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Abstract

Polysialic acid (PSA) is a carbohydrate polymer of repeating α-2,8 sialic acid residues that 

decorates multiple targets, including neural cell adhesion molecule (NCAM). PST and STX 

encode the two enzymes responsible for PSA modification of target proteins in mammalian cells, 

but despite widespread polysialylation in embryonic development, the majority of studies have 

focused strictly on the role of PSA in neurogenesis. Using human pluripotent stem cells (hPSCs), 

we have revisited the developmental role of PST and STX and show that early progenitors of the 

three embryonic germ layers are polysialylated on their cell surface. Changes in polysialylation 

can be attributed to lineage-specific expression of polysialyltransferase genes; PST is elevated in 

endoderm and mesoderm, while STX is elevated in ectoderm. In hPSCs, PST and STX genes are 

epigenetically marked by overlapping domains of H3K27 and H3K4 trimethylation, indicating that 

they are held in a ‘developmentally-primed’ state. Activation of PST transcription during early 

mesendoderm differentiation is under control of the T-Goosecoid transcription factor network, a 

key regulatory axis required for early cell fate decisions in the vertebrate embryo. This establishes 

polysialyltransferase genes as part of a developmental program associated with germ layer 

establishment. Finally, we show by shRNA knockdown and CRISPR-Cas9 genome editing that 

PST-dependent cell surface polysialylation is essential for endoderm specification. This is the first 

report to demonstrate a role for a glycosyltransferase in hPSC lineage specification.
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 Introduction

Glycosylation is a carbohydrate modification that increases structural diversity and function 

of proteins and lipids. The significance of glycosylation in mammalian cell biology is 

emphasized by its contribution to the glycocalyx- a dense, glycan-rich structure on the outer 

surface of cells. The glycocalyx is composed of a complex array of glycans that vary in a 

cell type-specific manner but deciphering specific roles for carbohydrates in the function of 

specific cell surface targets has been problematic. The broad impact of cell surface glycans 

on human health, however, has become increasingly important due to strong clinical links 

between cell surface glycosylation defects and human disease [1]. From a developmental 

perspective, glycosylation is an integral and dynamic process associated with cell migration, 

cell fate specification, proliferation, and organogenesis in the embryo [2]. Specific roles for 

glycans in these early developmental processes are, however, poorly understood.

One aspect of embryonic development that has been well documented in mice, but limited in 

humans, is the expression of polysialic acid (PSA) on the surface of developing cells [3, 4]. 

PSA is a linear glycan homopolymer composed of repeating N-acetylnueraminic acid 

(Neu5Ac or sialic acid) residues linked by α-2,8 glycosidic bonds [4]. Two 

polysialyltransferases, ST8SIA2 (STX) and ST8SIA4 (PST), reside in the Golgi and add 

polysialic acid chains to target proteins or to themselves through autopolysialylation [5]. 

Polysialylated epitopes are elevated during the development of many tissues in mice 

including heart, kidney, pancreas and brain with cell type-specific expression of PST and 

STX [6-9] . Little is known, however, about the function and regulation of polysialylation 

during early stages of development.

Although neuropilin-2 and SynCAM1 have been reported to be polysialylated [10, 11], 

neural cell adhesion molecule (NCAM) is the most abundant and best characterized 

substrate for PSA modification [4]. NCAM is an immunoglobulin (Ig) adhesion protein 

residing on the cell surface and plays roles in the formation of intercellular contacts through 

homophilic and heterophilic binding, in addition to intracellular signaling [4]. NCAM is 

polysialylated by either PST or STX on the fifth Ig domain, forming a polymer chain 

typically between 60-90 sialic acid residues [12, 13]. The resulting modification of NCAM 

(PSA-NCAM) is a large, highly-negatively charged side chain that disrupts binding 

interactions between neighboring PSA-NCAM molecules to enhance cellular motility 

[14-16]. This property is utilized in the developing mouse nervous system in which PSA-

NCAM is instrumental in neuronal migration, neurite outgrowth and synaptic plasticity [17, 

18]. Evidence also suggests that PSA impacts NCAM-directed signaling events [19-21]. 

PSA is widely expressed on the surface of metastatic cancer cells including neuroblastoma, 

pancreatic ductal adenocarcinomas, small cell lung carcinoma and Wilms’ tumor [22-25], 

highlighting its clinical significance. Consistent with this, the two polysialyltransferases 
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(PST and STX) are expressed at elevated levels in tumor cells and the resulting 

polysialylation is an adverse prognosis factor [26].

Understanding the role of cell surface glycosylation and how it is regulated during human 

development is very limited. In this report, we address this by identifying broad roles for 

polysialylation in cell fate specification of human pluripotent stem cells and provide the first 

report describing a role for a specific glycosyltransferase in hPSC lineage specification.

 Materials and Methods

 Stem Cell Culture and Differentiations

WA09, WA01, WA07, and TE03 hESCs (http://grants.nih.gov/stem_cells/registry/

current.htm) were cultured on Geltrex (Life Technologies) coated plates and sustained using 

complete defined medium (CDM) containing recombinant Heregulin β-1 (10 ng/mL), 

Activin A (10 ng/mL), bFGF2 (8 ng/mL), and IGF-1 (200 ng/mL) as described previously 

[27]. Cells were plated at a density of 50,000 cells/cm2 and grown to 90% confluency before 

passaging with Accutase (ICT). Mesoderm cells were generated by culturing WA09 cells for 

4 days in CDM supplemented with WNT3a (25 ng/mL) and BMP4 (100 ng/mL). Endoderm 

and ectoderm differentiations followed previously established protocols [28, 29].

 qRT-PCR

RNA was collected using the E.Z.N.A. RNA isolation kit (Omega) and cDNA made from 1 

μg RNA using the Iscript cDNA synthesis kit (Bio-Rad). Genes were assayed using Taqman 

primers (Life Technologies) on a ViiA 7 Real-Time PCR System (Life Technologies). 

Assays were performed in triplicate and normalized to GAPDH expression. Error bars 

indicate ± SEM.

 Western blots

Protein was prepared using RIPA lysis buffer and Western blots done using 30 μg of protein 

lysate loaded into NuSep Tris-Glycine Gels. Protein was then transferred onto a 

nitrocellulose membrane and probed using antibodies shown in Table S1 with detection via 

HRP.

 Immunohistochemistry

Cells were grown on Lab-Tek 4-well chamber slides, fixed using 4% paraformaldehyde 

treatment for 10 minutes, and permeabilized using 0.2% Triton in PBS. Antibodies and 

concentrations used for staining are shown in Table S1. Images were obtained using a Leica 

DM6000 B microscope and a Zeiss LSM 710 confocal microscope.

 Flow Cytometry

Cells were harvested using Accutase and 1 million cells were incubated with antibodies or 

isotype control in 20 μL PBS containing 0.2% BSA. Antibodies and concentrations used are 

shown in Table S1. Results were obtained using a Beckman Coulter Cyan ADP analyzer 

with data analysis using FlowJo software. Cell sorting was done using a Beckman Coulter 

MoFlo XDP and a Bio-Rad S3.
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 ChIP-PCR assays

10 million cells were cross-linked using 2% formaldehyde and quenched using 2.5M 

glycine. Lysis was performed using the Agilent Mammalian ChIP protocol and DNA 

sonicated to ~500 bp using a Covaris S220 Focused-ultrasonicator. Immunoprecipitation was 

done by overnight incubation of cell lysate at 4°C with Dynabeads Protein G magnetic beads 

(Life Technologies) conjugated with 10 μg of antibody (Table S1). qRT-PCR of ChIP lysate 

was done using genomic primers on a ViiA 7 Real-Time PCR System with comparison to 

whole cell extract.

 Luciferase assays

Reporter plasmids were constructed by cloning the 5kb upstream genomic region of PST 

and STX amplified using Expand Long Range dNTPack (Roche) with ligation into a pGL4.1 

Luciferase plasmid (Promega). Cells were plated onto 24-well plates and transfected in 

triplicate with 1 μg reporter plasmid and 100 ng Renilla control plasmid (Promega) using the 

Dual-Luciferase Reporter Assay System (Promega). Cells were collected and analyzed 48h 

after transfection and analyzed for luminescence by a Biotek Synergy 2 plate reader. Data 

are shown in triplicate with error bars indicating ± SD.

 shRNA knockdowns and CRISPR genome editing

shRNA knockdowns were done using TRC lentiviral shRNA plasmids (Dharmacon) 

targeting human PST (Cat. RHS4533-EG7903), NCAM (RHS4533-EG4684), and GSC 

(Cat. RHS4533-EG145258). Lentiviral particles were generated using a Trans-Lentiviral 

Packaging Kit (Thermo Scientific). Virus was concentrated upon collection using Lenti-X 

Concentrator (Clontech) and titer determined via qPCR titer kit (Mellgen Labs). Cells were 

plated in 24-well plates, transduced at MOI=1-5 in the presence of 6 μg/uL polybrene, and 

selected using 3 μg/mL Puromycin. CRISPR sgRNAs were designed using CRISPR Design 

software [30] and cells were transfected with sgRNAs, hCas9 [31], and repair plasmid. Cells 

were selected using Zeocin (100μg/mL) and grown as single cell clones in 96-well flat 

bottom plates with addition of 10μM Y-27632 (Tocris). PST−/− cells were verified via 

genomic PCR.

 Results

 Early PSC-derived progenitors are polysialylated on their cell surface

hPSCs are known to express characteristic glycans on their cell surface such as SSEA3 but 

do not present PSA (Fig. 1A). However, when differentiated towards early progenitor cells 

of the three embryonic germ layers, WA09 hPSCs transition to a PSA+ state (Fig. 1). This 

observation is apparent in multiple hPSC lines (WA01, WA07, TE03) as well as mESCs 

(R1) (Fig. S1). By immuno-blotting of definitive endoderm (DE) lysates, PSA-associated 

immuno-reactive bands are observed in the ~150-250 kDa range (Fig. 1B), characteristic of 

polysialylation. Within 2-4 days of Activin A-directed differentiation, CXCR4+ DE acquires 

cell surface (Fig. 1A, C, E, H and Fig. S1B,C) and Golgi-associated, α-mannosidase II co-

localized PSA+ epitopes (Fig. 1H). T+/Isl1+ early mesoderm progenitors generated by 

BMP4 treatment also acquire cell surface and intracellular polysialylated epitopes within 4 
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days (Fig. 1C, F). Finally, early AP2+ ectoderm progenitors also become cell surface 

polysialylated but in contrast to mesoderm and endoderm, Golgi-associated (Giantin+) 

reactivity is less obvious (Fig. 1C, G, I). In all three germ layers, cell surface polysialylation 

is acquired as cells lose pluripotency markers, such as NANOG and SSEA3 (Fig. 1A, F, G).

Polysialic acid can be attached to target proteins by two enzymes, PST and STX. To 

establish if polysialylation is regulated at the transcriptional level and whether PST or STX 

is involved in polysialylation during germ layer induction, transcript levels for these two 

genes were determined. This analysis showed germ layer specific differences in PST/STX 

transcript accumulation at the time when polysialylation increased (Fig. 2A-C). During early 

endoderm and mesoderm differentiation, PST transcript levels increase significantly while 

STX mRNA levels remain low (Fig. 2A,B and Fig. S1D). In contrast, STX transcript levels 

increase during early ectoderm differentiation, while PST mRNA remains low (Fig. 2C). 

NCAM transcript levels increase during the early stages of differentiation in all three germ 

layers (Fig. 2A-C). To confirm that PST was responsible for polysialylation in DE, shRNA 

was used to target PST transcripts. This resulted in ~85-90% reduction of PST transcript 

levels and loss of cell surface and Golgi-associated polysialylation (Fig. 2D and Fig. S2).

We next addressed the issue of whether NCAM is a major target of polysialylation in 

endoderm and mesoderm differentiation. This is suggested by flow cytometry showing that 

PSA+ cells are also NCAM+ (Fig. 2E). This possibility is supported by a series of shRNA 

knockdown experiments showing that loss of NCAM eliminates cell surface polysialylation, 

but not Golgi-associated PSA reactivity (Fig. 2F,G). Next, NCAM was shown to be 

polysialylated in multiple PSC-derived cell types of endoderm, mesoderm and ectoderm 

origin by immunoprecipitation-immunoblot experiments using whole cell lysates (Fig. 

2H,I). Finally, although ectopic PST expression in PSCs increased Golgi-dependent 

polysialylation, presumably through autocatalysis (see ref [5]), its co-expression with 

NCAM was required for decorating the cell surface with polysialylated substrates (Fig. S3). 

Taken together, these data indicate that NCAM is the major acceptor of polysialic acid on 

the surface of hPSC-derived progenitor cells.

 Developmentally-regulated transcription factors control PST transcription and 
polysialylation

Overlapping domains of activating (H3K4me3) and repressive (H3K27me3) histone 

modifications mark developmental genes in pluripotent cells [32]. These epigenetic marks 

hold developmental genes in a ‘poised’ state, so they can be rapidly activated under 

differentiation conditions. Genes encoding components of the glycomics network have not 

been implicated in this developmental pathway before; however, based on our previous 

observations, it seemed reasonable that PST, STX, and NCAM could be part of this broad 

developmental program. ChIP-seq data from the UCSC genome database indicate bivalent 

regions of H3K4me3 and H3K27me3 marks overlapping the transcription start sites of PST, 

STX, and NCAM genes in WA01 hPSCs (Fig. 3A-C) [33]. To confirm this in WA09 hPSCs 

and to determine whether these histone marks change during differentiation, quantitative 

chromatin immunoprecipitation (qChIP) assays were performed. In agreement with ChIP-

seq data, qChIP of the PST, STX, and NCAM promoters shows significant enrichment for 
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both bivalent histone marks (Fig. S4), confirming them to be bivalent genes in hPSCs. 

During early germ layer formation, bivalent domains resolve in a pattern consistent with the 

transcription patterns for each gene as cells differentiate into endoderm, mesoderm and 

ectoderm (Fig. S4). These data indicate that genes implicated in cell surface polysialylation 

during germ layer formation are regulated by epigenetic mechanisms known to control a 

broader group of developmental regulators.

The kinetics of PST transcript accumulation in endoderm differentiation follows that of 

Brachyury (T) and Goosecoid (GSC) and coincides with the endoderm markers SOX17 and 

FOXA2 (Fig. 2A,B and Fig. 3D). Since the polysialyltransferase genes are bivalently 

marked, they are likely to be part of a broader developmental program associated with 

lineage specification. Therefore, we hypothesized potential roles for T and GSC in PST/STX 

regulation because they are developmentally regulated transcription factors known to control 

early cell fate decisions, including the epithelial to mesenchymal transition (EMT) 

associated with early PSC differentiation [34-36]. Developmental transcription factors have 

not previously been implicated in regulation of cell surface glycans, making this a 

potentially important possibility. To investigate this, we first tested the possibility that T 

directly regulates the PST gene during endoderm differentiation. Ectopic activation of T 

using a T-glucocorticoid receptor (T-GR) fusion protein [37] elevates cell surface 

polysialylation in hPSCs within 4 days treatment with dexamethasone (Dex) (Fig. 3E). 

Transcript analysis of cells expressing T-GR shows an increase in PST and NCAM 

expression following Dex induction with no change in STX expression (Fig. 3F). This is 

consistent with potential roles for T and PST in mesoderm/endoderm differentiation, but not 

ectoderm formation, which is more closely associated with STX expression (Fig. 2A-C). 

Dex treatment also increased endoderm markers SOX17 and FOXA2 (Fig. 3F), mesoderm 

markers ISL1 and GATA6 (Fig. S5A), the EMT marker SNAI1 (Fig. 3E), and PSA (Fig. 3E) 

within 4 days. Although T-GR increased PST and NCAM transcript levels, indicating that T 

lies upstream of these genes, there was a significant delay between Dex addition and 

increased cell surface polysialylation. This points towards the effects of T-GR induction on 

PST transcription and polysialylation as being indirect or perhaps, requiring additional other 

factor(s).

Interestingly, we noticed that transcript levels for the developmental transcription factor 

GSC peaked slightly earlier than that for PST following T-GR induction (Fig. 3G). This is 

consistent with the respective kinetics of T, GSC and PST during Activin A-induced 

endoderm differentiation (Fig. S5B). This indicates that GSC is downstream of T and that 

GSC may act directly on PST. To investigate this possibility, GSC was ectopically expressed 

in hPSCs to establish if it could activate the PST gene and increase cell surface 

polysialylation. Within 24 hours of GSC expression, cell surface polysialylation was 

significantly elevated (Fig. 3H,I). Furthermore, GSC transfected cells showed increased PST, 

GATA6 and SOX17 mRNA levels (Fig. 3J), and an inducible GSC-GR construct activated a 

PST-luciferase reporter (PST-LUC) (Fig. S5C) within 6 hours (Fig. 3K) of Dex addition, 

whereas T-GR (+Dex) had no effect on the reporter (Fig. S5D). This reporter faithfully 

reproduces induction kinetics of the endogenous PST gene during differentiation (Fig. 2A-B 

and Fig. S5E), confirming it to be a suitable tool for these studies. Other luciferase reporter 

assays showed that GSC-GR strongly activated the PST promoter, whereas T-GR had a 
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weaker effect and neither GSC-GR nor T-GR activated an STX-luciferase reporter (Fig. 

S5F). GSC was shown to bind the PST promoter, but not the STX promoter, by ChIP assays 

(Fig. 3L), confirming that it directly regulates PST transcription. Finally, shRNA knockdown 

of GSC blocks the up-regulation of PST during endoderm differentiation and suppresses the 

down-regulation of T (Fig. 3M and Fig. S5G). This latter observation is consistent with a 

previous report showing that GSC is a repressor of T transcription [38]. Taken together, 

these data indicate that T promotes expression of GSC, which then represses T and directly 

activates transcription of PST resulting in cell surface polysialylation (Fig. 3N).

 PST-dependent polysialylation is required for early cell fate specification

Earlier in this report, we showed that shRNA knockdown of PST activity significantly 

reduces polysialylation under endoderm differentiation conditions (Fig. 2D). qPCR and 

immunofluorescence staining analysis also showed that up-regulation of endoderm markers 

FOXA2 and SOX17 was blocked under these conditions (Fig. 4A and Fig. S6A-B), 

indicating that polysialylation is essential for normal differentiation. shRNA knockdown of 

NCAM, however, did not affect the ability to form DE despite a loss of PSA on the surface 

and its restriction to the Golgi (Fig. 2G and Fig. S6C-E).

To establish by an independent approach that PST is required for endoderm differentiation, 

we engineered hPSC lines carrying a homozygous deletion of the PST gene using CRISPR-

Cas9 genome editing (Fig. 4B and Fig. S7). Culture of these cells with Activin A confirmed 

results obtained by shRNA knockdown of PST. After 4 days of Activin A-treatment of 

PST−/− cells, endoderm markers assayed by qPCR, Western blot, flow cytometry, and 

immunofluorescence are markedly reduced (Figure 4C-F) relative to hPSCs, indicating a 

major disruption to the differentiation program. Additionally, forced expression of either 

PST or STX restores cell surface polysialylation and rescues the DE differentiation defect of 

PST−/−cells (Fig. S8). These results suggest that polysialylation by PST is required for hPSC 

differentiation to DE and PSA plays an important role in hPSC cell fate determination.

In contrast to endoderm experiments, PST−/− cells differentiate to mesoderm and are 

comparable to WT cells (Fig. S9A-C). Flow cytometry indicates PST−/− mesoderm cells 

express a high level of cell surface PSA (Fig. S9A), but STX expression is elevated and 

appears to compensate for loss of PST activity (Fig. S9C). These results are surprising 

considering both endoderm and mesoderm express PST exclusively in WT cells, suggesting 

that the mechanisms controlling polysialylation are regulated differently. In addition, PST−/− 

cells were also able to generate NCCs and neural progenitors similar to WT cells (Fig. S9D-

F); this result was expected given that STX is expressed in early neuroectoderm (Fig. 2A). 

Analysis of the bivalent marks on the STX promoter during WT mesoderm differentiation 

shows that there is a high level of activating H3K4me3 despite STX transcript not being 

expressed (Fig. S4). This is also true for PST−/− mesoderm (Fig. S9G) and may indicate that 

STX is unrepressed and capable of activation in the absence of PST.

To test if polysialylation is sufficient to promote exit from pluripotency and for transition 

towards endoderm, PST alone or PST with NCAM was over-expressed in hPSCs under self-

renewal conditions. When polysialylated NCAM was presented on the cell surface following 

ectopic expression of PST and NCAM, hPSCs maintained the expression of pluripotency 
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marker OCT4 (Fig. S10A,D), retained an epithelial morphology (Fig. S10B-D), and did not 

up-regulate mesendoderm markers such as T (Fig. S10C) or DE markers such as SOX17 and 

FOXA2 (Fig. S10A-B). Although cell surface polysialylation is a characteristic of early 

hPSC differentiation towards the three germ layers, ectopic expression of PST and ectopic 

cell surface polysialylation is not sufficient for exit from pluripotency.

 Discussion

In this report, we show that as pluripotent cells commit towards the three germ layers, they 

become polysialylated on their cell surface. The major target for this polysialylation in 

endoderm, ectoderm and mesoderm differentiation appears to be the cell adhesion molecule 

NCAM. Polysialylation of cell surface NCAM is critical for endoderm differentiation but is 

not sufficient to trigger exit from pluripotency and is not directly involved in the EMT 

associated with transition through the mesendoderm state. This is surprising because 

polysialylation of NCAM has been reported to play role in cell migration by promoting an 

EMT [39]. Loss of NCAM eliminates surface polysialylation in our experiments, similar to 

that seen in PST loss of function experiments, but it does not impact endoderm 

differentiation. This may suggest that additional polysialylated targets control differentiation 

and that NCAM is only part of the general mechanism. Our preferred explanation however, 

relates to previous reports in mice where loss of NCAM rescues neurological defects seen in 

PST and STX mutants [40]. This has led to the idea that unpolysialylated NCAM inhibits 

neural development and that polysialylated NCAM is compatible with neurogenesis. The 

role of PST and STX in this context would be to suppress negative signaling inputs 

generated by NCAM. This model is consistent with our observations but the details of how 

unpolysisalylated NCAM blocks differentiation needs to be explored further.

Although cell surface polysialylation is synonymous with early differentiation, it is regulated 

differently in the three germ layers. In endoderm polysialylation is exclusively controlled by 

PST, while in ectoderm, STX is the primary enzyme for catalytic activity. Mesoderm is 

perhaps the most interesting case. Here PST is the principle polysialyltransferase under 

normal conditions, but this switches to STX when PST activity is eliminated. This raises 

some interesting questions about how the regulatory mechanisms of polysialyltransferase 

genes are connected and how under specific conditions they can compensate for one another.

Many reports have been published describing the role of polysialylation in mouse 

development, particularly during neurogenesis. However, there have been no reports 

describing roles for polysialylation as cells exit pluripotency and as they form the three 

embryonic germ layers. We found that genes encoding the polysialyltransferases (PST and 

STX) and the main PSA acceptor NCAM are epigeneticaly marked by bivalent domains in 

pluripotent cells, and under specific conditions, these marks become resolved depending on 

the lineage chosen. These epigenetic marks implicated PST, STX and NCAM as part of a 

broader developmental program required for germ layer formation. This was subsequently 

confirmed by shRNA and CRISPR-Cas9 genome editing based experiments. Despite 

showing an essential role for PST in early differentiation, its exact function has not yet been 

resolved. We know, however, that its function is required after the EMT associated with loss 

of pluripotency but before key lineage specification genes, such as SOX17 and FOXA2, are 
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activated. We speculate that a signaling defect is associated with loss of PST activity and this 

will be the subject of further investigation.

In endoderm, PST activation is dependent on a well-characterized transcriptional regulatory 

network required for lineage specification. Most notably, T is a T-box transcription factor 

with downstream effectors, such as GSC, that are expressed during primitive streak 

formation. In our experiments, we find that T is required for GSC activation, and GSC 

directly binds and transcriptionally activates the PST gene. Regulation of polysialylation 

through PST is therefore part of the developmental program required for endoderm and 

probably mesoderm and ectoderm formation. The regulatory network required for STX 

activation in ectoderm still needs to be defined but is likely to involve suppression of 

Smad2,3 activity [41] and/or activation of Wnt activity [29].

T and GSC have been previously implicated as transcriptional drivers of metastasis in a 

range of cancers [35, 36]. It is intriguing to speculate that reactivation of the T/GSC 

transcriptional network in tumor progression could also involve activation of 

polysialyltransferase genes such as PST to facilitate migration and metastasis. This is 

particularly interesting because there are numerous reports describing cell surface 

polysialyation on metastatic, migratory cells [22-26]. Reactivation of the T/GSC-driven 

polysialyltransferase activity could therefore be an important component of T/GSC-driven 

tumor development.

Interestingly, our observations of PST requirement for endoderm specification in hPSCs 

contrast with previous reports showing that PST null mice are viable with only mild 

cognitive impairments [42]. Additional studies showed that mice lacking STX shared a 

similar phenotype [43] and that double knockout of PST and STX led to severe 

developmental defects and precocious death [40], indicating that polysialylation is required 

for development but that PST and STX are functionally redundant and capable of 

compensating for each other. The discrepancy between our findings and previous reports are 

intriguing as it could represent a differential requirement of individual polysialyltransferase 

genes between species. Furthermore, this observation of an essential human gene being 

inessential in mice has been documented previously [44]. Liao and Zhang demonstrated that 

null mutations of mouse genes orthologous to essential human genes often show mild or 

normal phenotypes and that this phenomenon is frequently observed in genes involved in 

glycosylation and carbohydrate metabolism [44]. Their work coupled with our observations 

implies that considerable differences exist between species in regard to single gene mutation 

and the subsequent phenotypic effect and that this gap may be particularly evident in genes 

involved in glycosylation.

Alternatively, this discrepancy may be the result of a non-cell autonomous rescue of early 

endoderm in vivo by neighboring cells utilizing STX in the absence of PST. Our results 

show that PST−/− cells form mesoderm and ectoderm similar to WT and it could be that 

these cells assist in the formation of endoderm in the embryo through mechanisms not 

present during in vitro differentiation.
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The impact of glycosylation in embryonic development is not well understood and is an 

increasingly important topic. In addition to our findings there have been a number of recent 

reports documenting potential roles for sialylation and sialyltransferases in hPSC 

pluripotency and differentiation [45-49]. The full impact of these processes is to be 

determined but may point toward sialylated glycans playing key roles in early development.

 Conclusion

Our observations indicate that the initial differentiation of hPSCs toward lineages of all three 

germ layers is marked by abundant cell surface polysialylation stemming from increases in 

polysialytransferase expression. This process is regulated epigenetically and 

transcriptionally via well-established developmental pathways and appears to be critical for 

cell fate specification.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Polysialic acid is expressed upon differentiation to all three germ layers. (A) Flow cytometry 

of hPSC differentiation to definitive endoderm showing surface expression of PSA along 

with endoderm marker CXCR4 (Top) and pluripotency marker SSEA3 (Bottom). (B) 
Immunoblot of PSA expression in hPSC and DE. (C) Flow cytometry of PSA expression 

(Top) in hPSC (Shaded gray), DE (Red), mesoderm (Blue), and NCC (Green). PSA+ 

fractions in each cell type are 2.9%, 79.7%, 72.4% and 81.1%, respectively. Isotype control 

is shown for comparison (Bottom). (D-H) Immunostaining of PSA expression in hPSC 

differentiation. Scale bar, 100μm. (D) hPSC: PSA and DE marker SOX17 (Top), PSA and 

Golgi marker α-mannosidase II (Bottom). (E) DE: PSA and SOX17 (Top), PSA and α-

mannosidase II (Bottom). (F) Mesoderm: PSA and T (Top), PSA and NANOG (Bottom). 

(G) NCC: PSA and NANOG (Top), PSA and Golgi marker Giantin (Bottom). (H) Zoom of 

PSA and α-mannosidase II in DE. Arrows point to overlap of PSA and α-mannosidase II. (I) 
Time course immunoblot of PSA expression during hPSC differentiation to NCC (Top). 

CDK2 shown as loading control (Bottom). Abbreviations: hPSC, human pluripotent stem 

cell; DE, definitive endoderm; NCC, neural crest cell.
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Figure 2. 
Expression of polysialyltransferases is lineage specific and NCAM is the substrate of 

polysialylation. (A-C) qPCR expression of PST, STX, and NCAM (Top) and lineage 

markers (Bottom) in hPSC differentiation to DE (A), mesoderm (B), and NCC (C). (D) 
Immunostaining of PSA expression in DE day 4 cells transduced with shRNA targeting PST 

(Right) compared to control shRNA (Left). Scale bar, 100μm. (E) Flow cytometry of PSA 

and NCAM surface expression in hPSC, DE, and mesoderm. (F) Immunostaining of shRNA 

knockdowns of PST and NCAM in DE day 4. Scale bar, 100μm. (G) Immunostaining of 

PSA and α-mannosidase II expression in DE cells transduced with NCAM shRNA. Arrows 

point to overlap in expression. Scale bar, 100μm. (H) Immunoblot of NCAM (Top) and PSA 

(Middle) in all three germ layers. β-Actin shown as loading control (Bottom). (I) 
Immunoprecipitation of NCAM and PSA in hPSC and DE. IP lysate was then 

immunoblotted for PSA (Left) and NCAM (Right). Lysate from COS-1 cells overexpressing 

PST, STX, and NCAM was used as positive control. Abbreviations: hPSC, human 

pluripotent stem cell; DE, definitive endoderm; CTL, control.
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Figure 3. 
Polysialylation is bivalently regulated with PST under the control of the T/GSC network. 

(A-C) Graphical representation of H3K4me3, H3K27me3, and CpG islands at the PST (A), 
STX (B), and NCAM (C) genomic loci in WA01 hPSCs (Data from the UCSC genome 

browser database [33]). (D) Graphical illustration of gene kinetics during DE differentiation. 

(E) Immunostaining comparison of T-GR expression of PSA and SNAI1 after 4 day addition 

of Dex compared to −Dex. Scale bar, 100μm. (F) qPCR of genes in T-GR cells −Dex, +Dex 

2d, and +Dex 4d. (G) Transcript analysis of GSC and PST over 4 day time course addition 

of Dex in T-GR cells. (H) Flow cytometry for surface PSA expression in hPSCs, hPSCs

+GFP, and hPSCs+GSC-GFP 24h post electroporation. (I) Analysis of the percentage of 

GFP+/PSA+ cells from Fig. 4H. (J) qPCR of samples from Fig. 4H. (K) Luciferase assay of 

hPSCs transfected with GSC-GR, PST-LUC, and LUC-Control after Dex addition for 0, 6, 

and 12h. (L) GSC ChIP assay in hPSCs transfected with GSC-GFP. Genomic primers used 

probe the TSS of the PST promoter and the STX −5kb upstream region shown as negative 

control. (M) qPCR of DE d4 cells transduced with shRNA targeting GSC compared to 

control shRNA. (N) Diagram of proposed interaction of T, GSC, and PST. Abbreviations: 

hPSC, human pluripotent stem cell; Dex, dexamethasone; GR, glucocorticoid receptor; DE, 

definitive endoderm; LUC, luciferase; TSS, transcription start site; CTL, control.
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Figure 4. 
PST is required for efficient hPSC differentiation to endoderm. (A) Immunostaining of PSA 

and SOX17 expression in DE cells transduced with control shRNA (Left) and PST shRNA 

(Right). Scale bar, 100μm. (B) Schematic of CRISPR gene editing approach of the PST first 

exon. The 300 bp region containing the PST TSS was cleaved and replaced by a BFP-IRES-

Zeo cassette via homology directed repair. (C) qPCR of genes in WT and PST−/− cells 

differentiated to DE. (D) Flow cytometry of CXCR4 and PSA expression in WT and PST−/− 

cells differentiated to DE. (E) Immunoblot comparisons of WT and PST−/− cells 

differentiated to DE. (F) Immunostaining of PSA with SOX17 (Top) and FOXA2 (Bottom) 

in WT and PST−/− cells differentiated to DE. Abbreviations: CTL, control; hPSC, human 

pluripotent stem cell; DE, definitive endoderm; TSS, transcription start site; sgRNA, single 

guide RNA.

Berger et al. Page 17

Stem Cells. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Stem Cell Culture and Differentiations
	qRT-PCR
	Western blots
	Immunohistochemistry
	Flow Cytometry
	ChIP-PCR assays
	Luciferase assays
	shRNA knockdowns and CRISPR genome editing

	Results
	Early PSC-derived progenitors are polysialylated on their cell surface
	Developmentally-regulated transcription factors control PST transcription and polysialylation
	PST-dependent polysialylation is required for early cell fate specification

	Discussion
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

