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Multipotent and pluripotent stem cells are potential sources for cell and tissue replacement
therapies. For example, stem cell-derived red blood cells (RBCs) are a potential alternative to
donated blood, but yield and quality remain a challenge. Here, we show that application of insight
from human population genetic studies can enhance RBC production from stem cells. The SH2B3
gene encodes a negative regulator of cytokine signaling and naturally occurring loss-of-function
variants in this gene increase RBC counts in vivo. Targeted suppression of SH2B3 in primary
human hematopoietic stem and progenitor cells enhanced the maturation and overall yield of in
vitro-derived RBCs. Moreover, inactivation of SH2B3 by CRISPR/Cas9 genome editing in human
pluripotent stem cells allowed for enhanced erythroid cell expansion with preserved
differentiation. Our findings therefore highlight the potential for combining human genome
variation studies with genome editing approaches to improve cell and tissue production for
regenerative medicine.
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There is significant excitement regarding the use of stem cells as a source for cell
replacement therapies (Fox et al., 2014). In vitro differentiated red blood cells (RBCs) from
hematopoietic stem and progenitor cells (HSPCs) have been successfully transfused into
recipients in clinical trials (Giarratana et al., 2011; Migliaccio et al., 2012) and similar
approaches using pluripotent stem cells (PSCs), including human embryonic stem cells
(hESCs) and induced PSCs (iPSCs), are under investigation (Kobari et al., 2012; Slukvin,
2013; Sturgeon et al., 2013). However, utilizing these stem cell sources for RBC production
is limited by low yields of fully mature cells, making the process costly and inefficient
(Migliaccio et al., 2012; Rousseau et al., 2014). Overcoming these major limitations could
enhance our ability to manage the blood supply (Williamson and Devine, 2013).

Numerous ongoing efforts focus on optimizing culture methods to improve RBC production
from various stem cell sources (Huang et al., 2015; Rousseau et al., 2014). A
complementary approach is to investigate whether human genes that regulate RBC
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production in vivo can be manipulated to enhance this process in vitro. Recent genome-wide
association studies (GWAS) of red blood cell traits and subsequent fine-mapping identified
a common coding single nucleotide polymorphism (SNP) in the SH2B3 gene (rs3184504),
which results in a R262W substitution, that is significantly associated with hemoglobin
levels and RBC counts in vivo (van der Harst et al., 2012). SH2B3 is an SH2- and PH-
domain containing protein that negatively regulates hematopoietic cytokine signaling. Mice
with null mutations in SH2B3 have normal hemoglobin and RBC counts, suggesting human-
specific functions in RBC production (erythropoiesis) (Bersenev et al., 2008; Velazquez et
al., 2002). The rs3184504 variant associated with increased RBC counts and hemoglobin
levels is thought to be a hypomorphic allele (McMullin et al., 2011; van der Harst et al.,
2012). Consistent with this possibility, rare loss-of-function (LoF) SH2B3 alleles are
associated with greater elevations in the RBC count and hemoglobin level (erythrocytosis)
(Lasho et al., 2010; Spolverini et al., 2013). To extend this observation to a population-based
cohort, we examined a group of 4,678 individuals subject to whole-exome sequencing and
observed higher hemoglobin/ hematocrit values among individuals with rare putative
damaging missense or LoF variants in SH2B3 (Figure 1A, B, Tables S1, S2).

Given the association between elevated hemoglobin levels and LoF alleles of SH2B3 in
human population genetic studies, we tested whether suppression of SH2B3 can enhance
erythropoiesis in vitro. We used lentiviral vectors to express short hairpin RNAs (ShRNAS)
targeting SH2B3 in adult CD34+ HSPCs that were induced to undergo erythroid
differentiation (Figure 1C, D). The SH2B3 LoF cultures differentiated similar to controls,
although the erythroid maturation as determined by cell surface phenotyping (loss of CD71,
as well as acquisition of CD235a) occurred earlier (Figure 1E, F). Interestingly, we noticed a
1.6 - 2-fold increase in enucleation in SH2B3 LoF erythroblasts (Figure 1G). These
observations were confirmed by analysis of cell morphology that demonstrated improved
maturation, better hemoglobinization, and greater enucleation (Figure 1H). Gene expression
analysis of erythroblasts from the SH2B3 LoF cultures showed a globally similar profile
with controls (Figure 11) with enhanced expression of genes associated with terminal
erythroid maturation (Figure 1J). We maintained the cultures following enucleation for
several days and did not observe any improvement in maturation in the controls in
comparison with the SH2B3 LoF cultures.

Since cells with SH2B3 LoF appeared to undergo erythroid differentiation more readily, we
wondered if their proliferative potential was restrained, which could compromise RBC yield.
Surprisingly, adult HSPCs with SH2B3 LoF expanded to a significantly greater extent when
compared with controls (Figure 2A, Figure S1A). The overall increase in expansion
occurred over multiple stages of the differentiation process, suggesting that SH2B3
suppression augments multiple signaling pathways at different stages of differentiation
(Figure S1A). The observed effect was not due to suboptimal cytokine concentrations, as the
cells were cultured in erythropoietin and other cytokine concentrations where they
demonstrated maximal expansion (Figure S1B) (Abkowitz et al., 1991). Overall, the yield of
mature RBCs was expanded 3 - 5 fold by suppression of SH2B3 (Figure 2A). We performed
a similar knockdown of SH2B3 in CD34+ HSPCs from cord blood, which are known to
exhibit over 10-fold greater expansion during erythroid differentiation compared to adult
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HSPCs (Giarratana et al., 2011; Migliaccio et al., 2012; Rousseau et al., 2014). In these
cultures, SH2B3 LoF further enhanced enucleated RBC yield by 2 - 4 fold (Figure 2B). In
addition, we also utilized an adaptation of a recently described culture approach
incorporating a progenitor expansion step with adult CD34+ HSPCs (Lee et al., 2015;
Ludwig et al., 2014; Sankaran et al., 2011). In this case, we noted an even greater increase in
expansion and overall yield of RBCs of 5 - 7 fold (Figure 2C), demonstrating the
generalizability of SH2B3 suppression to augment RBC production from HSPCs.

We then wanted to understand the mechanisms through which suppression of SH2B3 is able
to augment erythroid differentiation and expansion. The fraction of apoptotic cells, as
assessed by annexin V staining, was not altered by SH2B3 suppression in adult HSPCs
(Figure S1C). Cells with SH2B3 LoF underwent 0.5 — 1 additional cell divisions over the 4
day period of differentiation examined (Figures S1D, E) (Sankaran et al., 2012). SH2B3
negatively regulates signaling downstream of multiple cell surface signaling receptors
implicated in erythropoiesis, including erythropoietin (EPO), KIT, and integrin receptors
(Gery and Koeffler, 2013; McMullin et al., 2011). Accordingly, phosphorylation of STAT5S
and KIT receptor, as well as the expression of early EPO responsive genes, were enhanced
by SH2B3 suppression (Figures S1F, G) (Moraga et al., 2015). We could verify the
importance of both the EPO and KIT/ SCF pathways for the observed augmentation upon
SH2B3 suppression by limiting the concentration of both cytokines in the HSPC
differentiation cultures (Figure S1H). SH2B3 suppression allowed for erythroid expansion
similar to the baseline control with reduced levels of either EPO or SCF, highlighting the
role of SH2B3 in both pathways in primary erythroid cells. Thus, SH2B3 LoF appears to
facilitate erythroid expansion and maturation by augmenting both the EPO and KIT
signaling pathways.

Since production of erythroid cells from human HSPCs appeared to be increased by SH2B3
LoF, we examined whether the RBCs produced in vitro were altered from controls. The
average volume of RBCs was similar between those arising from control and SH2B3 LoF
cultures (average of 108.7 in controls, compared with 110.1 and 104.7 femtoliters in the
sh83 and sh84 SH2B3 shRNAs). These values were within the normal range of 103 - 126
femtoliters for reticulocytes (immature RBCs, equivalent to those produced in the culture)
found in human adults (d'Onofrio et al., 1995). Moreover, SH2B3 LoF improved
hemoglobinization with the mean hemoglobin content being 27 and 26.7 picograms (pg) in
sh83 and sh84 treated cells, respectively, compared with 25.4 in controls (human adult
reticulocytes generally have concentrations of 25.9 - 30.6 pg (d'Onofrio et al., 1995)).
Disorders of the RBC membrane, such as hereditary spherocytosis, are clinically diagnosed
by variation in binding of the dye eosin-5-malemide (EMA) (Perrotta et al., 2008). We
found that EMA staining was comparable between the SH2B3 LoF RBCs and controls,
suggesting normal formation of the RBC cytoskeleton (Figure 2D). In addition, surface
expression of RBC antigens, including the Rh blood group (Figure S2A) and CD44, and
activity of the cytoplasmic pyruvate kinase enzyme were similar between the SH2B3 LoF
RBCs and controls (Figure S2B). RBC ghosts from the SH2B3 LoF and control cells
showed identical protein patterns, providing an independent metric for normal RBC
maturation (Figure S2C). We also observed normal hemoglobin subunits present in the
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RBCs with a small increase in fetal hemoglobin (HbF) production with SH2B3 LoF,
consistent with the known increase in HbF observed with acceleration at the early stages of
erythropoiesis (Figure S2D) (Sankaran and Orkin, 2013). Collectively, these results suggest
that RBC physiology was not impaired in cells derived from SH2B3 LoF HSPCs, despite a
marked improvement in differentiation and expansion.

Overall, our results suggest that reducing SH2B3 expression could improve in vitro
production of RBCs for transfusion purposes. While viral mediated sShRNA delivery to
primary CD34+ HSPCs may be impractical on a large scale, it should be possible to disrupt
the SH2B3 gene in self-renewing cell lines that can be used for RBC production (Rousseau
et al., 2014). Despite promising recent advances (Hirose et al., 2013; Huang et al., 2014;
Kurita et al., 2013), no immortalized human cell lines allow for consistent differentiation
into mature RBCs. However, PSCs can be readily differentiated toward the erythroid lineage
with well-established protocols (Huang et al., 2015; Kobari et al., 2012; Mills et al., 2014;
Slukvin, 2013; Sturgeon et al., 2014) (Figure 2E). We used CRISPR/Cas9-mediated genome
editing to engineer isogenic hESC lines with either homozygous frameshift deletions in
SH2B3 or intact wild-type (WT) alleles (Figure S2E, F) (Ding et al., 2013a; Ding et al.,
2013b; Gupta and Musunuru, 2014; Veres et al., 2014). The hESCs were differentiated in
vitro to generate multipotent hematopoietic progenitor cells (HPCs) with erythroid,
megakaryocytic, and myeloid potential (Kennedy et al., 2012; Mills et al., 2014; Sturgeon et
al., 2013) (Figure 2E). No differences in the yield of multipotent CD41a*/CD235a* HPCs
were noted between differentiating WT and SH2B3 knockout hESCs (Mills et al., 2014).
However, in multiple independent isogenic hESC lines studied, loss of SH2B3 augmented
erythroid cell production more than 3-fold (Figures 2F, G, S2G). Importantly, maturing WT
and SH2B3 knockout erythroblasts exhibited similar morphologies, expression of erythroid
cell surface markers, and globin gene expression patterns (Figures 2H, I, S2H). While PSC
erythroid differentiation protocols continue to undergo refinement, are not yet optimized for
RBC manufacture, and primarily produce the earliest waves of hematopoiesis equivalent to
those that developmentally arise from the yolk sac (Kobari et al., 2012; Slukvin, 2013;
Sturgeon et al., 2014), the current findings provide a proof-of-principle that stable
perturbation of SH2B3 can allow for improved erythroid differentiation and expansion.

It is estimated that a unit of RBCs produced from HSPCs would cost $8,000 — 15,000 using
current in vitro differentiation protocols, while normal donor-derived units cost less than one
tenth of this amount (Migliaccio et al., 2012; Rousseau et al., 2014). While improvements in
culture methods and use of systems such as bioreactors may be extremely valuable to
improve upon this process, intrinsic alteration of stem cell sources to stimulate
erythropoiesis should optimize the process further. To the best of our knowledge this has not
been previously tested. Here we show that by utilizing observations from both common and
rare human genetic variation, we could perturb the SH2B3 gene to improve the ability of
stem cell-derived hematopoietic progenitors to expand and differentiate into the erythroid
lineage. We would note that the improvement of both expansion and differentiation
surpasses the maximal expansion that could normally be achieved by simply optimizing
cytokine concentrations in such cultures, which illustrates the complementary benefit of
targeting intrinsic regulatory pathways. The increase in yields resulting from SH2B3
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suppression should allow RBCs to be produced from HSPCs at an estimated cost that is less
than one-fifth of current approaches and with fewer starting stem cells. Thus, a single RBC
unit is estimated to require 25 million CD34+ HSPCs and perturbation of SH2B3 should
reduce the required number of starting cells to ~5 million (Migliaccio et al., 2012). With
further technological advances it is likely that both cost and efficiency of this process can be
improved further. Importantly, our studies suggest that perturbation of SH2B3 should
improve erythroid differentiation from a variety of human stem cell sources, regardless of
the differentiation method employed. Nonetheless, hurdles remain to be able to effectively
translate these observations to improve and deliver upon the promise of such cell
replacement therapies (Fox et al., 2014; Slukvin, 2013). We envision that future studies on
the role of human genetic variation of blood cell traits will further contribute to our ability to
manipulate this process for therapeutic purposes and manage the ever-increasing demand on
the blood supply (Williamson and Devine, 2013).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
- Genetic mutations in SH2B3 associate with higher hemoglobin levels in humans
- Suppression of SH2B3 in HSPCs improves erythroid expansion and differentiation
- SH2B3 suppression does not impair the production of fully mature RBCs

- SH2B3 inactivation by genome editing in PSCs increases erythroid expansion
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Figure 1. From in vivo association of SH2B3 variants with hemoglobin levels to in vitro
suppression in primary HSPCs

(A) A schematic of the protein structure of SH2B3, including the dimerization (Dimer.
Domain), pleckstrin homology (PH), and Src homology 2 (SH2) domains. The amino acids
of these different regions are shown below. The strict damaging missense variants in the
PH/SH2 domains and the nonsense variant identified in the European American individuals
analyzed are shown.

(B) Box plots for hemoglobin levels in the individuals harboring putative damaging
missense and nonsense variants in SH2B3 (n=19) or without such mutations (n = 1995).
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Details of the association parameters from gene burden testing of these rare variants are
provided in Table S1.

(C) Simplified scheme illustrating differentiation of human CD34+ HSPCs into mature
RBCs.

(D) Western blot showing SH2B3 protein levels 8 days following infection.

(E, F) Representative histogram plots of CD235a and CD71, respectively, showing
phenotypic surface marker expression of control and SH2B3-KD cells on the indicated day
of differentiation.

(G) Representative flow cytometry plots showing cells stained with CD235a and Hoechst
33342 on day 18 of differentiation. Numbers represent the mean percentage of CD235a*/
Hoechst 33342 cells, indicative of enucleated RBCs, within the depicted gate + the
standard deviation.

(H) Representative cytocentrifuge images of May-Griinwald-Giemsa stained control and
SH2B3-KD cells at the indicated days of differentiation. A scale bar is shown in upper left
panel.

(1) Scatter plot of mean gene expression values of control (Luc-KD for cells treated with
control shLuc) and SH2B3-KD samples (n = 3 independent samples for shLuc, sh83, and
sh84). The coefficient of determination (r) is shown.

(J) Enrichment profiles from GSEA comparing the relative expression of genes in SH2B3-
KD samples versus control. An enrichment plot showing an erythroid differentiation
signature derived by comparing early erythroid progenitors with more differentiated cells is
shown (P < 0.0001 using a modified Kolmogorov—-Smirnov statistical test).
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Figure 2. Improved expansion of erythroid cells with SH2B3 suppression in hematopoietic and

pluripotent stem cells

(A, B) Mean yield of enucleated RBCs (CD235a*/Hoechst 333427) observed for control and
SH2B3 KD samples derived from adult mobilized peripheral blood (A) or cord blood (B)
HSPCs. Values shown are mean + the standard deviation and were normalized to the
control. Comparisons were done by a two-tailed Student's t-test (n = 3 independent
experiments; * P <0.05; ** P <0.01, *** P <0.001). See also Figure S1.

(C) Mean yield of enucleated RBCs (CD235a*/Hoechst 33342") observed for control and
SH2B3 KD samples derived from adult mobilized peripheral blood progenitors using a more
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efficient differentiation protocol involving a CD34+ expansion phase (discussed in
Methods). Comparisons were done by a two-tailed Student's t-test (n = 4; *** P < 0.001).
(D) Representative histogram plots showing eosin-5-maleimide signal on day 18 of mature
RBCs derived from peripheral blood-mobilized CD34+ cells. See also Figure S2.

(E) Simplified scheme illustrating differentiation of hESCs into RBCs. The hESCs were
cultured in sequential cytokine combinations to induce the production of multipotent
hematopoietic progenitor cells (HPCs) that were released into the medium around day 8.
The HPCs were collected and cultured further in medium with EPO and SCF to support
erythroid differentiation.

(F, G) Erythroid cell expansion of HPCs derived from two independent pairs of isogenic
hESC clones (KO, SH2B3-knockout; WT, wild type isogenic controls). The total cell
numbers starting with 50,000 cells are shown at various time points as the mean * the
standard deviation. Comparisons were performed by a two-tailed Student's t-test (n = 3; * P
<0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001). See also Figure S2.

(H) Representative cytospin images of May Griinwald-Giemsa stained control and SH2B3-
KO erythroblasts at the indicated days of culture subsequent to HPC selection.

(1) Representative flow cytometry plots depicting the expression of CD71 and CD235a on
erythroblasts derived from SH2B3-KO and isogenic WT hESCs.
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