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Transient activation of ¢c-MYC expression is critifal
for efficient platelet generation from human induced
pluripotent stem cells.
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hnishi R, Endo H, Yamaguchi T, Otsu M, Nishimura K,
Nakanishi M, Sawaguchi A, Nagai R Takahashi K, Y
amanaka S, Nakauchi H, Eto K.

Journal of Experimental Medicine, 2010; 207(13):28
17-2830

Involvement of CaV3.1 T-type calcium channels in ¢
ell proliferation in mouse preadipocytes.

Oguri A, Tanaka T, lida H, Meguro K, Takano H, Ocn
uma H, Nishimura S, Morita T, Yamasoba T, Nagai R,
Nakajima T.

Am J Physiol Cell Physiol. 2010;298(6):C1414-23..

Adipose tissue remodeling and chronic inflammation i
n obesity visualized by in vivo molecular imaging me
thod

Nishimura S, Nagasaki M.

Journal of Biorheology, 2010, Volume 24, Number 1,
11-15.

Essential in vivo roles of the c—type lectin receptor
CLEC-2: Embryonic/neonatal lethality of CLEC-2-d
eficient mice by blood/lymphatic misconnections and
impaired thrombus formation of CLEC-2-deficient
platelets.

Suzuki-Inoue K, Inoue O, Ding G, Nishimura S, Hokam
ura K, Eto K, Kashiwagi H, Tomiyama Y, Yatomi Y,
Umemura K, Shin Y, Hirashima M, Ozaki Y.

J Biol Chem. 2010 285(32):24494-507

Structural Heterogeneity in the Ventricular Wall Plays

a Significant Role in the Initiation of Stretch-Induce
d Arrhythmias in Perfused Rabbit Right Ventricular
Tissues and Whole Heart Preparations

Seo K, Inagaki M, Nishimura S, Hidaka |, Sugimachi M,

Hisada T, Sugiura S
Circ Res, 2010, 106,176-184.

Lnk/Sh2b3 regulates integrin alpha-llb-beta3 outsid
e—-in signaling in platelets leading to stabilization of d
eveloping thrombus in vivo

Nishimura S*, Takizawa H*, Takayama N, Oda A, Ni
shikii H, Morita Y, Kakinuma S, Yamazaki S, Okamura
S, Tamura N, Goto S, Sawaguchi A, Manabe | Taka
tsu K, Nakauchi H, Takaki S, Eto K. (*same contribu
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J Clin Invest, 2010, 120(1): 179-190.

Cardiac fibroblasts are essential for the adaptive re
sponse of the murine heart to pressure averload
Takeda N, Manabe |, Uchino Y, Eguchi K, Matsumoto

S, Nishimura S, Shindo T, Sano M, Otsu K, Snider P,
Conway S, Nagai R
J Clin Invest, 2010, 120(1): 254-265.
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In vivo imaging reveals parenchymal and interstitial cell
cross—talks in chronic inflammatory diseases
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In vivo two—photo 4D imaging reveals parenchymal and
interstitial cell cross-talks in chronic inflammatory
disease
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In vivo imaging reveals parenchymal and interstitial cell
cross—talks in chronic inflammatory diseases

Nishimura S, Nagasaki M, Manabe |, Eto K, Nagai R
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In vivo molecular imaging reveals cell kinetics and
parenchymal-stromal cross talks in obese adipose
tissue, developing thrombus, and bone marrows
Nishimura S, Nagasaki M, Manabe |, Eto K, Nagai R
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in vivo imaging reveals inflammatory processes in
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In vivo molecular imaging reveals parenchymal and
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In vivo imaging reveals adipose tissue remodeling in
obesity based on chronic inflammation and abnormal
local immunity
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In  vivo imaging reveals chronic inflammatory
processes: parenchymal and stromal cell cross talks
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inflammatory disease

Satoshi Nishimura, Mika Nagasaki, Ichiro Manabe, Koji
Eto, Ryozo Nagai

20106.24. ER E27EBMARTIA—T A
FEDFAA—DUTIZLDBUERE T ORERITE
BB OAN—Y (BREER)

i B, R =& B8 —B. I Sz . kHF B

20106.22. B AR ARER
EEDFAA—DTIZLBERE BRFEOEHEZE
EBLT(BAFER)

A &

2010.6.16-19. San Fransisco, International Society for
Stem Cell Research 8th annual Meeting

Novel in vivo imaging enables single-cell-level
evaluation of the functionality of platelets derived from
human induced pluripotent stem cells
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Transient activation of ¢-MYC expression
is critical for efficient platelet generation
from human induced pluripotent stem cells

Naoya Takayama,! Satoshi Nishimura,>*5 Sou Nakamura,! Takafumi Shimizu,?
Ryoko Ohnishi,! Hiroshi Endo,!? Tomoyuki Yamaguchi,> Makoto Otsu,?
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of Medical Science, and *Department of Cardiovascular Medicine and 5Translational Systems Biology and Medicine Initiative,
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"Department of Anatomy, University of Miyazaki Faculty of Medicine, Miyazaki 889-1692, Japan
8Center for iPS Research and Application, Kyoto University, Kyoto 606-8507, Japan

Human (h) induced pluripotent stem cells (iPSCs) are a potentially abundant source of
blood cells, but how best to select iPSC clones suitable for this purpose from among the
many clones that can be simultaneously established from an identical source is not clear.
Using an in vitro culture system yielding a hematopoietic niche that concentrates hemato-
poietic progenitors, we show that the pattern of c-MYC reactivation after reprogramming
influences platelet generation from hiPSCs. During differentiation, reduction of c-MYC
expression after initial reactivation of c~-MYC expression in selected hiPSC clones was
associated with more efficient in vitro generation of CD41a*CD42b* platelets. This effect
was recapitulated in virus integration-free hiPSCs using a doxycycline~controlled c-MYC
expression vector. In vivo imaging revealed that these CD42b* platelets were present in
thrombi after laser-induced vessel wall injury. In contrast, sustained and excessive c-MYC
expression in megakaryocytes was accompanied by increased p14 (ARF) and p16 (INK4A)
expression, decreased GATAT expression, and impaired production of functional platelets.
These findings suggest that the pattern of c-MYC expression, particularly its later decline,

is key to producing functional platelets from selected iPSC clones.

Platelets are key elements not only of hemostasis
and thrombosis but also of tissue regeneration
after injury and the pathophysiology of inflam-
mation (Gawaz et al., 2005; Nesbitt et al., 2009).
The production of platelets, thrombopoiesis, is
regulated primarily by thrombopoietin (TPO)-
mediated megakaryopoiesis within the BM
(Patel et al., 2005; Schulze and Shivdasani, 2005).
Notably, many patients with critical thrombo-
cytopenia, caused by dysregulation of BM as a
result of hematopoietic disease or aggressive
chemotherapy, require platelet transfusions using
platelet concentrates obtained through blood
donation (Webb and Anderson, 1999). It is
well known, however, that repeated transfusion
induces antibodies in recipients against allo-
genic human leukocyte antigen (HLA) on the

www jem.org/cgi/doi/10.1084/jem.20100844

transfused platelets (Schiffer, 2001).To establish a
supply of identical platelet concentrates without
loss of responsiveness as a result of immunorejec-
tion, particularly for patients with a rare HLA,
human (h) induced pluripotent stem cells ((PSCs)
represent a potentally abundant source.
Successful reprogramming of differentiated
fibroblasts into a pluripotent stage using the
defined genes OCT3/4, KLF4, SOX2, and
¢-MYC (Takahashi et al., 2007;Yu et al., 2007)
is a potentially effective means of generating
HLA-matched iPSCs for regenerative medicine

© 2010 Takayama et al. This article is distributed under the terms of an
Attribution-Noncommerciai-Share Alike-No Mirror Sites license for the first
six months after the publication date (see http://www.rupress.org/terms).
After six months it is ava'lable under a Creative Commons License (Attribution-
Noncommercial-Share Alike 3.0 Unported license, as described at hitp:f/creative-
commons.orgfticenses/by-nc-saf30f). .
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Figure 1.
potential. (A) Numbers of ESC- and iPSC-sac-like structures generated from
(B) Numbers of CD34* hematopoietic progenitors within ESC- or iPSC-sacs yi
hematopoietic colonies derived from 105 human ESCs or iPSCs within sacs (n
10° hematopoietic progenitors within sacs on day 22 (D) and day 26 (E; n = 5
TkDN-4-M-, and TkDA3-4-derived MKs examined on day 24.

(Raya et al., 2009). However, reactivation of ¢-Myc during es-
tablishment of iPSCs can reportedly lead to oncogenicity after
transplantation (Okita et al., 2007). But because platelets are
anucleate, they can be irradiated before transfusion to elimi-
nate residual hiPSCs or other differentiated nucleated cells
that could form teratomas or malignant tumors (van der Meer
and Pietersz, 2005). Thus, platelet concentrates derived from
hiPSCs could be a useful source of HLA-identical platelets,
which eliminates the need for scarce donor blood. That said,
because a large number of iPSC clones can be simultaneously
generated from an identical source, the iPSC clone most suitable
for the desired purpose must be selected before the differentia-
tion phase (Miura et al., 2009).We therefore sought to determine
the hallmark of such cells as well as the best way to select iPSC
clones in vitro for generation of functional platelets in vivo.
¢-Myc plays essential roles in both embryonic and adult
hematopoiesis, although its effects on megakaryopoiesis and
thrombopoiesis in various mouse models remains unclear
(Thompson et al., 1996a,b; Chanprasert et al., 2006; Guo et al.,
2009). For example, two studies of inducible ¢-Myc over-
expression (O/E) under the control of megakaryocyte (MK)-
specific differentiation revealed that -Myc plays a positive role
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Four-factor human iPSCs are better than three-factor iPSCs for megakaryopoiesis, which is independent of hematopoietic colony

108 cells (n = 3, means + SEM from three independent experiments).

elded from 10° human ESCs or iPSCs (n = 3, means + SEM). (C) Numbers of
=3, means + SEM). (D and E) Numbers of CD42b (GPlbae)* MKs derived from
, means + SEM). (F) Representative flow cytometry dot plots for khES-3-,

in the proliferation of MK progenitors (Thompson et al.,
1996a,b). Moreover, --Myc is reportedly essential for the TPO—
c-mpl axis in megakaryopoiesis (Chanprasert et al., 2006).
In contrast, recent studies using c-Myc—deficient mice showed
that the absence of the gene actually led to an increase in the
platelet count (Guo et al., 2009).

Using a culture system that yields an in vitro hematopoietic
niche containing hematopoietic progenitors (which we named
iPS-Sac), we show in this paper that limited reactivation of
-MYC and its subsequent decline after a reactivation-dependent
increase in the gene’s expression in immature MKs are key
components of platelet generation in vitro and contribute to the
selection and validation of iPSC clones in which genome inte-
gration is accomplished through reprogramming. These clones
are suitable for transfusion in clinical applications or mechanistic
studies of thrombopoiesis using disease-specific iPSCs.

RESULTS

Four-factor hiPSC-derived hematopoietic progenitors
contribute to enhanced generation of MKs and platelets
Using VSV-G—pseudotyped retroviruses (Ory et al., 1996)
harboring human reprogramming factors (OCT3/4, SOX2,

¢-MYC modulates platelet generation from iPSCs | Takayama et al.
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KLF4, and/or ¢-MYC), we sought to establish iPSCs from
human dermal fibroblasts (HDFs). With our system, we con-
sistently generated 200-300 hiPSC clones from 10° HDFs.
For evaluation of pluripotency, established iPSC clones ob-
tained through transduction with four or three factors (with
or without ¢-MYC) and all clones showing a normal karyo-
type (not depicted) were examined for morphology, SSEA-4
expression (Fig. S1 A), other gene expression (Fig. S1 B), and the
ability to form teratomas in vivo (Fig. S1 C). Our findings con-
firmed that exogenous OCT3/4, SOX2, KLF4, and -MYC
remained unexpressed in established iPSCs (Fig. S1 B).

To explore the hiPSC clones’ potential for differentiation
into hematopoietic cells (Takayama et al., 2008), we evaluated
several iPS-Sacs (Fig. S2 A) from individual clones (four-factor
hiPSCs: TkDA3-1, -2, -4, -5, -9, -20, 201B6, and 201B7; three-
factor hiPSCs: TKDN4-M, 253G1, and 253G4) and compared
them to previously evaluated human (h) embryonic stem cells
(ESCs; KhES3 clone, Kyoto University, Japan; Takayama et al.,
2008). On day 15 of culture, iPS-Sacs that contained numer-
ous hematopoietic-like round cells (Fig. S2 B) and showed
expression of vascular endothelial growth factor type 2 recep-
tor (VEGF-R2*; Fig. S2 B) or platelet endothelial cell adhe-
sion molecule 1 (CD31%; not depicted) were deemed to be
potentially suitable microenvironments from which to obtain
hematopoietic progenitors, as was observed in hESC-derived
structures (Takayama et al., 2008).

We detected considerable heterogeneity in the produc-
tion of iPS-Sacs (a hallmark of the efficiency of hematopoi-
etic progenitors) from iPSCs derived from the same source
(i.e., TkDA3-1,-2,-4,-5,-9, or -20; Fig. 1 A), which was also
consistent with previous observations in hESCs (Osafune
etal.,2008). In particular, CD34", but not CD34", cells from
iPS-Sacs showed successful colony formation in methylcellu-
lose colony assays (Fig. S2 C).The three-factor clone TkKDN4-M,
as well as KhES-3, appeared to have a greater potential for
myeloid lineage hematopoiesis, as exemplified by the num-
bers of Sacs (Fig. 1 A, red bar) composed of CD34* cells
(Fig. 1 B, red bar),and the numbers of hematopoietic colonies
formed from each Sac (Fig. 1 C, red bar). Nonetheless, the
number of CD42b (GPIba; von Willebrand factor receptor)”
MKs obtained with four-factor iPSC clones (e.g., TkKDA3-2,
TkDA3-4,and TkDA3-5) was higher than that obtained with
TkDN4-M or KhES-3 when equal numbers of cells from
iPS-Sacs were seeded onto fresh culture dishes in the pres-
ence of TPO, stem cell factor (SCF), and heparin (Fig. 1, D
[day 22] and E; and Fig. S3 day 26;Takayama et al., 2008). For
example, clone TkDA3-4 generated three times as many MKs
as TKDN4-M or KhES-3 at the peak of production (Fig. 1 E,
day 26; and Fig. S3). By days 22-38, phase-contrast imaging
revealed the presence of proplatelets, a prerelease platelet form
(Video 1), as well as mature MKs by May-Giemsa staining
(Fig. S4). Moreover, flow cytometric analysis showed that
40-60% of floating cells expressed CD41a (integrin oIIbB3
complex), a fibrinogen receptor, as well as CD42a (GPIX),
GPIba, and CD9, all of which are hallmarks of MKs (Fig. 1 F;
Tomer, 2004; Takayama et al., 2008).
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Figure 2. Time-dependent changes in qPCR induced by exogenous
reprogramming genes in three-factor or four-factor iPSCs. mRNA
encoding exogenous 0CT3/4 (A), SOX2 (B), KLF4 (C), and c-MYC (D) in
human ES cells (ESCs), TkDN4-M (three-factor iPSCs), TkDA3-2, TkDA3-4,
and TkDA3-5 (four-factor iPSCs) on day O or their derivatives (on days 6,
10, 15, 22, and 26 after initiation of MK-lineage culture) were examined
by qPCR as described in the Materials and methods section. TkDA3-4-
derived mature MKs (day 26) was assigned a value of 1.0 (n = 4, means +
SEM from two independent experiments).

To determine the mechanism underlying the enhanced
megakaryopoiesis exhibited by four-factor hiPSC-derived he-
matopoietic progenitors, we assessed the potential of progenitors

30f 14
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Figure 3. Effects of reprogramming factors on megakaryopoiesis. (A-C) Each reprogramming factor was transduced, together with EGFP or KO
markers, on day 15 of MK-lineage culture. Numbers of total and marker genes EGFP or KO-expressing cells in floating cells on day 17 (A) and CD42b* MKs
on days 22 (B) and 26 (C) were measured (n = 3, means + SEM). (D) Representative flow cytometry dot plots of hESC-derived hematopoietic cells trans-
duced with vehicle (EGFP), OCT3/4-KO, SOX2-EGFP, KLF4-EGFP, or c-MYC-EGFP on day 22. (E and F) On day 22, May-Giemsa staining (E) or ploidy analysis (F)

of the cells transduced with vehicle or c-MYC was examined.

within iPS-Sacs, based on colony-forming capacity (Fig. S2 D)
and their surface markers (not depicted). We found no signifi-
cant differences between TkDA3-4 (four-factor) and TkKDN4-M
(three-factor; Fig. S2 D), which means the potential and the
capacity to drive most myeloid lineage commitment from
iPSC-derived progenitors is independent of the clone type, or
at least there was no detectable difference between the three-
and four-factor iPSC clones we examined (not depicted).

In contrast, quantitative (q) PCR analysis of hematopoi-
etic cells on days 22-26 (7-11 d after replating for selective

40f 14

MK lineage culture) revealed expression of the exogenous
(transgene [Tg]) reprogramming genes, which were not ex-
pressed before hematopoiesis (Fig. 2, A-D), day 0; and Fig. S1 B).
Although qPCR after day 15 suggested that, in four-factor
iPSCs, activation of OCT3/4Tg and/or -MYCTg might affect
the enhanced megakaryopoiesis (Fig. 2, A and D), individual
Tg activation was not dependent on the copy number in the
genome (Fig. S1,D and E).

Thus, to confirm the functional effect of OCT3/4 and/or
-MYC Tg on megakaryopoiesis from pluripotent stem cells,

¢-MYC modulates platelet generation from iPSCs | Takayama et al.
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of platelets per MK was calculated as the
total number of platelets divided by the
total number of MKs on day 26 (n =5,
means + SEM). (E) Representative flow cyto-
metry dot plots show MKs derived from
TkDA3-4 and KhES-3, with or without
¢-MYC transduction, on day 26.

c-MYC levels in hiPSC-derived MKs

determines the number of platelets

generated per MK

We next tested whether 1PSC-
derived MKs actually yield platelets
in vitro.We confirmed that four-factor

3-4-derived iPSCs generate greater numbers of

c-MYC -

c-MYC +

{#stor) platelets than three-factor iPSCs or
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10 ] 351 hESCs (Fig. 4,A and B; and Fig. S5).
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Moreover, we noticed that, at the
peak of production (day 26), many
more proplatelets and platelets were
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each reprogramming factor was separately introduced into
hematopoietic progenitors derived from KhES-3, along with
EGFP or Kusabira orange (KO), which served as markers.
Only -MYC expression recapitulated the time course of the
enhanced megakaryopoiesis, as it was accompanied by greater
transduction efficiency as a result of the increased cell prolifer-
ation it induced (Fig. 3, A—C). Flow cytometry revealed that
on day 22, most of the EGFP" or KO* population was
CD41a*CD42b" in the -MYC O/E specimens but not in the
others (Fig. 3 D), although only mononuclear and lower ploidy
cells were present (Fig. 3, E and F). These suggest that OCT3/4
O/E might not accelerate megakaryopoiesis (Fig. 3 D). Col-
lectively then, these findings suggest that stronger expression
of -MYC in hESCs might promote lineage commitment into
megakaryopoiesis without maturation.

JEM
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generated from TkIDDA3-4 iPSCs than
from any other four-factor iPSCs
(Fig.4, B and C;and Fig. S5). We also
noted that TkDA3-2 and TkDA3-5
iPSC-derived MKs showed an ear-
lier peak, on day 22 (Fig. 1, and E;
and Fig. S3) and that there were
fewer proplatelets in the dishes (Fig. 4 C), which suggests that
most MKs promote apoptosis and/or senescence leading to
inhibition of platelet release in those two clones.

It has been reported that forced expression of ¢-Myc impairs
maturation of MKs displaying polyploidization, leading to an
increase in immature MKs (Thompson et al., 1996a). Indeed, we
confirmed the appearance of immature MKs (Fig. 3, D-F)
on day 22 after retroviral transduction of --MYC into hESC-
derived hematopoietic progenitors, which diminished proplatelet
formation and platelet yield (Fig. 4, C and D; and Fig. S6 A).
Dot plots for CD41a*CD42b" platelets obtained by flow cyto-
metric analysis of KhES-3, TKDN4-M (three-factor iPSCs),
and TkDA3-4 (four-factor iPSCs) showed similar patterns
(Fig. 4 E and Fig. S6 A), although most of the CD41a*CD42b™~
platelets appeared to have shed the extracellular domain of
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A W ESCs B Figure 5. Level of c-MYC expression
[14-M (3-factor iPSCs) P<0.05 affects INK4A/ARF locus genes and genes
- 15 -0 34 (4-factor iPSCs) = 7.0 P<0.05 related to MK maturation during mega-
<5 ;;-:é:-::m:osl:;) P<0.05 < . 6.0 karyopoiesis from pluripotent stem cells.
E ﬁ \ E § 5.0 qRT-PCR analysis of total c-MYC (A, endog-
E @ 104 Eg" enous plus exogenous), p 14ARF (B),
‘.j? 2 T ¥ 4.0 p16INK4A (C), GATAT (D), B1-tubulin (E), and
S : P<0.05 s 2 304 NF-E2 p45 (F) expression in hESCs, with and
Z_,"Z_‘ 5 ;'g ' without overexpression (0/E) of exogenous
=3 P<0.05 ag 2.0+ ¢-MYC, on days 22 and 26 (7 and 11 d
S X = 1.0 I after transduction) in three-factor hiPSCs
(TkDN4-M) or in four-factor hiPSCs (TkDA3-4
K 15 2 28 00 15 22 26 2ndTKDA3-5)on aysO, 15,22 and 26. Al
levels were normalized to the level of GAPDH
C D expression (n = 4 of two independent
P<0.05 1,25 samples). The levels of c-MYC (A), p T4ARF (B),
@ '54-0_ P<0.05 = P<0.05 and p16INK4A (C) expression in an undiffer-
Za 9 1.0- P<0.05 entiated TkDA3-4 iPSC clone (day 0) or
£ §3 0- § a expression of the other genes (D-F) in
< o> 4 g o “ TkDA3-4-derived mature MKs (day 26) was
§ g E z assigned a value of 1.0 (n = 4, means + SEM).
g 2207 [ S 2 05-
© = s
- O U} =
a0 [ e -MYC and the genes involved in
= 0 ¢-MYC activation and thrombopoiesis.
0- 0 15 22 26 - N 0 15 22 26 qPCR analyses confirmed that total
E F (endogenous plus exogenous) --MYC
expression in TkDA3-4, TkDA3-5,
2.0 — _1.25 P<0.05 | ;14 -MYC-O/E hESCs (KhES-3)
T E P<0.05 was higher than in TkDN4-M
= '% raRs <3 18- (three-factor) or hESCs without
QE: [ 4 g _ ‘l ¢-MYC (control) on days 15 (hema-
£ %1 0- E 3 topoietic progenitors) and 22 (im-
3¢ E .g 0.5 mature MKs) of culture (Fig. 5 A).
3% ‘l 2% Intriguingly, however, total -MYC
“’-E £ - expression in TkDA3-5 increased
e o progressively from days 15 through
e fl—mrG 8 26, whereas in TKDA3-4, the iPSC

Time in culture (d)

CD42b (GPIba), as indicated by the recovery of CD42b
expression in the presence of a metalloprotease inhibitor
(Fig. S6 B; Nishikii et al., 2008). In contrast, platelet-like par-
ticles from hESC-derived MKs ectopically expressing --MYC
(-MYC-O/E) showed significantly lower CID42b expression,
a distinct pattern on dot plots (Fig. 4 E and Fig. S6 A), and no
recovery of CD42b expression after administration of metallo-
protease inhibitor (not depicted). Given the platelet generation
per MK, it appears that forced expression of ¢-MYC in ESCs
impairs platelet yield on day 26 (Fig. 4 D), which might re-
capitulate in TkDA3-2 or TkDA3-5 iPSC-MKs (Fig. 4 D).

How does the level of c-MYC expression control platelet
generation from iPSCs?

The results so far suggest that excess -MYC expression di-
minishes platelet yield. To confirm that hypothesis, we evalu-
ated the time-dependent changes in the total expression of
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clone showing the most efficient
platelet generation, total --MYC
expression declined after day 15
(Fig. 5 A). To confirm whether reactivation actually influ-
enced total c-MYC expression (Fig. 5 A), we separately ex-
amined endogenous and exogenous (Tg) c-MYC expression.
We found that although levels of total and exogenous c-MYC
differed among the clones (Fig. 5 A and Fig. S7 A), there was
no significant difference in endogenous c-MYC levels among
TkDN4-M,TkDA3-4, and TkDA3-5 (Fig. S7 B). In contrast,
expression of two INK4A locus genes, p14 (ARF) and p16
(INK4A), which act as a safety net system against ¢-Myc hyper-
activation leading to senescence (Murphy et al., 2008), was
higher in ¢-MYC-O/E hESCs and TkIDA3-5 than in TkDA3-4
on day 22 (immature MKs; Fig. 5, B and C). We therefore as-
sumed that elevation of p14 and p16, beginning at an earlier
phase of differentiation, is associated with inhibition of MK
maturation (Fig. 3, E and F). MY C associates with the GATA1
promoter during immature erythroblast expansion, perhaps
suppressing GATA-1 expression (Rylski et al., 2003). Similarly,

¢-MYC modulates platelet generation from iPSCs | Takayama et al.
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A B CB  HDF-A HDF-N “:q,; Figure 6. In‘ducible c-.M'YC expression
S R ST .g/ & system enabling Sendai viral vector-based
L3R & 2 31241415245 & & Le"n'h(bm iPSCs without reactivation to recapitulate

(CB-derived)

Clone 4
(HDF-A-
derived)

100um
c Coculture with Collect the hematopoietic progenitors

feeder cells in the SeV-iPS-sac

oo _
(SeV)

enhanced MK maturation with increased
platelet generation. (A) Representative pho-
tomicrographs of SeV-iPSCs derived from CB
CD34*CD45* cells or HDFs. Original magnifi-
cation, 100x. (B) RT-PCR analyses of Sendai
virus Tg (harboring reprogramming factors)
expression in SeV-iPSC clones (passage num-
ber 4) derived from CB, HDF-A (adult), and
HDF-N (neonate). A sample of HDFs trans-
duced with SeV is used as a positive control

Day 0 fdn Day 15 Day 22 Day 26 for the SeV Tg. (C) Scheme of c-MYC induc-
- G Qhr 12hr 24 by Analysié tion in SeV-iPSC-derived hematopoietic cells.
' t I t Hematopoietic progenitors derived from SeV-
Viral transfection Dox-off iPSCs were transfected with DOX-inducible
(Dox-on ¢-MYC vector) ¢c-MYC O/E vector on day 15 and analyzed on
Protocol a; Dox on (D15-22) day 26. In Protocol a, DOX was added only

D

Proplatelets from T\
1x10° HPCs

| B
Vehicle b__a
c-MYC

Platelets (x105)
from 1x10°% HPCs
Platelets per MK

“Vehicleb__a
c-MYC

- Vehicle b g

GATA-1 expression was reduced in -MYC-O/E hESC
(KhES-3)-MKs showing higher levels of ¢-MYC expression
on day 22, as were levels of B1-tublin and NF-E2 (p45; Fig. 5,
D—F). Consistent with those findings, both ¢-MYC-O/E MKs
and TkDA3-5—derived MKs showed less proplatelet formation
(Fig. 4 C) and had a smaller platelet yield than TkDA3-4
(Fig. 4 D). Thus, high levels of sustained expression of
INK4A locus genes in MKs are also associated with impaired
platelet release.

These results suggest that an increase in ¢-MYC expres-
sion, peaking on day 22, followed by a decline may be critical
for efficient platelet generation on day 26, as exemplified in
TkDA3-4. Sustained increases in ¢-MYC expression may con-
tribute to activation of senescence genes, thereby impairing
MK maturation and intact platelet yield.

JEM

2000

T
1=
1=
?

from days 15 to 22. In protocol b, DOX was
added from days 15 through 26. (D) Repre-
sentative Western blots of cell lysates with
c-MYC OfE (DOX-on; protocol b) or without
c-MYC OJE (DOX-off; Protocol a) on day 26.
The a-tubulin levels indicate same protein
value. (E-G) Numbers of CD42b (GPlba)* MKs
(E), proplatelets (F), and platelets (G) on day
26 derived from 10° hematopoietic progeni-
tors transfected with vehicle or DOX-inducible
¢-MYC OfE vector in protocol a or protocol b
(n = 4, means + SEM). (H) Numbers of plate-
lets per MK generated on day 26 of culture
(peak of platelet generation; n = 4, means +
SEM). Numbers of platelets per MK were cal-
culated as the total number of platelets di-
vided by the total number of MKs on day 26.

P<0.05

" Vehicle b_a
c-MYC

Inducible c-MYC expression in iPSCs

without reactivation exhibited behavior

similar to that of iPSCs with

reactivation, leading to efficient

generation of functional platelets

To further confirm whether an in-
crease and subsequent decline in ¢-MYC is critical for mega-
karyopoiesis, leading to an efficient platelet yield, we prepared
a Sendai viral vector (SeV) harboring the four reprogram-

ming genes, which, during the generation of human iPSCs,

enabled RNA viral transduction without integration of DNA
into the chromosome (Nishimura et al., 2007; Fig. 6, A and B).
Thereafter, doxycycline (DOX)-inducible expression system
in a lentiviral vector was applied to the SeV-based human
iPSCs (SeV-iPSCs; skin-fibroblast [HDF|-derived SeV-iPSCs
and cord blood [CB] CD34" cell-derived SeV-iPSCs; Fig. 6 A).
We selected CB-derived SeV-iPSCs (clone 2; Fig. 6, A and B)
for most experiments because they showed no detectable Tg
and better differentiation to hematopoietic progenitors than
other clones, including HDF-derived SeV-iPSCs (not de-
picted). c-MYC O/E was regulated by DOX (Fig. 6 C), and
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SeV-iPSC-platelets

Figure 7. Integrin activation and the struc-
ture of human iPSC platelets are comparable

to those in human PB-derived platelets.
(A-C) Integrin activation in fresh human platelets

(Fresh-P), aged human platelets (48-h incubation
at 37°C; Aged-P), TkDN4-M (three-factor iPSC)
platelets (3f-iPSC-P), TkDA3-4 (four-factor iPSC)

A No agonist ~ ADP 50u M C
1@? t No agonist
g1 2.0
99.4| 0.2 32.0 FreshP o3
N o
< =
oo
s 3 o 9_ E

90.0| 0.41| [89.0] 04| aged-p

O

2.0
4f-iPSC-P

platelets (4f-iPSC-P), and ESC platelets (ESC-P),
with or without c-MYC O/E. The binding of PAC-1
(indicative of platelet activation) to individual
platelets was quantified in the absence and pres-
ence of 50 uM ADP using flow cytometry. (A) Rep-
resentative flow cytometry dot plots. Square
indicates CD42b* platelets. (B) Mean fluorescence
intensity (MFI) of bound PAC-1, obtained from
square gate in A. Error bars depict means + SEM

22

CD42b (GPlba)

3f-iPSC-P

for four independent experiments (duplicate).

(C) Representative flow cytometry analysis of PAC-1-
bound platelets generated from integration-free
SeV-iPSCs subjected to biphasic activation and,
thereafter, decline of c-MYC expression as protocol b
shown in Fig. 6 C. Square indicates CD42b* plate-
lets. (D) Spreading of iPSC platelets on fibrinogen.
Human CD41a (red) and phalloidin (green) were
used to identify F-actin fibers. Arrowheads indicate
lamellipodia. Arrows indicate actin stress fibers.

2.2
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0.01
K ESC-P
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B 2000
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vs. 4-f-P
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2
g- 1000—
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we confirmed that day 22 was the most suitable point to turn
oft O/E. The results also showed that continuous -MYC O/E
from days 22 to 26 still increased the number of MKs (Fig. 6 E),
whereas the lack of -MYC O/E from days 22 to 26 increased
the total numbers of proplatelets (Fig. 6 F) or CD41a*CD42b"
platelets (Fig. 6 G). An increase in platelet yield per MK
was also evident with the absence of -MYC O/E after
day 22 (Fig. 6 H), confirming the effect of -MYC expression
on megakaryopoiesis.

Human iPSC-derived platelets function normally in vitro
and in vivo

To assess the effect of c-MYC reactivation on the functional-
ity of platelets from TkDA3-4, we compared agonist-induced
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Bars, 5 um. (E) Transmission electron micrographs
of hiPSC (TkDA3-4) platelets on day 26. Bar, 3 um.

integrin activation in human platelets (from
peripheral blood [PB]), PB-based aged
platelets (48-h incubation; Bergmeier et al.,
2003; Nishikii et al., 2008), iPSC platelets,
and ESC platelets. The aged platelets were
tested because iPSC-derived platelets were
heterogeneously produced from MKs at
various stages in culture, so that many of
the platelets produced could have become
aged (Nishikii et al., 2008). Conforma-
tional changes in integrins are required
for platelet aggregation and stable throm-
bosis in vivo (Shattil et al., 1985). Indeed,
although PB-based aged platelets were
nonresponders, the integrin activity of
TkDA3-4 (four-factor iPSCs) platelets was comparable to
that of TkDN4-M (three-factor iPSCs) platelets, which
showed a weaker response than human PB platelets (Fig. 7,
A and B; and Fig. S8 A). Notably, -:MYC O/E-dependent
iPSC-derived platelets showed little binding (Fig. 7, A and B).
In contrast, platelets produced from SeV-1PSCs-MKs in
the absence of ¢-MYC O/E after its activation responded
well to ADP stimulation (Fig. 7 C). We therefore conclude
that --MYC activation and decline during MK differentia-
tion may lead to the generation of functional platelets from
iPSCs. We also examined expression of P-selectin (CD62P)
on platelets in the presence of 50 puM ADP and observed
weak but positive P-selectin expression in iPSC-derived
platelets (Fig. S8 B).

¢-MYC modulates platelet generation from iPSCs | Takayama et al.

01L0Z ‘€ 18qweoa( uo Bio ssaidni-wal woly papeojumoq



