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LETTER TO TH E EDITOR

Dissecting the cell of origin of aberrant SALL4 expression in
myelodysplastic syndrome

Dear Editor,
Despite the increased reports on oncofetal protein Spalt

like transcription factor 4 (SALL4) in myelodysplastic
syndrome (MDS), the cellular identity of its aberrant
expression in MDS patients remains unknown. Uncover-
ing the answer to this question has important implications
for furthering our understanding of the pathogenesis of

F IGURE 1 SALL4 RNA and protein were expressed in MDS bone marrow cells. (A) SALL4 expression in MDS CD34 positive cells from
the public database GSE19429. (B) SALL4 expression in CD34 positive cells in MDS subtype from the public database GSE19429. RA, refractory
anemia; RARS, refractory anemia with ring sideroblasts; RAEB1, refractory anemia with excess blasts1; RAEB2, refractory anemia with ring
sideroblasts2. (C) MMI of SALL4 in bone marrow cells on CyTOF (MDS patients, n = 10, control BM, n = 5, error bars indicate standard
deviation). Data analysis used Mann–Whitney U test. *p ≤ .05; **p ≤ .01. ns, not significant; HSPC, hematopoietic stem and progenitor cell;
HSC, Hematopoietic stem cell; HPC, hematopoietic progenitor cell; MPP, multipotent progenitors, CMP; common myeloid progenitor; GMP
granulocyte-monocyte progenitor; MEP, megakaryocyte-erythrocyte progenitor; NK cell, natural killer cell; MMI, median metal intensity.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2023 The Authors. Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics.

MDS, as well as for the development of therapeutic target-
ing of SALL4 in MDS. Our study is the first to characterize
aberrant SALL4 expression in MDS patient samples at a
single cell level.
Myelodysplastic Syndromes (MDS) are a heterogeneous

group of diseases characterized by cytologic dysplasia and
cytopenias resulting from ineffective hematopoiesis.1 Up
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F IGURE 2 ViSNE analysis on SALL4 expressing cells in MDS samples. (A) P53, ki67, c-myc or pAKT expression of SALL4 expressing
cells and SALL4 non-expressing cells. (B) Cells were clustered into 49 groups on FlowSOM analysis. (C) The example of FlowSOM via viSNE
analysis based on the distribution of SALL4, p53, Ki67 and major lineage markers (CD235ab, CD11b, CD45, CD33, CD34, CD71, CD19, CD3,
CD11b) on SALL4 expressing cells (left side) and SALL4 non-expressing cells (right side) on cluster 21 and 25. The brown fan shape indicates
p53. (D) FlowSOM via viSNE analysis on SALL4 expressing cells (left panel) and SALL4 non-expressing cells (right panel). The pie-chart
visualizes the relative expression. The red circle indicated both p53 and SALL4 expressed cells. The blue circle indicated only p53 expressed,
and SALL4 non-expressed cells.
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F IGURE 3 Examination of SALL4 and p53 expression in MDS bone marrow cells. (A) Cells were clustered into 12 nodes and depicted as
a minimal spanning tree, to the ten identified clusters on FlowSOM analysis. (B) Aggregated events of SALL4 (left) and p53 (right) on
FlowSOM analysis. (C) The pie chart showing percentage of SALL4-p53- cells, SALL4+p53- cells, SALL4-p53+ cells and SALL4+p53+ cells in
each cluster.

to 30% of patients with MDS may transform to acute
myeloid leukemia (AML). Despite the well-characterized
cytogenetic changes and gene mutations associated with
MDS, the pathogenesis of the disease remains incom-
pletely understood, which is a major barrier to developing
effective therapeutic strategies.1 SALL4, a transcription

factor important for development and embryonic stem cell
properties,2 is aberrantly expressed in various cancers3,4
and is a known leukemic oncogenic driver.5–7 Its expres-
sion level serves as a prognostic biomarker for MDS at the
time of diagnosis.8 We recently showed that SALL4 up-
regulation following hypomethylating agent treatment in
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MDS patients correlates with poor outcomes.9 To further
investigate the cellular identity of bone marrow cells with
aberrant SALL4 expression in MDS patients, we utilized
mass cytometry (CyTOF) to analyze MDS bone marrow
cells in comparison to controls. Additionally, to address
the relationship between SALL4 expression and somatic
gene mutations, which is important for risk stratification
and identification of disease drivers, we performed paired
bone marrow Whole Exome Sequencing (WES) on these
samples. DNA from bone marrow (BM) mononuclear
cells from MDS and control samples (lymphoma without
bone marrow infiltration) were extracted according to the
manufacturer’s recommendations (Table S1).
We first examined SALL4 mRNA expression in MDS

CD34+ cells by analyzing MDS expression profiles from
the public database GSE19429, which contained 183
patients with MDS and 17 healthy controls. We observed
that SALL4 expression in MDS CD34 cells was higher
than that of controls, with the highest expression in refrac-
tory anemia with excess blasts type 2 (RAEB2) (p ≤ .05)
(Figure 1A,B). To further investigate the protein expres-
sion pattern of SALL4 inMDS patients’ BM, we performed
CyTOF experiments, which included 22 surfacemarkers of
cell surface proteins and 5 markers of intracellular signal-
ing with single-cellular resolution (Table S2). We validated
the CyTOF method in cell lines, using published gating
methods (Figures S1 and S2). Our results showed that
MDS patients had aberrant SALL4 protein expression in
hematopoietic stem cells (HSC) (p ≤ .05), hematopoietic
progenitor cells (HPC) (p ≤ .05) and myeloid lineage cells
(p≤ .05) when compared to controls (Figure 1C and Figure
S2). Understanding the cell of origin with aberrant SALL4
expression has important implications for understanding
MDS pathogenesis, as well as SALL4 therapeutic targeting
inmyeloid neoplasms. Recent advances in the understand-
ing ofmyeloid neoplasm pathogenesis and refined analysis
of AML bone marrow cell-of-origin studies have led to the
design of therapeutic targeting of leukemia stem cells as a
more promising approach toward a cure.
Next, we investigated the relationship between SALL4

expression with p53, ki67, c-myc or phosphorylated AKT
(pAKT), which have important roles in leukemia or MDS
pathogenesis,1 on single cell level. SALL4 expressing cells
expressed p53 (p = .01) in hematopoietic stem/progenitor
(HSPC) (Figure 2A) and showed a trend of a higher level
of pAKT and ki67.
Next, FlowSOM via viSNE analysis was performed on

MDS bone marrow cells to understand the expression
pattern of SALL4 and p53 and to investigate the relation-
ship between them. This analysis distinguished 49 clusters
(Figure 2B & C). SALL4 expressing clusters tended to
express p53, whereas SALL4 non-expressing cells did not
(Figure 2C & D). Minimal spanning trees (MSTs) analysis

by FlowSOM (Figure 3A) distinguished 10 meta-clusters
(Figure 3B, Figure S3A), with SALL4+p53+ cells mainly
present in meta-cluster 9 (Figure 3C, Figures S3 and S4).
Previously, the relationship between SALL4 expression

and somatic gene mutations (e.g., TP53), which are impor-
tant for risk stratification and identification of disease
drivers, had not been well explored in MDS patients.
Using concomitantWES data, we were able to gain further
insights into the relationship between the TP53 mutation
status and SALL4/TP53 co-expression in MDS patients.
Notably, both patients number 1 and number 2, who had
the highest fractions of SALL4/TP53 double positive cells,
harbored pathogenic loss-of-function TP53 mutations in
the DNA binding domain (Table 1). For patient NO.7,
the p.V173* mutation was a frameshift variant that likely
resulted in nonsense mediated decay and reduced/absent
TP53 protein expression. Thus, it was not surprising that a
significantly smaller fraction of SALL4/TP53 positive cells
was detected in patient NO.7 despite the presence of a
deleterious TP53 mutation. Using the TCGA AML dataset,
we found that TP53 mutations are enriched in patients
having high SALL4 expression (Figure S5). The mecha-
nistic interplay between SALL4 and TP53 requires further
investigation.

CONCLUSION

The identification of MDS-clones in MDS patients that
may progress to AML is of great importance for the
treatment of this disease. While SALL4, when constitu-
tively expressed, has been shown to cause MDS/AML
in a murine model, the cellular identity of aberrant
SALL4 in human MDS remains unknown. Utilizing state-
of-the-art single cell mass cytometry and paired Whole
Exome Sequencing, our study has, for the first time,
identified aberrant expression of SALL4 in hematopoi-
etic stem/progenitor cells and myeloid lineage cells in
human MDS patient bone marrow samples. Addition-
ally, we observed a significant SALL4+p53+ cluster in
the MDS bone marrow, particularly prominent in patients
with pathogenic TP53 mutations. Our study provides a
foundation for future investigations into the mechanisms
and therapeutic targeting of SALL4 in the pathologic lin-
eages of MDS, with potential prognostic and therapeutic
implications.

ACKNOWLEDGEMENTS
This work was supported in JSPS KAKENHI (grant
numbers: 17K09930 and 21K08420 (To H.T). This work
was also supported by Singapore Ministry of Health’s
National Medical Research Council (Singapore Transla-
tional Research (STaR) Investigator Award, D.G.T.; grant



6 of 6 LETTER TO THE EDITOR

number: NMRC/OFIRG/0064/2017.); Singapore Ministry
of Education under its Research Centres of Excellence
initiative; NIH/NCI, grant numbers: R35CA197697 and
NIH/NHLBI P01HL131477 (D.G.T); as well as Xiu research
fund,AGA/Jenzabar research fund and NIH/NHLBI
P01HL158688 (L.C.). The authors acknowledge Kiyota
Akifumi for assistance of CyTOF and Miho Matsumoto
and Hiroto Takeya for technical assistance.

CONFL ICT OF INTEREST STATEMENT
H.T. has received honoraria from Meiji Seika Pharma,
Takeda Pharmaceutical, Novartis International, Bristol
Myers Squibb, Chugai Pharmaceutical, Eisai, Ono Phar-
maceutical, SymBio Pharmaceuticals Limited and patents,
and royalties from Mesoblast. L.C and D.G.T also receive
royalties from Mesoblast. Other authors have no conflict
of interest to disclose.

Hiro Tatetsu1,2
Miho Watanabe1

Jun Liu2
Kenji Tokunaga1
Eisaku Iwanaga1

Yoshihiro Komohara3
Emily Thrash4

Mahmoud A. Bassal5,6
Masao Matsuoka1
Daniel G. Tenen5,6

Li Chai2

1Department of Hematology, Rheumatology and Infectious
Diseases, Faculty of Life Sciences, Kumamoto University,

Kumamoto, Japan
2Department of Pathology, Brigham andWomen’s Hospital,

Harvard Medical School, Boston, Massachusetts, USA
3Department of Cell Pathology, Faculty of Life Sciences,

Kumamoto University, Kumamoto, Japan
4FLUIDIGM, Fluidigm Canada Inc., Markham, Ontario,

Canada
5Harvard Stem Cell Institute, Boston, Massachusetts, USA

6Cancer Science Institute of Singapore, Singapore

Correspondence
Li Chai, Department of Pathology, Brigham and Women’s

Hospital, Harvard Medical School, Boston, MA, USA.
Email: lchai@bwh.harvard.edu

Daniel G. Tenen, Harvard Stem Cell Institute, Center for
Life Science Room 437, Boston, MA, USA.

Email: daniel.tenen@nus.edu.sg

ORCID
LiChai https://orcid.org/0000-0003-1937-4750

REFERENCES
1. Cazzola M. Myelodysplastic syndromes. N Engl J Med.

2020;383:1358-1374. doi:10.1056/NEJMra1904794
2. GaoC,KongNR, LiA, et al. SALL4 is a key transcription regulator

in normal human hematopoiesis. Transfusion. 2013;53:1037-1049.
doi:10.1111/j.1537-2995.2012.03888.x

3. Tatetsu H, Kong NR, Chong G, Amabile G, Tenen DG, Chai L.
SALL4, the missing link between stem cells, development and
cancer. Gene. 2016;584;111-119. doi:10.1016/j.gene.2016.02.019

4. Yong KJ, Gao C, Lim JSJ. Oncofetal gene SALL4 in aggres-
sive hepatocellular carcinoma. N Engl J Med. 2013;368:2266-2276.
doi:10.1056/NEJMoa1300297

5. Ma Y, Cui W, Yang J. SALL4, a novel oncogene, is constitutively
expressed in human acute myeloid leukemia (AML) and induces
AML in transgenic mice. Blood. 2006;108:2726-2735. doi:10.1182/
blood-2006-02-001594

6. Yang J, Chai L, Gao C. SALL4 is a key regulator of survival
and apoptosis in human leukemic cells. Blood. 2008;112:805-813.
doi:10.1182/blood-2007-11-126326

7. Wang F, Gao C, Lu J. Leukemic survival factor SALL4 contributes
to defective DNA damage repair. Oncogene. 2016;35:6087-6095.
doi:10.1038/onc.2016.146

8. Wang F, Guo Y, ChenQ. Stem cell factor SALL4, a potential prog-
nostic marker for myelodysplastic syndromes. J Hematol Oncol.
2013;6:73. doi:10.1186/1756-8722-6-73

9. Liu YC, Kwon J, Fabiani E. Demethylation and up-regulation
of an oncogene after hypomethylating therapy. N Engl J Med.
2022;386:1998-2010. doi:10.1056/NEJMoa2119771

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

https://orcid.org/0000-0003-1937-4750
mailto:lchai@bwh.harvard.edu
mailto:daniel.tenen@nus.edu.sg
https://orcid.org/0000-0003-1937-4750
https://orcid.org/0000-0003-1937-4750
https://doi.org/10.1056/NEJMra1904794
https://doi.org/10.1111/j.1537-2995.2012.03888.x
https://doi.org/10.1016/j.gene.2016.02.019
https://doi.org/10.1056/NEJMoa1300297
https://doi.org/10.1182/blood-2006-02-001594
https://doi.org/10.1182/blood-2006-02-001594
https://doi.org/10.1182/blood-2007-11-126326
https://doi.org/10.1038/onc.2016.146
https://doi.org/10.1186/1756-8722-6-73
https://doi.org/10.1056/NEJMoa2119771

	Dissecting the cell of origin of aberrant SALL4 expression in myelodysplastic syndrome
	CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


