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Abstract

Background: Yes-associated protein (YAP) and WW domain-containing transcription regulator protein 1 (WWTRT1,
also known as TAZ) are two key transcription co-activators of the Hippo pathway. Both were originally characterized
as organ size and cell proliferation regulators. Later studies demonstrated that the Hippo pathway may play a role in
Drosophila and mammal hematopoiesis. However, the role of the Hippo pathway in human erythropoiesis has not yet
been fully elucidated.

Methods: The role of YAP and TAZ was studied in human erythropoiesis and hematopoietic stem cell (HSC) lineage

determination by using mobilized peripheral blood (PB) and cord blood (CB)-derived HSC as a model. HSCs were iso-
lated and cultured in an erythroid differentiation medium for erythroid differentiation and culture in methylcellulose

assay for HSC lineage determination study.

Results: YAP and TAZ were barely detectable in human HSCs, but became highly expressed in pro-erythroblasts and
erythroblasts. Depletion or knockdown of YAP and/or TAZ did not affect the ability of HSC lineage specification to
erythroid lineage in either methylcellulose assay or liquid culture. However, depletion of YAP and TAZ did impair eryth-
roblast terminal differentiation to erythrocytes and their enucleation. Moreover, ectopic expression of YAP and TAZ in
pro-erythroblasts did not exert an apparent effect on erythroid differentiation, expansion, or morphology.

Conclusions: This study demonstrated that YAP/TAZ plays important role in erythroid maturation and enucleation
but is dispensable for lineage determination of human HSCs.
Key point

YAP and TAZ are required for erythroid maturation and enucleation, but they are dispensable during human HSC line-
age allocation to myeloid or erythroid lineages.
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Background

There is an increasing worldwide demand for blood
transfusion, and donor-blood matching continues to be a
problem. Therefore, measures to increase red blood cell
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This differentiation process proceeds under the direction
of a complex web of transcription factors.

The Hippo pathway was first discovered in Drosophila
in 1995 [3, 4] for cell proliferation and organ size regu-
lator [5-8]. YAP and TAZ are two key transcription co-
activators of the Hippo signaling pathway in mammals
(homologs to Yorkie in Drosophila) [9, 10]. Functional
redundancy between YAP and TAZ were observed but
remains controversial [11-13]. Recently, the novel role
of Hippo pathway in Drosophila and mammals’ hemat-
opoiesis has been demonstrated. In Drosophila, Yorkie
and Scalloped (homologs to TEAD in mammals) are
required for lineage specification and differentiation of
crystal cells, which function like platelet-producing meg-
akaryocytes in mammals [14, 15]. Our research group
previously reported that knockdown of large tumor sup-
pressor kinase 1 and 2 (LATS1/2), which are key enzymes
of the Hippo pathway, could increase human megakaryo-
cyte biogenesis [16]. Moreover, Yes-associated protein
(YAP) plays an essential role in megakaryoblastic cell
proliferation, maturation, and platelet production while
WW domain-containing transcription regulator protein
1 (WWTRI, also known as TAZ) showed a minor effect
[17]. Since megakaryocytes and erythrocytes are devel-
oped from a common megakaryocyte-erythroid progeni-
tor, we set forth to study the role of YAP and TAZ, which
are downstream effectors of the LATS1/2 kinases and
Hippo pathway, in human erythropoiesis.

In this study, we performed loss-and gain-of-function
experiments by using genetic manipulation targeting
YAP and TAZ using CRISPR/Cas9. In addition, small
molecules that mediated YAP/TAZ activity were also
used. Lysophosphatidic acid (LPA) was used as a YAP/
TAZ activator [18], while Dobutamine hydrochloride
(DH) [19] and Verteporfin (VP) were used for inhibiting
YAP/TAZ activity [20, 21]. Our result demonstrated that
YAP and/or TAZ are required for erythroblast matura-
tion and enucleation, but that they are not necessary for
signaling the establishment of erythroid lineage from
human HSCs.

Materials and methods

Sample collection and CD34* HSC isolation

G-CSF mobilized peripheral blood, and umbilical cord
blood were collected from healthy donors under the pro-
tocol approved by the Siriraj Institutional Review Board
(COA no. Si 711/2018), Faculty of Medicine Siriraj Hos-
pital, Mahidol University, Bangkok, Thailand. Written
informed consent was obtained from all donors before
blood collection. Mononuclear cells were isolated using
Lymphoprep " density gradient medium (STEMCELL
Technologies, Vancouver, Canada). CD34" cells were
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isolated using a CD34% Microbead Kit (Human) and MS
column (Miltenyi Biotec, Bergisch Gladbach, Germany).

Erythroid differentiation

Purified CD34" HSCs were differentiated in a three-
stage erythroid culture system [22]. The basal medium
consisted of Iscove’s Modified Dulbecco’s Medium
(IMDM, FGO0465; Biochrom Ltd, Cambridge, UK) sup-
plemented with 2% heat-inactivated (56 °C, 30 min) fetal
bovine serum (FBS; Merck Millipore, Burlington, MA,
USA), 3% heat-inactivated human AB serum obtained
from human AB blood group donor, 200 pg/ml transfer-
rin (T0665; Sigma-Aldrich, St. Louis, MO, USA), 3 U/
ml heparin (Leo Pharma, Ballerup, Denmark), 10 pg/
ml insulin (19278; Sigma-Aldrich), 3 U/ml EPO (Jans-
sen Pharmaceuticals, Beerse, Belgium), 100 U/ml of
penicillin (Sigma-Aldrich), and 100 mg/ml streptomycin
(Sigma-Aldrich). Stage I (day 0-8), the basal medium was
supplemented with 10 ng/ml of Stem Cell Factor (SCF;
R&D Systems, Minneapolis, MN, USA) and 1 ng/ml
interleukin-3 (IL-3; R&D Systems). Stage II (day 8-11),
the basal medium was supplemented with 10 ng/ml SCF
and stage III (day 11-20), the basal medium was sup-
plemented with 500 pg/ml transferrin. Purified CD347"
HSCs were seeded at a density of 2.5 x 10* cells/ml and
maintained at a density of 2—10 x 10° cells/ml by half
changed or adding fresh medium every 2-3 days. Cells
were incubated at 37 °C in a 5% CO, incubator. Starting
at day 7-38, a reddish pellet was observed.

Lysophosphatidic acid (LPA), dobutamine hydrochloride
(DH), and verteporfin (VP) treatment
1-Oleoyl-sn-glycero-3-phosphate (lysophosphatidic acid:
LPA, L7260; Sigma-Aldrich), a YAP/TAZ activator, and
dobutamine hydrochloride (DH, D0676; Sigma-Aldrich),
a YAP/TAZ inhibitor, were added at a final concentration
of 10 uM every other day. Verteporfin (VP) (SMLO0534;
Sigma-Aldrich), an inhibitor of YAP/TAZ-TEAD interac-
tion, was added at a final concentration of 1-2 uM every
other day in the dark.

Knockdown of YAP and TAZ in CD34* HSC-derived
erythroid cells

For the knockdown of YAP, three sgRNA targeted to
the YAP gene were designed using an online website
(CRISPR.mit.edu). Sequences of gRNA-YAP are shown in
Additional file 1: Table S1. gRNA-YAP were cloned into
pSpCas9(BB)-2A-GFP (PX458-GFP) (#48138; Addgene,
Watertown, MA, USA) according to a published proto-
col [23] and named PX458-GFP_gYAP. sgRNA sequences
were validated by Sanger DNA sequencing using U6-Fwd
primer (5'-GAGGGCCTATTTCCCATGATTCC-3')
[23]. Nucleofection was performed using an Amaxa
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4D Nucleofection System with P3 Primary Solution Kit
(Lonza, Basel, Switzerland) according to the manufac-
turer’s protocols using the DZ100 program and 1 pg plas-
mid. GFP™ cells were sorted using a FACS Aria III Cell
Sorter (BD Bioscience) at 24 h after nucleofection and
continuously cultured in an erythroid differentiation
medium.

TAZ (also known as WWTR1) was knocked down
using pLenti-Puro_gWWTR1 (GenScript, Piscataway,
NJ, USA; gRNA sequence: 5-TCTCATGTCTGGGGT
CATCG-3') [24]. Lentivirus particles were prepared by
transfecting HEK293FT (ATCC, Manassas, VA, USA)
with 5 pg pLenti-Puro_gWWTR1, 1 pg pCMV-VSV-G
(#12259; Addgene), and 4.17 pg pCMV-dR8.2 (#12263;
Addgene) (using Lipofectamine 3000 reagent Life Tech-
nologies, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. Viral particles were collected
72 h after transfection, filtered through a 0.45 pM mem-
brane filter (Jet Biofil, Guangzhou, China), concentrated
through an Amcon Ultra-15 Centrifugal Filter Tube
(Merck Millipore), and centrifuged at 4000 xg for 30 min
at 4 °C. Before transduction, the medium was changed
to IMDM supplemented with 2% FBS. One hundred pl
of concentrated viral particles was mixed with Polybrene
Infection/Transfection Reagent (Sigma-Aldrich) at a final
concentration of 8 ug/ml and then dropped into a 24-well
plate containing 500,000 cells/ml. The plate was then cen-
trifuged at 2,250 rpm for 2 h at 25 °C. The medium was
changed to erythroid differentiation medium after 24 h
post-transduction. Transduced cells harboring viruses
containing the puromycin-resistant gene were selected
after culturing in 1 ug/ml puromycin for 2 days.

Overexpression of YAP and TAZ in CD34* HSC-derived
erythroid cells

The overexpressing plasmids pBEBE-Puro-Flag-YAPS5A
and pBEBE-Puro-Flag-TAZS89A were kindly provided
by Dr. Siew Wee Chan of the Institute of Molecular and
Cell Biology, A*STAR, Singapore, as described previously
[25, 26]. These plasmids were mutagenized at 5 phos-
phorylation sites, from serine to alanine on YAP (S61A,
S109A, S127A, S164A, and S381A) designated YAPS5A,
and TAZ (S89A) named TAZS89A, which resulted in
YAP and TAZ proteins that are always active. Cells were
transfected with the YAPS5A or TAZS89A plasmid by
nucleofection.

Knockdown of YAP and TAZ in CD34% HSCs

Fresh CD34" HSCs were expanded in HSPC cytokine-
rich medium as published previously [27] for 4-5 days.
YAP and TAZ genes were knocked down using the
CRISPR/Cas9 lentiviral vectors pLenti-Puro_gYAP (Gen-
Script, gRNA sequence: 5'-GCAGTCGCATCTGTTGCT
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GC-3’) and pLenti-Puro_gWWTR1 (TAZ), as described
above. The puromycin-resistant CD34" HSCs were
mixed with MethoCult-enriched methylcellulose (H4435;
STEMCELL Technologies) and cultured for 14 days.

Cytospin and Wright's staining

Cells were collected and spun onto a glass slide at
1000 rpm for 5 min using a Cytospin 4 (Thermo Fisher
Scientific, Waltham, MA, USA). Wright’s staining solu-
tion (1.5 ml) was dropped onto the glass slide followed
by 1.5 ml of distilled water and incubated for 4 min.
The slide was washed with water and air dry. Permount
mounting medium (Fisher Chemical, Hampton, NH,
USA) was applied and coverslipped. Cell morphology
was observed by a light microscope (Olympus Micro-
scope CX31; Olympus, Tokyo, Japan).

Western blotting analysis

Cells were collected, washed with phosphate-buffered
saline (PBS), and lysed by adding radioimmunoprecipi-
tation assay (RIPA) buffer (Thermo Fisher Scientific)
containing Proteinase K (Thermo Fisher Scientific) and
phosphatase inhibitors (Sigma-Aldrich), incubated on ice
for 30 min. The protein concentrations were measured
using a Pierce BCA Protein Assay Kit (Thermo Fisher Sci-
entific). Protein was boiled, loaded onto 7.5-12% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a 0.45 uM polyvinylidene
fluoride (PDVF) membrane (Merck Millipore). The
membrane was blocked with 5% skimmed milk (Merck
Millipore) in Tris-buffered saline containing 0.1% Tween-
20 for 1 h at room temperature (RT) and probed with the
primary antibodies: TAZ (#4883; Cell Signaling Tech-
nology (CST), Danvers, MA, USA), YAP (#4912; CST),
pTAZ (S89) (#75275; CST), pYAP (S127) (#4911; CST),
LATS1 (#9153; CST), LATS2 (#5888; CST), pLATS-1079
(#8654; CST), pLATS-909 (#9157; CST), and Caspase3
(#9665; CST) diluted at 1:1,000, overnight at 4 °C. The
membrane was then incubated with HRP-conjugated
secondary antibody diluted at 1:5,000 for 2 h at RT fol-
lowed by staining with HRP-conjugated anti-human
B-actin (1:10,000) for 30 min. The membrane was incu-
bated with enhanced chemiluminescence (ECL) (Bio-Rad
Laboratories, Hercules, CA, USA) and visualized using a
biomolecular imager (ImageQuant LAS4000; GE Health-
care, Chicago, IL, USA).

RNA isolation and gene expression analysis

RNA was prepared using TRIzol reagent (Molecular
Research Center, Cincinnati, OH, USA). Total RNA
500 ng, measured using a Nanodrop 2000 spectro-
photometer (Thermo Fisher Scientific), was reverse-
transcribed using a ReverseAid First Strand cDNA
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Synthesis Kit (Thermo Fisher Scientific). Quantita-
tive real-time reverse transcription-polymerase chain
reaction (qRT-PCR) was performed using TagMan
Fast Universal PCR Master Mix (Applied Biosys-
tems, Foster City, CA, USA) and the Universal Probe
Library (UPL; Roche Life Science, Penzberg, Germany)
on a CFX356 Real-Time PCR Detection System (Bio-
Rad Laboratories). Data were normalized to GAPDH.
Primer sequences and probes are listed in Additional
file 1: Table S2.

Apoptosis assay

Cells were harvested, resuspended in 100 pl of
1 x binding buffer containing 5 pl Annexin V-FITC
(BD Bioscience, San Jose, CA, USA) and 5 pl 7-AAD
(BD Bioscience), and incubated for 15 min at RT in the
dark. Binding buffer was added up to 300 pl, and cells
were analyzed by flow cytometry.

Flow cytometry analysis

Cells were harvested, washed with PBS twice, and
incubated with the desired antibodies for 15 min at
RT in the dark. Cells were washed twice, centrifuged
at 2000 rpm, and resuspended in 300 pl of 2% FBS/PBS
before being subjected to FACSCanto flow cytometry
(BD Bioscience) and analyzed using FACS DIVA soft-
ware (BD Bioscience). The antibodies used for flow
cytometry were anti-human CD34-PE (#343506; Bio-
Legend, San Diego, CA, USA), anti-human CD235a-
APC (#130-100-270; Miltenyi Biotec), and anti-human
CDA41-FITC (#303704; BioLegend).

Statistical analysis

Results are expressed as mean=+standard error of the
mean (SEM). The significant difference between groups
was analyzed using non-parametric Mann—Whitney
test or Kruskal-Wallis test for experiment that has two
groups or more than two groups, respectively. Analysis
was performed on GraphPad Prism software version 8
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for Mac (GraphPad Software, San Diego, CA, USA). A p
value <0.05 was statistically significant.

Results

YAP and TAZ are highly expressed in pro-erythroblasts

and erythroblasts

Human CD34" HSCs—from mobilized peripheral blood
(PB) and cord blood (CB), were collected. A purity of
CD34" HSCs greater than 95%, as analyzed by flow
cytometry, was used in all experiments. CD34" HSCs
were differentiated to erythrocytes by culturing in a
three-stage erythroid culture system [22] (Fig. 1A). Dur-
ing erythroid differentiation, the cultured CD34" HSCs
exhibited morphology resembling pro-erythroblasts,
basophilic erythroblasts, polychromatic erythroblasts,
orthochromatic erythroblasts, and mature erythrocytes
(Fig. 1B). With this culture system, CD34" HSCs derived
from PB showed morphological differentiation sooner
and generated a higher percentage of enucleated mature
erythrocytes at the end of culture than those derived
from CB. Although not significant difference, the per-
centage of mature erythrocytes derived from PB- and
CB-CD34" HSCs at the end of culture was 75% (day 18)
and 60% (day 20), respectively (Fig. 1C).

To determine basal expression of YAP and TAZ in
human erythropoiesis, protein expression of YAP and
TAZ in HSCs and differentiated erythroid cells from
culture on days 8, 11, 15, and 18 was studied by West-
ern blot. The expression of YAP and TAZ protein was
barely detected in PB- and CB-CD34" HSCs. In con-
trast, the expression of these two proteins became highly
upregulated in cultured cells on days 8 and 11 when the
majority of cells became pro-erythroblasts and erythro-
blasts and it trend to be downregulated as erythroblasts
undergo maturation and enucleation, but not statically
significant (Fig. 1D-G). Furthermore, the highest expres-
sion of YAP/TAZ in erythroid cells of PB origin was on
day 8, while the highest expression of YAP/TAZ in cells
of CB origin was on day 11. This might be because eryth-
roid cells from CB demonstrate slower morphologi-
cal change compared to those from PB (Fig. 1B), which
resulted in YAP/TAZ in cells of CB origin becoming

(See figure on next page.)

20 um

Fig. 1 Expression of YAP and TAZ in CD34" HSC-derived erythroblasts. A Schematic of erythroid differentiation from human CD34 HSCs in the
three-stage erythroid culture system. B Wright's staining of erythroid cells during differentiation of mobilized-peripheral blood (PB)- and cord blood
(CB)-CD34™ HSCs showing the morphologic change from CD34™ HSC to pro-erythroblasts on day 8, erythroblasts on days 11-15, and mature
erythrocytes on days 18 and 20 in in vitro culture, respectively. C Percentage of mature erythrocytes derived from PB- and CB-CD34%1 HSCs in the
three-stage erythroid culture system at the end of culture. At least 500 cells were counted in each group (n=4). D, F Western blot analysis of total
YAP and TAZ expression at days (D) 8, 11, 15, and 18 of erythroid-differentiated cells derived from PB- and CB-CD34 HSCs, respectively. Relative
expression levels of YAP and TAZ to 3-actin as measured by Image J software were labeled in red (PB and CB, n=5, 3, respectively). E, G Fold
intensity of YAP and TAZ were analyzed compared to CD34% cells. Data represent the mean = standard error of the mean (SEM), *p < 0.5. Scale bar,
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upregulated later. In addition, phosphorylated (p)YAP
and pTAZ (the inactive forms of YAP and TAZ) and their
upstream mediators (LATS1, LATS2, and pLATS pro-
teins) were also detected during erythroid differentiation

of PB-HSCs (Additional file 1: Fig. S1). Overall, our result
showed that YAP and TAZ are highly expressed in pro-
erythroblasts and erythroblasts compared to the non-
differentiated CD34% HSCs of both fetal and adult origin,
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which suggests that YAP/TAZ might play a crucial role in
human erythropoiesis.

Inhibition of YAP/TAZ activity inhibited erythroid cell
proliferation and induced cell apoptosis at a late stage

of erythroid differentiation

To determine whether YAP/TAZ is required for eryth-
roid differentiation, we modulated the expression of
YAP/TAZ using two small molecules, lysophospha-
tidic acid (LPA), and dobutamine hydrochloride (DH).
LPA has been classified as a YAP/TAZ activator, which
increases YAP/TAZ activity by enhancing their nuclear
localization and interaction with their DNA binding
partner TEAD1 [28-30]. In contrast, DH is a YAP/TAZ
inhibitor, increases phosphorylation, and prevents their
nuclear localization [19]. We first evaluated the effect of
LPA and DH on proliferation rate of PB-CD34% HSCs
in the erythroid culture system, and we determined a
concentration of 10 uM to be the optimal dose for both
agents (Additional file 1: Fig. S2).

To determine the effect of LPA and DH on YAP/TAZ
protein expression during erythroid differentiation from
HSCs, PB-, and CB-CD34" HSCs were cultured in the
three-stage erythroid culture system supplemented
with either 10 uM LPA or 10 uM DH. Cell pellet of LPA
and DH treatment is shown in Additional file 1: Fig. S3.
Differentiating cell at day 11 of culture (most cells are
erythroblasts) was collected for Western blot analysis.
Result showed that LPA slightly increased TAZ proteins
expression, while DH increased pYAP and pTAZ of PB-
HSC derived erythroblasts when compared with control
(Fig. 2A). To confirm that LPA and DH could indeed
manipulate YAP/TAZ activity, expression of YAP/TAZ
target genes: c-Myc, CTGF, Cyclin D1 and CYR61 were
determined (Additional file 1: Fig. S4). Result showed
that LPA slightly increased YAP/TAZ activity in this cul-
ture system, but DH clearly inhibited YAP/TAZ activity
as shown by the significant down-regulation of their tar-
get genes.

We next determined the growth kinetics of differ-
entiated PB-HSCs during erythroid culture in LPA
and DH treatment. The results showed that LPA at a
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concentration of 10 pM did not affect the growth kinetics
of erythroid cells during the differentiation of PB-HSCs.
In contrast, DH has a significantly negative effect on the
growth kinetics of PB-HSCs (Fig. 2B), either by inhibit-
ing cell proliferation or by inducing cell apoptosis. Sub-
sequent apoptosis assays of PB-CD34" HSC-derived
erythroid cells showed that although DH did not induce
cell apoptosis on culture day 11 (data not shown), its
effects started to induce cell apoptosis on culture day
15, and more significantly on day 18. In contrast, LPA
treatment did not affect cell apoptosis (Fig. 2C). These
results suggest that the inhibition of YAP/TAZ by DH
did not induce cell apoptosis at an early stage of differ-
entiation but rather inhibits erythroid cell proliferation
or promotes maintenance of cell quiescence. Increased
cell apoptosis of PB-CD34" HSC-derived erythroid cells
occurred only during the late stages of erythroid differ-
entiation, possibly by increasing caspase-3 activity (Addi-
tional file 1: Fig. S5). Inhibition of cell proliferation might
lead to the later activation of an apoptotic pathway in this
scenario.

Inhibition of YAP/TAZ proteins by DH-impaired erythroid
cell differentiation

We next determined the effect of YAP/TAZ on eryth-
roid differentiation. LPA treatment had no apparent
additional positive effect on erythroid differentiation of
PB-CD34% HSCs. However, DH treatment delayed differ-
entiation and impaired enucleation of PB-HSC-derived
erythroblasts, as determined by morphological changes
during culture days 15 to 18 (Fig. 2D). The percentage of
enucleated mature erythrocytes at the end of culture was
decreased dramatically in the DH-treated group com-
pared to the control (Fig. 2E). In addition, the erythroid-
specific genes KLF1 and GATAI were downregulated in
DH-treated erythroblasts derived from PB-CD34" HSCs
(Fig. 2F). Erythroid differentiation of CB-CD34" HSCs
showed cell proliferation and differentiation impairment
similar to that observed in PB-CD34" HSCs, but there
appeared to be less effective after DH treatment (Addi-
tional file 1: Fig. S6A-D).

(See figure on next page.)

Fig. 2 Depletion of YAP/TAZ protein by DH-impaired erythroid cell proliferation and maturation. A Expression of YAP and TAZ after 10 uM
lysophosphatidic acid (LPA; a YAP/TAZ activator) and dobutamine hydrochloride (DH; a YAP/TAZ inhibitor) treatment of PB-CD34+ HSC-derived

erythroblasts for 11 days. Relative levels to B-actin were labeled in red. B Fold increase of cells during erythroid differentiation from PB-CD34% HSCs
after treatment with LPA (green) and DH (red) when compared to control (black) (n=5). C Cell apoptosis of PB-CD34" HSC-derived erythroid cells
at days 15, and 18 after LPA and DH treatment, as analyzed by Annexin V and 7-AAD staining (n = 3). D Representative cell morphology during
erythroid differentiation from PB-CD34" HSCs showed morphological delay around day 15, and most of the remaining cells were erythroblasts
(black arrow) at day 18 after DH treatment. E Percentage of mature erythrocytes and erythroblasts at the terminal stage of differentiation (day 18).
At least 500 cells were counted in each group (n=9). F Expression of the erythroid-specific genes KLF1 and GATAT, after LPA and DH treatment for
8 days (n=3). Data represent the mean £ SEM, *p < 0.5, **p < 0.01, ***p < 0.001. Scale bar, 20 um
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Interaction of YAP/TAZ-TEAD is required during erythroid
differentiation

We used another small molecule, verteporfin (VP), that
inhibits the interaction between YAP and its transcrip-
tion factor TEAD by changing the conformation of YAP
and increasing its degradation [20, 21, 31]. Similar to
DH treatment, VP inhibited the growth kinetics and the
erythroid differentiation of PB-CD34" HSCs, as dem-
onstrated by the low number of mature erythrocytes at
the final stage of erythroid culture in a dose-dependent
manner (Fig. 3A-C). Taken together, inhibiting the
active form of YAP/TAZ co-transcription factor activ-
ity via phosphorylation or by preventing the formation
of YAP/TAZ-TEAD binding to DNA impairs erythroid
differentiation.

DH treatment specifically impaired erythroid maturation
and enucleation from erythroblasts to erythrocytes

To determine the exact time points at which DH affects
erythroid differentiation, we initiated DH treatment
at various specific time points of culture (Fig. 4A). Dif-
ferentiating PB-HSCs that received DH treatment while
differentiating to erythroid cells only during culture days
11-15 (DH11-15) showed signs of impaired erythroid
maturation in a manner similar to those that received
DH treatment throughout the entire culture period (DH)
(Fig. 4B, C). In contrast, the PB-CD34" HSC-derived
erythroid cells that received DH treatment at other time
points, such as during culture days 0-8 (DHO0-8), and
during culture days 8-11 (DH8-11), showed no signifi-
cant signs of impaired erythroid maturation, while those
treated during culture days 15-18 (DH15-18) showed
only minor effects of erythroid enucleation impairment.
These results suggest that the inhibitory effect of DH on
erythroid differentiation occurred mainly at the onset of
erythroblast conversion to erythrocyte.

Knockdown of YAP and TAZ genes impaired human
erythroid maturation

To confirm the role of YAP on human erythroid differ-
entiation, HSC-derived erythroblasts were genetically
manipulated using CRISPR/Cas9 plasmids containing a
single guide RNA (sgRNA) targeting YAP. Three gRNA
sequences were designed to target YAP at exon 1 using
CRISPR.mit.edu (Additional file 1: Fig. S7A). gRNA
number 2 was chosen for further experiments based
on its knockdown efficiency in HEK293FT cells (Addi-
tional file 1: Fig. S7B, C), and it was designated PX458-
GFP_gYAP. This vector has previously been used for the
generation of YAP-depletion iPS cell line [32]. To knock
down YAP, the PX458-GFP_gYAP plasmid was trans-
fected into HSC-derived erythroid cells on culture day 5
(Fig. 5A), and the successfully transformed HSC-derived

Page 8 of 17

erythroblasts that expressed GFP (Additional file 1:
Fig. S7D-F) were sorted by FACS and further cultured
in erythroid culture system for subsequent use in the
erythroid differentiation assay. Although our gene inac-
tivation approach did not completely abolish YAP mRNA
expression, its expression in YAP-KD PB- and CB-HSCs
was significantly downregulated (Fig. 5B) and YAP tar-
get genes: c_Myc, Cyclin DI and CYR6I were signifi-
cantly decreased (Additional file 1: Fig. S8). Similar to
DH and VP treatment, YAP-KD HSC-derived erythroid
cells failed to complete erythroid differentiation and enu-
cleation. We observed that YAP-KD cells demonstrated
delayed erythrocyte morphology at day 15. They started
to die before enucleation took place. However, in the
vector control (PX458-GFP), cells enucleated usually on
day 18 (Fig. 5C). The higher percentages of immature
polychromatic erythroblasts on day 15 suggest that the
polychromatic erythroblasts derived from YAP-KD cells
experienced developmental arrest and could not further
differentiate to become mature erythrocytes (Fig. 5D).
In addition to their erythroid differentiation defects, the
YAP-KD cells also expressed significantly lower KLFI
erythroid-specific genes (Fig. 5E).

Since TAZ shares partial functional redundancy with
YAP in organ growth control, we investigated whether
or not TAZ has a similar role in erythroid differentiation.
To that end, we knocked down the TAZ gene using the
pLenti-Puro_gWWTR1 (TAZ) plasmid, which was pre-
viously used for the generation of TAZ-depleting iPSCs
[33]. This plasmid was transduced into HSC-derived
erythroid cells on culture day 5, and successfully trans-
duced HSCs that were resistant to puromycin were iden-
tified and evaluated in erythroid differentiation assay
(Fig. 5F). The expression level of TAZ mRNA in TAZ-KD
PB- and CB-HSCs was significantly lower than in those
cells transduced with a control plasmid (Fig. 5G). None-
theless, a phenotypic delay was observed in TAZ-KD cells
(Fig. 5H). More specifically, the ratio of polychromatic
and orthochromatic erythroblasts differed on day 15 of
culture compared to control, suggestive of erythroid dif-
ferentiation delay (Fig. 5I). These cells of CB-HSC origin
also expressed a significantly lower level of KLFI mRNA,
but it was only somewhat reduced in cells of PB-HSC ori-
gin (Fig. 5]). Furthermore, these data suggest that TAZ-
KD cells show differentiation delay, similar to YAP-KD
cells, which indicates that YAP and TAZ may be required
for normal erythroid differentiation to the terminal stage.

Overexpression of YAP/TAZ exerted no effect on erythroid
differentiation

As shown in the earlier experiments, increasing of YAP
activity using LPA treatment did not show significant
effect on erythroid cell growth. Since increasing of LPA
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concentration is not doable in this circumstance due to
its cytotoxic effect, we then performed a genetic manip-
ulation experiment by transducing constitutively active
YAP and TAZ plasmids containing phosphorylated
sites mutated at serine —alanine, namely YAPS5A and
TAZS89A, respectively, to the CB-CD34" HSC-derived
erythroid cells on culture day 5 (Fig. 6A). Both qRT-
PCR and Western blot analysis confirmed dramatically
increased total YAP/TAZ expression in transformed
cells at 3 days post-transduction and increasing of their

target gene c-Myc was observed (Fig. 6B—E, Additional
file 1: Fig. S9). We found that overexpression of YAP/
TAZ did induce erythroid-specific genes upregulation;
KLF1, GATAI and TALI (Additional file 1: Fig. S10).
However, corresponding to the result from LPA treat-
ment, we did not observe any apparent beneficial effect
of erythroid differentiation after YAP/TAZ overexpres-
sion as determined by cell morphology when compared
to control (Fig. 6F—H). Altogether, these results sug-
gested that there might be a limited threshold level of

(See figure on next page.)

Fig.5 YAP and TAZ knockdown delayed erythroid maturation and enucleation. A Schematic of YAP knockdown during erythroid differentiation
using the CRISPR/Cas9 PX458-GFP_gYAP plasmid. B YAP mRNA expression of PB- and CB-CD341 HSC-derived erythroblasts at 3 days
post-nucleofection, as analyzed by qRT-PCR (n =4). C A representative of erythroid cell morphology during differentiation after YAP-KD showed
delayed differentiation and more immature cells (black arrow) compared to control. D Percentages of cells after YAP-KD of PB- and CB-CD34% HSCs
counted at day 15 of differentiation. At least 200 cells were counted in each group (n=4). E KLFT mRNA expression of sorted GFPT cells at 3 days
after nucleofection (n = 3). F Schematic of TAZ knockdown during erythroid differentiation using CRISPR/Cas9 pLenti_gWWTR1 (TAZ). G TAZ mRNA
expression at 3 days post-nucleofection (n=3, 4, respectively). H Representative erythroid cell morphology derived from PB- and CB-CD34™ HSCs,
after TAZ-KD. | Percentages of cells after TAZ-KD at day 15 of differentiation. At least 200 cells were counted in each group (n=3, 4, respectively).

J KLFT mRNA expression after TAZ-KD analyzed 3 days after nucleofection (n = 3). Data represent the mean & SEM. *p <0.05, **p <0.01. Scale bar,
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YAP in erythroid cell differentiation process. Increasing
YAP activity over the threshold has no additional ben-
eficial effect on human erythroid cells development.

YAP and/or TAZ are dispensable during human HSC lineage
allocation to myeloid or erythroid lineages

To determine whether or not YAP/TAZ is required dur-
ing the establishment of erythroid or myeloid lineages
from HSCs to their progenitors, CD34" HSCs were cul-
tured in HSPC cytokine-rich medium for pre-activa-
tion and expansion [27]. CD34" HSCs were transduced
using lentiviral particles containing a single-guide RNA
CRISPR/Cas9 targeted to YAP or TAZ (pLenti_Puro_
gYAP and pLenti Puro_gWWTR1 [TAZ], respectively),
followed by puromycin selection (Fig. 7A). Puromycin-
resistant HSCs were seeded into methylcellulose for
colony-forming unit assay which is a standard testing of
CD34" HSCs differentiation ability to their progenitors
[34, 35]. Methylcellulose supports colony-forming unit
granulocytes, erythroid, megakaryocyte, and macrophage
(CFU-GEMM, multi-lineage progenitors); colony-form-
ing unit granulocyte/macrophage (CFU-GM, granulocyte
and macrophage progenitors); and erythroid (BFU-E,
CFU-E, erythroid progenitor). Although the expression
of YAP/TAZ in HSCs was barely detectable by Western
blot analysis (Fig. 1D, F), it could be detected by RT-
qPCR (Fig. 7B). The expression of YAP and TAZ mRNA
was significantly reduced in YAP-KD, TAZ-KD, and
YAP/TAZ-double (d) KD compared to control (empty
vector without gRNA) (Fig. 7B). After 14 days of culture,
we found that all colony types could be observed in the
empty vector control, YAP-KD, TAZ-KD, and YAP/TAZ-
dKD (Fig. 7C). The number of each colony after YAP-KD,
TAZ-KD, and YAP/TAZ-dKD did not significantly differ
from the control (Fig. 7D). We further collected all cells
from methylcellulose culture and stained them for spe-
cific lineage markers: Glycophorin A (GPA, also known
as CD235a), erythroid lineage marker and CD41, mega-
karyocyte lineage marker. We used GPA™CD41"~ to clas-
sify granulocyte/macrophage population in this study
(Additional file 1: Fig. S11). The proportion of granulo-
cyte/macrophage lineage and erythroid lineage did not
significantly differ after YAP-KD, TAZ-KD, or YAP/TAZ-
dKD compared to control (Fig. 7E). These results indicate
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that loss of YAP and TAZ expression does not alter HSC
differentiation to myeloid or erythroid progenitors and
suggests that they might not be involved in HSC lineage
allocation to myeloid-erythroid lineages in this culture
system. Summary of this study is illustrated in Fig. 7F.

Discussion
Our results provide the clear evidence that YAP and
TAZ are required for human terminal erythroid differen-
tiation and enucleation in both fetal and adult HSCs, but
that they are dispensable for erythroid lineage establish-
ment from HSCs. YAP and TAZ are probably required
for human erythroid cell proliferation and protects these
cells from apoptosis, similar to Hippo pathway-regulated
cell growth in other cell types [36]. However, expression
of YAP/TAZ is an absolute requirement for the successful
transition of erythroblast maturation to erythrocyte.
Although, previous studies reported that YAP is dis-
pensable for normal HSC function [37, 38] and overall
blood production, including erythrocytes, in normal
and malignant hematopoiesis using the conditional
inducible YAP/TAZ depletion mice model under the
Mx1-Cre promoter [39]. However, these results do not
completely abnegate our results as the fundamental dif-
ferences between human and mouse erythropoiesis have
long been demonstrated. Although mouse has exten-
sively been used as a model for improving our under-
standing of the mammalian erythropoiesis. Nonetheless,
there are several variations between human and mouse
hematopoiesis, especially at the terminal erythroid dif-
ferentiation stage. An and colleagues (2014) performed
transcriptomic analysis on the isolated pure population
of human and mouse erythroblasts. The analysis of tran-
scriptomic data revealed that there were significant stage
and species-specific differences of terminal erythroid dif-
ferentiation [40]. In addition, the differences on expres-
sion of long-non-coding RNA and other erythroid cell
maturation related genes between human and mouse
were also demonstrated [41-43]. These differences high-
light the complications in translating observations from
mice to human and shed light onto why some human
hematologic disorders are not knowledgeable in mouse
models.

(See figure on next page.)

represent the mean = SEM, *p <0.05. Scale bar, 200 uM

Fig. 7 Knockdown of YAP or TAZ in CD34% HSCs did not alter HSC commitment to erythroid or myeloid lineages. A Schematic of YAP and TAZ
knockdown in CD34% HSCs using CRISPR/Cas9 lentiviral system. B YAP and TAZ mRNA expression as analyzed by qRT-PCR at 2 days after lentiviral
transduction (n=4, 3 respectively). C Representative of colony-forming unit (CFU) assay of YAP-KD, TAZ-KD, and YAP/TAZ-double (d) KD in PB-CD34+
HSCs after being cultured in methylcellulose for 14 days showing colony-forming unit granulocyte/erythroid/macrophage/megakaryocyte
(CFU-GEMM), colony-forming unit granulocyte/macrophage (CFU-GM) and Burst-forming unit erythroid (BFU-E). D The colony number of YAP-KD,
TAZ-KD, and YAP/TAZ-dKD derived from PB-CD34" HSCs counted on day 14 of methylcellulose culture (n=3). E Percentage of erythroid cells (Ery)
and granulocytes/macrophages (GM) after YAP-KD, TAZ-KD, and YAP/TAZ-dKD of cells from methylcellulose (n=3). F Summary of this study. Data
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It has also been reported that YAP/TAZ expression
in vivo could be altered by negative feedback or redun-
dancy by other factors. Indeed, a negative feedback
loop to inhibit YAPS5A, overexpression of YAP activity
that translocates into a nuclease, such as a-catenin, was
found in cardiomyocytes [44] and epidermal cells [45].
Furthermore, during differentiation of mouse embry-
onic stem cells to macrophages, YAP-TEAD seems to
have a role in hemogenic endothelium transition stage
[46] and regulate the HSPC formation in zebrafish
involved in mechanosensing [47]. Recent finding has
also demonstrated that Yapl promotes proliferation of
stress erythroid progenitors during recovery from bone
marrow transplantation in mice [48]. It might suggest
that YAP is required for HSC formation from hemo-
genic endothelial transition stage but dispensable for
establishment to its progenitors such as erythroid and
myeloid progenitors. However, YAP is required again
during erythrocyte maturation and enucleation. It indi-
cates the dynamic of YAP during development.

It might be possible that the YAP/TAZ-TEAD complex
controls the expression of erythroid specific genes KLFI
and GATAI as the expressions of KLF1 and GATAI are
correlated with YAP/TAZ expression and knockdown
of KLFI and GATA1 showed some overlapping pheno-
types. Downregulation of KLFI led to impaired differen-
tiation and enucleation of hESC-derived erythroid cells
[49], whereas reduction of GATAI inhibited erythroid
differentiation, which resulted in the development of
immature erythroid cells [50].

YAP and the Hippo pathway are tightly regulated by
post-translational regulators. YAP activity is controlled
by LATS kinases, which are known as crucial upstream
YAP inactivation. LATS kinases inhibit YAP by phos-
phorylation, which leads to cytoplasm retention and
degradation. In addition to inhibition of YAP by phos-
phorylation, LATS have been reported to have the ability
to translocate directly into the nuclease and phosphoryl-
ated CCCTC-binding factor (CTCF), a nuclear protein,
which leads to a change in chromatin structure encom-
passing YAP target genes resulting in downregulation of
YAP target genes [51]. Well-known upstream mediators
of the Hippo pathway are controlled by cell-cell con-
tact [52]. Recently, YAP and TAZ could be regulated by
mechanical cues, including ECM stiffness, shear force,
and cytoskeleton tension [53]. Furthermore, a new regu-
lator of Hippo pathway/YAP was recently discovered via
mechanotransduction and shear force through caveolae,
which are organelles localized on the plasma membrane
[54, 55]. In addition, YAP regulation of HSC formation in
response to biomechanical force has been reported [47].
However, other types of upstream signaling and control
of Hippo pathway cascades remain largely unknown.
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Conclusions

Our results demonstrated that dynamic expressions of
YAP and TAZ are crucial for human erythropoiesis. The
presence of YAP/TAZ essentially during the transition of
erythroblast to erythrocyte is required for the successful
generation of mature erythrocytes and reticulocytes.
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