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© Cadmium (Cd) is a harmful heavy metal that results in vascular diseases such as atherosclerosis. Prior
. evidence revealed that Cd induced endothelial cell (EC) death and dysfunction, supporting that ECs

. are a primary target of Cd-induced toxicity, and can cause severe pathologies of vascular diseases.

. However, the underlying mechanisms remain unclear. In this study, we investigated the mechanisms
. of Cd-induced endothelial toxicity in a human model system of H9 human pluripotent stem cell-derived
. endothelial cells (H9-ECs). We showed that H9-ECs were susceptible to CdCl, induction, leading to

. detrimental changes of cell structure and significantly elevated level of apoptosis. We demonstrated

. that CdCl,-treated H9-ECs gave rise to a clear EC dysfunction phenotype and significantly differential
. transcriptomic profile. Signaling pathway analysis revealed that P38 or ERK signaling pathway is

. critical to cadmium-induced EC apoptosis and dysfunction, and inhibition of P38 or ERK effectively

. rescued CdCl,-induced endothelial toxicity in H9-ECs. Conclusively, hPSC-ECs can be a reliable model
. torecapitulate the EC pathological features and transcriptomic profile, which may provide a unique

. platform for understanding the cellular and molecular mechanisms of Cd-induced endothelial toxicity
. and for identifying therapeutic drugs for Cd-induced vascular diseases.

 Cadmium (Cd) is a soft, malleable, ductile and bluish-white divalent metal, which is widely used by electric bat-
. teries, pigments, coatings and electroplating'=. Cd is thought to be a serious environmental toxicant and harmful
. to the health of humans, which is specifically listed in the European Restriction of Hazardous Substances®. The
. British Geological Survey reports that in 2001, China was the top producer of cadmium with almost one-sixth of
* the world’s production. The primary target organs of Cd include kidney; liver, bone, intestine, brain and cardio-
© vascular systems’~12

: Cd-induced toxicity has been widely studied and Cd can induce apoptosis in various cell types'*~'6. Growing
: evidence suggests that elevated serum levels of Cd correlate with risk of vascular diseases and endothelial cells
. (EC) are one of the primary targets of Cd-induced cytotoxicity, leading to vascular diseases such as atherosclero-
. sis!”!8. However, the molecular mechanisms of Cd-induced endothelial toxicity have not been well studied yet.
In recent years, human pluripotent stem cells (hPSCs) have been thought as a potentially ideal cell resource for
. translational and regenerative medicine'*-?2, Differentiation of hPSCs into functional ECs (hPSC-ECs) provides
. easy-accessible, unlimited, reproducible and physiologically relevant source of cells for vascular disease modeling,
. drug testing and transplantation therapy*2.

In this study, we first investigated if hPSC-ECs can serve as a model to recapitulate the Cd-induced endothelial
© toxicity in vitro. We then demonstrated a clear EC dysfunction phenotype and significantly differential transcrip-
. tomic profile. Further studies revealed that P38 or ERK signaling pathways is critical to Cd-induced EC apoptosis
. as well as EC dysfunction, and inhibition of P38 or ERK effectively rescued the Cd-induced endothelial toxicity
¢ in hPSC-ECs. Therefore, successful establishment of such a cellular model may provide a unique platform for
* understanding the cellular and molecular mechanisms of Cd-induced endothelial toxicity, and for identifying
. drugs for Cd-induced vascular diseases.
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Figure 1. Generation and characterization of endothelial cells derived from H9 human embryonic stem cells.
(A) Typical morphology of undifferentiated H9 hESCs. Scale bar, 200 um. (B) Pluripotent staining of H9 hESCs
using OCT4 (Green), SOX2 (Red), NANOG (Green) and SSEA4 (Red). DAPI indicates nuclear staining (Blue).
Scale bar, 100 pm. (C) Typical morphology of H9-ECs. Scale bar, 200 um. (D) FACS analysis of CD144-positive
cells. (E) CD144 (Green) staining of H9-ECs. DAPI indicates nuclear staining (Blue). Scale bar, 50 pm. (F) Dil-
ac-LDL (Red) staining of H9-ECs. DAPI indicates nuclear staining (Blue). Scale bar, 100 pm.

RESULTS

Generation and characterization of endothelial cells derived from H9 embryonic stem
cells. H9 embryonic stem cells (H9) were selected for generation of endothelial cells (ECs), which exhibited
stem cell morphology and expressed pluripotency markers such as OCT4, NANOG, SOX2 and SSEA-4 (Fig. 1A,B
and Supplemental Fig. 1). Using an in vitro monolayer endothelial differentiation protocol, we successfully dif-
ferentiated H9 into ECs. On day 10 of induction of differentiation, we observed dramatically morphological
change towards to ECs (Fig. 1C). CD144 positive cells were subsequently sorted by MACS, which gave rise to a
purification of 99.6% (Fig. 1D). The sorted cells were then plated on 0.1% matrigel-coated plates for downstream
expansion and characterization. The isolated H9-ECs showed positive staining of endothelial-specific marker
CD144, as well as dil-ac-LDL uptake (Fig. 1E,F).

Cadmium induces cell damage and apoptosis in H3-ECs. H9-ECs were exposed to escalating dos-
ages of cadmium chloride (CdCl,) from 0.1 uM to 100 pM for 24 h, and we observed dramatic morphological
changes and cell damage in H9-ECs at high doses of CdCl, treatment (30 and 100 .M) (Fig. 2A and Supplemental
Fig. 2). We observed a significantly reduced cell viability in H9-ECs started from 30 uM CdCl, treatment, when
compared to control cells (Fig. 2C). We next performed TUNEL assay to investigate if the CdCl,-induced mor-
phological changes and cell damage were associated with apoptosis. We observed a significantly increased ratio of
TUNEL-positive cells in CdCl,-treated H9-ECs started from 0.1 pM, as compared to control cells (Fig. 2B,D and
Supplemental Fig. 3). In line with the TUNEL data, the expression of Caspase 3, Caspase 9 and Bax were all signif-
icantly increased whereas the expression of Bcl2 was significantly reduced in 30 uM CdCl,-treated H9-ECs, when
compared to controls (Fig. 3A-D and Supplemental Figs 4-7). Interestingly, we observed translocation of Bax
from cytosol to mitochondria as well as translocation of Cytochrome ¢ from mitochondria to cytosol in H9-ECs
treated with 30 uM CdCl, (Fig. 3E,F and Supplemental Figs 8,9). Moreover, we observed significantly increased
Caspase 3 activity in 30 pM CdCl,-treated H9-ECs (Fig. 3G). H9-ECs were further stained by Propidium Iodide
(PI) and flow cytometry analysis demonstrated increased fraction of sub-G1 in 30 uM CdCl,-treated cells
(Supplemental Figure 10). We chose 30 .M CdCl, with significantly reduced cell viability and strong TUNEL
signal as the induction dosage for the downstream investigations. Taken together, these data suggest that H9-ECs
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Figure 2. Cadmium induces cell damage and apoptosis in H9-ECs. (A) Representative images of
morphological changes in H9-ECs induced by escalating doses of CdCl, for 24 h. Scale bar, 200 pm. (B)
Representative confocal images of TUNEL and DAPI staining in control and CdCl,-treated H9-ECs. Scale
bar, 200 pm. (C) Comparison of cell viability between control and CdCl,-treated H9-ECs. P < 0.01 and
“**P<0.0001. (D) Bar graph to compare the ratio of TUNEL/DAPI between control and CdCl,-treated cells.
“P<0.05, "P<0.01 and “""P<0.0001.

are susceptible to CdCl, induction, leading to detrimental changes of cell structure, reduced cell viability and
increased apoptosis.

Cadmium leads to endothelial dysfunction in H9-ECs. Having establishing the cell model of
cadmium-induced endothelial toxicity, we next determined if the function of H9-ECs altered with CdCl, induc-
tion. The CdCl,-treated H9-ECs showed significantly decreased tube formation capacity compared to con-
trol cells after 6 h, with reduced numbers of tube-like structures (Control: 62.00 4+ 1.83; CdCl,: 38.00 4-1.58)
and reduced tube length (Control: 579.00 mm/cm? + 12.66; CdCl,: 324.12 mm/cm? =+ 7.20) (Fig. 4A-C and
Supplemental Figure 11). Moreover, the CdCl,-treated H9-ECs showed decreased migration detected by a wound
closure scratch assay when compared to control cells (Control: 49.32% =+ 1.79; CdCl,: 10.53 £ 0.64) (Fig. 4D,E and
Supplemental Figure 12). There is no significant difference of cell proliferation between control and CdCl,-treated
cells (Supplemental Figure 13). Collectively, these results demonstrate that the H9-ECs exhibit a distinct endothe-
lial dysfunction phenotype in response to CdCl, treatment.

RNA-Seq analysis of CdCl2-treated H9-ECs. To further uncover the molecular mechanisms of
cadmium-induced endothelial toxicity in a human-based environment, we next performed genome-wide RNA
sequencing (RNA-Seq) by comparing paired control and CdCl,-treated H9-ECs from 3 independent endothelial
differentiations (Fig. 5A). Principal component analysis (PCA) revealed that CdCl,-treated samples clustered
separately from control ones (Fig. 5B). We observed that 1145 genes out of 19676 total genes (722 up-regulated,
and 423 down-regulated) were differentially expressed in CdCl,-treated H9-ECs when compared to control
cells (Fig. 5C). Among these, metallothionein isoforms including MT1A, MT1E, MT1G, MT1L, MT1X and
MT2A were dramatically up-regulated, which were associated with cadmium-induced cytotoxicity (Fig. 5D)%.
Noticeably, a cluster of heat shock protein member A (HSP70) gene family members including HSPA1A (also
named HSP70A), HSPA1B (also named HSP70B), HSPA5 and HSPA8 was amongst the genes up-regulated,
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Figure 3. Confirming cadmium-induced apoptosis in H9-ECs. (A-D). Left panel, western blot analysis of
Caspase 3, Caspase 9, Bax and Bcl2 expression in control and CdCl,-treated H9-ECs. GAPDH is used for the
loading control. Full-length blots are shown in Supplemental Figs 4-7; Right panel, bar graph to compare the
expression of Caspase 3, Caspase 9, Bax and Bcl2 between control and CdCl,-treated cells. "P < 0.05, P < 0.01.
(E). Left panel, western blot analysis of Bax-Mitochondria/Bax-cytosol in control and CdCl,-treated H9-ECs.
Full-length blots are shown in Supplemental Fig. 8; Right panel, bar graph to compare Bax-Mitochondria/
Bax-cytosol between control and CdCl,-treated cells. “P < 0.05. Bax-M and Bax-C denote Bax-Mitochondria
and Bax-Cytosol, respectively. (F). Left panel, western blot analysis of Cytochrome c-cytosol/Cytochrome
c-Mitochondria in control and CdCl,-treated H9-ECs. Full-length blots are shown in Supplemental Fig. 9;
Right panel, bar graph to compare Cytochrome c-cytosol/Cytochrome c-Mitochondria between control and
CdCl,-treated cells. “P < 0.05. Cytochrome c-M and Cytochrome c-C denote Cytochrome c-Mitochondria and
Cytochrome c-Cytosol, respectively. (G) Comparison of Caspase 3 activity between control and CdCl,-treated
H9-ECs. P <0.01.

which were associated with endothelial function (Fig. 5E)?”?%. Moreover, we identified growth arrest and
DNA-damage-inducible protein (GADD45) genes including GADD45A, GADD45B and GADD45G were also
significantly up-regulated, which have been implicated in stress signaling to activate several stress response kinase
such as P38 MAPK, thus resulting in apoptosis (Fig. 5F)%. Interestingly, gene ontology (GO) analysis revealed
that genes were positively enriched in “blood vessel development”, “blood vessel morphogenesis”, “vasculature
development”, “angiogenesis”, and “regulation of endothelial cell migration”, which are highly consistent with
observed CdCl,-induced EC dysfunction (Supplemental Figure 14). Ingenuity pathway analysis (IPA) demon-
strated significant up-regulation of mitogen-activated kinase (MAPK), as well as Wnt and ErbB signaling path-
ways (Fig. 5G-H).

P38 and ERK1/2 MAPK signaling pathways are critical to cadmium-induced cell apoptosis and
endothelial dysfunction in H9-ECs.  To test whether abnormal activation of MAPK (Extracellular sig-
nal-regulated kinases (ERK), P38 and c-Jun N-terminal kinases (JNK)), Wnt, or ErbB signaling pathway gave
rise to functional consequences, we therefore examined if inhibition of specific signaling pathways can rescue
CdCl,-induced apoptosis and endothelial dysfunction in H9-ECs. TUNEL assays were performed to detect cell
apoptosis and we found that ERK inhibitor PD0325901, P38 inhibitor SB203580, Wnt inhibitor IWR-1, or ErbB
inhibitor BIBX1382 significantly reduced the CdCl,-induced apoptosis, whereas JNK inhibitor SP600125 did not
(Fig. 6A,B and Supplemental Figure 15). Furthermore, the endothelial dysfunction phenotype of CdCl,-treated
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Figure 4. Cadmium leads to endothelial dysfunction in H9-ECs. (A) Representative images of tube formation
on matrigel in control and CdCl,-treated H9-ECs assessed at 6 h. (B) Bar graph to compare the number of tube-
like structures between control and CdCl,-treated cells. P < 0.0001. (C) Bar graph to compare tube length
between control and CdCl,-treated cells. “**P < 0.0001. (D) Representative images of wound closure in control
and CdCl,-treated H9-ECs assessed at 12 h. (E) Bar graph to compare the percentage of wound closure between
control and CdCl,-treated cells. **P < 0.0001.

H9-ECs was rescued by inhibition of P38 or ERK but not Wnt or ErbB, with restored tube formation (Fig. 7A-C
and Supplemental Figure 16) and migration capacities (Fig. 8A,B and Supplemental Figure 17) similar to con-
trol cells. These data were in line with previous studies in which MAPK signaling pathway may be involved in
cadmium-induced toxicity in mouse brain microvascular endothelial cells’**!. To confirm the enhanced acti-
vation of P38 and ERK signaling pathways, we next performed western blot to compare the protein expression
levels of phosphorylated P38 (p-P38) and phosphorylated ERK1/2 (p-ERK1/2). Consistently, CdCl,-treated
H9-ECs showed significantly higher levels of p-P38 and p-ERK1/2 compared to control cells, indicating acti-
vation of p38 and ERK signaling pathways in response to cadmium (Fig. 9A,B and Supplemental Figure 18,19).
However, when treated with SB203580, a selective P38 signaling pathway inhibitor by targeting MAPKAPK2 and
MAPKAPKS3, the cells demonstrated significantly reduced expression level of c-Myc, which is downstream target
of MAPKAPK2/MAPKAPKS3 (Fig. 9C and Supplemental Figure 20). Similarly, PD0325901 which specifically
inhibits ERK signaling pathway inhibitor by targeting ERK1/2, resulted in significantly decreased expression level
of p-ERK1/2 (Fig. 9D and Supplemental Figure 21). Taken together, our results indicate that P38 or ERK signaling
pathway is involved and critical to cadmium-induced EC apoptosis and dysfunction, and inhibition of P38 and
ERK effectively rescued CdCl,-induced endothelial toxicity in H9-ECs.

Discussion

Cadmium (Cd), a harmful heavy metal, results in vascular diseases such as atherosclerosis. Prior studies have
revealed that Cd induced endothelial cell (EC) death and dysfunction, supporting that EC is a primary target of
Cd-induced toxicity to cause severe pathologies of vascular diseases!'”'®. However, the molecular mechanisms of
Cd-induced EC toxicity remain unclear.

In this study, we used a human ESC-EC model to investigate the molecular mechanisms underlying the EC
apoptosis and dysfunction induced by cadmium exposure. We observed CdCl,-induced apoptosis at low dose of
0.1 M, suggesting that H9-EC model is susceptible to cadmium induction and could a suitable model to study
cadmium-induced EC toxicity. Our results showed that CdCl,-treated H9-ECs were susceptible to CdCl, induc-
tion and displayed detrimental changes of cell structure and significantly elevated level of apoptosis.
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Figure 5. RNA-Seq analysis of CdCl,-treated H9-ECs. (A) Heatmap demonstrating the differential gene
expression pattern between control and CdCl,-treated H9-ECs. (B) Principal component analysis (PCA)
revealed that CdCl,-treated samples clustered separately from control ones. (C) Top 20 genes showing the
greatest differences in expression between CdCl,-treated and control H9-ECs. Up-regulated genes are shown
in red and down-regulated genes are shown in blue. (C-E) Bar graphs to compare the FPKM values of
metallothionein (MT), HSP70, and GADD45 family genes between control and CdCl,-treated H9-ECs. (F)
Ingenuity pathway analysis (IPA) showing significantly altered signaling pathways in CdCl,-treated H9-ECs
compared to control cells. (G) Heatmap demonstrating the differential gene expression associated with MAPK
signaling pathway between control and CdCl,-treated H9-ECs.

We also identified cadmium-induced EC dysfunction in H9-ECs. CdCl,-treated H9-ECs demonstrated atten-
uated capacities of tube formation and migration, whereas proliferation was comparable between control and
CdCl,-treated H9-ECs. Our results provided a comprehensive investigation of the CdCl,-induced endothelial
phenotype, which recapitulated human endothelial physiology and enhanced our understanding of the mecha-
nism of CdCl,-induced endothelial toxicity.

An observation has not been previously reported was the transcriptomic feature in H9-ECs exposed to Cd.
We demonstrated a significantly differential gene expression profile in H9-ECs exposed to CdCl, when com-
pared to control cells, in which 722 genes were up-regulated and 423 were down-regulated. Among these, several
isoforms of metal binding protein metallothionein (MT1A, MT1E, MT1G, MTIL, MT1X and MT2A) and a
cluster of HSP70 gene family members (HSPA1A, HSPA1B, HSPA5 and HSPAS8) showed an increase in gene
expression, which may serve as cellular defensive mechanisms of ECs in response to cadmium?. Previous stud-
ies have investigated the signaling pathways associated with cadmium-induced apoptosis in different cell types
including ECs. Zhang et al. reported that NF-kB pathway plays an essential role in maintaining the survival of
Cd-exposed human renal glomerular endothelial cells**. Nazimabashir ef al. reported that grape seed proantho-
cyanidins attenuates cadmium-induced membrane disturbances, apoptosis and oxidative stress in rat cardiomy-
ocytes through Nrf2 signaling pathway*. Jiang et al. reported that MAPK and PI3K/Akt signaling pathways are
associated with cadmium-induced astrocyte cytotoxicity and cell death in mice®. Xu ef al. reported that MAPK
and mTOR signaling pathways are associated with cadmium-induced neuronal apoptosis in mice*®. Chen et al.
reported that CaMK II is involved in cadmium-induced activation of MAPK and mTOR pathways leading to
neuronal cell death”. Son et al. reported that cadmium induces intracellular Ca*" and H,0,-dependent apoptosis
through JNK- and P53-mediated pathways in mouse skin epidermal cell line®®. Zou et al. reported that salidro-
side protects against cadmium-induced hepatotoxicity in rats via GJIC and MAPK pathways®’. Importantly, we
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Figure 6. Rescuing CdCl,-induced cell apoptosis in H9-ECs using a panel of inhibitors. (A) Representative
confocal images showing the rescuing effect of CdCl,-induced apoptosis in H9-ECs by a panel of inhibitors to
block ERK, P38, JNK, Wnt and ErbB, respectively. (B) Bar graph to compare the ratio of TUNEL/DAPI between
different groups in (A). **P < 0.01, ****P < 0.0001, when compared to control cells; “***P < 0.0001, when
compared to CdCl,-treated cells.

demonstrated that MAPK, Wnt and ErbB signaling pathways were markedly altered. Moreover, using specific
blocker to inhibit certain pathway, we found that inhibition of ERK, P38, Wnt, or ErbB effectively protected the
CdCl,-induced apoptosis in H9-ECs detected by TUNEL assay. This is in line with previous evidence that P38
signaling pathway is activated in cadmium-induced cell apoptosis. Interestingly, P38 or ERK but not Wnt or
ErbB inhibitor effectively rescued EC dysfunction phenotype, with restored tube formation as well as migration
capacities. Overall, our results highlighted the ability of H9-ECs to provide insight into the abnormal EC function
phenotype in response to cadmium, which may be mediated through P38 and ERK signaling pathways.

In summary, our data provided insight into cellular mechanisms of cadmium-induced endothelial cell toxicity.
We identified CdCl,-treated H9-EC phenotypic features including elevated level of apoptosis, attenuated capac-
ity of tube formation, attenuated capacity of migration, and differential transcriptomic profile. We highlighted
P38 and ERK signaling pathway was markedly elevated in CdCl,-treated H9-ECs and inhibition of P38 and
ERK effectively rescued the EC apoptosis and dysfunction induced by cadmium. Our model provided improved
knowledge of cellular phenotype associated with Cd-induced EC toxicity, allowing us to enhance the understand-
ing of Cd-induced vascular disease mechanisms and screen therapeutic drug targets.

Methods

Culture and maintenance of H9. H9 human embryonic stem cells (hESCs) were obtained from WiCELL
(Madison, WI) and were chosen for use in this study. H9 hESCs were maintained in feeder-free mTeSR1
(STEMCELL) media on matrigel-coated (BD Biosciences) plates at 37 °C with 5% (vol/vol) CO,. The media were
daily changed and cells were passaged every 3—4 days using accutase (StemPro).

Differentiation of H9-derived endothelial cells. H9 hESCs were differentiated into endothelial cells
(ECs) using a 2D monolayer differentiation protocol as previously described*’. On day 0, H9 were placed in
differentiation medium (RPMI and B-27 supplement minus insulin) (GIBCO) with 6 pM CHIR-99021 (Axon
Medchem) for 2 days, followed by differentiation medium with 3 pM CHIR-99021 for another 2 days. On Day 4,
the medium was changed to differentiation medium with 50 ng/ml vascular endothelial growth factor (VEGF;
PeproTech) and 10 ng/ml fibroblast growth factor basic (FGF-b; PeproTech) for 5 days. On Day 9, H9-ECs were
sorted for CD144" by MACS and cultured in EGM-2 medium (Lonza) on gelatin-coated plates.
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Figure 7. P38 and ERK signaling pathways are critical to cadmium-induced tube formation dysfunction in
H9-ECs. (A) Representative confocal images showing the rescuing effect of CdCl,-induced tube formation
dysfunction phenotype in H9-ECs by a panel of inhibitors to block ERK, P38, Wnt and ErbB, respectively. (B-
C) Bar graphs to compare the number of tube-like structures and tube length between different groups in (A).
P <0.001, "*P < 0.0001, when compared to control cells; “P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001,
when compared to CdCl,-treated cells.

Cell viability assay. H9-ECs were cultured in 96-well plate and cell viability analyses were performed using
CCK8-based in vitro cell proliferation and cytotoxicity assay kit (Beyotime) according to the manufacturer’s
instructions. Cells were incubated in the presence of 10 il CCK8 reagent per well for 3h. Absorbance at 450 nm
was measured using a MD M5 SpectraMax reader (Molecular Devices).

TUNEL assay. We detected apoptosis by TUNEL (Terminal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphase nick labeling) assay using an In-situ Cell Death Detection Kit (Roche) in accordance with
the manufacturer’s instructions. H9-ECs were fixed with paraformaldehyde for 1h, permeabilized with 0.1%
Triton-X, and incubated with TUNEL reaction mixture for 1 h at 37°C, and then incubated with nuclei fluores-
cent dye DAPI (Roche) for 5min at room temperature. Images were collected and analyzed using Nikon TS100
series of inverted microscope.

Caspase 3 activity assay. H9-ECs were cultured in 6-well plates. Caspase 3 activities were performed using
Caspase 3 Assay Kit (Beyotime) according to the manufacturer’s instructions. Standard curve of pNA (p-nitroaniline)
concentration relative to A405 was firstly generated. At least 1 x 107 cells were collected by centrifugation at 600g for
5min at 4°C. The cell pellets were washed with DPBS and re-suspended in 1 lysis buffer at a concentration of 100l
per 2 x 107 cells, incubated on ice for 15 min and then centrifuged at 16000-20000 g for 15 min at 4°C. Concentration
of proteins was measured by Bradford method. Appropriate amount of protein was put in a 96-well plate and 10l of
Ac-DEVD-pNA (acetyl-Asp-Glu-Val-Asp p-nitroanilide) (2mM) was added per well, and then incubated for 2h at
37°C. Absorbance at 405 nm was read using a MD M5 SpectraMax reader (Molecular Devices).

Cell cycle and apoptosis assay. H9-ECs were cultured in 6-well plates and cell cycle and apoptosis was
detected using a Cell Cycle and Apoptosis Analysis Kit (Beyotime) according to the manufacturer’s instructions. At
least 1 x 10° cells were collected by centrifugation at 1000g for 5min. Cell pellets were then washed with iced DPBS,
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Figure 8. P38 and ERK signaling pathways are critical to cadmium-induced migration dysfunction in H9-
ECs. (A) Representative confocal images showing the rescuing effect of CdCl,-induced migration dysfunction
phenotype in H9-ECs by a panel of inhibitors to block ERK, P38, Wnt and ErbB, respectively. (B) Bar graph to
compare the percentage of wound closure between different groups in (A). **P < 0.001, ****P < 0.0001, when
compared to control cells; “P < 0.05, P < 0.01, *#P < 0.0001, when compared to CdCl,-treated cells.

re-suspended and fixed with 70% ethanol for 24 h. After centrifugation again, the cell pellets were re-suspended
with 0.5 ml Propidium Iodide (PI) per tube and incubated in dark room for 30 min at 37 °C. The red fluorescence
at 488 nm was detected by flow cytometry (Cytoflex). Images were collected and analyzed using Flowjo.7.6.1.Min.

Tube formation assay. 200l matrigel was plated in one well of 24-well plates and incubated for 30 min at
37°C. 3 x 10* H9-ECs were seeded and the formation of cord-like structures was assessed in 6 hours. 3-5 random
fields in each well were imaged and counted under 10x phase contrast microscope and 3 independent experi-
ments were performed in this study. The data were analyzed using Image ] software. Specifically, we quantify the
tube network by measuring the following two parameters: number of tubes, length of tubes. We choose a con-
nection between two branch nodes as a tube, then mark all the tubes numerically, and the total number of tubes
is counted. Angiogenesis Analyzer pluginl6 in Image J software is utilized for quantification of tube network.
Regarding analyzing the length of tubes, the graphs with marked number are opened by Image J and the length
of tubes are measured manually using the length measurement function of Image J. The length of each tube is the
distance between the two branch nodes, and the total length of tubes can be obtained by adding length of each
tube together. Four representative images were used for the analyses in each experiment and three independent
experiments were performed in this study.

Cell proliferation assay. The cell proliferation assay was used to analyze the proliferation of endothelial
cells following the manufacturer’s protocols (Cell Signaling Technology). The H9-ECs were incubated in EGM-2
medium along with BrdU solution for 6 hours at 37 °C. HRP conjugate substrate was subsequently added and the
absorbance was read at 450 nm by MD M5 SpectraMax (Molecular Devices). All experiments were performed in
triplicates and data were analyzed using GraphPad Prism 6.

Wound healing assay. 1 x 10° H9-ECs were seeded in one well of 24-well plates overnight in EGM-2
medium with or without CdCl,. A linear scratch was generated by a sterile 200-ul plastic tip. Images were col-
lected at 0h and 12h in each well and data were analyzed by Image J.

Immunofluorescence staining. Cells were fixed with 4% paraformaldehyde for 15 min, permeabilized
with 0.2% Triton X for 5min, and blocked with 3% BSA for 1hours. Cells were subsequently stained with
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Figure 9. Suppression of elevated protein expression of P38 or ERK1/2 in H9-ECs induced by CdCl, by targeting
P38 or ERK signaling pathway. (A) Left panel, western blot analysis of p-ERK expression in control and CdCl,-
treated H9-ECs. GAPDH is used for the loading control. Full-length blots are shown in Supplemental Figure 18;
Right panel, bar graph to compare the p-ERK expression between control and CdCl,-treated cells. P < 0.01. (B)
Left panel, western blot analysis of p-P38 expression in control and CdCl,-treated H9-ECs. GAPDH is used for
the loading control. Full-length blots are shown in Supplemental Figure 19; Right panel, bar graph to compare
the p-P38 expression between control and CdCl,-treated cells. "P < 0.05. (C) Left panel, representative gel

image showing PD0325901 (ERKi, ERK signaling pathway inhibitor) significantly decreased the CdCl,-induced
elevated expression of p-ERK in H9-ECs. GAPDH is used for the loading control. Full-length blots are shown

in Supplemental Figure 20; Right panel, bar graph to compare the p-ERK expression between different groups.
"P<0.05,”P<0.01, when compared to control cells; P < 0.01, when compared to CdCl,-treated cells. (D) Left
panel, representative gel image showing SB203580 (P38i, P38 signaling pathway inhibitor) significantly decreased
the CdCl,-induced elevated expression of c-Myc in H9-ECs. GAPDH is used for the loading control. Full-length
blots are shown in Supplemental Figure 21; Right panel, bar graph to compare the c-Myc expression between
different groups. *P < 0.05, when compared to control cells; P < 0.01, when compared to CdCl,-treated cells.

appropriate primary antibodies (Abcam) and AlexaFluor conjugated secondary antibodies (Santa Cruz). Nuclei
were stained with DAPI (Roche). The primary antibodies OCT4 (Santa Cruz), NANOG (Santa Cruz), SSEA-4
(Abcam) and SOX2 (Abcam) were used for pluripotency staining of undifferentiated H9 cells. The primary anti-
body of CD144 (Abcam) was used for staining of H9-ECs. H9-ECs were also stained with Dil-Ac-LDL (Thermo
Fisher Scientific). Images were collected using an inverted confocal microscope (Nikon) and NIS-Elements AR
software.

Mitochondria/cytosol fractionation of H9-ECs.  H9-ECs were cultured in T75 flasks, and 5 x 107 cells
were collected by centrifugation at 100-200 g for 5-10 min at room temperature. Mitochondria/cytosol fraction-
ation was performed using a Mitochondria/Cytosol Fractionation Kit (Beyotime) according to the manufacturer’s
instructions. Cells were re-suspended with 1 ml of 1 x Cytosol Extraction Buffer Mix containing 1 mM PMSE,
homogenized and then centrifuged at 600 g for 10 min at 4 °C. The supernatant was carefully collected which is
a mixture of mitochondrial and cytoplasmic protein. Next, the supernatant was transferred to a new 1.5ml tube,
and centrifuged at 11,000 g for 10 min at 4 °C. The supernatant was collected and the pellet was saved. The super-
natant was then transferred to a new 1.5 ml tube and centrifuged at 12,000 g for 10 min at 4 °C. The Supernatant is
cytoplasmic protein. Mitochondrial protein lysate was obtained by re-suspending the saved pellet with 100 pl of
the Mitochondrial Extraction Buffer Mix containing 1 mM PMSE.

Western blot. H9-ECs were grown in 6-well plates to 80% confluence and detached with TrypLE (Gibco).
Cells were pelleted at 12000 rpm for 3-5min at 4 °C. After washing with DPBS, the pellets were re-suspended in
50-100pl lysis buffer. Lysates were placed on ice for 30 min and then the supernatants were collected after cen-
trifuging at 12000 rpm for 5min. Protein concentration was measured by a BCA kit (Pierce). Western blot was
performed using standard protocol with the following antibodies: Caspase 3 (Cell Signaling Technology, 1:1000),
Caspase 9 (Beyotime, 1:1000), Bax (Cell Signaling Technology, 1:1000), Cytochrome ¢ (Beyotime, 1:200), Bcl2

SCIENTIFICREPORTS |7: 14811 | DOI:10.1038/s41598-017-13694-5

10


http://18
http://19
http://20
http://21

www.nature.com/scientificreports/

(Santa Cruz Biotechnology, 1:200), ERK1/2 (Cell Signaling Technology, 1:1000), P38 (Cell Signaling Technology,
1:1000), c-Myc (Cell Signaling Technology, 1:1000).

RNA-Sequencing. RNA purity was checked using the Nano Photometer® spectrophotometer (IMPLEN), and
RNA concentration was measured using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life Technologies). RNA
integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies).
The transcriptome library for sequencing was generated using VAHTSTMmRNA-seq v2 Library Prep Kit for
lumina® (Vazyme Biotech) following the manufacturer’s recommendations. The clustering of the index-coded
samples was used VAHTS RNA Adapters setl/set2 for llumina® (Vazyme Biotech) according to the manufactur-
er’s instructions. After clustering, the libraries were sequenced on Illumina HiseqXTen platform using (2 x 150bp)
paired-end module. The raw images were transformed into raw reads by base calling using CASAVA (http://www.
illumina.com/support/documentation.ilmn). Then, raw reads in a fastq format were first processed using in-house
perl scripts. Clean reads were obtained by removing reads with adapters, reads in which unknown bases were more
than 5% and low quality reads (the percentage of low quality bases was over 50% in a read, we defined the low quality
base to be the base whose sequencing quality was no more than 10). At the same time, Q20, Q30, GC content of
the clean data were calculated. After initial quality control, the clean reads were mapped to the reference sequence
by using TopHat2 software (v2.1.1). The alignment files generated by TopHat2 were input to the Cufflinks software
(v2.2.1), which is a program for the comparative assembly of transcripts and the estimation of their abundance in a
transcriptome sequencing experiment by using the measurement unit FPKM (fragments per kilobase of transcript
per million mapped reads). After using Cuffmerge program to merge transcripts of each sample in different materi-
als and stages into a single gtf file that was used to identify differentially expressed genes, we used Cuftdiff program
to find DEGs (differentially expressed genes). The differentially expressed genes were identified with q value <0.05
and a fold-change of >2 between two samples. Furthermore, cluster analysis, Gene Ontology (GO) enrichment
analysis (GO:TermFinder), Pathway enrichment analysis (KOBAS) and Protein interaction analysis (based on
StringDBdatabase) of differentially expressed genes were implemented if necessary.

Compounds and solutions. Cadmium chloride (CdCl,) was purchased from Sigma-Aldrich, and stock
solutions were prepared in 100 mM in H,0. When CdCl, induction performed, a new vial of stock solution was
used and dilutions were prepared within 30 min of induction. SB203580 (Selleck), PD0325901 (Selleck), SP600125
(Selleck), IWR-1 (Medchem Axon), and BIBX1382 (Sigma) were used in the signaling pathway analysis.

Statistical analysis. Statistical significance was determined by unpaired two-tailed Student’s t-test to com-
pare two groups and by One-way ANOVA to compare multiple groups. A p value of < 0.05 was considered sta-
tistical significant. Data were shown as mean =+ sem and analyzed by GraphPad Prism 6 (GraphPad Software).

References

1. Chaudhary, S., Iram, S., Raisuddin, S. & Parvez, S. Manganese pre-treatment attenuates cadmium induced hepatotoxicity in Swiss
albino mice. Journal of trace elements in medicine and biology: organ of the Society for Minerals and Trace Elements 29, 284-288,
https://doi.org/10.1016/j.jtemb.2014.06.013 (2015).

2. Recknagel, S., Radant, H. & Kohlmeyer, R. Survey of mercury, cadmium and lead content of household batteries. Waste management
34, 156-161, https://doi.org/10.1016/j.wasman.2013.09.024 (2014).

3. Bandow, N. & Simon, F. G. Significance of cadmium from artists’ paints to agricultural soil and the food chain. Environmental
sciences Europe 28, 12, https://doi.org/10.1186/s12302-016-0077-6 (2016).

4. Lee, C. H. & Hsi, C. S. Recycling of scrap cathode ray tubes. Environmental science & technology 36, 69-75 (2002).

5. Naik, U. C,, Srivastava, S. & Thakur, I. S. Isolation and characterization of Bacillus cereus IST105 from electroplating effluent for
detoxification of hexavalent chromium. Environmental science and pollution research international 19, 3005-3014, https://doi.
0rg/10.1007/s11356-012-0811-6 (2011).

6. Luciano, A. M. et al. Transferability and inter-laboratory variability assessment of the in vitro bovine oocyte maturation (IVM) test
within ReProTect. Reproductive toxicology 30, 81-88, https://doi.org/10.1016/j.reprotox.2010.01.015 (2010).

7. Shi, Z. et al. Association between dietary patterns, cadmium intake and chronic kidney disease among adults. Clinical nutrition,
doi:https://doi.org/10.1016/j.cInu.2016.12.025 (2017).

8. Jarup, L. & Akesson, A. Current status of cadmium as an environmental health problem. Toxicology and applied pharmacology 238,
201-208, https://doi.org/10.1016/j.taap.2009.04.020 (2009).

9. Lin, Y. C. et al. Association between soil heavy metals and fatty liver disease in men in Taiwan: a cross sectional study. BM] open 7,
€014215, https://doi.org/10.1136/bmjopen-2016-014215 (2017).

10. Liao, Y. et al. Changes in Trace Element Contents and Morphology in Bones of Duck Exposed to Molybdenum or/and Cadmium.
Biological trace element research 175, 449-457, https://doi.org/10.1007/s12011-016-0778-0 (2017).

11. Lee, J. Y. et al. Different Regulation of p53 Expression by Cadmium Exposure in Kidney, Liver, Intestine, Vasculature, and Brain
Astrocytes. Toxicological research 32, 73-80, https://doi.org/10.5487/TR.2016.32.1.073 (2016).

12. Larsson, S. C. & Wolk, A. Urinary cadmium and mortality from all causes, cancer and cardiovascular disease in the general
population: systematic review and meta-analysis of cohort studies. International journal of epidemiology 45, 782-791, https://doi.
org/10.1093/ije/dyv086 (2016).

13. Niknafs, B., Salehnia, M. & Kamkar, M. Induction and determination of apoptotic and necrotic cell death by cadmium chloride in
testis tissue of mouse. Journal of reproduction & infertility 16,24-29 (2015).

14. Skipper, A., Sims, J. N., Yedjou, C. G. & Tchounwou, P. B. Cadmium Chloride Induces DNA Damage and Apoptosis of Human Liver
Carcinoma Cells via Oxidative Stress. International journal of environmental research and public health 13, doi:https://doi.
org/10.3390/ijerph13010088 (2016).

15. Arriazu, R., Duran, E., Pozuelo, ]. M. & Santamaria, L. Expression of lysophosphatidic acid receptor 1 and relation with cell
proliferation, apoptosis, and angiogenesis on preneoplastic changes induced by cadmium chloride in the rat ventral prostate. PloS
one 8, €57742, https://doi.org/10.1371/journal.pone.0057742 (2013).

16. Song, N. H. & Koh, J. W. Effects of cadmium chloride on the cultured human lens epithelial cells. Molecular vision 18, 983-988 (2012).

17. Messner, B. et al. Cadmium is a novel and independent risk factor for early atherosclerosis mechanisms and in vivo relevance.
Arteriosclerosis, thrombosis, and vascular biology 29, 13921398, https://doi.org/10.1161/ATVBAHA.109.190082 (2009).

18. Fagerberg, B. et al. Cadmium exposure and atherosclerotic carotid plaques-results from the Malmo diet and Cancer study.
Environmental research 136, 67-74, https://doi.org/10.1016/j.envres.2014.11.004 (2015).

SCIENTIFICREPORTS |7: 14811 | DOI:10.1038/s41598-017-13694-5 11


http://www.illumina.com/support/documentation.ilmn
http://www.illumina.com/support/documentation.ilmn
http://dx.doi.org/10.1016/j.jtemb.2014.06.013
http://dx.doi.org/10.1016/j.wasman.2013.09.024
http://dx.doi.org/10.1186/s12302-016-0077-6
http://dx.doi.org/10.1007/s11356-012-0811-6
http://dx.doi.org/10.1007/s11356-012-0811-6
http://dx.doi.org/10.1016/j.reprotox.2010.01.015
http://dx.doi.org/10.1016/j.clnu.2016.12.025
http://dx.doi.org/10.1016/j.taap.2009.04.020
http://dx.doi.org/10.1136/bmjopen-2016-014215
http://dx.doi.org/10.1007/s12011-016-0778-0
http://dx.doi.org/10.5487/TR.2016.32.1.073
http://dx.doi.org/10.1093/ije/dyv086
http://dx.doi.org/10.1093/ije/dyv086
http://dx.doi.org/10.3390/ijerph13010088
http://dx.doi.org/10.3390/ijerph13010088
http://dx.doi.org/10.1371/journal.pone.0057742
http://dx.doi.org/10.1161/ATVBAHA.109.190082
http://dx.doi.org/10.1016/j.envres.2014.11.004

www.nature.com/scientificreports/

19. Nadig, R. R. Stem cell therapy - Hype or hope? A review. Journal of conservative dentistry: JCD 12, 131-138, https://doi.
0rg/10.4103/0972-0707.58329 (2009).

20. Khazaei, M., Ahuja, C. S. & Fehlings, M. G. Induced Pluripotent Stem Cells for Traumatic Spinal CordInjury. Frontiers in cell and
developmental biology 4, 152, https://doi.org/10.3389/fcell.2016.00152 (2016).

21. Iseki, M. et al. Human Muse cells, non-tumorigenic pluripotent-like stem cells, have the capacity for liver regeneration by specific
homing and replenishment of new hepatocytes in liver fibrosis mouse model. Cell transplantation, doi:https://doi.org/10.3727/0963
68916X693662 (2016).

22. Chen, E M., Zhao, Y. M,, Jin, Y. & Shi, S. Prospects for translational regenerative medicine. Biotechnology advances 30, 658-672,
https://doi.org/10.1016/j.biotechadv.2011.11.005 (2012).

23. Gu, M. et al. Patient-Specific iPSC-Derived Endothelial Cells Uncover Pathways that Protect against Pulmonary Hypertension in
BMPR2 Mutation Carriers. Cell stem cell 20, 490-504 495, https://doi.org/10.1016/j.stem.2016.08.019 (2017).

24. Hosoya, M. & Czysz, K. Translational Prospects and Challenges in Human Induced Pluripotent Stem Cell Research in Drug
Discovery. Cells 5, doi:https://doi.org/10.3390/cells5040046 (2016).

25. Seta, H., Matsuura, K., Sekine, H., Yamazaki, K. & Shimizu, T. Tubular Cardiac Tissues Derived from Human Induced Pluripotent
Stem Cells Generate Pulse Pressureln Vivo. Scientific reports 7, 45499, https://doi.org/10.1038/srep45499 (2017).

26. Adebambo, O. A., Ray, P. D., Shea, D. & Fry, R. C. Toxicological responses of environmental mixtures: Environmental metal mixtures
display synergistic induction of metal-responsive and oxidative stress genes in placental cells. Toxicology and applied pharmacology
289, 534-541, https://doi.org/10.1016/j.taap.2015.10.005 (2015).

27. Liu, Y. et al. HSP70 is associated with endothelial activation in placental vascular diseases. Molecular medicine 14, 561-566, https://
doi.org/10.2119/2008-00009.Liu (2008).

28. McCullagh, K. J., Cooney, R. & O’Brien, T. Endothelial nitric oxide synthase induces heat shock protein HSPA6 (HSP70B’) in human
arterial smooth muscle cells. Nitric oxide: biology and chemistry 52, 41-48, https://doi.org/10.1016/j.niox.2015.11.002 (2016).

29. Liebermann, D. A. et al. Gadd45 stress sensors in malignancy and leukemia. Critical reviews in oncogenesis 16, 129-140 (2011).

30. Jung, Y. S. et al. Cadmium induces apoptotic cell death through p38 MAPK in brain microvessel endothelial cells. European journal
of pharmacology 578, 11-18, https://doi.org/10.1016/j.ejphar.2007.08.049 (2008).

31. Park, S. L. et al. Cadmium stimulates the expression of vascular cell adhesion molecule-1 (VCAM-1) via p38 mitogen-activated protein
kinase (MAPK) and JNK activation in cerebrovascular endothelial cells. Journal of pharmacological sciences 110, 405-409 (2009).

32. Hung, J. ], Cheng, T. ], Lai, Y. K. & Chang, M. D. Differential activation of p38 mitogen-activated protein kinase and extracellular
signal-regulated protein kinases confers cadmium-induced HSP70 expression in 9L rat brain tumor cells. ] Biol Chem 273,
31924-31931 (1998).

33. Zhang, H. et al. NF-kappaB signaling maintains the survival of cadmium-exposed human renal glomerular endothelial cells. Int |
Mol Med 38, 417-422, https://doi.org/10.3892/ijmm.2016.2640 (2016).

34. Nazimabashir, M. V. & Miltonprabu, S. Cadmium induced cardiac oxidative stress in rats and its attenuation by GSP through the
activation of Nrf2 signaling pathway. Chem Biol Interact 242, 179-193, https://doi.org/10.1016/j.cbi.2015.10.005 (2015).

35. Jiang, J. H. et al. Calcium Signaling Involvement in Cadmium-Induced Astrocyte Cytotoxicity and Cell Death Through Activation
of MAPK and PI3K/AKkt Signaling Pathways. Neurochem Res 40, 1929-1944, https://doi.org/10.1007/s11064-015-1686-y (2015).

36. Xu, B. et al. Calcium signaling is involved in cadmium-induced neuronal apoptosis via induction of reactive oxygen species and
activation of MAPK/mTOR network. PloS one 6, 19052, https://doi.org/10.1371/journal.pone.0019052 (2011).

37. Chen, S. et al. CaMKII is involved in cadmium activation of MAPK and mTOR pathways leading to neuronal cell death. J Neurochem
119, 1108-1118, https://doi.org/10.1111/j.1471-4159.2011.07493.x (2011).

38. Son, Y. O. et al. Cadmium induces intracellular Ca2 + - and H202-dependent apoptosis through JNK- and p53-mediated pathways
in skin epidermal cell line. Toxicol Sci 113, 127-137, https://doi.org/10.1093/toxsci/kfp259 (2010).

39. Zou, H. et al. Salidroside Protects against Cadmium-Induced Hepatotoxicity in Rats via GJIC and MAPK Pathways. PloS one 10,
€0129788, https://doi.org/10.1371/journal.pone.0129788 (2015).

40. Sa, S. et al. Induced Pluripotent Stem Cell Model of Pulmonary Arterial Hypertension Reveals Novel Gene Expression and Patient
Specificity. American journal of respiratory and critical care medicine 195, 930-941, https://doi.org/10.1164/rccm.201606-12000C (2017).

Acknowledgements

We thank Dr. Arun Sharma for helpful comments on this manuscript. We would like to thank the core facilities of
Institute of Translational Medicine of Zhejiang University for assistance with flow cytometry and confocal microscopy
experiments. This work was supported by the National Key R&D Program of China 2017YFA0103700 (P.L.), the
National Natural Science Foundation of China (No. 31571528) (P.L.), the National Natural Science Foundation
of Zhejiang Province (No. LR15H020001) (P.L.), the Recruitment Program of Global Experts of the Organization
Department of the Central Committee of the CPC (PL.). PL. also thanks Tiffany Tingyu Gong for consistent support.

Author Contributions
PL. designed and supervised the study. L.T. and J.S. performed the experiments and analyzed data. L.T., ].S. and
PL. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13694-5.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 14811 | DOI:10.1038/s41598-017-13694-5 12


http://dx.doi.org/10.4103/0972-0707.58329
http://dx.doi.org/10.4103/0972-0707.58329
http://dx.doi.org/10.3389/fcell.2016.00152
http://dx.doi.org/10.3727/096368916X693662
http://dx.doi.org/10.3727/096368916X693662
http://dx.doi.org/10.1016/j.biotechadv.2011.11.005
http://dx.doi.org/10.1016/j.stem.2016.08.019
http://dx.doi.org/10.3390/cells5040046
http://dx.doi.org/10.1038/srep45499
http://dx.doi.org/10.1016/j.taap.2015.10.005
http://dx.doi.org/10.2119/2008-00009.Liu
http://dx.doi.org/10.2119/2008-00009.Liu
http://dx.doi.org/10.1016/j.niox.2015.11.002
http://dx.doi.org/10.1016/j.ejphar.2007.08.049
http://dx.doi.org/10.3892/ijmm.2016.2640
http://dx.doi.org/10.1016/j.cbi.2015.10.005
http://dx.doi.org/10.1007/s11064-015-1686-y
http://dx.doi.org/10.1371/journal.pone.0019052
http://dx.doi.org/10.1111/j.1471-4159.2011.07493.x
http://dx.doi.org/10.1093/toxsci/kfp259
http://dx.doi.org/10.1371/journal.pone.0129788
http://dx.doi.org/10.1164/rccm.201606-1200OC
http://dx.doi.org/10.1038/s41598-017-13694-5
http://creativecommons.org/licenses/by/4.0/

	Modeling cadmium-induced endothelial toxicity using human pluripotent stem cell-derived endothelial cells

	RESULTS

	Generation and characterization of endothelial cells derived from H9 embryonic stem cells. 
	Cadmium induces cell damage and apoptosis in H9-ECs. 
	Cadmium leads to endothelial dysfunction in H9-ECs. 
	RNA-Seq analysis of CdCl2-treated H9-ECs. 
	P38 and ERK1/2 MAPK signaling pathways are critical to cadmium-induced cell apoptosis and endothelial dysfunction in H9-ECs ...

	Discussion

	Methods

	Culture and maintenance of H9. 
	Differentiation of H9-derived endothelial cells. 
	Cell viability assay. 
	TUNEL assay. 
	Caspase 3 activity assay. 
	Cell cycle and apoptosis assay. 
	Tube formation assay. 
	Cell proliferation assay. 
	Wound healing assay. 
	Immunofluorescence staining. 
	Mitochondria/cytosol fractionation of H9-ECs. 
	Western blot. 
	RNA-Sequencing. 
	Compounds and solutions. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Generation and characterization of endothelial cells derived from H9 human embryonic stem cells.
	Figure 2 Cadmium induces cell damage and apoptosis in H9-ECs.
	Figure 3 Confirming cadmium-induced apoptosis in H9-ECs.
	Figure 4 Cadmium leads to endothelial dysfunction in H9-ECs.
	Figure 5 RNA-Seq analysis of CdCl2-treated H9-ECs.
	Figure 6 Rescuing CdCl2-induced cell apoptosis in H9-ECs using a panel of inhibitors.
	Figure 7 P38 and ERK signaling pathways are critical to cadmium-induced tube formation dysfunction in H9-ECs.
	Figure 8 P38 and ERK signaling pathways are critical to cadmium-induced migration dysfunction in H9-ECs.
	Figure 9 Suppression of elevated protein expression of P38 or ERK1/2 in H9-ECs induced by CdCl2 by targeting P38 or ERK signaling pathway.




