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Studies with different animal models have shown that the Notch ligand DLL4 has a key role in the development of
the embryonic vasculature. Here we describe the generation and characterization of a human embryonic stem
cell line and an induced pluripotent stem cell line that constitutively express short hairpin RNAs targeting

DLL4 mRNA. These cells present reduced DLL4 expression at both protein and mRNA level, as well as a reduced

induction of DLL4 target genes. They represent an ideal tool to study the role of DLL4 in human embryonic vas-
cular and hematopoietic development.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The H9 cell line was derived from the inner cell mass of

a human blastocyst (Thomson et al., 1998).

The PBMC1-iPS4F1 cell line originates from the
reprogramming of healthy human female peripheral blood
mononuclear cells (Montes et al., 2015)

Two human embryonic stem cell lines (H9) and two human
induced pluripotent stem cell lines (PBMC1-iPS4F1)
genetically modified to constitutively express short

hairpin RNA constructs.
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The Notch ligand DLLA4 is essential for the correct formation of the
embryonic vasculature in mouse. DLL4 knock-out is embryonic lethal,
and heterozygous animals present severe vascular defects, such as re-
duced dorsal aorta caliber, abnormal branching of vessels and vascular
remodeling (Duarte et al., 2004; Gale et al., 2004; Krebs et al., 2004).
In order to investigate if DLL4 has a similar function in human embryon-
ic development we have generated human pluripotent stem cell lines
(hPSCs) that stably express a combination of short hairpin RNAs
(shRNA) targeting DLL4 mRNA.

We transduced the iPSC cell line PBMC1-iPS4F1 (Montes et al., 2015)
and the hESC cell line H9 (Thomson et al., 1998) with lentiviruses ex-
pressing either a control, non-targeting shRNA with a scrambled se-
quence (shSCR), or a cocktail of 5 different shRNAs targeting the
human DLL4 mRNA (shDLL4). After selection with Puromycin for
10 days we obtained resistant colonies that were expanded, leading to
the establishment of the following four cell lines: PBMC1-iPS4F1
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shSCR, PBMC1-iPS4F1 shDLL4, H9 shSCR and H9 shDLL4. We confirmed
the identity of the transgenic cell lines by Short Tandem Repeat (STR)
profiling (Table 1). They are routinely tested for mycoplasm and remain
mycoplasm-free.

The four cell lines present the typical morphology of pluripotent stem
cells, growing in compact colonies, with tightly packed cells (Fig. 1A).
They express the pluripotency markers SSEA4, SSEA3, TRA-1-81, TRA-
1-60 and OCT3/4, assessed by flow cytometry (Fig. 1B), and OCT4,
REX1, NANOG and SOX2, assessed by PCR (Fig. 1C). They are also positive
for alkaline phosphatase activity (Fig. 1D). Therefore, neither the expres-
sion of shSCR nor shDLL4 constructs has affected the pluripotency of the
cell lines.

The transgenic cell lines were capable of forming embryoid bodies
(EBs) (Fig. 2A). We harvested EBs after 21 days of spontaneous differen-
tiation, and analyzed by PCR the expression of makers of the three germ
layers: PAX6 for ectoderm, HNF3A for endoderm, and KDR for meso-
derm. The four cell lines expressed the three markers (Fig. 2B), demon-
strating that the expression of shSCR and shDLL4 does not affect the
ability of these pluripotent stem cells to differentiate to the three
germ layers.

DLL4 is expressed at very low levels in human pluripotent stem cells,
and its expression increases as the cells are differentiated towards the
hematopoietic lineage (Ayllon et al,, 2015) In fact, the DLL4 protein lo-
cated at the plasma membrane only becomes detectable by flow cytom-
etry in a subpopulation of hemato-endothelial progenitors (HEPS)
(Ayllén et al., 2015) (Fig. 2C). These HEPs are bipotent progenitors that
can give rise to either hematopoietic or endothelial cells, and they ex-
press the surface markers CD34, KDR, VE-cadherin and CD31 (Ayllén
et al,, 2015; Uenishi et al., 2014) (Fig. 2C). To confirm that the expression
of DLL4 was indeed suppressed in our transgenic cell lines we differenti-
ated them towards hemato-endothelial progenitors and assessed the
levels of DLL4 expression by flow cytometry. At day 8 of differentiation
DLL4 is only expressed in CD34 4 KDR+ VE-CAD+CD31+ cells
(HEPs) in control shSCR cell lines, and its expression is reduced down
by 75-90% in shDLL4 cell lines (Fig. 2D).

By qPCR we confirmed that DLL4 mRNA levels increase dramatically
as the control shSCR cells undergo differentiation, but in shDLL4 cells
the DLL4 mRNA is efficiently suppressed (Fig. 2E, left panel). To confirm
that DLL4 mRNA suppression had a functional effect we analyzed the
mRNA levels of two well known targets of DLL4-mediated Notch activa-
tion, HEY1 and HEY2 (Benedito et al., 2008; Gale et al., 2004)" We saw
that in control shSCR cells both HEY1 and HEY2 mRNAs are induced
during differentiation following a similar pattern as DLL4 mRNA.

Table 1
Short Tandem Repeat (STR) profiling of PBMC1-iPS4F1 shSCR, PBMC1-iPS4F1 shDLL4, H9
shSCR and H9 shDLL4 cell lines with the original cell lines.

PBMC1-iPS4F1 H9
MARKER WT? shSCR shDLL4 WTP shSCR shDLL4
D8S1179 13,16 13,16 13,16 8,14 8,14
D21S11 30, 34 30,34 30,34 30,30 30,30
D7S820 9,10 9,10 9,10 9,11 9,11 9,11
CSF1PO 11,12 11,12 11,12 11,11 11,11 11,11
D3S1358 16, 17 16,17 16,17 13,16 13,16
THO1 7,9 7,9 7,9 93,93 93,93 93,93
D13S317 11,12 11,12 11,12 9,9 9,9 9,9
D16S539 9,13 9,13 9,13 12,13 12,13 12,13
D2S1338 17,17 17,17 17,17 18,24 18,24
D195433 12,14 12,14 12,14 12,15 12,15
VWA 15,19 15,19 15,19 17,17 17,17 17,17
TPOX 8,11 8,11 8,11 10,11 10, 11 10,11
D18S51 10,16 10,16 10,16 13,13 13,13
AMEL X, X X, X X, X X, X X, X X, X
D5S818 11,12 11,12 11,12 11,12 11,12 11,12
FGA 18,22 18,22 18,22 26,28 26, 28

¢ Original cell line reported by Montes R et al.
b STR data obtained from WiCell (http://www.wicell.org/home/stem-cell-lines/order-
stem-cell-lines/wa09-feeder-dependent.cmsx).

However, in shDLL4 cells both genes are induced at a lower level, espe-
cially at day 8 of differentiation, when DLL4 suppression is more acute
(Fig. 2E, center and right panels).

In summary, we have generated human pluripotent stem cell lines
that cannot induce DLL4 expression when they are differentiated to-
wards hemato-endothelial progenitors. They are very useful tools to
study the role of DLL4 in the early stages of human embryonic endothe-
lial and hematopoietic differentiation. We are currently characterizing
how the suppression of DLL4 affects theses processes, and the molecular
pathways involved.

Materials and methods

Generation of PBMC1-iPS4F1 shSCR, PBMC1-iPS4F1 shDLL4, H9 shSCR and
H9 shDLL4 cell lines.

We used the lentiviral vectors pLKO.1 MISSION shRNA (Sigma-
Aldrich) containing either a non-targeting sequence (shSCR; clone
SHC0016), or a combination of five different shRNAs targeting the
human DLL4 mRNA (shDLL4; clones TRCN0000033414, TRCNOO
00033415, TRCN0000033416, TRCN0000033417, TRCN0O000033
418). Viral particles pseudotyped with VSV-G were generated on
293T cells by calcium-phosphate transfection protocol and concentrat-
ed by ultracentrifugation (Montes et al., 2011; Ramos-Mejia et al.,
2014). The parental cell lines PBMC1-iPS4F1 (Montes et al.,, 2015) and
H9 (Thomson et al., 1998) were infected overnight on the day of pas-
sage with concentrated virus in the presence of 8 pug/ml Polybrene and
10 pM Y-27632 (Sigma-Aldrich). After 48 h, the transduced cells were
selected with 0.5 pg/ml Puromycin (Sigma-Aldrich) for 10 days.

Flow cytometry analysis

We dissociated PBMC1-iPS4F1 shSCR, PBMC1-iPS4F1 shDLL4, H9
shSCR and H9 shDLL4 colonies using Tryple Express (Life Technologies).
Then, the cells were resuspended in FACS buffer (5% FBS 2 mM EDTA in
PBS) and incubated with the specific primary antibody for 15 min at
room temperature. An irrelevant isotype-match antibody was always
used. To analyze intracellular Oct3/4, sequential incubations with fixa-
tion and permeabilization solutions were necessary (A and B Fix &
Perm Solutions, Invitrogen). After Oct3/4 primary antibody incubation,
the cells were incubated with FITC-conjugated secondary antibody
(BD BioScience). Then, the cells were washed with FACS buffer and
stained with 7-aminoactinomycin D (7-AAD) (BD Bioscience) for
5 min at RT. Stained cells were analyzed using a FACS Verse flow
cytometer using FACS Diva™ software program (BD Bioscience). The
antibodies used are listed on Table 2.

RT-PCR

RNA was extracted using High Pure RNA Isolation Kit (Roche) fol-
lowing manufacturer's instructions. cDNA from total RNA was synthe-
sized using the First-Strand cDNA Synthesis Kit (GE Healthcare)
following manufacturer's instructions. We perform the RT-PCRs using
the primers listed on Table 3.

Alkaline phosphatase activity assay

We seeded PBMC1-iPS4F1 shSCR, PBMC1-iPS4F1 shDLL4, H9 shSCR
cell lines on 12-well plates coated with Matrigel™ (BD). After 5 days
in culture, we tested the phosphatase alkaline enzymatic activity using
the Alkaline Phosphatase Detection Kit (Merck-Millipore) following
manufacturer's instructions.
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