
Brief Report

MYELOID NEOPLASIA

Increased B4GALT1 expression is associated with platelet
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KEY PO INT S

l Increased expression
and activity of b-1,4-
galactosyltransferase1
is observed in
megakaryocytes from
MPNs with high allele
burden.

l Highly galactosylated
platelets in MPNs
may promote
increased hepatic
thrombopoietin
synthesis that sustains
the aberrant
megakaryopoiesis.

Aberrant megakaryopoiesis is a hallmark of the myeloproliferative neoplasms (MPNs), a
group of clonal hematological malignancies originating from hematopoietic stem cells,
leading to an increase inmature blood cells in the peripheral blood. Sialylated derivatives of
the glycan structure b4-N-acetyllactosamine (Galb1,4GlcNAc or type-2 LacNAc, hereafter
referred to as LacNAc) regulate platelet life span, hepatic thrombopoietin (TPO) pro-
duction, and thrombopoiesis. We found increased TPO plasma levels in MPNs with high
allele burden of the mutated clones. Remarkably, platelets isolated from MPNs had a
significant increase in LacNAc expression that correlated with the high allele burden re-
gardless of the underlying identified mutation. Megakaryocytes derived in vitro from
these patients showed an increased expression of the B4GALT1 gene encoding b-1,4-
galactosyltransferase 1 (b4GalT1). Consistently, megakaryocytes from MPN showed in-
creased LacNAc expression relative to healthy controls, which was counteracted by the
treatment with a Janus kinase 1/2 inhibitor. Altered expression of B4GALT1 in mutant
megakaryocytes can lead to the production of platelets with aberrant galactosylation,
which in turn promote hepatic TPO synthesis regardless of platelet mass. Our findings

provide a new paradigm for understanding aberrant megakaryopoiesis in MPNs and identify b4GalT1 as a potential
actionable target for therapy. (Blood. 2021;137(15):2085-2089)

Introduction
Philadelphia chromosome–negative myeloproliferative neoplasms
(MPNs) are a group of clonal hematopoietic malignancies that are
caused by acquired driver mutations in hematopoietic stem cells
(HSCs), including activating mutations in the Janus kinase 2
(JAK2) gene, activating mutations in the MPL gene, and mu-
tations ofCALR.1 Approximately 10% of patients do not carry any
of these mutations. The different genotypes share a common
biochemical phenotype related to an abnormal constitutive
activation of JAK/STAT signaling that promotes neoplastic pro-
liferation of megakaryocytes in the bone marrow.2 The aberrant
megakaryopoiesis is thought to exacerbate the progression of
MPNs, but the mechanisms remain elusive.

One unanswered question is the regulation of thrombopoietin
(TPO) production in MPNs, whose levels do not correlate with
platelet and megakaryocyte mass.3-5 Under physiologic condi-
tions, hepatic expression of TPO is regulated by platelets that
expose galactose moieties to the Ashwell-Morell receptor (AMR).6

Galactosylation is also relevant for thrombopoiesis. The b1-
4galactosyl transferase (bGalT) 1-7 subfamily consists of at least
7 members.7 However, only b4GalT1 and b4GalT2 synthesize
Galb1,4GlcNAc (LacNAc) on N-linked glycans. While alterations in
the activity of some of the b4GalT subfamily members have been
associated with various diseases,8,9 our recent data show that
deletion of the B4GALT1 leads to severe thrombocytopenia and
impaired HSC homeostasis.10 Additionally, in megakaryocytes
B4GALT1 expression is regulated via JAK signaling to control
glycan expression on proteins.10,11 Thus, galactosylation reg-
ulated by JAK plays an important role in megakaryopoiesis.

b4GalT1 regulates many biological events, including embryo-
genesis and morphogenesis, cell-cell and cell-matrix interac-
tions, cell migration, homing, and engraftment of HSCs to the
bone marrow.12-15 Moreover, B4GALT1 is overexpressed in
pathological processes, including inflammation and proliferation
of cancer cells, making it conceivable to target the enzyme in
anticancer therapies.16-18
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Despite this knowledge, platelet and megakaryocyte galactosylation
has not been studied in MPNs. Here, we show that B4GALT1 is
highly expressed in human-derived megakaryocytes and
platelets isolated from MPNs and that its expression profile
correlates with the mutated clone allele burden and TPO plasma
concentration.

Study design
Sampling and analysis
Blood samples from healthy controls (HCs) and MPNs (supple-
mental Table 1, available on the BloodWeb site) were collected
in citric acid-citrate-dextrose after obtaining informed consent in
accordance with the local ethical committee and the principles
of the Declaration of Helsinki. None of the patients were re-
ceiving disease-modifying therapy at the time of their enrollment
in the study. Platelets were obtained from platelet-rich plasma,19,20

while CD341 cells were obtained by immunomagnetic sorting
and differentiated into megakaryocytes in the presence of
10 ng/mL TPO.21

For the analysis of basal B4GALT1 and LacNAc expression, MPN
megakaryocytes at day 10 of culture were cytokine starved for
3 days and treated or not with 100 nM of the JAK1/2 inhibitor
ruxolitinib. For the analysis of LacNAc expression induced by
pharmacologically activated JAK/STAT pathway, HC megakar-
yocytes were cultured with 100 ng/mL TPO for 3 days and
treated or not with ruxolitinib.

A detailed protocol regarding quantification of TPO plasma
levels, platelet isolation, immunoblotting, megakaryocyte cul-
ture, quantitative real-time polymerase chain reaction, and im-
munofluorescence analysis is described in supplemental Materials
and methods.

Statistical analysis
Values are expressed as mean 6 standard deviation (SD). The
Student t test was used to analyze experiments. A value of P, .05
was considered statistically significant. All experiments were
independently repeated $3 times, unless specified otherwise.

Results and discussion
We measured circulating TPO plasma levels in HCs and MPN
patients. The median value in diseased samples was 107 pg/mL
(range, 65-426 pg/mL), significantly higher than HCs (median,
84 pg/mL; range, 70-95 pg/mL). We found a statistically sig-
nificant correlation between circulating TPO levels and allele
burden of the main driver mutations (JAK2V617F and CALR).
Patients having .30% allele burden showed the highest TPO
concentrations (Figure 1A). A significant increased platelet mass
was observed in MPNs regardless of the type of mutation
(supplemental Table 1), which did not correlate with TPO con-
centration, confirming previous evidence.3-5

Since TPO production in the liver is promoted by the activation
of JAK/STAT signaling through the binding of the platelet ga-
lactose to the AMR in hepatocytes6 (Figure 1B), we asked
whether platelets fromMPNs have an increased terminal LacNAc
on their surface. We isolated platelets from peripheral blood of
HCs and MPNs. The purity of the population was ;98% in both
groups (Figure 1C). Erythrina cristagalli lectin (ECL) and Ricinus

communis agglutinin I (RCA) were used to determine the ex-
pression of the terminal LacNAc in protein lysates.6 Platelets
from patients had a significant increase in LacNAc expression
regardless of the underlying identified mutation (Figure 1D-E).
The signal from patients with .30% allele burden was signifi-
cantly higher than those with ,30% allele burden (Figure 1F).
Increased galactosylation was also confirmed in patients with
MPL mutation or a triple-negative genotype (supplemental
Figure 1). No significant differences where observed in the
expression of platelet markers, even when segregated by the
allele burden (supplemental Figure 2). Whether sialic acid levels
are altered in MPNs is currently unclear.

We have recently demonstrated that TPO increases the ex-
pression of LacNAc by megakaryocytes through activation of
JAK/STAT signaling, which in turn promotes expression of
B4GALT1.10 We reasoned that the platelet galactosylation ob-
served in MPN patients with high allele burden could be due to
increased B4GALT1 expression and b4GalT1 activity. Mega-
karyocytes were differentiated from CD341 cells isolated from
the peripheral blood of HCs andMPNs with.30% allele burden.
Consistent with previous findings,22 samples from MPNs dem-
onstrated increased megakaryocyte proliferation but compara-
ble expression of markers with respect to HCs (Figure 2A-B).
Mature megakaryocytes were cytokine starved in order to an-
alyze B4GALT1 expression in the absence of exogenous stimuli,
including TPO. Results demonstrated that mutated samples
present a significant increased expression of the gene with re-
spect to HCs (Figure 2C). Consistently, megakaryocytes from
MPNs showed increased LacNAc expression relative to HCs, as
determined by immunofluorescence using ECL lectin (Figure 2D).
When treated with Ruxolitinib, a JAK1/2 inhibitor, MPN megakar-
yocytes demonstrated a decreased LacNAc expression (Figure 2Ei).
Consistently, when megakaryocytes from HCs were treated with a
high dose of TPO (100 ng/mL) in order to stimulate the JAK/
STAT pathway, a strong reduction of LacNAc expression was
observed in the presence of ruxolitinib as compared with the
sample treated with TPO only (Figure 2Eii), supporting the
evidence that megakaryocyte galactosylation is dependent on
JAK/STAT activation.

Together, these data show that constitutive activation of JAK/
STAT in MPN megakaryocytes leads to increased B4GALT1
expression and consequently increased LacNAc exposure in
megakaryocytes and platelets, which is associated with in-
creased TPO levels in blood. These alterations may account for a
deregulated loop where MPN megakaryocytes produce plate-
lets with increased exposure of terminal galactose that promotes
increased hepatic TPO synthesis (Figure 2F). To confirm this
hypothesis, thrombocytopenia is a common adverse event of
treatment with JAK1/2 inhibitors.23,24 Thus, constitutive activa-
tion of the JAK/STAT pathway and altered regulation of TPO
secretion by the liver may contribute to the aberrant mega-
karyopoiesis observed in MPNs. Hence, we speculate that al-
tered regulation of the B4GALT1 promoter may be associated
with increased progression and severity in MPNs, and may be
considered a novel therapeutic target for this complex disease.
This study is focused on the role of galactosylation and B4GALT1.
The enzyme MGAT3 (b1,4-mannosyl-glycoprotein 4-b-N-
acetylglucosaminyltransferase) catalyzes addition of a bisecting
GlcNAc residue toN-linked glycans on glycoproteins (a prerequisite
for galactose addition), which has a suppressive effect on several
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Figure 1. Increased TPO plasma levels and platelet galactosylation in MPNs. (A) TPO plasma levels were measured in samples from patients with MPNs with different driver
mutations and percentages of allelic burden. The percentage of allelic burden correlated with TPO concentration (n5 38, P, .0001, R25 0.6). (B) Platelets that expose galactose
are recognized by the hepatic AMR to regulate hepatic TPO production (LacNAc;N-acetylglucosamine [GlcNAc]). (C) Flow cytometry analysis of expression of GpIba and GpIIb
in platelets from HCs and MPN patients. (D) HC and MPN platelets were lysed, and total lysates were subjected to SDS-PAGE and probed with ECL (i) and RCA (ii) in order to
evaluate galactosylation status. GpIba, GPIIIa, and b-actin have been used as loading controls. (E-F) Densitometric analysis of ECL and RCA signal in MPNs (n 5 12) relative to
HCs (n 5 8). Data are presented as mean 6 SD (*P , .05). FSC, forward scatter; SSC, side scatter.
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Figure 2. Megakaryocytes fromMPNs express increased B4GALT1 under the control of JAK/STAT pathway.Megakaryocytes were differentiated from human peripheral
blood progenitors from HCs and MPN patients. (A) Representative immunofluorescence staining of GpIIIa (green, GpIIIa; blue, nuclei; scale bar, 25 mm). (B) Percentage of
GpIIb1GpIba1megakaryocytes (MKs) at the end of the culture. Data are presented as mean6 SD (n5 8; P, not significant). (C) B4GALT1 expression differentiated from HCs and
patients. Data are presented as mean 6 SD (n 5 3; *P , .05). (D) Immunofluorescence of megakaryocytes differentiated from HC and patients with MPN using ECL (red, ECL;
blue, nuclei; scale bar, 20 mm). The quantification of ECL fluorescence in megakaryocytes is reported. Data are presented as mean 6 SD (n 5 8; *P , .001). (E) MPN
megakaryocytes were cytokine starved and treated or not with ruxolitinib (i). HCmegakaryocytes were culturedwith a high dose of TPOand treated or not with ruxolitinib (ii). Two
MPNs (JAK2 andMPL) and 3 HCs were tested with comparable results. Here, we present the representative western blot analysis of total lysates from the JAK2-mutated patient
and 1 HC, probed with ECL in order to evaluate the galactosylation status. GpIba, GpIIIa, and b-actin were used as loading controls. (F) Diagram of how B4GALT1 regulates
megakaryocyte and platelet galactosylation in physiology and disease. In HCs (left panel), B4GALT1 is expressed under control of TPO. Megakaryocytes produce and release
platelets into the bloodstream that expose galactose becoming ligands for the AMRs to promote TPO production by the liver. In MPNs (right panel), constitutive activation of
JAK/STAT signaling determines an increased expression of B4GALT1 resulting in the production of platelets that are highly galactosylated. This can stimulate hepatocytes to
release high amounts of TPO into bloodstream.
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types of cancer.25 Future studies need to determine if MGAT3 or
sialyltransferases are affected in patients with MPNs.

Acknowledgments
This paper was supported by the Associazione Italiana per la Ricerca sul
Cancro (IG 2016 18700 and AIRC 5x1000 call “Metastatic disease: the
key unmet need in oncology” to MYNERVA [MYeloid NEoplasms Re-
search Venture Airc] project #21267), the Cariplo Foundation (2013-0717
and 2017-0920), National Institutes of Health (NIH)/National Institute of
Biomedical Imaging and Bioengineering grant R01 EB016041-02, NIH/
National Heart, Lung, and Blood Institute grants R01 HL134829, R01
HL089224, and K12 HL141954, and the Progetti di Ricerca di Rilevante
Interesse Nazionale (2017Z5LR5Z).

The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Authorship
Contribution: C.A.D.B. designed and performed research, acquired data,
analyzed data, and wrote the manuscript; S.G. and V.A. designed and
performed research, acquired data, analyzed data, and edited the
manuscript; V.R. provided patient samples, analyzed data, and edited the
manuscript; K.M.H. designed research, analyzed data, provided re-
agents, and wrote the manuscript; and A.B. supervised the project,

designed research, acquired data, analyzed data, provided reagents, and
wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no competing fi-
nancial interests.

ORCID profiles: C.A.D.B., 0000-0002-6472-2008; V.R., 0000-0003-4195-
2289; K.M.H., 0000-0001-6526-7919; A.B., 0000-0003-3145-1245.

Correspondence: Alessandra Balduini, Department of Molecular Medi-
cine, University of Pavia, Via Forlanini 6, 27100, Pavia, Italy; e-mail:
alessandra.balduini@unipv.it.

Footnotes
Submitted 27 May 2020; accepted 9 November 2020; prepublished
online on Blood First Edition 25 November 2020. DOI 10.1182/
blood.2020007265.

For original data, please, contact the corresponding author.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

REFERENCES
1. Rumi E, Cazzola M. Diagnosis, risk stratifica-

tion, and response evaluation in classical
myeloproliferative neoplasms. Blood. 2017;
129(6):680-692.

2. Vainchenker W, Kralovics R. Genetic basis and
molecular pathophysiology of classical mye-
loproliferative neoplasms. Blood. 2017;129(6):
667-679.

3. Cerutti A, Custodi P, Duranti M, Noris P,
Balduini CL. Thrombopoietin levels in patients
with primary and reactive thrombocytosis. Br
J Haematol. 1997;99(2):281-284.

4. Akiyama T, Matsunaga T, Terui T, et al.
Involvement of transforming growth factor-
beta and thrombopoietin in the pathogenesis
of myelodysplastic syndrome with myelofi-
brosis. Leukemia. 2005;19(9):1558-1566.

5. Wang X, Haylock D, Hu CS, et al. A throm-
bopoietin receptor antagonist is capable of
depleting myelofibrosis hematopoietic stem
and progenitor cells. Blood. 2016;127(26):
3398-3409.

6. Grozovsky R, Begonja AJ, Liu K, et al. The
Ashwell-Morell receptor regulates hepatic
thrombopoietin production via JAK2-STAT3
signaling. Nat Med. 2015;21(1):47-54.

7. Hennet T. The galactosyltransferase family.
Cell Mol Life Sci. 2002;59(7):1081-1095.

8. Schachter H. Congenital disorders involving
defective N-glycosylation of proteins.Cell Mol
Life Sci. 2001;58(8):1085-1104.

9. Freeze HH, Aebi M. Altered glycan structures:
the molecular basis of congenital disorders of
glycosylation. Curr Opin Struct Biol. 2005;
15(5):490-498.

10. Giannini S, Lee-Sundlov MM, Rivadeneyra L,
et al. b4GALT1 controls b1 integrin function to

govern thrombopoiesis and hematopoietic
stem cell homeostasis. Nat Commun. 2020;
11(1):356.

11. Qasba PK, Ramakrishnan B, Boeggeman E.
Structure and function of beta -1,4-gal-
actosyltransferase. Curr Drug Targets. 2008;
9(4):292-309.

12. Asano M, Furukawa K, Kido M, et al. Growth
retardation and early death of beta-1,4-
galactosyltransferase knockout mice with
augmented proliferation and abnormal dif-
ferentiation of epithelial cells. EMBO J. 1997;
16(8):1850-1857.

13. Dimitroff CJ, Lee JY, Fuhlbrigge RC, Sackstein
R. A distinct glycoform of CD44 is an L-selectin
ligand on human hematopoietic cells. Proc
Natl Acad Sci USA. 2000;97(25):13841-13846.

14. Mori R, Kondo T, Nishie T, Ohshima T, Asano
M. Impairment of skin wound healing in beta-
1,4-galactosyltransferase-deficient mice with
reduced leukocyte recruitment. Am J Pathol.
2004;164(4):1303-1314.

15. Takagaki S, Yamashita R, Hashimoto N, et al.
Galactosyl carbohydrate residues on hema-
topoietic stem/progenitor cells are essential
for homing and engraftment to the bone
marrow. Sci Rep. 2019;9(1):7133.

16. Asano M, Nakae S, Kotani N, et al. Impaired
selectin-ligand biosynthesis and reduced in-
flammatory responses in beta-1,4-galactosyl-
transferase-I-deficient mice. Blood. 2003;
102(5):1678-1685.

17. Yamashita H, Kubushiro K, Ma J, et al.
Alteration in the metastatic potential of
ovarian cancer cells by transfection of the
antisense gene of beta-1,4-galactosyl-
transferase. Oncol Rep. 2003;10(6):
1857-1862.

18. Al-Obaide MA, Alobydi H, Abdelsalam AG,
Zhang R, Srivenugopal KS. Multifaceted roles
of 59-regulatory region of the cancer associ-
ated gene B4GALT1 and its comparison with
the gene family. Int J Oncol. 2015;47(4):
1393-1404.

19. Abbonante V, Chitalia V, Rosti V, et al.
Upregulation of lysyl oxidase and adhesion to
collagen of human megakaryocytes and
platelets in primary myelofibrosis. Blood.
2017;130(6):829-831.

20. Di Buduo CA, Soprano PM, Tozzi L, et al.
Modular flow chamber for engineering bone
marrow architecture and function.
Biomaterials. 2017;146:60-71.

21. Di Buduo CA, Abbonante V, Marty C, et al.
Defective interaction of mutant calreticulin
and SOCE in megakaryocytes from patients
with myeloproliferative neoplasms. Blood.
2020;135(2):133-144.

22. Balduini A, Badalucco S, Pugliano MT, et al. In
vitro megakaryocyte differentiation and pro-
platelet formation in Ph-negative classical
myeloproliferative neoplasms: distinct pat-
terns in the different clinical phenotypes. PLoS
One. 2011;6(6):e21015.

23. Saeed I, McLornan D, Harrison CN. Managing
side effects of JAK inhibitors for myelofibrosis
in clinical practice. Expert Rev Hematol. 2017;
10(7):617-625.

24. Al-Ali HK, Vannucchi AM. Managing patients
with myelofibrosis and low platelet counts.
Ann Hematol. 2017;96(4):537-548.

25. Taniguchi N, Miyoshi E, Ko JH, Ikeda Y,
Ihara Y. Implication of N-acetylglucos-
aminyltransferases III and V in cancer:
gene regulation and signaling mechanism.
Biochim Biophys Acta. 1999;1455(2-3):
287-300.

ABERRANT GALACTOSYLATION IN MPN blood® 15 APRIL 2021 | VOLUME 137, NUMBER 15 2089

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/137/15/2085/1804963/bloodbld2020007265r1.pdf by guest on 07 M

ay 2024

https://orcid.org/0000-0002-6472-2008
https://orcid.org/0000-0003-4195-2289
https://orcid.org/0000-0003-4195-2289
https://orcid.org/0000-0001-6526-7919
https://orcid.org/0000-0003-3145-1245
mailto:alessandra.balduini@unipv.it
https://doi.org/10.1182/blood.2020007265
https://doi.org/10.1182/blood.2020007265

