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Osteopontin (OPN) acts as an osteoclast activator, a proinflammatory cytokine, and a chemokine attract-
ing histiocytes/monocytes and is abundantly expressed in Langerhans cell histiocytosis (LCH). We inves-
tigated whether serum OPN levels are related to disease types in LCH. Fifty-eight newly diagnosed LCH
patients were studied; eight with risk organ (liver, spleen and/or hematopoietic) involvements positive
multisystem (MS+) disease, 27 with risk organ involvement negative multisystem (MS-) disease and
23 with single system (SS) disease. Pediatric patients with non-inflammatory disease (n = 27) were used
as controls. All of patients with MS+ disease were younger than 3 years. Serum OPN levels and 44 kinds of
humoral factors were measured by ELISA and Bio-Plex suspension array system, respectively. In the
patients younger than 3 years, the median serum OPN level (interquartile range) was 240.3 ng/ml
(137.6-456.0) in MS+ (n=8); 92.7 ng/ml (62.0-213.8) in MS— (n=14) and 72.5 ng/ml (55.6-94.0) in
SS (n=9) and 74.4 ng/ml (42.2-100.0) in control (n=12). The OPN values were significantly higher in
the MS+ group than the MS—, SS and control groups (p = 0.044, p = 0.001 and p = 0.002, respectively),
but not different between the MS—, SS and control groups. In the patients older than 3 years, the median
level of serum OPN (IQR) was 56.2 ng/ml (22.9-77.5) in MS— (n=13), 58.9 ng/ml (31.0-78.7) in SS
(n=14) and 41.9 (28.9-54.1) in control (n =15). These values did not differ significantly between each
group. The serum OPN levels were positively correlated with the serum IL-6, CCL2, IL-18, IL-8 and IL-2
receptor concentration. OPN may be involved in risk organ dissemination and poor prognosis of LCH
through the function as inflammatory cytokine/chemokine.
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and an inflammatory disease. Two disease types of LCH are known;
multisystem disease (MS) and single system disease (SS). Infants
with risk organ (liver, spleen and/or hematopoietic system)
involvement positive-MS disease have a dismal prognosis, while
children with SS disease have an excellent prognosis {il. Many
inflammatory cytokines and chemokines are involved in the
pathogenesis of LCH {2} and recently Allen et al. reported that
the pleiotropic cytokine osteopontin (OPN) is abundantly
expressed by the abnormal LCH cells {3}, Furthermore, Prasse

1. Introduction

Langerhans cell histiocytosis (LCH) is a proliferative disease of
immature dendritic cell (iDC), and has characteristics of a clonal

Abbreviations: OPN, osteopontin; LCH, Langerhans cell histiocytosis; MS,
multisystem; SS, single system; iDC, immature dendritic cell; Th, T helper; OCs,
osteoclasts; JLSG, the Japan LCH Study Group; MS+, multisystem disease with liver,

spleen andfor hematopoietic system involvements; MS—, multisystem disease
without liver, spleen or hematopoietic system involvements; IL, interleukin; IL-2R,
IL-2 receptor o; IFN, interferon; TNF, tumor necrosis factor; CCL, CC chemokine
ligand; CXCL, CXC chemokine ligand; IQR, interquartile range; MGCs, multinucle-
ated giant cells.
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et al. found that OPN expression is upregulated in bronchoalveolar
lavage cells in patients with pulmonary LCH and that overexpres-
sion of OPN in rat lungs induces lesions similar to pulmonary
LCH {4}. OPN is expressed in various human cells and has a variety
of functions that include promoting the generation of T helper
(Th)1 and Th17 cells {5}, recruiting histiocytes/monocytes (5.7}
and activating osteoclasts (0Cs) {81
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Taken together, these findings imply that OPN must have a role
in the pathogenesis as well as disease progression of LCH. In spite
of data on OPN in in vitro system of LCH studies, clinical OPN data
are still limited in patients with LCH [3}. In this study, we therefore
investigated whether serum OPN levels are related to disease
types, i.e. MS vs SS in patients with LCH.

2. Material and methods
2.1. Patients and sample collection

Blood samples and clinical information were obtained with
informed consent from 58 newly diagnosed pediatric LCH patients
through the Japan LCH Study Group (JLSG) registry, and from 27
pediatric patients with non-inflammatory diseases in stable state
including inherited coagulopathy, thrombophilia and anemia, and
resected benign tumor, as controls. The median age of LCH patients
were 2.8 years (range: 0.4-12.0). A diagnosis of LCH was confirmed
by immunohistochemical staining for CD1a antigen in biopsies of
the affected organs. The patients consisted of two groups as fol-
lows: those with MS disease and those with SS disease. We defined
MS as lesions in several organs, SS as lesions in only one organ. Of
the 58 LCH patients, 35 were assigned to the MS group, 23 to the SS
group. We divided MS patients into patients with liver, spleen and/
or hematopoietic involvements (MS+) and patients without these
lesions (MS—). Of the 35 MS patients, 8 were assigned to MS+
group, and all of these patients were younger than 3 years. All
but three patients"with SS disease had bone lesion(s). This study
was approved by the ethics committee of the Jichi Medical
University School of Medicine.

2.2. Measurement of osteopontin and other humoral factors in serum

Serum samplésﬁ}were stored at —80 °C prior to assay and not
subjected to freeze}thaw cycles. Serum OPN levels were measured
using the human OPN Quantikine ELISA Kit (R&D Systems, Minne-
apolis, USA). Forty-four kinds of serum humoral factors, including
interleukin (IL)-1B, IL-1 receptor antagonist, IL-2, IL-2 receptor o
(IL-2R), IL-3, IL~4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p40, IL-
12p70, IL-13, IL-15, IL-16, IL-17, IL-18, interferon (IFN)-a2, IFN-v,
tumor necrosis factor (TNF)-o, TNF-8, macrophage inhibitory
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factor, granulocyte-colony stimulating factor, macrophage-colony
stimulating factor, granulocyte-macrophage colony-stimulating
factor, stem cell factor, leukemia inhibitory factor, fibroblast
growth factor basic, hepatocyte growth factor, nerve growth fac-
tor-p, vascular endothelial cell growth factor, tumor necrosis fac-
tor-related apoptosis inducing ligand, CC chemokine ligand
(CCL)2, CCL3, CCL4, CCL7, CCL11, CCL27, CXC chemokine ligand
(CXCL) 1, CXCL9, CXCL10 and CXCL12, were measured using Bio-
Plex suspension array system (BIO-RAD Laboratories, Hercules,
USA).

2.3. Statistical analysis

A Student's t-test was used for analyzing normally distributed
data (age), and the Mann-Whitney U test for non-normally distrib-
uted data (serum OPN level). P < 0.05 was regarded as significant.
All the data were analyzed using Statcel3 software (OMS Publish-
ing Inc., Saitama, Japan).

3. Results and discussion

The scattergram of serum OPN level and age of the MS, SS and
control groups is shown in Fig. 1A, Patients with remarkably high
levels of serum OPN were infants younger than 3-years-old with
MS disease. Therefore, we analyzed serum OPN levels separately
in the two groups: younger or older than 3 years. The younger
group consisted of 8 MS+, 14 MS—, 9 SS and 12 controls, while
the older group consisted of 13 MS—, 14 SS and 15 controls. In
the younger group, the median level of serum OPN was 240.3 ng/
ml (interquartile range (IQR), 137.6-456.0) in MS+, 92.7 ng/ml
(IQR, 62.0-213.8) in MS-, 72.5ng/ml (IQR, 55.6-94.0) in SS
(n=9) and 74.4 ng/ml (IQR, 42.2-100.0) in control (n = 12) groups,
respectively. The serum OPN level in MS+ patients was signifi-
cantly higher than that in MS-, SS and control (p=0.044,
p=0.001 and p=0.002, respectively) (Fig. 1B), but did not differ
significantly between MS—, SS and control (MS— vs SS: p =0.284,
MS- vs control: p=0.181 and SS vs control: p = 0.239). In the older
group, the median level of serum OPN was 56.2 ng/ml (IQR, 22.9-
77.5) in MS—, 58.9 ng/ml (IQR, 31.0-78.7) in SS and 41.9 ng/ml
(IQR, 28.9-54.1) in control patents, respectively. The serum OPN
level did not differ significantly between these patents (Fig. 1C).
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Fig. 1. Serum OPN levels are high in the MS+ patients. (A) Scattergram of serum OPN level and age in all patients. Black triangles, MS+ patients (n = 8); black circles, MS—
patients (n=27); gray circles, SS patients (n = 23); open circles, control (n = 27). (B) Comparison of serum OPN levels in patients younger than 3 years. MS + patients (n = 8),
MS— patients (n=14), SS patients (n=29), control (n=12). p<0.05; "p<0.001. Bars in boxes indicate the median value, boxes indicate the interquartile range. (C)
Comparison of serum OPN levels in patients older than 3 years. MS— patients (n = 13), SS patients (n = 14), control (n = 15). Bars in boxes indicate the median value, boxes
indicate the interquartile range.
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Fig. 2. Serum OPN levels are positively correlated with serum levels of inflammatory cytokine/chemokine of and an immune activation marker. (A) IL-6: r = 0.545, n= 78,
p<0.001. (B) CCL2: r=0.543, n =78, p<0.001. (C) IL-18: r=0.477, n =79, p < 0.001. (D) IL-18: r=0.447, n = 78, p < 0.001. (E) IL-2R: r=0.429, n =79, p < 0.001.

Thus, it was concluded that significantly high serum OPN levels
were not due to younger age alone but related to the risk organ
involvement.

The serum OPN level was positively correlated with the serum
IL-6, CCL2, IL-18, IL-8 and IL-2 receptor concentrations (correlation
coefficient of 0.545, 0.543, 0.477, 0.447 and 0.429, respectively)
(Fig. 2).

Many inflammatory cytokines and chemokines are involved in
the pathogenesis of LCH. Inflammatory cytokines are expressed
abundantly in LCH lesions {8} and lesional LCH cells produce
inflammatory chemokines {1{}}, suggesting that they play an
important role in development of LCH. Costa et al. report that
0OC-like multinucleated giant cells (MGCs) are present in LCH
lesions including non-bone lesions {11}, It is hypothesized that
these MGCs are formed by the fusion of LCH cells { 1Z. A possible
role for OPN in the pathogenesis of LCH was recently suggested
{3,41. Two reports described high levels of OPN mRNA expression
in LCH cells {3,313} In terms of the correlation with disease types,
OPN mRNA expression was found to be up-regulated in LCH cells
either from MS or from SS LCH patients; however, the comparative
association of the OPN expression levels with disease types was
not examined in these reports.

OPN involves (1) promoting the generation of inflammatory
cytokine {5}, (2) recruiting histiocytes/monocytes {&,7 ! and (3) acti-
vating OCs &1, In addition we reported that OPN plays a crucial role
in the fusion of iDC to form OC-like MGCs | 141. Our study revealed
that serum OPN levels are higher in the infants with MS+ LCH com-
pare to the infants with other type of LCH, and that the serum OPN
levels are positively correlated with serum levels of inflammatory
cytokine/chemokine of and an immune activation marker, includ-
ing IL-6, CCL2, IL-18, IL-8 and IL-2R. These suggest that high serum
OPN values may reflect risk organ dissemination and poor progno-
sis of LCH through the function as inflammatory cytokine/chemo-
kine rather than OC activator, particularly in infants.

We are aware that this study has limitations. Firstly, we
attempted to measure full-length OPN in serum where there is a
risk of cleavage of full-length OPN by thrombin during a

coagulation process. Thus, full-length OPN is recommended to be
measured preferably in plasma. Accordingly, although the data
are preliminary, we believe that this study clearly showed the suf-
ficient and meaningful role of OPN in LCH. Secondly, because of
small sample size, it was not possible to evaluate the impact of
serum OPN levels on the prognosis of patients with MS type of
LCH. In vitro system, thrombin-cleaved OPN has a higher inflam-
matory potential than full-length OPN {51. The correlation between
plasma full-length/thrombin-cleaved OPN levels and treatment
response or reactivation of LCH as well as outcome of the disease
remains to be clarified in future.
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Predicting the response to immunosuppressive therapy could provide useful information to help the clinician define
treatment strategies for patients with aplastic anemia. In our current study, we evaluated the relationship between
telomere length of lymphocytes at diagnosis and the response to immunosuppressive therapy in 64 children with
aplastic anemia, using flow fluorescence in situ hybridization. Median age of patients was ten years (range 1.5-16.2
years). Severity of the disease was classified as very severe in 23, severe in 21, and moderate in 20 patients. All
patients were enrolled in multicenter studies using antithymocyte globulin and cyclosporine. The response rate to
Immunosuppressive therapy at six months was 52% (33 of 64). The probability of 5-year failure-free survival and
overall survival were 56% (95% confidence interval (CI): 41-69%) and 97% (95%Cl: 87-99%), respectively.
Median telomere length in responders was -0.4 standard deviation (SD) (-2.7 to +3.0 SD) and -1.5 SD (-4.0 to +1.6
(SD)) in non-responders (P<0.001). Multivariate analysis showed that telomere length shorter than -1.0 SD (hazard
ratio (HR): 22.0; 95%ClI: 4.19-115; P<0.001), platelet count at diagnosis less than 25x10%L (HR: 13.9; 95%CI: 2.00-
96.1; P=0.008), and interval from diagnosis to immunosuppressive therapy longer than 25 days (HR: 4.81; 95%CI:
1.15-20.1; P=0.031) were the significant variables for poor response to immunosuppressive therapy. Conversely to
what has been found in adult patients, measurement of the telomere length of lymphocytes at diagnosis is a prom-
ising assay in predicting the response to immunosuppressive therapy in children with aplastic anemia.

Introduction minor population of paroxysmal nocturnal hemoglobinuria
(PNH)-type cells.* However, we previously reported that nei-
ther test was useful to predict response to IST and that lower

white blood cell count and shorter interval from diagnosis to

Aplastic anemia (AA) is defined as bone marrow aplasia
and peripheral blood pancytopenia; disease pathogenesis is

thought to involve immune-mediated processes. The first
choice of treatment for severe AA in children is hematopoiet-
ic stem cell transplantation from a human leukocyte antigen
(HLA)-matched sibling donor."* However, 60-70% of children
with severe AA have no matched sibling donor and receive
immunosuppressive therapy (IST), consisting of antithymo-
cyte globulin (ATG) and cyclosporine (CyA). According to
previous studies in children, the response rate to IST at six
months was 60-70%, with the probability of survival at five
years being over 90%. On the other hand, relapses occur in
10-30% of patients who responded to IST and, overall, clonal
evolution develops in 10-15% patients.®*” In adults, several
pre-treatment biomarkers have been proposed as promising
tests for predicting favorable response to IST, including the
presence of either human leukocyte antigen (HLA)-DR15 or a

IST were significant predictive markers of better response,”
on the other hand, a National Institutes of Health (NIH) study
showed that higher base-line absolute reticulocyte and lym-
phocyte counts were highly predictive of response to IST in
adult patients."” These results suggest a difference in etiology
of AA between adults and children.”

Dyskeratosis congenita (DC) is a rare inherited disease
characterized by the classical mucocutaneous triad of abnor-
mal skin pigmentation, nail dystrophy, and mucosal leuko-
plakia.” Patients with DC are unable to maintain the telom-
ere complex that are protein-DNA structures at the end of
eukaryotic chromosomes that prevent degradation and aber-
rant recombination of the chromosome ends,”*" and conse-
quently have very short telomeres.” Shortened telomeres can
cause a wide variety of clinical features consisting not only of

©2014 Ferrata Storti Foundation. This is an open-access paper. doi:10.3324/haematol.2013.091165
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mucocutaneous abnormalities, but also other symptoms,
including bone marrow failure, pulmonary fibrosis, hepat-
ic fibrosis, and predisposition to malignancy.'® Several
recent studies revealed cryptic forms of DC among
patients with seemingly acquired AA who did not have
apparent physical abnormalities.”"® Failure of AA patients
to respond to IST may be explained by the presence of
cryptic inherited bone marrow failure syndromes
(IBMESs).

Several investigators have demonstrated that telomere
lengths of leukocytes in patients with AA vary widely,
with an increased proportion of the patients having short-
er telomeres than healthy individuals.”® It is known that
not only patients with typical DC, but also those with
cryptic DC have very short telomeres” Moreover, the
telomere length in leukocytes is decreased in subsets of
patients with other IBMFSs including Fanconi anemia,”
Diamond-Blackfan anemia,® and Schwachman-Diamond
syndrome.* Therefore, measuring telomere length of
patients with AA at diagnosis may be useful in detecting
patients with cryptic type of IBMFSs.

Recently, Scheinberg er al. reported that the telomere
length of peripheral blood leukocytes was associated with
risk of hematologic relapse, clonal evolution to myelodys-
plastic syndrome, and overall survival (OS), but not related
to hematologic response to IST in patients with severe
AA.” Because there was no study to validate their obser-
vation, we evaluated the relationship between telomere
length in hematopoietic cells before IST and the response
to IST in children with AA.

Methods

Patients

Peripheral Hlbod samples at diagnosis and clinical records were
obtained from'64 children who fulfilled entry criteria and enrolled
in two prospeéctive studies conducted by the Japan Childhood
Aplastic Anemia Study Group.”” Patients with acquired AA were
eligible if selection criteria were satisfied (see Online Supplementary
Appendix for details). Thirty-eight patients received horse ATG
(Lymphoglobulin; Genzyme, Cambridge, MA, USA) at 15
mg/kg/day for five days and 26 received rabbit ATG
(Thymoglobulin, Genzyme, Cambridge, MA, USA) at 3.75
mg/kg/day for five days. CyA (6 mg/kg/day, orally) was started on
Day 1 and continued to at least Day 180. The dose was adjusted
to achieve a whole blood trough level of 100-200 ng/mL. Standard
supportive care was supplied in each institute. Response to IST
was evaluated according to previously described criteria.® We
defined patients with complete response or partial response at six
months after IST as responders, and the other patients as non-
responders. Relapse was defined by conversion to no response
from a partial or complete response and/or the requirement for
blood transfusions.

All samples and clinical records were collected after written
informed consent had been obtained according to protocols
approved by the Ethics Review Committee, Nagoya University
Graduate School of Medicine (Research n. 732).

Measurements of telomere length and population
of PNH clones _

The average relative telomere length (RTL) of peripheral lym-
phocytes was measured by flow fluorescence in situ hybridization
(flow-FISH), using a Telomere PNA kit (Dako Cytomation,
Glostrup, Denmark).?® Lymphocytes were derived from fresh

peripheral blood in 38 cases and from f{rozen stored peripheral
blood in 26 cases. We used delta RTL to compare patients’ telom-
ere length with that of age-matched healthy controls. Details of
methods for measuring telomere length and definition of delta
RTL are described in the Online Supplementary Methods. A minor
population of paroxysmal nocturnal hemoglobinuria (PNH)-type
granulocytes and red blood cells were also evaluated by flow
cytometry according to a previously described method."

Statistical analysis

We analyzed predictive variables associated with response to
IST, failure-free survival (FFS; in which relapse, clonal evolution,
second IST, HSCT, and death were censored), transplantation-free
survival (TFS; in which HSCT and death were censored), and OS.
Pre-treatment variables included patient’s sex, age, etiology, dis-
ease severity, interval from diagnosis to IST, leukocyte count, lym-
phocyte count, neutrophil count, hemoglobin (Hb) level, platelet
count, reticulocyte count, presence of HLA-DR15, presence of
minor PNH clone, and delta RTL. Differences in these variables
between responders and non-responders were assessed using the
Mann-Whitney U-test and Fisher's exact probability test.
Predictive factors with P<0.10 in the univariate analyses were set
in the multivariate analysis (logistic regression modeling). P<0.05
was considered statistically significant. Measures of association
were expressed as hazard ratios (HR) with 95% confidence inter-
vals (CI). All tests were two-tailed with a type I error of less than
0.05 considered as statistically significant. All analyses were per-
formed using STATA12.0 software (STATA, College Station, TX,
USA).

Results

Pre-treatment patients’ characteristics and clinical
outcomes

A total of 64 patients with AA were included in this
study. Patients’ characteristics are shown in Table 1. The
median age at IST was 10.0 years (range 1.5-16.2 years).
Disease severity was assessed as very severe in 23
patients, severe in 21 patients, and moderate in 20
patients. Causes of AA were idiopathic in 60 patients and
hepatitis in 4 patients. Median follow-up time from the
time of IST was 35 months (range 6-132 months).

Overall, 33 of 64 patients (52%) responded to IST at six
months after administration of ATG. Of the 33 respon-
ders, 4 children relapsed at 6, 34, 66, and 91 months after
IST, respectively. The probability of 5-year cumulative
incidence of relapse was 8% (95%CI: 2-28%). Nineteen
transplantations were carried out for non-responders or
patients with relapse. Of 64 children with AA, only one
patient developed clonal evolution at 23 months after IST.
During the observation period, 2 patients died; both of
them had shown no response to IST, one suffered from
lethal cerebral hemorrhage at six months, and the other
underwent bone marrow transplantation from an HLA-
matched unrelated donor at 12 months after IST and died
of transplantation-related hepatic failure. The probability
of 5-year FFS, TFS, and OS were 56% (95%Cl: 41-69%),
63% (95%ClL: 48-75%), and 97% (95%Cl: 87-99%),
respectively.

Telomere length of children with AA

Comparing SD calculated in 71 healthy individuals,
median telomere length was -0.95SD (range -4.0 to +3.0SD)
in all patients (n=64), -0.4SD (range -2.7 to +3.0SD) in
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Sex MF 38726 22/11 16715 - NS
Age at diagnosis median 10.0 10.0 9.7 NS
(range) (15-162) (15-162) (2.6-15.1)
Severity VSAN 2321720 . 121011 1171179 NS
Etiology  Idiopathic/hepatitis 60/4 312 2972 NS
ATG. Horse/rabbit - 3826 23/10 15/16 0.08
Interval from  median 22 18 28 0.02
diagnosis to IST (range) (1-341) (1-85) (4-341)
WBC at diagnosis median 2300 2300, 2400 NS
(x109L) (range) - (20-8700) . (20-8700)  (300-5000) -
NEU at diagnosis median 300 380 260 NS
(x1071) (range)  (0-3130)  (0-3130)  (0-1140)
LYM at diagnosis median - 1900 1800 2000 NS
(x10°71) (range).  (20-5600) - (20-5600) - (200-4300)
Hb at diagnosis median 73 72 74 NS
(g/dL) (range)  (27-114) (2811.0) (27-114)
PLT at diagnosis  median 6 21 16 004
(xI10%L). . (range) (03-54) -~ (04-52)  (03-54) :
RET at diagnosis median 21 27 21 NS
(x107L) (range) (0-96) (3-96) (0-75)
PNH clone - Positive/negative 11/53 ~ :7/26 4/21 NS
HLA-DRIS  Positive/negative 20/44 13/20 7/24 NS
median -0.9 <04 =15 <0.001

delta RTL/(SD) ik o
! (range) - (-4.0 - +3.0) (-2.8-+3.0) (-4.0-+1.6)
ATG: antithymocyte globulin; F: fernale; Hb: hemoglobin; HLA: human leukocyle anti-
gen; IST: immune suppressive therapy; LYM: lymphocyte count; M: male; MAA: moder-
ate aplastic anemia; NEU: neutrophil count; NS: not significant; PLT: platelet count;
PNH: paroxysmal nocturnal hemoglobinuria; RET: reticulocyte - count; RTL: relative
telomere length; SAA: severe aplastic anemia; SD: standard deviation; VSAA: very

severe aplastic anemia; WBC: white blood cell count.

Table 2. Multivariate analyses for poor response to IST, failure-free sur-
vival, and transplantation-free survival.

Multivariate analysis for response to IST

Interval from diagnosis to IST >25 days 481  1.15-20.1 0.031
IST with rabbit ATG 0.79  0.16-3.96 0.77
PLT <25x10%L 13.9  2.00-9%.1 0.008
RTL <-1SD 22 4.19-115 <0.001
Multivariate analysis for FFS =~ i
IST with rabbit ATG- -~ 127 047-348 064 -
M >2.0x100 232 R02524 0044
PLT <25x107L Al LIS 0028
RTL<-18D- 201 083489 012
Multivariate analysis for TFS

IST with rabbit ATG 132 045-3.86 0.61
LYM >2.0x10"L 342 1.32-881 0.011
PLT <25x10%L 464 1.00-21.6 0.051
RTL <-1SD 284 1.01-7.97 0.048

ATG: antithymocyte globulin; CI: confidence interval; FFS: failure-free survival; HR: haz-
ard ratio; IST: immunosuppressive therapy; LYM: lymphocyte count; PLT: platelet count;
RTL: relative telomere length; SD: standard deviation; TFS: transplantation-free sur-
vival; MAA: moderate aplastic anemia; NEU: neutrophil count; NS: not significant; PLT:
platelet count; PNH: paroxysmal nocturnal hemoglobinuria; RE?" reticulocyte count;
RTL: relative telomere length; SAA: severe aplastic anemia; SU: standard deviation;
VSAA: very severe aplastic anemia; WBC: white blood cell count.
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Figure 1. Relative telomere length in responders and non-respon-
ders. (A) Scatter plot of relative telomere length (RTL) versus age in
patients with aplastic anemia (AA). The regression line for healthy
individuals is shown as a solid line (Y=-0.0907X + 14.751). Results
for AA patients were shown for responders (n=33; open squares) and
non-responders (n=31; closed circles). (B) Comparison for telomere
length between responders and non-responders. Box plots repre-
senting the distribution of telomere length in responders (n=33) and
non-responders (n=31). The upper and lower limits of the boxes rep-
resent the 75" and 25" percentiles, respectively; the horizontal bar
across the box indicates the median and the ends of the vertical
lines indicate the minimum and maximum data vaiues. Dots indi-
cate outliers.

responders (n=33), and -1.5SD (range -4.0 to +1.65D) in
non-responders (n=31) (Figure 1A and B). There was a sig-
nificant difference in telomere length between responders
and non-responders (P<0.001). We evaluated the effects of
age-adjusted telomere length quartiles on the response
rate. There was a significant relationship between hema-
tologic response and telomere length. The response rates
at six months were 12.5% in the first (the shortest), 37.5%
in the second, 75% in the third, and 81.3% in the fourth
(the longest) quartiles of telomere length (Figure 2). The
most powerful cut-off point for dividing responders and
non-responders by telomere length was -1.0 SD
(P=6.9x10°). There was no statistical tendency between
relapse rate / clonal evolution / overall survival and telom-
ere length.

We evaluated the pre-treatment variables for predicting
response to IST in 64 children with AA (Table 1). Univariate
analysis showed that interval from diagnosis to IST longer
than 25 days (P=0.01), platelet count at diagnosis less than
25x10°/L (P=0.01), and telomere length shorter than -1SD
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(P<0.001) were the variables statistically significant for poor
response to IST, while there were no significant differences
between responders and non-responders in terms of patient
age, sex, disease severity, WBC count, neutrophil count,
lymphocyte count, reticulocyte count, presence of HLA-
DR15, and presence of minor PNH clones. Patients with
rabbit ATG showed a tendency of poorer response to IST
than patients with horse ATG (P=0.08).

Multivariate analysis confirmed that telomere length
shorter than -1.0SD (HR 22.0; 95%CI: 4.19-115; P<0.001),
platelet count at diagnosis less than 25x10°L (HR 13.9;
95%CI: 2.00-96.1; P=0.008), and interval from diagnosis
to IST longer than 25 days (HR 4.81; 95%CI: 1.15-20.1;
P=0.031) were the significant predictive variables for poor
response to IST (Table 2).

Discussion

Our study demonstrated that the measurement of
telomere length of lymphocytes is useful for predicting the
response to IST in patients with AA. Recently, the NIH
group reported that the telomere length of peripheral
blood leukocytes was not related to hematologic response
to IST, but was associated with the high risk of hemato-
logic relapse, clonal evolution to myelodysplastic syn-
drome, and OS.” Several reasons may explain the conflict-
ing results of the two studies. To begin with, there are sev-
eral differences between the current study and the NIH
study, including the methods of telomere length measure-
ment and patients’ characteristics. In the NIH study, the
telomere length of pre-treatment total leukocytes was
assessed by quantitative polymerase chain reaction (PCR).
We measured the telomere length of lymphocytes using
flow-FISH, which enabled us to measure median telomere
length in the subpopulations of blood cells. Alter er al.
compared the diagnostic sensitivity and specificity of
short telomeres in different subpopulations of blood
cells.” Their results indicated that lymphocytes were more
suitable for diagnosis of DC than total leukocytes, which
were a heterogeneous mixture of cell populations. The
proportions of each cell population were different in each
patient. The use of total leukocytes is suspected to provide
less consistent results than analyses of defined leukocyte
subpopulations.

Another difference between the two studies was the
distribution of patients’ age. Patients in our study were
much younger (mean age 10 years) than those in the NIH
study (mean age 35 years). Because telomeres shorten
with age,® the differences in telomere length between
patients and healthy individuals may become smaller in
adults than in children. Moreover, in the NIH study, the
cohort was restricted to patients with severe AA, and
patients with moderate AA were not included. In contrast,
20 of 64 AA patients in our study had moderate disease.
We could not estimate the frequency of clonal evolution
since in our cohort there was only one patient who
evolved into myelodysplastic syndrome during the obser-
vation period.

The causes of the difference in telomere length between
responders and non-responders remain unknown. The
short telomere length in non-responders may be ascribed to
the presence of cryptic forms of IBMES in the study cohort.
Alter et al. reported that nearly all of the patients with both
typical and cryptic DC have very short telomeres, as low as

100

50

Third quartile
Fourth quartile

6 months

3 months

Figure 2. Response rates for immune suppressive therapy at three
and six months according to telomere length. A poorer response rate
was observed with each quartile as the telomere length shortened
from the fourth to the first quartile.

the first percentile of normal controls.” In our previous
study, the RTLs of lymphocytes were below the 5% of nor-
mal controls in all of 6 DC patients and 2 AA patients har-
boring TERT mutation.” In the current study, there were 10
AA patients with shorter telomere length than the -2.0 SD
of the cohort of healthy controls, but none of them showed
clinical features of DC or had any mutation in DKCY,
TERC, TERT, NOP10, TINF2, and TCAB1. It is unlikely that
short telomeres in non-responders are to be ascribed to the
presence of a cryptic form of DC.

Another possibility is that short telomere length may be
a surrogate marker for longer disease duration that dam-
ages the hematopoietic stem cells and causes a higher
number of compensatory stem cell divisions. We recently
reported a significant inverse correlation between
response rate to IST and interval between diagnosis and
treatment in a large cohort of 312 children with newly
diagnosed AA.®It is often difficult to determine the exact
date of onset of the disease in patients with AA, especially
in patients with moderate AA. The shorter telomere
length may simply reflect longer duration of the disease in
non-responders.

However, our study has several limitations, including a
heterogeneous study population, a relatively small number
of patients and a short follow-up period. To validate the
results, we are conducting a prospective study to determine
the optimal use of rabbit ATG for severe AA, in which we
evaluate the relationship between telomere length of lym-
phocytes at diagnosis and the response to IST.

In conclusion, measurement of the telomere length in
lymphocytes by flow-FISH is a promising assay, not only
for identifying cryptic DC, but also for predicting the
response to IST of patients with AA.
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ORIGINAL ARTICLE
Impaired hematopoietic differentiation of RUNX/-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'"'? H Harada'"""? S Okamoto' and H Nakajima'

Somatic mutation of RUNXT is implicated in various hematological malignancies, including myelodysplastic syndrome and acute
myeloid leukemia (AML), and previous studies using mouse models disclosed its critical roles in hematopoiesis. However, the role of
RUNXT in human hematopoiesis has never been tested in experimental settings. Familial platelet disorder (FPD)/AML is an
autosomal dominant disorder caused by germline mutation of RUNXT, marked by thrombocytopenia and propensity to acute
leukemia. To investigate the physiological function of RUNXT in human hematopoiesis and pathophysiology of FPD/AML, we
derived induced pluripotent stem cells (iPSCs) from three distinct FPD/AML pedigrees (FPD-iPSCs) and examined their defects in
hematopoietic differentiation. By in vitro differentiation assays, FPD-iPSCs were clearly defective in the emergence of hematopoietic
progenitors and differentiation of megakaryocytes, and overexpression of wild-type (WT)-RUNXT reversed most of these
phenotypes. 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 demonstrated that
haploinsufficient RUNXT allele imposed cell-intrinsic defects on hematopoietic differentiation in human experimental settings and

revealed differential impacts of RUNXT dosage on human and murine megakaryopoiesis. FPD-iPSCs will be a useful tool to
investigate mutant RUNX7-mediated molecular processes in hematopoiesis and leukemogenesis.

Leukemia (2014) 28, 2344-2354; doi:10.1038/leu.2014.136

INTRODUCTION

RUNXT is a founding member of Runt-family transcription factors,
which was cloned from a break point of t(8;21) chromosomal
translocation observed in acute myeloid leukemia (AML). Studies
over a decade’ have revealed critical roles of RUNXT in
hematopoiesis. During embryonic development, Runx1 is abso-
lutely essential in the emergence of hematopoietic stem and
progenitor cells through hemogenic endothelium. In contrast,
conditional disruption of Runx7 in adult hematopoietic system
revealed that it was critical in the differentiation of mega-
karyocytes (MgKs) and lymphocytes as well as in the homeostasis
of hematopoietic stem cells." However, these results were mostly
derived from gene-disruption studies in mice, and the role of
RUNXT in human hematopoiesis has never been tested in
experimental settings.

Somatic mutation of RUNXT has been implicated in a variety of
hematological malignancies, including myelodysplastic syndrome
(MDS) and AML. It was found in 15-35% cases of AML MO
subtype,® 10-20% of MDS,*™® 37% of chronic myelomonocytic
leukemia’ and 14% of MDS/myeloproliferative neoplasm,® which
makes RUNXT as one of the most frequently mutated genes in
hematological malignancies.

The mutations are distributed throughout RUNXT protein, being
roughly classified into two categories, missense mutation in
N-terminal Runt-homology domain and frame-shift or non-sense
mutations leading to a C-terminal truncation. Runt-homology
domain mutation impairs DNA-binding and nuclear localization,
while the C-terminal truncation disrupts transcriptional activation
or repression activity.>® Biochemical studies have shown that
most of the RUNXT mutations observed in MDS or AML are
loss-of-function mutation or dominant negative to the residual
wild-type (WT) allele.®'? However, their capacities to suppress
transcriptional activity of WT-RUNXT vary among mutants by
in vitro assays.® In addition, it is possible that some mutations
confer the protein with non-physiological functions acting as gain-
of-function mutants. Therefore, precise function of mutant RUNX1
in MDS or AML remains obscure, and it must be tested in
physiological and, ideally, in human settings.

Familial platelet disorder/AML(FPD/AML) is a rare autosomal
dominant disorder caused by germline mutation of RUNXT,
marked by thrombocytopenia and propensity to acute leukemia.'®
Approximately 30 FPD/AML pedigrees have been reported to
date, and the affected patients retained RUNXT mutation at similar
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
pheno‘typc—:s.’g'27 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
RUNXT 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 RUNX1T
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 10} ware 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-

Leukemia (2014) 2344 -2354

124 -

2345



RUNXT-mutated iPS cells from FPD/AML
@ M Sakurai et al

2346

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 IgM monoclonal
antibodies conjugated with Alexa Fluor 488 or 594 (Life Technologies
Japan). Fluorescent images were captured using fluorescence microscope
(IX70, 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, 10ung/ml human insulin,
5.5ug/ml human transferrin, 5ng/ml sodium selenite (Sigma), 2mm
L-glutamine (Life Technologies Japan), 0.45mm o-monothioglycerol
(Sigma), 50 pg/ml ascorbic acid (Sigma) and 20ng/ml 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—fortriing aé‘say

CD347 cells derived.from iPSCs by AGM-53 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 um 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-RUNXT  expressing human WT-RUNXTb isoform,
pcDNA3.1/Flag-RUNXT%172E o pcDNA3.1/RUNXTNZ335X283 \yaq 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 100 pg/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; 150 mm NaCl; 1mm
phenylmethylsulfonyl floride; 1 ng/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 RUNXT 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).>* 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 2¢). 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), qRT-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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Generation and characterization of iPSCs from FPD/AML patients. (a) Schematic diagrams of iPSC derivation from FPD/AML
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protein (GFP) (left; light microscope, right; GFP). (b) Morphology of the colonies of WT-iPSCs or FPD-iPSCs. Scale bar=500pum.
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On day 15 or day 16 of culture, cells were collected and analyzed
for the emergence of HPCs by flow cytometry. Interestingly, the
frequencies of CD34 ™ and CD45™* cells emerged from FPD-iPSCs
were decreased to about 40-60% and 20-40% of WT-iPSCs,
respectively, suggesting that HPC emergence was profoundly
impaired by RUNXT mutation (Figures 3b and c). Notably, these
defects were observed to a similar extent in all three FPD-iPSC
lines, showing that either N-terminal or C-terminal mutations of
RUNXT1 do not make any differential effects on the emergence of
CD34% and CD45™ cells. In contrast, expression of CD235a/GPA,
an early erthroid-MgK specification marker during human ES cell
differentiation,®® was impaired in all three FPD-iPSCs as
compared with WT (Figure 3c), which suggests that the
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emergence of early erthroid-MgK progenitors from iPSCs was
not affected by RUNXT mutation.

In order to quantitatively evaluate the frequency of lineage-
committed HPCs derived from each FPD-PSC, CD347 cells
generated by AGM-S3 co-culture were sorted by flow cytometry
and subjected to colony-forming assays. As shown in Figure 3d, the
frequencies of granulocyte-monocyte (GM), erythroid (E) or mix
colony-forming-cells (CFCs) in CD347 fraction were significantly
lower in FPD-iPSCs as compared with those of WT. It is of note that
differences in size and morphology of the colonies were not
discernibie between WT- and FPD-iPSCs (Supplementary Figure 52).

To examine the HPC emergence in more detail, we undertook ES-sac
differentiation protocol to induce hematopoietic differentiation.>
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The efficiency of ES-sac induction was comparable between WT- and
FPD-iPSCs (Supplementary Figure S3a). As shown in Figures 4a—c and
Supplementary Figure 3b, the percentage of CD34 " CD43* (D45~
cells, earliest HPCs detected during ES cell/iPSC differentiation (HP1),
was decreased to 10-40% of WT in FPD-iPSCs.*** Furthermore,
CD347CD43+CD45™ or CD34~CD437 CD45™ cells, representing
late-committed HPCs (HP2) or myeloid-restricted HPCs (Lin P),
respectively, were drastically decreased to 3-5% of WT in FPD-iPSCs
(Figure 4c). Notably, these frequencies were not statistically different
between FPD-iPSCs with N-terminal RUNXT mutation (FPD-N-iPSCs)
(pedigree 1 and pedigree 2) and those with C-terminal RUNXT
mutation (FPD-C-iPSCs) (pedigree 3) in this assay. We have also
checked the frequency of various lineage-committed progenitors in
the fixed number of CD34% CD43 % (D45~ cells by colony-forming
assays. This revealed that the frequencies of GM-, E- and
mix-CFCs in CD34%(CD43%CD45~ cells were comparable
between WT- and FPD-iPSCs (Supplementary Figure S3c), and no
apparent difference was noted in the morphology of the colonies
(Supplementary Figure S3d).

Taken together, these results clearly indicate that the net
emergence of HPCs from human iPSCs is profoundly impaired by
RUNXT mutation.

Leukemia (2014) 2344 -2354

Defective differentiation and maturation of MgKs from FPD-iPSCs

It has been shown that RUNXT was critical for MgK differentiation
and maturation by gene-disruption studies in mice.! We asked
whether this finding could be applied to human settings by
using FPD-iPSC-differentiation model. To do this, CD34* cells
induced in AGM-S3 co-culture system were assessed for their
ability to differentiate into MgKs in liquid culture with
thrombopoietin and SCF (Figure 5a). Interestingly, CD34 % cells
from FPD-iPSCs generated CD41a™* MgKs in significantly lower
frequencies (30-50%) as compared with WT in this assay (Figures
5b and d). Actual number of MgKs generated from CD34 ™ cells
was also decreased in the FPD-iPSC-group as compared with WT
(Supplementary Figure S4). Of note, MgKs differentiated from
FPD-iPSCs were less mature and smaller in size as evidenced
by CD42b and mean-forward scatter (FSC), respectively, by
flow cytometry (Figure 5d). However, differences in size or
morphology were not readily apparent by cytospin preparation
(Figure 5c).

These results indicate that differentiation of MgKs is impaired
both quantitatively and qualitatively in FPD-iPSCs. Again, all three
FPD-iPSC lines shared the same phenotype in these assays,
suggesting that N-terminal and C-terminal RUNXT mutations
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impose similar defects in MgK differentiation and maturation in
FPD-iPSCs.

Phenotypic rescue of FPD-iPSCs by overexpression of WT RUNXT

As mutant RUNXT has been reported to act in a loss-of-function or
dominant-negative manner for WT-RUNXT, we tried to rescue the
phenotypes of FPD-iPSCs by overexpressing WT-RUNXT. 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-RUNXT overexpression (Figures 6d and e,
Supplementary Figure S5). Morphology of the colonies was not
different between parental FPD-iPSC and mock- or Flag-RUNXT-
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-RUNX1 was not silenced either before or after
the induction of HPCs (Supplementary Figure S7).

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

Overexpression of mutant RUNXT 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 (RUNXT-N™) from pedigree 1
and C-terminal N233fsX283 RUNXT mutant (RUNXT-C™) from
pedigree 3.

Three stable iPSC clones for each RUNXT 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 RUNXT
mutants, either RUNXT-N™ or RUNX1-C™, scarcely affected the

Leukemia (2014) 2344-2354

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 RUNX7 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 Runx1 was required for the emergence of definitive
hematopoietic stem cells from the so-called ‘hemogenic
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quantitative RT-PCR analyses for PU.1, GM-CSF or MPO. Data are
presented as the relative expression to those of WT1 (mean £s.d.,
n=3).
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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 RUNXI! 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
are defective in the emergence of HPCs and MgK differentiation.
We also demonstrated that mutant RUNXT acts in a loss-of-
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
part of RUNXT allele. Furthermore, it was reported that genetically
modified mice with heterozygous mutant RUNX1-knock-in (K)
alleles, which resembled human hematologic diseases, displayed
60-70% decrease of hematopoietic CFC numbers in AGM regions
or FLs during murine embryogenesis, suggesting that they act as
haploinsufficient alleles in vivo. In contrast, previous in vitro
biochemical studies have suggested that some of the RUNXT
mutations observed in MDS or AML act as weak dominant-
negative allele®® They showed that most of the RUNXT mutants
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Figure 8. Effects of mutant RUNXT on hematopoietic differentiation of WT-iPSCs. (a) Expression of mutant RUNX1 protein in WT-iPSCs

transfected  with pcDNA3/Flag-RUNXT-N™ or pcDNA3/RUNXT-C™. Three different clones were isolated for each RUNX7-mutant, and the
expression of transfected genes was examined by western blotting. Flag-RUNX1-N™ and RUNX1-C™ proteins were detected by anti-Flag and
anti-RUNX1- antibodies, respectively. o-Tubulin was used as a loading control. The clone numbers are shown on each lane. WT-iPSCs
transfected with mock vector (mock) were used as a negative control. (b) Hematopoietic differentiation of WT-iPSCs expressing RUNXT-N™ and
RUNX1-C™ by AGM-S3.co-culture. Cells were co-cultured on AGM-S3 cells for 10-14 days and subjected to FACS analyses. Frequencies (%) of
CD34™", CD45" or GPA™ cells derived from WT-iPSCs expressing RUNX7-N™ and RUNXT-C™ or FPD-iPSCs (Pdg. 1 and 3) against MNCs are
shown (n =3, mean +s.d.). Parental WT-iPSCs and WT-iPSCs transfected with mock vector were used as controls. *P<0.05. NS, not significant
against ‘'WT-iPSCs’ or ‘WT-iPSCs + mock' (c) Colony-forming assay of HPCs derived from WT-iPSCs expressing RUNXT-N™ and RUNX1-C™. Sorted
CD34™ cells (5000 cells/plate) from AGM-S3 co-culture were subjected to the assay as described in Methods. GM, CFU-GM; E, BFU-E; Mix, CFU-
mix. Data are mean * s.d. (n = 3). *P<0.05. NS, not significant against ‘WT-iPSCs’ or ‘WT-iPSCs + mock: Description of the columns is the same
as that in panel (b) or (d). (d) Differentiation of MgKs from CD34" cells derived from WT-iPSCs expressing RUNXT-N™ and RUNXT-C™.
Percentage of CD41a™ cells, mean fluorescence intensity of CD42b and mean-FSC are shown. Data are mean +s.d. (n = 3). *P<0.05. NS, not

significant against ‘WT-iPSCs’ or "WT-iPSCs + mock’

are defective in DNA binding, dimerization with CBFB or
transactivation capacities,>® and thereby suppress WT-RUNXT by
varying degrees when they are overexpressed in vitro.> Taken
together, it is plausible that the effects of mutant RUNXT on
hematopoiesis significantly vary depending on the expression
levels and the cellular context. This notion is supported by the
previous observation that retroviral overexpression of mutant
Runx1 in BM cells leads to the development of MDS/AML in mice,
while heterozygous mutant Runx]-KI mice do not develop
leukemia during their lifetime. Further investigation is required
to reveal precise molecular mechanism for differential effect of
RUNXT under various conditions.

Ran et al.*® have recently reported that enforced expression of
RUNX1a, a naturally occurring isoform lacking C-terminal
activation/repression domain, enhanced the production of
CD347CD45" HPCs from human ESCs/iPSCs, which are
transplantable to immune-deficient mice. However, in our hands,
overexpression of RUNXTN233%X283 i tant (RUNXT-C™), which
closely resembles RUNXTa, in WT-iPSCs did not affect the
differentiation to CD34 ™" cells. This discrepancy could be due to
a slight difference between the sequences of RUNX7a and RUNXT-C™,
the different strategies taken to deliver RUNXT mutants into iPSCs
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(lentiviral transduction vs plasmid overexpression), integration
sites of the transduced gene or different iPSC clones utilized. This
is certainly another issue of future investigation.

Another critical finding of this study is a cell-autonomous
effect of RUNXT mutation on hematopoiesis. Although previous
studies using mutant mice or patient samples suggested cell-
autonomous effects of mutant RUNXT on HPC emergence and
MgK differentiation, it has still been possible that extrinsic factors
such as altered microenvironmental cues affected the differentia-
tion process in vivo. This study demonstrated that FPD-iPSCs were
defective in hematopoietic differentiation in in vitro assays,
showing that disease-specific RUNXT mutation impaired the
emergence of HPCs and MgK differentiation indeed in a cell-
autonomous manner.

It is noteworthy that functional roles of mutant RUNXT on MgK
differentiation and platelet production are critically different
between humans and mice. In mice, heterozygous DNA-binding
Runx1 mutation never led to thrombocytopenia, and only
homozygous animals presented mild MgK/platelet defects’ In
contrast, heterozygous RUNXT mutation is sufficient to cause MgK
defects in human settings as demonstrated by the current study.
These differences could be due to a differential sensitivity of MgK
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differentiation and platelet production to RUNXT dosage in human
or mouse hematopoiesis. Molecular mechanism underlying this
discrepancy definitely requires further investigation.

In MgK differentiation assays, mean-FSC by flow cytometry was
significantly lower in MgKs derived from FPD-iPSCs as compared
with those from WT-iPSCs, suggesting that FPD-iPSC-derived MgKs
are smaller in size. Complementation of RUNXT activity in FPD-
iPSCs by WT-RUNXT rescued MgK differentiation as examined by
CD41a expression. Interestingly, however, mean-FSC of FPD-iPSC-
derived MgKs did not return to the level comparable to that
of WT in the same experiment. These results indicated that
differentiation and cell size of MgKs were differentially regulated
by RUNXT and raise a possibility that reduced size of FPD-iPSC-
derived MgKs might be the consequence of novel function
acquired by mutant RUNXT.

We were able to analyze three FPD-iPSC lines derived from
three distinct FPD/AML pedigrees. Two pedigrees carried mutation
in RUNT domain that disrupts DNA binding, and the other carried
frame-shift mutation resulting in premature termination before
C-terminal activation/repression domain. Through our in vitro
hematopoietic differentiation analyses, we could find no major
difference between the three FPD-iPSC lines in terms of HPC
emergence and MgK differentiation. These results suggest that
disease-specific RUNXT mutations impose highly similar impact on
the hematopoietic differentiation of iPSCs regardless of the sites of
mutation. However, it still leaves a possibility that various RUNXT
mutations differentially affect other aspects of hematopoiesis.
Particularly, as mutant RUNX7 is involved in the malignant
transformation of hematopoietic cells, it would be intriguing to
examine differential impacts of various RUNXT mutations on the
development of AML or MDS using our FPD-iPSC models.

In summary, we have successfully established iPSCs from three
distinct FPD/AML pedigrees and have shown that these FPD-iPSCs
are uniformly defective in HPC emergence and MgK differentia-
tion. This report is the first to demonstrate critical roles of RUNXT
in hematopoiesis in human experimental settings and revealed
differential impact of heterozygous mutant RUNXT on human and
mouse MgK differentiation. We also demonstrated that the
phenotypes of FPD-iPSCs are the consequence of haploinsuffi-
ciency of RUNXI. We expect that these FPD-iPSC lines are
extremely useful as an unlimited source for human HPCs with
various RUNXT mutations, and they will serve as a novel platform
for investigating multistep leukemogenesis based on RUNXT
mutation.
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