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Figure 9. ET-1 augments pathological features in HCM iPSC-derived cardiomyocytes. A, Immunostaining for cardiac troponin-T (cTnT} of the
single cardiomyocytes derived from each control and HCM iPSC. The single cardiomyocytes at 60 days were cultured for 7 days with ET-1, Ang
1, IGF-1, or PE. B and C, Cell surface areas of 788 to 819 randomly chosen cTnT-positive cardiomyocytes in each group and condition were
measured. The single cardiomyocytes were cultured for 7 days with ET-1, Ang I, IGF-1, or PE (1-way ANOVA with Steel’s multiple comparison
post-test). D and E. The percentages of cardiomyocytes with myofibrillar disarray were assessed by immunostaining for ¢TnT. N=844 to 995.
*p<0.05, **P<0.01, tP<0.0001 vs free condition {}* test). Ang Wl indicates angiotensin Il; ET-1, endothelin-1; HCM, hypettrophic
cardiomyopathy; IGF-1, insulin-like growth factor-1; iPSC, induced pluripotent stem cell; PE, phenylephrine.

and HCM iPSC-derived cardiomyocytes. There were no signif-
icant differences in extracellular signal-regulated kinase and
c-Jun N-terminal kinase activation by ET-1 stimulation between
control and HCM (data not shown).

The ET-1—ETA Axis has a Pivotal Role in
Pathological Deterioration in HOM iPBC-Derived
Cardiomyocytes

To further investigate the potential therapeutic strategy of
blocking ET-1 signaling for disease prevention and regression,
we examined the effects of ETA-b {BQ-123) and ETB-h (BO-
788) on the HCM iPSC-derived cardiomyocytes, based on the
cell surface area and the incidence of myofibrillar disarray. We
added ETA-b and ETB-b for 7 days with ET-1 to the HCM iPSC-
derived cardiomyocytes (Figure 13A). ETA-b apparently
blocked the ET-1-induced cardiomyocyte hypertrophy,
while no antihypertrophic effect was observed with ETBD

(Figure 13A and 13B). In addition, coadministration of ETA-b
and ETB-b attenuated the increased cell surface area induced
by ET-1. Without ET-1, coadministration of ETA-b and ETB-b
did not significantly affect cell surface area of the HCM iPSC-
derived cardiomyocytes. Moreover, ETA-b, but not ETB-b,
significantly decreased the incidence of ET-{-induced myo-
fibrillar disarray in the HCM iPSC-derived cardiomyocytes
(Figure 13A and 13C). Electron microscopy of beating EBs
treated with ET-1 for 7 days also revealed attenuation of the
increased myofibrillar disarray with ETA-b, but not ETB-b
(Figure 13D and 13E). Although some previous reports
showed that ETA-b and ETB-b both have antagonizing effects
on ET-1 in various tissues,?® ETB-b showed no such action on
the ET-1-induced hypertrophy and incidence of myofibrillar
disarray in the HCM iPSC-derived cardiomyacytes. These data
suggest that ETA-b might have a preventive effect on disease
manifestation in HCM iPSC-derived cardiomyocytes. Next, we
examined the effect of ET-1 blockers on NFATc4 nuclear
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Figure 10. Increased pathological features in HCM iPSC-derived
cardiomyocytes. A, The single cardiomyocytes at 60 days after
differentiation were cultured for 7 days with ET-1, Ang Il, IGF-1, or
PE. Cell surface areas of cTnT-positive cardiomyocytes were
measured. N=788 to 819. $P<0.0001 vs control in the same
condition (Mann-Whitney U test). B, The percentages of cardio-
myocytes with myofibrillar disarray were assessed by immuno-
staining for cardiac troponin-T. N=844 to 995. **P<0.01,
+P<0.0001 vs control in the same condition (x* test). Ang I
indicates angiotensin Il; cTnT, cardiac troponin-T; ET-1, endothelin-
1; HCM, hypertrophic cardiomyopathy; IGF-1, insulin-like growth
factor-1; iPSC, induced pluripotent stem cell; PE, phenylephrine.

translocation in HCM iPSC-derived cardiomyocytes. ETA-b,
but not ETB-b, significantly decreased ET-1—induced NFATc4
nuclear translocation in the HCM iPSC-derived cardiomyo-
cytes (Figure 13F and 13G).

Next, we examined the effect of ETA-b on regressing the
HCM pathological phenotype (Figure 14A). Interestingly, ET-1
treatment of these cells during either the first or second 7-day
period significantly increased both cell surface area and the
incidence of myofibrillar disarray at 14 days (Figure 14B
through 14D: ET-1-Free, Free-ET-1). These data suggest that
once cardiomyocytes acquire the HCM pathological state, it is
difficult to spontaneously attenuate the phenotype. ETA-b

administration during the latter 7 days significantly reduced
the cell surface area and the incidence of myofibrillar disarray
in the ET-1-treated HCM iPSC-derived cardiomyocytes
(Figure 14B through 14D: ET-1-ETA-b). These data implicate
the importance of ET-1 and the ETA pathway in the
pathological progression and regression of HCM.

ET-1 Has a Pivotal Role in Myofibrillar Disarray in
Heterozygous Mybpc3-Targeted Knock-in Mouse
Myocytes

We showed that ET-1 induced myofibrillar disarray in the HCM
iPSC-derived cardiomyocytes. We then examined whether this
phenotype is reproduced in a well-characterized mouse model
of HCM. We chose the heterozygous Mybpc3-targeted knock-in
mice (HET),'® which mimic the genetic situation of HCM
patients, such as the present HCM 3. HET mice developed
diastolic dysfunction but no cardiac hypertrophy.?” Interest-
ingly, however, engineered heart tissue derived from neonatal
HET mice exhibited accumulation of hypertrophic markers,
suggesting that culture conditions could reveal hypertrophy in
Mybpc3-carrier mice. Cardiomyocytes were isolated from HET
and wild-type (WT) neonatal mice and cultured for 72 hours;
serum was then removed for 12 hours, and thereafter cells
were stimulated by either ET-1 or control for 48 hours. We then
measured cell surface area and myofibrillar disarray after
immunostaining for o-actinin and ¢cMyBP-C (Figure 15A and
15B). In basal conditions, HET cardiomyocytes were larger than
those of WT but did not exhibit higher incidence of myofibrillar
disarray than WT cardiomyocytes (Figure 15C and 15D: Con-
trol). ET-1 induced a similar extent of cardiomyocyte hypertro-
phyin WT and HET (Figure 15C). Onthe otherhand, whereas ET-
1 had no effect on the myofibrillar disarray in WT cells, it
markedly increased the incidence of myofibrillar disarray in HET
(Figure 15D). In baseline conditions, mRNA levels for actin,
alpha 1, skeletal muscle (Actal), natriuretic peptide type A
(Nppa), and natriuretic peptide type B (Nppb) were all higher in
HET than in WT celis. ET-1 increased all of them in both groups
and particularly Nppb mRNA levels in HET cardiomyocytes
(Figure 15Ethrough 15G). These data suggest that ET-1induces
pathological cardiac phenotypes in the HCM model.

Contraction Variability Is Captured by Motion
Vector Analysis in Single Beating Cardiomyocytes
Derived From iPSCs

We showed herein that myofibrillar disarray increased by ET-1
and decreased by ETA-b in HCM iPSC-derived cardiomyo-
cytes. To elucidate whether myofibrillar disarray in beating
human cardiomyocytes can affect physiological properties, we
last analyzed the contractile dynamics of the self-beating
iPSC-derived single cardiomyocytes in terms of contractile
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Figure 11. ET-1 augments myofibrillar disarray in HCM iPSC-derived cardiomyocytes. A, Electron microscopic observation of
beating EBs at 60 days, which were cultured with ET-1, Ang Il, IGF-1, or PE for 7 days. Scale bars, 1 um. B and C, Relative gene
expression of EDNRA and EDMRB in beating EBs at 30 days, normalized against TNNTZ. N=3 (Control=3, HCM 1=3, HCM 1=3,
HCM 3=3) (Kruskal-Wallis test). Ang il indicates angiotensin li; EBs, embryoid bodies; EDNRA, endothelin receptor type A; £T-1,
endothelin-1; HCM, hypertrophic cardiomyopathy; IGF-1, insulin-like growth factor-1; iPSC, induced pluripotent stem cell; PE,

phenylephrine.

direction, using a high-speed video imaging and analysis
system.'? This system can evaluate contractile direction of
every moving spot detected in a spontaneously beating
cardiomyocyte and produce an index of contractile dispersion
{Figure 16). To analyze variability in the contractile direction,
iPSC-derived cardiomyocytes were cultured under adherent
culture conditions for 24 hours after beating EBs were
dissociated (0 hours) and treated with ET-1 in the absence

or presence of ETA-b or ETB-b for 24 or 48 hours. Motion
vector pictures (Vector} showed the captured motion direction
and distance at each point in each single beating cardiomyo-
cyte, and histograms indicated the corresponding point
frequencies at a range of angles (0° to 180°; Figure 17A).
We compared the variation in the 8D scores of the histogram
hetween control and HCM iPSC-derived cardiomyocytes.
Before ET-1 administration (Free), the histograms of control
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Figure 12. ET-1 strengthens pathological features in HCM iPSC-derived cardiomyocytes in a concentration-dependent
manner. A, Cell surface areas of 789 to 822 randomly chosen cardiac troponin-T (¢cTnT)-positive cardiomyocytes in each
group and condition were measured. The cardiomyocytes were dissociated from EBs at 60 days and cultured for 7 days
with various concentrations of ET-1 {1, 10, 100, or 1000 nmol/L) (1-way ANOVA with Steel’s multiple comparison post-
test). B, The percentages of cardiomyocytes with myofibrillar disarray were assessed by immunostaining for ¢cTnT of the
single cardiomyocytes after 7 days of culture with ET-1. N=875 to 995 (per each group and condition). *£<0.05,
#%p<0,01, P<0.0001 vs ET-1-free (0 nmol/L) condition in the same group (x° test). C and D, Nuclear translocation of
NFATc4 was assessed by immunostaining for NFATc4 and cTnT. Isolated cardiomyocytes at 60 days were cultured for
7 days with or without ET-1. The presented images were the iPSC-derived cardiomyocytes cultured for 7 days with ET-1,
Scale bars, 20 pum. N=376 to 448 (per each group and condition), *P<0.01, **P<0.001 vs free condition in each group
{x? test). EBs indicatesO embryoid bodies; ET-1, endothelin-1; HCM, hypertrophic cardicmyopathy; iPSC, induced
pluripotent stem cell; NFAT, nuclear factor of activated T cells.

and HCM iPSC-derived cardiomyocytes showed a single sharp
peak with lower SD scores, although the SD scores of HCM
were mildly higher than those of control (Figure 17B and
Video clip S1). After ET-1 administration, the control iPSC-
derived cardiomyocyte histograms still showed a sharp peak
at 24 and 48 hours, indicating synergistic beating in a given
direction (Figure 17A, 17C, and 17D). In contrast, the HCM
iPSC-derived cardiomyocyte histograms showed a broad
distribution with higher SD scores after the ET-1 administra-
tion, indicating disorganized contractile form (Figure 17A and
Video clip S2). The SD scores of the HCM iPSC-derived

cardiomyocytes were significantly increased by ET-1 admin-
istration at 24 hours compared with the control cells
(Figure 17C). At 48 hours, ET-1 administration strongly
induced the contractile dispersion in the HCM iPSC-derived
cardiomyocytes, and this effect was clearly blocked by ETA-b,
but not by ETB-b (Figure 17D).

Discussion

In this study, we elucidated an interaction between genetic
backgrounds and environmental factors by using HCM iPSC-
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Figure 13. ET-1-ETA axis has a pivotal role in pathological deterioration in HCM iPSC-derived cardiomyocytes. A, lmmunostaining for
cardiac troponin-T {cTnT) of the single cardiomyocytes derived from HCM 1, HCM 2, and HCM 3 iPSC-derived cardiomyocytes. The single
cardiomyocytes at 60 days were cultured for 7 days with ETA-b and/or ETB-b in the presence or absence of ET-1. B, Cell surface areas of
809 to 825 randomly chosen cTnT-positive cardiomyocytes in each condition were measured (1-way ANOVA with Steel's multiple
comparison post-test). C, The percentages of cardiomyocytes with myofibrillar disarray were assessed by immunostaining for ¢TnT of the
single cardiomyocytes. N=880 to 995 (per each condition). 1£<0.0001 vs ET-1 condition (x* test). D, Electron microscopic observation of
beating EBs at 60 days cultured with ETA-b or ETB-b in the presence of ET-1. Scale bars, 200 nm. E, Lower magnified electron microscopic
images corresponding with (D). F and G, Nuclear translocation of NFATc4 was assessed by immunostaining for NFATc4 and ¢TnT. The single
cardiomyocytes at 60 days were cultured for 7 days with ETA-b and/or ETB-b in the presence of ET-1, Scale bars, 20 pm. N=391 to 751
{per each culture condition). T7<0.000 1 vs ET-1 condition (7 test}. EBs indicates embryoid bodies; ET-1, endothelin-1; ETA-b, endothelin
receptor type A blocker; ETB-b, endothelin receptor type B blocker; HCM, hypertrophic cardiomyopathy; iPSC, induced pluripotent stem cell;
NFAT, nuclear factor of activated T cells.
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Figure 14. ETA-b regresses the HCM pathological phenotype. A, Time course of drug stimulation protocols for
beating single cardiomyocytes. The single cardiomyocytes derived from each of the HCM iPSCs, which were
dissociated from EBs at 60 days, were cultured for 7 days with or without ET-1, and then subsequently cultured for
7 days with or without ETA-b. Immunostainings for cTnT with DAPI nuclear staining were performed at 14 days. B,
The isolated cardiomyocytes at 60 days were cultured for 7 days with or without ET-1 and subsequently cultured
for 7 days with or without ET-1, or ETA-b. C, Cell surface areas of total 300 randomly chosen cTnT-positive
cardiomyocytes were measured in each culture condition {(1-way ANOVA with Steel’s multiple-comparison post-
test). D, The percentages of cardiomyocytes with myofibrillar disarray were assessed by immunostaining for cTnT of
the single cardiomyocytes. N=317 to 361 {per each culture condition). *£<0.001 (x* test). cTnT indicates cardiac
troponin-T, EBs, embryoid bodies; ET-1, endothelin-1; ETA-b, endothelin receptor type A blocker; HCM, hypertrophic

cardiomyopathy; iPSCs, induced pluripotent stem cells.

derived cardiomyocytes. HCM patients have a wide variety of
medical backgrounds in terms of clinical severity, family
history, and gene mutations. However, HCM patients show
similar phenotypes in terms of heart morphology, pathology,
and hemodynamic features. We therefore sought {o identify a
common pathway of disease manifestation in HCM among
patients with different backgrounds by using iPSC-derived
cardiomyocytes. Hence, we selected the patient with HCM
without known mutations and the patient with HCM with a
mutation in MYBPC3, which is one of the most frequent
mutated genes in HCM patients.

In HCM hearts, left ventricular hypertrophy and myocar-
dial disarray are key hallmarks as pathological features.
These accumulating data definitely suggest that histopatho-
logical studies in HCM could provide valuable information in
terms of prognosis and disease severity, Myofibrillar disarray
is also documented as a HCM phenotype and used as a
marker of the disease.”®?* We found myofibrillar disarray
frequently in the HCM iPSC-derived cardiomyocytes. There-
after, we focused on what could induce this morphological

feature and found that the incidence of the myofibrillar
disarray was enhanced by ET-1 in the HCM iPSC-derived
cardiomyocytes. We also confirmed that cardiomyocytes
from established mouse HCM model'®*” also showed
myofibrillar disarray induced by ET-1. In iPSC-derived cardio-
myocytes, the expression levels of ET receptors were
comparable, but NFAT was activated by ET-1 specifically in
the HCM iPSC-derived cardiomyocytes, which suggests that
ET-1-induced NFAT activation is intracellularly affected in the
HCM iPSC-derived cardiomyocytes. The activation of calcium-
dependent serine-threonine protein phosphatase calcineurin
induces pathological cardiac hypertrophy and deleterious
remodeling of the heart through NFAT activation.”® On the
contrary, the calcineurin~NFAT pathway is not activated in
physiological hypertrophic response despite increased sys-
tolic calcium transient,”” the mechanism of which remains
unclear.

HCM mutations are found in many sarcomeric genes,
including MYBPC3. Sarcomere and myofibril formations are
finely and tightly regulated. The structural changes could be
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Figure 15, ET-1 augments the incidence of myofibrillar disarray in cardiomyocytes isolated from heterozygous Mybpc3-targeted knock-in
mice. A, Immunostaining for «-actinin and cMyBP-C with DRAQS nuclear staining of cardiomyocytes derived from neonatal wild-type (WT) and
Mybpc3-targeted heterozygous knock-in (HET) mice. Scale bars, 20 pum. B, Immunostaining for o-actinin and cMyBP-C with DRAQS nuclear
staining of the single cardiomyocytes derived from WT and HET mice, which were cultured with ET-1 for 48 hours. Scale bars, 20 pm. C, Cell
surface areas of 173 to 178 randomly chosen a-actinin—positive cardiomyocytes in each condition were measured. ¥P<0.05, *#¥P<0.01 vs WT or
as indicated on the figure (Mann-Whitney U test). D, The percentages of cardiomyocytes with myofibrillar disarray were assessed by
immunostaining for a-actinin of the single cardiomyocytes. N=215 to 236, *P<0.05, ¥*P<0.01 vs WT or as indicated on the figure (y* test). E
through G, Quantitative RT-PCR analyses for Acfal, Nppa, and Nppb. N=3 to 5. *P<0.05, **P<0.01 (Kruskal-Wallis test). Acta! indicates -
skeletal muscle; cMyBP-C, cardiac myosin-binding protein C; ET-1, endothelin-1; Mybpc3, human/mouse gene encoding cardiac myosin-binding
protein C; Nppa, natriuretic peptide type A; Mppb, natriuretic peptide type B; RT-PCR, reverse transcription-polymerase chain reaction.

affected by those mutations.®® The efficiency of incorpora-
tion of mutated sarcomeric proteins into sarcomere varies
according to the mutation, which could affect the myocyte
contractility.®! The content of mutated protein would vary
from fiber to fiber, which would cause variation in force
generation in each fiber,** which might result in myofibrillar
disarray. Several signaling molecules could modify the
pathophysiology of HCM in a context-dependent fashion.’
ET-1, angiotensin, and catecholamines have various impor-
tant roles, but each ligand has definitely different roles in
cardiac physiology.?® In the heart, binding and activation of
ETA predominantly mediate ET-1 signaling and potently
induce cardiomyocyte hy;:aertrophy.34 In our study, ET-1
stimulation specifically induces NFAT nuclear accumulation
in the HCM iPSC-derived cardiomyocytes and shows the
prominent effects on HCM phenotypes. NFAT is. a strong
mediator in cardiac hypertrophy and is both sufficient and

necessary for the cardiac hypertrophic response.35'36 There-
fore, we have speculated that NFAT activation would
exaggerate myofibrillar disarray, which might be slighily
present without those stimulation in the presence of
sarcomeric gene mutation. To elucidate the physiological
effect of myofibrillar disarray, we used high-speed imaging
and revealed that the contractile cooperativity was disrupted
in the individual HCM iPSC-derived cardiomyocytes. To
develop the automated high throughput screening for drug
screening, we should determine the suitable markers.
Myofibrillar disarray and the contractile cooperativity disrup-
tion may be useful markers in HCM cardiomyocytes. Thus,
our results will push ahead with the developments of drug
invention strategy focused on the underlying pathogenesis
of HCM.

This study has several limitations. First, the iPSCs that we
used were generated from 2 original cell sources: dermal
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Figure 16. Schema of motion vector analysis for single beating
cardiomyocytes. A, Normal cardiomyocytes, beating synchronously
in 1 direction, show symmetrical twin peaks under 360° analyses.
The summation data indicates a single peak with lower SD scores.
B, Cardiomyocytes with myofibrillar disarray, beating nonsynchro-
nously, show >2 morphologically irregular peaks under 360°
analyses. The summation data indicate flattened peak with higher
SD score (double-headed red arrow).

fibroblasts and circulating T lymphocytes. Although the
original cell memory would remain in the established iPSCs,
it is still unknown if cardiomyocytes differentiated from such
iPSCs might inherit the original cell nature. Fibroblasts are
often used for the sources of iPSC generation, and the
character of iPSC-derived cardiomyocytes was comparable to
embryonic stem cell-derived cardiomyocytes.®” T cell-derived
iPSCs could also differentiate into functional cardiomyocytes
which are comparable to embryonic stem cell-derived
cardiomyocytes,®® which suggests that those iPSC-derived
cardiomyocytes can be used for the disease analysis. Second,
the iPSC-derived cardiomyocytes showed immature pheno-
type, and there should be some differences between adult
cardiomyocytes and iPSC-derived cardiomyocytes. Although

there are many attempts to obtain mature iPSC-derived
cardiomyocytes resembling adult phenotype, ideally rod-
shaped cardiomyocytes, current techniques could not accom-
plish the full maturation. However, we found some patholog-
ical differences between control and HCM iPSCs-derived
cardiomyocytes, as seen in the previous studies using
disease-specific iPSCs. It would be, therefore, an appropriate
model to decipher the characteristic differences at the cellular
level, though there should be some room for better technical
improvement. Third, 3 patients have totally different indepen-
dent genetic backgrounds. HCM3 has a MYBPC3 mutation
(Gly999-GIn1004del). During further genetic screening, we
found that HCM1 has a mutation in TPM7 (Arg91Cys), but it
remains unclear whether the mutation would affect disease
phenotype. HCM2 is genetically negative but there may be
unknown mutation. It may be possible that those different
genetic backgrounds modify disease phenotypic severity. It is
preferable to conduct those experiments using many iPSC
lines derived from many patients, as with a clinical study. In
the future, we would like to recruit many more patients, and
detailed characterization will be desired for the patients with
independent genetic backgrounds.

HCM mutations induce dysfunction in myocyte contractil-
ity, consequently leading to an activation of several stress-
responsive trophic and mitotic factors.?” Because of the lack
of human models in which to assess the interactions
between genetic backgrounds and such factors, determina-
tion of the candidates for HCM progression has been
hampered. As used here, emerging iPSC technology enabled
us to evaluate this problem, revealing the pathological effects
of ET-1. ET-1 is a potent vasoconstrictor that induced
hypertrophy in cultured cardiomyocytes,33 and it is reported
that the plasma level of ET-1 was significantly increased in
HCM patients.*®*' The concentration of ET-1 used in the
present study was higher than the plasma concentration in
patients with heart failure but is the standard ET-1 concen-
tration as used in previous experiments,*? which would be
partly because the ET-1 signal acts in the heart in an
autocrine/paracrine fashion.** ETA receptor was highly
expressed in heart compared with the ETB receptor,"* and
ETA-b attenuated cardiac hypertrophy provoked by several
causes.*>*® In the current study, we showed that the ET-1-
ETA axis could be a common pathway in HCM disease
manifestation. To move those findings forward to clinical
study, we should confirm therapeutic effect of ET-1 blocker
on HCM in experimental models in vivo. It is important to
know the effect of ET-1 blocker on an in vivo HCM model for
various time courses: young age and old age. A transgenic
rabbit model of HCM clearly showed temporal evolution of
cardiac phenotypes such as a higher calcium sensitivity of
myofibrillar ATPase activity at earlier stage and cardiac
hypertrophy and fibrosis at later stage, which suggests the
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Figure 17. Motion vector analysis of single beating cardiomyocytes derived from control and HCM iPSCs. A, The iPSC-derived single
cardiomyocytes at 60 days, which were cultured for 24 hours, were stimulated for 48 hours with or without ET-1 and/or each endothelin
receptor blocker. Phase contrast image (PC) showed the single beating cardiomyocytes obtained in this system. Vectors showed traced motion
vectors overlaid in the cardioryocyte image in PC. A histogram showed the frequency of the motion vector angles {angles between each vector
and x-axis [horizontal axis] in the image) in a single cardiomyocyte. The histograms and SD scores were calculated at 0, 24, and 48 hours after
stimulation. B, The SD scores of the vector angle histograms in control and HCM iPSC-derived beating cardiomyocytes before ET-1 stimulation
{0 hour). N=30 {control} or 90 (HCM). C, The SD scores of the vector angle histograms after 24-hour stimulation, N=21 to 24 (control} or 79 to
87 (HCM). D, The SD scores of the vector angle histograms after 48-hour stimulation. The SD scores of HCM iPSC-derived cardiomyocytes with
ETA-b were significantly reduced, compared with those of ET-1. N=27 to 28 (control) or 67 to 73 (HCM). *P<0.05, **P<0.01 vs as indicated on
the figure (Student ¢ test}, ET-1 indicates endothelin-1; ETA-b, endothelin receptor type A blocker; ETB-b, endothelin receptor type B blocker;
HCM, hypertrophic cardiomyopathy; iPSCs, induced pluripotent stem cells.

involvement of multiple independent mechanisms in the HCM causal mutations to modify the nature of each individual
pathogenesis of HCM phenotypes.*’ disease state.

In summary, we demonstrated that patient-specific iPSCs
are invaluable systems in which to assess the genetic—
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ORIGINAL ARTICLE
Impaired hematopoietic differentiation of RUNXI-mutated
induced pluripotent stem cells derived from FPD/AML patients

M Sakurai’, H Kunimoto', N Watanabe?, Y Fukuchi', S Yuasa®, S Yamazaki®, T Nishimura®, K Sadahira’, K Fukuda®, H Okano®,
H Nakauchi®®, Y Morita’, | Matsumura’, K Kudo®, E Ito®, Y Ebihara®, K Tsuji®'®, Y Harada'"'2 H Harada'" S Okamoto' and H Nakajima'

Somatlc mutatlon of RUNX l is lmpllcated in vanous hematologlcal mallgnanaes, |nc|ud|ng myelodysplastnc syndrome and acute

Leukemla (2014) 28, 2344—2354 doi: 10 1038/leu 2014 136 :

INTRODUCTION The mutations are distributed throughout RUNXT protein, being
RUNXT1 is a founding member of Runt-family transcription factors, ~ roughly classified into two categories, missense mutation in
which was cloned from a break point of t(8;21) chromosomal N-terminal Runt-homology domain and frame-shift or non-sense

translocation observed in acute myeloid leukemia (AML). Studies ~ mutations leading to a C-terminal truncation. Runt-homology
over a decade have revealed critical roles of RUNX! in domain mutation impairs DNA-binding and nuclear localization,
hematopoiesis. During embryonic development, RunxT is abso- while the C-terminal truncatnon disrupts transcriptional activation
lutely essential in the emergence of hematopoietic stem and or repression activity.”® Biochemical studies have shown that
progenitor cells through hemogenic endothelium. In contrast, most of the RUNXT mutations observed in MDS or AML are
conditional disruption of Runx? in adult hematopoietic system loss-of-function mutation or dominant negative to the residual
revealed that it was critical in the differentiation of mega-  wild-type (WT) allele.®'> However, their capacities to suppress
karyocytes (MgKs) and Iymphocytes as well as in the homeostasis transcriptional actuv;ty of WT-RUNX1 vary among mutants by
of hematopoietic stem cells.! However, these results were mostly ~ in vitro assays.> In addition, it is possible that some mutations
derived from gene-disruption studies in mice, and the role of confer the protein with non-physiological functions acting as gain-
RUNXT in human hematopoiesis has never been tested in of-function mutants. Therefore, precise function of mutant RUNX1

experimental settings. in MDS or AML remains obscure, and it must be tested in
Somatic mutation of RUNXT has been implicated in a variety of physiological and, ideally, in human settings.
hematological malignancies, including myelodysplastic syndrome Familial platelet disorder/AML(FPD/AML) is a rare autosomal

(MDS) and AML. It was found in 15-35% cases of AML MO dominant disorder caused by germline mutation of RUNXI,
subtype,2 10-20% of MDS>® 37% of chronic myelomonocytic marked by thrombocytopenia and propensity to acute leukemia.'?
feukemia’ and 14% of MDS/myeloproliferative neoplasm,® which Approximately 30 FPD/AML pedigrees have been reported to
makes RUNX1 as one of the most frequently mutated genes in date, and the affected patients retained RUNXT mutation at similar
hematological malignancies. positions as reported in MDS and AML. Most patients present no
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evident clinical symptoms or developmental abnormalities except
mild thrombocytopenia from their childhood. However,
approximately half of FPD/AML patients develop MDS or acute
leukemia after a long latency, generally after the third decade of
their lives. These facts together with insights from mouse studies'
clearly indicate that RUNXT mutation per se is not sufficient for
leukemia development, but it establishes preleukemic state that
predisposes cells to full-blown leukemia by acquiring additional
genetic events,'™'® It is therefore expected that studying the
pathogenesis of FPD/AML would provide a valuable insight into
the molecular mechanism of leukemia or MDS with RUNXT
mutation. However, rarity of FPD/AML pedigrees and limited
opportunity to obtain their patient samples has tremendously
hampered the study.

Induced pluripotent stem cells (iPSCs) provide us with novel
opportunities for disease modeling and drug discovery'”'®
Hematopoietic differentiation of iPSCs can be induced by
co-culture on stromal cells, and iPSC-derived hematopoietic
progenitors can be used further for recapitulating disease
phenotypes.'””?” As iPSCs can be an indefinite source for
differentiated cells, they are particularly useful when disease
samples cannot be easily obtained from patients.

To investigate the physiological function of RUNXT in human
hematopoiesis and the pathophysiology of FPD/AML, we derived
iPSCs from three distinct FPD/AML pedigrees (FPD-iPSCs) and
examined their defects in the emergence of hematopoietic
progenitor cells (HPCs) and hematopoietic differentiation. These
pedigrees have distinct heterozygous mutations in RUNXT gene,
two in the N-terminal RUNT domain affecting its DNA-binding
activity and one in the C-terminal region affecting its transactiva-
tion capacity. Three FPD-iPSC lines uniformly presented a variety
of defects in the emergence in HPCs and MgK differentiation,
which were rescued by overexpression of WT-RUNXT. We further
demonstrated that overexpression of mutant-RUNXT in WT-iPSCs
did not recapitulate the phenotype of FPD-iPSCs, showing that the
mutations were of loss-of-function type. Taken together, this
study, for the first time, demonstrated that haploinsufficient
RUNX1 allele imposed cell-intrinsic defects on the emergence of
HPCs and MgK differentiation in human experimental settings and
revealed differential impacts of RUNXT dosage on human and
murine megakaryopoiesis.

MATERIALS AND METHODS
Patients

Family trees of three FPD/AML pedigrees are depicted in Figure 1a.
Peripheral blood samples from affected patients were collected after
obtaining written informed consent. The study was conducted with
approval from the internal review board of Keio University School of
Medicine, Tokyo, Japan and conformed to the principles outlined in the
Declaration of Helsinki for use of human tissue or subjects.

DNA sequence

Genomic DNA was purified by phenol-chloroform method or by QlAamp
DNA Micro Kit (Qiagen, Tokyo, Japan) according to the manufacturer's
protocol. RUNX1 mutations of iPSCs were verified by direct sequencing of
PCR product of RUNXT gene amplified from genomic DNA of iPSCs. PCR was
performed by PicoMaxx high-fidelity PCR system (Agilent Technologies, Santa
Clara, CA, USA) with primers for RUNXT that were previously described? PCR
products were purified and subjected to direct sequencing by using BigDye
Terminator v1.1 Cycle sequencing kit (Life Technologies Japan, Tokyo, Japan)
and ABI Prism 310 Genetic Analyzer (Life Technologies Japan).

Generation of iPSCs and cell culture

iPSCs were established from peripheral T cells obtained from patients.
Detailed protocol for generating iPSCs from human peripheral blood
mononuclear cells was previously described?® Control iPSCs were
generated from peripheral T cells of healthy male donors after informed
consent. Established iPSCs were maintained on inactivated mouse

© 2014 Macmillan Publishers Limited
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Figure 1. Pedigrees of FPD/AML and sequence analysis of RUNX1

gene. (a) Family trees of three FPD/AML pedigrees. Open symbols,
unaffected individuals; gray symbols, patients with thrombocytope-
nia; black symbols, patients who developed acute leukemia or MDS.
Slash lines represent deceased individuals. Arrows denote patients
enrolled in the study. (b) Summary of RUNXT mutations identified in
FPD/AML pedigrees. Amino acid numbers are shown on the top of
each panel. Positions of mutated amino acids are shown in filled
stars. An area with oblique lines denotes irrelevant amino-acid
sequence added due to a frame-shift mutation. Activation;
transactivation domain.

embryonic fibroblasts in iPSC medium, and cells were passaged by
treating cells with 1 mg/ml collagenase IV (Life Technologies Japan) every
5-6 days.

Reverse transcription-PCR (RT-PCR)

Total RNA was isolated using TRIZOL reagent (Life Technologies Japan)
according to the manufacturer’s instructions. cDNA was reverse-tran-
scribed using SuperScript Il reverse transcriptase (Life Technologies Japan).
PCR was performed using PicoMaxx high-fidelity PCR system (Agilent
Technologies) as previously described?® Quantitative RT-PCR (qRT-PCR)
was performed as previously described.?® Primer sequences are listed in
Supplementary Table S1.

Teratoma formation assay

iPSCs (1 x 107) were injected into the testis of NOD-SCID mice (CLEA Japan,
Tokyo, Japan) under anesthesia with pentobarbital sodium (Kyoritsu
Seiyaku Corporation, Tokyo, Japan). Eleven weeks after injection, tumors
were dissected and fixed in 4% paraformaldehyde in phosphate-buffered-
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saline. Fixed tissues were then embedded in paraffin, sectioned and
stained with hematoxylin and eosin for analysis.

Immunofluorescence staining

Immunofluorescence staining was performed using the following primary
antibodies: anti-NANOG (Abcam, Cambridge, MA, USA), anti-OCT3/4 (Santa
Cruz Biotechnology, Dallas, TX, USA), anti-SSEA 3 (Millipore, Billerica, MA,
USA), anti-SSEA 4 (Millipore), anti-Tra1-60 (Millipore), and anti-Tra1-81
(Millipore). The secondary antibodies used were: anti-mouse immunoglo-
bulin G (IgG), anti-mouse IgM, anti-rabbit IgG, and anti-rat lgM monoclonal
antibodies conjugated with Alexa Fluor 488 or 594 (Life Technologies
Japan). Fluorescent images were captured using fluorescence microscope
(1X70, Olympus, Tokyo, Japan) with CCD camera (DP70, Olympus).

Hematopoietic differentiation of iPSCs

We used AGM-S3 co-culture 3% or embryonic stem (ES) sac protocols®? to
assess hematopoietic differentiation of iPSCs as previously described. For
AGM-S3 co-culture, iPSCs were plated onto inactivated AGM-S3 cells and
cultured for 2-3 days with iPSC medium. On day 2 or 3, medium was
replaced with Iscove’s modified Dulbecco’s medium (Sigma, St Louis, MO,
USA) supplemented with 10% fetal bovine serum (Sigma), 20 ng/ml human
vascular endothelial growth factor (PeproTech, Rocky Hill, NJ, USA), 1%
nonessential amino acid solution {Life Technologies Japan), 100 um 2-ME
(Wako, Osaka, Japan) and 1 mm L-glutamine (Wako). Hematopoietic cells
recognized as ‘cobble-stone’ area surrounding iPS colonies emerge on day
10-14 of co-culture, which are then harvested using 0.05% trypsin/EDTA
(Wako) for further experiments.

For ES sac formation, small iPS colonies were transferred onto irradiated
C3H10T1/2 cells and co-cultured in Iscove’s modified Dulbecco’s mediu
supplemented with 15% fetal bovine serum, 10pg/ml human insulin,
55ug/ml human transferrin, 5ng/ml sodium selenite (Sigma), 2mm
L-glutamine (Life Technologies Japan), 045mm o-monothioglycerol
(Sigma), 50 ug/ml ascorbic acid (Sigma) and 20ng/m! human vascular
endothelial growth factor. On days 14— 15 of culture, sac-like structure
containing hematopoietic cells (iPS-sac) formed on the feeders were
manually collected into 50-ml tubes, gently crushed with pipetting and
passed through a 40-um cell strainer to obtain hematopoietic progenitors.

Colony-forming assay

CD34* cells derived from iPSCs by AGM-S3 co-culture were sorted by flow
cytometry and subjected to colony-forming assays using Methocult H4435
(Stem Cell Technologies, Vancouver, BC, Canada). Numbers and types of
colonies were assessed on day 14.

Flow cytometry

Cells were stained in phosphate-buffered-saline/5% fetal bovine serum
with the following monoclonal antibodies: anti-CD34-fluorescein isothio-
cyanate (FITC), anti-CD45-phycoerythrin (PE), anti-CD31-PE, anti-CD41a-PE,
anti-CD42b-FITC (BD Pharmingen, San Jose, CA, USA), anti-glycophorin A
(GPA)-FITC and anti-CD43- allophycocyanin (BioLegend, San Diego, CA,
USA). Stained cells were analyzed by fluorescence-activated cell sorting
(FACS) Calibur with the CellQuest software (BD Biosciences, San Jose, CA,
USA) or sorted by MoFlo (Beckman Coulter, Brea, CA, USA). The data were
analyzed by the FlowJo software (Tomy Digital Biology, Tokyo, Japan).

Differentiation of MgKs from CD34 % cells

CD34™" cells generated from iPSCs were sorted by flow cytometry and
cultured in minimum essential medium alpha (Life Technologies Japan)
supplemented with 10% bovine serum albumin, 100 pm 2-ME, 100 ng/ml
stem cell factor (PeproTech) and 10 ng/ml thrombopoietin (PeproTech) at
37 °C under hypoxia condition (5% O,). After 3 days of culture, cells were
counted, harvested and analyzed by flow cytometry.

Stable transfection of iPSCs

pcDNA3.1/Flag-WT-RUNX1  expressing human WT-RUNX1b isoform,
pcDNA3.1/Flag-RUNXTS'72E or pcDNA3.1/RUNXTN2336X283 was transfected
into iPSCs using FUGENE HD transfection reagent (Promega, Madison, Wi,
USA) according to the manufacturer’s protocol. After 2 days of transfection,
stable transformants were selected in human ES medium supplemented
with 100pg/ml of G418 (Roche, Basel, Switzerland). Surviving colonies
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were picked up around day 14 of selection and subjected to further
analyses of mRNA and protein expression.

Western blotting

Preparation of protein extracts and western blotting were
performed as previously described.* Briefly, iPSCs were lysed in the lysis
buffer (1% Nonidet P-40; 20mm Tris-HCl, PH7.5; 150mm NaCl; 1mm
phenylmethylsulfonyl floride; 1 ug/ml leupeptin). Proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to PROTRAN BA85 membrane (Schleicher and Schuell, Dassel,
Germany). Membranes were blocked with 5% non-fat milk in TBS-T (0.1%
Tween-20) and hybridized with anti-FLAG M2 antibody (Sigma), anti-RUNX1
rabbit polyclonal antibody (gift from H Harada) or anti-a-tubulin
monoclonal antibody (Sigma) followed by a horseradish peroxidase-
conjugated anti-mouse or anti-rabbit immunoglobulin G secondary antibody
(GE Healthcare, Pittsburgh, PA, USA). Bound antibodies were detected by
enhanced chemiluminescence (GE Healthcare).

Statistical analysis

All statistical analyses were performed using unpaired Student's t-test.
P-values< 0.05 were considered statistically significant.

RESULTS
Derivation of iPSCs from patients with FPD/AML

In order to investigate the physiological function of RUNXT in human
hematopoiesis and the pathophysiology of FPD/AML, we derived
iPSCs from three distinct FPD/AML pedigrees to examine their
defects in the emergence of blood cells and hematopoietic
differentiation. Three FPD/AML pedigrees that we utilized in the
study are depicted in Figure 1a. These pedigrees carried distinct
heterozygous mutations in RUNX1 gene, two in the N-terminal RUNT
domain and one in the C-terminal region (Figure 1b). N-terminal
mutations in RUNT domain in pedigrees 1 and 2 (G172E and
G143W) were considered to affect DNA-binding activity of RUNX1,
and C-terminal mutation in pedigree 3 (N233fsX283) was reported
to abrogate the transactivation/ repression capacity.

After obtaining informed consent from the affected patients, we
established iPSCs from their peripheral T cells by infecting Sendai
viruses expressing four reprogramming factors (OCT3/4, SOX2,
KLF4 and c-MYC) (Figure 2a).3* FPD-iPSCs could be established in
comparable frequency as the one from normal individuals
(WT-iPSCs), and their behavior in the culture and the
morphology of the colonies were indistinguishable from those
of WT-iPSCs (Figure 2b). We confirmed that each iPSCs harbored
the same RUNXT mutation identified in somatic cells of the original
patients (Figure 2c). Initial characterization of FPD-iPSCs revealed
that the established clones retained typical characteristics of
pluripotent stem cells such as the expression of immature ES cell
markers (for example, Nanog, Oct3/4, SSEA-3, SSEA-4, Tra-1-60 or
Tra-1-81) as examined by immunostaining (Figure 2d), RT-PCR
(Figure 2e), gRT-PCR (Supplementary Figure Sla) or flow
cytometry (Supplementary Figure S1b) and the ability to form
teratomas with differentiation to three germ layers in immuno-
deficient mice (Figure 2f). Sendai virus-induced reprogramming
does not accompany viral integration into the host genome, and
we confirmed that the transduced genes were not expressed on
mRNA level in the established FPD-iPSC clones (Figure 2e).

Defective emergence of hematopoietic progenitors from
FPD-iPSCs

To investigate the impact of RUNXT mutation on the emergence of
hematopoietic progenitors (HPCs), we induced hematopoietic
differentiation of FPD-iPSCs by co-culture on AGM-S3 cells, a
stromal cell line established from aorta-gonad-mesonephros
(AGM) region?' (Figure 3a). Briefly, WT-iPSCs and FPD-iPSCs
were dispersed and plated on inactivated AGM-S3 cells and were
co-cultured in the presence of vascular endothelial growth factor.
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Figure 2, Generation and characterization of iPSCs from FPD/AML patients. (a) Schematic diagrams of iPSC derivation from FPD/AML
patients using terminally differentiated peripheral T cells. Pictures are T cells infected with control retrovirus expressing green fluorescent
protein (GFP) (left; light microscope, right; GFP). (b) Morphology of the colonies of WT-iPSCs or FPD-iPSCs. Scale bar=500pum.
Pdg.; pedigree. {¢) RUNXT mutations in FPD-iPSCs. Each FPD-iPSC retained the same mutation as somatic cells of the original patient.
() Immunofluorescence staining for human embryonic stem cell (hESC) markers. Scale bar=200pum. (&) RT-PCR analysis for the
endogenous hESC maker genes (NANOG, OCT3/4, SOX2, KLF4, c-MYC, REX1 and TERT), and SeV-transgenes (OCT3/4 Tg, SOX2 Tg, KLF4 Tg and
¢-MYC Tg). NC; negative control. Infected T cells represent T cells 3 days after SeV infection. (f) Teratoma formation assay. iPSCs were
injected into the testes of NOD-SCID mice. Teratomas were resected, fixed, sectioned and stained with hematoxylin~eosin, WT-iPSC and all
FPD-iPSCs showed differentiation to three germ layers, including pigmented epithelium (ectoderm), cartilage (mesoderm) and intestinal
glandular structure (endoderm), Scale bar=50um.

On day 15 or day 16 of culture, cells were collected and analyzed emergence of early erthroid-MgK progenitors from iPSCs was
for the emergence of HPCs by flow cytometry. Interestingly, the not affected by RUNXT mutation,

frequencies of CD34% and CD45 7% cells emerged from FPD-iPSCs In order to quantitatively evaluate the frequency of lineage-
were decreased to about 40-60% and 20-40% of WT-iPSCs, committed HPCs derived from each FPD-PSC, CD347 cells
respectively, suggesting that HPC emergence was profoundly generated by AGM-S3 co-culture were sorted by flow cytometry
impaired by RUNXT mutation (Figures 3b and c). Notably, these and subjected to colony-forming assays. As shown in Figure 3d, the
defects were observed to a similar extent in all three FPD-iPSC frequencies of granulocyte-monocyte (GM), erythroid (E) or mix
lines, showing that either N-terminal or C-terminal mutations of  colony-forming-cells (CFCs) in CD34™ fraction were significantly
RUNXT do not make any differential effects on the emergence of lower in FPD-iPSCs as compared with those of WT. It is of note that
CD34" and CD45™ cells. In contrast, expression of CD235a/GPA, differences in size and morphology of the colonies were not
an early erthroid-MgK specification marker during human ES cell discernible between WT- and FPD-iPSCs (Supplementary Figure S2).
differentiation,®® was not impaired in all three FPD-iPSCs as To examine the HPC emergence in more detail, we undertook ES-sac
compared with WT (Figure 3c¢), which suggests that the differentiation protocol to induce hematopoietic differentiation.3?
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Figure 3. Hematopoietic differentiation of iPSCs by AGM-S3 co-culture. (a) Schematic diagram of hematopoietic differentiation of iPSCs by co-
culture with AGM-S3, Photograph on the right shows a cobblestone area that appeared around iPSC colonies on day 13. (b) Representative
flow cytometric profile of cells harvested from AGM-53 co-cultures. Analyses of WT-iPSC (WT1) and FPD-iPSCs (Pdg. 1) are shown.
Mononuclear cell (MNC) fractions were gated and analyzed for CD34, CD45 and GPA. (c) Percentages of CD34%, CD45™* or GPA™ cells against
MNCs are shown (n = 3, mean * s.d.). All FPD-iPSCs uniformly showed impaired differentiation to CD34 or CD45 cells, while differentiation of
GPA™ cells remained intact. WT1, WT2 and WT3 represent WT-iPSCs, established from three distinct individuals. *P<0.01. (d) Sorted CD34*

cells (5000 cells/ plate) from AGM-S3 co-culture were subjected to colony-forming assay as described in Methods. GM, CFU-GM; E, BFU-E; Mix,
CFU-mix. Data are shown as mean *s.d. (n=3). *P<0.01.

The efficiency of ES-sac induction was comparable between WT- and Defective differentiation and maturation of MgKs from FPD-iPSCs
FPD-iPSCs (Supplementary Figure 53a). As shown in Figures 4a-cand |t has been shown that RUNXT was critical for MgK differentiation
Supplementary Figure 3b, the percentage of CD34*CD437 (D45~ and maturation by gene-disruption studies in mice.' We asked
cells, earliest HPCs detected during ES cell/iPSC differentiation (HP1), whether this finding could be applied to human settings by
was decreased to 10-40% of WT in FPD-iPSCs>**” Furthermore,  ysing FPD-iPSC-differentiation model. To do this, CD34" cells
CD34%CD437CD45™ or CD34~CD431 (D45 cells, representing induced in AGM-S3 co-culture system were assessed for their
late-committed HPCs (HP2) or myeloid-restricted HPCs (Lin P),  ability to differentiate into MgKs in liquid culture with
respectively, were drastically decreased to 3-5% of WT in FPD-iPSCs thrombopoietin and SCF (Figure 5a). Interestingly, CD34™* cells
(Figure 4c). Notably, these frequencies were not statistically different from FPD-iPSCs generated CD41a* MgKs in significantly lower
between FPD-iPSCs with N-terminal RUNX1 mutation (FPD-N-iPSCs) frequencies (30-50%) as compared with WT in this assay (Figures
(pedigree 1 and pedigree 2) and those with C-terminal RUNXT 5b and d). Actual number of MgKs generated from CD34 7 cells
mutation (FPD-C-iPSCs) (pedigree 3) in this assay. We have also  was also decreased in the FPD-iPSC-group as compared with WT
checked the frequency of various lineage-committed progenitors in (Supplementary Figure S4). Of note, MgKs differentiated from
the fixed number of CD341TCD43 " (D45~ cells by colony-forming FPD-iPSCs were less mature and smaller in size as evidenced
assays. This revealed that the frequencies of GM- E- and by CD42b and mean-forward scatter (FSC), respectively, by
mix-CFCs  in CD347CD437CD45~ cells were comparable flow cytometry (Figure 5d). However, differences in size or
between WT- and FPD-iPSCs (Supplementary Figure S3c¢), and no morphology were not readily apparent by cytospin preparation
apparent difference was noted in the morphology of the colonies (Figure 5¢).
(Supplementary Figure S3d). : These results indicate that differentiation of MgKs is impaired
Taken together, these results clearly indicate that the net both quantitatively and qualitatively in FPD-iPSCs. Again, all three
emergence of HPCs from human iPSCs is profoundly impaired by FPD-iPSC lines shared the same phenotype in these assays,
RUNX1 mutation. suggesting that N-terminal and C-terminal RUNXT mutations
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Figure 4. Emergence of hematopoietic progenitors from iPSCs. (a) A model of hematopoietic differentiation from human ES cells.>® HP1, early
HPC; HP2, late-committed HPC; Lin P, myeloid-restricted HPC. (b) Representative flow cytometric profiles of HPCs generated from WT- or FPD-
iPSCs by ES-sac protocol. (¢) Percentages of HPCs generated from WT- or FPD-iPSCs analyzed by flow cytometry. Data are mean £ s.d. (n==3).

*P<0.01. SSC, side scatter.

impose similar defects in MgK differentiation and maturation in
FPD-iPSCs.

Phenotypic rescue of FPD-iPSCs by overexpression of WT RUNX1T

As mutant RUNXT has been reported to act in a loss-of-function or
dominant-negative manner for WT-RUNX1, we tried to rescue the
phenotypes of FPD-iPSCs by overexpressing WT-RUNX1. FPD-N-
iPSC and FPD-C-iPSC clones (pedigrees 1 and 3) overexpressing
WT-RUNXT were established by transfecting the vector expressing
Flag-tagged WT-RUNX1. Three clones for each FPD-iPSC were
established, and they presented highly similar phenotype. The
expression of Flag-RUNX1 was confirmed by western blotting and
RT-PCR (Figures 6a and b). FPD-iPSCs overexpressing Flag-RUNX1
was morphologically indistinguishable from parental FPD-iPSCs,
and their immature phenotype was confirmed by the expression
of pluripotent genes such as NANOG or OCT3/4 by RT-PCR
(Figure 6b). We then investigated whether these established
clones recovered the capacity to differentiate into hematopoietic
lineage. As expected, overexpressing WT-RUNXT in FPD-iPSCs
rescued the emergence of CD34™ and CD45™" cells by AGM-S3
co-culture both in FPD-N-iPSC (pdg. 1) and FPD-C-iPSC (pdg. 3),
whereas mock control did not (Figure 6c). Moreover, CFC numbers
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(CFU-GM, CFU-E, CFU-mix) in CD34* cells and differentiation of
MgKs as examined by CD41a expression and cell numbers were
also rescued by WT-RUNX1 overexpression (Figures 6d and e,
Supplementary Figure S5). Morphology of the colonies was not
different between parental FPD-iPSC and mock- or Flag-RUNX1-
transfected FPD-iPSCs (Supplementary Figure S6). Interestingly,
however, mean-FSC by flow cytometry was not recovered, and
CD42 expression was rescued only in pedigree 3 (Figure 6e). This
suggests that overexpression of WT-RUNXT only partially rescues
Mgk maturation. Of note, RT-PCR analysis showed that the
transgene for WT-RUNX1T was not silenced either before or after
the induction of HPCs (Supplementary Figure S7).

Taken together, these results support the notion that
mutant RUNX7 in FPD/AML acts in a loss-of-function or
dominant-negative manner to the WT allele in hematopoietic
differentiation, although some aspects of impaired Mgk
maturation in FPD-IPSCs may not be the consequence of
impaired RUNXT function.

Expression of RUNX1 target genes in FPD-iPSC-derived HPCs

To obtain clues whether mutant RUNXT acts in a loss-of-function
or dominant-negative manner in hematopoietic differentiation,
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Figure 5. Differentiation of MgKs from iPSC-derived CD34 ™ cells. (a) Schematic diagram of MgK differentiation from iPSC-derived CD34%
cells. CD34* cells from AGM-S3 co-culture were sorted and cultured in MgK differentiation medium containing thrombopoietin and stem cell
factor. Cells were harvested and analyzed on day 3 or 4. (b) Representative FACS profile of MgKs generated from iPSC-derived CD34% cells.
Analyses of WT-iPSC (WT1) and FPD-iPSCs (Pdg. 1) are shown. (c) Morphology of MgKs derived from WT-iPSC (WT1) and FPD-iPSCs (Pdg. 1)

(Giemsa staining. Original magnification; x 1000). (d) Percentage of CD41a

cells, mean fluorescence intensity of CD42b and mean-FSC of

WT-iPSC- or FPD-iPSC-derived Mgks are shown. Data are mean £ s.d. (n = 3). *P<0.01.

we examined the expression of RUNX1 target genes by qRT-PCR in
hematopoietic cells derived from FPD-iPSCs. Interestingly,
expressions of well-known RUNX7 target genes such as PU.T,
GM-colony stimulating factor (GM-CSF) or myeloperoxidase
(MPO)3® in FPD-iPSC-derived hematopoietic cells were decreased
to approximately half of those of WT (Figure 7). These data strongly
suggest that RUNX1 alleles of FPD-iPSCs are haploinsufficient.

Overexpression of mutant RUNX1 in WT-iPSCs does not
recapitulate the phenotype of FPD-iPSCs

In order to gain further insight into the role of mutant RUNXT in
hematopoietic differentiation of iPSCs, we derived WT-iPSCs
overexpressing mutant RUNXT and examined their differentiation
to hematopoietic lineage (Figure 8a). In this experiment, we tested
both N-terminal G172E RUNXT mutant (RUNX1-N™) from pedigree 1
and C-terminal N233fsX283 RUNX7 mutant (RUNX1-C™) from
pedigree 3.

Three stable iPSC clones for each RUNX1 mutant were
established, and the expression of mutant RUNX1 protein in
each clone was confirmed by western blotting (Figure 8a). These
clones were then subjected to hematopoietic differentiation
assays by AGM-S3 co-culture system. Surprisingly, both RUNX1
mutants, either RUNXT-N™ or RUNXT-C™, scarcely affected the
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differentiation of WT-iPSCs to HPCs (Figures 8b and c) or MgKs
(Figure 8d) as examined by flow cytometry or colony assays,
whereas FPD-iPSCs were defective in the same settings (Figures
8b-d). Of note, the expression of mutant RUNXT was not silenced
in CD34 ™ cells derived from iPSC clones analyzed (Supplementary
Figure S8). These results clearly demonstrated that overexpression
of mutant RUNXT in WT-iPSCs did not recapitulate the phenotype
of FPD-iPSCs. Taken together with the effects of mutant RUNXT on
the expression of target genes (Figure 7), these results strongly
suggest that RUNXT mutants act in a loss-of-function, not
dominant-negative, manner in hematopoietic differentiation of
iPSCs.

DISCUSSION

Knowledge on RUNXT function has been mostly derived from
genetically modified animals, such as knockout mice or mutant
zebrafish. It was previously shown that Runx1 has a critical role in
the establishment of definitive hematopoietic stem cells during
embryonic development,***° and the differentiation of MgKs and
lymphocytes in adult hematopoiesis.' Further studies have shown
that Runx? was required for the emergence of definitive
hematopoietic stem cells from the so-called ‘hemogenic

© 2014 Macmillan Publishers Limited
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Figure 6. Phenotypic rescue of FPD-iPSCs by WT RUNX1. (a) Expression of Flag-RUNX1 protein in FPD-iPSCs transfected with pcDNA3/Flag-
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endothelium’*'~** However, physiological function of RUNXT has
been rarely investigated in human experimental settings. In order
to investigate the impact of RUNXT mutation on human
hematopoiesis and to delineate the pathophysiology of FPD/AML,
we derived iPSCs from FPD/AML patients and examined their
defects in hematopoietic differentiation. In this study, we, for the
first time, demonstrated that human iPSCs with RUNXT mutation

® pU1 are defective in the emergence of HPCs and MgK differentiation.
" GM-CSF We also demonstrated that mutant RUNX7 acts in a loss-of-
# Mpo function manner in hematopoietic differentiation of human iPSCs,
strongly suggesting that the phenotypes of FPD-iPSCs are the
consequence of haploinsufficiency of RUNXT. This is compatible
with the previous observation that significant number of FPD/AML
. _ pedigrees harbor germline heterozygous deletion of entire or a
i ] - - ] part of RUNXT allele. Furthermore, it was reported that genetically
e e modified mice with heterozygous mutant RUNX7-knock-in (Ki)
WT-iPSC FPD-iPSC alleles, which resembled human hematologic diseases, displayed
Figure 7. Expression of RUNXT target genes in HPCs derived from 60-70% dgcrease .Of hematopmetlc.CFC numbgrs in AGM regions
FPD-iPSCs. Cells recovered from hematopoietic colonies generated or FLS, d“““q murine emt?ryogeneSIs, suggesting tha}t ‘hQY act. as
from WT- or FPD-iPSCs were subjected to RNA extraction and  haploinsufficient alleles in vivo. In contrast, previous in vitro
quantitative RT-PCR analyses for PU.1, GM-CSF or MPO. Data are  biochemical studies have suggested that some of the RUNX7
presented as the relative expression to those of WT1 (mean *s.d., mutations observed in MDS or AML act as weak dominant-
n=3). negative allele®® They showed that most of the RUNXT mutants
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