studies,6,13,14 LinnegCD38negCD34neg contained a higher number

of cells than LinnegCD38negCD34pos. The reason for this is, apart fromHSCs and specialized endothelial cells,15 most cells are negative for the

CD34marker, necessitating the removal additional lineagemarkers to narrowdown a population of possible stem cells. The phenotypic purity

of the sorted cells consistently exceeded 90% in post-sorting flow cytometric analysis (Figure 1B).

Method 2 involved staining the lineage-negative (Linneg) fraction of cells that were separated using autoMACS for 18 additional FITC con-

jugated lineagemarkers, as described in STARMethods, as well as for characteristic stem cell markers CD34, CD133, andCD45 (Figure 1C). To

further enrich a population of CD34negHSCs9 from the autoMACS-separated Linneg fraction, we first identified the CD45pos leukocytes, which

accounted for�40% of the total (Figure 1D). We next turned to identifying the 18Linneg fraction within this CD45pos subset, which accounted

for �40%. Within this narrowed-down pool, we next focused on CD34pos and CD34neg populations, which made up 70.5 G 12.4% (60.8%–

83.5%) and 10.5G 5% (4.5%–16.8%) respectively. TheCD34pos cells were then further gated for CD38 and CD133 to generate the final sorted

population of stem cells, namely, 18LinnegCD34posCD133pos (73.7 G 8.88% (63.7%–85%)). The CD34neg population was gated for CD133,

yielding a final sorted population of stem cells, 18LinnegCD34negCD133pos (8.3 G 3.87% (13.4%–29.7%)). As illustrated in Figure 1E, as high

as 85% of CD34pos cells expressed CD133pos, while the ratio was less than 30% in CD34neg cells.

To evaluate the effectiveness of the sorting, RT-qPCR analysis was conducted to assess the expression of CD34 in each population. As

expected, the sorted CD34pos cells displayed a higher expression of CD34 than the sorted CD34neg cells (Figure 1F). Having succeeded

at isolating cells via both methods, we then used these cells for downstream analysis.

Cord blood CD34pos and CD34neg hematopoietic stem cells display distinct homing molecule expression profiles

Various studies have observed that CD34negHSCs do not migrate and home efficiently in mouse models when they are injected intrave-

nously.11,16,17 Therefore, we set out to investigate whether there is a difference in the homing molecules apparent on CD34pos versus

CD34negHSCs. sLex (or its isomer sLea) is a sialofucosylated tetrasaccharide homing molecule found on glycoproteins and glycolipids that

allows it to interact with selectins on the endothelium.18

As shown in Figure 2, the CD34negHSCs enriched using Method 1 (LinnegCD38negCD34neg) (Figure 1A) and Method 2 (18LinnegCD34-
negCD133pos) (Figure 1C), exhibited lower expression of sLex compared with the corresponding LinnegCD38negCD34pos (�85%; p < 0.001,

n = 3 independent experiments) and 18LinnegCD34posCD133pos (�89%; p < 0.0001, n = 3 independent experiments), respectively

(Figures 2A and 2E).

We previously reported that CD34neg cells isolated using Method 1 lacked E-selectin binding.13 We next analyzed the expression of

E-selectin ligands,19 chemokine receptors and integrins to characterize other essential homing molecules. Method 1 CD34pos and

CD34negHSCs expressed similar levels of CD44 and varying levels of CD43 and CD162/PSGL-1 (Figures 2B and 2F), while in the case of

Method 2 HSCs, there was differential CD44 expression between CD34pos and CD34neg. There were no significant differences in the expres-

sion of chemokine receptor CXCR4, which is involved in the homing of HSCs to the bonemarrow,20,21 or in the integrins involved in HSC hom-

ing (b1, CD11a, CD49e, and CD49d)22 (Figures 2C and 2E).

Clonogenicity assays showed that Method 1 CD34neg cells did not, in most cases, result in differentiated colonies (data not shown), as

previously reported in other studies.6,8,14 However, in some trials, a very low number of differentiated colonies, �four to five times lower
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Figure 1. Purity of the CD34negHSC subsets isolated from human cord blood using two different methods

Overview of the gating strategy used to isolate HSCs. The lineage-depleted cells that were magnetically separated with cell surface markers against a cocktail of

lineage markers (CD2, CD3, CD11b, CD14, CD15, CD16, CD19, CD56, CD123, and CD235a). The lineage-negative cells were then used for the two methods of

HSC isolation.

(A) Layout of the gating strategy used to isolate LinnegCD34negCD38neg and LinnegCD34posCD38neg fractions by flow cytometric sorting (BD FACSAria III). The

gate was set on the lymphocyte window for FSC/SSC. Left panel, cells in the lineage negative fraction were further analyzed for the expression of CD38 and PI

viability staining (middle panel) to select double-negative gated. Following selection, these CD38 negative and PI negative cells were subdivided into two

subpopulations based on CD34 expression: LinnegCD34negCD38neg and LinnegCD34posCD38neg (right panel). Data shown is representative of n = 5

independent experiments.

(B) The two populations from (A) were further stained with a CD34 antibody (clone: 581) and their purity was analyzed by flow cytometry.

(C) Linneg fraction stained with 18 lineagemarkers conjugated with FITC-(CD7, CD10, CD235a, CD33, CD20, CD24, CD4, CD66c, CD41, CD3, CD14, CD15, CD19,

CD45RA, CD56, CD127, CD16 and CD2), and stained with BV510-CD45 and BV-421anti-CD34 (left panel). The cells were then subdivided into four sub-

populations according to CD133 expression (right panel).

(D) The expression percentages for each gate in the 18-Linneg fraction analyzed with flow cytometry, n = 9.
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thanCD34pos cells, resulted (Figure 2D). In contrast, CFU experiments utilizingMethod 2 yielded differentiated colonies in both HSC cell pop-

ulations, as seen in Figure 2I and described previously.23

Collectively, we determined that differences in sLex expression – namely the lack of it on CD34negHSCs – were likely the reason why

CD34negHSCs struggle to home more than their positive counterparts do. Since we demonstrated that CD34neg in Method 2 was superior

to Method 1 in producing differentiated colonies in vitro, we opted to focus on Method 2 HSCs for all further analysis, apart from the in-

vivo engraftment studies described later in discussion, which used both methods.

CD34neg cell type showed dramatic improvement in in-vivo regeneration potential after a1,3 fucosylation treatment

One of the ways of assessing how authentic a stem cell truly is involves seeing whether cell repopulation takes hold in immunodeficient mice

once the cells are transplanted. To this end, we aimed to study the engraftment efficiency of human CD34negHSCs after sorting using both

isolation methods. Given that both CD34negHSC populations lacked functional E-selectin ligands expressing sLex (Figures 2A and 2E), we

used ex vivo a1,3 fucosylation to add the sugar necessary for sLex synthesis, as previously described.24,25 There’s been a growing research

focus on improving the capacity of stem cells to bind to selectins via treatments that create sLex using recombinant human fucosyltransferase

VI and VII (rhFT).19,24,26–28

Subsequently, we conducted short-term and long-termbonemarrow engraftment assays using a xenotransplantationmodel that involved

injecting human HSCs into immunodeficient NSGmice.29,30 As illustrated in Figure S1, the detection limit for human cells (humanCD45pos) in

mouse bone marrow was around 0.1% of the total cells. We isolated CD34negHSCs from human cord blood samples using Method 1 to

examine the a1,3 fucosylation effect. The cells were then either treated with the rhFTVI enzyme or the buffer control solution without the

enzyme, and CD34pos cells were used as a positive control (see Figure S2 schematic). At 8- and 12-week post-transplantation, the peripheral

blood and bone marrow were collected and stained for the human CD45 antibody and evaluated by flow cytometry. Table S1 shows that

Method 1 CD34negHSCs, untreated and treated with rhFTVI, did not engraft following IV injection and IF injection, a striking contrast to pub-

lished work.6 CD34pos controls, by contrast, consistently showed robust levels of engraftment, confirming the performance of our xenograft

model (Table S1).

Next, the engraftment analysis of Method 2 CD34negHSCs is summarized in Table 1. Although multiple attempts were made to optimize

engraftment, such as increasing the number of cells transplanted, injecting cells directly into the interfemoral space, and using various

methods of myeloablation (i.e., X-ray irradiation and busulfan treatment), human engraftment was rare and percentages of CD34negHSCs

failed to exceed 0.2–1% in NSG mice. Moreover, a1,3 fucosylation treatment did not improve the engraftment, despite our best attempts

to optimize the protocols. Again, confirming the utility of our model, engraftment occurred in all tissues when the positive control cells

were used (4.5% in blood, 53% in bonemarrow, and 10% in spleen) at 8 weeks post-transplantation, Figure S3, and at 16 weeks (10% in blood,

64% in bone marrow, and 51% in spleen).

In view of this, we decided to change the recipient mouse model to the NBSGW31 strain (NOD.Cg-KitW�41J Tyr + Prkdcscid Il2rgtm1Wjl/

ThomJ), which supports human hematopoietic stem cell engraftment without irradiation.31 Figure 3A shows that rhFTVI enzyme a1,3 fucosy-

lation enhanced HECA-452 reactivity inCD34negHSCs, indicating sLex structures were created. Method 2 was used to extractCD34neg, which

we intravenously implanted into non-irradiated NBSGWmice. As illustrated in Figure 3B, successful human engraftment was evident as early

as 6 weeks post-transplantation for both untreated cells and fucosylated cells. At 9 weeks, rhFTVI-treatedCD34neg cells showed an increase in

engraftment efficiency. At 12 weeks, the rhFTVI-treated group had a significant increase in engraftment (Figure 3B), indicating that a1,3 fu-

cosylation gives CD34negHSCs long-term regenerative capacities. Representative flow cytometry analysis of donor cell engraftment in the

recipient mice is illustrated in Figures 3C and Table 2. These findings demonstrate that transplanting CD34negHSCs into non-irradiated

NBSGW mice with an intact bone marrow microenvironment is more effective than ablation.

Single cell RNA-seq suggests CD34neg hematopoietic stem cells have strong interactions with surrounding

microenvironment

Multidimensional scRNA-seq analysis separates CD34-negative from CD34-positive HSCs in cord blood

The 10x Genomics Chromium platform32 was used to evaluate the transcriptional heterogeneity of FACS-purifiedCD34pos andCD34neg sub-

sets employing single-cell RNA sequencing (scRNA-seq). We generated a total of 5,063 single-cell RNA-seq profiles. Almost 2,400 CD34pos

cells and 2,300 CD34neg cells were kept as high-quality libraries for further analysis. The number of genes and unique molecular identifiers

(UMI) in each population are illustrated in Table S2.

Firstly, we analyzed the cellular heterogeneity using t-distributed stochastic neighbor embedding analysis (t-SNE) and uniform manifold

approximation and projection (UMAP) of the entire multidimensional gene expression datasets for both HSC populations as shown in

Figure 1. Continued

(E) The percentages of the four sorted populations that that are either CD34posCD133pos and CD34posCD133neg in theCD34pos subset, or CD34negCD133pos and

CD34negCD133neg in the CD34neg subset.

(F) RNA was isolated from the four sorted populations. SYBR green-based real-time qPCR was carried out using primers for CD34 and glyceraldehyde-3-

phosphate (GAPDH). Results from qPCR were obtained from n = 3 independent experiments, ***p = 0.0002 and ****p < 0.0001, respectively using ordinary

One-Way Anova.

ll
OPEN ACCESS

4 iScience 27, 108882, February 16, 2024

iScience
Article



A B

C
D

E F

G
H

I

Figure 2. Characterization of homing molecules on CD34neg HSCs obtained using the two Methods

(A) LinnegCD38negCD34neg and LinnegCD38negCD34pos cells obtained using method 1 were stained with HECA452-mAb and analyzed by flow cytometry to

determine the expression of sLex/a epitopes on their surface. These results are based on an average of n = 3 independent experiments. p-value is < 0.001.

(B) Flow cytometric analysis of E-selectin ligands (CD43, CD44, CD162) expressed on the two subsets of cells obtained by method 1. Results are expressed as an

average percent of expression (above the isotype control) of n = 3 independent experiments. *p < 0.05 relative to CD34neg subpopulation.

(C) Flow cytometric analysis of cell surface integrins and the stem cell chemokine receptor, on LinnegCD38neg cord blood cells that either express CD34 (CD34pos;

lower panel) or not (CD34neg; upper panel).

(D) Colony forming capacities of sorted LinnegCD38negCD34neg and LinnegCD38negCD34pos. Five hundred cells were cultured in methylcellouse at 37�C and 5%

CO2 in the presence of cytokines (SCF, IL-3, EPO and GM-CSF) for 12 to 14 days. The number of the colonies generated is shown.

(E) 18LinnegCD34negCD133pos and 18LinnegCD34posCD133pos obtained using method 2 were stained with HECA452-mAb and analyzed by flow cytometry to

determine the expression of sLex epitopes on their surface, these results are based on an average of n = 3 independent experiments.

(F) Representative experiment of flow cytometry 18LinnegCD34negCD133pos and 18LinnegCD34posCD133pos cell subsets of sLex expression and E-selectin binding.

(G) Flow cytometric analysis of E-selectin ligands (CD43, CD44, CD162; upper panel) and (H) integrins and the chemokine receptor, expressed on the two subsets

of cells obtained by method 2, 18LinnegCD34negCD133pos and 18LinnegCD34posCD133pos.

(I) Differences in colony-forming potential between 18LinnegCD34negCD133pos and 18LinnegCD34posCD133pos cells after sorting. This graphic displays the total

number of colonies.

ll
OPEN ACCESS

iScience 27, 108882, February 16, 2024 5

iScience
Article



Figure 4A. The two HSC populations are largely segregated from one another in the t-SNEmap and UMAP. Interestingly, dimensional reduc-

tion analysis also showed that the CD34neg cells clustered into two distinct populations (Figure 4A).

Since the purification of HSCs is currently limited to fluorescence-activated cell sorting (FACS), we next evaluated the feasibility of flow

cytometric cell sorting to enrich human CD34pos and CD34negHSCs in a side-by-side comparison with sequencing data. Both phenotypes

were purified from cord blood on the FACSAria platform, and the phenotypic composition of the purified subsets was analyzed based on

CD45, CD34 and CD133 gene expression (Figure 4B). CD34 and CD45 could be used to accurately enrich the two populations as CD34

was highly expressed in CD34pos and absent (under expressed) in CD34negHSCs. However, less than 40% of CD34negHSCs expressed

CD133 (Figure 4C), while more than 85% of the CD34pos subset expressed CD133. In summary, FACS sorting using the CD34negHSC pheno-

type resulted in a higher reduction of target cells compared with CD34pos, but the CD34neg subset still contained a significant proportion of

HSCs for further analysis.

Cord blood CD34neg and CD34pos hematopoietic stem cells have unique transcriptional signatures

Seven transcriptionally distinct groups of single cells were identified within the two HSC populations using the unsupervised graph-based

clustering tool; the clusters were mapped onto UMAP visualization (Figure 5A). As illustrated in Figure S4, 19 clusters were generated if

we include clusters that contained fewer than 100 cells. Clusters 2 and 5 included the majority of CD34pos cells and were selected for further

analysis, while clusters 3, 8, and 6 and 7 were primarily populated by CD34neg cells. However, based on CD34 and CD133 gene expression

(Figure 4B), we inferred that clusters 3 and 8 were enriched with CD34negHSCs, and we used these two clusters for further analysis.

The top 50 genes from clusters 2, 5, 3, and 8 were compiled into a single list to identify any genes common to either HSC subset (Table S3).

Figure 5B shows that 18% of the genes were only expressed in clusters 2 and 5, which correspond to CD34pos. These genes are related to

primitive HSCs (MSI2, HOPX, AVP, IFITM3) suggesting thatCD34pos cells express higher levels of these primitive genes. Clusters 3 and 8 (cor-

responding to CD34neg) expressed different sets of primitive genes (MSI2, ALDH1, ETS2, GATA2, PBX1), as well as adhesion-related genes

(ITGA2B, IL1B, and THBS1), and genes involved with the megakaryocyte/erythroid lineage (KLF1, ANK1, HBD, SPTA1, TAL1). Finally, HTR1F,

RPS3, RPS4X, SMIM24, MEIS1, and ETS2 were the only six genes expressed in both CD34pos and CD34neg clusters (Figures 5B; Table S3).

Interestingly, gene expression patterns were clearly distinguishable between both FACS-purified HSCs, suggesting considerable enrichment

of each HSC population; only three genes were commonly expressed between clusters. Overall, this top 50most highly expressed gene anal-

ysis showed that CD34neg cells have a distinct transcriptomic profile compared with CD34pos.

We analyzed the two populations to determine the number of genes that are differentially expressed according to a 3-fold criterion

(Table S4), and this resulted in �116 transcripts that were upregulated in CD34neg and �33 that were upregulated in CD34pos. The top 20

Table 1. Engraftment efficiency of 18LinnegCD34negCD133posHSCs isolated using Method 2 in NSG mice

Cells

Cells

injected

Mode of

injection No. mice

Percentage human cells in NSG recipient

mouse bone marrow

8 weeks 16 weeks

Method 2: Interfemoral injection (IF)

18LinnegCD34posCD133pos 5000 IF 9 0.7, 3.5, 7, 15.8, 44.6,

15.8, 41.7, 50 (9/9)

0.2, 27, 4, 1, 10, 24,

2, 60, 55 (9/9)

18LinnegCD34negCD133pos 1000 IF 5 0, 0, 0, 0, 0.1 (1/5) 0, 0, 0, 0, 0.1 (1/5)

Method 2: Different cell doses

18LinnegCD34posCD133pos 20,000 IF 1 77 (1/1) 83 (1/1)

30,000 IF 2 70, 82 (2/2) 80, 83 (2/2)

60,000 IF 1 85.9 (1/1) 85 (1/1)

18LinnegCD34negCD133pos 1,300 IF 1 0.2 (1/1) 0 (0/1)

2,000 IF 2 0.1,0 (1/2) 0.1, 0 (1/2)

4,000 IF 2 0.2, 0 (1/2) 0.1, 0 (1/2)

Method 2: a1,3 fucosylation treatment

rhFTVI-18LinnegCD34negCD133pos 5,000 IF 4 0, 0, 0.1, 2.5 (2/4) 0, 0, 0.1, 1 (2/4)

5,000 IV 4 0, 0, 0.3, 0.2 (2/4) 0, 0, 0.3, 1 (2/4)

Buffered- 18LinnegCD34negCD133pos 5,000 IF 4 0, 0, 0.2, 0.1(2/4) 0, 0, 0.1, 0.1(2/4)

5,000 IV 4 0, 0, 0.2, 0.1 (2/4) 0, 0, 0.2, 0.2 (2/4)

18LinnegCD34posCD133pos 5,000 IV 2 35, 30 (2/2) 65, 60 (2/2)

Percentages of human CD45 donor cells engrafted in the recipient mouse post-transplantation of human CB-HSCs treated with or without the rhFTVI.
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differentially expressedgenes in each population are illustrated in Figures 5C and 5D, and a heatmapof the same 20 genes by cluster is shown

in Figure S5. Interestingly, genes involved in proliferation (SETBP1, MZB1, DUSP6) and lymphoid differentiation (IGHD, TRBC2, LTB) were en-

riched inCD34posHSCs, while those upregulated inCD34negHSCs are related to the development of RBCs andmacrophages (KLF1, SLAMF7,

IDO1, MPEG1, HBD, APOC1, ANK1, CD226, CD36), actin cytoskeleton reorganization, cell-cell contact and cell-matrix interaction (GPR65,

CLECL1, ITGA2B, THBS1, LGALS2). The entire list of DEGs is shown in Table S4.

We next investigated whether genes that are highly differentially expressed between the HSC populations are transcription factors (TF),

which are vital for gene expression regulation.33,34 (Table 3). Key embryonic TFs, including GATA2, ETS1, and ERG,35 were discovered to be

highly expressed among these HSC populations. Genes such as MYC, MYB, TFDP1, STAT5A, STAT5B, TGF1, PBX1,36–39 and KLF1, TAL140

A

B

C

Figure 3. a1,3 fucosylation of 18LinnegCD34negCD133pos HSCs improves engraftment in primary transplanted mice

(A) 18LinnegCD34negCD133pos were eaither treated with rhFTVI buffer; blue or in buffer alone; red, and incubated for 30 min. Following treatment flow cytometric

analysis analysis for sLex expression was determined (level panel) and the average percentage expression is represented in the (right panel). This is representative

of n=5 independent experiements, **p = 0.002.

(B) Non irradiated NBSGW mice were transplanted with �2000 18LinnegCD34negCD133pos rhFTVI-treated (red) or buffer-treated (blue). Bone marrow from

transplanted recipient mice was then investigated at the indicated short-term periods 6 and 9 weeks and longer-term periods at 12 weeks for the

percentage of human donor cell contribution to total bone marrow cells. Each data point represents individual mouse (**p = 0.002).

(C) A representative analysis of human donor cell engraftment of two mice for both 18LinnegCD34negCD133pos rhFTVI-treated (right panel), and two mice of

buffer-treated 18LinnegCD34negCD133pos HSCs (left panel).
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were found to be overexpressed inCD34negHSCs, all important genes in HSCquiescence and self-renewal. Conversely, the upregulated tran-

scription factors in CD34posHSCs were associated with cell proliferation (TCF7L2, TFEC, and BCL3) and differentiation (HOXA9, TCF441 and

MAFF42) along the lymphoid and megakaryocyte/erythrocyte lineages. Our data showed that Runx3 was highly differentially expressed in

CD34pos versus CD34negHSCs, and that Runx1, Runx2, and Runx3 all play important roles in HSC maintenance during adult definitive

hematopoiesis.43

Additionally, based on gene expression signature, pseudotime analysis suggests contrasting lineage differentiation potential among the

HSC populations as shown in Figure S6A. ANK,44 BLVRB, CD8445 and CD41 were found to be significantly elevated in CD34neg clusters, while

KLF6 and Runx3 are elevated in CD34pos. In addition, in order to identify which mature cells they would likely differentiate into based on the

transcriptional patterns,46,47 cell identification analysis showed that Megakaryocytes-Erythroid-Progenitor (MEP)40,48 genes and erythroblast

genes were enriched within CD34negHSCs, whereas Common-Myeloid-Progenitors (CMP) and natural killer progenitors appeared to be up-

regulated in CD34pos (Figures S6B and S6C), Table S5.

CD34neg hematopoietic stem cells are profoundly enriched with genes related to adhesion to the bonemarrow niche through actin
cytoskeleton and cell-extracellular matrix interaction pathways

To investigate which pathways are related to cell adhesion and migration, we performed gene enrichment analysis of the KEGG pathways.49

We found that pathways for cell adhesion molecules, hematopoietic cell lineage and leukocyte transendothelial migration were abundant

within both HSC populations (Figure 6A). Notably, pathways involved in adhesion and cell shape – such as focal adhesion, regulation of actin

cytoskeleton, adherence junction and extracellular matrix (ECM)-receptor interaction cell – were upregulated in CD34neg, while pathways

related to cell differentiation and proliferation were highly expressed in CD34pos (Figure 6A). These results suggest the crucial role that

CD34negHSCs play regulating cell adhesion, specifically the upregulation of genes related to ECM-receptor interactions.

Table 4, Table S6 and Figures S7–S10, show distinct sets of genes in common pathways related to cellular adhesion and migration and

hematopoietic cell lineage that were differentially expressed among the two HSCs. Of note, CD34posHSCs expressed higher levels of genes

linked with lymphocyte marker. In contrast, CD34negHSCs expressed high levels of genes associated with erythro-myelo-megakaryocytic

cells. Genes involved in adhesion were enriched in CD34pos (CD99, CD44, CD34, SELL). Nonetheless, CD34neg cells were shown to have a

unique set of adhesion-related genes (ITGA2B, ITGB1, ALCAM, CD226). Interestingly, CD34neg cells were enriched in genes related to actin

cytoskeleton structure involved in focal adhesion or cell adherence junction pathways, and gene sets that dynamically regulate actin bundles

were also upregulated. Next, Gene Ontology Enrichment Analysis (GOEA) was performed with biological process and cellular component

categories (Figure 6B) to confirm that although the two populations shared some adhesion/migration pathways, they differed in gene sets

and enrichment. For example, upregulated genes (CDH1, ITGB1, CD84, PIK3CB, BSG, and CADM1) were more prevalent in CD34negHSCs,

leading to increased homophilic cell adhesion via plasma membrane adhesion molecules.

Second, using Gene Set Enrichment Analysis (GSEA), we demonstrated that gene sets related to the regulation of leukocytes to vascular

endothelial cells and leukocyte migration were significantly higher in CD34posHSCs (Table S7). As expected, the gene sets related to extra-

cellular matrix receptor and focal adhesion pathways showed significantly higher expression in CD34negHSCs. Then, we analyzed the �65

actin-related pathways in the GSEA. As predicted, we found many pathways significantly enriched in CD34neg (Table S7). These results raise

the possibility that CD34negHSCs likely reside in the bone marrow niche due to a high concentration of adhesion-associated molecules

related to ECM interaction that help them establish their niche’s long-term repopulation activity.

Interestingly, cell-matrix adhesion, focal adhesion assembly and regulation of actin cytoskeleton are the pathways with the most genes

upregulated in CD34negHSCs (Figure 7A). We confirmed these results at the protein level using confocal microscopy (Figure 7B). As shown

in Figure 7C, vinculin (VCL) expression was considerably higher in CD34negHSCs compared to CD34pos (n = 30 cells). Although b-actin tran-

scripts appeared to be higher inCD34neg (Figure 7D), no statistically significant differencewas observed at the protein level (Figure 7C). Other

actin cytoskeleton-related genes, including VASP, MYL12A, TLN1, and FLNA (Figure 7D), were also upregulated in CD34negHSCs. To

Table 2. Engraftment efficiency of 18LinnegCD34negCD133posHSCs isolated using Method 2 in NBSGW mice

Cells

Cell Injection

Dose

No. of

mice

Percentage of human cells in recipient mice (w)

6 9 12

Exp. 1 Buffered-18Linneg

CD34negCD133pos
2000 6 0.1, 0.1, 2.5,0, 0, 0.1 (4/6) 0, 0.1, 0.2,0.2, 0, 0.2 (4/6) 0, 0, 0,0, 0.1, 0.2 (2/6)

rhFTVI-18Linneg

CD34negCD133pos
2000 6 4.7, 0, 0.1, 0, 0.1, 0.3 (4/6) 0.1, 0, 0, 14.7, 0.7 (3/5) 0.1, 0.2, 0, 38, 0.2 (4/5)

Exp. 2 Buffered-18Linneg

CD34negCD133pos
1700 8 0.1, 0.1, 0, 0, 0, 0, 0, 0 (2/8) 0.2, 0.2, 0, 0, 0, 0, 0, 0 (2/8) 0.1, 0.1, 0.2, 0, 0, 0, 0, 0 (3/8)

rhFTVI-18Linneg

CD34negCD133pos
1700 8 0.2, 0.2, 0.1, 0, 0.2,

0, 2, 0, 0 (4/8)

7.4, 0.2, 0.1, 0.1, 0,

0, 0, 0 (4/8)

0.1, 0.1, 0.1, 0.2, 49.8,

49, 0, 0 (6/8)

Percentages of human CD45 donor cells engrafted in the recipient mouse post-transplantation of human CB-HSCs treated with or without the rhFTVI.
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determine whether the upregulation of integrins in CD34negHSCs is related to adhesive interaction to ECM proteins, we used an adhesion

assay to the ECM protein, fibronectin (Fn).50 As illustrated in Figure 7E (left panel), CD34negHSCs have much higher levels of Fn binding

compared to their CD34pos counterparts. Moreover, to determine the contribution of b1a4 integrin in mediating Fn binding, CD34negHSCs

were pretreated with either a blocking b1a4 integrin antibody or an isotype control (mouse IgG1) prior to the experiment on Fn binding. Fig-

ure 7E (right panel) shows that compared with cells blocked with the isotype control, cells incubated with b1a4 integrin lost their binding ac-

tivity to Fn. These findings revealed that CD34negHSCs rely on b1a4 integrin to mediate their interaction with fibronectin.

DISCUSSION

The presence of short-term and long-term hematopoietic stem/progenitor cells (HSCs) in human cord blood and bone marrow has been

highlighted in many studies.4,6,7,11,14,23,51,52 Isolating these HSCs for the treatment of blood disorders has become a wide clinical practice

using the CD34 surface protein marker. Clinical use of HSCs has tended to focus onCD34pos cells, withCD34neg cells often getting discarded

because of their limited homing capacity when injected into the bloodstream. This has contributed to the underuse of umbilical cord blood in

HSC transplantation because of the lower stem cell count compared with bone marrow. And yet, there is a body of research that has sug-

gested that CD34neg cells are more primitive stem cells,4,11,53 meaning that they have the greatest potential for cell regeneration. By iden-

tifying ways to improve both homing and engraftment ofCD34neg cells through the addition of sialyl Lewis X, this study demonstrates the vast

potential of using CD34negHSCs to treat blood disorders.

To test our theory, we began by applying two researched methods for isolating CD34negHSCs based on cell-surface markers, which allow

for the sorting out of more primitive cell types from the billions of human hematopoietic mononuclear cells (MNCs) found in cord blood. The

first method relied onCD34 andCD38markers extracted from lineage-depletedMNCs,6 while the second relied on a large number of lineage

markers in addition to CD133 and CD34.9 Our results mirrored published data.6,9

Our next step was to apply flow cytometry analysis, which revealed that CD34negHSCs enriched by either technique displayed much lower

amounts of sLex andwere less likely tobindE-selectin relative toCD34pos cells. However,CD34neg cells do express the chemokines and integrins

necessary for bone marrow homing at levels comparable to CD34pos. These findings highlight that the key reasonCD34neg cells have been less

able to home when injected9 is solely due to the absence of sLex, an epitope that can be easily added ex vivo to greatly increase the supply of

stem cells reaching the bone marrow.28,54–57 We found the two isolation methods differed significantly in how well CD34negHSCs differentiated

to distinct colonies. Strong clonogenicity was demonstrated by Method 2, but Method 1 showed very little differentiation potential in vitro.

A C

B

Figure 4. Dimensional reduction analysis revealed single cell CB-HSCs populations

(A) t-SNE (left) and UMAP (right) representation of the normalized gene expression values 18LinnegCD34posCD133pos and 18LinnegCD34negCD133pos HSCs. Each

point in the plot represents a cell, dots of the same colors correspond to the same experimental group.

(B) Expression level of the CD45, CD34, and CD133 genes. These markers were used for sorting CB 18LinnegCD34posCD133pos and 18LinnegCD34negCD133pos

populations.

(C) UMAP plot of the expression of CD34 and CD133 in 18LinnegCD34posCD133pos HSCs (upper), and cells that show the negative expression of CD34 and highly

expressed in CD133 in 18LinnegCD34negCD133pos HSCs (lower).
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One of our lines of experimentation was to use fucosyltransferase ex vivo treatment on CD34negHSCs. We then conducted in vivo exper-

iments injecting the treated HSCs intravenously into NSG mice that had been subjected to myeloablation to destroy bone marrow cells. For

the purposes of the in vivo studies, we isolatedCD34negHSCs using bothMethod 1 and 2. InMethod 1, both rhFTVI-treated and buffered cells

failed to establish a human cellular presence in the bone marrow of mice 8 and 16 weeks after transplantation. We suspect that the failure to

engraft could be because these CD34neg cells need to be cultured – rather than simply isolated – on murine HESS-1 cells for several days to

expand and differentiate the cells into CD34pos before transplantation, as suggested by previous work.8 It is important to note that we did

detect the engraftment of positive controls using Method 1.

Turning to Method 2, we found that CD34negHSCs showed unremarkable human chimerism in NSG mice in comparison to positive cells,

both after treatment with rhFTVI and in untreated cells. Human cell engraftment in both scenarios remained very low despite numerous at-

tempts at altering the dose of transplanted cells, substituting X-ray for busulfan therapy, or injecting the cells intrafemorally. Rather, possible

causes for the lack of engraftment could include that very high numbers of cells need to be injected for any notable level of repopulation to

take hold in the in-vivo assay. In sum, it was challenging to replicate the in-vivo results demonstrated in several previously published reports6,9

for CD34negHSCs using either approach in NSG mice. While CD34negHSCs may at first take longer to engraft in primary recipients than

CD34posHSCs, their capacity is revealedmore over time; they have been shown to be capable of repopulating blood cells for a longer period

and maintain this capacity in serial transplants.3

Following the failure of engraftment in NSG mice, we turned next to a different mouse strain – NBSGW, known for successful HSC trans-

plantation because it provides a proper microenvironment for supporting long-term self-renewal and differentiation of human HSCs, without

A B

C D

Figure 5. Different transcriptional signatures of CB-HSCs populations

(A) The seven distinct clusters identified by unsupervised clustering and characterized with differential gene expression and gene set enrichment analyses. Each

dot represents a cell.

(B) Common transcripts expressed in four clusters mainly; 3, 8, 2, 5 with the schematic representation of intersections. Only the top 50 transcripts expressed in

each cluster are represented.

(C) and (D) Heatmap of themost significant differentially expressed genes (DEGs) in CB-HSCs populations 18LinnegCD34posCD133pos (cluster 2 and cluster 5) and

18LinnegCD34negCD133pos HSCs (cluster 3 and cluster 8) (p < 0.05 and log fold change >0.5 in at least one cluster) in the different clusters revealed by DEG2

analysis.
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the need for myeloablative conditioning.31 This is important because myeloablative conditioning is known to be detrimental to the bone

marrow architecture, while also raising the risk for hematological, gastrointestinal, and neurological adverse effects that could kill recipient

animals.58–60 For these experiments, we isolatedCD34neg using onlyMethod 2 and observed that, when injected intravenously, notably better

engraftment took place. Furthermore, in vivo analysis showed that the a1,3 fucosylation treatment of CD34negHSCs significantly increased

their repopulation capacity in primary recipients up to 12 weeks after transplantation, whereas low engraftment was observed in untreated

mice. We have previously shown the effectiveness of a1,3 fucosylation on the longevity of HSCs,24 namely that fucosylated cells both regen-

erated the bonemarrow of the initial recipientmouse and sustained and repopulated in a secondary recipient. The positive results in NBSGW

mice demonstrate that an intact, not destroyed, bone marrow microenvironment better supports human HSC engraftment in the xenotrans-

plantation model.

Another key area of focus was using transcriptional analysis with single-cell RNA sequencing to characterize the adhesion pathways of

CD34pos and CD34negHSCs and understand how the two cell types may be functionally different in their adhesion and migration capacities.

According to initial analysis, CD34negHSCs displayed a unique expression profile for the most highly expressed genes. Moreover, when we

analyzed the differentially expressed genes, we found high levels of Erythrocyte/Megakaryocyte genes on CD34negHSCs, supporting the

notion that CD34neg may play a role in the development of these precursors – for red blood cell formation and platelets, respectively – in

Table 3. Differentially expressed transcription factors in 18LinnegCD34negCD133pos and 18LinnegCD34posCD133pos HSCs

Gene Name Description logFC

CD34posCD133pos HES1 hes family bHLH transcription factor 1 3.13

ETS1 ETS proto-oncogene 1, transcription factor 3.13

TCF7L2 transcription factor 7 like 2 2.26

TCF4 transcription factor 4 1.78

HOXA9 homeobox A9 1.78

TFEC transcription factor EC 1.63

BCL3 BCL3 transcription coactivator 1.16

ERG ETS transcription factor ERG 1.13

ZBTB8A zinc finger and BTB domain containing 8A 1.12

FOS Fos proto-oncogene, AP-1 transcription factor

subunit

1.05

MAFF MAF bZIP transcription factor F 0.96

RUNX3 RUNX family transcription factor 3 0.82

STAT1 signal transducer and activator of transcription

1

0.77

SOX4 SRY-box transcription factor 4 0.56

ELK3 ETS transcription factor ELK3 0.56

CD34negCD133pos KLF1 Kruppel like factor 1 12.70

MYC MYC proto-oncogene, bHLH transcription

factor

3.03

GATA2 GATA binding protein 2 3.10

HLTF helicase like transcription factor 1.87

TAL1 TAL bHLH transcription factor 1, erythroid

differentiation factor

1.72

MYB MYB proto-oncogene, transcription factor 1.67

TADA3 transcriptional adaptor 3 1.59

PHTF1 putative homeodomain transcription factor 1 1.26

TFDP1 transcription factor Dp-1 1.19

STAT5A signal transducer and activator of transcription

5A

1.18

STAT5B signal transducer and activator of transcription

5B

1.14

PBX1 PBX homeobox 1 1.65

TGIF1 TGFB induced factor homeobox 1 1.17
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the bone marrow, as previously reported from microarray data.11 One observation was how they differed from another study that used

Hoechst dye efflux to isolate CD34negHSCs and found higher levels of lymphoid lineage genes than we identified.61 Going more deeply,

our research revealed that transcription factors responsible for megakaryocyte and erythrocyte differentiation were upregulated in

CD34negHSCs compared with CD34posHSCs, including KLF and GATA2 factors. GATA2 controls the proliferation and development of early

hematopoietic precursors to red blood cells. Deleting it in mice has caused severe anemia and death.62 Our pathway enrichment analysis also

confirmed that erythrocyte/megakaryocyte genes are uniquely expressed in CD34negHSCs as they were absent in CD34posHSCs.

Now we will turn to analyzing the expression of well-known homing molecules on HSC populations: E-selectin ligands, MHC, cadherins

and integrins. Our RNA sequencing analysis showed that CD44 (HCELL),63–65 an E-selectin ligand found on human HSCs, neutrophils and

T cells,63 was upregulated in CD34posHSCs. L-selectin, which mediates the recruitment of naive T Cells to lymph nodes among other func-

tions,66 is highly upregulated in CD34posHSCs, although the role L-selectin plays on these cells remains unclear.39 However, one study has

shown that Sell�/� mice where L-selectin is absent display abnormality in lymphocyte migration.67 For cell-cell contact that is integral for

HSCs recognition and activation in the microenvironment, a lot of MHC classes were significantly expressed in CD34posHSCs versus

CD34negHSCs, while cadherin, which mediates cell-cell adhesion, was under-expressed in both. CD34negHSCs, meanwhile, showed an in-

crease in homophilic cell attachment through plasmamembrane adhesionmolecules (PIK3CB, CD84, NECTIN2, BSG), implying the potential

for cell-cell communication.

A

B

Figure 6. Gene enrichment analysis of differentially expressed genes in CB-HSCs populations

(A) Categorization of common genes were upregulated (left) or downregulated (right) in 18LinnegCD34posCD133pos cells or based on KEGGpathways annotation.

(B) Cellular component and Biological processes represented by the differentially expressed genes.
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Table 4. The gene sets that enriched 18LinnegCD34negCD133pos and 18LinnegCD34posCD133pos HSCs related to KEGG adhesion pathways

GeneName CD34pos CD34neg logFC p-value FDR NCBI

Cell Adherence Junction TGFBR1 1.11 0.86 0.37 9.42E-11 4.91E-10 7046

NECTIN2 1.21 0.61 0.98 0.00E+00 0.00E+00 5819

IGF1R 3.00 1.91 0.65 0.00E+00 0.00E+00 3480

TCF7L2 2.43 0.51 2.26 0.00E+00 0.00E+00 6934

TGFBR2 1.67 1.18 0.50 0.00E+00 0.00E+00 7048

CTNND1 2.54 1.77 0.52 0.00E+00 0.00E+00 1500

VCL 1.00 2.60 1.38 0.00E+00 0.00E+00 7414

ACTN1 0.20 1.01 2.35 0.00E+00 0.00E+00 87

ACTB 15.09 64.62 2.10 0.00E+00 0.00E+00 60

PTPN6 0.78 1.95 1.32 0.00E+00 0.00E+00 5777

SSX2IP 0.45 1.54 1.78 0.00E+00 0.00E+00 117178

Hematopoietic Cell Lineage CD37 7.60 5.91 0.36 0.00E+00 0.00E+00 951

CSF3R 2.20 0.28 2.96 0.00E+00 0.00E+00 1441

CD34 4.24 0.13 4.98 0.00E+00 0.00E+00 947

ITGA2B 0.01 3.07 7.73 0.00E+00 0.00E+00 3674

CD9 0.19 1.24 2.74 0.00E+00 0.00E+00 928

TFRC 2.06 5.16 1.32 0.00E+00 0.00E+00 7037

IL1B 0.96 5.42 2.49 0.00E+00 0.00E+00 3553

CD36 0.01 1.55 7.41 0.00E+00 0.00E+00 948

CD55 2.04 5.33 1.38 0.00E+00 0.00E+00 1604

Leukocyte transendothelial migration CD99 7.75 2.72 1.51 0.00E+00 0.00E+00 4267

PIK3R1 4.12 1.89 1.13 0.00E+00 0.00E+00 5295

PRKCB 1.61 0.83 0.97 0.00E+00 0.00E+00 5579

RHOH 2.47 1.09 1.18 0.00E+00 0.00E+00 399

CTNND1 2.54 1.77 0.52 0.00E+00 0.00E+00 1500

VCL 1.00 2.60 1.38 0.00E+00 0.00E+00 7414

PIK3CB 0.76 2.14 1.50 0.00E+00 0.00E+00 5291

ACTN1 0.20 1.01 2.35 0.00E+00 0.00E+00 87

ACTB 15.09 64.62 2.10 0.00E+00 0.00E+00 60

MYL12A 4.08 13.56 1.73 0.00E+00 0.00E+00 10627

VASP 1.36 3.44 1.34 0.00E+00 0.00E+00 7408

ITGB1 1.80 4.74 1.39 0.00E+00 0.00E+00 3688

RASSF5 0.78 1.82 1.22 0.00E+00 0.00E+00 83593

Cell Adhesion Molecules CD99 7.75 2.72 1.51 0.00E+00 0.00E+00 4267

CD34 4.24 0.13 4.98 0.00E+00 0.00E+00 947

SELL 2.89 0.74 1.97 0.00E+00 0.00E+00 6402

NECTIN2 1.21 0.61 0.98 0.00E+00 0.00E+00 5819

CD40LG 0.01 1.63 6.94 0.00E+00 0.00E+00 959

ITGB1 1.80 4.74 1.39 0.00E+00 0.00E+00 3688

CD226 0.01 2.07 7.70 0.00E+00 0.00E+00 10666

ALCAM 1.06 2.64 1.32 0.00E+00 0.00E+00 214

(Continued on next page)
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An important finding of our RNA sequencing study was identifying highly expressed genes in CD34negHSCs related to their crucial role in

interacting with the bone marrow microenvironment. Previous research on the bone marrow niche, while intensive, has revealed little about

the factors that mediate the interaction between the HSCs and the surrounding environment consisting of proteins, cells, vessels and nerves

that support the settlement and renewal of HSCs.68,69 Our sequencing data findings indicate CD34negHSCs use integrins a5b170 to bind to

ECM proteins such as fibronectin, laminin and collagen and, in addition, integrins a4b170 that bind with other adhesion molecules on the sur-

face of niche cells including VCAM and ICAM.50,71 A noteworthy finding was the markedly raised expression of integrin ITGA2B (CD41) in

CD34negHSCs. It has previously been established that CD41 is expressed by quiescent HSCs and has a function in adult hematopoiesis; an-

imals in which this integrin is absent (integrin II defective animals Itga2b�/�) have displayed pancytopenia, a malfunction of platelet forma-

tion, and enhanced apoptosis.72 Moreover, CD41pos HSCs possessed long-term repopulation capacity on serial transplantations and showed

a marked myeloid bias compared with CD41neg HSCs, which yielded a more lymphoid-biased progeny.72 Another ECM interaction example

in our study was the strong expression of CD36 inCD34negHSCs, which interacts with collagen in the bonemarrow niche. A further finding was

the upregulation in CD34negHSCs of cytokine interleukin 1 (IL-1), known for inducing the adhesion molecule VCAM1 in endothelial cells and

the bone marrow stem cell niche.73

Our RNA sequencing also highlighted two important pathways inCD34negHSCs– actin cytoskeleton regulation and Cell-ECM – that play a

role in determining how the HSCs will behave in the environment. For instance, we found that vinculin is upregulated in CD34negHSCs. Vin-

culin is a crucial component in regulating HSC repopulation capacity due to its role in long-term HSC reconstitution, independent of integrin

functions.61,74 In another example, we showed high transcript levels of thrombospondin-1 (THBS1) in CD34negHSCs, a homing molecule that

helps maintain a stem cell’s quiescence. When THBS1 is missing, studies have shown that cells acquire more self-renewal capacity.75 More-

over, it has been demonstrated that phosphotyrosine phosphatase (PTP) has a role in HSC retention in the bonemarrow niche.61,76 Our results

show enhanced expression of one of the PTPs, PTPN6, in CD34negHSCs. Moreover, the cytoskeletal protein talin is upregulated in

CD34negHSCs, talin being shown to have a crucial role61 in the HSCs’ ability to adhere to the ECM.

Our study also involved performing in-vitro assays to offer additional experimental evidence correlating the transcript and protein levels.

Our first finding was that vinculin protein expressionwas dramatically higher inCD34negHSCs compared toCD34posHSCs. Further, we proved

that the formation of adhesive structures that link cells to the ECM first requires integrin activation71 as a4b1. The cytoskeletal motility appa-

ratus of HSCs could have a migratory function important from embryogenesis to adulthood, but this has yet to be investigated in greater

detail.

Our present studymakes two important contributions to understanding the biology ofCD34negHSCs.We demonstrated that deficiency in

CD34negHSC homing is caused by the lack of the sLex epitope which, when added ex vivo, successfully improves the HSC’s homing and

engraftment capacity. Second, we shed light on the differences betweenCD34neg andCD34posHSCs by zooming in to the transcription level.

Here, the biggest takeaway was that CD34negHSCs showed a differentiation bias toward erythropoiesis lineage cells, or RBCs, underscoring

the potential diagnostic use ofCD34negHSCs in RBC-related diseases. In addition, we offer insight into the CD34negHSC expression of adhe-

sion molecules directly related to interaction with the bone marrow microenvironment. Given that CD34negHSCs are more primitive in the

stem cell hierarchy than their positive counterparts, their potential for generating a long-term pool of new blood cells seems to depend

on the existence of a vibrant niche environment, an important discovery for future research into how to exploit this underused stem cell, abun-

dantly available in cord blood banks, more fully in transplantation.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

Table 4. Continued

GeneName CD34pos CD34neg logFC p-value FDR NCBI

Focal Adhesion BIRC2 3.58 2.19 0.707 0.00E+00 0.00E+00 329

AKT3 1.86 0.80 1.21 0.00E+00 0.00E+00 10000

IGF1R 3.00 1.91 0.64 0.00E+00 0.00E+00 3480

PIK3R1 4.11 1.88 1.12 0.00E+00 0.00E+00 5295

PRKCB 1.61 0.82 0.96 0.00E+00 0.00E+00 5579

ITGA2B 0.014 3.073 7.72 0.00E+00 0.00E+00 3674

CFL1 9.024 20.040 1.15 0.00E+00 0.00E+00 1072

VCL 1.00 2.60 1.37 0.00E+00 0.00E+00 7414

ACTB 15.08 64.62 2.09 0.00E+00 0.00E+00 60

THBS1 0.045 7.00 7.26 0.00E+00 0.00E+00 7057

ITGB1 1.80 4.73 1.39 0.00E+00 0.00E+00 3688
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A

B

C

D

E
F

Figure 7. The enrichment of adhesion genes that correlated to actin cytoskeleton or cell-extracellular matrix in 18LinnegCD34negCD133pos HSCs

(A) Gene sets were obtained fromMSigDB database (Broad Institute) and then compared against the EPC and HSC signatures. Plots depict enriched gene sets in

EPC. Black lines indicate the position of each gene across the ranked dataset. The normalized enrichment score (NES) is indicated in each plot.

(B) and (C) Fluorescence characterization of VLC and actin expression in CB-HSCs populations. 2D projection of top view of the 3D reconstructed fluorescence

image of VLC (green), actin cytoskeleton (red), and nucleus (blue). The cells were fixed and immunolabeled for VLC, actin cytoskeleton, and nucleus using AF-488

dye-conjugated antibody, AF-647 dye-conjugated antibody, and DAPI, respectively, (***p < 0.001). Scale bar: 10 mm.
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Figure 7. Continued

(D) Expression analysis of actin-related genes pathway. Expression counts for cluster 2 and 5 represent 18LinnegCD34posCD133pos and cluster 3 and 8 represent

18LinnegCD34negCD133pos for highly expressed genes in actin-cytoskeleton organization pathway.

(E) Adhesion capacity on fibronectin of CB-HSCs populations. Binding to fibronectin was determined for both 18LinnegCD34posCD133pos and

18LinnegCD34negCD133pos (left panel) and the contribution of 4 integrin in mediating Fn binding was determined by incubating cells with specific blocking

antibodies or isotype control prior to the adhesion assay (n = 3), **p = 0.006 and *p = 0.017.

(F) Expression analysis of integrin genes. Expression counts for cluster 2 and 5 represent 18LinnegCD34posCD133pos and cluster 3 and 8 represent

18LinnegCD34negCD133pos for highly expressed genes in actin-cytoskeleton organization pathway.
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Ethic statement
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BioEthics - Third Edition) and were conducted under the authority of the King Abdullah University of Science and Technology (KAUST) Insti-

tutional Animal Care and Use Committee (IACUC protocol number: 17IACUC20) KAUST is AAALAC International accredited institution. Cord

blood (CB) units were purchased from the Cord Blood Bank at King Abdullah International Medical Research Center (KAIMRC), Riyadh, Saudi

Arabia.Animals.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bovine Serum Albumin (BSA) ThermoFisher A7979

Prolong DAPI mounting medium Thermo Fisher Scientific P36931

Phosphate-buffered saline (DPBS) Gibco (Invitrogen) 14190144

1640-RPMI media Gibco (Invitrogen) 21875091

Versene dissociation buffer Gibco (Invitrogen) 15040033

Single Cell 30 GEM, Library

and Gel Bead Kit V3

103 Genomics PN-1000075

DynaBeads� MyOne Silane Beads Thermo Fischer Scientific 37002D

Fucosylatransferase VI KAUST Lab-made

Deposited data

scRNA-seq NCBI GSE237832

Experimental models: Organisms/strains

NSG Charles River 614

NBSGW JAX 026622

Software and algorithms

UMI-tools v1.1.2 (Smith T. et al., 2021)77 github.com/CGATOxford/UMI-tools

FASTQC v0.11.9 (Andrews S. et al., 2020)78 github.com/s-andrews/FastQC

Trimmomatic v0.39 (Bolger A. M. et al., 2021)79 usadellab.org/cms/?page=trimmomatic

STAR v2.7.9a (Dobin A. et al., 2021)80 github.com/alexdobin/STAR

FeaureCounts v2.0.3 (Liao Y. et al., 2014)81 subread.sourceforge.net/

Scran v1.22.1 (Lun A. T. L. et al., 2021)82 bioconductor.org/packages/3.14/bioc/html/scran.html

Scater v1.22.0 (McCarthy D. J. et al., 2021)83 bioconductor.org/packages/3.14/bioc/html/scater.html

ScDblFinder v1.8.0 (Germain P. et al., 2021)84 bioconductor.org/packages/3.14/bioc/html/scDblFinder.html

DEsingle v1.14.0 (Miao Z. et al., 2018)85 bioconductor.org/packages/3.14/bioc/html/DEsingle.html
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Animals

Male and female mice were acquired from Charles River Labs and were bred and maintained in isolator cages with autoclaved food and

water under specific pathogen-free conditions within the KAUST Animal Resource Core Lab. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice

aged 6–12 weeks were irradiated with a single dose of 2.7 Gy utilizing an Xstrahl Cabinet Irradiator 12 hours prior to transplantation.

NOD.Cg-KitW-41J Tyr+PrkdcscidIl2rgtm1Wjl/ThomJ recipient mice were also utilized in several experiments (NBSGW).58–60

Cells

Cord blood (CB) units were purchased from King Abdullah International Medical Research Center’s (KAIMRC) Cord Blood Bank. CB buffy

coat-enriched cells were thawed in MEM-ɑ medium containing 10% ACD-A (anticoagulant citrate dextrose solution) and 5% human serum

albumin (Sigma), centrifugated at 300g, resuspended in 10 mL PBS containing 0.1 mg/mL DNAse, incubated at room temperature for 10 mi-

nutes, centrifuged, washed twice with MEM medium containing 10% ACD-A, resuspended in 30 mL of MEM-ɑ culture medium with 5% FBS

and incubated at 37�C for 12 to 24 hours in a hypoxic chamber (Stem cells Technologies) containing water in a petri dish. The following day,

the cells were rinsed with PBS/ACD-A, exposed to a density gradient using Ficol-paque (GE Healthcare) in LeucoSep� centrifuge tubes

(Thomas Scientific) for 12minutes at room temperature with brake-off, then themononuclear layer was transferred to a separate tube, washed

twice with PBS/ACD, filtered using a BD Falcon 70 mm cell strainer to obtain single cells, which were enumerated, stained, sorted, and sub-

jected to flow cytometric analysis.

METHODS DETAILS

HSC enrichment

The initial enrichment phase was identical even though different sorting strategies were used with varied combinations of surfacemarkers. As

a means of negative selection, we used a lineage cell depletion cocktail (Miltenyi Biotec) including ten lineage markers (CD2, CD3, CD11b,

CD14, CD15, CD16, CD19, CD56, CD123, and CD235a (Glycophorin A)) for lineage depletion. Briefly, cells were stained for 10 minutes with

Biotin-Antibody Cocktail and rinsed, biotin microbeads were added for 15 minutes at 4�C. Using the depletion software on an AutoMacs pro

separator, we divided the cells into a lineage negative fraction and a lineage positive fraction. PE- streptavidin was used to verify the deple-

tion. The first approach involves staining the lineage-depleted fraction with 10 mg/mL FITC-CD38 and BV421-CD34 for 30 minutes, washed

twice in FACS buffer (5% FBS, 2 mM EDTA, and HBSS) and stined with PI. After sorting, the purity of CD38negCD34pos and CD38negCD34pos

cells was evaluatedwith CD34 antibody. The second technique involved staining the lineage-depleted fractionwith FITC-conjugated lineage-

specific monoclonal antibodies (CD7, CD10, CD235a, CD33, CD20, CD24, CD4, CD66c, CD41, CD3, CD14, CD15, CD19, CD45RA, CD56,

CD127, CD16, and CD2), Pacific blue anti-CD34 and APC anti-CD133 for 30 minutes at 4C� (all antibodies are listed in Table S1). Prior to sort-

ing on BD FACS Aria III, 7-AAD was added to the tubes, and the samples were washed twice using FACS buffer (5% FBS, 2 mM EDTA, and

HBSS). The specificity of these lineage-specificmAbs utilized for cell sorting was verified in advancewith fluorescenceminus one. Human cord

blood stem cells that were sorted into the 18LinnegCD34posCD133pos and 18LinnegCD34negCD133pos populations were employed in these

studies.

Flow cytometric analysis

All flow cytometry was performed on a FACSCanto II platform or BD FACSAria III. The data were analyzed using FlowJo software (BD) and the

positive percentages were compared to fluorescence minus one (FMO) controls. To determine the expression of sLex on the surface of the

cells, either rhFTVI-treated or buffer treated (negative control) HSCpopulations were placed in 96-well-plates, stainedwith 10 mg/mL anti-sLex

antibody for 30minutes at 4�C (HECA-452), resuspended in FACSbuffer (10-mMEDTA, 5%FBS andHBSS) andwashed twicewith FACSbuffer

(200 mL/well). To detect E-selectin binding, 10 mg/mL of recombinant E-selectin human Ig (E-Ig) chimerawas prepared in buffer (20mMHEPES

pH 7.5, 2 mM CaCl2 and 5% FBS) and used to stain cells. A PE-conjugated anti-human IgG Fc (1:200 dilution in chimera buffer; BioLegend)

secondary antibody was used to detect E-Ig. As a control for E-selectin staining, 20-mMEDTAwas added to the chimera buffer. To detect cell

surface proteins, the HSCs populations were stainedwith 10 mg/mL of primary conjugated antibodies against surfacemarkers CXCR4, CD49e,

CD49d, and CD29 in 100 mL FACS buffer (2 mM EDTA, 5% FBS and HBSS) for 30 minutes at 4�C, washed three times with FACS buffer, and

analyzing surface-marker expression.

Bone marrow engraftment analysis

Six to 12-week-old female recipientmice (NSG)were irradiatedwith 2.7 Gy using an Xstrahl Cabinet Irradiator 12 hours before transplantation.

Where indicated, human stem cell populations were treated with rhFTVI or buffer control (untreated), resuspended in HBSS buffer and 200 uL

of suspension cells injected into recipient mice via tail vein (i.v.) or through intrafemoral injection (i.f.). The weight of transplanted mice was

measured weekly. Following transplantation at 6, 8 and 12 weeks, 200 uL of blood collected from submandibular and �30 uL bone marrow

harvested using sterile U-100 syringes needle. The samples were collected in tubes containing RPMI medium with 10% FBS, centrifuged and

stained for flow cytometry analysis. Engraftment efficiency was assessed by flow cytometry using mouse CD45 [30-F12—APC] and human

CD45 [HI30—Pacific blue] antibodies, and expressed as a percentage of the donor cells, hematopoietic cells, and their produced blood cells

present in the bone marrow and blood of the recipients.
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Clonogenic progenitor cell assay

The colony forming unit assay was conducted for HSCs populations in MethoCult H4433 medium (Stem Cell Technologies). Briefly, �1,500

cells were pelleted in 1 L of MethoCult, seeded into 35-mm low adherent culture dishes (Stem Cell Technologies), and incubated at 37�C in a

5% CO2 humidified chamber for 14–21 days. Total colonies were counted under a brightfield microscope using a 20X objective lens and visu-

ally differentiated as erythroid burst-forming units (BFU-Es), granulocyte-macrophage colony forming units (CFU-GMs), megakaryocyte col-

ony forming units (CFU-Ms), and granulocyte-erythroid-megakaryocyte-macrophage colony forming units (CFU-GEMMs).

Exofucosylation

The fucosylation treatment was performed as described previously.86 Briefly, 18LinnegCD34neg CD133posHSCswere harvested, washed twice

with Hank’s Balanced Salt Solution (HBSS), and resuspended at a density of in FTVI reaction buffer [25 mMHEPES (pH 7.5) (Gibco Invitrogen),

0.1% human serum albumin (Sigma-Aldrich), 0.5 mM GDP-fucose (Sigma), and 5 mMMnCl2] and 1 ug purified rhFTVI enzyme in HBSS. Cells

were incubated at 37�C for 30min. Buffer only controls without the rhFTVI enzymewere used as a negative control. After the reaction, the cells

were washed twice with HBSS and 10 mM EDTA and used immediately for experiments.

Confocal imaging

Freshly isolated CB 18LinnegCD34pos CD133pos and 18LinnegCD34neg CD133pos HSCs were fixed in 4% PFA for 15 minutes at RT, washed with

PBS for 5 minutes, permeabilized in 0.1% Triton X-100 in PBS for 5 minutes at RT. Next, cells were blocked using 1% BSA (ThermoFisher) for

50 minutes at RT and immunolabeled with 200 ml of 10 mg/mLmouse anti-human Vinculin primary conjugated AF-488 antibody (Abcam) in 1%

BSA (5 mg/mL) for 1 hour at RT. After washing the unbound antibodies, cells were immunolabeled with 200 ml of 10 mg/mL Rhodamine Phal-

loidin antibody (ThermoFisher) in 1% BSA (5 mg/mL) for 40 minutes at RT, washed with PBS three times between each step and centrifuged at

350 g for 5minutes in a 15ml canonical tube. The immunolabeled cells were suspended in ProlongDAPImountingmedium, then seeded on a

poly-L-lysin coated glass coverslip surface and imaged directly. Confocal microscopy imaging was performed using an inverted spinning disk

microscope (Zeiss LSM 880), equipped with Plan-Apochrmat 63x/1.4 Oil DICM27 objective lens. 3D (1 mm z-step size) fluorescence images of

the stained cells were captured. The frame size per field of view is kept at 225mm2, and the pixel size equals 70 nm. Two color fluorescence

images were acquired sequentially. 488 laser power set at 6% and detector gain set at 850 to image the Vinculin, while 561 laser power set at

4% and detector gain set at 800 to image the actin cytoskeleton. The pinhole was set at 1 AU for both channels. Fluorescence images were

acquired using the ZEN 2009 software platform (Zeiss). The image acquisition parameters were kept consistent throughout the experiment.

To measure the expression level of Vinculin and actin cytoskeleton expressed in 18LinnegCD34pos CD133pos and 18LinnegCD34neg CD133pos

HSCs, we captured fluorescence images of cells through multiple z-planes to construct 3D images. Using ImageJ, 3D fluorescence images of

cells were stacked at sum intensity projection and the fluorescence integrated intensity were measured per cell and calculated the mean in-

tensity per pixel after subtracting the background signal.

Adhesion assay

Adhesion assays were performedusingCB 18LinnegCD34posCD133pos and 18LinnegCD34neg CD133posHSCs either on fibronectin and control

BSA coated plates based on protocols established by Huygen.87 BSA control plate was prepared by coating a flat-bottom 96-well plate (Corn-

ing) in 1% bovine serum albumin (BSA; Gibco, Life Technologies) prepared in 1X phosphate-buffered saline (DPBS; Gibco, Life Technologies)

followed by overnight incubation in 4-degrees. The following day, the BSA plate as well as a commercial pre-coated fibronectin 96-well plate

(Corning) were blocked with 1%-BSA prepared in serum-free 1X-1640-RPMI media (Gibco, Life Technologies) for 30 minutes in 37C� followed
by two washes with serum-free RPMI. Next, 4,000 cells were added in triplicate fibronectin wells for three conditions of untreated, integrin-

blocked (human CD49D antibody), and isotype-blocked (mouse IgG2b antibody; BD Biosciences) samples. After a 2 hours 37C� incubation,
suspension cells were collected by aspiration and two washes in 1%-BSA-PBS was performed. Adhesion cells were collected by incubated

versene dissociation buffer (Gibco, Life Technologies) for 5 minutes at 37C� followed by vigorous pipetting. Cell numbers were counted

by Countess3 Automated Cell Counter (Invitrogen) and percentage of adhesion was calculated as [(adherent cells)/(adherent cells + suspen-

sion cells)*100].

RNA extraction, library preparation and RNA-sequencing

18LinnegCD34posCD133pos and 18LinnegCD34negCD133pos populations were isolated by FACS and the numbers of viable cells were counted

using Trypan blue. Single-cell RNA-Seq libraries were prepared using the Single Cell 30 GEM, Library and Gel Bead Kit V3 (103 Genomics,

Cat#PN-1000075) according to the manufacturer’s instructions. Briefly, single cells were partitioned into individual gel beads-in-emulsion

(GEMs) and the RNA obtained from lysed cells was barcoded through reverse transcription. Each cell is encapsulated in a gel bead that con-

tains a unique 14- base pair (bp)molecular barcode, a 10-bp randomer to indexmolecules (uniquemolecular identifier, UMI), and an anchored

30-bp oligo-dT to prime polyadenylated RNA transcripts. DynaBeads� MyOne Silane Beads (Thermo Fischer Scientific, Cat# 37002D) were

used to purify the resulting barcoded cDNA, which was subsequently amplified via PCR (12–14 cycles, depending on the quantity of cDNA

available). Libraries were then checked and quantified using Agilent 2100 Expert Software. The libraries were sequenced on a NovaSeq 6000

SP flow cell (Illumina).
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QUANTIFICATION AND STATISTICAL ANALYSIS

scRNA-seq data preprocessing

The Cell Ranger pipeline was used for initial processing of the sequencing data. For Cell barcoding and UMI extraction, Chromium single cell

protocols were used to generate R1 reads with the cell barcode and UMI and R2 reads with the mRNA sequence. Using UMItools (https://

github.com/CGATOxford/UMI-tools), true cell barcodes and UMIs were moved from the read sequence of R1 FASTQ file to the read

name of R2 FASTQ file, which contains the gene sequence and was used in the rest of the analysis. A quality check was performed on the

R2 FASTQ files. To remove adapters and low-quality bases from the reads, a trimming step was performed using the Trimmomatic software

(http://www.usadellab.org/cms/?page=trimmomatic) using the following parameters: minimum read length was set to 35 bp and the quality

score to 25. Then, Spliced Transcripts Alignment to a Reference (STAR) software (https://github.com/alexdobin/STAR) was used to align the

reads to the human reference genome (GRCh38).

Gene expression quantification and cell quality control

Software feature Counts (http://subread.sourceforge.net/) was used to assign the high-quality mapped reads to the genomic features (i.e.,

genes) of the official annotation of the human reference genome. UMItools was used to perform PCR deduplication by collapsing the UMIs

per gene and per cell. Quality control was based on threemetrics: total UMIs (de-duplicated reads), number of detected genes, and percent-

age of mitochondrial reads detected. Three different thresholds were calculated for each metric: 1, visually chosen; 2, automatically selected

threshold based on the median absolute deviation (MAD) from the median value of each metric across all cells; and 3, automatically selected

threshold based on the median absolute deviation (MAD) from the median value of each initial sample independently (https://bioconductor.

org/packages/3.14/bioc/html/scater.html). Cells were removed if they were discarded based on at least one metric threshold.

Normalization, cell clustering and doublet detection

Normalization was applied by calculating the library size as the total sumof counts across all genes for each cell. Counts were first pooled from

many cells to increase the size of the counts for accurate size factor estimation. Pool-based size factors were then deconvolved into cell-based

factors for normalization of each cell’s expression profile. Next, gene counts were divided by the cell size factor and log transformed using the

R packages scran (https://bioconductor.org/packages/3.14/bioc/html/scran.html) and scater (https://bioconductor.org/packages/3.14/bioc/

html/scater.html). Three different approaches were used for dimension reduction clustering, Principal Component Analysis, t-stochastic

neighbor embedding (t-SNE) and uniform manifold approximation and projection (UMAP).

Graph-based clustering of the single cells based on their gene expression pattern was performed using the scran R package. Briefly, clus-

ters were constructed where each node is a cell and the edges are weighted based on the similarity between cells involved. Next, clusters

were identified based on similarity with the nearest 10 cells; 19 clusters were identified using this approach. For further filtration, we removed

the clusters that contained less than 100 cells, and about seven clusters were obtained for further analysis. Two approaches were used to

detect doublets using the scDblFinder R package. The first approach detects doublets as clusters with expression profiles lying between

two other clusters. The second doublet detection strategy involves artificial simulation of doublets from the single-cell expression data

and then trains a classifier to identify putative doublet cells among the real cells.

Gene Set Enrichment Analysis

Kyoto Encyclopedia ofGenes andGenomes (KEGG)88 pathway analysis andGeneOntology (GO) termenrichment were analyzedby perform-

ing hypergeometric tests (R phyper function) for each individual term/pathway and FDR correction was applied (FDR <0.05). Further analysis

of differentiating characteristics between 18LinnegCD34posCD133pos and 18LinnegCD34negCD133pos populations involved Gene Set Enrich-

ment Analysis (GSEA), as previously described.89 GSEA can identify whether the members of a gene set (a collection of which are housed

in the Molecular Signatures Database [MSig-DB] - Broad Institute, Boston, MA) are enriched in an independent rank-ordered profile of genes

that are differentially expressed between two experimental groups. Thus, GSEA is able to provide definitions of overrepresented biological

functions without the implicit bias associated with cut-off-based analyses. After ranking all genes for which a test statistic could be computed

based on a fold-change (comparing CBC3 to CBC1), the GSEA function was used (pre-ranked, ‘‘classic’’ mode with 10,00 permutations) to

calculate the enrichment of focused gene sets among the differentially expressed genes.

Differential expression analysis

DEsingle85 was selected for differential expression analysis based on a recently published benchmark.90 Briefly, a Zero-InflatedNegative Bino-

mial model was used to determine the their proportion of real and dropout zeros and to identify three types of differential expressed (DE)

genes—DEs: geneswith a significant difference in the proportion of real zeros but with no difference in the other cells; DEa: significantly differ-

entially expressed genes with no difference on proportion of real zeros; and DEg: genes with significant difference in both the proportions of

real zeros and the expression abundances. Single cell RNA-Seq data was deposited to Gene Expression Omnibus (GEO) under accession

number GEO: GSE237832.
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Identification of cell type

Two approaches were combined to infer cell types for each cluster. First, we directly examined the expression levels of a set of canonical

markers for the target cell types (Table S2). Enrichment of these markers in certain clusters was considered a strong indication of the clusters

representing the corresponding cell types. The second approach used the automatic cell type identificationmethodwith the SingleR package

(version 1.99.2) in R. Built-in reference Human Primary Cell Atlas Data91 was used to annotate each cell in HSCs populations with known labels

based on similarity to the reference via SingleR() function. The label with the highest score was assigned to the test cell, followed by further

fine-tuning to resolve closely related labels. Together, the top-ranked cell types were considered as the labels for each cluster and provided

cell-type information.

Inference of the developmental trajectory for CB-HSCs

The cell state transitions for CB-HSCs were estimated using theMonocle (version 2) algorithm. The gene-cell matrix in the scale of UMI counts

was provided as an input to Monocle, and then, its newCellDataSet function was called to create an object with the parameter expression-

Family = negbinomial.size. The cell trajectory within the integrated Seurat object which includes CD34pos andCD34neg cells was inferred using

the default parameters of Monocle after dimension reduction and cell ordering.

Statistical analysis

All experiments were carried out in triplicate. Data are represented as themeanG standard deviation (SD). Data were plotted and statistically

analyzed using GraphPad Prism version 9.0 for Mac. Statistical analysis was performed using either a two-sided Fisher exact test, or Welch’s

t-test, or two-tailed Student’s t test or one-way ANOVA. p-values <0.05 were considered significant. Specific statistical tests used, signifi-

cance, number of animals used and other details are indicated in individual figure legends.
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