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Abstract 

The discovery of induced pluripotent stem cells (iPSCs) and advancements in genome 

editing technology introduced a new perspective to disease modeling as genetic factors 

can now be incorporated to mimic the pathology of interest. Ischemia and age-driven 

impairment of endothelium is one of the very important factors in the prognosis of many 

diseases as it leads to decreased angiogenic response and is shown to be related to age-

dependent decrease in HIF-1α expression levels in endothelial cells. However, there are no 

models that show the characteristic age and ischemia-driven deterioration of the 

endothelium with both the functional and genetic mimicry. Here, we developed a 3D in 

vitro tissue model comprised of human-origin iPSC-derived endothelial cells (iECs) which 

were CRISPR/Cas9 edited for HIF-1A knockout. Confirmed with a significant decrease in 

HIF-1α mRNA and protein content, our CRISPR/Cas9 edited tissue models showed 

disrupted oxygen-controlled stabilization of HIF-1α evidenced by decreased viability, 2D 

tube formation and 3D lumen formation along with increased mitochondrial ROS 

accumulation under ischemia, mimicking the age-driven impairment in endothelial 

function. hiPSC-based tissue and disease models such as the one presented here are 

promising to study human disease in a physiologically and pathologically-relevant manner 

and to develop new therapies.    

Impact Statement 

Modeling human disease as precisely as possible is of upmost importance in understanding 

the underlying pathology and discovering effective therapies. Therefore, disease models 

that are highly controlled and comprised of human-origin cells that present the disease 

phenotype are crucial. The hiPSC-based tissue model we present here is an important 

example of human-origin tissue model with controlled gene expression. Through 

CRISPR/Cas9 editing of HIF-1α in hiPSCs, we developed tissue models that show the age 

and disease-dependent endothelial deterioration. This model holds promise for various 

biomedical applications as more realistic disease phenotypes can be created using fully 

human-origin platforms.   

 

D
o
w

n
lo

ad
ed

 b
y
 U

n
iv

 N
o
tr

e 
D

am
e 

fr
o
m

 w
w

w
.l

ie
b
er

tp
u
b
.c

o
m

 a
t 

0
2
/2

7
/1

9
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

. 



Page 3 of 30 
 
 
 

3 

Ti
ss

ue
 E

ng
in

ee
rin

g 
CR

IS
PR

/C
as

9 
ed

ite
d 

hi
PS

C-
ba

se
d 

va
sc

ul
ar

 ti
ss

ue
s t

o 
m

od
el

 a
gi

ng
 a

nd
 d

ise
as

e-
de

pe
nd

en
t i

m
pa

irm
en

t (
DO

I: 
10

.1
08

9/
te

n.
TE

A.
20

18
.0

27
1)

 
Th

is 
pa

pe
r h

as
 b

ee
n 

pe
er

-re
vi

ew
ed

 a
nd

 a
cc

ep
te

d 
fo

r p
ub

lic
at

io
n,

 b
ut

 h
as

 y
et

 to
 u

nd
er

go
 co

py
ed

iti
ng

 a
nd

 p
ro

of
 co

rr
ec

tio
n.

 T
he

 fi
na

l p
ub

lis
he

d 
ve

rs
io

n 
m

ay
 d

iff
er

 fr
om

 th
is 

pr
oo

f. 

Introduction 

Development of effective treatments for human diseases is only possible through a 

detailed understanding of the genetic and environmental factors contributing to each 

disease condition precisely. Although animal models are inevitably essential for safety 

testing and understanding the systemic response, the evident differences between 

different species render it difficult to solely depend on this data for developing effective 

treatments. Hence, engineered tissue models using human cells have been investigated as 

an alternate and complementary platform. However, not all human cell types are readily 

available and the human adult stem cells have limited differentiation potential. Luckily, 

reprogrammed cells, called induced pluripotent stem cells (iPSCs), carry the potential to 

form all 3 germ layers and can subsequently be directed to various lineages via 

manipulation of different molecular pathways.  

 

Following their discovery, the iPSCs rapidly found many applications in tissue and disease 

modeling and the use of various genome editing technologies broadened their 

applications. Through genome editing, precise mutations can be introduced or can be 

corrected for understanding the function of a gene as well as investigating potential 

therapies for genetic diseases. Clustered regulatory interspaced short palindromic repeat 

(CRISPR)/Cas9 endonuclease technology is one of the most preferred methods of gene 

editing of the iPSCs. The site recognition for DNA binding of this nuclease is guided by RNA 

sequences, avoiding the need for the nuclease itself to be redesigned for each target. 

Therefore, the ease of designing different RNA sequences as well as the ability to target 

multiple sequences simultaneously has led to the wide use of CRISPRs1,2. CRISPR/Cas9-

mediated genome editing has been used in correcting or modeling various diseases in vivo3 

and in vitro such as cataract4, tyrosinemia5, polycystic kidney disease6, chronic 

granulomatous disease7, Barth syndrome8 and Huntington’s disease9.  

   

Ischemia is an important risk factor in development and prognosis of many diseases. 

Hypoxia inducible factor 1 (HIF-1), a heterodimeric transcription factor, is known to be a 

major player in oxygen homeostasis in cells and tissues10–12. It is composed of HIF-1α and 
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HIF-1β subunits, which dimerize in the nucleus following the nuclear localization of HIF-1α 

subunit, under hypoxia. This oxygen-dependent regulation renders HIF-1α crucial for 

tissues’ adaptation to ischemia and for induction of angiogenesis13. Involvement of HIF-1 

has been shown in various disease pathologies, including but not limited to myocardial 

ischemia14–17, cerebral ischemia18–20, renal ischemia21,22, and hind limb ischemia23.  

Importantly, impaired angiogenic response observed with age as well as damage or 

ischemia-induced endothelial dysfunction has been linked to HIF-1 activity. Ahluwalia and 

colleagues reported that the declined nuclear localization of HIF-1α in microvascular 

endothelial cells leads to age-related impairment of angiogenesis24. In another study, 

Chang et al. used a murine skin flap model and showed that in aged animals, 

neovascularization was impaired due to significant decline in endothelial progenitor cell 

recruitment to the ischemic area. They showed that the age-dependent decrease in HIF-1α 

stabilization was involved in lower endothelial cell recruitment25. Therefore, HIF-1α 

expression, especially in endothelial cells (ECs), is an important factor to consider when 

modeling ischemic diseases, most of which primarily affect the elderly population.  

 

In this study, we developed human iPSC-based 3D tissue models showing the age and 

disease-dependent impaired endothelial function, represented with decreased viability, 

angiogenesis, and stress response through knocking out HIF-1α. To do so, we used 

CRISPR/Cas9 editing to create HIF-1α knockout hiPSC lines. We have successfully 

introduced homozygous and heterozygous deletions in HIF-1Α and observed that these cell 

lines maintained their pluripotency and differentiation potential. Two cell lines with 19 

(HIF-1αΔ19) and 42 (HIF-1αΔ42) base pair (bp) homozygous deletions in the second exon of 

HIF-1Α were then differentiated to ECs. Both 2D culture and the 3D model tissues of the 

CRISPR/Cas9 edited iECs showed lower angiogenic potential and viability as well as an 

increased mitochondrial ROS accumulation, showing similarities to functional deterioration 

observed in age-related and ischemia-induced vascular diseases. Overall, our results 

present that combining iPSC technology with CRISPR/Cas9 editing, it is possible to develop 

tissue models with impaired angiogenic response through disrupting the oxygen-

dependent stabilization of HIF-1α. Such tissue models are important for studying the aged 
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vascular microenvironment and progress of ischemic diseases within, as well as for 

developing novel therapies for their treatment. 

Materials and Methods  

Cell Culture: Human Umbilical Vein Endothelial Cells (HUVECs) (Lonza, CC-2935) were 

maintained in endothelial growth medium (EGM, Lonza, Endothelial Growth Medium Plus) 

with media changes every 2 days. HUVECs were used at passages 4 to 8 and passaged 

using 0.05% trypsin-EDTA as needed. For all experiments HUVECs were used as positive 

controls. DiPSC-1016SevA line of human induced pluripotent stem cells (hiPSCs), derived 

from skin fibroblasts, were kindly provided by Dr. K. Musunuru and Dr. C. Cowan, Harvard 

University. The cells were cultured on Geltrex (Life Technologies) coated tissue culture 

dishes in mTeSR-1 culture medium (Stemcell Technologies) with daily media changes. The 

cells were passaged every 3-4 days using Accutase (Stemcell Technologies). The 

undifferentiated phenotype of the hiPSCs was observed daily using a light microscope 

(Leica).  

CRISPR/Cas9 editing of iPSCs for HIF-1α knockout: The genetically edited cell lines were 

created using CRISPR/Cas9 genome-editing system which is comprised of the Cas9 

nuclease and a guide RNA (17-20 nucleotide long) that has a 5’ NGG (PAM sequence). We 

designed CRISPR guide RNAs that target HIF-1Α gene, in silico. The plasmids encoding the 

guide RNAs and Cas9 were then prepared using the established protocols26. The plasmids 

were then introduced to hiPSCs using electroporation. The cells with successful delivery of 

the plasmids were then enriched using FACS making use of the GFP sequence in Cas9 

plasmid. The enriched cells were then seeded as single cells and allowed to grow to form 

colonies. At least 192 colonies were picked from each electroporation and expanded with 

duplicates frozen for further expansion of the knockout clones. Next, genomic DNA was 

collected from all colonies and used for PCR amplification of the target DNA. The changes 

in the target DNA was assessed by gel electrophoresis. Then, by direct sequencing of the 

PCR products with altered genome the specific site and length of the deletion was 

determined using APE software.    

Endothelial differentiation of HIF-1α knocout iPSCs: We have selected 2 cell lines, with 19 

bp (HIF-1αΔ19) and 42 bp (HIF-1αΔ42) deletions in the second exon of HIF-1α. These cell lines 
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are collectively referred to as HIF-1α knockout cell lines (HIF-1αΔ) throughout the 

manuscript. In order to differentiate the HIF-1α wild type (HIF-1αWT) and knockout hiPSC 

lines to endothelial lineage we used a previously established protocol27. Briefly, the hiPSCs 

were induced to differentiation by culturing in media supplemented with a glycogen 

synthase kinase 3β (GSK3β) inhibitor, CHIR, and bone morphogenic protein 4 (BMP4) (R&D 

Systems). The media was replaced with StemPro-34 SFM medium (Life Technologies) 

(supplemented with 200ng/mL VEGF and 2 μM forskolin) after three days. At the end of 

day six, the iPSC-derived endothelial cells (iECs) were sorted using fluorescence activated 

cell sorting (BD Biosciences, FACSAria III - Fluorescence Assisted Cell Sorter, IU School of 

Medicine, South Bend Imaging and Flow Cytometry Core facility) against vascular 

endothelial cadherin (VE-CAD). The sorted cells were seeded on fibronectin coated plates 

and maintained in EGM with media changes every 2 days. Cells were accepted to be 

passage 0 right after sorting. For all experiments iECs of passage 6 to 9 were used and they 

were collected for experiments using 0.05% trypsin-EDTA (Life technologies) at 

approximately 80% confluency.  

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR): To determine the HIF-1α 

mRNA amount RNA was collected from iPSCs and iECs maintained at normoxia (21% O2, 

5% CO2 at 37°C) or hypoxia (1% O2, 5% CO2 at 37°C) for 24 h using a total RNA isolation kit 

(RNeasy, Qiagen). To determine the mRNA expression levels of endothelial markers CD31, 

endothelin 1 (EDN1), and von Willebrand factor (vWF), total RNA was collected from iECs 

maintained under normoxia. NanoDrop 2000 Spectrophotometer (Thermo Fisher 

Scientific) was used to determine the RNA purity and concentration. The respective 

cDNA was prepared using the iScript cDNA Synthesis Kit (Bio-Rad). qRT-PCR reactions 

were run on CFX Connect 96 Real-Time PCR system (Bio-Rad) using iTaq SYBR Green 

Supermix (Bio-Rad). The primers used in these experiments are listed in Supplementary 

Table 1. The mRNA expression of target proteins was normalized to GAPDH expression and 

the relative expression of genes was quantified by the ΔΔCt method through Bio-Rad CFX 

Manager software. All PCR reactions were run in triplicates. (n=3) 

Enzyme-linked immunosorbent assay (ELISA): Total protein was collected from iPSCs and 

iECs maintained at normoxia (21% O2, 5% CO2 at 37°C) or hypoxia (1% O2, 5% CO2 at 37°C) 

D
o
w

n
lo

ad
ed

 b
y
 U

n
iv

 N
o
tr

e 
D

am
e 

fr
o
m

 w
w

w
.l

ie
b
er

tp
u
b
.c

o
m

 a
t 

0
2
/2

7
/1

9
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

. 



Page 7 of 30 
 
 
 

7 

Ti
ss

ue
 E

ng
in

ee
rin

g 
CR

IS
PR

/C
as

9 
ed

ite
d 

hi
PS

C-
ba

se
d 

va
sc

ul
ar

 ti
ss

ue
s t

o 
m

od
el

 a
gi

ng
 a

nd
 d

ise
as

e-
de

pe
nd

en
t i

m
pa

irm
en

t (
DO

I: 
10

.1
08

9/
te

n.
TE

A.
20

18
.0

27
1)

 
Th

is 
pa

pe
r h

as
 b

ee
n 

pe
er

-re
vi

ew
ed

 a
nd

 a
cc

ep
te

d 
fo

r p
ub

lic
at

io
n,

 b
ut

 h
as

 y
et

 to
 u

nd
er

go
 co

py
ed

iti
ng

 a
nd

 p
ro

of
 co

rr
ec

tio
n.

 T
he

 fi
na

l p
ub

lis
he

d 
ve

rs
io

n 
m

ay
 d

iff
er

 fr
om

 th
is 

pr
oo

f. 

for 24 h using cell lysis buffer (CelLytic M, Sigma-Aldrich) supplemented with a protease 

inhibitor cocktail (10% v/v) (Sigma-Aldrich). HIF-1α protein quantification was done using 

HIF-1-alpha Human SimpleStep ELISA™ Kit (Abcam) using the protein extracts, following 

manufacturer’s instructions. Total protein amount for each sample group was determined 

using BCA assay (Pierce™ Rapid Gold BCA Protein Assay Kit, Thermo Fisher) for 

normalization. The respective blank measurements were subtracted from all BCA and 

ELISA measurements and the total protein and HIF-1α concentrations were calculated 

referring to the respective calibration curves (data not shown). (n=3) 

Immunostaining: iECs were fixed with 4% paraformaldehyde (10 min at RT) followed by 

washing with PBS 3 times. The cells were then blocked using 10 % goat serum (1h at RT) 

and then incubated with rabbit anti-human VE-CAD antibody (Abcam, ab33168) at a 1:100 

dilution, for 4 h at 4°C. The primary antibody was washed with PBS 3 times and the 

samples were incubated with the species-specific secondary antibody (goat anti-rabbit 

Alexa Fluor 594, Thermo Fisher) at a 1:200 dilution for 4 h at 4°C.  The samples were 

washed until there was no background signal and the nuclei were stained with DAPI (5 

min, RT) (Life Technologies). The respective images were acquired using a fluorescence 

microscope (Zeiss, Hamamatsu ORCA flash 4.0). (n=3) 

Tube formation assay: Chilled 48 well plates were coated with a thick layer of Geltrex (Life 

Technologies) (100 μL/cm2) and incubated at 37°C for 30 min to achieve gelation. Then 

HUVECs and iECs were seeded on the Geltrex coated wells at a density of 40x103 cells/well 

and incubated overnight under normoxia (21% O2, 5% CO2 at 37°C) or hypoxia (1% O2, 5% 

CO2 at 37°C) for tube formation. The samples were then stained with Calcein-AM (Thermo 

Fisher) for 15 mins at 37°C and imaged at lowest magnification using a fluorescence 

microscope (Zeiss, Hamamatsu ORCA flash 4.0). Through using the lowest magnification, 

the whole wells were captured with 5 images and the number of tubes was determined by 

counting the fully-closed sections of endothelial cells in each image using imageJ software 

and represented as the average number of tubes per well. (n≥6) 

Scratch assay: The HUVECs and iECs were seeded on 24 well plates at 100% confluency. 

Scratches were made using a 200 μL pipette tip and the cells were washed with PBS to 
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remove cell debris. Then the media was replaced with EGM  without serum to avoid cell 

proliferation. The scratch area was imaged right after introducing the scratches (T=0h) and 

after 18 h of incubation (T=18h) at 5 different locations along the scratches. The cells were 

stained with Calcein-AM for 15 min at 37°C before each time point. The initial scratch 

positions were labeled by putting marks outside of the well plates and at the end of 18 h 

the original scratch points were determined referring to the marks. The experiment was 

conducted under normoxia and hypoxia. Hypoxic conditions were created through 

incubation at 1% O2 using an oxygen-controlled incubator. The EGM used with these 

samples was equilibrated to 1% O2 through overnight incubation in the oxygen-controlled 

incubator, the night before the scratches were introduced. (n=6) 

Ischemia treatment in 2D culture: In order to examine the ischemia response of HIF-1αWT, 

HIF-1αΔ19, and HIF-1αΔ42 iECs on 2D the cells were seeded to 96 well plates in triplicates at 

a seeding density of 20x103 cells/well. After overnight incubation to allow cell attachment, 

ischemia treatment was started by exchanging the media to hypoxia equilibrated media. 

The ischemia samples were then immediately placed in the hypoxic incubator and 

maintained there for 96 hours. Media was changed after 48 hours using hypoxia 

equilibrated media. The media exchange was done under normoxic conditions to preserve 

aseptic conditions and was completed within under one minute, this without exposing the 

cells to normoxia for prolonged time periods. (n=6)  

Fabrication of 3D model tissues and ischemia treatment: 3D model tissues were 

fabricated by encapsulating the iECs in methacrylated gelatin (GelMA) (10% w/v) 

supplemented with 0.05% photoinitiator (Irgacure2959, Sigma Aldrich). GelMA was 

synthesized following a previously established protocol28. iECs were mixed with GelMA at a 

1:1 ratio and then sandwiched between a plastic surface and a glass slide and exposed to 

6.9 mW/cm2 UV irradiation for 30 s. The crosslinked constructs were washed with PBS 

once for 1 minute and then 3 times with culture media for 15 min each time. The ischemia 

treatment was then started by exchanging the media with hypoxia equilibrated media. The 

media was hypoxia equilibrated by incubating the media in hypoxic incubator (1%O2) 

overnight. The media change was performed under normoxia then the tissues were 

maintained under hypoxia (1% O2, 5% CO2 at 37°C) for 96 hours with media change at 48 
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hours, as explained in the previous section. The normoxia controls were maintained under 

normoxic conditions (21% O2, 5% CO2 at 37°C) for 96 hours and received media changes at 

the same time points. (n=3) 

Live/Dead assay and Mitochondrial ROS assay: The 2D cultures and 3D tissues were 

stained with Live/Dead assay (Life Technologies) at the end of 96 hours normoxia or 

hypoxia culture, following the manufacturer’s instructions. The 2D cultures were imaged 

using a fluorescence microscope (Zeiss, Hamamatsu ORCA flash 4.0) at 5 different 

locations of each well. The 3D tissues were imaged using a fluorescence microscope (Zeiss, 

Hamamatsu ORCA flash 4.0) by taking z-stack images in at least 3 positions of each tissue. 

The z-stack images were projected to form the maximum projection at each field of view. 

A built-in optical sectioning tool (Apotome, Zeiss) was used during 3D imaging to remove 

background accumulation from different z-stack images when projected. The images of 2D 

cultures and the maximum projection images of 3D tissue constructs were analyzed using 

imageJ software to determine the number of live and dead cells. Using these numbers, the 

live cell percentages were quantified for each well or tissue construct. (n=3)   

Lumen number and diameter quantification: The 3D constructs were maintained under 

normoxia or hypoxia for 14 days with regular media changes every 3 days. The constructs 

were imaged using a light microscope (Leica) on days 1, 3, 5, and 9 to monitor the 

spreading and lumen formation. On day 14 the tissues were fixed and immunostained for 

CD31 following the immunostaining protocol (see “immunostaining”), using mouse anti-

human CD31 antibody (BD Pharmigen) at a 1:100 dilution and the species-appropriate 

secondary antibody (goat anti-mouse Alexa Fluor 488, Life Technologies) at a 1:200 

dilution. The tissues were then imaged using a fluorescence microscope (Zeiss, 

Hamamatsu ORCA flash 4.0) through the thickness by taking z-stack images with 2 μm z 

intervals. At least 3 z-stack images were taken from each construct. The z-stack images 

were used for 3D reconstruction of the tissues through imageJ software volume viewer 

plugin. The reconstructed images were analyzed to determine lumen number and 

diameter by taking at least 5 slices per image. The number and diameter of lumens were 

calculated as the total number per construct and average±std of 6 constructs were 

represented. (n=3)       
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Statistical analysis 

The results are represented as average ± standard deviation. The statistical analysis was 

carried out using 1-way ANOVA analysis. Student’s t-test was used for comparing two 

individual groups. All p values reported were two-sided, and statistical significance was 

defined as p<0.05. Sample size (n) was equal to or larger than 3 for all individual 

experiments and all experiments were repeated 3 times.       

Results 

CRISPR/Cas9 genome editing yields successful knockout of HIF-1α in hiPSCs 

We aimed to knockout HIF-1α using the CRISPR/Cas9 genome editing. We designed 4 

different CRISPR guide RNAs all targeting the second exon of HIF-1α which is the basic 

helix–loop–helix (bHLH) domain required for heterodimerization with HIF-1β and binding 

to DNA29. We used electroporation to introduce Cas9 plasmid including a GFP reporter 

along with the CRISPR guide RNAs. We achieved an electroporation efficiency of 

approximately 4% (Figure 1A).  

Through screening the GFP positive colonies which were grown and expanded from single 

cells (Figure 1B), we identified two homozygous hiPSC colonies with 19 and 42 bp deletions 

(Figure 1C). We confirmed that the deletions created were on the second exon through 

sequencing (Figure 1D). After expanding these colonies, we examined the effect of the 

deletions in mRNA expression levels in hiPSCs (Figure 1E). We observed that the HIF-1α 

mRNA expression level was significantly lower in the HIF-1αΔ hiPSC lines compared to HIF-

1αWT under hypoxia. We then determined the HIF-1α protein levels in these cell lines and 

observed that there was a significant decrease as a result of both 19 bp and 42 bp 

deletions (Figure 1F). The HIF-1αΔ19 cell line showed the lowest HIF-1α protein levels, being 

significantly lower than both the HIF-1αWT and HIF-1αΔ42 (Figure 1F). 

HIF-1α knockout does not interfere with endothelial cell differentiation of hiPSCs 

In order to examine the effect of HIF-1α knockout in endothelial cell behavior, we 

differentiated the HIF-1αWT, HIF-1αΔ19, and HIF-1αΔ42 hiPSC lines to endothelial cells. The 

previously established protocol yielded endothelial cells from the CRISPR/Cas9 edited 
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hiPSCs that resemble HUVECs biochemically and functionally (Figure 2A). The bright field 

images showed that both the WT and edited iECs had the characteristic morphology of 

endothelial cells, as can be observed through their morphological resemblance to HUVECs 

(Figure 2A, top). In addition, both WT and edited iECs showed significantly higher levels of 

CD31, EDN-1, and vWF mRNA expression (Figure 2B) compared to undifferentiated hiPSCs 

and showed VE-CAD protein expression (Figure 2A, middle).  

Importantly, the mRNA expression levels in HIF-1αΔ19 of all markers tested were 

comparable to that of HUVECs and HIF-1αWT. CD31 and vWF mRNA expression levels in 

HIF-1αΔ42 were also comparable to HUVECs and HIF-1αWT, indicating that differentiation to 

endothelial lineage is not hindered by the CRISPR/Cas9 editing employed here. We also 

tested the endothelial specific functionality of WT and edited iECs. Endothelial cells form 

tube-like structures by stretching along and forming connections with their neighbors 

when seeded on a thick layer of extracellular matrix (ECM) gels. When cultured on a thick 

coating of Geltrex, both WT and edited iEC cell lines showed tube-like structure formation, 

resembling the structures formed by HUVECs (Figure 2A, bottom).  

It is important to determine if the HIF-1α mRNA or protein expression levels were affected 

by the differentiation process. To assess that we performed qRT-PCR and ELISA to WT and 

edited iECs that were cultured under normoxia and ischemia. We determined that HIF-1α 

mRNA expression levels are significantly lower in both HIF-1αΔ19 and HIF-1αΔ42 iECs (Figure 

2C). Similarly, under hypoxia, the HIF-1α protein levels were significantly lower compared 

to HUVECs and HIF-1αWT iECs (Figure 2D). Importantly, we determined that the increase in 

protein levels of HIF-1α under hypoxia was not observed in HIF-1α Δ19 and HIF-1αΔ42 iECs 

(Figure 2E) indicating that even if HIF-1α protein is present at very low levels in these cell 

lines, its levels do not increase when exposed to hypoxia. This suggests that our targeted 

CRISPR/Cas9 genome editing blocks the hypoxia induced accumulation of HIF-1α, thus its 

nuclear localization and heterodimerization with HIF-1β is also hindered.  
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CRISPR/Cas9 editing of iECs for HIF-1α knockout interferes with migration and tube 

formation  

HIF-1 expression is known to drive angiogenesis under ischemic conditions and the age-

dependent decrease in its expression is linked with deterioration in endothelial function. 

Therefore, we determined the migration and tube formation of HIF-1α knockout iECs 

under ischemia. We observed that when we introduce a scratch in a confluent culture of 

iECs, regardless of oxygen concentration, HIF-1α knockout iECs covered less area 

compared to controls (Figure 3A-C) at the end of 18 hours. Strikingly, under ischemia, HIF-

1α knockout cell lines covered only 20% of the scratch area. Migration of HUVECs and HIF-

1αWT iECs was also affected by ischemia treatment as the approximate area covered 

decreased from 80% to 40%.  

We also quantified the number of cells that migrated to the scratch area under both 

normoxia and hypoxia (Figure 3D). We observed that for all cell lines there was a 

significant decrease in cell number migrated to scratch area under ischemic conditions, 

compared to normoxic conditions. When we determined the percent decrease in number 

of cells in scratch area caused by ischemia, however, we observed a significant difference 

in the percent decrease in HIF-1α knockout iECs and controls, indicating that decreased 

expression of HIF-1α interferes with endothelial migration potential under ischemia.  

Tube formation is another indicator of angiogenic potential of endothelial cells. We 

investigated the number of complete tube-like structures formed by HUVECs, HIF-1αWT 

iECs, and CRISPR/Cas9 edited iECs under normoxia and ischemia (Figure 3E). When 

cultured under normoxic conditions, the number of tubes formed by HIF-1αΔ19 and HIF-

1αΔ42 iECs was comparable to that of HUVECs and HIF-1αWT iECs. At the end of 16 h long 

ischemia treatment HUVECs and HIF-1αWT iECs were induced to form a significantly higher 

number of tubes (Figure 3E, F). Interestingly, tube number significantly decreased in both 

HIF-1αΔ19 and HIF-1αΔ42 iECs under ischemia, showing significant impairment in tube 

formation.  
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HIF-1α absence significantly affects the viability of iECs through increased mitochondrial 

ROS accumulation   

Reduction in mitochondrial ROS has been shown to be regulated by HIF-1 through the 

induction of pyruvate dehydrogenase kinase-1 (PDK-1) under hypoxia30–32 leading to 

decreased cell death. In addition, it is well-documented that there is an age-dependent 

increase in susceptibility to stresses such as ischemia. Therefore, we characterized the 

functionality of our CRISPR/Cas9 edited iECs through investigating the accumulation of 

mitochondrial ROS and cell viability on 2D and 3D (Figure 4A). At the end of 96 h ischemia 

treatment the HIF-1α knockout iECs cultured as 2D monolayers showed an increase in 

mitochondrial ROS levels compared to ones cultured in normoxia (Figure 4B). However, 

the mitochondrial ROS levels did not change in HUVECs and HIF-1αWT iECs whether they 

were cultured under normoxia or ischemia, suggesting that CRISPR/Cas9 edited iECs 

cannot maintain the HIF-1α regulated mitochondrial oxygen balance. We investigated the 

cell viability after 96 h ischemia treatment (Figure 4C) and observed that, all cell lines were 

over 90% viable under normoxia. However, in correlation with ROS accumulation, HUVECs, 

HIF-1αWT iECs, and HIF-1α knockout cells showed a significantly lower viability under 

ischemia (Figure 4D). Importantly, HIF-1αΔ19 and HIF-1αΔ42 iECs showed a more significant 

decrease in viability as a result of ischemia exposure: the viability of HUVECs and HIF-1αWT 

remained above 75% after ischemia exposure, whereas viability of HIF-1αΔ19 iECs 

decreased to 58±7% and viability of HIF-1αΔ42 iECs decreased to 56±4% under ischemia.  

We developed the 3D vascular tissues through encapsulating HIF-1α WT or knockout ECs in 

GelMA. We first investigated the stress response of our CRISPR/Cas9 edited vascular 

tissues under ischemia. We exposed the 3D tissues to ischemia for 96 h and observed a 

significant increase in mitochondrial ROS levels in HIF-1αΔ19 and HIF-1αΔ42 vascular tissues 

while ROS levels did not change with ischemia in HUVECs and HIF-1αWT vascular tissues 

(Figure 5A, B) in consistence with the 2D cultures. The viability of the tissue models 

followed a different pattern upon ischemia in 3D compared to 2D culture conditions 

(Figure 5C, D). The initial viability was over 80% for all tissues and this viability level was 

maintained in HUVEC and HIF-1αWT vascular tissue models following ischemia treatment 
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(Figure 5D). However, viability of HIF-1αΔ19 and HIF-1αΔ42 vascular tissues decreased 

significantly.  

HIF-1α knockout iECs are unable to form lumens mimicking angiogenic deterioration 

We determined the 3D angiogenic potential of our CRISPR/Cas9 edited vascular tissues 

under normoxia and ischemia. We observed that both HUVECs and iECs could spread and 

form lumens under normoxia (Supplementary Figure 1) and hypoxia (Figure 6A) through 14 

days of culture. 

By day 14 completely connected lumen-like structures were formed regardless of HIF-1α 

expression (Supplementary Figure 2). The quantification of lumen number (Figure 6B, C) 

showed that a lower number of lumens were formed in HIF-1αΔ19 and HIF-1αΔ42 vascular 

tissues compared to HUVEC and HIF-1αWT iEC tissues, but this difference was statistically 

insignificant (Figure 6B). Under ischemia, the number of lumens formed in HUVEC and HIF-

1αWT vascular tissues significantly increased, compared to normoxia, whereas HIF-1αΔ19 

and HIF-1αΔ42 vascular tissues had a lower number of lumens under ischemia, compared to 

normoxia. We also observed that the lumen diameter was smaller in all tissue models 

under ischemia, compared to normoxia (Figure 6C). Taken together, our results show that 

a higher number of lumens with smaller diameter are formed in the HUVEC and HIF-1αWT 

vascular tissue models under ischemia. Similarly, the lumen diameter significantly 

decreased in tissues comprised of edited iEC under ischemia, however, the number of 

lumens formed remained the same.  

Discussion 

Construction of in vitro disease models using primary human cells is disadvantageous as 

these cells are not readily available, especially for vital organs such as heart and brain. The 

animal models provide a platform where the systemic effect of potential therapeutics can 

be assessed, however, the species to species differences and physiologically inaccurate 

methods often used to create the disease conditions hinder their translational value. The 

discovery of hiPSCs and the advancements in the past decade brought upon new 

possibilities for disease modeling while overcoming many of the disadvantages the 

preexisting methods have. With the use of hiPSCs many different cell types have been 
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successfully derived to date33. Combined with the advancements in genome editing 

technology, it is now possible to model human diseases in a physiologically, pathologically, 

and genetically relevant manner 6,8,34,35.  

Deterioration in angiogenesis is associated with many diseases such as arteriosclerosis, 

myocardial infarction, and limb ischemia36. The age-dependent impairment in angiogenesis 

and neovascularization, as well as an increased susceptibility to stress have been reported 

to be directly correlated with a decrease in stabilization25 or nuclear localization of HIF-

1α24. Despite its great importance in age-related ischemic diseases, in vitro tissue models 

that mimic the impaired vascular tissues both on genetic and functional level were not 

reported. In this study, we developed hiPSC-based vascular tissues that show the 

functional impairment observed in an age-relevant manner through CRISPR/Cas9 editing of 

HIF-1α.   

We employed CRISPR/Cas9 editing to knockout HIF-1α in ECs as it is shown to yield the 

highest efficiency in genome editing3,37,385. CRISPR/Cas9 genome editing yielded both 

homozygous and heterozygous deletions in the second exon of HIF-1A. The cell lines with 

homozygous deletions  showed significantly decreased mRNA and protein levels of HIF-1α 

in hiPSCs. The respective iECs derived from the edited cell lines showed characteristic 

endothelial biochemical marker expression and functionality, while maintaining the 

significant decrease in HIF-1α mRNA and protein levels, indicating no interference of 

genome editing with the differentiation potential of hiPSCs. HUVECs and HIF-1αWT iECs 

showed the expected increase in HIF-1α protein expression under ischemia, while the 

genome edited iECs maintained the protein expression level that was observed under 

normoxia. This suggests that although mRNA and protein expression are not completely 

hindered due to the deletions introduced via CRISPR/Cas9 editing, the oxygen-dependent 

stabilization of HIF-1α expression is blocked, presenting edited iECs as a viable model of 

HIF-1α knockout. This could be due to the shift introduced by the deletion overall affecting 

the oxygen-dependent degradation domain of HIF-1α which is located downstream of 

bHLH and PAS domains and mediates its oxygen-regulated stability39.  
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 We observed that CRISPR/Cas9 editing of iECs to knockout HIF-1α resulted in a decrease in 

migration and tube formation, resembling the age-dependent impairment in 

angiogenesis24 and recruitment of ECs under ischemia25. In line with other reports40,41 

angiogenic response of HUVECs and HIF-1αWT iECs was induced under ischemia as shown 

by increased number of tubes formed, while HIF-1α knockout iECs formed lower number 

of tubes compared to normoxia. This strongly suggests that in the absence of HIF-1α 

expression, iECs have impaired functionality.  

An important player in ischemia-related cell death is the mitochondrial ROS generation 

and accumulation42. In correlation with decreased tube formation, we observed an 

increased accumulation of mitochondrial ROS in HIF-1αΔ19 and HIF-1αΔ42 iECs under 

ischemia in 2D cultures. HIF-1 expression is documented to improve survival under hypoxic 

conditions through induction of PDK-1, which blocks the entry of pyruvate into the 

tricarboxylic acid (TCA) cycle and subsequently suppresses mitochondrial ROS 

production32. Therefore, CRISPR/Cas9 knockout of HIF-1α in iECs lead to the accumulation 

of mitochondrial ROS and subsequently to a lower survival rate when cultured in 2D. 

Importantly, observing a decrease in tube formation in knockout iECs can be attributed to 

the accumulation of mitochondrial ROS and the correlated lower overall viability. In 

addition, the deletion we introduced targets the bHLH domain of HIF-1α, which regulates 

the dimerization with HIF-1β, thus the activity of HIF-1 as a transcription factor39. It is well 

documented that VEGF expression is regulated by HIF-1 under hypoxia to induce 

angiogenesis and tube formation of ECs43–45. Therefore, in addition to mitochondrial ROS 

accumulation, the transcriptional pathways activated by HIF-1 are impaired in CRISPR/Cas9 

edited iECs which collectively could lead to the observed decrease in migration, tube 

formation, and viability.   

Although the conventional 2D cultures provide valuable information, cell-

microenvironment interactions are overlooked in such platforms. To remedy this, 3D tissue 

and disease models have been developed over the years46. Cell-laden hydrogel-based 

tissue model fabrication is a common approach to create 3D tissue models and collagen 

and gelatin-based hydrogels have been documented to support various cell types47–50, 

including endothelial cell culture and function in vitro47,51–54. We encapsulated the HIF-1α 
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knockout and WT ECs in photocrosslinkable GelMA to provide cell-ECM interactions as well 

as improving cell-cell interactions provided with the 3D architecture. The 3D tissue models 

comprising HUVECs and HIF-1αWT iECs could survive the ischemia treatment, unlike 

observed in the 2D culture conditions. This can be explained by the well-documented 

effect of improved cell-ECM and cell-cell interactions provided in our 3D constructs14,55. 

However, when HIF-1α was knocked out in iECs, improved cell-cell and cell-ECM 

interactions provided by the 3D architecture was not enough to improve the survival of the 

tissue models under ischemia treatment. This is in line with our previous studies where 

HIF-1α knockdown iECs did not show the same cardioprotective effect as HIF-1αWT iECs 

under oxidative stress14. In addition, the mitochondrial ROS accumulation we observed 

under ischemia showed a similar pattern to viability of the tissues. HUVEC and HIF-1αWT 

iEC-laden tissues maintained their mitochondrial ROS levels under ischemia while HIF-1α 

knockout iEC tissues showed increased ROS accumulation. Thus, the lower viability of 

edited iECs under ischemia can be explained by the significant increase in ROS 

accumulation, linking the lack of HIF-1α directly to cell viability under ischemic stress.   

Similar to the decreased tube formation on 2D, CRISPR/Cas9 edited iECs showed an 

impairment in 3D lumen formation resembling the age-dependent deterioration of 

angiogenic potential of several organs in vivo36,56. Overall, the increased mitochondrial ROS 

accumulation, decreased lumen formation, viability, tube formation, and cell migration 

show that the CRISPR/Cas9 edited iECs we present in this study are biochemically and 

functionally resemble the impaired endothelium phenotype that is observed in aged 

tissues and organs as well as disease conditions.  

Using CRISPR/Cas9 edited hiPSCs to develop both 2D and 3D vascular tissues, we have 

shown here the applicability of the combination of these two techniques in fabricating 

fully human-origin, physiologically and pathologically-relevant tissue and disease models. 

The model presented here can be further improved by integrating the parenchymal cells of 

the target tissue, and diseased and/or aged tissue models can be fabricated for various 

bioengineering and biomedical applications. Such tissues hold promise to provide more 

relevant information on tissue/organ pathology and eventually will lead to developing 

successful treatments.         
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Figure Legends 

 

Figure 1.  Characterization of CRISPR/Cas9 edited iPSCs (A) FACS results of Cas9 plasmid 

transfection efficiency in hiPSCs. (B) The bright field images of iPSC colonies (left) and their 

expansion for genome screening (right). (C) The PCR results showing the homozygous and 

heterozygous colonies with genetic modification in HIF-1A. (D) The sequencing results 

showing the deletions in HIF-1A and the respective CRISPR cut sites. (E) The HIF-1α mRNA 

levels in WT and edited hiPSCs under hypoxia. (F) The HIF-1a protein concentration in WT 

and edited hiPSCs under hypoxia. (* represents statistical significance (p<0.05)).  
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Figure 2. Biochemical characterization of HIF-1α knockout iECs. (A) Top: The bright field 

images of HUVECs and iECs (day after FACS sorting) (Scale bars=50 μm). Middle: 

Immunostaining of HUVECs and iECs against VE-CAD (the cell nuceli are labeled with DAPI) 

(Scale bars=50 μm). Bottom: The tube formation by HUVECs and iECs under normoxia 

(cells are labeled with calcein-AM) (Scale bars=200 μm). (B) The mRNA expression levels of 

endothelial markers CD31, EDN-1, and vWF in HUVECs, iECs and undifferentiated iPSCs 

under normoxia. (C) The HIF-1α mRNA levels in HUVECs and iECs under hypoxia (the 

expression levels are normalized to the respective expression levels of the same cell line 

under normoxia) as determined by qRT-PCR. (D) The HIF-1α protein concentration in 

HUVECs and iECs under hypoxia. (E) The fold difference in HIF-1α protein concentration 

(hypoxia protein levels)/(normoxia protein level). (* represents statistical significance 

(p<0.05); # represents statistical significance when mRNA expression of a gene is 

compared to other cell lines (p<0.05); N.S. represents no statistical significance (p>0.05))        
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Figure 3. Migration and angiogenic potential of CRISPR/Cas9 edited iECs. (A) Fluorescent 

images showing the migration of HUVECs and iECs to the scratch area at the end of 18 

hours under normoxia (top) and ischemia (bottom). Cells are labeled with calcein-AM. 

(Scale bar=200 μm) (B) The percentage of scratch area covered at the end of 18 h under 

normoxia and (C) ischemia. (D) The cell number in the scratch area under normoxia and 

ischemia. The percent difference in cell number under normoxia and ischemia for each cell 

line is represented on top of the respective bars. (E) The fluorescent images of HUVECs and 

iECs forming tube-like structures under normoxia and ischemia. (Scale bar=100 μm) (F) The 

quantification of the tubing assay showing the number of complete tubes formed by 

HUVECs and iECs under normoxia and ischemia. (* represents statistical significance 

(p<0.05))   
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Figure 4. Mitochondrial ROS accumulation and cell viability in CRISPR/Cas9 edited iECs in 

2D. (A) the representative images and (B) quantification of mitochondrial ROS in HUVECs 

and iECs under normoxia and ischemia. (mitochondrial ROS is represented by fluorescence 

intensity, in arbitrary units (A.U.)). (Scale bars=100 μm) (C) The representative images and 

(D) quantification of live/dead assay (represented as live cell percentage) of HUVECs and 

iECs under normoxia and ischemia. (Scale bars=100 μm) (* represents statistical 

significance (p<0.05); N.S. represents no statistical significance (p>0.05))           
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Figure 5. Mitochondrial ROS accumulation and cell viability in CRISPR/Cas9 edited iECs in 

3D. (A) The representative images and (B) quantification of mitochondrial ROS in HUVECs 

and iECs encapsulated in GelMA under normoxia and ischemia. (mitochondrial ROS is 

represented by fluorescence intensity, in arbitrary units (A.U.)). (Scale bars=100 μm) (C) 

The representative images and (D) quantification of live/dead assay (represented as live 

cell percentage) HUVECs and iECs encapsulated in GelMA under normoxia and ischemia. 

(Scale bars=100 μm) (* represents statistical significance (p<0.05); N.S. represents no 

statistical significance (p>0.05))           
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Figure 6. Lumen formation of CRISPR/Cas9 edited iECs under normoxia and ischemia. (A) 

Bright field (days 1, 3, 5, 9) and fluorescent images (day 14) of 3D lumen formation of 

HUVECs and iECs under ischemia. (Scale bar=100 μm, inset scale bar=50 μm) (B) The 

number of complete lumens formed per construct under normoxia and ischemia. (C) The 

diameter of lumens formed under normoxia and ischemia. (D) A close-up image of 3D 

lumen formation of HUVECs under ischemia. (Scale bar=100 μm) (* represents statistical 

significance (p<0.05); N.S. represents no statistical significance (p>0.05))     
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