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Figure 4. Comparative expression of genes for hematopoietic transcription factors. RNA was extracted from each cell line and gene expressions of
hematapoietic transcription factors, such as Transcription factor PU.1 (PU.1), CCAAT/enhancer-binding protein alpha (CEBPa), Growth factor
independent 1(GF11), Neurogenic locus notchl homolog protein 1 (NOTCH1I), Transcription factor E2-ulpha (E2A), GATA-binding facror 2 (GATA2),

GATAI, und Friend of gatal (FOG1] were investigated by real-time reverse transcripi

the delta-delia Ct method.

Kasumi-1 cells that were cstablished from acute
myeloblastic leukemia (M2), reportedly express CD33,
CD34, CD38, CD13. and CD15 (7), and the present study
confirms their expression. However, we also found
expression of CD135, HLA-DR, CD45, CD14 and CD16
with flow cytometric analysis, suggesting that we maintain
this cell line as it is and our additional results offer robust
evidence for defining these cells. As Kasumi-1 cells express
Acute myeloid leukemia 1 (AML1)-Eight twenty one (ETO)
fusion gene product (13) and also have mutation in the ¢-KIT
gene, they were utilized in research of regulation of the
promoter region of the AML1-ETO fusion gene (14), of
inhibitors against c-KIT proteins (15) and of mechanisms of
apoptosis (16) (17). Zapotocky et al. also focused on
hematopoietic differentiation and showed that valproic acid
triggers differentiation defined by c-Kit, CD33, CD34,
CD11b expression in Kasumi-1 cells. They also found the
positive effect of valproic acid on up-regulation of CEBPa

ase chain

-polyi All data were analyzed with

and PU.T expression. Qur results also reveal hematopoietic
transcription factors CEBPa, PU.1 and GFII were expressed
in Kasumi-1 cell in that order and their expressions are the
lowest among the six cell lines we examined (Figure 4),
suggesting that Kasumi-1 cells could potentially be a useful
tool for examining the effect of increasing the expression of
these transcription factors. Using the surface markers that we
examined here, we can expect to gain more evidence for
differentiation.

NB4 cells that were established from acute promyelocytic
Jeukemia (M3) expressed CD38, CD33, CD13, CD15 and
CD11b, but not CDllc, CD34, or CD14 (8). Except for
CDl1lc and CD14, our results shown in Figure 2 and 3B
demonstrated the same phenotypic pattern as the previous
report. It is likely that this discrepancy was caused by
difference in the antibody clones of CDllc and CDI4
between our study and previous reports. In addition to the
antibodies listed above, we also investigated the expression
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Table IL. Summary of flow cytometric data.

Kasumi-|
Markers . CDI35- CDi35* CD135* ¢-KIT- c-KIT* c-KIT+
CD38* CD38* CD3g~ CD34* CD34+ CD34-
% 0.31x0.04 0.09+0.03  2.1430.63 0.07+0.03 95.43£0.25 447026
Markers HDR- HDR* HDR* HLADR~ HLADR* HLADR*
CD33+ CD33* D33~ CDI13+ CD13+ CD13~
% 92574032  7.28+0.08  0.00+£0.00  46.6020.46 5.74+0.51 642+0.53
Armong CDIs~ CDIs* CD1s* CD15- CDI5+ CD15* CD11b~ CD11* CoILIF
CD13* CD14* CD14% CD14~ CDi6*+ CDi16* CD16~ CD1le* Cbhilet CDl1le~

CDI16% 0.69+0.18 0.13x£0.07 1.99x0.43 0.5020.08 0.05£0.00 1932050 0.02:0.01 0.1240.04  14.86+0).61
NB4

Markers c-KIT- c-KIT+ c-KIT+ CD34~ CD34+ CD34+ c-KIT- c-KIT+ c-KIT*
CD3g* CD3g* CD38~ CD3g* CD38* CD38~ HLADR* HLADR* HLADR~
o 42,13x0.71  14.3743.50 1023128  28.83x2.57 2.61x0.24 7.43x037 16.93+3.6]1  2.6630.65 6.71+0.88
Markers CDi5- CDis* CDI15*% CDIlb ChIIb* CDlib* CDllic CDllc+ CDI et
CD116* CD1igt CDll6~ CDlle* CDilet CDlle CD14+ CDia+ CDi4~
% 13.20£2.86  1.960.14  3.1520.33 5.39+0.71 21172287 56.63+2.38  926£033  21.17£1.35 48.03x1.12
MOLM-13
Markers HLADR- HLADR™ HLADR* c-KIT= c-KIT* ¢-KIT+ c-KIT= ¢-KIT* c-KIT+
CD33+ CD33+* CD33- CD34+ CD34+ CD34- CD3g+ CD38* CD38~
% 7657£1.86  23.43x1.86  0.0020.00 0.26+0.17 0.09£0.06 763129  85.07x064  9.21x1.32 0.3820.11
Markers HLADR™ HLADR* HLADR* CD64~ CD64+ CD64* CD11b~ CD11b* CDl1b*
CD13* CD13* CD13~ CDI13+ CD13+ Cb13~ CDI3+ CDI3* CD13~
% 2.1610.14 0.85+0.10  21.73+0.42 1.37£0.12 0.01+0.01 0.02:0.00 1.5640.13 0.04£001 0.2320.01
Markers CD14~ CD14+ CD4+ CD15~ CD15* CD1s+ CD1le CDliet CDIte*
CD116* CDli6 CDI16- CD13* CD13+ Cp13- CD14+ CD14+ CD14-
% 0.39£0.07 0.1020.02  0.12£0.03 142+0.18 0.1820.05 7.79x1.63 2.22:0.63 0.01£0.01 0.0120.01
MV4-11
Markers HLADR~ HLADR~ HLADR* c-KIT- ¢-KIT+ ¢-KIT*+ CD3g~ CD3g+ CD38*
CD33+ CD33+ CD33~ CD34+ CD34+ CD34~ CD34* CD34* CD34-
% 14.80£0.78  85.03+0.67  0.00x0.00 0.14+0.06 0.03:0.01 6.02£0.54 0.14+0.06 0.0540.01 0.63:0.03
Markers HLADR~ HLADR* HLADR¥ CD14 CDi4+ CD14+ CDIs~ CDl1s* CD15*
CDi3+ CD13* CDJI3- CDI116% CDI116 CD116- CD64+ CD64* CD64~
% 2.76+0.18 2.62:036  3030+267 0364005 0.020.01 0.13+0.06 0.3520.10  30.70£3.70  57.93x1.16
Markers Ch- CD14+ CDi4+ CD64~ CD64* CD64+ CD13~ CD13* CD13+
CDil6* CD1i6* CDl116~ CD36* CD36* CD36~ CD10* CDI0* CD10~
% 0.50+0.16 0.01x0.00 0.17£0.00 0.00+0.00 0.15£0.03 99.43x0.15 0.02+0.01 0.0420 01 46.13+1.68
K562
Markers HDR~ HDR* HDR* C-KIT~ ¢-KIT* c-KIT* e-KIT- ¢-KIT* ¢-KIT+
CDi3+ CD13* CD13- CD13+ CD13+ CD13~ CD33+ CD33* CD33-
% 9.77+6.01 001000  0.03:0.02 11.93+6,48 2.99x1.44 943+134  5297+1.00  B8.772045 2.5620.15
Markers ¢-KIT- c-KIT* c-KIT* CD38~ CD3g* CD38* c-KIT- ¢-KIT+ ¢-KIT+
CD34* CD34+ CD34- Cp33*+ CD33+ CD33- CD36* CD36* CD36™
% 0.4220.18 0.10+0.06 8.51x0.32 57.70x1.14 0.02+0.01 0.00+0.01 57904209  17.37+142  §.4320,50
Among ¢-KIT- CD36* cells Markers CD71* CD71- CD#44+ CD44+ CD44~
GPA* GPA* GPA- GPA+ GPA*
To 1.7120.17 0.000.00 49.03x1.48 1.40£0.15 0.310.07
Jurkat
Markers CD33~ CD33+ CD33+ c-KIT= c-KIT* c-KIT* CD34~ CD34+ CD34%
CD34% CD34+ D34~ CD34* CD34+ CD34- CD38* CD38+ CD38-
% 3.5320.54 0.03£0.01 0.13£0.02 3.1320.74 0.84+0.15 0782029  11.09+L.1¢ 1.20£0.94 3.37x0.44
Among CD38+ CD7+ (1.50+0.40%)
Markers CcD2~ CDhz+ Cp2+ CD3~ CD3* CD3* CD3~ CD3* CDh3+
CD3* CDs* CD5~ CD4+ CD4+ Cb4~ CDg* CDg* D8~
% 0.00+0.00 148040  0.01x0.00 0.1220.04 0.67+0.18 0.62£0.16 0.00+0.00 0.010.01 1.18+0.31
Among CD38~ CD7+ cells (59.4322.40%)
Markers CD2- cp2* cD2r CD3- CD3+ CD3* CcD3~ CD3+ Ch3+
CD3s*+ CD5*+ CDs~ CD4* CD4+ Cb4- CD8* CDg* D8~

% 0.36+0.3%  56.73x2.55 2262007 6.84£0.31 21.82x1.12 23442118 0.01+0.01 0.03x0.01  39.01£2.60
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of c-KIT, HLA-DR, CD45, CD116 and CD16. NB4 cells
have been utilized to examine the éffect of differentiation
inducers (8, 18) and examined their effect by morphological
observation and surface expression utilizing CDI11b
antibodies. Although NB4 cells have been also used for
apoptosis studies (19, 20), no mention about surface marker
expression has been made. Combined with studies on surface
markers, these studies will provide us with more information
on which cell fractions are most effective in apoptosis.
Additional surface markers tested here, such as ¢-KIT, HLA-
DR, CD45, CD116 and CD16, support the robust evidence
to define the cells.

MOLM-13 cells that were established from acute monocytic
leukemia (MS5a) expressed CD33, CD34, CD15, but not CD13
or CD14 (9), and our expression patterns for CD34 and CD14
differed compared with those previously reported (Figures 2
and 3C). This discrepancy also seemed likely to be due to
differences in antibody clones of CD34 and CD14 between our
study and previous reports, There was no previous clarification
of surface phenotype for MV-4-11 cells. p53-Dependent
apoptosis and cell cycle was investigated in MOLM-13 cells
(21) (22) but without differentiation-based analyses. MOLM-
13 and MV-4-11 cells are both CDI35- internal tandem
duplication (ITD)-positive AMLs, were utilized in CD135-
dependent drug-screening studies (23, 24) in which outcomes
were evaluated with cell proliferation and phosphorylation of
internal signal, such as CD135 itself and Signal transducer and
activator of transcription 5 (STATS), but not with swface
phenotype. and transcription factor expression. Our results
shown in Figure 3C and D suggest that MOLM-13 cells and
MV-4-11 are CFU-GM to myeloblasts and mycloblasts,
respectively, which implies that these cell lines will also be fit
for functional analysis to examine differentiation after the
myeloblast state to mature monocytes. Regarding gene
cxpression, as CEBPo expression is quite high in MV4-11 cells
(Figure 4), reduction of expression would seem to be difficult
for this cell line, suggesting it is not suitable for studies of loss-
of-function of CEBPa. and its downstream genes.

K562 cells are chronic myelogenous leukemia-derived
erythroleukemia cells and were not defined on surface
marker-based differentiation state when established (11);
{ater studies confirmed the surface phenotype of GPA (25).
‘When examining the differentiation stage of erythroid cells,
hemoglobinized cells were stained with benzidine and
hemoglobinization was quantified, depending on the staining
intensity. Recently Hu ef al. reported that the distinct stages
in erythroid differentiation were clearly scparated based on
dynamic changes in membrane proteins, such as CD36,
CD44, CD71 and GPA using human cord blood-derived
erythroid cells (26). Herein, we confirm the expression of
these proteins in K562 cells. Concerning gene expression,
GATAT expression and its target gene effect was checked to
investigate its effect on erythroid differentiation in K562

cells (27). GATA2 and FOG/ expression was also confirmed
(Figare 4) although their expression levels were lower than
GATA1, suggesting that GATA2 and FOGT expression can be
used to trace the differentiation of K562 cells so as to
evaluate the differentiation status more accurately.

Jurkat cells were established from acute T-cell leukemia
and not defined in terms of surface marker-based
differentiation state when they were ‘established (12). Our
results revealed that Jurkat cells are differentiated into
mature functional T-cells with mature T-cell markers (Figures
2 and 3F), and T-cell-specific genes (NOTCHI and E2A)
were highly expressed (Figure 4), which implies that this cell
line is fit for studies that focus on transcriptional regulation,
rather than differentiation studies.

The information mentioned herein can be used for
establishing standards for choosing appropriate cell lines for
functional analyses, and for determination of efficacy after
functional analysis and drug screening.
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Dok2 Likely Down-regulates KIfI in Mouse
Erythroleukemia Cells

YUKA TANAKA!?, KASEM KULKEAWS3, TOMOKO INOUE?, KEAI SINN TAN?,
YOICHI NAKANISHI?, SENJI SHIRASAWA! and DAISUKE SUGIYAMAS

!Department of Cell Biology, Faculty of Medicine, Fukuoka University, Fukuoka, Japan;
2Center for Clinical and Translational Research, Kyushu University Hospital, Fukuoka, Japan;
3Department of Research and Development of Next Generation Medicine,

Kyushu University Faculty of Medical Sciences, Kyushu University, Fukuoka, Japan

Abstract. Background/Aim: Docking protein 2 (Dok2) is an
adapter protein which is involved in hematopoiesis. However,
it still remains unclear how Dok2 functions in regulation of
transcription of hematopoietic genes. To address this issue,
we knocked-dowr Dok2 mRNA in mouse erythroleukemia
cells which highly express Dok2 intrinsically. Materials and
Methods: Mouse erythroleukemia cells were transfected with
Dok2 siRNA for 24 h and gene expression of erythroid
differentiation-related genes, such as GATA binding protein I
(Gatal), Kriippel-like factor 1 (Klf1), a-globin and -globin
were assessed by real-time. polymerase <chain reaction,
Results: Among the tested genes, expression of Kifl exhibired
a 1.94-fold increase when compared to the control 24 h after
transfection.  Immunocytochemistry and  chromatin
immunoprecipitation assays revealed that Dok2 protein
localizes in the nucleus and binds to the promoter region of
Kifl gene. Conclusion: Dok2 is able to control Kifl
expression by transcriptional regulation through directly
binding to its promoter region.

Hematopoiesis is a process which produces mature
functional blood cells that maintain homeostasis. During
hematopoiesis, hematopoietic stem cells are generated from
the mesoderm, and differentiate into progenitor cells,
maturing into erythrocytes, granulocytes. macrophages,
lymphocytes and platetets (1). This process is strictly
regulated by intrinsic and extrinsic molecules and an

Correspondence to: Dr. Daisuke Sugiyama, Department of Re§earch
and Development of Next Generation Medicine. Kyushu University
Faculty of Medical Sciences, Kyushu University, 3-1-1 Higashi-ku.
Fukuoka, 812-8582, Japan. Tel: +81 926426210 ext, 6210, Fax: +31
926426146 e-mail: ds-mons@yb3.so-net.ne jp

Key Words: Mouse erythroleukemia cells, docking protein 2., Dok2.
KIf1. erythropoiesis.

0250-7005/2014 $2.00+.40

imbalance in this regulation can give rise to various
hematological diseases, such as leukemia (2, 3). Extrinsic
molecules include cytokines, chemokines and extracellular
matrix proteins which are derived from hematopoietic cell
controlling niches (4). Previously. we demonstrated that
Delta-like 1 homolog (Dlkl)-expressing hepatoblasts
function as niche cells for hematopoietic stem cells by
regulating homing and cell differentiation through secretion
of extracellular matrix proteins and cytokines (5). In addition
to these molecules, hematopoictic cells have also been
reported to be regulated intrinsically by transcription factors
(1. 6). GATA binding protein 1 (Gatal) and spleen focus-
forming virus proviral integration oncogene (Spil. also
known as Pu.l) are well-known transcription factors which
regulate the fate of hematopoietic cells. Gatal is a key
transcription factor in erythropoiesis and regulates
transcription of Kriipper-like factor 1 (KIf1) and activation
of B-globin transcription (7). Ectopic expression of Gatal in
myleomonoeyti¢ cells can induce them to differentiate into
eosinophil, erythroid, and megakaryocytic cells (8-10). On
the other hand, Pu.l regulates the fate of myeloid cells and is
involved in granulocyte, monocyte and lymphocyte
development (8, 11). In erythroid cells, Pu.l acts as an
inhibitor of erythroid differentiation by antagonizing Gatal
(1, 12). Thus, proper expression of transcription factors is
important to maintain homeostasis of hematopoiesis, and
abnormal functioning of these factors are known causes of
leukemogenesis (13).

Docking protein 2 (Dok2) (also known as DokR, p36 and
Frip). a member of the Dok protein family. is an adapter
protein that is a substrate for tyrosine kinase. Dok1,-2 and -
3 are selectively expressed in hematopoietic cells among the
seven Dok protein members (14-17). Two groups have
reported that double knock-out of Dokl and Dok2 in mice
induces the abnormal proliferation of myeloid cells due to
an increase of proliferation and reduced apoptosis, and is
associated with Rat sarcoma virus oncogene (Ras)/mitogen-
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activaied protein kinase (Mapk) and Thymoma viral proto-
condogene (Akt) activation (1§, 19). The role of Dok2 in
myeloid leukemia has also been investigated and it was
found to act as a suppressor of leukemia (15, 19). Although
the function of Dok2 as a member of tyrosine kinase
signaling molecules and its roles in regulating myelopoiesis
have been extensively investigated, it still remains unclear
how Dok2 functions in hematopoietic transcriptional
regulation. To address this, we knocked-down Dok2 gene in
mouse erythroleukemia (MEL) cell line, which is a kind of
leukemia cell line with the potential to be induced into
erythroid cells and is widely used to study erythropoiesis.
Herein we present evidence that Dok2 regulates the
expression of Kifl through directly binding to its promoter
region and demonstrated a novel role of Do2 as a mediator of
gene transcription in hematopoiesis.

Materials and Methods

Cell lines. Two types of cell lines, MEL cell line (kindly provided
by Dr. Brand, Ottawa Health Research Institute, Ottawa, Canada)
and Friend erythroleukemia cell line. (F5-3, Fl, RIKEN BioResource
Center, Ibaraki. Japan) were used in this study. The cells were
maintained in RPMI-1640 (Wako Pure Chemical Industries. Osaka.
Japan) supplemented. with 10% fetal bovine serum (FBS) and
10 U/ml penicillin and 10 mg/ml streptomycin (Sigma-Aldrich,
Saint Louis, MO, USA). Cells were passaged every 3-4 days.

SIRNA transfection. Knock-down of Dok2 mRNA in MEL cells was
performed using siRNAs (Sigma- Aldrich) with transfection reagent,
Lipofectamine® 2000 (Life Technologies. Palo Alto, CA, USA).
Silencer® Negative Control No.l siRNA (Ambion, Austin, TX,
TUSA) was used as a control siRNA, Before the transfection, 1.0x103
cells were plated in 24-well plate in RPMI-1640 containing 1%
FBS. Two microliters of Lipofectamine and 60 pmole of single
siRNAs were mixed with 50 pl of Opti-MEM®I Reduced Serum
Medium (Life Technologies). respectively. and incubated at room
temperature for 20 minutes to form Lipofectamine~siRNA complex.
After incubation. Lipofectaniine-siRNA complexes were mixed
with the cells and incubated at 370C. 5% CO,. Cells were collected
at 24 hours after transfection and kept in RNAlater (Life
Technologies) until genc expression analysis.

May-Griinwald Giemsa staining. Cultured cells were attached onto
glass slides (Matsunami glass, Kishiwada. Osaka, Japan) by
CytoSpind (Thermo Fisher scientific, Waltham, MA, USA) at 450
rpm for 7 min and dried thoroughly. Cells were fixed and stained
with May-Griinwald reagent (Muto Pure Chemicals. Tokyo, Japan)
at room temperature for 5 min, briefly washed with tap water and
incubated with PBS, pH 6.4, for 2 min, Cells were then incubated
with 1:18 diluted Giemsa solution {(Muto Pure Chemicals) at room
temperature for 30 min. After washing with tap water, the slides
were dried and were covered with glass coverslips by using MGK-
S mounting solution (Matsunami glass). Slides were observed using
an Olympus CKX41 microscope {Olympus. Tokyo, Japan).

Immunocytochemistry. Cultured cells were attached onto glass slides
(Matsunami glass) by CytoSpin4 (Thermo Fisher scientific) at 450
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rpm for 7 min and dried thoroughly. Cells were fixed in 1%
paraformaldebyde at 4°C for 30 min. After washing with PBS. cells
were incubated with PBS containing 0.05% Triton-X 100 at room
temperature for 15 min. After three washes with PBS, the cells were
blocked with PBS containing 1% BSA at room temperature for 30
min and incubated overnight at 4°C with goat anti-mouse Dok2
(1:100. Santa Cruz Biotechnology, Dallas, TX. USA) primary
antibody. After three washes with PBS. cells were then incubated
with donkey anti-goat IgG AlexaFluor488 (1:400, Invitrogen.
Carlsbad. CA, USA) and TOTO-3 iodide (1:1500: Invitrogen) at
room temperature for 30 min. After a further three washes with
PBS. cells were mounted on coverslips with fluorescent mounting
medium (Dako Corporation, Glostrup, Denmark) and assessed using
a Fluo View 1000 confocal microscope (Olympus).

Flow cytometric analysis. Cells were stained with 1 pg/ml of
propidium iodide (PI) (Invitrogen) to distinguish the dead cells and
analyzed by BD FACS Aria (BD Bioscience. San Jose, CA, USA).

RNA extraction and real-time polymerase chain reaction (PCR).
Total RNA was extracted from cultured cells using RiboPure™ Kit

‘(Ambion), and mRNA was reverse transcribed into ¢cDNA using a

High-Capacity RNA-to-cDNA Kit (Life Technologies). Expressions
of Dok2, Garal, Kif1, a-globin, -globin and B-actin were asscssed
by using StepOnePlus™ real-time PCR. (Life Technologies) with
TagMan® Gene Expression Assays (Life Technologies). mRNA
levels were normalized to that of P-actin and relative expression of
each gene calculated using a relative standard curve method.

Chromatin immunprecipitation (ChiP) assay. ChIP assay was
performed using a Chromatin Immunoprecipitation Assay Kit
(Millipore, Bedford, MA. USA) according to the manufacturer's
protocol. For ChIP assay, 1x106 cells were used, Proteins and
genomic DNA were cross-linked by formaldehyde and then sheared
by sonication. Immunoprecipitation was carried out overnight with
2 ug of goat anti-mouse Dok?2 antibody (Santa Cruz Biotechnology).
The amount of Kif7 and fS-globin promoter in total input DNA and
immunoprecipitated DNA were measured by StepOnePlus™ real-
time PCR (Life Technologies) with Fast SYBR® Green Master Mix
(Life Technologies). Promoter regions of XifI and S-globin gene
were identified by the Database of Transcriptional Start Sites
Release 8.0 (bttp://dbtss.hge jp/) and were located between 500-
1000 bp at 5’-end of transcriptional start sites, Primer sets binding
to the promoter regions were designed by Primer Express version
3.0 software (Life Techunologies). The sequences of primers were:
Kifl promoter-specific primers, forward: 5'-TCTGCTCAAGGAG
GAACAGAGCTA-3", reverse: 5'-GGCTCCCTTTCAGGCATTA
TCAGA-3": and f-globin promoter-specific primers, forward: 5°-
GACAAACATTATTCAGAGGGAGTA-3', reverse: 5-AAGCAA
ATGTGAGGAGCAACTGAT-3".

Statistical analysis. Results are expressed as the mean+SD, Paired
samples were compared using Student’s f-test.

Results

Expression of Dok2 in mouse erythroleukemia cell lines.
Gene and protein expression of Dok2 were examined by
real-time PCR and immunocytochemistry. Figure 1A shows
the relative expression of Dok2 mRNA in the two types of
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erythroleukemia cell lines, F5-5. fl and MEL. Dok2 was
expressed in both cell lines and MEL exhibited 1.37+0.095-
fold (p=0.027) higher expression when compared to F5-5. fl.
Based on the higher expression of Dok2 mRNA in MEL
cells, we further analyzed the protein expression of Dok? in
MEL cells by immunocytochemistry. We observed that Dok?2
(green) is localized in both the cytoplasm and nucleus of
MEL cells. There were cells weakly-expressing Dok2 and
not all cells expressed Dok2. Greater intensity was detected
in cytoplasm compared to in nucleus (Figure 1B).

Loss-of-function of Dok2 in MEL cells. To investigate the
function of Dok2 in MEL cells, Dok2 mRNA was knocked-
down by transfection with siRINA for 24 h. Cell morphology
after siRNA transfection was observed under microscopy
and also assessed by May-Griinwald Giemsa staining. Most
of the cells were round and uniform in size, and some cells
were swollen and contained vacuoles in their cytoplasm,
both in control and Dok2 siRNA-transfected cells (Figure
2A). May-Griinwald Giemsa staining also showed that
vacuoles were present in the cytoplasm (Figure 2B). No
obvious morphological differences were observed between
control siRNA and Dok2 siRNA-transfected cells.
Efficiency of Dok2 knock-down was assessed by real-time
PCR and 61% reduction of Dok2 mRNA were achieved
compared to the control cells (Figure 2C). The effects of
Dok2 knock-down on cell proliferation and cell viability
were assessed by flow cytometry. Analysis showed that the
live cell numbers were 4685413719 cells in the control
sample and 4982845734 cells in Dok2 siRNA-transfected
cells (Figure 2D). The cell viability was calculated as
percentage based on the number of live Pl-negative cells
among the total collected cells and was 70.1+5.69% and
66.6x1.73% in control siRNA and Dok2 siRNA transfected
cells, respectively (Figure 2E). There were no significant
differences of cell number (p=0.76) and viability (p=0.37)
between the control siRNA-and Dok2 siRNA-transfected
cells. In summary, Dok2 knock-down did not affect the
proliferation and viability of MEL cells.

Dok2 knock-down induces the expression of erythropoietic
transcription factor Kifl. MEL cell line was derived from
lenkemia cells and its differentiation state is equivalent to
that of erythroid progenitors (20). Because of their potential
to follow erythroid differentiation, they have been utilized to
investigate erythropoiesis. To investigate whether Dok2 is
involved in erythroid differentiation, the expression of
differentiation-related genes, Gatal, KIfl, a-globin and -
globin were assessed by real-time PCR. Slight decrease of
Gatal mRNA (0.85+0.044-fold, p=0.052) and B-globin
mRNA: (0.91+0.065-fold, p=0.15) expressions were observed
after knock-down of Dok2. a-Globin mRNA expression was
significantly down-regulated after Dok?2 siRNA transfection

and 0.76x0.064-fold (p=0.0050) lower than control siRNA-
transfected cells. Among the genes we investigated, only Kif!
was significantly up-regulated in MEL cells transfected with
Dok2 siRNA when compared to control siRNA (1.94+fold,
p=0.0023) (Figure 3A).

Dok2 binds to the promoter region of KIfl. Since the knock-
down of Dok2 caused significant up-regulation of KIf7
mRNA, we further investigated whether Dok2 directly
regulates the expression of Kifl. By performing ChIP assay,
we examined the binding of Dok2 to the promoter region of
KIfl and B-globin. Figure 4 shows that the expression of
KIf1 promoter was enriched 2.44+0.96-fold (p=0.048) in the
sample immunoprecipitated with an antibody against mouse
Dok2 when compared to the control sample without
antibody. On the other hand, expression of S-globin promoter
was not enriched and was shown to be 0.0016+0.0011-fold
(p=9.4x10"1%) lower when compared to the control sample
without antibody. Thus, we found that Dok?2 indeed binds to
the promoter region of Klfl, but not of S-globin.

Discussion

Dok2 has been reported to be localized in the cytoplasm and
also the membrane of human embryonic kidney 293T
(HEK293T) cell line through its Pleckstrin-homology (PH)
and Phosphotyrosine binding (PTB) domains (21).
Cytoplasmic Dok2 is phosphorylated under the activated
endothelial-specific receptor tyrosine kinase (Tek. also
known as Tie2) and further activates Ras GTPase-activating
proteins and the adapter protein Non-catalytic region of
tyrosine kinase (Nck), which are involved in cell motility
(22). Thus, cytoplasmic Dok2 is a molecule of tyrosine
kinase signaling. Dok2 comprises a nuclear export sequence,
which regulates the translocation -of proteins from the
nucleus to the cytoplasm, implying the existence of Dok2 in
both compartments (23). However, nuclear Dok?2 expression
and its function have not previously been reported. Herein
we showed that Dok2 protein is localized in both the nucleus
and cytoplasm of MEL cells by immunocytochemistry
(Figure 1B). This implies that nuclear Dok2 regulates gene
expression in MEL cells.

Concerning hematopoietic cells, Dok2 is primarily
expressed in hematopoietic precursors (15) and is also highly

-expressed in T-cells of the spleen and thymus, in addition to

myeloid cells in bone marrow (24). Double knock-out of
Dokl and Dok2 in mice induces the abnormal proliferation
of myeloid cells, characterized by an increased percentage
of immature granulocytic/monocytic precursors in the spleen
and bone marrow, and also leads to hyperplasia of
megakaryocytes and myeloid progenitors in bone marrow
(18, 19). These changes were accompanied by an increases
in Ras/Mapk and Akt activation, which leads to activation of
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Figure 1. Expression of Docking protein 2 (Dok2) in MEL cells. A: Relative expression of Dok2 mRNA in F5-5. fl cells and MEL cells examined by
real-time polymerase chain reaction. Expression of Dok2 in MEL cells was 1.3720.095-fold (p=0.027, Student's t-test) higher when compared to F5-
5. f1 cells. B: Immunocytochemical image of Dok2 protein in MEL cells. Cells were stained with goat antibody to mouse Dok2 (green) and TOTO-
3 iodide (blue) for nuclear staining. Dok2 protein was localized in both cytoplasm and nucleus of MEL cells. Scale bar=10 um.

anti-apoptotic genes and increases survival of hematopoietic
cells (25). Although Dok2 in tyrosine kinase signaling and
its role in regulating myelopoiesis have been extensively
investigated, the function of Dok2 in transcriptional
regulation and its role in erythropoiesis has not been fully
investigated. The MEL cell line is a tool widely used in the
stady of erythropoiesis. Based on genme and protein
expression of Dok2 in MEL cells (Figure 1A and 1B), we
further investigated the function of Dok2 by using siRNA
transfection. Inhibition of DokZ expression reportedly
accelerates cell proliferation of macrophage-like J774A.1
cells through affecting Rous sarcoma oncogene (Src) family
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kinase which mediates the induction of a cell proliferation-
related gene known as Myelocytomatosis oncogene (Myc)
(26). However, there was no significant difference in
proliferation of MEL cells between control and Dok2
siRNA-transfected cells (Figure 2D), unlike the previous
report. On the other hand, we found a significant up-
regulation of Kifl mRNA after knock-down of Dok2 (Figure
3). KIf1 is a transcription factor which is a direct target of
Gatal and plays important roles in erythropoiesis. Three
major aspects of KIf1 function have been reported: regulation
of erythroid-lineage commitment, switching between v- and
B-globin, and maturation of erythrocytes during terminal
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Figure 2. Loss-of-function of Docking protein 2 (Dok2) in MEL cells. A: Microscopic images of MEL cells cultured with control sIRNA (left} and
Dok2 siRNA (right) for 24 h. Scale bar=20 um, B: May-Griinwald Giemsa staining images of MEL cells cultured with control siRNA (left) and
Dok2 siRNA (right) for 24 h. Scale bar=20 ym. C: Relative expression of Dok2 mRNA after 24 h of siRNA transfection. Live cell numbers (D) and

viability (E) of MEL cells after 24 h of siRNA transfection.

erythropoiesis (27). The data we presented show that Dok2
could potentially bind to the promeoter region of Kifi, and
that knock-down of Dok2 altered KIfl expression. This
suggests that Dok?2 transcriptionally down-regulates KifI in
MEL cells.

Herein we provide evidence that Dok2 is able to
transcriptionally regulate gene expressions in addition to its
functions in downstream signaling of tyrosine kinase, and the
change of KIfI expression after Dok2 knock-down suggests
the possibility that Dok2 is involved in regulation of
erythropoiesis and not just myelopoiesis. Although the
functions of nuclear Dok2 have not been elucidated, our

observation suggests the novel transcription factor-like
function of Dok2, and it also suggests that Dok?2 is involved
in the erythropoietic transcriptional system and in the
maintenance of proper erythropoiesis.
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Mutations in Kriippel-like factor 1 cause transfusion-dependent
hemolytic anemia and persistence of embryonic globin gene expression
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» KLF1 mutations cause severe
congenital hemolytic anemia
associated with a deficiency |
of red cell pyruvate kinase.

* A severe KLF1 deficiency
causes hereditary persistence
of embryonic globin
synthesis. '

In this study, we report on 8 compound heterozygotes for mutations in the key erythroid
transcription factor Kriippel-like factor 1 in patients who presented with severe,
transfusion-dependent hemolytic anemia. In most cases, the red cells were hypochromic
and microcytic, consistent with abnormalities in hemoglobin synthesis. In addition, in
many cases, the red cells resembied those seen in patients with membrane defects or
enzymopathies, known as chronic nonspherocytic hemolytic anemia (CNSHA). Analysis
of RNA and protein in primary erythroid cells from these individuals provided evidence of
abnormal globin synthesis, with persistent expression of fetal hemoglobin and, most
remarkably, expression of large quantities of embryonic globins in postnatal life. The red
cell membranes were abnormal, most notably expressing reduced amounts of CD44 and,
consequently, manifesting the rare In(Lu) blood group. Finally, ail tested patients showed
abnormally low levels of the red cell enzyme pyruvate kinase, a known cause of CNSHA.

These patients define a new type of severe, transfusion-dependent CNSHA caused by mutations in a trans-acting factor (Kriippel-like
factor 1) and reveal an important pathway regulating embryonic globin gene expression in adult humans. (Blood. 2014;123(10):1586-1595)

Introduction

Anemia is a major public health problem affecting more than 1.5
billion people worldwide.! The major causes of anemia include
malnutrition, particularly iron and folate deficiency, and infections
including malaria and HIV. However, a substantial proportion of
patients with anemia have inherited red cell defects, with mutations
found in genes encoding red cell enzymes, membrane proteins,
heme, and globins. For example, every year more than 300 000
affected individuals are born with severe anemia resulting from
inherited hemoglobinopathies.” However, after screening for mu-
tations in genes currently known to underlie red cell defects, there are
many cases of inherited anemia in which either the patient’s clinical
and hematological phenotype is not consistent with their described
genotype or the cause of the anemia remains completely unknown.

Here we report on § unrelated patients who displayed severe,
transfusion-dependent neonatal anemia with red cell abnormalities
ranging from a thalassemia-like morphology (with hypochromic
microcytic red cells) to that usually associated with chronic non-
spherocytic hemolytic anemias (CNSHA) with anisopoikilocytosis,
fragmented cells, and a high reticulocyte count. In addition, all of the

probands had a remarkable persistence of fetal and embryonic globin
synthesis. We found that the parents of these children also had
significantly raised levels of fetal hemoglobin (HbF) consistent with
previous observations in heterozygotes for KLF] mutations. In the
light of emerging evidence that mutations in KLF1, the gene encoding
erythroid Kriippel-like factor (EKLF), give rise to persistent postnatal
~-globin expression in humans®” and embryonic globin expression in
mice,®® we sequenced this gene in the probands. We discovered that
all of them are compound heterozygotes for mutations in KLFI. Only
3 compound heterozygotes for KLF1 mutations have been previously
reported, and their phenotypes have been only partially described.®”
The transcription factor KLF1 is a master regulator of terminal
erythroid differentiation, controlling expression of many key path-
ways and structures including cell division, the cell membrane and
cytoskeleton, iron metabolism, and heme and globin synthesis.” Here,
we show that individuals with mutations affecting both alleles of
KLF1 exhibit severe anemia, in which 1 or more of these pathways is
significantly disrupted, giving rise to a wide spectrum of hematolog-
ical phenotypes. The syndromes described here add to an increasing
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list of trans-acting mutations that cause unusual forms of inherited
anemia.'%!* Most important, all such patients show persistent expres-
sion of substantial amounts of embryonic hemoglobins in adult life.
Despite extensive characterization of the patterns of globin expression
in millions of patients during the last 30 years, persistent expression of
embryonic globins in adults has very rarely been reported.

Materials and methods

Blood samples

Blood was collected from all patients and parents after they signed a written
informed consent. Patients receiving regular blood transfusion had a period of
at least 10 weeks without blood transfusions before sample collection. This
study was approved by the local ethical committees at Siriraj Hospital,
Bangkok, Thailand, and at the John Radcliffe Hospital, Oxford, United
Kingdom. This study also was conducted in accordance with the Declaration
of Helsinki.

Hematology and blood serum factors

Routine hematology was determined using an automated red blood cell
counter (Sysmex F280). Hemoglobin was analyzed by liquid chromatogra-
phy, using an automated hemoglobin analyzer (HB Gold; Cumbria) and by
isoelectric focusing (IEF) (Resolve; PerkinElmer). Abnormal hemoglobins
were excised from the IEF gel, digested with trypsin and analyzed using
a matrix-assisted laser desorption/ionization time-of flight (MALDI-TOF/
TOF) mass spectrometer (Ultralex Bruker Daltonics). Routine biochemical
parameters were measured using standard techniques.

Red cell phenotype analysis

Samples were tested for the Lutheran blood group using a gel card (DiaMed)
with other additional blood group antigens including P1, Le?, Le®, k, Kp®,
Kp", JK*, kP, M, N, S, 5, Fy?, and Fyb, as per manufacturer’s instructions. The
presence of Band-3 (AE-1 anion exchanger) on the red blood cell surface was
estimated by the eosin-5-maleimide binding assay.'*

Red blood cell enzyme activities for glucose-6-phosphate dehydrogenase,
6-phosphogluconate dehydrogenase, pyruvate kinase (PK), hexokinase,
glucose phosphate isomerase, phosphofructokinase, aldolase, and phospho-
glycerate kinase were assessed as described previously."® Because retic-
ulocytes contain higher amounts of these enzymes than mature red blood
cells, a calculation for the net activities of each enzyme by correction for the
reticulocyte number was performed to compare the results with our standard
reference range.'”

Flow cytometry to assess the proportions of HbF,'® Hb Bart’s (y4), Hb {
(£), and CD44 was performed on mature erythrocytes (CD717) and
circulating erythroblasts (CD717") of patients and parents. In addition,
leukocytes were stained with CD44 and CD45 after lysis of erythrocytes with
fluorescence-activated cell sorter lysis solution (BD Biosciences). The
antibodies used were anti-HbF directly conjugated to fluorescein isothiocya-
nate (FITC; Caltag), anti-Hb Bart’s (y4), anti-Hb { ({), CD44 PE, CD45 Per
CP, and CD71 PE-CyS5 (BD Biosciences), as well as isotype controls (mouse
immunoglobulin G FITC and FITC-conjugated F[ab’]2 anti-mouse globulin;
Dako).

Molecular characterization of the globin, KLF1 and PKLR genes

We performed multiplex Gap-PCR'7 and amplification-refractory mutation
system-PCR assays for detection of common a-thalassemia mutations.'3
Sequence analysis was performed on 1.3 kb of the «2- and a1-, 1.81 kb of the
{-,2.2 kb of the g-, and 2.85 kb of the 3-globin genes and hypersensitive site 2
of the B-globin locus control region (630 bp), all promoters of the - (807
bp), “y- (802 bp), and B-globin (1044 bp) genes, using standard techniques.
All primer sequences are summarized in supplemental Table 6, available on
the Blood Web site. A multiplex ligation-dependent probe amplification assay
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was performed to exclude large rearrangements of the B-globin cluster.'®
The KLFI and PKLR genes were amplified and sequenced as previously
described.?*?!

Primary erythroid cell culture and expression analysis

Erythroid cells were obtained using a 2-phase culture system® and harvested
once they were double-positive for CD71 and glycophorin A. RNA was
extracted, reverse transcribed to generate double-stranded cDNA (Superscript
Double Stranded cDNA Synthesis Kit; Invitrogen), and labeled with dCTP-
Cy3 as the test sample; 500 ng sonicated genomic DNA was labeled with
dCTP-CyS5 as the input (Bioprime DNA Labeling System; Invitrogen). Both
test and input samples were applied to a custom-designed Agilent expression
array, as described.”® cDNA was analyzed by real-time PCR assays obtained
from Applied Biosystem’s Assay-on-Demand resource. Expression was
calculated relative to a reference gene (PABPC1) and normal Thai subjects
(n = 6) as controls, using the Offal method.?*

Results
Clinical presentation

All 8 patients reported here presented with neonatal jaundice re-
quiring phototherapy and, in 5 cases, blood transfusion. Most patients
were anemic at presentation with marked hepatosplenomegaly. By 1
year of age, all patients had received at least a single blood transfusion,
and subsequently, all of them required regular transfusion during the
first years of life. Three patients required splenectomy caused by
hypersplenism. A summary of the clinical presentations and disease
severity of the 8 probands is presented in supplemental Table 1 and
associated footnotes.

Hematological evaluation

Full blood counts were determined for all 8 index patients and their
parents and available siblings (Table 1). Despite transfusion, the
levels of Hb in the probands (range, 3.0-8.3 g/dL) were low in some
cases (Table 1). With a single exception (P1), all of the patients had
hypochromic red cells (mean cell hemoglobin [MCH], 20.1-24.8
pg), suggesting abnormalities in the heme and/or globin synthesis
pathways. All of the patients showed raised numbers of reticulocytes
(5%-16%) and many nucleated red blood cells in the peripheral
blood, suggesting a significant hemolytic component to the anemia.
The morphology of the peripheral blood was variable. In some
patients (P1, Figure 1A; P2-P4, supplemental Figure 1), the periph-
eral blood resembled that seen in patients with thalassemia, with
marked hypochromasia, microcytosis, anisopoikilocytosis, target
cells, and fragmented red cells. In those patients who coinherited
globin gene defects, the severity of the changes was much greater
than normally associated with these genotypes. In contrast, the
peripheral blood of others (PS5, Figure 1B; P6-P8, supplemental
Figure 1) resembled that seen in nonspherocytic hemolytic anemia,
with numerous fragmented red blood cells, schistocytes, and
acanthocytes.

The parents and siblings of the § affected individuals were not anemic
(Hb, 11.4-15.6 g/dL), although many of them had abnormal red cell
indices because they are carriers for common forms of thalassemia in
Thailand (see following). In the 6 individuals Chighlighted in gray in
Table 1) who were not carriers of hemoglobinopathies (coi/ace:/B), the
red cell indices were either unremarkable or marginally hypochromic and
microcytic (average MCH, 27.1 + 1.71 pg [range, 25.1-29.3 pg]; average
mean corpuscular volume, 81.9 + 5.57 fL [range, 75.4-89.5 {L]).



Table 1. Hematological parameters, globin and KLF1 genotypes in Thai families with unusual forms of hereditary hemolytic anemia

Hemoglobin typing (%) Globin genotypes KLF1 genotypes
Age Hb Het RBC MCV MCH MCHC RDW  Retic. NRBC Hb Hb Allele
Cases Sex (y,mo) (gfdl) (%)  (x106/pL) (fL)  (pg) (g/dL) (%) (%) (HOOWC) HbA HbF HbA2E  Portland-i  Barts  acloa BIg Allele 1 2
P1 Foo4 3.0 85 1.06 801 281 351 162 6.0 248 704 162 3.1 ND ND aafoe BB R331W G335R
6.2t 69 251 2.36 1062 204 274 19.0 16.0 1510 385 518 2,0 4 2
Father  ~°M 37 134 408 456 895 203 327 1383 20 - 0 83 ‘15 27 0 - 0 ocdex BB W  G33R
Mother F 34 122 374 4.69 797 260 326 135 1.0 0 85 30 27 o 0 aafoc 8B R331W w
B . e e o
P2 M 06f 59 182 276 659 214 324  NA 5.0 26 7239 166 3 8.1§ 0 ~SEAJaa BE/  G176RIsX179 R301H
12]] 75 257 3.72 69.1 201 291 178 9.0 181 169 891 43 16.2 14.7
Father .~ M 36 156~ 463 588 . 788 265 336 136 05 0 651 36 20 0 0 oaolea BB W R301H
Mother F 23" 114 37 6.41 571 178 309  ND ND 0 749 34 21.7 0 0 —SEAlaa  BE/B  G176RIsX179 W
Brother . M 10 . 125 378 - 567 . 667 221 331 174 10 0 540 69 269 . 0 0 ac/oc  BEB  GI76RIsX179. W
Family C
P3 .M 02 . 52 190  NA . 740 280 - 260 110 124 ND ND_  ND . ND . ND  oofex . BE/ . —154C/T . A298P
S C110ft 77 245 335 731 314 262 140 57 210 528 227 o e BE i
Father M 31 140 4241 545 773 333 145 1.0 0 684 05t 811 0 0 acloo BE/B w A298P
Mother  F 32 116 881 80 704 330 144 05 0 720 43t 235 0 0 oCSwlea  BEB  —154CT W
Family D
P4 M 1299 65 211 2908 706 217 307 871 100 100 787 55 @ 83 78 02 -SEA-  BEB . Q58X A298P
: 548§ 66 215 309 695 214 309 243 50 .49 70 26 95 176 . 03 87 ' ‘ ~

Data of hemoglobin (Hb) analyses showed here derived from liquid chromatography in which HbA, and Hb E were eluted at the same window and could not separate based on this methodology. Hb Portland-1 ({2y,) and Hb Bart’s (v4)
have not been quantified in every patient (supplemental Table 1 and associated clinical text). Individuals without globin gene mutations are highlighted in gray.

F, female; M, male; MCH, mean cell hemoglobin; MCHC, mean cell hemoglobin concentration; MCV, mean corpuscular volume; NA, not available; ND, not determined; RDW, red cell distribution width; P, patient; Retic., reticulocyte
count; W, wild type for KLF7 gene sequences.

*This study was done when this patient was first referred to our hospital and 2 months after the last blood transfusion.

tThis study was performed 1 year after splenectomy and when the patient was free from blood transfusion. Of note, P1 is the only patient with a normal MCH (28 pg), suggesting that the coinheritance of thalassemia makes a significant
contribution to the defects in Hb synthesis seen in our patients.

1This study was performed when the patient (P2) was first seen at our hospital in 1997 at age 6 months.

qThe patient received less than 1 month of blood transfusion before this study and has been on regular transfusion since.

§At first diagnosis, this abnormal hemoglobin was identified as Hb Bart's.

[IThis study was performed 6 months after splenectomy.

**The mother of P2 died of lung cancer on February 18, 2004.

1t1The patient was withheld from regular blood transfusion for 4 months before this study.

$HbF measurements were variable even within the same individual; at 2 years before this study, the Hb F levels in the mother and the father were 1.5% and 1.2%, respectively by low-pressure liquid chromatography (LPLC; same
laboratory). Moreover, the Hb F levels measured were different based on the techniques used; in the mother, Hb F levels were 4.3%, 3.4%, and 3.3%, and those of the father were 0.5%, 0.9%, and 0%, based on LPLG, high-performance
liquid chromatography, and capillary electrophoresis, respectively. Using capillary electrophoresis, we were able to discriminate between Hb E and HbA,; interestingly, the levels of HbA, in the mother were 3.8% (with 20.8% Hb E) compared
with 5.4% (with 26.1% Hb E) in the father. In addition, 0.2% of Hb Constant Spring eluted at retention time 305 s was identified in the mother.

99 This study was done 2 months after blood transfusion, when this patient was first referred.

§§This study was performed 3 months after the regular blood transfusion was held.

HIThis study was performed when this patient was withheld from blood transfusion for 10 weeks.

**Thig study was performed 6 months after splenectomy.

111 This study was performed when this patient first presented at our hospital.

11§ This study was performed after the patient was free from blood transfusion for 2 years.

999 This study was performed when this patient first presented at age 2 months. v

§§§This evaluation was done when the patient was first referred to our center, and the last blood transfusion was performed around 12 weeks before this study.
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Table 1. (continued)

Hemoglobin typing (%)

Globin genotypes

KLF1 genotypes

Age Hb Het RBC  MCV MCH MCHC RDW Retic. NRBC Hb Hb Allele
Cases Sex (y,mo) (g/dL) (%)  (x106/pl) (L) (pg) (g/dL) (%) (%)  (100WC) HbA HbF HbA2E Portland1 Barts  acloa BB Allele 1 2
Father F 28 140 425 6.98 609 204 329  17.2 1.5 0 75 26 224 0 0 ~SEAlcc  BE/B Q58X w
Mother = M 27 124 346 481 720 252 35 155 10 - 0702 e oe 0 0 acko37 - BER W A298P
Family E “ ' '
P5 MO8l 84l 111 @7 Bi0. 248 306 254 104 113627 200 0 46 102 60 oadaa BB GI76RISX179  A208P
- ; 23"t g2 274 338 811 242 299 224 60 - 8 . o : o
Father M 58 144 437 5.4 810 266 330 146 1.0 0 88 09 3.8 o 0 -a87c BB w A298P
Mother F 55 141 427 . 485 880 201 331 139 | 10 0 88 31 28 0 0 aoloa . B/B GI76RIsX179 W
Family F ‘ ‘ '
P6  F O09fff 66 210 284 710 223 313 238 100 8 333 498 | 24 137 aCSo/aa - B/B  GI76RISX179 ~ A208P
... syt 83 274 . 382 709 216 305 234 100 13 450 500 30 o+ -
Father M 34 132 4041 5.5 730 240 328 144 6.0 0 80 02 27 0 aCSolaa  B/B w A298P
Mother ~ F 30 139 415 52 800 266 335 144 20 0. 948 24 28 0 . colea | Bip - GI7ERISX179 W
Brother M 11 118 367 5.2 704 227 323 151 1.0 0 94 05 3.1 0 aCSoloc  B/B  GITGRISX179 W
1 .
Brother M 8 117 351 47 o251 15.1 1.0 949 24 - 27 0O adfee BB W AD0EP
Family G
P7 M 0299 57 178 266 670 212 39 219 110 146 339 546 = 22 143 03  —o37ac BB  GI7BRISX179 A208P
Mother  F 22 119 364 459 79 260 328 144 1.0 0 88 0 26 0 0 87 BB GITBRSX179 W
P8 M 4§85 54 163 218 750 247 831 204 10 26 690 190 100 + + aofan BE/3  G176RisX179 A298P
Father = M 3 135 452 . 54 660 199 299 161 20 0O 9% 09 82 0 . 0  -SENox B w A298P
Mother ~ F 30 127 407 5.53 740 230 315 151 20 0 666 47 28.7 0 0 acloa BE/R GI76RisX179 W

Data of hemoglobin (Hb) analyses showed here derived from liquid chromatography in which HbA, and Hb E were eluted at the same window and could not separate based on this methodology. Hb Portland-1 ({z'y2) and Hb Bart's (v4)
have not been quantified in every patient (supplemental Table 1 and associated clinical text). Individuals without globin gene mutations are highlighted in gray.
F, female; M, male; MCH, mean cell hemoglobin; MCHC, mean cell hemoglobin concentration; MCV, mean corpuscular volume; NA, not available; ND, not determined; RDW, red cell distribution width; P, patient; Retic., reticulocyte
count; W, wild type for KLF1 gene sequences.
*This study was done when this patient was first referred to our hospital and 2 months after the last blood transfusion.
1This study was performed 1 year after splenectomy and when the patient was free from blood transfusion. Of note, P1 is the only patient with a normal MCH (28 pg), suggesting that the coinheritance of thalassemia makes a significant

contribution to the defects in Hb synthesis seen in our patients.

$This study was performed when the patient (P2) was first seen at our hospital in 1997 at age 6 months.

qThe patient received less than 1 month of blood transfusion before this study and has been on regular transfusion since.

§At first diagnosis, this abnormal hemoglobin was identified as Hb Bart's.
IIThis study was performed 6 months after splenectomy.
**The mother of P2 died of lung cancer on February 18, 2004.

11The patient was withheld from regular blood transfusion for 4 months before this study.

1}HbF measurements were variable even within the same individual; at 2 years before this study, the Hb F levels in the mother and the father were 1.5% and 1.2%, respectively by low-pressure liquid chromatography (LPLC; same
laboratory). Moreover, the Hb F levels measured were different based on the techniques used; in the mother, Hb F levels were 4.3%, 3.4%, and 3.3%, and those of the father were 0.5%, 0.9%, and 0%, based on LPLC, high-performance
liquid chromatography, and capillary electrophoresis, respectively. Using capillary electrophoresis, we were able to discriminate between Hb E and HbA,; interestingly, the levels of HbA, in the mother were 3.8% (with 20.8% Hb E) compared
with 5.4% (with 26.1% Hb E) in the father. In addition, 0.2% of Hb Constant Spring eluted at retention time 305 s was identified in the mother.
99 This study was done 2 months after blood transfusion, when this patient was first referred.
§§This study was performed 3 months after the regular blood transfusion was held.

IIThis study was performed when this patient was withheld from blood transfusion for 10 weeks.

***This study was performed 6 months after splenectomy.

+11This study was performed when this patient first presented at our hospital.

+1++This study was performed after the patient was free from blood transfusion for 2 years.
999 This study was performed when this patient first presented at age 2 months.
§8§§This evaluation was done when the patient was first referred to our center, and the last blood transfusion was performed around 12 weeks before this study.
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Figure 1. Wright stained peripheral blood pictures from 2 index patients who had normal «- and B-globin genes. In P1 (A), a marked hypochromic microcytosis with
anisopoikilocytosis, acanthocytes, and numerous nucleated red blood cells was observed; in P5 (B), a blood picture with numerous fragmented red blood cells with
schistocytes and numerous nucleated red blood cells was seen, similar to nonspherocytic hemolytic anemia. Both smears were performed after splenectomy in both patients
and were free from blood transfusion. Peripheral blood features in other patients are available in supplemental Figure 1. (C) IEF study of embryonic globins identified in
a patient with KLF1 mutations. Comparing hemoglobin profiles from the patient, P2, with control human embryonic stem cell (hES)-derived hematopoietic cells reveals 3
distinct abnormal hemoglobin protein bands separated at a more cathodic position than HbA and HbF. These hemoglobin species were similar to those of patients (P2, in
triplication), as they were separated to the same isoelectric points. These hemoglobin bands were subsequently identified by mass spectrometry to be Hb Portland-1 {{2vz)
and Hb Bart's (v4). Of note, a different level of embryonic protein expression during erythroid differentiation from embryonic to fetal erythropoiesis in hES cells from day 6 to
day 10 was observed (Righf). Moreover, a fast-moving hemoglobin specie of Hb Gower 2 (a¢,) was identified in this erythroid cell model but not from the patient. The

standard hemoglobin controls are shown on the far left fane.

Analysis of hemoglobin

Hemoglobin analysis revealed abnormally high levels of HbF
(average, 38%; range, 2.6%—54.6%) in all patients, consistent with
increased F cells by flow cytometry (heterocellular pattern; sup-
plemental Table 2). Two unanticipated hemoglobins present at levels
of up to 18% were observed in all patients. Using IEF and MALDI-
TOF mass spectrometry (Figure 1B, supplemental Figure 2, and
Table 1), these hemoglobins were identified as the -y chain tetramer
Hb Bart’s (y4) and the embryonic hemoglobin Portland I ({>7y,). The
presence of both Hbs was further confirmed by flow cytometry
(supplementary Table 2). Hb Gower 2 (a2e2) was not detected at
significant amounts, and other minor bands (which may correspond
to Hb Gower 1, {,&,) were not examined further. Increased levels of
embryonic { and e-globin mRNA expression were observed by
analysis of cDNA extracted from the peripheral blood of patient P2,
using a tiled microarray (Figure 2A-B), as well as in other 5 patients
using real-time PCR assays (Figure 2C). Interestingly, significantly
increased proportions of HbF were observed in 14 of 15 parents from
the index families (range, 0.2%—4.7%; average (SD), 2.34% + 1.34%;
Table 1), but none of the parents expressed Hb Bart’s or embryonic
globins, as assessed by chromatography and IEF (Table 1). Detection
of F-cells, anti-{, and anti-Bart’s using flow cytometry was variable in
these parents and siblings (supplemental Table 2).

Analysis of structural proteins commonly mutated in red
cell disorders

Only 2 of the probands (P1 and PS) were found to have entirely
structurally normal a- and -globin genes. The other patients were
single or double heterozygotes for common mutations of the globin
genes. However, their clinical severity far exceeded that seen in their
relatives or other carriers of thalassemia. All patients, and many of
the parents, had unexplained increased levels of HbF, which could
have been linked to a deletion or deletions involving the B-globin
locus.?® However, we excluded the possibility of mutations lying
within the cis-regulatory regions involved in y-globin gene expression
using multiplex-ligation probe assays and sequencing analysis (supple-
mentary Figure 3 and supplementary Table 3).

Although the hematologic profiles in these patients were
complex, 4 patients (P5-P8) were initially diagnosed with red cell
enzymopathies.?® These patients were tested for 8 common red cell
enzyme activities and were found to have significant PK deficiency
(<50% of normal after reticulocyte count correction). On the basis
of these findings, we evaluated the PK status of the remaining
4 patients (P1-P4), in whom we did not initially suspect any
enzymopathy. All had significantly reduced levels of PK activity
(supplementary Table 2). However, DNA sequencing of the coding
region including the intron/exon boundaries of the PKLR gene,
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Figure 2. Expression profiles of the primary erythroid culture cells from patients with KLF1 mutations. An expression profiling of the «(A) and B(B) globin gene
clusters using Agilent tiled oligonucleotide array was performed in P2 erythroid cells compared with normal control. (A) A distinctive higher peak of ¢ globin gene expression
(dark arrow with gray box highlighted) was observed in the patient (bottom) compared with a normal cDNA from a control sample (top). (B) Two unique upregulated expression
peaks of y-globin (arrow 1) and e-globin (arrow 2) genes in the patient were shown. Another upregulating expression of noncoding mRNA (arrow 3) was observed at the
B-globin locus control region (B-globin locus control region, hypersensitive site 2 [HS-2]), all with dark arrows and gray boxes highlighted. However, the meaning of this
observation on the downstream globin gene regulation and hereditary persistence of embryonic globin in the patient remains unclear. There was no significant change on
expression of other nearby genes on both clusters. (C) Expression profile of erythroid specific genes from primary erythroid cell samples from 5 patients (P) with KLF71
mutations and normal controls (n = 6), using qPCR and Tagman probe hybridization, showing a marked increase of fetal and embryonic globin mRNA expression (HBZ,
{-globin gene; HBE, ¢-globin gene; HBG, y-globin gene) in all patients with relatively normal expression of KLF1. This suggests that although most patients carry a single
nonsense mutation, which could result in haplo-insufficiency, a missense mutation on the other allele might produce stable transcripts that could be detected at similar levels
to normal. Alternatively, our mRNA analysis used might not be sensitive enough to demonstrate a minor perturbation in the level of KLF1 expression. With the exception of
BCL11A (B-cell CLL/lymphoma 11A [zinc finger protein] from 1 patient [P2]), there was no change in expression compared with normal controls of other erythroid-specific
genes, including CD71, SOX6, ERAF, GYPA, glycophorin A, and EPOR (erythropoietin receptor; supplementary Figure 5).

encoding the red cell PK enzyme, failed to identify any causative
mutations.

We next evaluated expression of proteins present on the red
cell membrane and in the cytoskeleton. Extensive minor blood
group analysis in 5 index families is summarized in supplemen-
tary Table 4. All patients had the rare In(Lu) blood group pheno-
type (a” /b"). In addition, all parents and siblings, except one (the
father of P2), also expressed this rare blood group phenotype. The
In(Lu) phenotype results from the suppression of 2 cell surface
glycoproteins, BCAM and CD44, which carry the Lutheran and
Indian blood group antigens, respectively.>"*” It has previously
been shown that carriers of KLF1 mutations have the In(Lu)
phenotype and that expression of CD44 was significantly reduced
in the erythrocytes of the majority of patients tested (supple-
mentary Table 2), but not in their leukocytes, whereas expression
of the integral protein Band 3 evaluated by eosin-5-maleimide
binding assay appeared unchanged compared with control sam-
ples (supplementary Table 2).

Identification of mutations in the KLF1 genes

Although the levels of embryonic ({ and €) and fetal (y) globin RNA
and protein are significantly elevated in all probands, analysis of their
globin gene haplotypes showed that they have inherited quite
different combinations of «- and 3-globin haplotypes (supplemental
Figure 6 and supplemental Figure 7). Given that elevations in
embryonic globins resulting from cis-acting mutations have never
been described previously, it seemed very unlikely that these patients
had inherited a variety of cis-mutations causing persistent embryonic
gene expression. To analyze this in further detail, the embryonic {
and ¢ genes and the fetal y genes were sequenced in all patients, but

no changes (other than common single nucleotide polymorphisms)
were found.

These observations led us to hypothesize that the genetic lesion
in these patients may lie in a franms-acting factor involved in
erythroid differentiation and maturation. Therefore, we DNA
sequenced the coding region and intron/exon boundaries of 2 key
erythroid transcription factors, GATA! and KLFI, in a single
proband (P2). No likely pathogenic changes were identified in the
GATAI gene; however, we found 2 changes in KLFI,ac.902G>A
transition leading to a p.R301H substitution and a 7 bp insertion
(€.525_526InsCGGCGCC), resulting in a frameshift (p.G176RfsX179)
and disruption of the protein before the zinc finger DNA binding
domain (Figure 3 and Table 1). Each of these sequence changes
has a separate parental origin. The ¢.902G>A change has been
previously reported to underlie elevated levels of HbF, as has
a similar 7bp insertion (leading to p.Gl76Ast179).6 To gain
further genetic evidence that compound heterozygosity for deleteri-
ous KLF1] alleles may underlie the abnormalities reported here, we
DNA sequenced this gene in the 7 remaining patients. Surprisingly,
we found all 7 to be compound heterozygotes for likely pathogenic
KLF]I changes (Figure 3, Table 1, and supplemental Figure 4). Four
previously unreported coding changes were identified: a ¢.172C>T
transition causing a premature truncation at position 58 in the protein
(p-Q58X) before the zinc finger domains, a ¢.892G>C transversion
predicted to alter alanine in the first zinc finger (p.A298P), ac.991C>T
transition leading to a p.R331W amino acid change in the second
zinc finger, and a c.1003G>A change leading to a p.G335R sub-
stitution that alters a glycine residue just outside the second zinc
finger domain. All 3 novel missense changes identified alter residues
that are highly conserved throughout evolution (Figure 3). We also
identified a C>T change 154 bp 5’ of the initiating ATG codon
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Figure 3. KLF1 gene structure, identification of variants in cases reported in this study, and their location within conserved domains. (top) Schematic
representation of KLF7; exons are shown to scale, with the coding sequence in black and untranslated regions in white, and the locations of nucleotide changes identified
here. Below this is a diagram representing the KLF1 protein with the previously annotated transactivating domain and the 3 zinc finger domains encoded by exons 2 and 3.
The locations of all mutations identified in this study are shown; all changes are novel except for the previously reported R301H substitution (asterisk). (bottom) A position and
conservation of amino acid residues found to be changed in the probands reported here (arrows). The entire first and second zinc finger sequences are shown with
interspecies conservation, and the extent of each zinc finger domain is shown above each region. The cysteine and histidine residues involved in the coordination of zinc are
denoted by the # symbol, and the residues that contact specific bases in DNA are marked with a + symbol.

(—154 C>T) in a single patient (P3). This region has previously been
reported to include the promoter region of KLFI?°, and the change is
predicted to alter the binding of transcription factors tumor suppressor
p53, paired box 5, and epidermal growth factor receptor—specific
transcription factor (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB=TF_8.3). This change was absent in 100
population-matched control individuals and is also absent from
single nucleotide polymorphism database (http://www.ncbi.nlm.
nih.gov/SNP/), suggesting it is rare. These genetic data, taken to-
gether with the patient’s phenotypic abnormalities, strongly suggest
this change disrupts expression of the associated KLF] transcript,
as seen in a single patient (P1) tested (Figure 2C).

All parents and some siblings studied were heterozygotes for the
KLF] changes present in probands. The 4 coding changes are ex-
tremely rare and are listed neither in dbSNP136 (http://www.ncbi.
nlm.nih.gov/projects/SNP/) nor in ~13 000 alleles from African-
and European-Americans listed in the Exome Variant Server
(http://evs.gs.washington.edu/EVS/). In addition, both of these KLFI
changes were absent from 296 normal chromosomes from population-
matched control individuals. The p.Q58X change is predicted to
prematurely truncate the KLF1 protein, and the 3 novel missense
changes alter invariant residues in the first and second zinc finger
regions (Figure 3) and may disrupt DNA binding. Altered binding
of KLF1 in vivo may underlie the observed PKLR deficiency
in these patients as the WT KLF1 protein binds the promoter

region of the PKLR gene in human erythroid progenitor cells
(Figure 4).

KLF1 target genes

The predominant hematologic phenotypes in these compound
heterozygotes appear to arise from the effects of KLF1 on the
globin genes (causing abnormal globin synthesis) and the genes
encoding CD44 (causing the In(Lu) phenotype) and PK (causing
CNSHA). Of interest, on the basis of reanalysis of previously
published data (supplemental Table 5), these erythroid genes are
among the most sensitive to changes in the levels of KLF1. Others
have previously analyzed the binding of KLF1 to cis-elements
surrounding the globin genes and the CD44 gene.?® Here we have
analyzed binding of KLF1 to the PKLR gene (based on data from
Su et al*® showing that it specifically binds the erythroid promoter
of this gene; Figure 4). This is clearly consistent with mutations in
the KLF1 gene causing severe downregulation of the levels of
PK resulting in CNSHA. It was of interest that all patients with
the CNSHA phenotype and PK deficiency (P5-P8) have exactly
the same combination of mutations (p.G176R{sX179;p.A298P;
Table 1). Finally, it was of interest that in a single case (P2) that
could be analyzed, the level of BCLIJA mRNA was reduced
(supplementary Figure 5) when both alleles of the KLFI gene are
mutated. This is consistent with previous observations showing that
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Figure 4. Binding of KLF1 to the PKLR gene. (top) a representation of the PKLR gene structure including the start of the erythroid (E)-specific transcript (dark gray) and the
liver {L)-specific first exon in light gray. (bottom) KLF1 binding and DNase | hypersensitive sites in cultured human erythroid progenitors (EP), K562; erythroleukemia cell line,

HepG2; and liver cells line, as indicated.

this gene is a direct target of KLF1 and is normally involved in the
silencing of vy-globin synthesis.>* Following on from observa-
tions of the effect of BCL11A deficiency on embryonic globin
expression in the mouse®® and the anecdotal observation that
embryonic expression is increased in a patient with congenital
dyserythropoietic anemia type IV associated with a dominantly
acting KLF1 mutation (E325K),% it seems plausible that when
KLF1 is downregulated to a critical level, it also has a similar effect
on human embryonic globin expression.

Discussion

We have defined a new cause of severe anemia in pediatric patients
who are compound heterozygotes for mutations in the key erythroid
transcription factor KLF1. The cardinal features of this condition are
transfusion-dependent anemia associated with abnormalities in
red cell enzymes (eg, PK deficiency), red cell membranes [In(Lu)
phenotype], and an abnormal pattern of globin synthesis with very
high levels of HbF and readily detectable levels of embryonic globins
in adult life.

It appears that KLF] mutations may cause a wide spectrum of
phenotypes, which may have been expected from its pleiotropic role
in erythropoiesis. The principles emerging from current studies
suggest that both the levels of KLF1 and the type of mutated protein
produced may exert different effects on KLF1 target genes and,
consequently, cause a wide range of red cell phenotypes. The
nonsense mutation G176RfsX179 was identified in 5 of the families
reported here and is similar to the G176AfsX179 reported in 2
individuals from Korea and Vietnam,® but no patients have inherited
2 nonsense mutations. It seems likely that this would lead to embryonic
or early fetal lethality resulting from severe in utero anemia, as occurs
in null mice.** This warrants further studies of KLF1 in families with
unexplained, recurrent hydrops fetalis or fetal loss, which cannot be
accounted for by other conditions.

It has previously been shown that a mutation (E325K) in the
second zinc finger domain of KLF1 causes a significant alteration in
DNA binding, especially at the B-globin genes, resulting in a severe
red cell and clinical phenotype (congenital dyserythropoietic anemia),
even when only a single allele is mutated.*® It is thought that this
mutation acts as a dominant negative, gain-of-function mutation. In
contrast, the patients described here have newly defined phenotypes
(severe thalassemia or CNSHA) associated with KLF1 mutations. Itis

of interest that all patients with CNSHA had exactly the same
genotype (Table 1, Family E-H), suggesting that the phenotype is
largely driven by the KLFI genotype, rather than by epistatic effects.
Of particular interest is that the A298P mutation lies in akey residue of
the first zinc finger of KLF1, which determines the binding specificity
of the protein.®
Given the widespread effects of KLF1 in erythropoiesis sum-
marized here, it seems unlikely that this study and that of Satta et al’
have captured the full spectrum of these inherited anemias. Despite
the apparent relationship between genotype and phenotype, it is
interesting that all 3 previously described compound heterozygotes
for KLFI mutations (p.S270X/p.K332Q)" and (G176Afs179X;
L51R)®had similarly raised levels of HbF (22%, 31%, and 9.5%), but
rather milder anemia (Hb, 12.1, 11.5, and 13.7 g/dL), than the pa-
tients described here. However, 2 of these patients were adults (older
than 30 years)’ when analyzed and also harbored a mutation
(p-K322Q) that, in vitro, had only a mildly decreased DNA binding
affinity to the promoters tested (~2 fold), and therefore may rep-
resent a relatively mild hypomorphic allele.** The age of the third
patient is not reported. We have noticed (anecdotally) that anemia in
our patients has improved with age, requiring progressively less
transfusion. It will be important to follow-up all patients with KLFI
mutations to determine whether severity may be truly age-dependent.
During the last few years, the role played by KLF1 in globin gene
regulation has become clearer.>>> Almost since its discovery, it has
been known that KLF1 is an activator of B-globin expression, but
more recently, it also has been shown to play a role in silencing
-globin expression, probably by regulating BCL11A and its
interaction with Sox6 at the y-globin gene.>*%*” Mutations in
KLF]I therefore reduce B-globin expression (causing { thalassemia)*>
and de-repress y-globin expression, thereby increasing the syn-
thesis of HbF.* However, the relationship between these effects
and the mutations that downregulate KLF] are not straightforward:
Not all heterozygotes for KLFI mutations produce increased
levels of HBF,® and in those who do, the level can be very different,
even in the presence of the same mutation, demonstrating variable
penetrance.”>">® These observations have led to speculation about
the role of KLF in regulating the levels of HbE.3® The data
presented here clarify the situation because all report that com-
pound heterozygotes produce substantial amounts of HbF, putting
beyond doubt that KLF1 plays a major role in normally repressing
v-globin synthesis in humans in vivo. Reactivation of y-globin
synthesis by downregulating KLF1 might provide a way to ameliorate
the effect of severe B-hemoglobinopathies.>*



