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Human CD34 stem cells express tim@wi gene, a human homologue

of the Drosophilagenepiwi

Arun K. Sharma, Mary C. Nelson, John E. Brandt, Maija Wessman, Nadim Mahmud, Kevin P. Weller, and Ronald Hoffman

Hematopoietic stem cells (HSCs) are char-
acterized by their dual abilities to un-
dergo differentiation into multiple hemato-
poietic cell lineages or to undergo self-
renewal. The molecular basis of these
properties remains poorly understood.
Recently the piwi gene was found in the
embryonic germline stem cells (GSCs) of
Drosophila melanogaster and has been
shown to be important in GSC self-
renewal. This study demonstrated that
hiwi, a novel human homologue of  piwi, is
also present in human CD34 * hematopoi-
etic progenitor cells but not in more differ-

entiated cell populations. Placing CD34 +

cells into culture conditions that sup-
ported differentiation and rapid exit from
the stem cell compartment resulted in a
loss of hiwi expression by day 5 of a
14-day culture period. Expression of the
hiwi gene was detected in many develop-
ing fetal and adult tissues. By means of 5
RACE cloning methodology, a novel puta-
tive full-length  hiwi complementary DNA
was cloned from human CD34 * marrow
cells. At the amino acid level, the human
HIWI protein was 52% homologous to the
Drosophila protein. The transient ex-

’

pression of hiwi in the human leukemia
cell line KG1 resulted in a dramatic
reduction in cellular proliferation. Over-
expression of hiwi led to programmed
cell death of KG1 cells as demonstrated
by the Annexin V assay system. These
studies suggest that hiwi maybe an
important negative developmental regu-
lator, which, in part, underlies the unique
biologic properties associated with he-
matopoietic stem and progenitor cells.
(Blood. 2001;97:426-434)
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Introduction
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Hematopoietic stem cells (HSCs) have the unique ability teells®°The intracellular mechanisms that serve as the determine§1ts
undergo self-renewal and to differentiate into cells belonging taf asymmetric-segregating cell fates of GSCs depend not onlySon
multiple hematopoietic lineagés. These properties allow stemthe basic cell cycle machinery but also on a family of recengy
cells to maintain hematopoiesis throughout the life span of agentified genes, some of which are evolutionarily conseffed.
organism. The knowledge of the behavior of HSCs is limited due to A group of somatic cells ifbrosophila termed terminal filamentg

their rarity, difficulty of efficient isolation, and sensitivity to Cells, which lie distal and immediately adjacent to the GSCs, have bgen
manipulationt? The self-renewal capacity of several classes §hown toregulate GSC divisiof!*Laser ablation of the terminalg

stem cells is thought to be controlled by external signals and intrin§it@ment increases the rate of oogenesis by 40kass of function
cellular processest Over the last 2 decades, a variety efternal Mutations in a gene found in the terminal filament, terpied| leads to
stimuli (cytokines, matrix proteins) that alter HSC self-renewdd failure of stem cell maintenarie€ piwi is expressed not only in th
have been the subject of intense investigation. Although a numtgfminal filament but aiso in the germline. Losspadi function in the
of such external signals that interact with specific receptors on H§€MIine, however, is not known to affect GSC division. The protén
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have been identified, the signaling mechanisms that govern H8fcoded byiwi is extraordinarily well conserved along the evolutior§
self-renewal have eluded investigation. Intrinsic cellular mech& tree, being found in botBaenorhabditis elegarand primatesOur ¢
nisms that regulate stem cell self-renewal have been explored iif30ratory has attempted to determine if such genes were presegt in
variety of model systems including germline stem cells (GSCs) |m|}|ve heTz\a/’t/opmetlft ﬁellstﬁnd if they mlfghL play ahrolelln Hsgth
several lower specieBrosophilahas been a particularly useful model evelopment. Ve report here (e presence ofa human homologue g the
for studying biologic processes that are conserved in hi idpmen- piwi gene, termetdiwi, in a variety of primitive hematopoietic cells. Theg
1o . ) . hiwi gene represents a candidate gene that may play a rol€ in

tal systems:12 Therefore, in an attempt to define candidate gen%% erminina or requlating HSC development o
that are responsible for human HSC self-renewal, we have explore(} 9 9 9 P ’
the expression of genes in humans that have recently been
demonstrated to pl.ay arole [_DrosophllaGSC self_—renewal. Materials and methods

The GSCs provide a continuous source of totipotent cells for the
production of gametes needed for fertilizatfofihey are similar to Isolation of human and baboon CD34
HSCs in their ability to not only self-renew but also to remaimdult human bone marrow (BM) samples (15-30 mL) were aspirated from
capable of generating large numbers of differentiated daughtee posterior iliac crests of healthy donors after informed consent was
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obtained according to guidelines established and approved by the Univieeukemia cell lines
sity of lllinois at Chicago Institutional Review Board. Heparinized marrow

y. . g . P ; e TF-1 lymphoblast cell line; Jurkat, a T-lymphocyte cell line; CEM, an
aspirates were diluted with Dulbecco phosphate-buffered saline (DPB - L

L N S . . acute T lymphoblast cell line; BV-173, a B-cell precursor cell line; K-562, a
Ca**- and Mg' *-free (Biowhittaker, Walkersville, MD). Diluted marrow chronic myeloid cell line; KG1 and KG1la, acute myeloid cell lines; and
was then underlaid with Ficoll-Paque (Pharmacia AB, Uppsala, Swede Y ’ i 4 '

. . o JPB13, an acute B lymphoblastic cell line were obtained through the
and centrifuged at 8@for 30 minutes at 20°C. The mononuclear Ce“American Type Culture Collection (ATCC; Rockville, MD; SUPB13, a gift

frac.tion was collected and the CDB‘b,e"S were .immgnqmagnetically from Steve Smith at the University of Chicago, Chicago, IL). The lines
enrlcheq using the MA_CS CD34 Is_olatlon Kit (Miltenyi 3|otec, AUbym'were maintained in RPMI 1640 (Biowhittaker) supplemented with 10%
CA). Briefly, cells were lncqbated W|th hapten-labeled antl-CI?34 antiboqya at.inactivated FBS (except for KG1 and KGla, which required the
(QBEND-10, Becton Dickinson) in the presence of blocking reagentresence of 20% FBS), 2 mMglutamine, 100 U/mL penicillin, 1 mg/mL
human I9G (Bayer, Elkhart, IN), and th_en with antihapten coupled Qreptomycin (Biowhittaker). Granulocyte/macrophage CSF (GM-CSF; 5
MACS microbeads. Labeled cells were filtered through au30 nylon  ng/mL; Peprotech, Rocky Hill, NJ) was added to TF-1 cult@ell density
mesh and separated using a high-gradient magnetic separation Colufiks maintained at X 106 to 1 X 10f viable cells/mL.

Magnetically retained cells were eluted and stained with monoclonal

antibodies (MoAb) and analyzed using flow cytometric methods. The
flow-through population was identified as CD3dells. The purity of the Mesenchymal stem cells

CD34" population was routinely more than 90% (data not shown). Mesenchymal stem cells were isolated and expanded from normal human

The BM aspirates were obtained from the humeri and iliac crests giy aspirates as described by Pittenger and cowoéeFhese purified
juvenile baboonsRapio anubig after ketamine (10 mg/kg) and xylazine (1 celis were kindly provided by Osiris Therapeutics (Baltimore, MD).
mg/kg) anesthesia according to the guidelines established and approved by

the University of lllinois at Chicago Animal Care Committee. Heparinized

marrow was diluted 1:15 in phosphate-buffered saline (PBS) and tféromal cells

mononucl_ear cell fraction obtaingd by centrifugation over 60% Percqd e marrow stroma was grown by seeding< 16F low-density BM
(Pharmacia AB), at 5@for 30 mlnutes. at 20°C. The ant.lhuman CD34cells/162 cr (Corning) flask in low-glucose Dulbecco modified Eaglg
MoAb K6.1 (a gift from the Naval Medical Research Institute, Bethesd%edium (DMEM; Mediatech, Herndon, VA) supplemented with 10%
MD), a murine 19G,, which cross-reacts with baboon CD34 antigen, wageat-inactivated FBS and 2 mMglutamine, 100 U/mL penicillin, 1 &
used for the selection of the CD34fraction of marrow celld3 The mg/mL streptomycir?-18 Adherent cells were split at confluency and th

mononuclear cells were suspended in PBS containing 0.2% bovine sery@madherent cells were discarded. Adherent cells were passaged 4 time
albumin (BSA; Sigma Chemical, St Louis, MO) and stained first With}vere then termed marrow stromhal8

biotin-conjugated K6.1 (2Qug/mL), washed, and labeled with Miltenyi
streptavidin-conjugated iron microbeads (Miltenyi Biotec) and selected as )
described above according to manufacturer’s instructions. RNA isolation
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Total RNA was isolated from hematopoietic, stromal, and mesenchyl%al
cells using Trizol (Life Technologies, Gaithersburg, MD) according to tRe
manufacturer’s instructions. Cells were pelleted and then resuspendedﬁn 1
Isolated human CD3% cells were further fractionated based on themL Trizol per 5x 1(F cells by repeated pipetting. The cell lysate was th@
expression of CD38 antigéfl. Nonspecific staining was blocked usingincubated for 5 minutes at room temperature and extracted with g.Z
0.1% heat-inactivated human gamma globulin (Bayer). Cells were staineglumes chloroform by vortexing for 1 minute. The sample was then
with anti-CD34 MoAb conjugated to fluorescein isothiocyanate (FITCgentrifuged for 30 minutes at 13 000 rpm (12 @RO4°C in a microcentri- &
(Becton Dickinson) and anti-CD38-phycoerythrin (PE) (Becton Dickinfuge. The RNA was precipitated using 2 volumes isopropanol, mixed &hd
son). Control cells were incubated with fluorochrome-conjugated isotypalowed to sit at room temperature for 10 minutes. The RNA wgs
matched IgG1-FITC (Becton Dickinson) and IgG1-PE (Becton Dickinsongentrifuged for 45 minutes at 13 000 rpm (12 @)0The RNAwas washed ¢
Immediately prior to sorting fg/mL propidium iodide (Pl) was added for with 75% ethanol, briefly dried, and resuspended in RNase-free watef or
the identification and exclusion of nonviable cells. Cells were sorted afifthy! pyrocarbonate-treated (DEPC; Sigma Chemical) water (0.1%).
analyzed on a FACSVantage cell sorter (Becton Dickinson). FITC, PE, aRi\A was then quantitated using a DU 650 spectrophotometer (Beckrfian

PI were excited at a wavelength of 488 nm using an argon ion laser. TWétrument_s, Palo Alto,_ CA). RNA was DNase treated EJs_ing DN_astg I
CD34* cells were sorted into CD38 CD3€°, and CD38' subpopulations enzyme (Life Technologies) according to the manufacturer’s mstrucnon%
! . S

Positive fluorescence for each of the markers was established as fluores-

cence more than 99% of isotype-matched irrelevant muring ég@trols.  Cloning of hiwi complementary DNA from human testis
Cell aggregates or debris were excluded by forward and 90° light scatter.

All staining for analysis and sorting was done in the presence of 0.2% Bg9lymerase chain reaction (PCR) amplification was performed on RNA
in PBS on ice. samples using either a RNA PCR Core Kit (PerkinElmer, Foster City, CA),

according to the manufacturer’s instruction, except that High Fidelity
Platinum Taq DNA Polymerase (Life Technologies) was substituted for
Stroma-free expansion cultures AmpliTaq or a Stratagene ProSTAR First-Strand RT-PCR Kit (Stratagene,

) o ~La Jolla, CA). One microgram of total RNA was used for complementary
To promote differentiation of human CD34ells, a stroma-free suspensionp a (cDNA) synthesis using random hexamers to prime first-strand

culture was established as previously descrit§&dssue culture dishes (35 synthesis. The synthesized CD3dell cDNA was divided and used for
mm; Corning, Corning, NY) were seeded with<110° CD34" cells/ well  pcR amplification. As a control, duplicate cDNA synthesis reactions were
in 3 mL Iscove modified Dulbecco medium (IMDM) (BioWhittaker) performed for each experiment without the addition of reverse transcrip-
containing 10% fetal bovine serum (FBS; Hyclone, Logan, UT). Culturggse. Control PCR amplification reactions were performed using primers for
were placed at 37°C in 100% humidified atmosphere of 5% i@@ir. At glyceraldehyde phosphate dehydrogenase cDNA (GAPD; forward, 5
initiation of cultures and at 72- to 96-hour intervals, cultures received gyctgagaacgggaagcttgtcat-8everse, 5cagcecttctccatggtggtgaaga)Jor
combination of recombinant cytokines: stem cell factor (SCF), interleukin cycle at 94°C/2 minutes; 5 cycles at 94°C/10 seconds, 70°C/2 minutes; 5
(IL)-3, and granulocyte colony-stimulating factor (G-CSF) all at 100 ng/mkycles at 94°C/10 seconds, 68°C/2 minutes; 25 cycles at 94°C/10 seconds,
(R&D Systems, Minneapolis, MN). Cultures were maintained at a cei6°C/2 minutes, and 1 cycle at 72°C/10 minutes, which produced a
concentration of 5¢< 1P to 2 X 1P viable cells/mL. 142-base pair (bp) produdi,-Microglobulin primers were also used as an

Flow cytometric analysis and sorting
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internal control B,-microglobulin: forward, 5-ctcgcgctactctctctttc-3; e Transfection and G418 selection of transfected KG1 cells
verse, 5-catgtctcgatcccacttaacyproducing a 329-bp product. PCR ampli-

fication primers were designed based on the partial publishgdDNA Transfection of KG1 cells was accomplished using electroporation. Electro-

sequence found in the Genbank database (accession number AF1042Q§U£“°” of plasmid DNA |_nto KG1 cells was performed using a B'O'Rad
Detection ofhiwi in CD34* DNase treated RNA was performed using theGe € Pulser Il System (B'C_"rf"ld Laboratories, Hercules, CA). Fifty micro-
primer pair hiwiF269 5gaagcagcctgtcttggtcagcé-3and hiwiR269 5 grams of pplneq or pCI_nebrV\_n was electroporated perd 1.06 KG1 cg_lls
gaatcaaagctcaaaccecagtctcBoducing a 269-bp product. Two primer accompanied with 2ug linearized yector for each respective condition as
pairs were initially designed to be used ihFEapid Amplification of cDNA well as a mock control that con3|steq of KG1 cglls alone. All ceII; were
Ends (3 RACE) PCR strategy clonid§ AKSrevl (reverse primer #1; washed with and then resuspended in DPBS prior to electroporation. The
5'-cgctgtatgtggtctggeticaggdi3and AKSrev2 (reverse primer #2:'-5 electroporation cor_]dltlons were as _foIIows: 300V, Qﬂglusmg a 0.4-cm
gggagaaacactaccacttctcacageclg-8KSrev? is 32 nucleotides upstream gappgd cuvette (Bio-rad Lab_orator'les) for each condition. Cells were then
from AKSrevl and serves as a nested internal control for secondary P&‘ﬂm;fUQEd a:jnd maz%eod :]che_w'th_ DPES ar;d r(e);usr;ended In _IllMDM
amplification. Marathon Ready Human Testis cDNA Kit (Clontech LaboraS-Up/p ?_meme W't_ A)d Zeatl\‘;nalctlvat_e FBd ' L b U Z"‘ pen!uhln, 1
tories, Palo Alto, CA) was used for primary amplification, according tSngo(T_ St'fgotg/mgcm_’di_n di m b-g utamlng gn S'Q/CU gt‘? Covtlarnlg tat
manufacturer’s instructions. First round PCR amplification consisted {°Cina b humidified incubator containing 5% {I@air. Cells were

AKSrevl and AP-1 (5ccatcctaatacgactcactataggdy-Bupplied within - 1en counteﬁ afn(|j| stgmeéj for V'I?b'“ty uslj.ng al 0'45/0 trygan blue ﬂ;‘;‘u“on
the cDNAKit, under the following conditions: 1 cycle at 94°C/2 minutes; éSlgma) onthe following day. Cells were then plated at a densityx

cycles at 94°C/10 seconds, 71°C/2 minutes; 5 cycles at 94°C/10 secoﬁ’&‘g?le cells per vyell in a fIat—pottom 96-well plate (Corning) in _IMPM
plemented with 5% heat inactivated FBS, 100 U/mL penicillin, 1

69°C/2 minutes; 25 cycles at 94°C/10 seconds, 67°C/2 minutes, and 1 cﬁlt'@ ) )
at 72°C /10 minutes. A single PCR product was separated on a 1'1%1’”"_L streptomyc.lr'l, and 2 mM-qutamlne. Cells exposed to eac@
SeaPlaque Agarose (FMC, Rockland, MEX1TAE gel stained with experimental condition were plated in 6 separate cyltyres for? dagys.
ethidium bromide and purified from the agarose using a Wizard PCR Pr gvergl sets of traqsfected cells were plated “_”qe_f similar _condﬂ_mns@for
Kit (Promega, Madison, WI). The isolated PCR fragment was then used i tection of thehiwi gene by PCR and for antibiotic selection. Simila%

. T o
second round of PCR amplification that used the same PCR amplificatf&?\pu'at'ons of cells (pClneo vector alone, the pCliwaek, or cells alone) 3

conditions listed above except that AKSrev2 was substituted for AKSreWfe® then incubated in IMDM supplemented with 20% FBS, 100 U/ng.

and AP-2 (5-actcactatagggctcgagcggtr3eplaced AP-1. All PCR reac- per;lchrg L mg/ m; sltreptomAyC{E: gnd é 4T8M_g||l:tan,“ﬁ C_cl)_nt?:mr;g 1 8
tions were performed in a PerkinElmer Thermal Cycler 9700 (PerkinEIme?g? mL Geneticin Selective Antibiotic ( sulfate; Life Technologie)

or Stratagene Robocycler Gradient 96 Thermal Cycler. 3 weeks.

Cell proliferation assay

laneursuonelq

Cloning of hiwi cDNA from human CD34 + cells

Human CD34 cells were purified and total RNA isolated as previoush€ll proliferation and survival were measured by cellular uptake of MBT
described. Based on a sequence obtained from the human testis cl§fel4.5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Sigmag

primers were designed to amplify a putative full-length cDNA C|0ne,’°\ldrich), which measures living cell$. Fifty microliters d a 1 mg/mL

FLhiwiforl (forward, B-atgatctttggtgtgaacacaaggcagap-and FLhi- solution of filter sterilized MTT in DPBS was added to each culture volurge

wirevl (reverse 5gaggtagtaaaggcggttigacagtgacaa-BCR amplifica- of 200 L conta?ning 2x 10¢ viaplg _cell; per well and then ir_lcubated f_or
tion conditions were as follows: 1 cycle at 94°C/2 minutes; 5 cycles Hours at 37°C in a 100% humidified incubator, 5% Q0 air. Approxk

94°C/10 Seconds, 72°C/2 minutes; 5 CyCIeS at 94°C/10 SeCOndS, 7oomte|y halfof the volume was then Carefu”y.removed (W|th0ut d|$rupt|@

minutes; 25 cycles at 94°C/10 seconds, 68°C/2 minutes, and 1 cycleﬂéﬁ solubilized complex) and replaced with developing reagent t@t

72°C/10 minutes. consisted of 40 mM hydrochloric acid in isopropanol. After thorough@
homogenizing the solubilized complex with the developing reagent, tge
plate was then read on a ELX-800 ELISA plate reader (Bio-tek Instrumersts,

Winooski, VT) at wavelength of 570 nm with a reference wavelength of 680
Direct DNA sequencing of the PCR product was performed using an ABM as previously describé#This procedure was performed on days 1 to®
Prism Dye Terminator Cycle Sequencing Reaction Kit (PerkinElmeAnd thenonday 9.

according to the manufacturer’s instructions. Additional primers (Integrated

DNA Technologies, Coralville, IA) were synthesized based on analyzgsoR detection of hiwi in transfected KG1 cells
sequence to obtain the complete cDNA sequence.

-o]01
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DNA sequencing
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The KG1 cells (5% 10°) that were transfected with either the pCineo vectg
alone, the pClnedrwi, or cells alone were then harvested. Total RNA was
isolated and cDNA was synthesized as previously described. PCR amplifi-
The PCR amplification was performed on 3 different multiple tissue cDNAation conditions were similar to those described previously.

panels: human I, human Il, and human fetal (Clontech Laboratories). The

following PCR conditions were used for amplification with primer pai'Apoptosis assay

GSP2F4(forward, 5cettgccagtacgcccacaaget)-8nd GSP1R1966(reverse,

5'-ccccacctatggttgtagtgagceatc:3l cycle at 94°C/2 minutes; 35 cycles at The KG1 cells were transfected under the 3 separate conditions as
94°C/10 seconds, 70°C/15 seconds, 72°C/45 seconds; and 1 cycleorgviously described. Condition 1 consisted of a mock transfection,
72°C/10 minutes, which produced a 557-bp product. Positive samples wegdition 2 consisted of an empty vector control transfection, and condition
separated on a 1% SeaPlaque Agarose (FMQ) TAE gel stained with 3 consisted of the vector containihgvi. An additional sample of KG1 cells
ethidium bromide and purified from the agarose using the Wizard PCR Preps also serum-starved for 24 hours in IMDM, 2 mMylutamine, 100

Kit according to the manufacturer’s instructions. Asymmetric restrictiok/mL penicillin, and 1 mg/mL streptomycin (Biowhittaker). Incubation
endonuclease digestion was performed to determine the identity of the PGRditions are similar to those described above. Transfected cells were
products (data not shown). maintained in culture for up to 32 hours and then assayed for programmed
cell death by the Annexin V assay system (Pharmingen, San Diego, CA)
according to the manufacturer’s instructions. Briefly, cells were washed
with DPBS, collected, and then resuspended in binding buffer containing
After obtaining the putative full-lengthiwi cDNA, the fragment was then Annexin V-FITC and Pl at room temperature. Acquisition and analysis of
subcloned into the Xhol/Notl sites of the pClneo Mammalian Expressiatata were performed on a FACSCalibur (Becton Dickinson) using the
Vector (Promega) and used for expression studies. CellQuest Analysis Software (Becton Dickinson).

Tissue distribution analysis

Subcloning of  hiwi into expression vector
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Chromosome localization of  hiwi gene A B
by computer-based mapping 1 23 456789

The hiwi chromosome localization was achieved by comparing expresseige
sequence tags (EST) and the sequence tagged site (STS) to the pari€f¥=|
published sequence biwi and verifying position through computer-based =)
radiation hybrid homology search&?! O

Fluorescence in situ hybridization (FISH) =

Metaphase spreads were prepared from phytohemagglutinin (PHA)

stimulated peripheral blood lymphocytes of a healthy human male, ) o ) )

according to standard protocols. Cells were treated with 5-bromodeoxyigu"e 2- Expression ‘zf hiwi in subpopulations of CD34 _ * cells. Immunomagneti-

dine (BrdU) at an early replicating phase to induce banding pa%@@ﬁdes cally sglected CD34* human ladult BM cells were st})rt‘ed Qased on th+e CDS;‘?
X i . expression. (A) Gates were established for the flow cytometric isolation of CD34+CD38",

were stained with Hoechst 33258 (1 mg/mL) for 10 minutes and exposeddfa4 +cpag, and CD34*CD38"es. (B) Semiquantitative RT-PCR of hiwiin CD34+

UV light (302 nm) for 30 minutes. Before hybridization, metaphase slidesibpopulations. Lane 1, 123-bp DNA ladder; lane 2, CD34+CD38"d sample; lane 3,

were pretreated with RNase (100 mg/mL) and pepsin (20 mg/mL) to avgi34'CD38"9 (—RT) sample; lane 4, CD34*CD38" sample; lane 5, CD34*CD38"°

nonspecific hybridization. An approximate 80 kilobase (kb) genomic DNART) sample; lane 6, CD34°CD38" sample; lane 7, CD34"CD38" (~RT) sample;

fragment was cloned into the pBELObac 11 vector after screening a hu %r}? 8, negative control (water); lane 9, positive control (human testis, 269 bp).

BAC library (Human Genome Systems, St. Louis. MO) with the original

hiwi cDNA clone and was labeled with biotin 11-dUTP (Sigma Chemicalypression is not limited to the most primitive progenitor ¢

by nick translation according to standard protocols. The FISH proced“ﬁ%pulation (Figure 2B).

was carried out in 50% formamide and 10% dextran sulfateXhs?andard

sodium citrate (SSC) as described eaffét Repetitive sequences were Expression of hiwi diminishes as CD34 * cells differentiate

suppressed with a 10-fold excess of human Cot-1 DNA (Life Technologies).
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signals were eliminated by washing the slides 3 times with 50% formamidg/jjtyre system to which SCF, IL-3, and G-CSF were added each at
2 X SSC and 3 times with ¥ SSC at 42°C. Specific hybridization signalsloo ng/mL every 3 to 4 days. Bazil and colleagGebave 5
were visualized using FITC-conjugated avidin (Vector Laboratories) a . e . : . o

counterstained with DAPI (46'-diamino-2-phenylindole: Sigma: 0.Ozgﬂgrewously shown these conditions allow for rapid proliferation a@d

mg/mL) 25 A multicolor image analysis system was used for acquisition an(alfferentlatlon causing the cells to leave the CD3bmpartment. %
display of hybridization signals of metaphase chromosomes. The syst@ﬂ‘lqums of cells were harvested ondays 0, 1,3, 5,7, 10, and 14 %”d
consists of a Zeiss Axioplan Imaging fluorescence microscope (Zeigdlalyzed by flow cytometry for CD34expression and by semiquang
Stuttgart, Germany) attached to a PC workstation. titative RT-PCR for théniwi messenger RNA (mRNA) (Figure 3A).
On day 0, the starting cell population was composed of 9%&%
CD34" cells. Day 5 CD34 content diminished to 20% of theiﬁ
expanded cell population; by day 7, fewer than 0.1% of the ce§|s
Results were CD34, and by day 10 there were no detectable CD8dlls g
present. By day 3hiwi expression was markedly reduced and r@
longer detectable by semiquantitative RT-PCR by day 5. Conc§1r-
rently B,-microglobulin gene expression was used as an interﬁ’;al
Semiquantitative reverse transcriptase PCR (RT-PCR) was per-
formed using RNA isolated from immunomagnetically separated A
CD34" and CD34 cells from nonhuman primateB#&pio anubi},

and from humans. A 269-bp band correlating to the same size as
seen in the human testis positive control was viewed in the CD34
population and not in the CD34population of both human and
baboon. Sequence analysis confirmed that the PCR product ob-
tained was thehiwi cDNA (Figure 1). To examine ifhiwi
expression was restricted to the most primitive subpopulation of
human CD34 cells, CD34 cells were sorted according to CD38 B

expression into 3 subpopulations: CO®D38 , CD34*CD38°, 1 234567891011
CD34CD38" (Figure ). Semiquantitative RT-PCR on DNase-
treated RNA isolated from each population showed that each of the
3 subpopulations expressétwi. These data indicate thieiwi
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hiwi is expressed in CD34 *+ hematopoietic cells
but notin CD34 ~ cells

1 2 345 67891011
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Figure 3. Loss of hiwi expression during differentiation of CD34  * marrow cells.
CD34" cells were placed in suspension culture with G-CSF, IL-3, and SCF at 100
ng/mL added every 3 to 4 days. (A) Expression of hiwi as detected by semiquantita-
tive RT-PCR. Lane 1, 123-bp DNA ladder; lane 2, day 0 CD34" cells; lane 3, day 0
CD34 cells; lane 4, day 1 culture sample; lane 5, day 3 culture sample; lane 6, day 5
Figure 1. hiwi is expressed in human CD34 +* cells but notin CD34 ~ hematopoi - culture sample; lane 7, day 7 culture sample; lane 8, day 10 culture sample; lane 9,
etic cells. Electrophoretic gel shows positive signal for hiwiin CD34+ sample and no  day 14 culture sample; lane 10, negative control (water); lane 11, positive control
signal in CD34~ sample by semiquantitative RT-PCR. Lane 1, 123-bp DNA ladder; (human testis, 269 bp). (B) Internal control of B,-microglobulin gene expression
lane 2, CD34* sample; lane 3, CD34~ sample; lane 4, negative control (water) PCR throughout 14 days of culture (330 bp). Lane numberings correspond to the same
reactions; lane 5, positive control (human testis, 269 bp). samples as in panel A.
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control. The levels of8,-microglobulin remained constant through A 9
out the 14 days of culture (Figure 3B). 5 % g 5
a=] g g T
Expression of hiwi in leukemia cell lines E = w3 R
- e Sg 2, -
: - . . s EE25 928 ES o
To examine whether theiwi gene was expressed in leukemiacells, ¥ § EE 2 § 8 & 28 M
we analyzed a variety of immortalized human leukemia cell lines — = A MOABa ﬁ =z~

belonging to various lineages (Figure 4). Analysis of 8 immortal-
ized leukemia cell lines showed that thievi MRNA transcript was
not detectable by RT-PCR.
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Expression analysis of  hiwi ) 3 £ £ B
3 £ 2 £2£..57%
To determine the expression patternhiivi in various adult and 5 > s 4 % o 4= g g 2 8
fetal tissues other than CD34marrow cells, PCR amplification ) =1 g £ § oh = ; A 23 85 2 9
was performed usindniwi-specific primers on cDNA samples -‘,‘_:’ Mg 3 A ﬁ £ 25 6 uez £ E =z

(Clontech Laboratories). Fetal cDNA samples ranged from 18 to 3¢

weeks of gestation. The expression level was determined throu

semiquantitative PCR amplification and revealed a wide distribu

tion of hiwi through most fetal and adult tissues (Figure 5). The&gure 5. Tissue distribution of ~ hiwi mRNA. (A) Human fetal tissues. (B) Human
highest level of expression in fetal tissues was found in the kidné§u!t tissues (557 bp for both panels).

Analysis of adult samples showed ttmavi was also expressed in a

wide range of tissues such as the prostate, ovary, small intestifgnds of PCR amplification (the second round consisting ofa
heart, brain, liver, skeletal muscle, kidney, and pancreas. Thgsted PCR amplification), a putative 2.3-kb full-length codlm
highest level of expression was seen in the testis followed by tQSquence was cloned. After several rounds of sequencing thr@gh
kidney. Expression dfiwi was not detected in mesenchymal steMyrimer walking, an open reading frame was determined. When
cells or marrow stroma. compared to the Genbank database of nonredundant cloneSg the
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Cloning of hiwi from human marrow CD34 +* cells
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The presence ohiwi in CD34* hematopoietic cells was deter um: u w___ NTRONIDHV-—

REGGPPER.KPWGDQYDYLNTRPVELVSKKGTDGVPVHLQTNFFRLKTKPEWRIVH‘IHVEFB

mined through PCR amplification by designing a primer pair thater:
spanned from amino acid 364 to 524 of the published partial codinguw:
sequence generating a 480-bp fragment that corresponds to then
C-terminal end of the protein. After positively identifying the PCR xvz
product to be that diwi through dye terminator cycle sequencing, e
primers were then designed to amplify the potential full-lengthszwz
gene from human testis cDNA by using dRACE cloning
methodology that allows the PCR amplification of a given gene oftv:
interest by using a small region of a known sequence. AKSrev1 ang™:
AKSrev2 were also based on the published pattiali coding  ##t
sequence and acted as a nested primer pair for primary ant*:
secondary PCR amplification reactions and correspond to basé**
pairs 1391 to 1415 and 1330 to 1359, respectively. After using thé™*
5" RACE methodology on the human testis cDNA sequence and 2™*
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Figure 4. Expression of hiwi in human leukemia cell lines. (A) Lane 1, 1-kb
ladder; lane 2, TF-1; lane 3, Jurkat; lane 4, KG1a; lane 5, KG1; lane 6, K562; lane 7,
CEM; lane 8, BV173; lane 9,SUPB13; lane 10, negative control (water); lane 11,
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Figure 6. HIWI protein alignment.
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Amino acid alignment of the HIWI protein

human testis positive control (2.3 kb). (B) Samples without reverse transcriptase;
same setup as panel A, excluding lanes 7 through 11 (samples 7-9 were donated
cDNAs and total RNA samples were not available to perform the —RT control). (C)
GAPD internal control (142 bp); lane numberings correspond to the same samples as
in panel A, excluding lanes 10 and 11.

(Genbank accession number AF264004) to the D. melanogaster PIWI protein
(Genbank accession number AF104355). Amino acid identities are indicated by
identical amino acid matches, whereas mismatches are indicated by a blank space.
The + signs refer to positions in which the nature of the residue is conserved as
reported by BLASTP homology alignment. Numbering begins at the initiation codon
of the PIWI sequence.
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human HIWI protein showed a 52% homology to tbesophila
PIWI protein at the amino acid level (Figure 6). Primer pairs were,
then designed to amplify the full-length coding sequence fro
CD34" hematopoietic cell cDNA through PCR amplification. A
2.3-kb band was detected in the CD3dDNA sample but not in
the no-template control. No bands were detectable in the absence =
reverse transcriptase—RT) during the cDNA synthesis step.
Control PCR amplification with primers to GAPD confirmed that C
the quantity and integrity of the RNA could be PCR amplified. The g3
PCR product was sequenced and the identity was confirmed to
that of thehiwi gene by comparing it to the Genbank database.
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hiwi DNA in transfected KG1 cells.

Figure 8. PCR detection of (A) PCR
amplification of hiwi on mock transfected KG1 cells (d1-6, d9; lanes 2-8), empty
vector transfected KG1 cells(d1-6, d9; lanes 9-15), and hiwi-containing vector-
transfected KG1 cells (d1-6, d9; lanes 16-22). Lane 1 is a 1-kb DNA ladder. (B)
Samples without reverse transcriptase; same setup as panel A. (C) GAPD internal
control (142 bp), same setup as panel A.

The KG1 cells were chosen for these studies due to their lack of

expression of théiwi mMRNA as demonstrated by RT-PCR (Figure

4). Figure 7 shows that the proliferative capacity of the mock andG1 cell proliferation and therefore suggests that this gene ny
pCineo vector-treated cells was similar, whereas treatment with thiay a role in the negative regulation of hematopoietic cells.
pClneohiwi construct led to a greatly diminished proliferation of
KGL1 cells. To determine whether or not thisvi gene was actually
expressed in the transfected cells, PCR was performed. Figur@’%?
shows the presence of thewi transcript from day 1 (24 hours after 1o getermine a potential mechanism for the reduced proliferative
transfection) until cultures were terminated (day 9). The decliningypacity of KG1 cells that overexpress thawi gene product,
levels of the expressed gene were likely due to the fact that the C%{EOptosis of these cells was evaluated using Annexin V asZan
were not subjected to G418 antibiotic selection. To further assgsgicator of programmed cell death and Pl as a measure of Eell
the function and integrity of each construct, populations of Ce'lﬁability. Figure 9D-F shows such an analysis after an 8 hours®of
that were sim_ultaneously transfected were placed_ in the presencg@f hation demonstrating an approximate 4.4-fold increase (9_@)
1 mg/mL active G418 for 3 weeks. After this period, the pCIneqy the percentage of cells undergoing apoptosis, (positive for
hiwi construct and the pCineo empty vector contained simila{,neyin v but negative for PI) when compared to the mock (1.8%)
numbers of viable c_ell_s. The pClnéuwi co_nstruct further contin- and the empty vector control (2.4%). The degree of apoptosis agter
ued to express thaiwi gene (as determined by PCR, data noj, g5 of incubation is also greater in thisi overexpressing &
shown). The mock transfected cells were, however, characterizeqis ¢ compared to the control cells. Flow cytometric analysigat
by a high dggree of cell death at day6 96%, data not s_hown). 32 hours of culture (Figure 9J-L) exhibited an increase in tEe
These studies demonstrate that both the cytomegalovirus (CMrYlmeer of cells that were Pl and annnexin positive, suggesting Bat

promoter and the SV40 promoter (V\.lh'Ch was driving NEOMYClfhe cells had proceeded to a necrotic state. These data indicategthat
phosphotransferase gene) were actively driving transcription r?]f

thei ’ 4 thawi X ; ost of the cell population containing théwi gene underwent_§
€ll respective genes and iAWl gene expression was presen apoptosis and eventually entered a terminal state of cell death.
but to an unknown level. This study indicates tiawi inhibits

Overexpression of hiwi leads to a diminished proliferative
capacity of KG1 cells as measured by MTT

ptosis of KG1 cells induced by  hiwi
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Figure 9. Induction of apoptosis in KG1 cells overexpressing the hiwi gene.
0.0 T KG1 cells were transfected under mock, pClneo empty vector, or pClneo-hiwi
0 2 4 6 8 10 conditions. Cells were harvested at 2, 8, 12, and 32 hours, washed with PBS, and

resuspended in binding buffer containing Annexin V-FITC and PIl. The X-axis
represents log fluorescence intensity for Annexin V staining; the Y-axis represents log
fluorescence intensity for Pl staining. Panels A-C show flow cytometric analysis at a

Days

Figure 7. MTT assay of KG1 cells with or without  hiwi. KG1 cells were subjected

to transfection under 3 different conditions (control KG1, KG1+pClneo, KG1+pClneo-
hiwi) and were cultured for a 9-day period. An MTT assay was performed on each day
to assess cell proliferation from days 1 through 6 and then on day 9.

2-hour time point that consists of a mock, a pClneo empty vector, and the pClneo-hiwi
transfected KG1 cell populations. Panels D-F, G-I, and J-L show the same analysis
but at 8,12, and 32 hours (respectively) after transfection.
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of murine and human HSC%27 our understanding of mechanisms
by which a stem cell divides and retains its unique biologic
properties has eluded the efforts of a large number of investiga-
tors28-33 Understanding the basis of these properties is required if
progress in stem cell transplantation and gene therapy are to occur.
Stem cell division is likely controlled by both intracellular mecha-
nisms as well as cell to cell interactions. The intracellular mecha-
nisms of a stem cell would include basic cell cycle machinery as
well as machinery responsible for cell division.

Elucidation of the genetic program that underlies the unique
biologic properties of HSCs has been the focus of a growing
number of laboratory grou@8:34 These laboratories have-at
tempted to approach this daunting objective by using a variety of
approaches. Array technology, for instance, now permits one to
monitor simultaneously the expression patterns of thousands of
genes during cellular differentiation and respoffs&.The key to
the successful implementation of such technology to the study of
Figure 10. Chromosomal localization by FISH analysis.  Chromosomal localiza- ~ St€mM cell biology is the development of the means to assign priogty
tion of hiwi using a hiwi genomic clone shows hybridization of the genomic probe to  to such genes and to determine their function. g
the g arm of chromosome 12, specifically between 12¢24.2 through 12¢24.32. Recently our Iaboratory and several others have takerﬁ a

different approach to analyze the genetic organization of hur@an

Chromosomal localization of ~ hiwi HSCs37-39 Genes that were originally shown to affect stem cel

) o ) development in lower species have been shown subsequently t5 be
The chromosomal location ohiwi was determined by STS expressed by human hematopoietic cells and to have profoénd
computer-based mappir§?* Four different STS clones (Genbankyegylatory effect on human hematopoieis. Lower organisms suck as
accession numbers AA639672, AA904973, AA969660, angrosophila, C. eleganandDanio rerio (zebra fish) have been useg
Al25224) were found to have significant homology to thieii a5 effective models for studying mechanisms that are conser&ed
gene. These 4 clones along with the pgrtial publidtiedsequence among diverse developmental syst€i#%% Studies fromXeno 2
were then mapped to the reference interval of D12S340-D12S§(g for instance, have revealed a multitude of genes involvedgin
(147.5-160.9 cM) by radiation hybridization (Unigene crossyesoderm induction including members of the transforming grovgth
reference Hs. 128673). The physical positiomiofi was located at 4¢t0r B superfamily, fibroblast growth factor, and at least %
489.71 cR3000 (P1.43, stSG53541) on the q arm of chromoSOR@ mhers of thalntgene family in diverse species ranging fron%
12, specifically b_et\{veen 12q24.2 through 12q24.3_2 as representgndworm and insects to humatis? The Wnt gene family R
by the cytogenetic ideogram. The physical localéiofi does not  empers have subsequently been shown to have profound effcts
currently show an association with any hemgtologlc disorders (8 murine and human hematopoiesis. With this experience in migd,
demonstrated by STS/EST homology comparisons). we attempted to extend this approach to identify genes of intefest
that might serve as candidate regulators of HSC self-renewal §nd
development. g

In Drosophilg stem cells exist in the germline at the apical tif)
To directly determine the chromosomal locationtifvi, a hiwi  Of each ovariole, the germarium, which is the functional portion f:)f
genomic clone was hybridized on metaphase chromosomes deritil ovary*?43 Each ovary consists of 10 to 17 ovarioles. Each
from a human peripheral blood cell culture. Identification of thgermarium contains 2 to 3 GSCs that are in direct contact with
human chromosomes was based on their DAPI-banding pattégecialized somatic cells, the basal terminal filament 8éhss i
that resembles G-bands achieved by conventional trypsin-Gienf$8Cs undergo asymmetric divisions to produce daughter stgm
treatment. Thirty-two metaphase spreads were analyzed showaglfs and a differentiated daughter cell, a cystoblast. Recently a
specific localization to chromosome 12 as follows: specific hybridiumber of genes includingdpp, piwi, pumilio,andfstYbhave been
ization signals were seen 9 times (28.1%) in 2 chromatids, 10 timigentified and shown to be essential for GSC maintenaft#.
(31.3%) in 3 chromatids, and 11 times (34.4%) in 4 chromatids; fgnong these genesiwi has been of special interest. It has
hybridization signals were seen in 2 metaphases (6.2%). A vggcently has been demonstrated to be an essential stem cell gene in
small number of nonspecific hybridization sites were seen (FigugosophilaandC. elegansind to be expressed in tissues belonging
10). Traditional FISH analysis confirmed the computer-baséd many species including human. TBeosophila piwigene is
chromosomal localization dfiwi. required for asymmetric division of GSCs but is not required for

differentiation of committed daughter cells. Expressiormpio¥i in

adjacent somatic cells, terminal filament cells, regulates GSC
Discussion division” We have therefore, embarked on studiepiofi homo

logue gene expression during human hematopoiesis with the hope
Astem cell can undergo self-renewal as well as generate differertf-determining if this gene might regulate human HSC function.
ated progeny. The capacity of an HSC to remain undifferentiated Our laboratory has demonstrated that the human equivalent of
and be capable of reconstituting a myeloablated host as well aspiwi, termed hiwi, is expressed in a variety of human tissues
ability to generate multiple differentiated cell types is central to itsicluding primitive hematopoietic cells. The gene was cloned from
pivotal role in normal hematopoiesis. Despite the improved abilityuman marrow CD34 cells and the HIWI protein was shown to
of various laboratories to isolate and manipulate pure populationave 52% homology with th@®rosophila PIWI protein at the

0|9/}

Chromosomal localization of the human  hiwi gene
by FISH analysis




BLOOD, 15 JANUARY 2001 + VOLUME 97, NUMBER 2 CD34* STEM CELLS EXPRESS hiwiGENE 433

amino acid level. In addition, the gene was localized to the g arm géne), outcompeting the CMV promoter (which directs the transcrip-
chromosome 12 between 12q24.2 through 12q24.32. tion of thehiwi gene) because of the selective pressure placed on
By using 2 different approaches, we have shown thiati the SV40 promoter by the G418 selection. This may account for
expression within the hematopoietic compartment is unique to tdeninished expression of thewi gene product while the transcrip-
most primitive hematopoietic progenitors and is diminished dion of the neomycin phosphotransferase gene continues. Emerman
absent in more differentiated cells. CD3#arrow cells contain and coworkers have reported a state of gene suppression in cells
hematopoietic stem and early progenitor cells, which exgragis genetically modified with a retrovirus in which one gene is
in contrast to CD34 cells, which are predominantly composed othutdown while the second gene undergoes normal transcription
more differentiated precursor cells. Although studies in the moudee to promoter competitiol¥. Because the KG1 cells were
have recently demonstrated the presence of quiescent stem cgistroporated and put into media that was lacking G418 for the
within the CD34 subpopulation, the presence of such a CD34apoptosis experiments, there would be no need for the activation of
stem cell in humans remains uncert&if® Nevertheless, this the SV40 promoter allowing the CMV to transcribe thigvi gene
CD34 stem cell population would potentially represent an exunperturbed, thus allowing for the rapid induction of apoptosis
tremely small fraction of the total HS@opulation. Furthermore, resulting in eventual cell death.
when CD34 cells were placed in conditions that favored differen  During steady-state hematopoiesis, most stem cells are quies-
tiation in vitro, hiwi gene expression declined synchronously witksent or cycling extremely slowl/-52 Stem cell quiescence may be
cellular differentiation. Both groups of studies indicate thati a passive process involving the absence of proliferation or an active
expression is unique to the more primitive cellular compartmeptocess that occurs as a consequence of a variety of neg@ive
and that its expression might serve as a genetic marker inhibitors of hematopoiesfS:5° The observation thdtiwi expres ;;
progenitor and stem cells. sion is associated with diminished proliferation of an immortalizgd
Because leukemia is frequently accompanied by expansionlefikemia cell line suggests that the expression of this gene m@ht
the hematopoietic compartment, we anticipated that leukemia cellay a role in maintenance of stem cell quiescence or dovgn-
would expressiwi, a gene that is associated with self-replicatiorregulation of stem cell or progenitor cell cycling. This is somewlipét
To our surprise, when 8 immortalized leukemia cell lines wersurprising because it has been reported fhai causes cellular &
analyzedhiwi mMRNA transcripts were undetectable. These studiekvision within a Drosphilabased modél® Further studies to%
suggest thatiwi expression may not be a component of the genetaddress the issue diiwi function will be conducted in primitive
program that accompanies leukemogenesis. By contrasi, primary HSCs.
expression appears to be limited within the hematopoietic compart- In Drosophila, piwiis expressed both in the terminal filame
ment to normal CD34 cells. These data indicate that the lack otells and the germline. Thpiwi gene in the terminal filament
hiwi expression may be a consequence of the leukemic transforrfuictions to affect stem cell self-replication, wher@asi expres-
tion event. Further testing of this potentially important finding wilsion in the germline does not appear to be required for G8C
be pursued with primary leukemia cells. self-replication. We attempted to determine if a similar relatiorg
To determine ifhiwi plays a regulatory role in human hemato-ship existed between marrow stroma cells and HSCs. Many of§1e
poiesis, we attempted to overexpressliivéi gene in an immortal- regulatory signals that control stem cell development are dependent
ized acute myeloid leukemia cell line, KG1. The biologic activityon cellular interactions between marrow stroma and HSCs,
of hiwi was assessed using a standard cell proliferation assalyhough hiwi was expressed in marrow CDB4ells, it was not
(MTT), which demonstrated that overexpression of hingi gene expressed by marrow stroma or marrow mesenchymal stem c§|ls,
product actually caused a decrease in cell proliferation whevhich are capable of differentiating into not only marrow stronga
compared with 2 separate controls. The magnitudawf activity but also other components of the hematopoietic niche suchgas
was evaluated by direct comparison of cells exposed to the empiyipocytes, osteoblasts, tenoblasts and cartilage forming!€els.
vector control and the mock transfection control. Under both dfhese data indicate that the potential rolehafi in human stem g
these conditions, KG1 cells were capable of proliferating normaltell development is quite different from that which occurs in tfik
without the presence of thiiwi gene or interference from the Drosophila model. It remains possible that thewi present in 3
empty vector control. Comparing the optical density of botiED34" cells may play a role as an intrinsic regulator of stem c¢jl
controls with thehiwi-expressing culture shows a dramatic funcself-replication. Testing of this hypothesis remains an objectiveof
tional decline in the metabolic machinery of the cells in this cultureur ongoing investigations.
condition. The overexpression of thévi gene product promoted
apoptosis in KG1 cells. The rapid progression of apoptosis can be
seen at the 8-hour time point where a majority of the cells in th&cknowledgments
hiwi-containing population have undergone apoptosis and have
started to proceed into the necrotic state. These studies suggestWatwould like to thank Dr W. Stock, Dorie Sher, and Scott
hiwi overexpression causes programmed cell death. Lack \Wkissman for the generous donation of leukemic cell line cDNAs,
apoptosis in the cells transfected with thievi gene, which were Sonia Lottinville and Alvin Ayala for DNA sequencing, and Elen
maintained in selective media, may be due to the SV40 promotosler for donating cadaveric marrow, thoughtful discussion, and
(which drives the transcription of the neomycin phosphotransferaassistance with formatting figures.
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