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Dextran sulfate prevents excess aggregation 
of human pluripotent stem cells in 3D 
culture by inhibiting ICAM1 expression 
coupled with down‑regulating E‑cadherin 
through activating the Wnt signaling pathway
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Abstract 

Background:  Human pluripotent stem cells (hPSCs) have great potential in applications for regenerative medicine 
and drug development. However, 3D suspension culture systems for clinical-grade hPSC large-scale production have 
been a major challenge. Accumulating evidence has demonstrated that the addition of dextran sulfate (DS) could 
prevent excessive adhesion of hPSCs from forming larger aggregates in 3D suspension culture. However, the signaling 
and molecular mechanisms underlying this phenomenon remain elusive.

Methods:  By using a cell aggregate culture assay and separating big and small aggregates in suspension culture sys-
tems, the potential mechanism and downstream target genes of DS were investigated by mRNA sequence analysis, 
qRT-PCR validation, colony formation assay, and interference assay.

Results:  Since cellular adhesion molecules (CAMs) play important roles in hPSC adhesion and aggregation, we 
assumed that DS might prevent excess adhesion through affecting the expression of CAMs in hPSCs. As expected, 
after DS treatment, we found that the expression of CAMs was significantly down-regulated, especially E-cadherin 
(E-cad) and intercellular adhesion molecule 1 (ICAM1), two highly expressed CAMs in hPSCs. The role of E-cad in 
the adhesion of hPSCs has been widely investigated, but the function of ICAM1 in hPSCs is hardly understood. In 
the present study, we demonstrated that ICAM1 exhibited the capacity to promote the adhesion in hPSCs, and this 
adhesion was suppressed by the treatment with DS. Furthermore, transcriptomic analysis of RNA-seq revealed that 
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Background
Human pluripotent stem cells (hPSCs), including human 
embryonic stem cells (hESCs) [1] and human-induced 
pluripotent stem cells (hiPSCs) [2], have great potential 
as a robust cell source in regenerative medicine due to 
their capacity for self-renewal and multi-lineage differ-
entiation potential [3]. In most previous studies, hPSCs 
were conventionally cultured in a two-dimensional (2D) 
adherent condition, allowing not only long-term expan-
sion but also maintenance of hPSCs with high quality. 
However, this approach is highly dependent on feeder 
cells or commercial matrices [4, 5]. Moreover, 2D culture 
of hPSCs occupies a large space and consumes too much 
effort for scaling up production, for example, by using a 
multilayered cell factory [6], thus impeding the applica-
tion of hPSCs in clinical treatment because of the diffi-
culty in obtaining a large number of high-quality stem 
cells. For example, in clinical applications of cell-based 
therapies, at least one billion functional cells are required 
for each patient to restore the function of a damaged 
organ such as the liver [7], pancreas [8], or heart [9]. In 
order to solve this problem, three-dimensional (3D) sus-
pension culture combined with bioreactors has been 
developed for large-scale production and integrated dif-
ferentiation of hPSCs.

There are several kinds of 3D culture methods that 
have been established for large-scale expansion of hPSCs, 
including cell aggregates [10, 11], cells on microcarriers 
[12], and cells embedded in microcapsules [13]. Among 
these approaches, expansion of hPSCs in an aggregate 
form has been widely employed, because it is not only 
independent of biological materials or matrices (e.g., 
Matrigel) from animal origins, but it is also much easier 
to retrieve cells, making it more convenient than micro-
carrier/microcapsule-based approaches. By using cell 
aggregate approaches, researchers have achieved a yield 
of up to 1.5 × 106 hPSCs per milliliter with good main-
tenance of pluripotency, and the ability for long-term, 
good manufacturing practice (GMP) grade serial expan-
sion of hPSCs [14]. Moreover, the expansion of hPSCs as 
aggregates under 3D suspension culture systems is also 
adaptive to different bioreactors, such as static bag [14], 

dynamic spinner [15], horizontal stirred bioreactor [16], 
and vertical-wheel bioreactor [17]. This suggests that the 
use of a suspension culture system with aggregates may 
be a powerful and promising method for the large-scale 
production of hPSCs.

However, the size of aggregates is a crucial parameter 
for hPSC doubling, retrieving and the integrated differ-
entiation process into functional somatic cells [18]. The 
excessive aggregation of hPSCs in 3D suspension cul-
ture conditions hampers the differentiation process. Far-
zaneh et  al. investigated the size of hPSC aggregates on 
their capacity for differentiating into definitive endoderm 
spheres, and they found that bigger aggregates resulted in 
a lower SOX17 positivity rate [19]. In addition, apopto-
sis is more likely to happen in cell aggregates with big-
ger sizes rather than those with smaller sizes in our study 
and others [20]. This may be due to the limited ability 
of nutrients and oxygen to diffuse toward the interior of 
the bigger hPSC aggregates, leading to the generation of 
hypoxia and necrosis in the central of aggregates [21–23]. 
Therefore, it is important to control the size of aggregates 
in developing repeatable and high-performance hPSC 
large-scale production.

Researchers have attempted several physical and bio-
chemical approaches to produce size-controlled and 
homogeneous hPSC aggregates under suspension cul-
ture conditions. One simple approach to obtain the size-
controlled hPSC aggregates was by seeding a determined 
number of cells into microwell culture plates [24]; how-
ever, this method could not be combined with bioreac-
tor suspension culture systems and was limited for hPSC 
large-scale expansion. The most reported approach was 
utilizing different agitation rates of spinner flasks or bio-
reactors to suppress excessive aggregation of hPSCs [25, 
26]. Employing impeller stirring ensured the homoge-
neous distribution of nutrients and gases in suspension 
culture. The stirred-type bioreactor has been exten-
sively used in manufacturing traditional biological prod-
ucts, which emphasized the increased production of 
the proteins, such as recombination proteins generated 
by Chinese hamster ovary (CHO) cells, rather than the 
quality of cells [27, 28]. However, the purpose of hPSC 

DS treatment up-regulated genes related to Wnt signaling resulting in the activation of Wnt signaling in which SLUG, 
TWIST, and MMP3/7 were highly expressed, and further inhibited the expression of E-cad.

Conclusion:  Our results demonstrated that DS played an important role in controlling the size of hPSC aggregates in 
3D suspension culture by inhibiting the expression of ICAM1 coupled with the down-regulation of E-cad through the 
activation of the Wnt signaling pathway. These results represent a significant step toward developing the expansion of 
hPSCs under 3D suspension condition in large-scale cultures.
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large-scale expansion is to harvest high-quantity and 
high-quality stem cells and overly high shear stress has 
a negative effect on cell viability and differentiation [29–
31]. Thus, bioreactors which control aggregate size by 
operating at a high rotational speed may not constitute 
the best solution for hPSC suspension culture. A better 
approach may be to avoid excessive adhesion between 
aggregates by adding chemical reagents, such as methyl-
cellulose [14], knockout serum replacement (KSR) [32], 
lysophosphatidic acid [33], sphingosine-1-phosphate 
[33], or dextran sulfate (DS) [34]. Among these chemical 
reagents, DS, a polysulfated compound, has been widely 
employed in various cell systems of the biopharmaceu-
tical industry to reduce cell aggregation [35, 36]. Previ-
ous studies, including ours, have demonstrated that DS 
exhibited excellent performance in preventing excessive 
aggregation under hPSC suspension culture conditions 
without compromising cell viability and cellular pluripo-
tency [23, 34, 37]. However, the signaling and molecular 
mechanisms underlying this phenomenon remain elu-
sive. For hPSCs, cellular adhesion molecules (CAMs) 
play an important role in cell adhesion, attachment, and 
cell aggregation [38, 39], suggesting that the expression 
of CAMs may affect aggregation of hPSCs under suspen-
sion culture conditions. Therefore, we speculated that DS 
prevents hPSC aggregate adhesion through affecting the 
expression of CAMs. To test this hypothesis, we evalu-
ated the expression of CAMs after DS treatment and 
determined the potential contribution of this signaling 
pathway.

Materials and methods
hPSC culture and maintenance
The hESC line, H9, was obtained from the WiCell 
Research Institute (Madison, WI, USA) under a Materi-
als Transfer Agreement (No. 19-W0512) and was experi-
mented during the 38th–52nd passages. The hiPSC 
line was provided as a gift by Dr. Liangxue Lai and was 
experimented during the 24th–29th passages. hPSC 
colonies were stably cultured on the hESC-qualified 
Matrigel (Corning, 354277)-supported adherent system, 
in mTeSR1 culture medium (STEMCELL Technologies, 
85850), before being transferred to suspension culture. 
Cells were kept in a humidified incubator at 37  °C and 
5% CO2, and the culture medium was refreshed daily. 
Routinely, cells were passaged as small clumps at a spilt 
ratio of 1:6 by ReLeSR (STEMCELL Technologies, 05872) 
every 5–6 days when they reached 80% confluence. Dex-
tran sulfate (DS) compounds (Mw = 40,000) (Sigma‐
Aldrich, 42867) were prepared by dilution in deionized 
water at a stock concentration of 100 mg/ml followed by 
0.22-μm filter sterilization. Both H9 and hiPSC have been 
tested for experiments (Additional file 3: Fig. S1A-D).

Aggregate suspension culture of hPSCs
To initiate suspension culture with aggregates, hPSC 
colonies cultured on hESC-qualified Matrigel-sup-
ported adherent systems were dissociated into sin-
gle cells by Gentle Cell Dissociation Reagent (GCDR, 
STEMCELL Technologies, 07174), and then cells were 
counted by hemocytometer using trypan blue (Solarbio, 
C0040) staining and seeded into ultra-low attachment 
6-well plates (Corning, 3471) at a cell density of 2 × 105 
cells/ml, and cultured in mTeSR1 medium with 10 μM 
Y-27632 (Selleck, S1049) in normoxic (21% O2) condi-
tions for static suspension culture to form the aggre-
gates. The medium was exchanged daily by angling the 
plates at 45° to allow aggregates to settle onto the bot-
tom edge, and the DS compound was mixed with cul-
ture medium throughout the entire culture process at 
a final concentration of 100  μg/ml. Five  days later, the 
morphology of hPSC aggregates was observed and pho-
tographed by phase contrast microscope. Cell counting 
evaluation was performed using a trypan blue staining 
after dissociation of aggregates into single cells by Try-
pLE (Thermo Fisher, 12604021). The diameter of aggre-
gates was measured by ImageJ software.

RNA extraction and quantitative reverse transcription 
polymerase chain reaction (qRT‑PCR)
Total RNA was extracted using RNAiso Plus kit 
(Takara, 9109) according to the manufacturer’s manual. 
Following quantification in a NanoDrop microspectro-
photometer (Thermo Fisher), 1  μg of RNA was used 
to synthesize cDNA using the PrimeScript™ RT Mas-
ter Mix (Takara, RR036B). qRT-PCR was performed 
in triplicate using PowerUp™ SYBR™ Green (Thermo 
Fisher, A25742) on the Quant Studio™ 1 Real-Time 
PCR system (ABI, ABI7500). CT values for each sample 
were normalized against the corresponding expression 
of the housekeeping gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). The relative gene expres-
sion levels were quantified using the 2−ΔΔCT method. 
The primer sequences for qRT-PCR used in the present 
study are listed in Additional file 1: Table S1.

Flow cytometry (FC) analysis
hPSC colonies were dissociated into single cells by 
treatment with TrypLE, and cells were fluorescently 
labeled by incubation with PE antihuman OCT4 
(OCT3) antibody (STEM CELL, 60093PE), PE antihu-
man TRA-1-81 antibody (STEM CELL, 60065PE), PE 
antihuman SSEA-4 antibody (STEMCELL, 60062PE), 
or PE mouse isotype-controlled antibody (BD, 556650). 
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Fluorescence-positive cells were then detected using a 
BD FACS Celesta flow cytometer.

Immunofluorescence (IF) staining
Aggregates were collected, washed with PBS, and fixed 
overnight in 4% paraformaldehyde at 4 °C, and then per-
meabilized with 0.5% Triton X‐100 for 20  min at 4  °C. 
Three washes with PBS were included between each 
step. Following washing, the samples were incubated in 
blocking buffer containing goat serum for 30–60 min at 
room temperature, then incubated in PBS containing 
primary antibodies such as rabbit anti-beta catenin anti-
body (Bioss, bs-23663R, 1:500) overnight at 4 ℃ followed 
by rewarming to room temperature and incubation in 
PBS containing secondary antibodies such as Alexa 
Fluor 594-conjugated goat anti-rabbit IgG (Cell Signal-
ing Technology, 8889S, 1:800) for 1 h in the dark at room 
temperature. Nuclei were counterstained by incubation 
with DAPI (Solarbio, C0065) for 5 min, and the fluores-
cence signal was imaged on the single photon confocal 
microscopy (Ti-E A1, Nikon). The details of all antibodies 
used in the present study are listed in Additional file  2: 
Table S2.

Western blot (WB)
Cells were lysed in RIPA lysis buffer (Solarbio, R0020) 
supplemented with PMSF (Solarbio, P0100) on ice. 
Protein concentrations were determined using a bicin-
choninic acid (BCA) protein assay kit (Sangon Biotech, 
C503021) according to the manufacturer’s instructions. 
Western blots were performed in standard fashion. The 
primary antibodies used included rabbit anti-beta catenin 
antibody (Bioss, bs-23663R, 1:500), rabbit anti-MMP7 
antibody (Bioss, bs-0423R, 1:500), rabbit anti-MMP-3 
antibody (Bioss, bs-0413R, 1:500), rabbit anti-LEF-1 
antibody (Bioss, bs-1843R, 1:500), rabbit anti-Frizzled 8 
antibody (Bioss, bs-13219R, 1:500), rabbit anti-WNT7B 
antibody (Bioss, bs-6244R, 1:500), CD54/ICAM1 anti-
body (Cell Signaling Technology, 4915, 1:1,000), E-Cad-
herin Rabbit mAb (Cell Signaling Technology, 3915, 
1:1,000), Slug Rabbit mAb (CST, 9585 T, 1:1,000), Twist-1 
Antibody (R&D, MAB6230, 1:1,000), and anti-GAPDH 
antibody (Abcam, ab128915, 1:10,000). The secondary 
antibody was anti-rabbit IgG, HRP-linked antibody (Cell 
Signaling Technology, 7074, 1:3,000).

Cell viability assay
The H9 cells were dissociated into single cells by GCDR, 
seeded at 5,000 cells per well in a 96-well plate coated 
with hESC-qualified Matrigel in the mTeSR1 medium 
supplemented with 10  μM Y-27632, and allowed to set-
tle overnight. The next day, the medium was changed and 
supplemented with different concentrations of A-205804 

(ICAM1 inhibitor, Selleck, S2885). The cell viability was 
measured using a Cell Counting Kit-8 (CCK-8, Beyotime, 
C0037). CCK-8 reagent was added to each well and incu-
bated for 1 h, and the absorbance was read at 450 nm and 
recorded using a microplate spectrophotometer.

Single‑cell cloning assay
Ten thousand single cells of the H9 cells were inoculated 
on hESC-qualified Matrigel in a 6-well plate and cultured 
in mTeSR1 with 10 μM Y27632 on day 1; 100 μg/ml DS, 
10  μM A-205804, DS plus 5  μM IWR-1-endo (Selleck, 
S7086), or 5  μM IWP2 (Selleck, S7085) were added in 
the experimental groups. Five days after seeding, cells 
were fixed with 4% paraformaldehyde for 20 min at room 
temperature, and colonies were visualized by alkaline 
phosphatase (AP) staining kit (Beyotime, C3206) accord-
ing to the manufacturer’s instructions. The efficiency of 
cloning by single cell was assessed by counting the per-
centage of colony number versus cell number inocu-
lated, and the area of colonies was calculated by ImageJ 
software. To count the cell number 24  h after inocula-
tion, 1*10^5 single cells of H9 were inoculated on hESC-
qualified Matrigel in a 12-well culture plate and cultured 
in mTeSR1 supplemented with 10  μM Y27632, 100  μg/
ml DS, 10  μM A-205804, DS plus 5  μM IWR-1-endo, 
or 5  μM IWP2. Y27632 was removed by freshing the 
medium 12 h after seeding. The representative images of 
each group were observed and photographed by phase 
contrast microscope, and cell numbers were calculated 
by hemocytometer using trypan blue 24 h after culture.

Integrated 3D hepatic differentiation of hPSC aggregates
The derivation of hepatic spheres from hPSC aggre-
gates was performed as previously described [19]. In 
brief, after 5 days of culture, aggregates cultured with or 
without DS were collected, washed with PBS and then 
transferred to differentiation medium directly in an 
ultra-low 6-well plate. For the induction of endodermal 
cells, the basal medium consisted of RPMI 1640 (Thermo 
Fisher, 61870036), 1 × B27 (Gibco, 17504044) and 0.1% 
bovine serum albumin (BSA, Sigma, SRE0098), 6  μM 
CHIR99021 (Selleckchem, S1263) was added on day 1, 
and then 10  ng/ml Activin A (Peprotech, 120-14) was 
added for 2–3  days. For hepatic differentiation, aggre-
gates were treated in DMEM/F12 (Gibco, 11330032) 
supplemented with 2% KSR, 10 ng/ml fibroblast growth 
factor 4 (FGF-4) (Peprotech, 100–31), and 10  ng/ml 
hepatocyte growth factor (HGF) (Peprotech, 100–39) 
for 6 days. Finally, for hepatocyte maturation, they were 
treated in the same medium plus 50% hepatocyte cul-
ture media without EGF (HCM, Lonza, CC-3198), 
10 ng/ml oncostatin M (Peprotech, 300–10), and 10–7 M 
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dexamethasone (Sigma, D4902) for another 12 days. On 
day 21, the hepatic spheres were collected and analyzed.

ICAM1 knockdown
The doxycycline (Dox)-inducible short hairpin RNA 
(shRNA) targeting the human intercellular adhesion 
molecule 1 (ICAM1) gene and non-targeting scrambled 
shRNA (shNT), conjugated with GFP cloned in a lenti-
virus vector, were purchased from GeneCopoeia. The 
target sequence of shNT was GCT​TCG​CGC​CGT​AGT​
CTT​A, the target sequences of shRNAs included four 
groups designated as a, b, c, and d, and their sequences 
were GCT​GAC​GTG​TGC​AGT​AAT​ACT, GCC​AGC​TTA​
TAC​ACA​AGA​ACC, CCA​ACC​AAT​GTG​CTA​TTC​AAA, 
and GGT​ATG​AGA​TTG​TCA​TCA​TCA, respectively. 
To produce lentivirus, 5  μg of plasmid was transfected 
into the 293T cell line (cells are 70%–80% confluent at 
the moment of transfection), together with 3.75  μg of 
PSPAX2 and 1.25  μg PMD2.G by Lipofectamine 3000 
Transfection Reagent (Thermo Fisher, L3000015). Virus-
containing supernatant was harvested at 48 and 96  h 
after transfection. Following centrifugation to remove 
cell debris, supernatant was filtered through 0.45-μm 
filters, and then ultracentrifugation was performed at 
25,000 g, 4 ℃ for 2 h. Finally, the small pellet of lentivirus 
was dissolved with PBS on ice and spilt into centrifuge 
tubes, aliquoted, and kept at − 80 °C until use. The titer 
of virus stock was determined by Lenti-X p24 Rapid Titer 
Kit (Takara, 632200). To transduce lentivirus particles 
into H9 cells, 105 single H9 cells were seeded into hESC-
qualified Matrigel-coated 6-well culture plates. The next 
day, 990 μl of fresh medium supplemented with 10 μl of 
virus stock and 2 μg/ml polybrene (Sigma, TR-1003) was 
changed for each well. Then, the medium was replaced 
with fresh medium after 12 h of incubation. When pas-
saged, 0.5 μg/ml puromycin was added for the selection 
of transduced cells, and then GFP positive colonies were 
picked up to passage for obtaining the stable transduced 
H9 cells. Afterward, doxycycline (Dox) was added to the 
medium at a final concentration of 1  μg/ml for 48  h to 
select the most efficient shRNA for further knockdown 

experiments. 1  μg/ml Dox was added into the medium 
to induce the expression of shNT; four shRNA were 
screened through the efficiency of knockdown of ICAM1 
by qRT-PCR. The fluorescence images were observed 
and photographed by JuLI Stage Real-Time Cell History 
Recorder (NanoEntek, JS1000S).

Subcellular fractionation
The H9 aggregates with different treatments were col-
lected, washed with PBS, then harvested in 350  μl of 
hypotonic buffer (10  mM Hepes, pH 7.4, 42  mM KCl, 
5  mM MgCl2), and incubated for 30  min on ice. The 
cells were lysed by passing through a 25-gauge needle 10 
times. The cytosolic fraction (supernatant) was collected 
by centrifugation at 200 g for 10 min at 4 °C. The nuclear 
pellet was washed twice by resuspending in 500  ml of 
hypotonic buffer and passed through a 25-gauge nee-
dle10 times. The nuclei were pelleted by centrifugation at 
3000 g for 10 min at 4 °C. Isolated cytosolic and nuclear 
fractions were resuspended in lysis buffer, respectively. 
The loading buffer was added, followed by boiling for 
5 min, and then subjected to immunoblot analysis.

Statistical analysis
Data are expressed as the mean ± standard deviation 
(n = 3). Statistical analysis was performed using Graph-
Pad Prism 6; the unpaired Student’s t test and one-way 
ANOVA (Tukey correction for multiple comparisons) 
were used to evaluate statistical significance. Differences 
were considered statistically significant at P < 0.05.

Results
DS treatment prevents excessive aggregation 
and promotes hepatic differentiation of the H9 cells in 3D 
suspension culture
In line with previous studies, including ours [23, 34], 
the addition of 100 μg/ml DS significantly decreased the 
diameter of H9 aggregates on day 5 in 3D static suspen-
sion culture conditions (Fig.  1A–C). More small-sized 
and homogeneous aggregates with reduced standard 
deviations were observed in the presence of DS. The 

(See figure on next page.)
Fig. 1  The effect of DS on H9 aggregate sizes and further integrated hepatic differentiation in 3D suspension culture conditions. A Representative 
images of the H9 aggregates on day 5 after treatment with 100 μg/ml DS. Scale bar = 200 μm. B Comparison of average diameter of the H9 
aggregates on day 5. C Diameter distribution of the H9 aggregates treated with or without DS on day 5. D Comparison of the cell numbers after 
5 days of culture. E Representative images of hepatic spheres on day 15 after hepatic differentiation induction, the morphology of hepatic spheres 
in the control group was big and hollow, and it was relatively small and dense in DS group. Scale bar = 200 μm. F Comparison of average diameter 
of the hepatic aggregates from control and DS group at day 21 of hepatic differentiation. G Gene expression analysis by qRT-PCR for hepatic 
marker genes AFP, ALB, HNF4A, and A1AT from different treatment on the H9 aggregates. (H) Gene expression analysis by qRT-PCR for CYP450 
including CYP3A4, CYP1A1, CYP1B1, CYP2C9, and CYP2E1. Relative gene expression represents data normalized to GADPH and expressed relative 
to undifferentiated H9. Data represent the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001. Abbreviations: AFP, α-fetoprotein; ALB, albumin; HNF4A, 
hepatocyte nuclear factor 4 alpha; A1AT, alpha-1 antitrypsin; CYP, cytochrome P450 family
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Fig. 1  (See legend on previous page.)
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average diameter of aggregates reached 403 ± 182  μm 
in the absence of DS, which was 50% bigger than that 
of aggregates in DS group (Fig. 1B). Less than 5% of the 
aggregates had an average diameter more than 400  μm 
after DS treatment, as opposed to 30% in the control 
group (Fig. 1C). In addition, DS treatment did not reduce 
the proliferation capacity of H9 aggregates (Fig.  1D). In 
addition, these results were repeated with hiPSCs and 
obtained similar tendency (Additional file 4: Fig. S2A-D). 

To estimate the effect of DS on further 3D differentia-
tion of H9 aggregates, we collected the aggregates with 
or without DS treatment after 5  days of static suspen-
sion culture and transferred them into hepatic differen-
tiation medium [19]. After 15 days of differentiation, the 
hepatic spheres were collected for analysis. Similar to 
the situation in mTeSR1, DS-treated small-sized aggre-
gates differentiated into smaller and relatively dense 
hepatic spheres (208 ± 57  μm). Without DS treatment, 

Fig. 2  The effect of DS on the expression of CAMs on the H9 aggregates in 3D suspension culture conditions. A–D Gene expression analysis by 
qRT-PCR for CAMs-related genes (A), cell adhesion-associated genes, inhibitors of the matrix metalloproteinases, and TGFβi (B), pluripotent genes 
(C), and E-cad and ICAM1 (D) after treatment with various DS concentrations. Relative gene expression represents data normalized to GADPH 
and expressed relative to untreated H9 aggregates. Data represent the mean ± SD. *P < 0.05 and **P < 0.01. Abbreviations: OCT4, POU class 5 
homeobox 1; NANOG, Nanog homeobox; SOX2, SRY-box transcription factor 2; P-cad, cadherin 3; TIMP, TIMP metallopeptidase inhibitor; ITGA, 
integrin subunit alpha; TGFβi, transforming growth factor beta induced; VTN, vitronectin; ECM1, extracellular matrix protein 1; PECAM, platelet and 
endothelial cell adhesion molecule 1; E-cad, cadherin 1; ICAM1, intercellular adhesion molecule 1

(See figure on next page.)
Fig. 3  The expression of ICAM1 was significantly different between naturally developed big and small aggregates of the H9 cells. A Representative 
images of big and small aggregates of the H9 cells on day 5 in 3D suspension culture condition without any extra treatment; these two groups 
were separated by natural settlement. Scale bar = 200 μm. B Comparison of average diameter of big and small aggregates of the H9 cells on day 
5. C Diameter distribution of big and small aggregates of the H9 cells on day 5. D–F Gene expression analysis by qRT-PCR for pluripotent genes 
(D), CAMs-related genes (E), and ICAM1 (F), relative gene expression represents data normalized to GADPH and expressed relative to untreated 
H9 aggregates. G The protein levels of E-cad and ICAM1 were determined by western blotting in big and small aggregates of the H9 cells. H, I The 
densitometry for the protein levels of E-cad (H) and ICAM1 (I) were quantitated in G; GAPDH was used as a loading control. Data represent the 
mean ± SD. *P < 0.05 and **P < 0.01 and ***P < 0.001
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bigger aggregates became cystic and bigger-sized hepatic 
spheres (412 ± 133  μm) after the differentiation pro-
cess (Fig.  1E, F). Furthermore, the hepatic spheres in 
the DS-treated group expressed greater levels of mature 
hepatocyte markers like albumin (ALB), HNF4A and 
α1-antitrypsin (A1AT), and lower levels of the immature 
hepatocyte marker, alpha fetoprotein (AFP) (Fig.  1G), 
indicating that DS treatment promoted the hepatic dif-
ferentiation of hPSC aggregates in suspension culture 
due to a relative smaller size of aggregates. Moreover, 
the expression of several important phase I drug-metab-
olizing enzymes, including CYP3A4, CYP1A1, CYP1B1, 
CYP2C9, and CYP2E1, were also significantly higher 
than those in the control group (Fig.  1H). These results 
demonstrated that DS treatment not only enabled the 
formation of uniform and small-sized aggregates, but it 
also was beneficial for 3D hepatocyte differentiation [23].

Distinct CAMs expression after DS treatment
Previous studies suggested that, for hPSCs, the differ-
ently adhesive ability of aggregates in suspension culture 
correlated with the expression of CAMs [40]. Therefore, 
we speculated that the prevention of excessive aggrega-
tion by DS might be caused by differentially expressed 
CAMs. To verify this hypothesis, we first compared the 
expressions of a panel of adhesion-related genes and 
pluripotency-related genes between DS groups and 
control groups by qRT-PCR. Notably, genes related to 
extracellular matrix (e.g., vitronectin (VTN) and extra-
cellular matrix protein 1 (ECM1)), a variety of integrin 
molecules (e.g., integrin subunit alpha 5 (ITGA5), inte-
grin subunit alpha 7 (ITGA7) and integrin subunit beta 
2 (ITGB2)), genes directly associated with cell adhesion 
(e.g., cadherin 3 (P-cad) and platelet/endothelial cell 
adhesion molecule 1 (PECAM)), and natural inhibitors 
of the matrix metalloproteinases (e.g., tissue inhibitors 
metalloproteinases2/3 (TIMP2/3)) were down-regulated 
after treatment with DS (Fig.  2A, B). In addition, the 
expression of transforming growth factor beta induced 
(TGFβi) was up-regulated after DS treatment, which 
would result in inhibiting cell adhesion (Fig.  2B) [41]. 

However, the expressions of pluripotent genes OCT4, 
SOX2, and NANOG did not exhibit significant differ-
ences (Fig. 2C). In terms of genes related to CAMs, the 
expression of E-cadherin (E-cad) and ICAM1 which are 
highly expressed in H9 cells was also significantly down-
regulated after DS treatment (Fig.  2D). E-cad is highly 
correlated with hPSC adhesion and attachment [38, 42]. 
For various tumor cell lines, ICAM1 plays an important 
role in cell aggregation under suspension cultures [39, 
43]; however, to the best of our knowledge, there are no 
reports about the roles of ICAM1 in hPSC adhesion. 
Therefore, we focused on the roles of E-cad and ICAM1 
to determine whether DS functioned through these two 
CAMs.

Distinct expressions of ICAM1 between big and small 
aggregates
By using repeated natural sedimentation, we separated 
H9 aggregates which were expanded under static sus-
pension culture conditions for 5 days into big and small 
aggregates, respectively (Fig.  3A). The average diam-
eter of big aggregate group was 400 ± 153  μm which is 
nearly twofold of that of small aggregate group (Fig. 3B), 
and more than 60% of the aggregates were bigger than 
400  μm in the diameter. Approximately 90% of the 
aggregates were smaller than 250 μm in diameter in the 
small aggregates group (Fig.  3C). However, qRT-PCR 
results revealed that there was no obvious difference on 
the expression of pluripotent genes and E-cad between 
the two groups (Fig.  3D, E). Notably, among the CAMs 
detected, only ICAM1 was expressed differentially, which 
was fivefold higher in the big aggregate group than in the 
small one (Fig.  3F). The difference of ICAM1 between 
two groups was further confirmed by protein expression 
through western blot analysis, while the protein level of 
E-cad remained comparable (Fig.  3G–I). These results 
indicated that ICAM1 might play an important role 
in affecting the size of aggregates or adhesion ability of 
aggregates in 3D suspension cultures.

Fig. 4  Controlling the size of the aggregates of the H9 cells by ICAM1 inhibitor A-205804. A Representative images of the aggregates of the H9 cells 
after treatment with various concentrations of A-205804 on day 5. Scale bar = 200 μm. B Comparison of average diameter of the aggregates of the 
H9 cells after treatment with various concentrations of A-205804 on day 5. C Diameter distribution of the aggregates of the H9 cells after treatment 
with various concentrations of A-205804 on day 5. D Cell viability of the H9 cells assayed by CCK-8 after treatment with various concentrations 
of A-205804. E The protein levels of E-cad and ICAM1 were determined by western blotting in aggregates of the H9 cells after treatment with 
various concentrations of A-205804. F, G The densitometry for the protein levels of E-cad F and ICAM1 G were quantitated in E; GAPDH was used 
as a loading control. H Representative images show the addition of 50 μM A-205804 to the inoculum abolished aggregate formation completely, 
Scale bar = 200 μm. I AP staining of the H9 colonies with or without adding A-205804; single cells were seeded in six-well culture plates coated 
with Matrigel, 10 μM Y-27632 was added on day 1 in both groups. Representative images are shown. Scale bar = 200 μm. J Quantification of the 
efficiency of AP positive colonies in I. (K) Quantification of the average colony area in I. Data represent the mean ± SD. *P < 0.05 and **P < 0.01 and 
***P < 0.001

(See figure on next page.)
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Modulation of the size of aggregates by regulating 
the expression of ICAM1
To assess whether regulation of ICAM1 expression 
could modulate the size of aggregates in 3D suspen-
sion cultures, we utilized the ICAM1 specific inhibi-
tor, A-205804 to test this hypothesis. After treatment 
with various concentrations of A-205804 under 3D 
suspension culture condition, we found that the size of 
aggregates exhibited a tendency to decrease in a dose-
dependent manner (Fig. 4A–C). 67% of the aggregates 
were smaller than 250 μm in diameter, and only 3% of 
the aggregates were bigger than 400  μm in diameter 
in the group treated with 10 μM A-205804, while only 
30% of the aggregates were smaller than 250  μm in 
diameter, and 25% of the aggregates were bigger than 
400  μm in diameter in the control group (Fig.  4C). 
Importantly, no obvious difference in cell viability was 
observed regardless of A-205804 concentrations inves-
tigated (Fig.  4D), indicating that the decrease in the 
aggregate size was not the results of toxicity caused 
by the higher dose of the inhibitors. As expected, the 
expression level of ICAM1 protein also was decreased 
with the increased dose of A-205804 (Fig.  4E–G), but 
E-cad levels remained unchanged (Fig.  4E, F), consist-
ent with aforementioned results. In addition, by add-
ing 50 μM A-205804 into medium at the time point of 
seeding, we found that high-dosed ICAM1 inhibitor 
would impede the aggregation of the H9 cells, whereas 
formation of aggregates was observed in the control 
group as expected (Fig.  4H). This concentration of 
A-205804 did not affect cell viability (Fig.  4D), indi-
cating that the expression of ICAM1 is important for 
aggregate formation, and it appears that the use of the 
inhibitor was an effective approach to decrease the size 
of aggregates through interfering with ICAM1 expres-
sion in 3D suspension cultures. To further investigate 
whether ICAM1 has an effect on extracellular adhe-
sion during the proliferation of hPSCs, we performed 
a single-cell cloning assay with or without treatment 
with 10 μM A-205804. After 5 days of culture, the for-
mation efficiency of the alkaline phosphatase (AP)-pos-
itive colonies and the size of the average colony area in 

the control group were significantly higher than in the 
conditioned group (Fig.  4I–K), demonstrating that the 
expression of ICAM1 was crucial to extracellular adhe-
sion even in 2D adhesion culture conditions.

Next, knockdown of endogenous ICAM1 by shRNA 
was performed to further determine the function of 
ICAM1 expression on extracellular adhesion. A homoge-
nous population of EGFP-positive colonies was observed 
(Fig. 5A), indicating a high transduction rate of a lentivi-
ral vector co-expressing shNT/shRNAs and EGFP in the 
H9 cells. Through screening the knockdown efficiency 
of ICAM1-shRNAs (Fig.  5A, B), shRNA-b which sig-
nificantly down-regulated ICAM1 was selected for fur-
ther 3D suspension culture experiments. Dox was added 
to both groups, shNT and shRNA-b, to a final concen-
tration of 1  µg/ml to induce the expression of shRNA. 
On day 5 after culture, cells transduced with shRNA-b 
exhibited significant smaller-sized aggregates when com-
pared to those in the shNT group (Fig.  5C, D), further 
demonstrating that ICAM1 was an important factor in 
the induction of cellular adhesion. Although the expres-
sion of ICAM1 was significantly down-regulated, the 
expression of OCT4, one of the most important pluri-
potent genes, remained unchanged (Fig.  5E), indicating 
that ICAM1-shRNA only interfered with the expression 
of ICAM1 rather than affecting the pluripotency of the 
H9 cells. The expression of ICAM1 protein was further 
confirmed by western blot analysis (Fig.  5F, G). These 
results together showed the importance of the expression 
of ICAM in hPSCs for cell adhesion and for controlling 
aggregate sizes in 3D suspension culture.

Disturbance of aggregate adhesion by DS‑mediated E‑CAD 
reduction acted through the activation of the canonical 
Wnt signaling pathway
Previous studies have revealed that in 3D suspension 
cultures of hPSCs, the secreted Wnt antagonists were 
significantly up-regulated and led to the down-regula-
tion of canonical Wnt-targeted genes when compared 
with 2D adherent cultures, and they further enhanced 
the expression of the central adherens junction com-
ponents, such as E-cad [44]. In our previous study, we 

(See figure on next page.)
Fig. 5  Interfering ICAM1 endogenously by lentivirus-mediated shRNA. A The EGFP+ colonies after lentivirus transduction and puromycin selection. 
Representative images were shown. Scale bar = 200 μm. B Gene expression analysis by qRT-PCR for ICAM1 in the H9 cells transduced with the 
lentivirus expressing different shRNAs, relative gene expression represents data normalized to GADPH and expressed relative to cells transduced 
with the lentivirus expressing shNT. C The EGFP+ aggregates were shown in suspension culture on day 5. Representative images were shown. Scale 
bar = 200 μm. D Comparison of average diameter of the aggregates of the H9 cells in two groups. E Gene expression analysis by qRT-PCR for ICAM1 
and OCT4 in the aggregates transduced with the lentivirus expressing shRNA-b and shNT, respectively, relative gene expression represents data 
normalized to GADPH and expressed relative to cells transfected by shNT. (F) The protein levels of E-cad and ICAM1 were determined by western 
blotting in the aggregates transduced with the lentivirus expressing shRNA-b and shNT, respectively, in two groups. G The densitometry for the 
protein levels of ICAM1 was quantitated in F; GAPDH was used as a loading control. Data represent the mean ± SD. *P < 0.05 and **P < 0.01
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performed RNA-seq analyses to investigate the mecha-
nisms by which DS treatment controlled the size of the 
H9 cell aggregates [23]. In the present study, as indicated 
by KEGG analysis, we determined that the Wnt signal-
ing pathway was significantly up-regulated after DS treat-
ment (Fig.  6A). These results were further verified by 
qRT-PCR and western blot analysis. Several Wnt ligands 
(WNT4, WNT7B, WNT8A, and WNT10B), receptors 
(FZD5 and FZD8), and a gene involved in the Wnt sign-
aling pathway (LEF1) were highly expressed, associated 
with the decrease in E-CAD after DS treatment (Fig. 6B). 
Furthermore, with the up-regulation of Wnt signaling, 
we observed a higher translocation of β-catenin into 
the nucleus by immunofluorescence staining and west-
ern blot analysis (Fig.  6C, D), indicating the activation 
of the canonical Wnt signaling pathway [45]. In addi-
tion, there are several transcription factors (TFs) which 
are Wnt target genes down-regulating the expression of 
E-cad, including the twist family bHLH transcription fac-
tor (Twist), snail family transcriptional repressor (Snai), 
and the matrix metallopeptidase (MMP) families [46, 47]. 
We detected the gene expression patterns of these three 
families by qRT-PCR and found that the expressions of 
Twist1, Snai2, MMP3, and MMP7 were significantly 
up-regulated after DS treatment in the H9 aggregates 
under 3D suspension culture conditions (Fig.  6E), and 
the protein expression levels of these TFs were further 
confirmed by western blot analysis, which was consistent 
with the qRT-PCR analysis (Fig. 6B, E, F). These results 
indicated that DS treatment could suppress the expres-
sion of E-cad through activating the canonical Wnt sign-
aling pathway.

The expression of E-cad in hPSCs is indispensable for 
cell adhesion and aggregation under 3D culture condi-
tions [38, 42]. Thus, we further performed single-cell 
colony assay to confirm whether DS treatment could dis-
turb the adhesion of hPSCs and to verify whether Wnt 
signaling inhibitors could rescue this phenomenon under 
2D culture conditions. As expected, the formation effi-
ciency of the single-cell colony and the average area of 

colonies were decreased after DS treatment (Fig. 7A–C). 
However, the colony-forming efficiency and the average 
area of colonies could be rescued partially by adding Wnt 
inhibitors, 5  μM IWR-1 and 5  μM IWP2, respectively 
(Fig.  7A–C). In order to decouple the effect of prolif-
eration on colony formation assay, we also counted the 
cell number 24 h after inoculation. As expected, the cell 
number was decreased prominently after DS treatment 
and could be rescued by Wnt inhibitors (Additional file 5: 
Fig. S3A-B). Moreover, we also conducted rescue assay 
with Wnt inhibitors under 3D suspension culture condi-
tion. By adding 5 μM IWR-1 or 5 μM IWP2 with DS into 
mTeSR1, the average size of aggregates was notably big-
ger than those treated with DS only, but still smaller than 
aggregates in control group (Additional file 6: Fig. S4A-
C) after 5 days of culture. Interestingly, the expression of 
E-cad was also up-regulated after the treatment with Wnt 
inhibitors (Additional file 6: Fig. S4E). In addition, there 
is still no obvious difference on the cell number between 
each group (Additional file 6: Fig. S4D). These results fur-
ther demonstrated that DS functioned through the Wnt 
signaling pathway.

In order to determine whether the functions of DS on 
hPSC aggregates could be replaced by ICAM1 inhibi-
tor and Wnt agonist directly, further investigation was 
performed. To address this issue, we replaced DS with 
10  μM A-205804 plus 3  μM CHIR99021 or 10  ng/ml 
Wnt3A (both are Wnt agonist) and cultured H9 aggre-
gates for 5 days. After the treatment with ICAM1 inhibi-
tor and WNT agonist, the sizes of aggregates were not 
uniform and exhibited heterogeneity (Additional file  7: 
Fig. S5A) when compared to those in control; moreo-
ver, these H9 aggregates no longer maintained the stable 
expression of three core pluripotent genes, OCT4, SOX2, 
and NANOG (Additional file  7: Fig. S5B). Surprisingly, 
5 days after the aforementioned treatment, H9 aggregates 
spontaneously differentiated into three germ layers (mes-
oderm, endoderm, and ectoderm) determined by qRT-
PCR analysis (Additional file 7: Fig. S5C). It appears that 
the effect of DS could not be replaced by WNT agonist. 

Fig. 6  DS regulated the adhesion of the aggregates of the H9 cells via canonical Wnt signaling. A GSEA analyses of Wnt-associated genes enriched 
in the aggregates of the H9 cells treated with DS. B Gene expression analysis by qRT-PCR for Wnt-associated genes, relative gene expression 
represents data normalized to GADPH and expressed relative to untreated aggregates. C Immunofluorescence analysis of β-catenin (red) on the 
aggregates of the H9 cells treated with or without DS; the nuclei were stained with DAPI. Scale bars = 50 μm. D The protein levels of total β-catenin 
in nuclei and cytoplasm were determined by western blotting in the aggregates of the H9 cells after treatment with or without DS; the purity of 
nuclear and cytosolic fractions was verified using laminB1 and GAPDH, respectively. E Gene expression analysis by qRT-PCR for Wnt-targeted genes; 
relative gene expression represents data normalized to GADPH and expressed relative to untreated aggregates. F The protein levels of WNT7B, 
FZD8, total β-catenin, LEF1, MMP3, MMP7, TWIST1, SNAI2, and E-cad were determined by western blotting in the aggregates of the H9 cells after 
treatment with or without DS; GAPDH was used as a loading control. Data represent the mean ± SD. *P < 0.05 and **P < 0.01 and ***P < 0.001. FZD, 
frizzled class receptor; LEF1, lymphoid enhancer-binding factor 1; TWIST, twist family bHLH transcription factor; SNAI, snail family transcriptional 
repressor; MMP, matrix metallopeptidase

(See figure on next page.)
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WNT signaling pathway is a more complicated system 
and plays a large number of functions in cell; DS treat-
ment most likely induced a specific pathway indicated 
in our study; however, WNT agonist might induce more 
pathways which might inhibit the pluripotency and trig-
ger the differentiation of hPSC. Thus, the mechanism of 
DS treatment on hPSCs still needs future work to investi-
gate thoroughly.

Taken together, our results revealed that DS treatment 
interfered with the expression of E-cad through activa-
tion of the canonical Wnt signaling pathway and further 
co-modulated the adhesion of hPSC aggregates with DS-
mediated ICAM1 reduction in 3D suspension culture 
conditions (Fig. 7D).

Discussion
The unlimited self-renewal ability and multi-lineage 
differentiation potential of hPSCs emphasize their 
potential use in clinical treatment and in the pharmaceu-
tical industry [48, 49]. In order to take full advantage of 
hPSCs, large-scale expansion is indispensable in order 
to obtain enough cells for further applications. The bot-
tleneck for large-scale production of clinical quantities of 
hPSCs currently is the lack of an appropriate scalable bio-
process protocol [50].

By utilizing stirred-tank bioreactors, several labora-
tories have established expandable protocols for hPSC 
aggregates using 3D suspension culture systems [10, 
11, 17, 25, 26, 51]; the best of these protocols obtained 
70-fold cell expansion in 7 days and achieved a density 
of 3.5 × 107 cells/ml [26]. However, the major limita-
tion still unsolved was the complex hydrodynamics 
and high shear stress at the tip of impeller, which could 
be injurious to stem cell viability and differentiation 
[29–31]. Furthermore, it was not as easy as reported 
to control aggregate sizes by different agitation rates 
in stirred-tank bioreactors [17]. Borys and colleagues 
demonstrated that they failed to generate consist-
ent hiPSC aggregates in all tested agitation rates in 
horizontal-blade stirred-tank bioreactors, most likely 
because aggregates were limited from moving through-
out the entire volume of the bioreactor [17]. Actually, 

controlling hPSC aggregate sizes in 3D suspension cul-
ture systems is the most difficult and critical process. To 
date, there has not been a good solution for preventing 
hPSC excess adhesion and aggregation formation, thus 
limiting the production of clinical quantities of hPSCs. 
In general, properly combining the physical approaches 
with biochemical approaches may be the best solu-
tion to control aggregate sizes of hPSCs. For example, 
by stirring the impellers at a low agitation rate, it not 
only avoids generating harmful high shear stress and 
enabling the distribution of gas and nutrients, but sup-
plementing with DS further prevents adhesion among 
aggregates [23]. This combination should lead to the 
harvesting of high-quantity and high-quality hPSCs 
with homogeneous-sized hPSC aggregates, thus limit-
ing various differentiation trends caused by a variety of 
the sizes of aggregates [18, 19]. Therefore, it is neces-
sary to understand the molecular mechanism of DS in 
3D suspension culture of hPSCs.

We and others have shown that DS is effective in con-
trolling the size of the hPSC aggregates in 3D suspension 
culture conditions [23, 34, 37]. However, the molecular 
changes after DS treating on hPSCs are hardly under-
stood. In our previous research, we have compared the 
transcriptome of hPSCs after treatment with DS or con-
trol groups, and many genes and pathways related to cell 
adhesion were found to be expressed differentially [23]; 
this guided us to further explore the molecular mecha-
nisms. In the present study, we revealed the regulatory 
mechanism of DS treatment in controlling the aggre-
gate size of hPSCs in 3D suspension culture conditions. 
First, the expression of CAMs such as ICAM1 was down-
regulated after DS treatment. In addition, DS stimulated 
hPSCs to activate the expression of Wnt ligands and 
receptors, further promoting the expression of canoni-
cal Wnt signaling pathway target genes such as Twist1, 
Snai2, MMP3, and MMP7, consequently suppressing the 
expression of E-cad (Fig. 7D).

A number of reports revealed that the CAMs-mediated 
cohesive interaction among cells contributed significantly 
to the self-renewal and the pluripotent state of hPSCs 
[52, 53]. Moreover, the strong expression of CAMs such 

(See figure on next page.)
Fig. 7  The effect of DS on adhesion of the H9 cells could be partially rescued by Wnt inhibitor. A AP staining of the H9 colonies treated with 
or without DS, supplemented with 5 μM Wnt inhibitor IWR-1 or IWP2, single cells were seeded in six-well culture plates coated with Matrigel, 
10 μM Y-27632 was added on day 1 in all groups. Representative images were shown. Scale bar = 200 μm. B, C Quantification of the efficiency 
of AP+ colonies (B) and the average colony area (C) in A. D Schematic diagram showing DS prevents the adhesion of the aggregates of the 
H9 cells through modulating the expression of ICAM1 and the canonical Wnt signaling pathway. Treating the aggregates with DS leads to the 
down-regulation of the expression of ICAM1. The expression of secreted Wnt ligands and receptor such as Wnt7B and FZD8 is up-regulated in 3D 
suspension culture conditions after DS treatment, causing the activation of the canonical Wnt signaling pathway, which impedes the degradation 
of cytosolic β-catenin and promotes its transference into the nucleus, thus further up-regulating the expression of Wnt target genes, consequently 
down-regulating the transference expression of E-cad. Data represent the mean ± SD. *P < 0.05 and **P < 0.01 and ***P < 0.001
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as E-cad is also related to somatic cell reprogramming 
of iPSCs. The enhancement of E-cad could promote the 
reprogramming efficiency of iPSCs and even replace 
the demand for OCT4 during the iPSC reprogramming 
[54, 55]. E-cad has also been used as an undifferentiated 
marker to identify pluripotent stem cells [56], indicating 
the importance of CAMs in regulating the pluripotency 
and stemness of hPSCs [57]. The expression of E-cad 
directly affects the differentiation potential and prolif-
eration rate of hPSCs [58]. However, after DS treatment, 
the multi-lineage differentiation ability and proliferative 
capacity of hPSC aggregates have not been obviously 
altered [23], suggesting that the regulation of E-cad and 
other CAMs by DS impacts on aggregate adhesion rather 
than the stemness of hPSCs. The expression of TIMP2/3 
is also bound up with E-cad. They complex with metal-
loproteinases such as MMP families (e.g., MMP3/7) and 
irreversibly inactivate MMP3/7 by binding to their cata-
lytic zinc cofactor. However, the expression of TIMP2/3 
was down-regulated significantly with DS treatment, 
resulting in the over-expression of MMP3/7 genes, and 
further interfering with the expression of E-cad on hPSCs 
[59].

ICAM1 is a transmembrane glycoprotein in the 
immunoglobulin superfamily, regulating signal trans-
duction and cell–cell adhesion [60]. ICAM1 has been 
reported to mediate adhesion-dependent cell–cell 
interactions and to play an important role in regulat-
ing the size of tumors and the spherical sizes of cancer 
cell lines in vivo and in vitro [43, 61, 62]. Furthermore, 
ICAM1 is also expressed on stem cells, including bone 
marrow mesenchymal stem cells, periodontal ligament 
stem cells, and adipose stem cells [63, 64]. However, the 
function of ICAM1 in hPSCs has not been investigated. 
In this study, we first revealed that the expression of 
ICAM1 was important for the adhesion of hPSCs dur-
ing the culture. Furthermore, the expression of ICAM1 
was suppressed by DS treatment of hPSCs in 3D sus-
pension conditions and the inhibition of ICAM1 pre-
vented the adhesion among the aggregates of hPSCs, 
and finally reduced the heterogeneity of aggregate 
diameters.

The insights acquired in the current study increased 
our understanding of how DS prevented the adhesion 
among the aggregates of hPSCs. Previous studies sug-
gested that the surface charge of CHO cells was altered 
by DS [35] and thus prevented the adhesion between 
CHO cells. Taken together, our results suggest that DS 
treatment prevented the adhesion through suppress-
ing the expression of CAMs coupled with activating the 
canonical Wnt signaling pathway to suppress the expres-
sion of E-cad, thus co-regulating the size formation of the 
aggregates of hPSCs in 3D culture system.

Conclusion
In the present study, we demonstrated that DS controlled the 
size of hPSC aggregates in 3D suspension culture through 
co-regulating the expression of CAMs, E-cad and ICAM1. 
By suppressing the expression of ICAM1, together with 
activating the canonical Wnt signaling pathway for further 
suppressing the expression of E-cad, the cell adhesion abil-
ity of hPSCs was attenuated and the sizes of aggregates were 
decreased. This in turn will allow for the retrieval of high-
quality hPSCs and for enhancing the integrated differentia-
tion process. The aggregate large-scale expansion strategy of 
hPSCs with the addition of DS is highly promising, and the 
results of this study may be helpful for improving the use of 
DS in 3D suspension cultures of hPSC in the future.
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TRA-1-60 (red) on colonies of H9 and hiPSCs, respectively; the nuclei were 
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respectively; the nuclei were stained with DAPI (blue). Scale bars = 100 
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Additional file 4: Fig. S2. The effect of DS on hiPSC aggregates. (A) 
Representative images of the hiPSC aggregates on day 5 after the treat-
ment with 100 μg/ml DS. Scale bar = 200 μm. (B) Comparison of average 
diameter of the hiPSC aggregates on day 5 after the treatment with 100 
μg/ml DS. (C) Diameter distribution of the hiPSC aggregates treated with 
or without DS on day 5. (D) Comparison of the cell numbers after 5 days 
of culture.

Additional file 5: Fig. S3. Cell counting assay 24 hours after the treatment 
with DS and Wnt inhibitor. (A) Representative images of the cells treated 
with or without DS, supplemented with 5 μM Wnt inhibitor IWR-1 or IWP2 
24 hours after the treatment. Scale bar = 200 μm. (B) Comparison of the 
cell numbers 24 hours after inoculation.

Additional file 6: Fig. S4. Rescue assay with Wnt inhibitors in 3D suspen-
sion culture condition. (A) Representative images of the aggregates 
treated with or without DS plus 5 μM Wnt inhibitor IWR-1 or IWP2 on day 
5 after the treatment. Scale bar = 200 μm. (B) Comparison of average 
diameter of the H9 aggregates on day 5 after the treatment. (C) Diameter 
distribution of the H9 aggregates on day 5 after the treatment. (D) Com-
parison of the cell numbers after 5 days of culture. (E) Gene expression 
analysis by qRT-PCR for E-cad.
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Additional file 7: Fig. S5. Simulation of the effect of DS by replacing DS 
with ICAM1 inhibitor and Wnt agonist. (A) Representative images of the 
aggregates treated with or without 10 μM A-205804 plus 3 μM CHIR99021 
or 10 ng/ml WNT3A on day 5 after the treatment. Scale bar = 200 μm. (B) 
Gene expression analysis by qRT-PCR for pluripotent genes, OCT4, SOX2, 
and NANOG. (C) Gene expression analysis by qRT-PCR for genes SOX17, 
BRACHYURY, and GATA4 of mesoendoderm germ layers.
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