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Shwachman-Diamond syndrome (SDS) is a rare and clinically heterogeneous bone marrow (BM) failure syndrome
caused by mutations in the Shwachman-Bodian-Diamond syndrome (SBDS) gene. Although SDS was described more
than 50 years ago, its molecular pathogenesis is poorly understood due, in part, to the rarity and heterogeneity of the
affected hematopoietic progenitors. To address this, we used single-cell RNA sequencing to profile scant hematopoietic
stem and progenitor cells from patients with SDS. We generated a single-cell map of early lineage commitment and found
that SDS hematopoiesis was left-shifted with selective loss of granulocyte-monocyte progenitors. Transcriptional targets
of transforming growth factor beta (TGF-β) were dysregulated in SDS hematopoietic stem cells and multipotent
progenitors, but not in lineage-committed progenitors. TGF-β inhibitors (AVID200 and SD208) increased hematopoietic
colony formation of SDS patient BM. Finally, TGF-β3 and other TGF-β pathway members were elevated in SDS patient
blood plasma. These data establish the TGF-β pathway as a candidate biomarker and therapeutic target in SDS and
translate insights from single-cell biology into a potential therapy.
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Introduction
Shwachman-Diamond syndrome (SDS) is an inherited bone mar-
row (BM) failure syndrome associated with biallelic, hypomor-
phic mutations in the Shwachman-Bodian-Diamond syndrome 
(SBDS) gene. SBDS is a pleiotropic protein that facilitates basic 
cellular processes such as ribosomal subunit joining and mitot-
ic spindle assembly (1–5). Despite the simple genetic underpin-
nings of SDS, clinical heterogeneity driven by differences in the 
primarily affected blood cell lineages complicates diagnosis and 
treatment. BM failure typically manifests first in the myeloid lin-
eage, but erythroid and megakaryocyte dysfunction may co-oc-
cur to varying degrees.

The only curative treatment for BM failure in patients with 
SDS is hematopoietic stem cell (HSC) transplant. Unfortunately, 
outcomes are limited by the inability to predict which patients will 
develop complications, such as progression to clonal disease, that 
outweigh significant transplant risks. The development of rational 
therapies that could supplant or delay transplant requires a deeper  

understanding of the pathways that underlie cell type–specific 
responses to SBDS mutations. These pathways have been diffi-
cult to assess due to limitations of animal models and the paucity  
of human primary cells that can be obtained from BM failure 
patients. Here, we leverage recent technological advances in  
single-cell profiling to directly examine the molecular pathogen-
esis of SDS in primary patient BM. Our findings implicate the 
transforming growth factor beta (TGF-β) pathway as a potential 
therapeutic target in SDS and demonstrate the power of single-cell 
transcriptomics to shed new light on rare and intractable diseases.

Results and Discussion
Despite the basic cellular functions of SBDS, only certain cell types 
manifest dysfunction in SDS. BM hypocellularity and peripheral 
cytopenias involving multiple lineages (6, 7) are hallmarks of SDS, 
suggesting defects in the CD34+ hematopoietic stem and progeni-
tor cell (HSPC) pool. We hypothesized that the dynamic subpopula-
tions that comprise the HSPC pool may exhibit selective responses 
to SBDS mutations that influence clinical presentation. To simul-
taneously examine the consequences of SBDS mutations across 
HSPC subpopulations, we performed single-cell RNA sequencing 
(RNA-seq) on CD34+ cells freshly isolated from the BM of healthy 
donors (n = 4, ranging from 25–29 years old) and patients with SDS 
(n = 4, ranging from 11–26 years old). The patients with SDS all 
exhibited BM hypocellularity or cytopenias at the time of sampling; 
one patient was being treated with G-CSF for severe neutropenia 
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lineage commitment (Figure 1A). To associate regions of the map 
with specific lineages, we examined the expression of select mRNAs 
that are associated with stem, myeloid, erythroid, and lymphoid fate 
(11). We examined a set of mRNAs that was present in our 79-sig-
nature (Figure 1B), and a set that was absent from our signature as 
independent validation (Figure 1C). Most cells primarily expressed 
mRNAs associated with one fate, and expression of the different lin-
eage-predictive mRNAs was concentrated in distinct regions of the 
tSNE map (Figure 1, B and C). To confirm patterns of lineage com-
mitment as determined by mRNA expression, we examined indexed 
surface marker intensities on a subset of normal cells. Gated HSCs, 
MPPs, MLPs, CMPs, GMPs, or MEPs accounted for 68% of indexed 
cells. An additional 9% were CD34+CD90–CD38+CD10+CD45RA+  
common lymphoid progenitors (CLPs). The remaining 23% fell out-
side of defined gates and possibly represent transitional or unconven-
tional HSPC states. Cells that did fall within defined gates clustered in 
distinct regions of the map that were consistent with mRNA expres-
sion patterns (Figure 1D). Thus, supervised transcriptional mapping 
distinguished the major branches of hematopoiesis among randomly 
sampled CD34+ cells.

We used this single-cell map of normal hematopoietic lin-
eage commitment as a baseline from which to examine alter-
ations in the cellular architecture of SDS hematopoiesis. Fig-
ure 2A shows the same map as in Figure 1, with cells from SDS 
patients unmasked. SDS and normal cells were intermixed, 
but their distribution and relative frequencies differed (χ2 P < 

(Supplemental Table 1) and is discussed separately below. We 
selected CD34+ cells from the mononuclear fraction without gating 
on additional markers, sequenced single cells using the SMART-
seq approach for full-length cDNA amplification (Clontech) (8, 
9), and classified HSPC a posteriori based on transcriptional sig-
natures of lineage commitment. This approach is well suited to 
capture cells along the CD34+ differentiation spectrum, which is a 
subject of evolving understanding in human BM (10, 11).

A major challenge for studying a rare patient population is that 
biological variables and batch effects can obscure disease signa-
tures. To classify single cells with respect to hematopoietic lineage 
commitment (and not other unrelated variables), we designed 
a supervised dimensionality reduction analysis. Specifically, we 
performed bulk RNA-seq on FACS-purified HSPC subpopulations 
(12) from normal BM to derive an mRNA expression signature that 
distinguished HSCs, multipotent progenitors (MPPs), common 
myeloid progenitors (CMPs), multilymphoid progenitors (MLPs), 
granulocyte-monocyte progenitors (GMPs), and megakaryocyte- 
erythroid progenitors (MEPs) (Supplemental Figure 1). We then 
analyzed this signature in single-cell RNA-seq data sets from both 
normal and SDS BM to predict the identity of each cell. Data were 
visualized using t-distributed stochastic neighbor embedding 
(tSNE; Figure 1, Supplemental Table 2) (13). For simplicity, SDS 
cells are masked in Figure 1.

Cells from 4 healthy donors were interspersed in a configura-
tion that suggested population structure related to hematopoietic 

Figure 1. Supervised dimensionality 
reduction maps lineage commitment of 
CD34+ cells from healthy donors. tSNE plot 
of hematopoietic lineage commitment was 
derived from an empirically defined gene 
expression signature. Shown here are cells 
from 4 healthy donors (N1: n = 70; N2:  
n = 58; N3: n = 69; N4: n = 59; N = 256).  
Cells are colored based on (A) donor 
identity, (B) mRNA expression of selected 
signature genes, (C) mRNA expression of 
lineage-restricted genes reported elsewhere 
(12), and (D) immunophenotypes. For B and 
C, color indicates TPM >1 for the indicated 
mRNA enriched in stem (orange), myeloid 
(blue), erythroid (green), or lymphoid (red) 
cells. The presence of 2 colors indicates 
coexpression. Grey indicates TPM <1 for all 
4 factors. For D, color indicates member-
ship in a gated immunophenotypic subset 
as shown in Supplemental Figure 1, A and 
B. Grey indicates cells that were ungated 
or sorted without indexing. Numerical axes 
derived from tSNE are arbitrary, and there-
fore not shown.
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(maximum P value 4.98 × 10–5 and 
1.18 × 10–3, respectively). However,  
the genes contributing to the enrich-
ment differed between the clusters  
(Figure 3B). TGF-β was the top 
regulator predicted for the HSC/
MPP inflammatory response (P =  
4.03 × 10–15, Z score = 0.891). It 
was also a significant upstream 
regulator among all differentially  
expressed genes in HSCs/MPPs 
(P = 1.27 × 10–2, Z score = 0.417). 
Dysregulation of these TGF-β tar-
gets was most significant in HSCs/
MPPs, with lesser or no effect in 
other HSPC populations (Figure 3C). 
TGF-β induces context-dependent  
effects on cell growth, survival, 
inflammation, and extracellular 
matrix. TGF-β1 and TGF-β3 have 
potent growth inhibitory effects on 
HSCs (15–17). Thus, we hypothe-
sized that activation of TGF-β in SDS 
HSCs/MPPs may contribute to BM 
failure in patients with SDS.

To confirm activation of TGF-β 
signaling in BM from patients with SDS, we assessed TGF-β–
dependent phosphorylation and nuclear translocation of the tran-
scriptional coactivator protein mothers against decapentaplegic 
homolog 2 (p-SMAD2). A subset of CD34+ cells from BM from SDS 
patients had elevated levels of nuclear p-SMAD2 that were out-
side the normal range (Figure 4, A and B). Treating SDS cells with 
AVID200, a decoy receptor trap designed to specifically neutral-
ize TGF-β1 and TGF-β3, reduced the p-SMAD2 signal. The same 
trend was observed to varying degrees in 2 additional sample pairs 
(Figure 4C). These data are consistent with our single-cell RNA-
seq analysis demonstrating selective activation of the TGF-β path-
way in the HSC/MPP subset of SDS CD34+ cells.

BM cells from SDS patients exhibit impaired hematopoietic  
colony formation in vitro (18) (Supplemental Figure 3A). To deter-
mine whether attenuation of TGF-β signaling improves SDS 
hematopoiesis, we cultured primary BM mononuclear cells from 
patients with SDS and healthy donors (Supplemental Table 1) in 
methylcellulose supplemented with AVID200 and SD208, which 
inhibits TGF-βR1 kinase activity (19). Both compounds improved 
hematopoietic colony formation in SDS patient samples, but not 
in healthy donor controls (Figure 4D, Supplemental Figure 3B, 
Supplemental Table 4). Taken together, our data support a model  
in which activation of TGF-βR1 kinase activity by TGF-β1 and/
or TGF-β3 led to increased concentration of p-SMAD2 in the 
nucleus and transcription of inflammatory response genes in SDS 
HSCs/MPPs (Figure 4E).

To determine whether patients with SDS express elevated lev-
els of TGF-β ligands, we screened blood plasma proteins from 6 
patients with SDS and 6 healthy controls (Supplemental Table 1) 
using SOMAscan; a highly sensitive, aptamer-based proteomic  
platform (20). TGF-β3 was significantly (P = 0.009, Supplemen-

0.0001). We quantified these changes using k-means clustering. 
Five clusters were defined based on maximum silhouette value 
and named for the most enriched immunophenotypic subpopu-
lation within the cluster (Figure 2A). CMPs, MLPs/CLPs, GMPs, 
and MEPs each designated a distinct cluster whereas HSCs and 
MPPs were enriched in the same cluster. Untreated patients 
with SDS had a stark reduction in GMPs and a modest increase 
in HSCs/MPPs (Figure 2B). The reduction in GMPs was evident 
even in the absence of symptomatic neutropenia (Supplemental 
Figure 2), suggesting that it contributes to the neutropenia pre-
disposition in patients with SDS. G-CSF treatment in one patient 
rescued loss of GMPs and depleted HSCs/MPPs from the BM 
(Figure 2B), consistent with the drug’s known mechanism (14). 
We therefore excluded cells from this treated patient from com-
parative gene expression analyses.

We next compared gene expression between normal and SDS 
cells within each cluster except for GMPs, which was excluded 
due to the low number of GMPs in untreated patients with SDS. 
Overall, 1680 genes were differentially expressed in at least one 
cluster (FDR < 0.05, log2 [fold change] > 1; Supplemental Table 
3). Strikingly, 81.5% of all differentially expressed genes were 
unique to either HSCs/MPPs or CMPs (Figure 3A). An additional  
9.8% were commonly affected in HSCs/MPPs and CMPs, but 
not in MLPs/CLPs or MEPs. Overall, these data demonstrate that 
despite the general biochemical functions of the SBDS protein, 
SBDS mutations differentially affect the frequency (as for GMPs) 
or gene expression characteristics (as for HSCs/MPPs or CMPs) 
of HSPC subpopulations. In contrast, the MLP/CLP and MEP 
populations are relatively unaffected.

The inflammatory response was enriched among differen-
tially expressed genes in both the HSC/MPP and CMP clusters 

Figure 2. The cellular architecture of early hematopoiesis is altered in SDS. (A) tSNE plot of hematopoietic 
lineage commitment showing cells from healthy donors as in Figure 1, untreated SDS patients (SDS1.1: n = 72; 
SDS1.2: n = 62; SDS2.1: n = 78; N = 212), and an SDS patient who was being treated with 4.2 µg/kg/day G-CSF 
(SDS2.2: n = 71). Clusters were determined using the partitioning around medoids version of k-means cluster-
ing (k = 5), and labeled based on the enrichment of index-sorted HSCs, MPPs, MLPs, CMPs, GMPs, and MEPs 
as shown in Figure 1D. The sum of normal cells and SDS cells in each cluster is significantly changed using the 
χ2 test. HSCs/MPPs, orange; CMPs, pink; GMPs, blue; CLPs/MLPs, red; MEPs, green. (B) Relative frequencies 
of HSPC subpopulations for healthy donors and untreated SDS patients. Error bars indicate SEM.
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the molecular mechanisms leading to BM failure remain unclear. 
Here we leveraged advanced single-cell technologies to perform 
the first direct analysis of primary human SDS hematopoietic pro-
genitors. Whereas most single-cell transcriptomic studies have 
focused on dissecting and characterizing cell types (24–27), this 
study demonstrates the power of single-cell transcriptomics to 
uncover a key disease mechanism in rare cells. Our data add to 
an emerging body of evidence linking inflammation to BM dys-
function, including Fanconi anemia (FA) where the pathogenic 
mechanism of TGF-β is thought to be suppression of homologous 

tal Table 5) upregulated in SDS patient plasma, along with sev-
eral other factors that were annotated to a network of TGF-β– 
associated factors (Supplemental Figure 4). These and other dys-
regulated plasma proteins that were common across clinically het-
erogeneous patients could serve as diagnostic biomarkers for SDS 
(Supplemental Table 5). Additional studies are required to deter-
mine the levels of TGF-β3 in the BM compartment and identify the 
cell types that produce it.

Although SDS was reported more than 50 years ago and prog-
ress has been made using animal and cellular models (3, 21–23), 

Figure 3. TGF-β signaling is selectively activated in SDS stem and multipotent progenitors. (A) Differentially expressed genes were identified among 
all SDS versus normal cells and within each cluster: HSC/MPP, CMP, MLP/CLP, or MEP. To aid biological interpretation, this gene set was filtered to focus 
on genes with FDR-adjusted P value less than .05 and log2 (fold change) greater than 1 in at least one cluster. Plotted are the number of genes that were 
either up- or downregulated in 1, 2, 3, or 4 clusters. The GMP cluster was excluded due to the paucity of SDS GMPs. Inset pie chart shows the proportion of 
differentially expressed genes in each cluster. (B) Venn diagram of differentially expressed genes in each cluster that were annotated to the inflammatory 
response function in Ingenuity Pathway Analysis. The shaded region shows the area of maximal enrichment of TGF-β targets (P = 4.03 × 10–15). (C) Left: 
split violin for the summed expression of 25 upregulated TGF-β targets and 52 downregulated TGF-β targets in SDS HSCs/MPPs. Right: log2 fold changes 
(primary axis, bars) and P values (secondary axis, lines) for the gene sets plotted in B. Significance was determined by 2-way ANOVA, with Holm-Sidak’s 
multiple comparisons test.
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protocols approved by the institutional review board of Boston Chil-
dren’s Hospital and Dana-Farber Cancer Institute, in accordance with 
the Declaration of Helsinki’s Ethical Principles of Medical Research 
Involving Human Subjects. All subjects provided informed consent 
prior to their participation in the study.

Data processing and availability. Paired-end reads were mapped 
to the hg38 human transcriptome (Gencode v24) using STAR v2.4.2a. 
Aligned reads were deposited in and are available through the data-
base of Genotypes and Phenotypes (dbGaP) (phs001845.v1.p1). 
Gene expression levels were quantified as transcript-per-million  
(TPM) in RSEM. Cells with at least 1000 expressed genes 

recombination repair (28, 29). We demonstrate a broader role for 
TGF-β in a mechanistically distinct BM failure syndrome. TGF-β 
inhibitors are already in clinical trials to treat myelodysplastic 
syndrome, cancer, and pulmonary fibrosis, among others (30). 
Our work suggests that TGF-β1/3 inhibition by an agent such as 
AVID200 could be an effective therapy across clinically heteroge-
neous patients with SDS and different marrow failure disorders.

Methods
Detailed methods are provided in the Supplemental Material.

Study approval. Subjects provided written, informed consent for 

Figure 4. TGF-β pathway activation through 
TGF-βR1 suppresses hematopoiesis in SDS 
BM progenitors. (A) Representative images 
showing DAPI and phospho-SMAD2 staining 
of primary BM CD34+ cells from adult healthy 
donor BM and pediatric SDS BM, either 
untreated or treated with AVID200. Scale bar: 
25 µm. (B) Mean intensity of phospho- 
SMAD2 staining in individual CD34+ nuclei 
from samples depicted in A. Significance 
was determined by 2-way ANOVA, with 
Holm-Sidak’s multiple comparisons test. 
Error bars indicate minimum and maximum 
values, excluding outliers that exceed median 
+ 1.5*IQR. **P < 0.01; ***P < 0.001. (C) Mean 
intensity of phospho-SMAD2 staining in 
individual CD34+ nuclei in 2 additional pairs 
of SDS and healthy donor BM samples. 
Error bars indicate minimum and maximum 
values, excluding outliers that exceed median 
+ 1.5*IQR. **P < 0.01; ****P < 0.0001. (D) 
Number of colonies formed by adult healthy 
donor and pediatric SDS patient BM-derived 
mononuclear cells with increasing concen-
trations of AVID200, normalized to the 0 
μM treatment. Significance was determined 
relative to the 0 μM treatment by 2-way 
ANOVA, with Holm-Sidak’s multiple compar-
isons test. Error bars indicate SEM. *P < 0.05; 
**P < 0.01. (E) Model for the role of TGF-β 
signaling in SDS BM failure. TGF-β1 and/or 
TGF-β3 ligands (targets of AVID200 inhibitor) 
activate signaling through the TGF-βR1 recep-
tor (target of SD208 inhibitor) on SDS HSCs/
MPPs. Our data suggest that TGF-β ligands 
are primarily derived from a CD34– cell type in 
BM because TGF-β ligand mRNAs were not 
detected in CD34+ HSPCs. Increased TGF-βR1 
signaling leads to increased concentrations of 
nuclear phospho-SMAD2 and transcription of 
inflammatory response genes, which impairs 
HSC/MPP function. This model predicts that 
therapeutic inhibition of TGF-β signaling 
in HSCs/MPPs will improve hemato poietic 
function in patients with SDS. (F) Expression 
of extracellular proteins annotated to a TGF-β 
network that was enriched among dysregu-
lated proteins in SDS patient plasma.
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