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1 Einleitung
1.1 Definition des Stammzellbegriffs

In einem multizelluldren Organismus gehen stéindig verschiedenste Arten von Zellen
aufgrund von traumatischen, Krankheits- oder Alterungs-bedingten Ereignissen
verloren, wie z.B die Blut-, Haar- und Hautzellen. Diese Zellen miissen zur Aufrecht-
erhaltung des Organismus stidndig erneuert bzw. ersetzt werden. Es zeigte sich hierbei,
dass Stammzellen fiir diese Regeneration verantwortlich sind. Stammzellen sind
undifferenzierte Zellen, die sich iiber einen langen Zeitraum hinweg sowohl selbst
erneuern als auch differenzierte Zellen hervorbringen konnen. Reduziert sich der Gehalt
an Stammezellen bzw. die Stammezellaktivitidt innerhalb eines Gewebes, z.B. wihrend
der Alterung, verringert sich die Regenerationsfihigkeit und kann im Extremfall, wie in
Abbildung 1 schematisch dargestellt, zur Degeneration des Gewebes fiithren (Anversa et
al., 2005; Kamminga and de Haan, 2006; Taupin and Gage, 2002; Wagers and Conboy,
2005). Ahnlich problematisch ist die unkontrollierte Expansion von Stammzellen
(Abbildung 1); gerade in letzter Zeit mehren sich die Hinweise, dass verschiedene
Krebserkrankungen auf die unkontrollierte Expansion von Stammzell-artigen Zellen,
den so genannten Tumorstammzellen, zuriickzufiihren sind (Al-Hajj, 2007; Beachy et
al., 2004; Reya et al., 2001). Somit ist es ersichtlich, dass die Mechanismen, die
entscheiden, wann und wie hdufig sich Stammzellen teilen und wie das weitere
Zellschicksal entstehender Tochterzellen spezifiziert wird, eine zentrale Rolle in der
Stammzellbiologie spielen. Die Aufkldrung solcher Mechanismen sollte daher nicht nur
wesentlich zum allgemeinen Verstindnis der Stammzellbiologie beitragen, sondern
auch eine essentielle Grundlage fiir die Konzeption neuer klinischer Forschungsansitze

in der Regenerativen- und Tumormedizin darstellen.
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Abbildung 1 Die Entscheidung Selbsterneuerung versus Differenzierung von
Stammzellen (SZ) muss hoch kontrolliert sein. Eine zu geringe
Selbsterneuerungsrate kann zur Degeneration betroffener Gewebe
fiihren und eine zu hohe zur Tumorentstehung. PZ: Progenitorzelle,
A, B: differenzierte Zelle.

1.2 Selbsterneuerung versus Differenzierung von Stammzellen

Prinzipiell gibt es unterschiedliche Strategien, die zur Entscheidung Selbsterneuerung
versus  Differenzierung fithren. So konnten Stammzellen durch invariante
asymmetrische Zellteilungen Tochterzellen hervorbringen, die von vornherein
unterschiedlich sind und von denen eine weiter spezifiziert ist, wihrend die andere die
Stammzelleigenschaften beibehilt. Solche Teilungsmechanismen wiirden ausschlie8lich
durch intrinsische Faktoren gesteuert. Andererseits konnten sich alle Stammzellen
symmetrisch teilen; die Entscheidung, ob die Tochterzellen als Stammzellen erhalten

bleiben oder sich zu weiter spezifizierten Vorlduferzellen entwickeln, hinge



ausschlieBlich von &ulleren regulativen Faktoren ab, die in bestimmten, fiir den
Stammzellerhalt erforderlichen Kombinationen rdumlich auf bestimmte Orte begrenzt

sind, den Stammzellnischen.

1.3 Himatopoietische Stammzellen

Wihrend der Ontogenese wird die Bildung von hdmatopoietischen Stammzellen (HSZ)
im Dottersack, in der Aorta-Gonad-Mesenephros (AGM)-Region und in der Plazenta
initiiert (Dzierzak, 2005; Mikkola et al., 2005). Von dort aus besiedeln HSZ die fotale
Leber, die bis zur Entdeckung der Hdmatopoiese in der Plazenta als Hauptorgan der
frithen fotalen Hamatopoiese angesehen wurde. Kurz vor der Geburt besiedeln sie
schlieBlich das Knochenmark, den Ort der H&matopoiese im Kindes- und
Erwachsenenalter (Dzierzak, 2005; Mikkola et al., 2005). HSZ lassen sich aus der
fotalen Leber, aus Nabelschnurrestblut und aus Knochenmark anreichern. Des Weiteren
verlassen vereinzelte HSZ das Knochenmark und wandern kurzzeitig ins periphere Blut
ein, ein Prozess der sich durch den Granulozyten Kolonie-stimulierenden Faktor (G-
CSF) in hohem MafBe steigern ldsst (Nervi et al., 2006). Alle vier HSZ-Quellen eignen
sich fiir den klinische Einsatz und kénnen das hdmatopoietische System von Patienten,
das durch myeloablative Therapie zerstort wurde, rekonstituieren (Korbling and

Anderlini, 2001).

Hieraus wird ersichtlich, dass HSZ die F#higkeit besitzen, sédmtliche Zellen des
hidmatopoietischen Systems zu bilden. Des Weiteren konnen sie in vivo expandieren,
wie besonders durch sequenzielle Transplantationsexperimente an letal bestrahlten
Maiusen gezeigt wurde (Iscove and Nawa, 1997). Da sich entsprechende Versuche am
Menschen verbieten, werden zur Beurteilung des primitiven Zustands frither

menschlicher hdmatopoietischer Zellen verschiedene Tiermodelle eingesetzt, die von



immun-defizienten Ma&usen bis hin zu fotalen Schafen reichen. Nach xenogener
Transplantation wird hierbei die Féhigkeit von menschlichen hdmatopoietischen
Zellfraktionen beurteilt, Aspekte eines humanen hd@matopoietischen Systems in diesen
Tieren auszubilden (Kamel-Reid and Dick, 1988; Lapidot et al., 1992; Larochelle et al.,

1996, Zanjani et al., 1992).

Die meisten hamatopoietischen Zellen, die sich in solchen xenogenen Tierversuchen ins
Knochenmark dieser Tiere einnisten und menschliche Blutzellen hervorbringen konnen,
gehoren der Fraktion der CD34" Zellen an, genauer der Fraktion der CD34" Zellen, die
keine Blutlinien-spezifischen Oberflachenmarker exprimieren (/ineage negativ; lin") und
die negativ oder nur geringfiigig positiv fiir den Marker CD38 sind, die also der lin°
CD34'CD38!°"" Fraktion angehoren (Bhatia et al., 1997b; Civin et al., 1996). Eine
Population von Zellen mit entsprechenden Eigenschaften findet sich auch in der sehr
kleinen Fraktion der linCD34 CD38" Zellen (Bhatia et al., 1998; Zanjani et al., 1998),
von denen zumindest die aus Nabelschnurrestblut isolierten Zellen den
Stammzellmarker CD133, nicht aber den Ilymphoiden Vorldufermarker CD7
exprimieren (Gallacher et al., 2000). Auch wenn es sich bei diesen Zellfraktionen um
sehr kleine Zellpopulationen handelt, soll nicht unerwéhnt bleiben, dass diese
Fraktionen dennoch heterogene Gruppen von Zellen représentieren, in denen vermutlich
nur wenige Zellen ein humanes HSZ-Potential besitzen. Mit anderen Worten, es ist
bislang nicht moglich, humane HSZ zu isolieren. Entsprechend wird im Folgenden
meist nicht von HSZ, sondern von primitiven hdmatopoietischen Zellen oder von

HSZ/hdmatopoietischen Vorlduferzellen (HVZ) die Rede sein.



1.4 Himatopoietische Stammzellnischen und der Notch-Signalweg

Aufgrund der bereits erwédhnten Tatsache, dass HSZ in vivo expandieren koénnen,
wurden vielfiltige Versuche unternommen, HSZ bzw. primitive hdmatopoietische
Zellen in Kultur zu vermehren. Hierbei zeigte sich jedoch, dass der primitive Zustand
dieser Zellen in Stromazell-freien Kulturen nach einer anfanglichen, geringfiigigen
Expansion verloren geht (Bhatia et al., 1997a; Conneally et al., 1997; Shimizu et al.,
1998). Im Unterschied hierzu kann ihr primitiver Zustand in Gegenwart bestimmter
Stromazellen {iber einen ldngeren Zeitraum hinweg erhalten werden (Moore et al., 1997;
Nolta et al., 2002; Punzel et al., 1999a; Shih et al., 1999). Diese Befunde verdeutlichen,
dass die Umgebung und somit bestimmte &uBlere, d.h. extrinsische Signale dariiber
entscheiden, ob primitive hdmatopoietische Zellen als solche erhalten bleiben oder ob
sie zu weiterentwickelten Zellen heranreifen. Die fiir den HSZ-Erhalt erforderlichen
Signale werden allem Anschein nach rdaumlich begrenzt in HSZ-Nischen bereitgestellt,
die bereits 1978 von Raymond Schofield postuliert wurden (Schofield, 1978). HSZ-
Nischen wurden sowohl im Endosteum des Knochenmarks als auch in der Umgebung
sinusoidaler Endothelzellen in der Milz und im Knochenmark nachgewiesen (Calvi et
al., 2003; Kiel et al., 2005; Zhang et al., 2003). Es zeigte sich, dass neben der
Aktivierung der Rezeptortyrosin-Kinase Tie2 durch das von Osteoblasten gebildete
Angiopoietin-1, eine wesentliche Funktion der HSZ-Nischen darin besteht, den Notch-

Signalweg in HSZ zu aktivieren (Arai et al., 2004; Calvi et al., 2003).

Auf eine Beteiligung des Notch-Signalwegs an der Aufrechterhaltung primitiver
hidmatopoietischer Zellschicksale deutete bereits zuvor eine Reihe verschiedener
Experimente (Chiba, 2006; Kojika and Griffin, 2001; Milner and Bigas, 1999; Suzuki
and Chiba, 2005). Es konnte gezeigt werden, dass humane CD34" Zellen den

Transmembranrezeptor Notchl exprimieren (Milner et al., 1994) und generierte,



l6sliche Formen der Notch Liganden Jagged-1 und Delta-1 dazu beitragen, primitive
hamatopoietische Zellen kurzfristig in Stroma-freien Kultur zu erhalten bzw. leicht zu
expandieren (Karanu et al., 2000; Karanu et al., 2001; Lauret et al., 2004; Ohishi et al.,
2002; Suzuki et al., 2006). In Miusen inhibieren konstitutiv aktivierte Formen von
Notch sowohl eine HSZ-Differenzierung in vitro als auch in vivo und bewirken eine
Expansion von Zellen, die sich in sekunddre Empfinger transplantieren lassen (Stier et

al., 2002; Varnum-Finney et al., 2000).

1.5 Hinweise auf asymmetrische Zellteilungen im primitiven himatopoietischen

Zellkompartiment

Neben Befunden, welche die Existenz von HSZ-Nischen untermauern, deuten
verschiedene Beobachtungen darauf hin, dass sich primitive hdmatopoietische Zellen

asymmetrisch teilen konnen.

Die Gruppe um Makio Ogawa konnte in den 1980er Jahren zeigen, dass Tochterzellen
von HVZ nach Trennung durch Mikromanipulation teilweise Kolonien hervorbringen,
die sich in ihrer GroBBe und ihrer Linienzusammensetzung erheblich unterscheiden, was
als Folge stochastischer Entscheidungsprozee interpretiert wurde (Leary et al., 1985;
Suda et al., 1984a; Suda et al., 1984b). Ahnliche Beobachtungen wurden 1993 von
Mayani et al. beschrieben, die Tochterzellen von CD34'CD45RA"YCD71"Y Zellen
trennten und sie entweder unter identischen oder unterschiedlichen Bedingungen
kultivierten. Da sich in diesen Experimenten 3-17% der Tochterzellpaare unabhéngig
von den zugesetzten Zytokinen unterschiedlich entwickelten, vermuteten die Autoren,
dass es sich um Folgen stochastisch gesteuerter, asymmetrischer Zellteilungen handelte

(Mayani et al., 1993).



Nachdem gezeigt werden konnte, dass nur 20% bzw. 50% der humanen CD34 CD38§"
Zellen aus Knochenmark bzw. Nabelschnurrestblut in der Lage sind, nach 5 wdochiger
Co-Kultur mit bestrahlten Stromazellen Kolonien zu bilden (Conneally et al., 1997;
Petzer et al., 1996), untersuchten Briimmendorf und Kollegen das
Koloniebildungspotential von aus fotaler Leber isolierten CD34'CD38
CD71"CD45RA™" Zellen. Neben Unterschieden in der Proliferationskinetik fanden
sie, dass langsam teilende Zellen ein primitiveres Schicksal aufweisen als sich schneller
teilende Zellen und dass sich Nachkommen einer einzelnen CD34'CD38" Zelle in
Bezug auf diese Eigenschaften ebenfalls voneinander unterscheiden (Brummendorf et
al., 1998). Da in diesen Versuchen die Kulturbedingungen konstant gehalten wurden,
vermuteten die Autoren, dass solche Unterschiede @hnlich wie bei asymmetrischen
Zellteilungen in Modellorganismen (z.B. Drosophila melanogaster) auf die
unterschiedliche Verteilung von intrinsichen Determinanten zuriick zu fiithren ist

(Brummendorf et al., 1998).

Unter Verwendung des Membranfarbstoffs PKH2, der in die Plasmamembran von
Zellen interkaliert und gleichméBig auf entstehende Tochterzellen verteilt wird, fiithrten
Huang et al. weitere Analysen zur Proliferationskinetik von CD34'CD38" Zellen durch,
die sowohl aus f6taler Leber, Nabelschnurrestblut als auch aus Knochenmark isoliert
wurden. In Abhédngigkeit der verwendeten Zytokine variierte der Zeitpunkt der 1.
Zellteilung zwischen 36 und 38 bzw. zwischen 48 und 50 Stunden. Der Anteil der
Zellen, die sich asynchron teilende Tochterzellen hervorbrachte, wurde in Abhédngigkeit
der einzelnen Quellen mit 20%-40% beziffert. Auch hier wurde vermutet, dass solche
asynchronen Zellteilungen auf asymmetrische Zellteilungen zuriickzufiithren sind, bei
denen intrinsische Determinanten ungleich auf entstehende Tochterzellen verteilt

werden (Huang et al., 1999). In Fortfithrung dieser Arbeiten fanden Michael Punzel und
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seine Kollegen, dass sich primitivere HVZ in der Tat langsamer und zu einem hoheren
Anteil asynchron teilen als etwas reifere HVZ (Punzel et al., 2002). Wie im folgenden
Abschnitt etwas genauer beschrieben wird, konnten wir in Zusammenarbeit mit der
Gruppe um Michael Punzel tatsdchlich nachweisen, dass die primitivsten in vitro
detektierbaren hé@matopoietischen Zellen, die sowohl ein myeloisches als auch ein
lymphatisches Entwicklungspotential aufweisen zu tiiber 80% unterschiedlich
spezifizierte Tochterzellen hervorbringen (Giebel et al., 2006). Von diesen als
myeloisch-lymphatisch initiierende Zellen (ML-IC) bezeichnet Zellen (Punzel et al.,
1999b; Punzel et al., 2002) iibernahm scheinbar eine Tochterzelle das gesamte und die

andere nur einen Teil des urspriinglichen Entwicklungspotentials (Giebel et al., 2006).
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2 Ergebnisse

2.1 Unterschiedliche Entwicklung primitiver himatopoietischer Tochterzellen

(Giebel et al., 2006)

Humane Zellen, die nach xenogener Transplantation Anteile eines humanen
hidmatopoietischen Systems in Tieren ausbilden konnen, sind in der heterogenen
Fraktion der lin CD34"CD38"" Zellen stark angereichert (Bhatia et al., 1997b; Civin et
al., 1996). Da sich Zellen dieser Fraktion hinsichtlich ihrer Proliferationskinetiken
voneinander unterscheiden (Brummendorf et al., 1998; Huang et al., 1999; Punzel et al.,
2002), haben wir zundchst den Einfluss unterschiedlicher Zytokinkombinationen auf
das Proliferationsverhalten primitiver himatopoietischer Zellen analysiert. Hierzu haben
wir aus Nabelschnurrestblut angereicherte CD34" Zellen mit dem Membranfarbstoff
PKH2 markiert und in Gegenwart von frith (SCF, TPO, FLT3L) oder spét wirksamen
Zytokinen (IL-3 IL-6, GM-CSF, bFGF, ILGF, Epo, SCF) iiber mehrere Tage hinweg
kultiviert. Durch Messung des PKH2 Gehaltes haben wir ab Kulturtag 3 ermittelt, wie
hiufig sich Zellen der CD34" Fraktion in Kultur geteilt haben. Da mehr als 90% aller
frisch isolierten CD34" Zellen auch den Stammzellmarker CD133 exprimieren, haben
wir zusitzlich den CD133- und CD34-Zelloberflachengehalt dieser Zellen bestimmt. Es
zeigte sich hierbei, dass sich ab Kulturtag 3 unter beiden Bedingungen die Population
der CD34'CD133" Zellen in eine CD34°CD133" und eine CD34°CD133""" Population
unterteilen lisst und der Anteil der CD34 CD133""" Zellen mit steigender Kulturdauer
grofer wird (Beckmann et al., 2007; Giebel et al., 2006). Wahrend sich alle CD34"
Zellen in Gegenwart von frith wirksamen Zytokinen annidhernd gleich hiufig teilen,
fanden wir, dass sich unter Einfluss von spdt wirksamen Zytokinen reifere

CD34°CD133"°" Zellen fter teilen als primitivere CD34"CD133" Zellen (Giebel et al.,
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2006). Somit lassen sich durch Kultivierung in Gegenwart von spdt wirksamen
Zytokinen primitivere und reifere HVZ schon alleine durch ihr Proliferationsverhalten

voneinander unterscheiden.

Aufgrund dieser Beobachtungen und mit dem Ziel, das Tochterzellschicksal von sehr
primitiven hdmatopoietischen Zellen individuell zu analysieren, wurden CD34'CD38
Zellen als einzelne Zellen in 96 Well Platten abgelegt und in Gegenwart von spét
wirksamen Zytokinen analysiert. Zellen, die sich innerhalb der ersten fiinf Kulturtage
geteilt haben, wurden als reifer eingestuft und nicht weiter beriicksichtigt. Zellen, die
sich zwischen dem 5. und 10. Kulturtag erstmals teilten, wurden als primitiv angesehen
und weiter analysiert (Giebel et al., 2006). Sobald erkannt wurde, dass sich diese Zellen
geteilt haben, wurden die Tochterzellen durch Mikromanipulation voneinander getrennt
und einzeln auf bestrahlten murinen Stromazellen (AFT024) weiter kultiviert (Punzel et
al., 1999b). Nach 2 wochiger Kultur wurde die Nachkommenschaft dieser Tochterzellen
geteilt und ihr Entwicklungspotential in unterschiedlichen Auswertesystemen bestimmt.
Zur Ermittlung des lymphatischen Entwicklungspotentials wurde ihre Fahigkeit zur
Natiirlichen Killerzell-Entwicklung in so genannten Natrual Killer cell initiating cell
(NK-IC) Ansitzen getestet, und das myeloische Entwicklungspotential in myeloischen
Langzeitkulturansédtzen bestimmt, in so genannten long term culture initiating cell

(LTC-IC) Kulturen (Giebel et al., 2006; Punzel et al., 1999b).

Nach Auswertung konnte retrospektiv das Entwicklungspotential der urspriinglich
vereinzelten Tochterzellen und folglich auch das ihrer einzeln abgelegten Mutterzellen
ermittelt werden. Hierbei fanden wir heraus, dass mindestens eine der Tochterzellen das
Zellschicksal der primér abgelegten Ausgangszellen {ibernahm. Wir fanden keine
Tochterzellpaare, in denen z.B. die eine Tochterzelle ein lymphatisches und die andere

Tochterzelle ein myeloisches Schicksal realisierte (Giebel et al., 2006).
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Bemerkenswerterweise entwickelten sich Tochterzellen von urspriinglich abgelegten
Zellen mit nachgewiesenem myeloischen und lymphatischen Entwicklungspotential,
dem ML-IC Potential (Punzel et al., 2002), in tiber 80% der Félle unterschiedlich,
wéhrend reifere Zellen oftmals sich gleich entwickelnde Tochterzellen hervorbrachten
(Giebel et al., 2006). Dies deutet darauf hin, dass es Mechanismen gibt, die bewirken,
dass Tochterzellen von primitiveren Zellen unter den angewendeten Bedingungen mit
einer hoheren Wahrscheinlichkeit unterschiedliche Zellschicksale annehmen als reifere
HVZ. Als mogliche Erklarung ldsst sich hier das Modell der asymmetrischen
Zellteilung anfiihren, nach dem intrinsische Zellschicksalsdeterminanten ungleich auf
die entstehenden Tochterzellen verteilt werden und sich hierdurch bedingt ungleiche

Entwicklungspotentiale manifestieren.

Im Rahmen der Studie konnten wir als einen weiteren neuen Aspekt Zellen
identifizieren, die neben NK Zellen auch Makrophagen, jedoch keine weiteren
myeloischen Zellen hervorbrachten. Da Makrophagen zu den myeloischen Zellen
zdhlen und dem klassischen Modell der Hamatopoiese zur Folge alle myeloischen
Zellen von einer gemeinsamen Vorlduferzelle, dem common myeloid progenitor (CMP),
und alle lymphatischen Zellen von einem common lymphocyte progenitor (CLP)
abstammen (Reya et al., 2001), haben wir eine Art von Zellen beschrieben, die nach
diesem Modell nicht existieren sollte. Wir haben sie daher als macrophage Natural
Killer cell initiating cell (M-NK-IC) bezeichnet (Giebel et al., 2006). In diesem
Zusammenhang soll angemerkt werden, dass unlidngst auch in der Maus Zellen
beschrieben worden sind, die das gesamte lymphatische und nur Teile des myeloischen
Entwicklungspotentials aufweisen, so dass das klassische Modell in seiner bisherigen
Form wohl nicht aufrecht erhalten werden kann (Adolfsson et al., 2005; Buza-Vidas et

al., 2007; Iwasaki and Akashi, 2007).
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2.2 Asymmetrische Zellteilung versus post-mitotischer Zellschicksals-
spezifizierung und der Notch-Signalweg in Drosophila melanogaster

(Giebel 1999)

Unsere Beobachtungen, dass primitive hdmatopoietische Zellen oftmals Tochterzellen
hervorbringen, die unterschiedliche Zellschicksale realisieren, lassen sich wie im letzten
Abschnitt erwédhnt und in Abbildung 2 dargestellt, mit dem Modell der asymmetrischen
Zellteilung erklédren, nach dem bei der Zellteilung bestimmte Zellschicksalsdeterminan-
ten ungleich auf die entstehenden Tochterzellen verteilt werden. Andererseits lassen
sich aber sowohl unsere Beobachtungen (Giebel et al., 2006) als auch die der anderen
Gruppen (Brummendorf et al., 1998; Huang et al., 1999; Leary et al., 1985; Mayani et
al., 1993; Punzel et al., 2002; Suda et al., 1984a; Suda et al., 1984b) durch ein anderes
Modell erkldaren. Theoretisch konnten entstandene Tochterzellen zunédchst identische
Entwicklungskapazititen besitzen. Durch Kommunikation der beiden Zellen in dem
Zeitraum zwischen Abschluss der Mitose und der experimentellen Separation konnten
sie dann gegenseitig ihr weiteres Zellschicksal beeinflussen und somit unterschiedlich
werden (Beckmann et al., 2007; Giebel et al., 2006). Ein hierfiir préadestinierter
Signalweg ist der wie im Folgenden genauer am Beispiel der frithen Neurogenese und
Myogenese von Drosophila melanogaster beschrieben Notch-Signalweg, der wie
bereits diskutiert (1.4) an der Aufrechterhaltung primitiver hdmatopoietischer

Zellschicksale beteiligt ist.
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Abbildung 2 Die Tatsache, dass primitive hdmatopoietische Zellen (HSZ/HPZ)
oftmals unterschiedlich spezifizierte Tochterzellen hervorbringen,
ldisst sich zum einen durch das Model der asymmetrischen
Zellteilung erkldren, nach dem durch die ungleiche Verteilung von
Zellschicksalsdeterminanten entstehende Tochterzellen unmittelbar
unterschiedlich spezifiziert werden (A). Andererseits konnten
Tochterzellen zundichst identische Entwicklungskapazitditen besitzen
und ihr weiteres Schicksal nach Vollendung der Mitose gegenseitig
beeinflussen, so dass sie erst postmitotisch unterschiedlich werden
(B). HPZ: hdmatopoietische Stammzelle, HPZ hdmatopoietische

Vorlduferzelle.

Der Notch-Signalweg in Drosophila

Wihrend der embryonalen Entwicklung von Drosophila entstehen durch die Funktion
so genannter proneuraler Gene, die Transkriptionsfaktoren der bHLH-Familie kodieren,

in verschiedenen Geweben Gruppen von Zellen, die zunidchst alle identische
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Entwicklungsmoglichkeiten besitzen, dennoch aber unterschiedliche Entwicklungswege
ein schlagen: Im so genannten Neuroektoderm, der Region, aus der das ventrale zentrale
Nervensystem und die ventrale Epidermis hervorgehen, entwickeln sich aus solchen als
proneurale Cluster bezeichneten Aquivalenzgruppen sowohl die Stammzellen des
ventralen Nervensystems, die Neuroblasten, als auch die der Epidermis, die

Epidermoblasten (Cabrera et al., 1987; Romani et al., 1987; Skeath and Carroll, 1992).

Es zeigte sich, dass an der Aufspaltung in beide Entwicklungslinien der Notch-
Signalweg zentral beteiligt ist. Bedingt durch die Aktivitit der proneuralen Gene wird in
allen Zellen einer Aquivalenzgruppe der Notch-Ligand DELTA exprimiert, iiber den die
Zellen mit ihren Nachbarzellen in Kontakt treten. DELTA bindet an NOTCH, das
hierdurch bedingt gespalten und aktiviert wird; die intrazelluldre, aktivierte Doméne
von Notch wandert in den Kern der Signal-empfangenden Zellen und aktiviert dort
zusammen mit dem Transkriptionsfaktor SUPPRESSOR OF HAIRLESS Gene des
ENHANCER OF SpLIT-Komplexes, einer Familie von so genannten neurogenen
Transkriptionsfaktoren, die antagonistisch zu den proneuralen Genen wirken
(Artavanis-Tsakonas et al., 1999; Martinez Arias et al., 2002; Portin, 2002). Durch die
wechselseitige Signaliibertragung, in denen die Zellen versuchen sich gegenseitig zu
hemmen und die als laterale Inhibition bezeichnet wird, etablieren sich schliellich
Zellen mit hoher proneuraler und andere mit hoher neurogener Genaktivitdt. Wahrend
erstere sich hierdurch bedingt zu Neuroblasten entwickeln, werden letztere zu
Epidermoblasten spezifiziert (Cabrera et al., 1987; Romani et al., 1987; Skeath and

Carroll, 1992).

In Analogie zum Neuroektoderm ist dieser Mechanismus erforderlich, um im
Mesoderm einzelne Zellen entsprechender Aquivalenzgruppen zu Muskelgriinderzellen

zu spezifizieren, die sdmtliche Informationen fiir die Entwicklung spezieller Muskeln
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enthalten. Die iibrigen Zellen der Aquivalenzgruppe, in denen der Notch-Signalweg
transduziert wird, entwickeln sich hingegen zu fusionskompetenten Myoblasten, die mit
den Muskelgriinderzellen fusionieren und den Muskeln Volumen verleihen (Bate, 1990;

Bate et al., 1993; Carmena et al., 1995; Corbin et al., 1991; Giebel, 1999).

Durch Uberexpression verschiedener Mediatoren des Notch-Signalwegs konnte ich
bestehende Parallelen zwischen der Neurogenese und der Myogenese experimentell
darstellen. So unterdriickte die Uberexpression von konstitutiv aktivem Notch sowohl
im Neuroektoderm die Spezifizierung der Neuroblasten als auch im Mesoderm die der
Muskelgriinderzellen, und resultierte in der Entwicklung aneuraler und amuskuldrer
Embryonen. Wurde der Notch-Signalweg jedoch durch Uberexpression eines Notch-
Antagonisten abgeschwicht, entwickelten sich zusidtzliche neurale Zellen und mehr

Muskeln als in wildtypischen Embryonen (Giebel, 1999).

Laterale Inhibition in der friihen Himatopoiese

Der Notch Signalweg wurde in der Evolution konserviert, und es konnte gezeigt
werden, dass in primitiven humanen himatopoietische Zellen der CD34" Fraktion
sowohl Notch-1 und Notch-2 als auch die Notch Liganden Delta-1 and Delta-4
exprimiert werden, die beide die Entwicklung primitiver hdmatopoietischer Zellen
beeinflussen konnen (Karanu et al., 2001; Milner et al., 1994; Ohishi et al., 2000).
Prinzipiell ist es daher moglich, dass entstehende Geschwisterzellen iiber diesen
Signalweg miteinander in Kontakt treten und wechselseitig ihr weiteres
Entwicklungspotential beeinflussen (Beckmann et al., 2007; Giebel et al., 2006).
Voraussetzung fiir eine solche Interaktion ist, dass die entstehenden Tochterzellen nach
der Mitose benachbart bleiben. Eine solch enge Nachbarschaft zwischen zwei
Tochterzellen konnten wir oftmals nach der Mitose beobachten. Somit ist auch diese

Voraussetzung fiir eine postmitotische Interaktion erfiillt. Ob eine solche Interaktion
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aber tatsdchlich stattfindet, ist derzeit noch unklar und soll durch die Verwendung von
Reportergenen, die durch transduziertes Notch-Signal aktiviert werden, in nichster Zeit

ermittelt werden.

Asymmetrische Zellteilungen im friihen hiimatopoietischen System

Mit dem Modell der asymmetrischen Zellteilung konnen somit zwar die Ergebnisse der
Tochterzellseparationsexperimente erkldrt werden, aber es gibt auch andere plausibel
erscheinende Modelle, die zur Erkldarung unserer Beobachtungen herangezogen werden
konnen. Vor diesem Hintergrund setzten wir es uns zum Ziel, eindeutige Hinweise fiir
die Existenz von asymmetrischen Zellteilungen im frithen humanen himatopoietischen

System zu suchen.

Asymmetrische Zellteilungen sind bislang am Besten in den Modellorganismen
Drosophila melanogaster und Caenorhabditis elegans beschrieben worden. In
Drosophila teilen sich die bereits erwdhnten Neuroblasten asymmetrisch und bringen
jeweils eine groBere Tochterzelle hervor, die als Neuroblast erhalten bleibt, und eine
kleinere, als Ganglionmutterzelle (GMC) bezeichnete Tochterzelle, die nach einer
weiteren Teilung postmitotisch wird. Es zeigte sich, dass in Abhéngigkeit der Aktivitit
verschiedener Zellpolaritits-organisierender Proteine u.a. der Transkriptionsfaktor
PROSPERO als auch dessen kodierende mRNA an dem basalen Pol der Neuroblasten
deponiert werden und bedingt durch eine Rotation der mitotischen Spindel um 90°
tiberwiegend in die sich zu GMC entwickelnden Tochterzellen segregieren. Dort ist
PROSPERO entscheidend an der Zellschicksalsspezifizierung der GMC beteiligt; es
aktiviert die Transkription GMC spezifischer und reprimiert Neuroblasten-spezifische

Gene (Wodarz and Huttner, 2003).
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In Analogie hierzu teilen sich sowohl die Zygote als auch resultierende Blastomeren
von C. elegans asymmetrisch. Hier wird ebenfalls in Abhidngigkeit von Zellpolaritits-
organisierenden Proteinen, die zu denen von Drosophila homolog sind, die so genannte
P-Granula an den posterioren Pol der Zygote lokalisiert, die nach einer Spindelrotation
ausschlieBlich in die posterior zu liegen kommende Tochterzelle segregiert. Da diese P-
Granula unter anderem Determinanten der Keimbahn enthélt, wird dass Potential zur
Keimbahnentwicklung nur an die posterioren Blastomeren vererbt (Kemphues et al.,

1988; Watts et al., 1996).

Vor dem Hintergrund dieser Befunde postulierten wir, dass im Falle einer
asymmetrischen Zellteilung im frithen hamatopoietischen System, HSZ/HVZ wihrend
der Mitose polarisiert sein sollten. Da zu Beginn dieser Arbeiten nicht viel iiber die
Zellpolaritdt von frithen hamatopoietischen Zellen bekannt war, untersuchten wir,

inwieweit diese Zellen iiberhaupt eine Zellpolaritét besitzen.

2.3 Zellpolaritit humaner HSZ/HVZ
(Giebel et al., 2004)

Frisch isolierte CD34" Zellen sind kleine runde Zellen, die keine Anzeichen einer
Polaritdtsachse aufweisen (Abbildung 3 A, C). Mit unseren Arbeiten konnten wir
zeigen, dass diese anfénglich nicht-polaren Zellen in Kultur ihre Morphologie verdndern
und eine polare Form annehmen, die dem Migrationsphénotypen von immunoreaktiven
Leukozyten entspricht und essenziell fiir die Wanderung dieser Zellen ist (Abbildung 3
B, D). Die kultivierten CD34" Zellen bilden am vorderen Ende eine Leitfront aus, die so
genannte leading edge, und am Hinterende einen Ausldufer, der als Uropod bezeichnet
wird (Giebel et al., 2004). Neben der morphologischen Veridnderung kommt es bei
dieser Polarisierung zur Umverteilung verschiedener Oberflichenmarker. So konnten

wir zeigen, dass neben den aus immunoreaktiven Leukozyten bekannten
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Uropodmarkern CD43, CD44, CD50 und CD54 auch der Stammzellmarker CD133
(Prominin-1) nach Polarisierung der CD34" Zellen spezifisch im Uropod lokalisiert
wird (Abbildung 3 B). Andere Marker wie der Chemokin-Rezeptor CXCR4 oder das
Gangliosid GM3 werden - ebenfalls immunoreaktiven Leukozyten entsprechend - stark
in der leading edge angereichert. Mit CD34 und CD45 fanden wir Beispiele fiir
Molekiile, die in kultivierten CD34" Zellen nicht polarisiert, sondern gleichmiBig auf

der gesamten Zelloberfldche verteilt vorliegen (Giebel et al., 2004).

Abbildung 3 Frisch isolierte CD34" Zellen sind klein und rund und weisen keine
Anzeichen einer Zellpolaritdt auf (4, C). In Kultur werden sie grofser
und erlangen eine polarisierte Morphologie. Einhergehend mit
dieser morphologischen Polarisierung werden verschiedene
Zelloberfldchenantigene, wie hier am Beispiel des Stammzellmarkers

CD133 gezeigt (rote Fdrbung) umverteilt (entnommen aus Giebel et
al., 2004).

2.4 Polarititsmarker in mitotischen HSZ/HVZ
(Beckmann et al., 2006)

In weiterfiihrenden Arbeiten untersuchten wir die Verteilung der identifizierten
Polaritdtsmarker in sich teilenden Zellen und fanden, dass CD43, CD44, CD50 und

CD54 wie auch CD133 in der Teilungsfurche und spéter in der zytoplasmatischen
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Verbindung der beiden entstehenden Tochterzellen, dem so genannten Midbody,
angereichert werden (Beckmann et al., 2007). Den Chemokin-Reszeptor CXCR4 fanden
wir hingegen im Cortex der Zellen angereichert. Auch wenn diese Daten belegen, dass
sich teilende CD34" Zellen polarisiert sind, fanden wir in den untersuchten mitotischen
CD34" Zellen keine Hinweise, die auf eine asymmetrische Verteilung eines dieser
Markerproteine hindeuteten. Wir folgerten, dass sich CD34" Zellen zumindest unter den
von uns verwendeten Bedingungen nicht asymmetrisch teilen oder andere Proteine

existieren, die asymmetrisch verteilt werden (Beckmann et al., 2007).

Wie bereits unter 2.1 beschrieben spaltet sich die Population frisch isolierter
CD34'CD133" Zellen nach Einsetzen der Zellteilungsaktivitit in eine CD34'CD133"
und eine CD34'CD133""" Population auf, wobei der Anteil der CD34'CD133"""
Zellen mit steigender Kulturdauer immer grofer wird (Beckmann et al., 2007; Giebel et
al., 2006). Prinzipiell passt diese Kinetik zu einem Modell, nach dem sich 20-30% aller
CD34'CD133" Zellen asymmetrisch teilen und eine der beiden jeweils entstehenden
Tochterzellen CD133 dauerhaft verliert, wihrend die andere Tochterzelle und ihre
Nachkommen zumindest bis zur néchsten asymmetrischen Zellteilung CD133 positiv
bleiben. Auch wenn CD133 selbst nicht asymmetrisch verteilt wird, konnte diesem
Modell zur Folge jedes Molekiil, dessen Expression einer entsprechenden Kinetik folgt,
einen Marker fiir asymmetrische Zellteilungen darstellen (Beckmann et al., 2007). Zur
Identifizierung von Kandidaten mit solchen Kinetiken haben wir die Expression
verschiedener Antigene in kultivierten CD34" Zellen analysiert und fanden wie in
Abbildung 4 dargestellt, dass die Tetraspanine CD53 und CD63, der Transferrinrezeptor
CD71 und L-Selectin (CD62L) entsprechenden Kinetiken folgen (Beckmann et al.,

2007).
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Abbildung 4  Durchflusszytometrische Darstellung von kulivierten mononukledren
Zellen aus dem Nabelschnurrestblut, die fiir drei Tage kultiviert und
anschliefsend mit verschiedenen fluoreszensmarkierten Antikérpern
gefdrbt worden sind. Durch Darstellung der CD34 Expressions-
starke gegen die Granularitdit ldsst sich sehr gut die Population der
CD34" Zellen (CD34 pos) von den CD34" Zellen diskriminieren (1.
Plot links oben), erstere sind durchgdngig blau markiert (rot:
Lymphozyten, griin Monozyten). Im 2. Plot der oberen Reihe ist die
Grofe der CD34" Zellen gegen deren Granularitit aufgetragen. In
allen folgenden Plots, werden variierende Fluoreszenzen mit der von
CD133 dargestellt, fiir alle gemessenen Zellen (ungated) bzw. nur
fiir die CD34" Zellen. Hierbei wird in der oberen Reihe die Isotyp-
Kontrolle gezeigt. Im Weiteren wird CD38 als bekannter Unter-
scheidungsmarker  fiir reifere und primitivere CD34" Zellen
dargestellt. CD47 dient als Beispiel fiir Oberfldchenantigene, die auf
allen CD34" Zellen in etwa gleich stark exprimiert werden. Die
Marker CD33 und CDG62L sind deutlich vermehrt auf den CD34"
Zellen zu finden, die mehr CD133 exprimieren, wihrend CD63 und
CD71 stirker auf den CD34"CDI133""" Zellen exprimiert werden
(modifiziert aus Beckmann et al., 2007).
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Subzelluldre Lokalisierungsexperimente zeigten, dass CD62L an der Spitze von
Uropoden angereichert wird, wihrend CD53 und CD63 in vesikuldren Strukturen in
einer bis dahin noch nicht beschriebenen Region an der Basis von Uropoden zu finden
sind. Hier fanden wir auch eine hohe, vesikuldre Anreicherung von CD71, das
ansonsten auf der gesamten Membran verteilt vorliegt. Durch Zugabe von Antikdrpern
zu lebenden Zellen als auch durch intrazelluldre Farbungen konnten wir nachweisen,
dass es sich bei den vesikuldren Strukturen um sich bildende und ins Innere der Zellen

abknospende Endosomen handelt (Beckmann et al., 2007).

SchlieBlich analysierten wir die subzelluldre Expression der vier identifizierten Proteine
in sich teilenden CD34°CD133" Zellen und fanden, dass in ca. 20% aller analysierten
Mitosen diese Marker asymmetrisch segregieren (Abbildung 5). Somit konnten wir
zeigen, dass sich primitive humane hdmatopoietische Zellen in der Tat asymmetrisch
teilen konnen (Beckmann et al., 2007). Bemerkenswert ist, dass die ermittelte Frequenz
in etwa der entspricht, mit der sich Tochterzellen von primitiven hd@matopoietischen
Zellen unterschiedlich entwickeln. Somit ldsst sich vermuten, dass sich die
beschriebenen Unterschiede in den Zellschicksalen analysierter Tochterzellen in der Tat

durch asymmetrische Zellteilungen manifestieren.

In diesem Zusammenhang fanden wir auch, dass die asymmetrisch segregierenden
Marker in Kombination mit CD133 verwendet werden konnen, um primitivere von

reiferen kultivierten CD34" Zellen zu trennen (Beckmann et al., 2007).
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Abbildung 5 Beispiel fiir eine sich asymmetrisch teilende CD34 CD133" Zelle; A:
Durchlicht, B: CD62L; C: DAPI, D: CDI133, E: Durchlicht mit
CD62L und CDI33, F: CD62L und CDI133. Wihrend CDG62L
eindeutig asymmetrisch verteilt ist, ist CDI33 stark in der

Teilungsebene angereichert.

2.5 Mechanistische Analysen zur Entscheidung Selbsterneuerung versus

Differenzierung

(von Levetzow et al., 2006; Schneider et al., 2004; Bracker et al., 2006;
Feldhahn et al., 2007)

Zur Analyse der molekularen Mechanismen, welche die Entscheidung Selbsterneuerung
versus Differenzierung steuern, haben wir uns im Rahmen eines weiteren Teilprojekts
entschieden, verschiedene Gene zunéchst tiberzuexprimieren. Aufgrund der eigenen

Erfahrung aus Drosophila und Morbus Hodgkin Studien und der wichtigen Bedeutung
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fuir den Selbsterhalt primitiver hédmatopoietischer Zellen haben wir spezielle
Komponenten des Notch-Signalwegs und verschiedene Transkriptionsfaktoren
ausgewdhlt (Giebel, 1999; Giebel and Campos-Ortega, 1997; Giebel et al., 1997; Hinz
et al., 1994; Schneider et al., 2004). Als Grundlage fiir solche Experimente benétigten
wir effiziente Transfektionstechniken, die es zundchst in unserer Arbeitsgruppe zu
etablieren galt. Hierzu wéhlten wir zum einen die Methode der Nukleofektion, die wir
fiir unsere Zwecke optimierten und mit der wir CD34" Zellen effizient und transient
transfizieren konnen, ohne ihr Schicksal alleine durch die Methode selbst nennenswert
zu modifizieren (Giebel et al.,, 2004; von Levetzow et al.,, 2006). Fiir stabile
Transfektionen wihlten wir eine auf Lentiviren basierende Technik, die wir mit
Unterstiitzung von Prof. Helmut Hanenberg in unserer Arbeitsgruppe etablieren

konnten.

Zur Identifizierung neuer Transkriptionsfaktoren, die in der frithen Hamatopoiese eine
entscheidende Rolle spielen konnten, fithrten wir in Kollaboration mit Prof. Thor
Lemischka und Dr. Natalia Ivanova (Princeton University) sowie mit Prof. Thomas
Moritz, PD. Jirgen Thomale und PD. Ludger Klein-Hitpass (Universitatsklinikum
Essen) komplexe Genexpressionsanalysen durch, von denen letztere in Zusammenhang
mit der Analyse von DNA-Reperaturmechanismen verdffentlicht worden sind (Bracker

et al., 20006).

Bislang haben wir die kodierenden Regionen verschiedener identifizierter
Transkriptionsfaktoren in den von uns verwendeten lentiviralen Vektor kloniert. Mit
einem dieser erhaltenen lentiviralen Plasmide, das die kodierende Region des
Transkriptionsfaktors ID2 enthilt, haben wir erfolgreich leukédmische Zelllinien stabil
transfizieren konnen, die dann von der Gruppe um Prof. Markus Miischen ndher

charakterisiert wurden (Feldhahn et al., 2007).
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Derzeit analysieren wir Effekte nach Uberexpression solcher Transkriptionsfaktoren in
CD34" Zellen. Unseren vorliufigen Daten zur Folge konnten wir in der Tat neue
Transkriptionsfaktoren identifizieren, deren Aktivitit CD34" Zellen in einem

primitiveren Zustand halt.
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3 Zusammenfassung

Zur Aufrechterhaltung der Blutbildung miissen sich hidmatopoietische Stammzellen
sowohl selbst erneuern als auch Zellen hervorbringen, die sich in ihrem weiteren
Entwicklungsverlauf in  Zellen der unterschiedlichen  hdmatopoietischen
Entwicklungslinien differenzieren. Die Entscheidung, ob entsprechende Tochterzellen
als Stammzellen erhalten bleiben oder heranreifen, muss hierbei genau kontrolliert
werden. In unseren Studien fanden wir, dass sehr frithe hdmatopoietische Zellen héaufig
Tochterzellen hervorbringen, die sich unterschiedlich entwickeln. Wéhrend die eine
Tochterzelle das Schicksal der Mutterzelle ibernimmt, reduziert sich das
Entwicklungspotential der anderen Tochterzelle. Diese Befunde lassen sich gut durch
das Modell der asymmetrischen Zellteilung erkldaren, nachdem durch die
Ungleichverteilung von als Zellschicksalsdeterminanten fungierenden Molekiilen nur
eine Tochterzelle als Stammzelle erhalten bleibt. Da solche Zellschicksalsunterschiede
theoretisch auch erst postmitotisch etabliert werden konnten, haben wir nach
konkreteren Hinweisen fiir asymmetrische Zellteilungen im frithen hdmatopoietischen

Kompartiment gesucht.

Ausgehend von der Erkenntnis, dass sich asymmetrisch teilende Zellen in
Modellorganismen polarisiert sind, tiber die Zellpolaritét in frithen hdmatopoietischen
Zellen zu Beginn unserer Arbeiten aber so gut wie nichts bekannt war, haben wir diese
zundchst untersucht. In unseren Studien konnten wir zeigen, dass frithe, anfangs nicht-
polar erscheinende hidmatopoietische Zellen nach kurzzeitiger Kultivierung einen fiir
thre Wanderung erforderlichen, polaren Migrationsphidnotyp annehmen und

verschiedene  Oberfldchenantigene umverteilen. In  diesem  Zusammenhang
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qualifizierten wir den Stammzellmarker CD133 (Prominin-1) als Uropodmarker frither

hidmatopoietischer Zellen.

In unseren weiterfithrenden Untersuchungen fanden wir, dass sich CD133 und andere
untersuchte Uropodmarker in mitotischen Zellen stets in der Teilungsfurche anreichern
bzw. in der als Midbody bezeichneten Zytoplasmabriicke, welche die entstehenden
Tochterzellen verbindet. Da wir keine mitotische Zelle fanden, in denen diese Marker
asymmetrisch verteilt waren, setzten wir unsere Suche nach asymmetrisch
segregierenden Molekiilen fort. Unter Verwendung eines auf Durchflusszytometrie
basierenden Versuchsansatzes konnten wir Oberfldchenantigene identifizieren, deren
Expression einer Kinetik folgt, wie wir sie fiir asymmetrisch segregierende Molekiile
postuliert haben. Immunohistochemische Analysen zeigten, dass in der Tat in ca. 20%
der sich teilenden frithen hédmatopoietischen Zellen die identifizierten Antigene, L-
Selektin, der Transferrinrezeptor und die Tetraspanine, CD53 und CD63, asymmetrisch
verteilt werden. Somit konnten wir erstmals nachweisen, dass sich primitive

hidmatopoietische Zellen in der Tat asymmetrisch teilen konnen.

Unsere neueren Arbeiten werden dazu beitragen, molekularbiologische Mechanismen
aufzukldren, welche die Entscheidung Selbsterneuerung versus Differenzierung
primitiver hématopoietischer Zellen steuern. Hierbei konzentrieren wir uns im
Wesentlichen auf Transkriptionsfaktoren und ausgewéhlte Mediatoren des Notch-
Signaltransduktionsweges. Neben der Selektion spezifischer Kandidaten durch
komplexe Expressionsanalysen haben wir uns bereits eine technische Plattform zur
Manipulation primérer, humaner hé&matpoietischer Stamm- und Vorlduferzellen

geschaffen.
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STEM CELLS IN HEMATOLOGY

Primitive human hematopoietic cells give rise to differentially specified daughter
cells upon their initial cell division

Bernd Giebel, Tao Zhang, Julia Beckmann, Jan Spanholtz, Peter Wernet, Anthony D. Ho, and Michael Punzel

It is often predicted that stem cells divide
asymmetrically, creating a daughter cell
that maintains the stem-cell capacity, and
1 daughter cell committed to differentia-
tion. While asymmetric stem-cell divi-
sions have been proven to occur in model
organisms (eg, in Drosophila), it remains
illusive whether primitive hematopoietic
cells in mammals actually can divide
asymmetrically. In our experiments we
have challenged this question and ana-
lyzed the developmental capacity of sepa-

rated offspring of primitive human hema-
topoietic cells at a single-cell level. We
show for the first time that the vast major-
ity of the most primitive, in vitro—detect-
able human hematopoietic cells give rise
to daughter cells adopting different cell
fates; 1 inheriting the developmental ca-
pacity of the mother cell, and 1 becoming
more specified. In contrast, approximately
half of the committed progenitor cells
studied gave rise to daughter cells, both
of which adopted the cell fate of their

mother. Although our data are compatible
with the model of asymmetric cell divi-
sion, other mechanisms of cell fate speci-
fication are discussed. In addition, we
describe a novel human hematopoietic
progenitor cell that has the capacity to
form natural killer (NK) cells as well as
macrophages, but not cells of other my-
eloid lineages. (Blood. 2006;107:
2146-2152)

© 2006 by The American Society of Hematology

Introduction

Somatic stem cells are defined as undifferentiated cells, which can
self-renew over a long period of time and give rise to progenitor
cells that are committed to differentiation upon their further
development. Since both an uncontrolled expansion as well as loss
of stem cells would be fatal for multicellular organisms, the
decision of self-renewal versus differentiation needs to be tightly
controlled. Therefore, a key question in stem-cell biology is how
and which mechanisms govern this decision.

Hematopoietic stem cells (HSCs) are the most investigated
mammalian stem cells. More than 30 years of clinical experience as
well as experiments with animals demonstrated that neonatal and
adult HSCs retain the ability to reconstitute the hematopoietic
systems of patients after myeloablative treatment.! Therefore, an
important feature of HSCs is the capacity to replenish all lineages
of mature blood cells. Beside this, they also have the potential to
expand in vivo as revealed by sequential transplantation experi-
ments using limiting numbers of mouse HSCs to reconstitute the
hematopoietic systems of primary and secondary lethally irradiated
hosts.>* However, although HSCs can be maintained in vitro in
close contact to adequate stroma cells,*® no evaluated in vitro
condition has been reported so far, which supports the expansion of
these cells over a period of several weeks. These findings demonstrate
that the surrounding environment has a major influence on the cell fate
of HSCs and their daughter cells. In this context, it was recently shown
that by participating in the formation of special HSC-supporting niches,
osteoblasts regulate the size of the HSC pool in vivo.*!!

In addition to data supporting a hematopoietic stem-cell
niche model, results of further studies suggest that cells of
the hematopoietic stem- and progenitor-cell compartments
are able to divide asymmetrically. In an initial set of experi-
ments Ogawa’s group analyzed the differentiation of murine
and human hematopoietic progenitor cells (HPCs). After separa-
tion of paired-progenitor cells they cultured these cells individu-
ally and observed that in some cases siblings gave rise to
colonies that significantly differed from each other (ie, they
gave rise to different cell lineages and/or to colonies of different
sizes).!>14 Recently, some evidence for the occurrence of
asymmetric cell division of mouse HSCs was provided in a
transplantation model.!>-16

In studies using human HSC-enriched cells of the CD34*CD38~
fraction we and others have shown that CD34*CD38" cells are
heterogeneous in respect to their function and their proliferation
kinetics (ie, the proliferation rate of more primitive cells is lower
than that of committed ones).!”"!° Furthermore, it was observed that
approximately 30% of the CD347CD38~ cells gave rise to
daughter cells with heterogeneous proliferation kinetics, perhaps
the result of an asymmetric cell division.!719:20

To increase the evidence for the occurrence of asymmetric cell
divisions within the most primitive in vitro—detectable hematopoi-
etic cell compartment we have separated the progenies of HSC
candidates by micromanipulation and analyzed their developmen-
tal potential in primitive human progenitor assays.

From the Institute for Transplantation Diagnostics and Cellular Therapeutics,
Heinrich-Heine-University Dusseldorf, Germany; Department of Medicine V,
Ruprecht-Karls University of Heidelberg, Germany; and Cancer Center Union
Hospital, Huazhong University of Science and Technology Wuhan, People’s
Republic of China.

Submitted August 5, 2005; accepted October 15, 2005. Prepublished online as
Blood First Edition Paper, October 25, 2005; DOI 10.1182/blood-2005-08-3139.

Supported by grants from the Deutsche Forschungsgemeinschaft (SPP1109

Gl 336/1-2 to B.G. and PW,; HO 914/2-1 to AD.H.), from the
Forschungskommission of the HHU-Dusseldorf (B.G., M.P.), and from the

2146

Faculty Research Program of the University of Heidelberg (F203532 to M.P.).
B.G. and T.Z. contributed equally to this work.

Reprints: Michael Punzel or Bernd Giebel, Institute for Transplantation
Diagnostics and Cell Therapeutics, Heinrich-Heine-University Disseldorf,
D-40225 Disseldorf, Germany; e-mail: punzel@itz.uni-duesseldorf.de or
giebel @itz.uni-duesseldorf.de.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 U.S.C. section 1734.

© 2006 by The American Society of Hematology

BLOOD, 1 MARCH 2006 - VOLUME 107, NUMBER 5

38



BLOOD, 1 MARCH 2006 - VOLUME 107, NUMBER 5

Materials and methods

Cell source and preparation

Human umbilical cord blood (CB) was obtained from the umbilical vein
after delivery of the placenta from mothers after informed consent
according to the Declaration of Helsinki. Approval for CB was obtained
from the Paul-Ehrlich Institute. Mononuclear cells were isolated from
individual sources by Ficoll (Biocoll Separating Solution; Biochrom AG,
Berlin, Germany) density gradient centrifugation. CD34" cells were
isolated by magnetic cell separation using the MidiMacs technique
according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch
Gladbach, Germany).

Immunofluorescence

For the proliferation kinetics, freshly isolated CD34% cells were stained
with PKH2 (Sigma-Aldrich Chemie, Taufkirchen, Germany) as described
previously.'? Before the cells were analyzed by flow cytometry they were
stained with AC133-phycoerythrin (PE; Miltenyi Biotec) and anti-CD34—
PE/Cytochrome 5 (PCy5) antibodies (BD PharMingen, Heidelberg, Ger-
many). Flow cytometric analyses were performed on a Cytomics FC 500
flow cytometer equipped with the RXP software (Beckman Coulter,
Krefeld, Germany).

For functional analysis CD34*-enriched cells were stained with anti-
CD34-PE (BD PharMingen) and anti-CD38-allophycocyanin (APC; BD
PharMingen) antibodies. Individual CD34*CD38 cells were sorted into
96-well plates (NUNC, Roskilde, Denmark) using the Automated Cell
Deposition Unit (ACDU) on a FACSvantage-SE flow cytometry system
(BD Immunosystems, Heidelberg, Germany) equipped with an Apple G3
Power computer (Palo Alto, CA). To ensure that only a single cell was
deposited, the ACDU was set up in a low-event “through-put” (200-500
events/second).

Cell culture (bulk proliferation assays)

Freshly enriched and PKH2-stained CD34% cells were cultured in a
humidified atmosphere at 37°C and 5% CO, at a density of approximately
1 X 10° cells/mL in serum containing tissue-culture medium (Myelocult
H5100; Stemcell Technologies, Vancouver, BC, Canada) supplemented
with 1000 U/mL penicillin and 100 U/mL streptomycin (Invitrogen,
Karlsruhe, Germany) in the presence of early-acting (recombinant human
fetal liver tyrosine kinase 3 ligand [rthFLT3L], recombinant human stem-
cell factor [rhSCF], and recombinant human thrombopoietin [rhTPO], each
at 10 ng/mL final concentration; PeproTech, Rocky Hill, NJ) or late-acting
cytokines (10 ng/mL recombinant human interleukin-3 [rhIL-3], 500 U/mL
rhIL-6, 10 ng/mL recombinant human granulocyte-macrophage colony-
stimulating factor [rhGM-CSF], 2.5 ng/mL recombinant human basic
fibroblast growth factor [rh-bFGF],10 ng/mL recombinant human insulin-
like growth factor-1 [rhILGF; all Cell Systems, St Katharinen, Germany],
2.5 U/mL recombinant human erythropoietin [rhEpo; Roche Diagnostics,
Mannheim, Germany], and 50 ng/mL rhSCF [R&D Systems, Minneapolis,
MN]), respectively.

Functional assays (single-cell experiments)

Individual sorted CD34*CD38~ cells were cultured for 10 days in
Myelocult (Cell Systems) supplemented with 10 ng/mL rhIL-3, 500 U/mL
rhIL-6, 10 ng/mL thGM-CSF, 2.5 ng/mL rhbFGF, 10 ng/mL rhILGF (all
Cell Systems), 2.5 U/mL rhEpo (Roche), 50 ng/mL rhSCF (R&D Systems),
1000 U/mL penicillin, and 100 U/mL streptomycin (Invitrogen) as de-
scribed before.!?

Before cell deposition the 96-well plates (Nunc) were precoated with
bovine serum albumin (BSA) as described previously,'*?! and each well
was subsequently filled with 150 pL culture medium as described. After
single-cell deposition, cells were maintained in a humidified atmosphere at
37°C and 5% CO, and fed every 48 hours with fresh medium. The
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proliferation of each cell was determined by light microscopy every 12 to
24 hours.

Immediately after single cells divided, the corresponding daughter cells
were separated using a customized micromanipulation-system (Nikon-
Germany, Diisseldorf, Germany) and individually transferred into the
myeloid-lymphoid—initiating cell (ML-IC) assay.

ML-IC assay

This readout assay was described extensively in our previous reports.'%2!
Briefly, separated daughter cells were individually deposited into 96-well
plates (Nunc) containing a confluent, irradiated AFT024 feeder-cell layer.
After 2 weeks of culture in a humidified atmosphere at 37°C and 5% CO, in
RPMI-medium containing 20% fetal bovine serum supplemented with 10
ng/mL rhFLT3L, 10 ng/mL rhSCF, 10 ng rhIL-7, and 10 ng/mL rhTPO (all
Cell Systems), the content of each well was harvested by trypsination and
split into 4 equal fractions. As described before, 2 fractions were transferred
into duplicates of the lymphoid natural killer initiating cell (NK-IC) readout
assay;?1?? the other 2 fractions were transferred into duplicates of the
myeloid LTC-IC assay.'?!

Culture conditions in readout assays

Lymphoid differentiation readout (NK-IC assay). Transferred cells were
cocultured with the murine cell line AFT024 in Dulbecco modified Eagle
medium (DMEM) and Ham F12-medium (Invitrogen) mixed in a 2:1
(vol/vol) relation containing 20% heat-inactivated human AB serum
(Cambrex, Taufkirchen, Germany), ascorbic acid (20 mg/mL; Invitrogen),
selenium selenite (50 wM; Invitrogen), 2-mercaptoethanol (25 wM), and
ethanolamine (50 wM; Invitrogen). The following cytokines were added to
these cultures: rhIL-2 (1000 U/mL), rhIL-3 (5 ng/mL), rhIL-7 (20 ng/mL),
rhSCF (10 ng/mL), and rhFIt3L (10 ng/mL). At weekly intervals half-media
exchanges were performed using 10% instead of 20% human AB serum.
Starting at week 2, the only cytokine added to the cultures was rhIL-2. After
5 to 7 weeks of culture, wells containing viable cells were harvested and
cells were analyzed flow cytometrically using antibodies recognizing the
NK cell-specific antigens CD16 and CD56 as well as CD3.

Confirming previous studies from our group and others the cells arising
in the NK-IC assay express the NK cell-specific antigens CD16 and CD56
and are negative for the T-cell marker CD3. As such cells are able to kill
cells of the commonly used NK cell target cell line K562, they are
considered as functional NK cells.!*2!-24 In agreement with this assump-
tion, we found in our ongoing experiments that the arising cells express
additional NK cell-specific antigens like NKp30/NKp44/NKp46 and
NKG2A/CD9%4 as well as different killer immunoglobulin-like receptor
(KIR) transcripts (M.P. and M. Uhrberg, manuscript in preparation).

Mpyeloid differentiation readout (LTC-IC assay). Transferred cells
were cocultured with the murine cell line AFT024 in Iscove modified
Dulbecco medium (IMDM; Invitrogen) supplemented with 12.5% fetal calf
serum (FCS), 12.5% horse serum (Cell Systems), 2 mM L-glutamine
(Invitrogen), 1000 U/mL penicillin, 100 U/mL streptomycin (Invitrogen),
and 107% M hydrocortisone. Cultures were maintained for 5 weeks in a
humidified atmosphere at 37°C and 5% CO, and fed once a week. At week 5
all wells were overlaid with clonogenic methylcellulose medium (Methyl-
cellulose [Fluka, Buchs, Switzerland] in a final concentration of 1.12%
containing IMDM and supplemented with 30% FCS, 3 U/mL erythropoi-
etin [Cell Systems], and supernatant of the bladder carcinoma cell line 5637
[10%]). Wells were scored for the occurrence of secondary colony-forming
cells (CFCs) after an additional 2 weeks. As the initially deposited cells and
their offspring were cultured for more than 8 weeks before reading out the
secondary colony-forming cells as LTC-ICs, our myeloid readout reflects
more primitive myeloid progenitors than those detected in conventional
LTC-IC assays.

Statistics

Experimental results from different experiments were reported as mean =+
standard deviation of the mean (SD). Significance analyses were performed
with the paired Student ¢ test.
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Results
Experimental design

We and others have demonstrated that primitive human hematopoi-
etic cells give rise to daughter cells following different proliferation
kinetics.!”1920 However, the cell fate of primitive hematopoietic
cell siblings has not been analyzed at the single-cell level until now.
Therefore, we decided to determine the developmental capacity of
arising daughter cells individually. Because it is challenging to
identify a single human primitive hematopoietic cell and subse-
quently separate its offspring, we compared the effect of 2 different
culture conditions on the proliferation kinetics of primitive hemato-
poietic cells in bulk experiments first. For these analyses we
assessed effects of 2 distinct cytokine cocktails, which we have
successfully applied in our previous analysis,'>?* 1 cocktail
containing late-acting cytokines (LACs), and the other consisting
of early-acting cytokines (EAC; ie, SCF, FLT3L, and TPO). The
latter cocktail has been shown to be particularly effective in
maintaining and slightly expanding human HSCs in suspension
cultures up to 7 days.?>?’ In order to compare the data presented
here with our former results we performed our experiments in
Dexter-type cultures.

Proliferation kinetics of primitive hematopoietic cells under
different cytokine conditions

Isolated CD34* cells (89.9% * 5.9% purity; n = 3) were labeled
with the fluorescent dye PKH2 and cultured up to a week in serum
containing media supplemented either with EACs or LACs.
Starting at day 3 cultured cells from individual aliquots were
harvested every other day and simultaneously counterstained with
antibodies recognizing the human stem-cell surrogate markers
CD34 and CD133.28%
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By analyzing the influence of the culture conditions on CD34*
cells we observed that under both conditions cells increase in size
and granularity (Figure 1A). Cells cultured in the presence of LACs
expand more (45.2-fold = 17.7-fold at day 5 compared with day 0;
n = 3) than in the presence of EACs (14.7-fold * 5.6-fold at day 5
compared with day 0; n = 3). Under both conditions most cells
remain CD34" until day 5 (Figure 1B) (LACs, 61.4% = 20.2%;
n = 3; EACs, 85.5% = 10.4%; n = 3), while the percentage of
CD133*% cells decreases over time (Figure 1B) (LACs,
14.6% = 6.7%; n = 3; EACs, 33.0% % 52%; n =3 at day 5).
However, the absolute numbers of CD133" cells increase under
both conditions (LACs, 8.6-fold = 1.0-fold; n = 3; EACs, 5.4-
fold = 1.0-fold at day 5 compared with day 0; n = 3).

In addition, we show that under both conditions the average of
the newly detected CD347CD133" cells is less positive for PKH2
than CD34*CDI133" cells, suggesting that most arising
CD34%CD133~ cells have had a higher proliferation rate than the
CD34*CD133" cells (Figure 1C). Regarding their PKH2 staining,
the LAC-stimulated CD34*CD133 cell fraction is more heteroge-
neous than the corresponding EAC-stimulated fraction (Figure
1C), suggesting that EACs stimulate proliferation of CD34+*CD133*
cells more homogeneously than LAC conditions. Within the
LAC-stimulated fraction we observed more remaining PKHPright
CD34*CD133" cells than in the EAC-stimulated fraction (at day 5:
LAGCs, 47.7% = 24.1%; EACs, 39.4% = 28.3% of the initially
cultured PKHM ¢ CD34+*CD133" cells, n = 3, P = .05; Figure
1C). Remarkably, the PKH™¢" fraction of LAC-stimulated cells
contain less CD133~ cells than the EAC-stimulated fraction,
resulting in a sharp contrast of PKH¢"" CD34*CD133* versus
PKH* CD347CD133~ cells within the LAC-stimulated fraction
(Figure 1C).

According to our previous results primitive hematopoietic cells
cultured under LAC conditions get highly enriched in the PKHPright
or the so-called slow dividing fraction.!>>* This is most likely due
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to the fact that the most primitive hematopoietic cells do not
immediately respond to LACs and therefore remain quiescent for
the first few days under LAC conditions. Since the vast majority of
the CD34+ cells get activated under EAC conditions and show
similar cell division kinetics, the LAC conditions provide an
opportunity to discriminate between primitive and more mature
CD34% cells according to just the way they initiate their cell
division. Therefore, we concluded that LAC conditions were more
suitable for our intended single-cell studies on primitive hematopoi-
etic cells than EAC conditions.

Our conclusion was additionally supported by the finding that
the percentage of the stem-cell surrogate marker CD133 within the
slow dividing fraction (PKH"¢" cells) was significantly higher
under LAC than under EAC conditions (at day 5: LAC,
61.1% = 3.1%; EAC, 50.3% * 3.9%;n = 3, P = .005).

Proliferation of individual primitive human hematopoietic cells

Due to the fact that freshly isolated CD347 cells express similar
amounts of CD133 (Figure 1B) and with the necessity to enrich the
most primitive hematopoietic cells as much as possible, we decided
to perform our single-cell analyses with CD34*CD38~ cells.

In 4 independent experiments we sorted a total of 176 single
CD34+CD38~ cells per experiment into individual wells of
96-well plates. To determine the deposition frequency we analyzed
each well 12 hours after finishing the sorting procedure by
bright-field microscopy. We recovered a total of 556 single
deposited cells, which corresponds to a deposition frequency of
79.0% = 4.0%.

In previous experiments under LAC conditions, the most
primitive hematopoietic cells remained quiescent for up to 5 days
and underwent their first in vitro cell division between day 5 and
day 10 after deposition.!” Therefore, we tracked the division
process of each single cell within the first 10 days and grouped
them into 3 different categories as shown in Table 1: (1) category I
indicates cells that divided before day 5 (59% = 12%); (2)
category II, cells that performed their first cell division between
day 5 and day 10 (31% = 11%); and (3) category III, cells which
did not perform any cell division within the first 10 days of culture
(10% = 4%).

Analyses of the developmental potential of individually
separated daughter cells

According to our focus on the most primitive human hematopoietic
cells we only included cells from category II for the micromanipu-
lation-based daughter cell analyses. Within 24 hours after perform-
ing their initial cell division, emerging daughter cells of category II
cells were separated by micromanipulation and individually trans-
ferred into expansion cultures containing the murine fetal liver—
derived stromal cell line AFT024.2' As shown in Figure 2, the
expansion cultures were harvested after 2 weeks and split into 4
separate aliquots, which were transferred into secondary readout
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Figure 2. Experimental setup. Individual CD34*CD38" cells were deposited by
fluorescent cell sorting into 96-well plates (1 cell/well), and observed at half-daily
intervals. Initially deposited cells that performed their initial cell division between
culture days 5 and 10 (category Il) were considered for further analyses. Shortly after
the first cell division, the arising daughter cells were separated by micromanipulation
and individually transferred into secondary plates containing irradiated AFT024 cells
as a stromal feeder. After 2 weeks of expansion the entire progeny of each individual
daughter cell was split into 4 aliquots and transferred in equal amounts (in duplicates)
into primitive myeloid (LTC-IC) or primitive lymphoid (NK-IC) readout assays,
respectively. After an additional 7 weeks the assays were analyzed as described in
“Materials and methods.” Originally deposited cells as well as singularized daughter
cells that had both LTC-IC as well as NK-IC capacity were retrospectively considered
ML-ICs.?!

systems: 2 into primitive myeloid assays (LTC-IC) and 2 into
primitive lymphoid assays (NK-IC). This enabled us to determine
whether initially deposited cells gave rise to primitive progeny in
any of the functional assays.

As shown in Table 2 we formed 3 groups, discriminating
initially deposited cells which gave rise to (1) 2 colony forming
daughter cells (category Ila; 55 pairs of daughter cells); (2) those in
which only 1 daughter cell formed colonies (category IIb; 21 pairs);
and (3) the ones in which none of the daughter cells formed any
colonies (category Ilc; 101 pairs).

Category Ila and IIb cells, 76 cells in total, were further
subgrouped regarding to the cell fate adopted by the individual
daughter cells (Table 3). We used the following definitions: (1)
initially plated cells that only gave rise to primitive myeloid
hematopoiesis were defined as LTC-ICs; (2) those that gave rise
only to NK cells were defined as NK-ICs; and (3) cells that were
able to generate both LTC-ICs as well as NK-ICs were defined as
ML-ICs, closely related to the most primitive human hematopoietic
compartment.?!

In several cases colonies were found in the LTC-IC assays that
did not fulfill the well-defined morphologic criteria of secondary
colony formation. Since they resembled a macrophage-like morphol-
ogy without clonogenic proliferation we did not categorize them as

Table 1. Categorization of individual CD34+*CD38~ cells according to the occurrence of their initial in vitro cell division under

LAC-stimulated culture conditions

Category I: Category II: Category lll:
Deposited cells first division before day 5 first division days 5-10 first division after day 10
Experiment 1 130 93 26 11
Experiment 2 147 65 63 19
Experiment 3 139 78 54 7
Experiment 4 140 90 34 16
Total cell no. (mean % = SEM) 556 326 (59.0 = 11.7) 177 (31.5 = 11.1) 53 (9.5 = 3.5)

Values in table are total numbers of cells except where indicated.
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Table 2. Categorization of individual CD34+CD38- cells performing their initial in vitro cell division under LAC-stimulated culture

conditions between days 5 and 10

Investigated
daughter cell pairs

Category lla: 2
colony-initiating
daughter cells

Category lib: 1
colony-initiating
daughter cell

Category lic: No
colony-initiating
daughter cells

Experiment 1 26
Experiment 2 63
Experiment 3 54
Experiment 4 34
Total cell no. (mean % = SEM) 177

5

3 1 22
16 5 42
13 7 34
23 8 3
5 (32.2 = 24.5) 21(12.1 = 8.5) 101 (55.8 + 32.7)

Values in table are total numbers of cells except where indicated.

LTC-ICs but as macrophage colony-forming units (CFUs-M).
Remarkably, we found many cases in which individual cells had the
NK-IC capacity and gave rise to CFU-M—forming progeny. To
discriminate these cells from ML-ICs we called them macro-
phage/NK cell-initiating cells (M-NK-ICs).

In total, 15 of the original deposited cells had the ML-IC
capacity; 2 of them transmitted the ML-IC fate to both daughter
cells, and in the remaining cases only 1 of the daughter cells
adopted both, the LTC-IC as well as the NK-IC capacity (Table 4).
Remarkably, in 6 (40%) cases the non—-ML-IC daughter cell gave
rise to NK-ICs and formed macrophage-like colonies in the
LTC-IC assay, demonstrating that viable offspring of the correspond-
ing daughter cells were transferred into the latter assay. These
results suggest that in these cases the first-generation ML-IC
daughter cells contained different developmental capacities. Surpris-
ingly, we never found the constellation in which 1 ML-IC daughter
cell adopted the myeloid and the other 1 the lymphoid potential.

Only 3 of the 76 originally deposited cells were determined
exclusively as LTC-ICs; 2 of them gave rise to daughter cells, both
containing the LTC-IC potential (Table 4). Originally deposited
cells of the newly defined M-NK-IC group transmitted this cell fate
to both daughter cells in 46% of the cases studied, and to only 1
daughter cell in 54% (Table 4). In the latter cases the non—-M-
NK-IC daughter cell died or gave rise to macrophage-like cells in
LTC-IC assays. We never found any daughter cell that had the
NK-IC potential only. Seventeen of the originally deposited cells
had NK-IC potential only, which was transmitted in 7 cases to both
daughter cells; in the remaining 10 cases only 1 of the siblings gave
rise to NK cells in our assays (Table 4). Most of the cells (13 of 17)
that were retrospectively named CFUs-M transmitted this fate to
both daughter cells; in the remaining cases, only 1 daughter cell
gave rise to the macrophage-like cells.

In summary, most of the originally deposited cells, retrospec-
tively determined as ML-ICs, gave rise to daughter cells with
different cell fates. In contrast, siblings of more-committed mother
cells seem to inherit a higher ratio of identical cell fates in our
assays (Table 4).

Discussion

Here, we analyzed primitive human hematopoietic cells in bulk
cultures and at a single-cell level, and report 3 major findings: (1)
we realized that upon cultivation CD34" cells split up into a
CD34*CD133*% and a CD34*CDI133~ fraction; (2) using our
newly established single-cell separation approach we determined
the cell fate of primitive human hematopoietic cells and their
first-generation daughter cells individually and present evidence
for the existence of progenitor cells containing the capacity to form
NK cells and macrophages, but which lack more primitive myeloid

capacities (LTC-ICs); and (3) we demonstrate that the most
primitive ML-ICs have a high tendency (87%) to transmit their cell
fate to only 1 of the arising daughter cells. In contrast, the ratio of
more-committed progenitor cells giving rise to progeny adopting
identical cell fates to those adopting different cell fates is
more balanced.

Although there is increasing evidence that special hematopoi-
etic niches are required to maintain HSCs,>!! it is often suggested
that hematopoietic stem cells can divide asymmetrically to form
another HSC and a more-specified daughter cell.’® The latter
hypothesis is highly supported by the finding that immediate
progeny of primitive hematopoietic progenitor cells often adopt
different cell fates in myeloid readout systems.!>1416:18 However,
as mentioned by Takano and colleagues, due to the lack of an
appropriate assay, the lymphoid potential of separated cells was not
analyzed in these studies.!® In this study we used the ML-IC assay,
a sensitive and efficient assay for the detection of both the myeloid
and lymphoid potentials of individual cells,'®?! and analyzed the
myeloid and lymphoid potentials of progenies of primitive human
hematopoietic cells at the single-cell level.

Supporting our previous data, we found that under LAC
conditions approximately 30% of the deposited CD347CD38~
cells performed their initial cell division between culture day 5 and
10." We were able to determine retrospectively the cell fate of
approximately 45% of the initially deposited cells that performed
their first cell division between culture days 5 and 10. In 55% of the
cases studied none of the separated daughter cells gave rise to any
recognizable colony in our readout systems. Since similar frequen-
cies were obtained in our previous and other studies, in which
nonseparated CD34*CD38~ cells were analyzed in ML-IC as-
says,!%3! we suggest that loss of cells during the micromanipulation
procedure is more or less negligible. The efficiency of our
micromanipulation procedure is additionally supported by the fact
that we obtain similar ML-IC frequencies of nonseparated and
separated CD347CD38~ cells performing their first cell division
under LAC conditions between culture days 5 and 10 (15 [8.5%]
cells of 177) or after day 5 (10.3% * 3.5%),'° respectively.

In this context it should be mentioned that all but 1 initially
deposited cell, which gave rise to only 1 colony-forming daughter
cell, were retrospectively determined to be more mature cells
(M-NK-ICs, NK-ICs, or CFUs-M), suggesting that the non—colony-
forming daughter cell was more committed and terminally differen-
tiated during the long-term culture period.

It is interesting to note that using the ML-IC assay we could
identify a novel human progenitor cell that has not been described
before. This progenitor, which we called M-NK-IC, has the
capability to initiate NK cell development and also gives rise to
macrophages but not to secondary clonogenic myeloid colonies in
LTC-IC assays. Similar to our findings, murine fetal liver but not
adult hematopoietic progenitors have been described as containing
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Table 3. Cell fate classification of initially deposited colony-initiating CD34+CD38~ cells
Category lla and
lib cells ML-ICs LTC-ICs M-NK-ICs NK-ICs CFUs-M

Experiment 1 4 1 0 1 2 0
Experiment 2 21 5 2 5 2 7
Experiment 3 20 4 0 5 8 3
Experiment 4 31 5 1 13 5 7

Total cell no. (mean % * SEM) 76 15 (21.2 * 4.0) 3(3.2 *+ 4.5) 24 (28.9 + 8.7) 17 (28.9 * 19.2) 17 (17.7 + 14.0)

Values in table are total numbers of cells except where indicated.

lymphoid and macrophage potential in short-term murine readout
systems.3>33

According to the prevailing model of hematopoiesis, primitive
hematopoietic cells give rise to common myeloid and common
lymphoid progenitor cells, which have the developmental capacity
to form all myeloid or lymphoid lineages, respectively.>* Because
macrophages belong to the myeloid compartment, the discovery of
progenitors containing the M-NK-IC capacity is not compatible
with this model. In addition, the recent discovery of primitive
hematopoietic cells in mice and humans which contain the
lymphoid potential as well as the capacity to form granulocytes and
macrophages but not cells of the erythromegakaryocytic lineage, is
contrary to this model as well.3>-*’ In this context, Adolfsson and
colleagues offered a so-called composite model in which primitive
hematopoietic cells sequentially lose the capacity to form cells of
the megakaryocyte/erythroid and then of the granulocyte/macro-
phage potential during lymphoid commitment.®> Our findings
together with those of others®23%3% support this hypothesis and
further suggest that next to the megakaryocyte/erythroid potential
the granulocytic developmental capacity is lost during early
lymphoid commitment, leaving cells containing the capacity to
initiate lymphoid and macrophage development.

In previous studies it was found that siblings of primitive
hematopoietic cells often adopt different proliferation kinetics,
whereas more-committed progenitor cells give rise to daughter
cells dividing in a more uniform fashion. Differences in the
proliferation kinetics are often interpreted as a result of an
asymmetric cell division.!71%20 The theory of asymmetric cell
division is further supported by the finding that individual daughter
cells of primitive hematopoietic cells frequently adopt different cell
fates in myeloid progenitor assays.!2'41© However, until now there
was no evidence that the most primitive hematopoietic cells
containing the lymphoid as well as the myeloid developmental
potential give rise to daughter cells adopting different cell fates.
Therefore, we demonstrate here for the first time evidence that the
most primitive, in vitro—detectable hematopoietic cells, the ML-

Table 4. Cell fate classification of separated offspring of initially
deposited colony-initiating CD34+CD38- cells

DC no. 1

DC no. 2 ML-ICs LTC-ICs M-NK-ICs NK-ICs CFUs-M
ML-ICs 2 — — — —
LTC-ICs 3 2 — — —
M-NK-ICs 6 0 11 0 —
NK-ICs 1 1 0 7 —
CFUs-M 2 0 0 13
Dead 1 0 10 4
Identical cell fate, no. (%) 2(13.3) 2(66.7) 11 (45.8) 7 (41.2) 13(76.5)
Different cell fate, no. (%) 13(86.7) 1(33.3) 13(54.2) 10(58.8) 4 (23.5)

The more primitive separated daughter cell is defined as DC no. 1, the other as
DC no. 2. Values in table are total numbers of cells except where indicated.
— indicates not applicable.

ICs, give rise to daughter cells adopting different cell fates, which
could be the result of an asymmetric cell division. In addition, we
provide evidence that offspring of more-committed progenitors
that seem to contain similar proliferation kinetics also give rise to
cells adopting different cell fates in approximately 50% of the cases
studied. These findings demonstrate that proliferation kinetics of
arising daughter cells cannot be interpreted as indication for the
occurrence of asymmetric cell divisions.

Surprisingly, none of the deposited cells gave rise to siblings
that both adopted only partial capacities of their mother cells. In all
cases studied at least 1 of the arising daughter cells took over the
developmental capacity of the mother cell, most likely resembling
the predicted process of self-renewal. Committed progenitors have
a high tendency to expand their cell fate, especially by forming 2
daughter cells containing the same developmental capacity. Cells
of the most primitive compartment, the ML-ICs, have a very low
tendency to transmit their cell fate to both of the arising daughter
cells, which is consistent with the hypothesis that primitive
hematopoietic cells have a high tendency to divide asymmetrically.>

However, can we really conclude from these data that there are
asymmetric cell divisions within the primitive hematopoietic cell
compartment? It depends how we define “asymmetric cell divi-
sion.” If we define it from the point of the adopted cell fate, our data
would fulfill these criteria. If we define asymmetric cell division as
itis used in model organisms such as Drosophila or Caenorhabditis
elegans, in which an asymmetric cell division describes the process
in which 2 qualitatively different cells are formed by the different
distribution of certain factors which might act as cell fate determi-
nants,* our data will not fulfill these criteria. In principle, it could
be that even cells that form daughter cells adopting different cell
fates divide in a symmetric way, giving rise to 2 equally specified
daughter cells. Since the daughter cells in our as well as in other
experiments had the ability to stay in close contact with each other
before they were separated, they could theoretically have influ-
enced each other’s developmental capacity after mitosis. Develop-
mental processes like that are well described. For example, the
Notch-mediated process of lateral inhibition selects a single cell
within a group of equivalent cells to adopt another cell fate than the
remaining cells of that group.**#! As Notch is required to maintain
primitive hematopoietic cells in an undifferentiated state,*? it might
be possible that 1 of the daughter cells activates the Notch signaling
pathway in a process of lateral inhibition in its sister cell, resulting
in the maintenance of the primitive cell fate in only 1 of the 2 cells.

Thus, we summarize that our data and data presented before are
not sufficient to conclude that primitive hematopoietic cells can
indeed divide asymmetrically. To unequivocally demonstrate that
hematopoietic cells can divide asymmetrically, markers need to be
defined which clearly segregate unequally within mitotic cells. We
have learned from model organisms that all cells which divide
asymmetrically are polarized during cell division and localize
certain molecules to distinct regions of the cells, which then get
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transmitted in an unequal way.*® As we recently could show that
several surface molecules, especially CD133, become distributed

GIEBEL et al
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in a localized fashion in cultivated primitive hematopoietic cells,*

it will be interesting to analyze the distribution of these markers in
dividing primitive hematopoietic cells. As we realized that the
more primitive CD347 cells of the slow-dividing fraction specifi-
cally express CD133, it might be possible that upon cell division
CD133 segregates into one of the arising daughter cells, perhaps
confirming the concept of asymmetric cell division within the

primitive hematopoietic cell compartment.
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Abstract

Organization and function of the Notch signaling pathway in Drosophila are best understood with respect to its role in the process of
selection of neural progenitor cells. However, there is evidence that, besides neurogenesis, the Notch signaling pathway is involved in several
other developmental processes, one of which is the selection of muscle progenitor cells. Thus, the number of these cells is increased in
neurogenic mutants, and it has been proposed that muscle progenitor cells are selected from clusters of equivalent cells expressing genes of
the achaete-scute gene complex (AS-C). Here, I present evidence for the participation of additional elements of the Notch signaling pathway
in myogenesis. Gal4 mediated expression of a Notch variant, E(spl) and Hairless shows that the selection of muscle progenitor cells obeys
principles apparently identical to those acting at the selection of neural progenitor cells. © 1999 Elsevier Science Ireland Ltd. All rights

reserved.

Keywords: Neurogenic genes; Proneural genes; Gal4 system; Myogenesis; Drosophila

1. Introduction

Specification of neural progenitor cells in Drosophila, i.e.
neuroblasts and sensory organ mother cells (SMCs),
requires a complex network of interlinked functions
mediated by the products of proneural and neurogenic
genes (see Campos-Ortega, 1993; Ghysen et al., 1993; Jan
and Jan, 1993, for reviews). The neurogenic network acts
during embryogenesis within relatively small groups of
equivalent cells, called proneural clusters, from which indi-
vidual cells are selected. All the cells in these clusters
express initially proneural genes (Cabrera et al. 1987;
Romani et al., 1987; Cabrera, 1990; Martin-Bermudo et
al., 1991), which encode transcriptional activators of the
bHLH family (Villares and Cabrera, 1987; Alonso and
Cabrera, 1988; Gonzilez et al., 1989). Expression becomes
restricted to an individual cell of the cluster, which delami-
nates as neural progenitor cells. This decision process is
controlled by lateral inhibition mediated by the neurogenic
genes. In neurogenic mutants (Lehmann et al., 1983), in
which lateral inhibition is perturbed, expression of achaete,
scute and lethal of scute does not become restricted to indi-

* Present address. Institut fiir Transplantationsdiagnostik und Zellthera-
peutika, Heinrich Heine Universitit, Diisseldorf, Germany. Tel.: +49-211-
81-16793; fax: +49-21-81-16792.

E-mail address: giebel@kmsz.uni-duesseldorf.de (B. Giebel)

vidual cells, but persists in all cells of the proneural cluster
(Brand and Campos-Ortega, 1988; Cabrera, 1990; Skeath
and Carroll, 1992; Ruiz-Gémez and Ghysen, 1993;
Martin-Bermudo et al., 1995). The neurogenic genes can
be ordered in an epistatic chain whose last link is the Enhan-
cer of split complex (E(spL)-C) (de la Concha et al., 1988;
Lieber et al., 1993). Notch, Suppressor of Hairless (Su(H))
and the E(spL)-C participate in the reception and processing
of the regulatory signals, whereas Delta acts as the source of
these signals (Technau and Campos-Ortega, 1987; Heitzler
and Simpson, 1991; Lieber et al., 1993; Rebay et al., 1993;
Struhl et al., 1993; Bailey and Posakony, 1995; Lecourtois
and Schweissguth, 1995). The genes of the E(spL)-C (Knust
et al., 1987a) encode transcription factors of the bHLH
family (Kldmbt et al., 1989; Delidakis and Artavanis-Tsako-
nas, 1992; Knust et al., 1992), which upon Notch-mediated
activation (Jennings et al., 1994; Bailey and Posakony,
1995; Lecourtois and Schweissguth, 1995) suppress the
function of the proneural genes (Oellers et al., 1994; Sing-
son et al., 1994; Van Doren et al., 1994; Tata and Hartley,
1995; Heitzler et al., 1996; Nakao and Campos-Ortega,
1996; Giebel and Campos-Ortega, 1997). Genetic data
suggest that the level of expression and activity of proneural
gene products decide the neural or epidermal fate of each
cell in the proneural clusters. In vitro experiments suggest
that the proteins encoded by the AS-C genes function as

0925-4773/99/$ - see front matter © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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Fig. 1. Muscle and PNS formation is suppressed in embryos expressing Notch™™ (D-F). In all views anterior is to the left. (A,D) Lateral view of stage 16
embryos, carrying one copy of the MHC-lacZ reportergene, stained with an anti-B-Gal antibody. The embryo shown in (A) represents the wildtype pattern of
the larval muscles. (D) Although embryos expressing UAS-Notch™ under control of the 24B-Gal4 activator do not form any muscles, certain fusion
competent myoblasts express the MHC-lacZ reportergene. (B,E) Ventral view of late stage 11 embryos stained with an anti-Kriippel antibody. In the wildtype
embryo shown in (B) most of the Kriippel positive progenitor cells have already separated to give rise to a pair of founder cells. The dorsal and the most ventral
progenitor cells or their offspring, respectively, are out of focus. Embryos expressing UAS-Notch™ under control of the 24B-Gal4 activator do not develop
any Kriippel positive founder cells (E). (C,F) Lateral view of stage 16 embryos stained with the MAb 44C11. (C) Wildtype pattern of PNS cells expressing
Elav, the antigen recognized by MAb44C11. In embryos expressing UAS-Notch™ under control of daG32 no PNS structures are formed as visualized by the
absence of 44C11 positive cells.

heterodimers with another, ubiquitously distributed bHLH Ruohola et al., 1991; Xu et al., 1992; Bate et al., 1993;
protein, encoded by daughterless (Caudy et al., 1988a,b; Tepass and Hartenstein, 1994; Carmena et al., 1995).

Cronmiller et al., 1988; Murre et al., 1989; Cabrera and Carmena et al. (1995) have reported that lethal of scute is
Alonso, 1991; Cronmiller and Cummings, 1993; Oellers et expressed in mesodermal cell clusters. During early
al., 1994; van Doren et al., 1994); in vivo evidence has been myogenesis its expression becomes restricted to one cell
obtained that Lethal of scute requires Daughterless to elicit of each cluster which segregates thereafter as muscle
neural development ectopically (Giebel et al., 1997). progenitor cell. Division of the progenitor cells creates

For many years, the neurogenic genes have been studied two muscle founder cells, each of which recruits neighbor-
solely from the point of view of neurogenesis. However, the ing non-founder myoblasts to form the syncytial precursors
neurogenic mutations cause phenotypic abnormalities in of a distinct mature muscle (Bate 1990; Dohrmann et al.,
many other organs and processes, besides the neural tissue. 1990). As previously shown in the neuroectoderm, restric-
For example, as early as 1937 Poulson described muscle tion of expression to one cell is impaired in neurogenic
defects associated with Notch mutations (Poulson, 1937). mutants leading to severe abnormalities in muscle pattern-
Since then defects in myogenesis, oogenesis, gut and heart ing and muscle differentiation (Corbin et al., 1991; Bate et
development have been described as associated with Notch al., 1993; Carmena et al., 1995). In addition, loss of lethal of
and other neurogenic mutations (Corbin et al., 1991; scute function leads to loss, and overexpression to duplica-
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Fig. 2. Mesoderm and PNS formation in embryos expressing UAS-daughterless and UAS-lethal of scute without (A—C) or with coexpression of Notch™* (D-
F). The stages and the antibody stainings of the illustrated embryos correspond to those in Fig. 1. The expression of the Gal4 effector genes is under control of
the 24B-Gal4 activator (A,B,D,E) or of daG32 (C,F), respectively. Coexpression of UAS-da52.2 and UAS-/'scW3h results in muscle (A) and PNS (C) pattern
formation defects and in very rare cases in muscle duplications (A). The embryo shown in A has a duplication of a LO1 muscle (arrow); pattern formation
defects are easily recognizable in the arrangement of the VL muscles (arrowheads). No striking defects were detected in the pattern of Kriippel positive founder
cells (B). Notch™™ dominates over the function of daughterless and lethal of scute, since embryos expressing all of these three effector genes do not develop
any of the larval muscles (D), any of the Kriippel positive founder cells (E) or any structures of the PNS (F). These phenotypes are comparable to those of

Notch™™ expressing embryos (see Fig. 1D-F).

tion of specific founder cells and muscles (Carmena et al.,
1995). These results suggest that the function of the
proneural gene lethal of scute in myogenesis is analogous
to its function in neurogenesis.

I have sought to obtain more evidence for the participa-
tion of the Notch signaling pathway during Drosophila
myogenesis by overexpressing genes encoding various
members of this pathway by means of the Gal4 system
(Fischer et al., 1988; Brand and Perrimon, 1993). I found
that Gal4-mediated expression of a constitutively active
Notch receptor inhibits the development of muscle founder
cells, as visualized with the markers S59 (Dohrmann et al.,
1990) and Kriippel (Ruiz-Gomez et al., 1997); however,
mesodermal cells express the muscle specific myosin
heavy chain. This effect on the muscle founder cells persists
after simultaneous overexpression of lethal of scute and
daughterless, but is partially compensated by Hairless.

Finally, Gal4-mediated overexpression of E(spl) leads to a
dramatic reduction of S59 and Kriippel positive cells. These
findings strongly suggest that the Notch signaling pathway
in myogenesis is similar organized as in neurogenesis.

2. Results

In the experiments described, I mainly used two activator
insertions. One, daG32 (Wodarz et al., 1995; Nakao and
Campos-Ortega, 1996; Giebel et al., 1997) efficiently acti-
vates reporter gene transcription ubiquitously from blasto-
derm stages onwards. The other activator insertion, 24B-
Gal4 (Brand and Perrimon, 1993), directs transcription
exclusively in the mesoderm from stage 8 on (Carmena et
al., 1995). The results were identical with both activators, at
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Fig. 3. The stages and the antibody stainings of the illustrated embryos correspond to those of Fig. 1. The expression of the Gal4 effector genes is controlled by
the 24B-Gal4 activator (A,B.E,G,H) or by daG32 (C,F,I), respectively. Embryos expressing UAS-E(spl) (UAS-E(spl).J5,19) have a reduced number of Kriippel
positive founder cells (B), consistent with this observation the number of larval muscles is strongly reduced in older embryos (A); notice the single MHC-lacZ
positive fusion competent myoblasts (A). Neuroectodermal expression of UAS-E(spl) leads to suppression of PNS structures, too (C). Similar phenotypes are
observed when UAS-Hairless (UAS-H.370r) and UAS-Notch™ are coexpressed (D—F). Indicating that Hairless antagonizes the function of Notch™™
(compare with Fig. 1: D-F). Gal4 mediated expression of UAS-Hairless (UAS-H.27sh,370r) by itself leads to the development of additional muscles. The
illustrated embryo has duplications in one of the DA3 muscles, in one of the DT1 muscles, in one of the LO1 muscles and in one muscle of a VO4-VO6 group
(arrows, dorsal to ventral, G). Consistent with this, the number of Kriippel positive foundercells (arrow in H) and the number of PNS cells (I, compare with
wildtype Fig. 1C) are increased as well.
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least with respect to the aspects of myogenesis covered in
our study.

2.1. The active form of Notch suppresses development of
muscle founder cells and is dominant over Daughterless and
Lethal of scute function

To test whether the Notch signaling pathway is involved
in myogenesis, I studied the effects of expression of a
constitutively active Notch protein (Notch™®; Lieber et
al., 1993; Struhl et al., 1993). A second chromosomal effec-
tor line with an UAS-Notch™™ construct was used. As
described in Giebel et al. (1997) this construct led to
complete blocking of neural development upon activation
with daG32 (Fig. 1F). Embryos carrying that construct
driven by daG32 or by 24B-Gal4, respectively, do not
express any of the muscle founder cell markers S59 and
Kriippel (Fig. 1E) in the mesoderm. Therefore, I assume
that no muscle progenitor cells are specified in these
animals. Confirmation of this assumption is provided by
the observation that no muscle fibers differentiate in these
embryos, as shown by means of the expression of a myosin
heavy chain (MHC) reporter gene (Fig. 1D). In mutants
where fusion of myoblasts is blocked, founder cells express
corresponding founder cell markers, while the non-founder
myoblasts remain as undifferentiated rounded cells, which
expresses certain muscle specific genes like myosin (Rush-
ton et al., 1995). Since Notch™" expressing mesodermal
cells are rounded and many of them express the MHC repor-
ter (Fig. 1D), I assume that the MHC expressing cells are
non-founder myoblasts which have failed to undergo fusion
due to the lack of muscle founder cells.

In view of the myogenic abilities of the proneural gene
lethal of scute (Carmena et al., 1995), whose gene products
function as heterodimers with Daughterless (Caudy et al.,
1988a,b; Cronmiller et al., 1988; Murre et al., 1989; Cabrera
and Alonso, 1991; Cronmiller and Cummings, 1993; van
Doren et al., 1994; Oellers et al., 1994), I have tested
whether the effects of constitutively activation of Notch
can be compensated by the simultaneous Gal4 mediated
expression of daughterless, lethal of scute and Notch™"™. 1
found no difference as compared to embryos which do not
express UAS-daughterless and UAS-lethal of scute (Fig.
2D-F). These results indicate that the Notch™-mediated
inhibitory signals are dominant over the action of both endo-
genous and exogenous provided proneural proteins.

The Gal4 mediated expression of daughterless and lethal
of scute by itself causes just minor defects in the pattern of
mature muscles (Fig. 2A,B). I rarely detected any duplica-
tion of founder cells or muscles after overexpression of both
lethal of scute alone or in combination with daughterless.
During neurogenesis daG32 mediated expression of UAS-
lethal of scute or UAS-daughterless effectors compensates
for loss of AS-C or daughterless function, respectively
(Giebel et al., 1997), this suggests that both constructs are
functionally expressed in the mesoderm, at least after acti-

vation with daG32. Therefore, I conclude that the inhibitory
signals mediated by exogenously provided Notch™® and
those mediated by the endogenous Notch dominate over
the function of Lethal of scute and Daughterless. These
results are consistent with results obtained on the develop-
ment of the embryonic nervous-system (Fig. 2C,F; Giebel et
al., 1997).

2.2. Gal4-mediated overexpression of Enhancer of split
reduces the number of muscle founder cells

Further evidence for a role of the Notch pathway in
myogenesis was obtained by overexpressing UAS-E(spl)
in the mesoderm. In neurogenesis, Suppressor of Hairless
(Su(H)) activates the transcription of genes of the (E(spL)-C
(Jennings et al., 1994; Bailey and Posakony, 1995; Lecour-
tois and Schweissguth, 1995), which on their turn will
suppress the activity of the proneural genes (Oellers et al.,
1994; Singson et al., 1994; van Doren et al., 1994; Tata and
Hartley, 1995; Heitzler et al., 1996; Nakao and Campos-
Ortega, 1996; Giebel and Campos-Ortega, 1997). Following
Gal4 mediated activation of UAS-E(spl), the number of S59
and Kriippel positive cells is strongly reduced (Fig. 3B).
This correlates with a defect in the number of differentiated
muscle cells, as shown by MHC reporter gene expression
(Fig. 3A). Again these data fit well with the results obtained
on the development of the neuroectoderm, in which Gal4
driven UAS-E(spl) expression leads to strong reduction of
CNS and PNS structures (Fig. 3C; Nakao and Campos-
Ortega, 1996).

2.3. Gal4 mediated overexpression of Hairless increases the
number of muscle founder cells

During neurogenesis Su(H) becomes active if Notch™™ is
expressed (Bailey and Posakony, 1995; Lecourtois and
Schweissguth, 1995). During imaginal neurogenesis the
function of Su(H) is antagonized by proteins encoded by
Hairless; this effect is mediated by direct protein-protein
interactions (Brou et al., 1994; Schweisguth and Posakony,
1994; Bang et al., 1995). During specification of imaginal
sensory organ precursors, overexpression of Hairless coun-
teracts the phenotypic effects of activated Notch (Bang et
al., 1995). If Su(H) is involved in transducing the inhibitory
signals mediated by activated Notch during myogenesis,
Gal4 mediated expression of Hairless could theoretically
weaken the effect of Notch™™ on the course of myogenesis.
To test the relationships between active Notch and Hairless
during myogenesis, I have expressed UAS-Hairless and
UAS-Notch™™ in the mesoderm of the same embryos.
S59 and Kriippel positive cells are present in these embryos
(Fig. 3E), although in a much lower number than in wildtype
embryos (Fig. 1B). Well differentiated muscles are also
present in these embryos (Fig. 3D). I obtained similar results
in the course of embryonic neurogenesis. Embryos with
daG32 driven UAS-Notch™ are completely aneural (Fig.
1F; Giebel et al., 1997). After coexpression of UAS-Hair-
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less structures of the CNS as well as of the PNS differentiate
as visualized with 22C10 and 44C11 antibody stainings
(Fig. 3F).

Gal4 mediated expression of UAS-Hairless alone leads to
a slight increase in the number of S59 and Kriippel positive
cells in the mesoderm (Fig. 3H). This correlates with an
increase in the number of differentiated muscle fibers,
shown by the expression of the MHC reporter gene (Fig.
3G). In correspondence to those data the neuroectodermal
Gal4 mediated expression of UAS-Hairless leads to the
development of a weakly hyperplasic nervous system, as
shown by stainings using the neural antibodies 22C10 and
44C11 (Fig. 31 compared to Fig. 1C).

3. Discussion

Derivatives of the mesoderm, like the skeletal muscles,
and descendants of the neuroectoderm (cells of the central
nervous system and epidermis) are morphologically
completely different. One of the most striking differences
is the formation of multinuclear syncytia of skeletal muscle
compared to the mononuclear cells of the neuroectoderm.
Therefore, it seems reasonable that the development of both
germ layers is mechanistically completely different.
However, there is growing evidence, which is strongly
enhanced by the presented data, that the first steps in meso-
dermal development follow the same rules than those in the
neuroectoderm.

Specification of at least some muscle progenitor cells
requires the expression of the proneural gene lethal of
scute (Carmena et al., 1995). I'sc is expressed in the meso-
derm from stage 10 onward in several groups of cells
(Carmena et al., 1995), in a similar manner as its expression
in proneural clusters during early neurogenesis (Cabrera et
al., 1987; Romani et al., 1987; Martin-Bermudo et al.,
1991). As during neurogenesis one cell of a given mesoder-
mal ['sc expression domain accumulates higher levels of the
protein than the other cells (Carmena et al., 1995). Since
some of those cells also express the founder cell marker S59
it is thought that the cells with high Lethal of scute concen-
tration are committed to become muscle progenitor cells
(Carmena et al., 1995). This is again analogous to neurogen-
esis, where the cells with higher proneural gene product are
singled out to form neural precursors and express certain
neuroblast or sensory organ mother cell markers; while the
other cells develop as epidermoblasts (reviewed in Campos-
Ortega, 1993; Goodman and Doe, 1993). Furthermore,
neurogenic mutants have an excess development of neural
precursor cells (reviewed in Campos-Ortega, 1993) and of
muscle progenitor cells (Corbin et al., 1991; Bate et al.,
1993; Carmena et al., 1995). Therefore, muscle progenitor
cells are specified by similar mechanisms as the precursors
of the nervous system.
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3.1. Lateral inhibition dominates over proneural gene
function during muscle progenitor cell specification

As we have reported recently there are no supernumerary
neuroblasts or supernumerary SMCs in the anlage of the
nervous system of embryos overexpressing the proneural
genes lethal of scute and daughterless, although there are
pattern formation defects in the differentiated nervous
system (Giebel et al., 1997). Consistent with those data
embryos overexpressing lethal of scute alone or in combi-
nation with daughterless have some defects in muscle
patterning. Only occasionally I have detected additional
muscles in such embryos, confirming the data of Carmena
et al. (1995). Since daG32 mediated I’sc expression is suffi-
cient to rescue the neural defects of AS-C deficiency
embryos (Giebel et al., 1997), and Gal4 mediated expres-
sion of Notch™" causes drastic developmental defects in the
mesoderm, I conclude that the proneural transgenes are
expressed in the mesoderm and that a certain mechanism
represses their proneural protein function. Because the
coexpression of lethal of scute and daughterless does
neither modify the amuscular nor the aneural phenotype
of Notch™™ expressing embryos (Giebel et al., 1997), this
inhibitory mechanism is most probably a process of lateral
inhibition, in which the active form of Notch dominates over
the function of Lethal of scute and Daughterless.

I have tested whether genes that mediate the Notch signal
during neurogenesis, are involved in myogenesis as well.
Since Su(H) is maternally and zygoticly expressed
(Schweisguth and Posakony, 1992) and mutants die at late
larval and early pupal stages, the maternal expression
component is sufficient for the whole embryogenesis (Furu-
kawa et al., 1992; Schweisguth and Posakony, 1992), while
loss of maternal and zygotic Su(H) gene function results in
embryos showing a neurogenic phenotype (Lecourtois and
Schweissguth, 1995). It has been shown that Hairless antag-
onizes the function of Su(H) at least during imaginal neuro-
genesis (Brou et al., 1994; Schweisguth and Posakony,
1994; Bang et al., 1995). Although Hairless has no essential
function during embryonic neurogenesis (Schweisguth and
Lecourtois, 1998), I could show that Gal4 mediated expres-
sion of Hairless leads to suppression of the aneural and
amuscular phenotype of embryos expressing a constitutive
active form of Notch, while Gal4 mediated Hairless expres-
sion by itself causes the development of a weak hyperplasic
embryonic nervous system and results in the development of
few additional muscle founder cells and muscles, respec-
tively. In summary this results suggest that at least ectopi-
cally expressed Hairless titrates maternal and zygotic
expressed Su(H) during embryonic neurogenesis and
myogenesis, resulting in a weakening of the process of
lateral inhibition. Therefore it is reasonable that Su(H)
mediates the Notch signal during muscle progenitor devel-
opment as well as during neurogenesis.

E(spL)-C is at least during neurogenesis the last link in
the epistatic chain of the Notch signaling pathway (de la



B. Giebel / Mechanisms of Development 86 (1999) 137-145 143

Concha et al., 1988; Lieber et al., 1993) and as fare as
analyzed its genes are also expressed in the mesoderm at
stage 11-12 (Knust et al., 1987b) at the time where muscle
progenitor cells are specified (Dohrmann et al., 1990;
Carmena et al., 1995). Overexpression of certain genes of
the E(spL)-C, especially E(spl), leads to a suppression of
neural fate (Tata and Hartley, 1995; Nakao and Campos-
Ortega, 1996; Giebel and Campos-Ortega, 1997). Consis-
tent with this, Gal4 mediated expression of E(spl) leads to
suppression of muscle founder cells and therefore most
likely to suppression of muscle progenitor specification.
Again the obtained results are similar for myogenesis and
neurogenesis, suggesting that the E(spL)-C has the same
function in both processes, namely to suppress one of
two different possible cell fates, in the anlagen of the
nervous system the development of the neural precursor
cell and in the mesoderm the development of muscle
progenitor cells.

The analogy between neurogenesis and myogenesis is
further reinforced by the finding that the specified neural
precursor cells and the muscle progenitor cells divide asym-
metrically. This asymmetry depends in both cases on the
cytoplasmatic =~ membrane-associated  protein  Numb
(Uemura et al., 1989; Rhyu et al., 1994; Spana et al.,
1995; Guo et al., 1996; Spana and Doe, 1996; Ruiz-
Gomez and Bate, 1997; Carmena et al., 1998), on the gene-
product of inscutable (Kraut et al., 1996; Ruiz-Gémez and
Bate, 1997; Carmena et al., 1998) and on Notch (Guo et al.,
1996; Spana and Doe, 1996; Ruiz-Gémez and Bate, 1997).
Taken together the results of this study and of previously
published data (see Section 1 and Giebel et al., 1997)
suggest that the mechanism of lateral inhibition and its func-
tional components is evolutionary conserved along the
different germlayers.

4. Materials and methods
4.1. Plasmid constructions and germ line transformation

To construct pUAST-Hairless a 4386 bp Asp7181/Sspl
fragment from pNBH2-10 (Brown and Kafatos, 1988;
Bang and Posakony, 1992), comprising the Hairless coding
region, was initially ligated into the Asp718l/EcoRV-site of
pBluescript KS + (Stratagene) yielding pBH. An Asp718l/
Xbal fragment was excised from the pBH plasmid and
ligated into the corresponding site of pUAST (Brand and
Perrimon, 1993). DNA injection of w''"® embryos (Lindsley
and Zimm, 1992) were performed as described previously
(Rubin and Spradling, 1982). As a source of transposase the
plasmid pPA2-3 (Laski et al., 1986) was used. I have estab-
lished 15 independent UAS-Hairless lines. The strength of
the individual effector insertions was determined in crosses
with flies of the ubiquitous activator line daG32. The effects
of particular insertions was considered to be strong if they
led to a clearly visible hyperplasia in the PNS and CNS of

embryos activated with daG32. The strongest homozygous
effectors were used in this study.

4.2. Drosophila stocks

I used a homozygous third chromosomal daughterless-
Gal4 line (daG32, Wodarz et al., 1995) and the homozygous
24B-Gal4 enhancer trap line (Brand and Perrimon, 1993) as
activators. Both lines were combined with a second chro-
mosomal insertion of a MHC-lacZ reportergene (Hess et al.,
1989).

Homozygous effector lines carried insertions in either the
second or the third chromosome. I used UAS-lethal of scute
lines (UAS-I's¢W3h, UAS-!'scM3h) described in Hinz et al.
(1994); a UAS-daughterless line (UAS-da52.2) described in
Giebel et al. (1997), and UAS-Enhancer of split lines
described in Giebel and Campos-Ortega (1997). In addition,
I used a UAS-Notch™™ line, kindly provided by Laurent
Seugnet, Marc Haenlin and Pat Simpson (Strasbourg).

4.3. Immunohistochemical staining of embryos

Antibody stainings, i.e. MAb22C10 (Fujita et al., 1982),
MADb44C11 (Bier et al., 1988) and anti-B-Galactosidase
(Cappel) of embryos were performed according to standard
protocols. For anti-Kriippel (Gaul et al., 1987) and anti-S59
(Dohrmann et al., 1990) stainings, the horseradish peroxi-
dase vectastain elite ABC reagents (Vector Laboratories)
were used. Staging of embryos was following Campos-
Ortega and Hartenstein (1985). Since all activator and effec-
tor strains were homozygous for the corresponding inserts,
all embryos of a given cross had the same genotype resulting
in fully penetrant phenotypes.
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Segregation of lipid raft markers including CD133 in polarized human
hematopoietic stem and progenitor cells

Bernd Giebel, Denis Corbeil, Julia Beckmann, Johannes Hohn, Daniel Freund, Kay Giesen,
Johannes Fischer, Gesine Kogler, and Peter Wernet

During ontogenesis and the entire adult
life hematopoietic stem and progenitor
cells have the capability to migrate. In
comparison to the process of peripheral
leukocyte migration in inflammatory re-
sponses, the molecular and cellular
mechanisms governing the migration of
these cells remain poorly understood. A
common feature of migrating cells is that
they need to become polarized before
they migrate. Here we have investigated
the issue of cell polarity of hematopoietic
stem/progenitor cells in detail. We found

that human CD34* hematopoietic cells (1)
acquire a polarized cell shape upon culti-
vation, with the formation of a leading
edge at the front pole and a uropod at the
rear pole; (2) exhibit an amoeboid move-
ment, which is similar to the one de-
scribed for migrating peripheral leuko-
cytes; and (3) redistribute several lipid
raft markers including cholesterol-bind-
ing protein prominin-1 (CD133) in special-
ized plasma membrane domains. Further-
more, polarization of CD34* cells is
stimulated by early acting cytokines and

requires the activity of phosphoinositol-3-
kinase as previously reported for periph-
eral leukocyte polarization. Together, our
data reveal a strong correlation between
polarization and migration of peripheral
leukocytes and hematopoietic stem/pro-
genitor cells and suggest that they are
governed by similar mechanisms. (Blood.
2004;104:2332-2338)

© 2004 by The American Society of Hematology

Introduction

During ontogenesis the earliest progenitors of the mammalian adult
hematopoietic system are initially formed in the intraembryonic
aorta-gonad-mesonephros (AGM) and it seems very likely that
such AGM-derived hematopoietic stem cells (HSCs) emigrate and
colonize the fetal liver, the main site of embryonic hematopoiesis.
During neonatal stages, HSCs migrate again; they leave the fetal
liver to enter the blood stream and home to the bone marrow (BM),
the main side of adult hematopoiesis.! More than 30 years of
clinical experience as well as several animal models have demon-
strated that neonatal and adult HSCs retain their ability to migrate
into the BM and the capacity to reconstitute the entire hematopoi-
etic system.? It appears that the homing process of transplanted
HSCs is based on a naturally occurring process in which adult
HSCs and progenitors travel from BM to blood and back to
functional niches in BM and maybe into other organs.> Remark-
ably, despite the central role of these phenomena in hematopoietic
stem cell biology and their therapeutic relevance, the molecular and
cellular mechanisms, which involve chemokines for navigation,
and adhesive proteins for interactions, to guide them to their
appropriate niche, remain poorly understood.*$

In contrast, more is known about the migration process of
peripheral leukocytes in inflammatory responses in which they are
attracted to leave the blood stream and enter tissues by crossing the
vascular endothelium. As reviewed by Sanchez-Madrid and del

Pozo,’ the first requirement for cells that initiate migration is the
acquisition of a polarized morphology that enables them to turn
intracellularly generated forces into net cell locomotion. In this
context it has been shown that chemokines trigger processes that
induce changes in the organization of the cytoskeleton, resulting in
an observable switch from a spherical into a polarized cell shape. It
is established that this polarization requires the activity of phospho-
inositol-3-kinase (PI3K), an enzyme involved in signal transduc-
tion events.!%!! Polarized leukocytes form lamellipodia-like struc-
tures at the front side (ie, the leading edge) and contain a
pseudopod-like projection at the rear pole called a uropod, a
leukocyte-specific structure that plays an important role in cell
motility and adhesion.” These morphologic changes are accompa-
nied not only by the redistribution of several intracellular but also
transmembrane proteins (eg, chemokine receptors become local-
ized at the leading edge while other intercellular cell adhesion
molecules, including intercellular adhesion molecules [ICAMs],
CD43, and CD44, concentrate at the uropod).’

In our current studies we have observed that human CD34*
cells acquire a polarized cell shape resembling the morphologic
phenotype of migrating peripheral leukocytes when they are
cultured ex vivo. Since the human CD347" cell fraction is highly
enriched for HSCs and hematopoietic progenitor cells (HPCs),!?
we wondered whether there are parallels between the polarization
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and migration processes of HSCs/HPCs and peripheral leukocytes.
Here we have investigated this issue by immunochemistry and
green fluorescent protein (GFP)-based approaches using a panel of
uropod and leading-edge protein and lipid markers as well as the
new hematopoietic stem and progenitor cell marker prominin-1/
CD133 (human AC133 antigen)!3-! (for review see Bhatia!® and
Corbeil et al'7).

Materials and methods

Cell preparation and culture conditions

Umbilical cord blood (CB), BM, and peripheral blood (PB) of granulocyte
colony-stimulating factor (G-CSF)-treated stem cell donors were obtained
from unrelated donors after informed consent. Approval for BM and PB
was obtained from the ethics commission of the Heinrich-Heine University,
and approval for CB was obtained from the Paul-Ehrlich Institute. Informed
consent was provided according to the Declaration of Helsinki. Mono-
nuclear cells were isolated from individual sources by Ficoll (Biocoll
Separating Solution; Biochrom, Berlin, Germany) density gradient centrif-
ugation. Remaining red blood cells were lysed at 4°C in 0.83% ammonium
chloride with 0.1% potassium hydrogen carbonate, followed by a phosphate-
buffered saline (PBS) washing step. CD34™* cells were isolated by magnetic
cell separation using the MidiMacs technique according to the manufactur-
er’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany), yielding
CD34" cells of 65.5% =+ 14.3% purity.

Freshly enriched CD347 cells were cultured in a humidified atmosphere
at 37°C and 5% CO, at a density of approximately 1 X 10° cells/mL in
serum-free (Stemspan H3000; Stemcell Technologies Inc, Vancouver, BC,
Canada) or serum-containing tissue culture medium (Myelocult H5100;
Stemcell Technologies Inc) in the absence or presence of early acting
cytokines (fetal liver tyrosine kinase 3 ligand [FLT3L], stem cell factor
[SCF], thrombopoietin [TPO]; each at 10 ng/mL final concentration;
PeproTech Inc, Rocky Hill, NJ). To inhibit the PI3K activity of isolated
cells we have added Ly294002 (Calbiochem, Bad Soden, Germany) at a
final concentration of 50 wM to serum-free or serum-containing media
supplemented with early acting cytokines.

Migration assays

Migratory potential of cultivated cells was analyzed by transmigration
assays using 3-wm pore filters (Costar Transwell, 6.5-mm diameter;
Corning Incorporated, Corning, NY). CB-derived CD34% cells were
cultured for 2 days in Myelocult H5100 supplemented with early acting
cytokines as described under “cell preparation and culture conditions.” The
Transwell filters were washed with Myelocult HS100 before they were
loaded with 100-p.L cell suspension of cultivated cells. Afterward they were
carefully transferred to another well containing 600 wL Myelocult H5100
supplemented with early acting cytokines and 100 ng/mL stromal cell-
derived factor-la (SDF-1a; R&D Systems Inc, Minneapolis, MN) and
cultured overnight in a humidified atmosphere at 37°C and 5% CO,. To
study the influence of PI3K activity on cell migration, the same assays were
performed and Ly294002 was added at a final concentration of 100 wM to
both to the top cell suspension and to the medium in the bottom chambers.
The cultivation of the same amount of cells in 600 wL Myelocult H5100
supplemented with early acting cytokines and 100 ng/mL SDF-la in the
absence or presence of Ly294002 (100 wM) served as controls. Following
overnight incubation, filters were carefully removed and the percentage of
cells recovered in the bottom compartment was evaluated.

Immunofluorescence and microscopy

CD347" cells were generally cultured for 2 days in the presence of early
acting cytokines in Myelocult H5100 medium before immunostaining. To
conserve their polarized morphology, the CD34" cells were prefixed for 5
minutes at room temperature with paraformaldehyde (Sigma-Aldrich
Chemie, Taufkirchen, Germany) at a final concentration of 0.2% in the
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medium. Cells were then incubated with the AC133-phycoerythrin (PE)
antibody (1:10; AC133/1; Miltenyi Biotec) diluted in PBS containing 10%
donkey serum (Jackson Immuno Research Laboratories, West Grove, PA)
for at least 10 minutes at 4°C and postfixed with 4% paraformaldehyde in
PBS for 20 minutes at 4°C. Because PE is not a suitable fluorochrome for
immunofluorescence microscopy, we counterstained the ACI133-labeled
cells with cyanin 3 (Cy3)—conjugated AffiniPure Fab fragment donkey
antimouse immunoglobulin G (IgG; 1:50; Jackson Immuno Research
Laboratories) diluted in PBS containing 10% donkey serum for at least 10
minutes at 4°C. Remaining mouse epitopes were saturated with unconju-
gated AffiniPure Fab fragment rabbit antimouse IgG (1:10; Jackson
Immuno Research Laboratories). Cells were divided in different aliquots
and stained with one of the following primary mouse antibodies: anti-CD34—
fluorescein isothiocyanate (FITC; HPCA-2; BD PharMingen, Heidelberg,
Germany), anti-CD43 (1G10; BD PharMingen), anti-CD44-FITC (J173;
Immunotech, Marseille, France), anti-CD45-FITC (2D1; BD PharMingen),
anti-CD50 (TU41; BD PharMingen), anti-CD54-FITC (84H10; Immuno-
tech), anti-GM3 IgM (GMRG6; Seikagaku America, East Falmouth, MA), or
rat anti-CXCR4 (1D9; BD PharMingen). These antibodies were counter-
stained using Cy2-conjugated secondary antibodies (goat antimouse 1gG,
donkey antimouse IgM, and goat antirat IgG + IgM; Jackson Immuno
Research Laboratories). Labeled cells were mounted in 75% glycerin
containing propylgallat (50 mg/mL) and DAPI (4,6 diamidino-2-
phenylindole; 200 ng/mL; Roche, Mannheim, Germany).

Cells were observed with an Axioplan 2 fluorescence microscope
(Carl Zeiss, Goettingen, Germany) using a X20 dry (Figure 2A-B) or a
X100 oil immersion objective (Figures 2Ci-2Dii, 3), respectively. In
general, analyses of living cells were performed at 37°C in a humidified
5% CO, atmosphere using a DMIRB inverse fluorescence microscope
equipped with a CO, incubator chamber and a X20 dry objective
(Figures 1,4) (Leica, Bensheim, Germany). All pictures and videos were
taken with an Axiocam digital camera and processed using Axiovision
3.1 Software (Carl Zeiss).

To analyze the degree of cell polarization, the living cells were
photographed and their structure was evaluated. Cells with a comma-
shaped morphology or with a recognizable tip (uropod) were determined as
being polarized, whereas round and oval cells were determined as being
nonpolarized. The percentage of viable cells was evaluated by trypan blue
staining (0.4% solution; Sigma-Aldrich).

Plasmid construction and transfection of CD34* cells

The eukaryotic expression vector plasmid enhanced GFP (pEGFP)-N1-
CD133, containing the entire coding sequence of human CD133 fused
in-frame to the N-terminus of GFP, was constructed by selective polymer-
ase chain reaction (PCR) amplification of the corresponding cDNA
(GenBank accession no. AF027208) using the oligonucleotides 5'-
TTGGAGTTTCTCGAGCTATGGCCCTCGTACT-3" and 5'-TTCAACAT-
CAGCTCGAGATGTTGTGATGG-3" as 5’ and 3’ primers, respectively.
The resulting PCR fragment was digested with X#ol and cloned into the
corresponding site of pEGFP-N1 vector (BD Clontech, Heidelberg, Ger-
many). The pEGFP-N1-CD44 plasmid encoding for human CD44 fused
in-frame to the N-terminus of GFP was obtained by selective PCR
amplification of the corresponding ¢cDNA (GenBank accession no.
AY101192) with the oligonucleotides 5'-CGCCTCGAGATCCTCCAGCTC-
CTTT-3" and 5'-ATGGTGTAGAATTCGCACCCCAATC-3" as 5" and 3’
primers, respectively. The resulting PCR fragment was digested with X#ol
and EcoRI and cloned into the corresponding sites of pEGFP-N1 vector. In
both constructs, GFP is fused in-frame to the cytosolic C-terminal domain
of the CD marker and their expression is under control of the cytomegalovi-
rus (CMV) promoter.

CB-derived CD34% cells (1.5 X 105 to 3 X 10° cells) were trans-
fected with 10 pg of plasmid DNA using the new Amaxa Nucleofection
technology according to the manufacturer’s instructions (Amaxa Biosys-
tems, Cologne, Germany). As effectors we have used the pEGFP-N1-
CD133 or pEGFP-N1-CD44 plasmids and, as a control, the plasmid
yellow fluorescent protein-N1 (pEYFP-N1) or pEGFP-N1 vector,
respectively. Following transfection, cells were immediately transferred
into Myelocult H5100 supplemented with early acting cytokines. The
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efficiency of individual transfections was evaluated by staining the
transfected cells 24 hours after the DNA incorporation with an
anti-CD34-PE antibody (8G12; BD PharMingen) and analyzed by flow
cytometry or fluorescence microscopy (see “Immunofluorescence and
microscopy”).

Flow cytometry

Flow cytometric analyses were performed on a Cytomics FC 500 flow
cytometer equipped with the RXP software (Beckman Coulter,
Krefeld, Germany).

Results
Morphologic polarization of human CD34* cells

Human CD347 cells freshly isolated from different sources (CB,
BM, and PB) are small (ie, 5-6 pm), round, and without any
morphologic sign of cell polarity (Figure 1A). Remarkably, a
high proportion of these cells increase in size and acquire a
polarized cell shape when grown on uncoated plastic dishes in
the presence of early acting cytokines (SCF, TPO, FLT3L; 10
ng/mL each) in either serum-supplemented or serum-free tissue
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Figure 1. The human CD34* cells acquire a morpho-
logic polarity upon in vitro cultivation. (A-C) Light
micrographs of human CD34" cells freshly isolated from
the umbilical cord blood (A) or cultured for 1 day (d1) in
serum-free medium in the presence (B) or absence (C) of
early acting cytokines as growth factors (GF). (D) The
human CD34" cells were cultured in serum-free medium
in the presence of early acting cytokines and PI3K
inhibitor Ly294002 (Ly). All panels are shown at the same
magnification. Note, CD34 " cells that were cultured for 1
day in the presence of early acting cytokines (B) increase
in size and acquire a polarized cell shape forming a
leading edge at the front (arrowheads) and a uropod at
the rear pole (arrows). Even in the absence of early
acting cytokines, CD34" cells can acquire a polarized
cell shape, although they do not increase in size (C). The
cell polarization and the growth process are inhibited by
the PI3K inhibitor (D).

culture medium (Table 1; Figure 1B). It should be mentioned
that these early acting cytokines have been reported to preserve
the multipotency and engraftment potential of human HSCs/
HPCs in short-term cultures.'® Although the number of cells
possessing a polarized shape is high and comparable between
individual donor samples under serum-containing conditions, it
is more variable under serum-free conditions (Table 1). Cells
acquiring a polarized morphology form a leading-edge-like
structure at one end and a uropod-like structure at the opposite
side (Figure 1B, arrowheads and arrows, respectively). Even in
the absence of any growth factor, some cells acquire a polarized
cell shape in serum-containing or serum-free medium (Table 1),
but they neither increase in size (Figure 1C) nor proliferate (data
not shown). Although we did not add SDF-1 or any other
chemokine, the cultivated cells were highly dynamic and
exhibited an amoeboid movement that is very similar to the one
described for migrating peripheral leukocytes® (see the time-
lapse videomicroscopy imaging in supplemented material).
Additionally, we have observed that flow cytometrically sorted
lin~CD34+CD38!°%~ cells as well as lin"CD347CD38* cells
acquire a polarized cell shape upon cultivation in cytokine-
containing media (data not shown).

Table 1. Polarization and migration of CD34+* cells depend on PI3K activity

% polarized cells n % living cells n % migrated cells n

Culture condition d0-d1; values d1
Serum-free + GF 64.90 = 18.70 7 97.37 + 1.84 3 NE 0
Serum-free 37.75 = 19.91 7 90.91 = 1.91 3 NE 0
Serum-free + GF + Ly294002 3.91 =147 3 92.55 = 1.11 8] NE 0
Serum + GF 82.86 + 5.84 7 96.74 + 2.02 3 NE 0
Serum 42.84 + 25.61 3 83.53 = 16.22 3 NE 0
Serum + GF + Ly294002 9.73 = 3.20 3 91.05 + 1.41 3 NE 0

Culture condition d2-d3; values d3
Serum + GF + SDF-1a 73.10 = 3.85 3 94.48 + 1.51 3 15.6 + 4.20 3
Serum + GF + SDF-1a + Ly294002 14.60 + 7.12 3 87.39 + 4.74 3 3.3+0.25 3

Data are for CB-derived CD34* cells; mean = SD.

n indicates number of independent experiments; dO, freshly isolated cells; GF, growth factors (SCF, TPO, FLT3L); and NE, not estimated.
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Polarization and migration of CD34" cells depends
on PI3K activity

When PI3K activity is inhibited by addition of Ly294002, periph-
eral leukocytes lose their polarized shape and round up.'® To
investigate if PI3K activity is also required for the polarization of
CD34" cells we have cultured CB-derived CD34" cells in early
acting cytokine-supplemented media, in the presence or absence of
Ly294002. While most of the CD34™ cells present in the control
group acquired a polarized cell shape after 1 day (Table 1; Figure
1B), treated cells remained round (Table 1; Figure 1D) and viable
(Table 1). Furthermore, when adding Ly294002 to polarized
CD34% cells cultured for 2 days in serum and early acting
cytokine-containing medium, many of them lose their polarized
morphology and round up but remain viable (Table 1). Taken
together these data suggest that the PI3K pathway is involved in the
polarization process of CD34* cells.

Because cell polarity is an essential prerequisite for the
migration process of several cell types,” we have tested whether
CD34" cells that lose their polarized cell shape have a reduced
migration capacity. Therefore, we have examined the migration
rate of CB-derived CD34™ cells, which were originally cultured for
2 days in serum and early acting cytokine-containing medium, in
the presence or absence of the PI3K inhibitor Ly294002 using a
transmigration assay. In the absence of Ly294002, 15.6% * 4.20%
of the CD34* cells migrated through 3-pm pores of Transwell
filters, whereas only 3.3% = 0.25% of the cells treated with this
PI3K inhibitor passed through the pores (Table 1).

The hematopoietic stem cell marker CD133 is redistributed to
the uropod-like structure of migrating human CD34 cells

A hallmark of the polarization of migrating peripheral leukocytes is
an asymmetric redistribution of certain cell surface proteins into
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the well-defined architectural structures, the uropod and the leading
edge.’ This prompted us to examine, by immunochemistry, the
distribution of hematopoietic stem and progenitor marker CD133
in nonpolarized and polarized (ie, migrating) CD34" cells. In our
hands more than 90% of CD34* cells isolated from CB, PB, or BM
express CD133 (data not shown). Interestingly, we found that
CD133, which is distributed over the entire cell surface of freshly
isolated CB-derived CD34 " cells (Figure 2A,Ci-ii), is redistributed
into the tip of the uropod-like structure in polarized CD34% cells
(Figure 2B,Di-ii). Under the same conditions, the cell surface
redistribution of CD133 is not observed in nonpolarized cells
(Figure 2B arrowhead). The same phenomenon is observed with
CD34+ cells isolated from BM and PB (data not shown).

Segregation of several plasma membrane markers in
polarized human CD34+ cells

Given the high similarity observed between the migrating CD34* cells
and peripheral leukocytes we decided to investigate the subcellular
distribution of several membrane protein markers, including adhesion
molecules and one membrane receptor, known to be enriched either in
the uropod or at the leading edge of migrating peripheral leukocytes.?
Immunochemistry revealed that CD markers previously reported to be
concentrated into the uropod of migrating peripheral leukocytes,”
including CD43, CD44, CD50 (ICAM3), and CD54 (ICAM1), are also
enriched in the uropod-like structure of CB-derived CD34" cells and
colocalized with CD133 (Figure 3A-D). Similar data were obtained
with PB-derived CD34* cells (data not shown).

In contrast, we found that the CXCR4 chemokine receptor,
which has been reported to be redistributed at the leading edge
of B and T lymphocytes upon exposure to chemokines,!®-?!
appeared as a gradient with its highest expression in the leading
edge of CD34 " cells (Figure 3G). Finally, the segregation of CD

Figure 2. Cell surface redistribution of CD133 into the uropod of polarized CD34* cells. (A-D) Human CD34 " cells, freshly isolated from umbilical cord blood (A,Ci-ii) or
cultured for 2 days in the presence of early acting cytokines (B,Di-ii), were labeled with AC133 antibody (anti-CD133; red) and observed by immunofluorescence (Ci,Di). The
overlays with the corresponding differential interference contrast images are shown (A-B,Cii,Dii). Note that the cultured CD133~ cells remain small and round (arrows in B),
whereas cultured CD133* cells increase in size and CD133 becomes localized into the uropod of polarized cells (B,Di-ii) but remains distributed all over the surface of
nonpolarized CD133* cells (arrowheads in B). Same magnification was used in panels A and B (scale bar = 10 um; A) or in panels Ci and Di (scale bar = 5 um; Di),

respectively.
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Figure 3. Cell surface distribution of plasma membrane markers in polarized
CD34+ cells. (A-H) CD34+ cells isolated from umbilical cord blood and cultured for 2
days in serum-containing medium supplemented with early acting cytokines were
subjected to double labeling using AC133 antibody (anti-CD133) and an antibody
directed against another cell surface antigen, as indicated, and analyzed by double
immunofluorescence. The CD133 immunofluorescence (red) is shown in the second
column, the immunofluorescence of various cell surface antigens (green) in the third
column, and the corresponding differential interference contrast image as well as the
merge are shown in the first and the fourth column, respectively. Note that the
chemokine receptor CXCR4 (G) and the ganglioside GM3 (H) are concentrated in the
leading edge of the front pole, whereas CD43 (A), CD44 (B), ICAM3/CD50 (C), and
ICAM1/CD54 (D) are enriched in the uropod of the polarized cells and colocalized
with CD133. All panels are shown at the same magnification.

markers observed here is not a common characteristic shared by
all of them since CD34 and CD45 are found equally distributed
all over the surface of polarized CD34* cells (Figure 3E and F,
respectively).

Recently, it has been demonstrated that during polarization of T
cells the monosi 6 aloganglioside GM3, a raft-associated lipid,
redistributes to the leading edge of activated leukocytes.?? To
corroborate further the similarity underlying the polarization
process between CD34* cells and activated leukocytes, we ana-
lyzed the distribution of GM3 in CD34" cells by immunochemis-
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try. Remarkably, we found that GM3 is localized at the leading
edge of polarized CD34 cells (Figure 3H).

CD44-GFP and CD133-GFP fusion proteins are localized in
the uropod of transfected human CD34* cells

The morphologic data strongly suggest that certain plasma mem-
brane markers are partitioned into specialized regions or domains
of migrating human CD34" cells. To rule out that the compartmen-
talization observed is generated by the use of antibodies creating an
artificial cluster of a given membrane marker, we monitored the
distribution of the protein markers CD44 and CD133 fused to green
fluorescent protein (GFP) in living CB-derived CD34" cells. Under
the specific and new nonviral transfection conditions described
here (see “Plasmid construction and transfection of CD34 cells” in
“Materials and methods™), up to 80% of CB transfected cells
expressed the fluorescence protein reporter gene (Figure 4Cii
quadrants A2 and A4), which is distributed into the entire
cytoplasm (Figure 4Ci). No fluorescence is observed with untrans-
fected cells (Figure 4B quadrants A2 and A4). Interestingly,
fluorescence microscopy revealed that CD44-GFP fusion protein,
which is expressed in more than 75% of transfected cells (Figure
4Dii quadrants A2 and A4), is associated with the entire plasma
membrane being enriched in the uropod of the CB-derived cells
(Figure 4Di). Likewise, CD133-GFP is selectively concentrated at
the tip of the uropod of polarized CD34* cells (Figure 4Ei), as
previously observed by immunochemistry for the endogenous
CD133 (Figures 2-3). It should be mentioned that in comparison to
fluorescence protein alone and CD44-GFP, CD133-GFP is detected
only in a specific subpopulation of CB-derived cells (ie, CD34*
cells; Figure 4Ei quadrant A2).

Discussion

Here we report 4 major observations. First, HSCs/HPCs acquire a
polarized cell shape by a molecular mechanism dependent on the
PI3K pathway. Second, polarized HSCs/HPCs exhibit an amoeboid
movement, which is similar to the one described for migrating
peripheral leukocytes. Third, the polarization of HSC/HPC plasma
membrane leads to a redistribution of a particular set of markers
from which several of them have been previously reported to be
associated with lipid microdomains (lipid rafts). Fourth, the stem
cell marker CD133 is selectively concentrated in the uropod of
polarized HSCs/HPCs.

It is well established that HSCs/HPCs have the ability to
migrate.!-* Despite the evidence that SDF-1 triggers migration of
HSCs/HPCs,*® the current knowledge of the mechanisms govern-
ing stem cell migration remains limited. For other cell types it has
been shown that the acquisition of cell polarity is an essential
prerequisite for the migration process.’ Although it has been
noticed that some CD347 cells acquire a polarized cell shape upon
adhesion to fibronectin®® or when migrating under the influence of
SDF-1 through a fibronectin-coated Transwell filter or a 3-dimen-
sional meshwork of extracellular matrix components,>?* the issue
of cell polarity in HSCs/HPCs has not been analyzed in detail.

We were able to document that the CD34% cells grown in
suspension cultures in the presence of early acting cytokines
acquire a polarized cell shape with a defined leading edge at the
front pole and a uropod at the rear pole. This morphologic
phenotype is highly related to the one described for polarized,
migrating peripheral leukocytes. Since the polarization of periph-
eral leukocytes depends on the activity of chemokines,?%252¢ it is
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Figure 4. Subcellular localization of CD44-GFP and CD133-GFP fusion proteins
in transfected CD34* cells. Using the new Amaxa nucleofection technology, human
CD34+ cells enriched from umbilical cord blood were transfected with the expression
plasmid encoding either for YFP (Ci), CD44-GFP (Di-ii) or CD133-GFP (Ei-ii) under
the control of the cytomegalovirus promoter. Transfected cells and, as negative
control, untransfected cells (B) were cultivated for 1 day in serum-containing medium
supplemented with early acting cytokines and were analyzed by flow cytometry
(A-B,Cii,Dii,Eii) and fluorescence microscopy (Ci,Di,Ei). (A-B,Cii,Dii,Eii) Arepresenta-
tive experiment (n = 5) of the CB-derived cells untransfected (B) or transfected with
different expression plasmids (Cii,Dii,Eii) was stained with a PE-conjugated anti-
CD34 antibody and analyzed by flow cytometry. The cells analyzed in panels B, Cii,
Dii, and Eii were gated according to the morphology depicted on a forward
scatter/side scatter plot (A). Note, cells shown in panel Cii are extremely positive for
YFP; most of them stick to the right border of the plot. (Ci,Di,Ei). Differential
interference contrast image shows fluorescence overlay of YFP (Ci), CD44-GFP (Di),
or CD133-GFP (Ei) in living transfected CD34 *-enriched cells. The YFP is strongly
expressed throughout the cytoplasm of the cells, whereas CD44-GFP and CD133-
GFP are concentrated in the uropod of the migrating cells (arrows in Di and Ei). The
white arrows indicate the cells shown in the insets (high magnification).

very suggestive that similar factors are not only involved in the
migration process of HSCs but also required for the polarization of
these cells. However, our data show that chemokines, including
SDF-1, do not appear essential for the polarization of CD347 cells.
Moreover, although it is not known yet which factor triggers such
polarization, we provide evidence that the activation of the PI3K
pathway is crucial for this process, being consistent with results
obtained for peripheral leukocytes.!%!! It is interesting to note that
SCF, which was added to most of our cultures, has been reported to
activate the PI3K signaling pathway similarly to SDF-1.10-11.27-29
SCF also has the capability to act as a chemoattractant for human
HPCs,? arguing that other factors than chemokines can induce
polarization and migration of CD34" cells. Finally, it is important
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to point out that the serum-free culture medium used in our
assays contains insulin, which is another potential activator of
the PI3K.3* Therefore, insulin might be responsible for the
polarization of CD34* cells under serum-free conditions in the
absence of cytokines.

As mentioned in “Introduction,” the polarization process seems
to be a prerequisite for cell migration. Indeed we show that CD34*
cells treated with a PI3K inhibitor lose not only their polarized
morphology but also their ability to migrate, suggesting that
polarization and migration are closely connected to each other in
CD34" cells, as they are in other cell types. The inhibition of these
cellular processes may explain why the homing of CD34™ cells is
disturbed when PI3K signaling is perturbed.?!

In addition to the importance of the PI3K signaling, we have
demonstrated that polarization of CD34% cells is accompanied by
the redistribution of certain transmembrane proteins. As in other
leukocytes, CD43, CD44, CD50 (ICAM3), and CD54 (ICAMI)
become concentrated into the uropod of CD34* cells, whereas
other molecules such as CD34 or CD45 remain distributed all over
the plasma membrane.

The phenotypic similarity between polarized progenitor cells
and other leukocytes is not restricted to their morphology and the
distribution of uropod markers. We show that the chemokine
receptor CXCR4, which is known to be enriched in the leading
edge of migrating lymphocytes, is distributed in a gradient-like
fashion with its maximal concentration in the leading edge of
polarized CD34" cells. In agreement with this finding, van Buul
and colleagues®? have reported recently that a CXCR4-GFP fusion
protein redistributes to the leading edge of the KG1a cells, an acute
myeloid leukemia (AML)—derived cell line.

There is growing evidence that many membrane proteins are
associated with certain lipids (eg, sphingolipid or cholesterol-based
lipids). Such lipids are often clustered in special microdomains, in
so-called lipid rafts.?* Depending on the lipids that form a special
raft, lipid rafts traffic to certain plasma membrane domains (eg, the
apical or basal plasma membrane). In this context they seem to
function as platforms that are important to govern the subcellular
distribution of associated membrane proteins.’® Indeed, it has been
shown that polarization of peripheral leukocytes depends on the
controlled redistribution of such specialized lipid rafts.?>3* In
activated T cells for example, the monosialoganglioside GM3-
enriched lipid rafts traffic to the leading edge, while others
redistribute to the uropod pole, concentrating a specific set of
membrane proteins, such as [CAM3, CD43, and CD44, there.?>3
The observation that these raft-associated markers are also concen-
trated at the uropod pole and GM3 at the leading edge of CD34*
cells further reinforces existing parallels in the polarization process
of HSCs/HPCs with peripheral leukocytes and suggests that lipid
rafts are also important for the polarization of HSCs/HPCs.
Therefore, it is tempting to speculate that cues and mechanisms
underlying the polarization and migration of precursors and more
mature hematopoietic cells appear common to all of them.

Interestingly, we found that the stem cell marker CD133, a
cholesterol-binding protein,*® is also redistributed into the uropod
of migrating CD34* cells. Since CD133 is preferentially associated
with plasma membrane protrusions in all cell types where it is
expressed,®>3% and is incorporated into lipid rafts,?® it seems very
likely that special lipid rafts organize the delivery and/or retention
of CD133 in the uropod. As CD133 is selectively associated with
microvilli and other plasma membrane protrusions within the
apical plasma membrane in different epithelia of embryonic and
adult tissues,’”3% it might be possible that epithelial cells and
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HSCs/HPCs use a similar mechanism to distribute CD133. In
agreement with the postulation that the targeting and retention of
proteins into a specialized plasma membrane domain of distinct
cell types are mediated by a common intracellular machinery,>® the
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uropod of polarized HSCs/HPCs and therefore of other leukocytes
would correspond to the apical domain of polarized epithelial cells.

In conclusion, our data show for the first time that the

leukocyte biology should increase our understanding about HSC/
HPC traffic during normal and malignant hematopoiesis and should
help to improve the process of homing and engraftment of stem
cells in clinical trials.

polarization and migration processes of CD34" cells are highly

related to those reported for migrating peripheral leukocytes. The
comprehensive knowledge about these mechanisms in peripheral
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STEM CELLS IN HEMATOLOGY

Asymmetric cell division within the human hematopoietic stem and progenitor
cell compartment: identification of asymmetrically segregating proteins

Julia Beckmann,! Sebastian Scheitza,! Peter Wernet,! Johannes C. Fischer,! and Bernd Giebel

'Institute for Transplantation Diagnostics and Cellular Therapeutics, Heinrich-Heine-University Disseldorf, Germany

The findings that many primitive human
hematopoietic cells give rise to daughter
cells that adopt different cell fates and/or
show different proliferation kinetics sug-
gest that hematopoietic stem cells (HSCs)
and hematopoietic progenitor cells (HPCs)
can divide asymmetrically. However, de-
finitive experimental demonstration is
lacking due to the current absence of
asymmetrically segregating marker mol-
ecules within the primitive hematopoietic
cell compartment. Thus, it remains an
open question as to whether HSCs/HPCs

have the capability to divide asymmetri-
cally, or whether the differences that have
been observed are established by extrin-
sic mechanisms that act on postmitotic
progenitors. Here, we have identified 4
proteins (CD53, CD62L/L-selectin, CD63/
lamp-3, and CD71/transferrin receptor)
that segregate differentially in about 20%
of primitive human hematopoietic cells
that divide in stroma-free cultures. There-
fore, this indicates for the first time that
HSCs/HPCs have the capability to divide
asymmetrically. Remarkably, these pro-

teins, in combination with the surrogate
stem-cell marker CD133, help to discrimi-
nate the more primitive human cultivated
HSCs/HPCs. Since 3 of these proteins,
the transferrin receptor and the tetraspan-
ins CD53 and CD63, are endosomal-
associated proteins, they may provide a
link between the endosomal compart-
ment and the process of asymmetric cell
division within the HSC/HPC compart-
ment. (Blood. 2007;109:5494-5501)
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Introduction

Somatic stem cells are undifferentiated cells that can self-renew
over a long period of time in vivo and give rise to progenitor cells
that are committed to differentiate. Since both uncontrolled expan-
sion as well as loss of stem cells would be fatal for multicellular
organisms, the decision of self-renewal versus differentiation needs
to be tightly controlled. Therefore, key questions in stem cell
biology are how and which mechanisms govern these decisions.
Although mammalian hematopoietic stem cells (HSCs) are the
most intensively investigated somatic stem cells, the nature of
the factors controlling self-renewal and differentiation remain
largely unknown.

There is good evidence that HSCs can expand in vivo' and be
maintained in vitro in close contact to adequate stroma cells.>>
These observations point toward the existence of specialized HSC
niches, which was already hypothesized as early as 1978.6 Indeed,
it was recently shown that osteoblasts are key elements of HSC
niches in the endosteum of bone marrow (BM) and sinusoidal
endothelial cells of vascular HSC niches found in the spleen and
BM.7 In addition to the data supporting the HSC niche model that
likely provides cell extrinsic cue, evidence suggest that cells of the
HSC and hematopoietic progenitor cell (HPC) compartment con-
tain capabilities to divide asymmetrically. Ogawa and colleagues
showed that after separation of paired murine and human HPCs that
were cultured in stroma-free suspension conditions, siblings gave
rise to colonies with significantly different characteristics.!0-1?
More recently, HSC-enriched cell populations were found to be
highly heterogeneous in respect to their function and their prolifera-
tion kinetics (ie, the proliferation rate of more primitive cells is
slower than that of committed ones).!*!5 Furthermore, it was

observed that approximately 30% of primitive hematopoietic cells
(CD34%CD38" cells) give rise to daughter cells with heteroge-
neous proliferation Kinetics and functions.!#16

Recently, we showed that human myeloid-lymphoid initiating
cells (ML-ICs), a subfraction of the CD34*CD38~ cells, when
cultured under stroma-free conditions give rise to daughters that
adopt different cell fates, with 1 cell inheriting the developmental
capacity of the mother cell, and 1 cell becoming more specified.!”
Similarly, in mice, up to 62% of primitive hematopoietic cells
(lin-CD34*%~c-kit*Sca-1") give rise to daughter cells with differ-
ent myeloid developmental potentials.!®!® Although all these
observations are in accordance with the model of asymmetric cell
division in which primitive hematopoietic cells contain the
potential to give birth to 2 intrinsically different daughter cells,
it cannot be concluded that the observed differences are indeed
the result of an asymmetric cell division. In principle, these
differences could have been established by postmitotic, extrinsic
decision processes.!7:20:21

In organisms like Drosophila melanogaster and Caenorhabditis
elegans, in which asymmetric cell divisions have been proven to
occur, cells that divide asymmetrically are polarized during cell
division and localize specific molecules to distinct regions of the
cell, which are then transmitted unequally into the daughters.??
Therefore, to demonstrate that primitive hematopoietic cells can
indeed divide asymmetrically, molecules that clearly segregate
asymmetrically during mitoses of these cells need to be identified.
Here, we describe the identification of proteins containing extracel-
lular epitopes, which segregate differentially to daughters during
mitosis of approximately 20% of the human CD34*CDI133*
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hematopoietic cells and confirm the occurrence of asymmetric cell
division within the human HSC and HPC compartment.

Materials and methods

Cell source and preparation

Human umbilical cord blood (CB), BM, and peripheral blood (PB) of
granulocyte colony-stimulating factor (G-CSF)-treated stem cell donors
were obtained from unrelated donors after informed consent was obtained
in accordance with the Declaration of Helsinki. The use of human cord
blood was approved by the ethics committee of Heinrich-Heine University.
Mononuclear cells (MNCs) were isolated from individual sources by Ficoll
(Biocoll Separating Solution; Biochrom AG, Berlin, Germany) density
gradient centrifugation as described previously.?> CD34" cells were
isolated by magnetic cell separation using the MidiMacs technique
according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch
Gladbach, Germany).

If not stained immediately, freshly purified MNCs were cultured in a
humidified atmosphere at 37°C and 5% CO, at a density of approximately
1 X 10° cells/mL and freshly enriched CD34" cells at a density of
approximately 1 X 10° cells/mL in 120 (Iscove modified Dulbecco medium
[IMDM; Invitrogen, Karlsruhe, Germany] supplemented with 20% fetal
calf serum [FCS; Biochrom AG], 1000 U/mL penicillin, and 100 U/mL
streptomycin [Invitrogen]) in the presence of early-acting cytokines (fetal
liver tyrosine kinase 3 ligand [FLT3L], stem cell factor [SCF], and
thrombopoietin [TPO], each at 10 ng/mL final concentration [all from
PeproTech, Rocky Hill, NJJ).

Flow cytometry

For the proliferation kinetics, freshly isolated CD34" cells were stained for 4
minutes with 2 pM PKH2 (Sigma-Aldrich Chemie, Taufkirchen, Germany).
After 1 washing step, stained cells were cultured in 120 in the presence of
early-acting cytokines. For flow cytometric analyses, cells were stained with
AC133-phycoerythrin (PE; Miltenyi Biotec) and anti-CD34-PE/cytochrome 5
(PCy5) antibodies (BD PharMingen, Heidelberg, Germany).

For the screening procedure, MNCs were stained with different
combinations of 3 different antibodies as described in paragraph 3 of
Results. A list of the antibodies used is given in Table S1, available on the
Blood website; see the Supplemental Table link at the top of the online
article).

Flow cytometric analyses were performed on a Cytomics FC 500
flow cytometer equipped with the RXP software (Beckman Coulter,
Krefeld, Germany).

For the functional assays, the cells were highly purified using a Coulter
EPICS Elite ESP fluorescence cell sorting system equipped with the
Expo32 software (Beckman Coulter).

Immunofluorescence and microscopy

For subcellular localization studies of polarized and dividing primitive hematopoi-
etic cells, CD34" cells were cultured for 3 or 4 days in the presence of
early-acting cytokines in 120 medium before immunostaining. To conserve their
morphology, the CD34" cells were prefixed for 5 minutes at room temperature
with paraformaldehyde (Sigma-Aldrich Chemie) at a final concentration of 0.2%
in the medium. As the AC133 epitope of CD133 is sensitive to formaldehyde and
paraformaldehyde fixation, the cells for the extracellular staining procedure were
then incubated with the AC133-PE antibody (1:10; AC133/1; Miltenyi Biotec)
diluted in PBS containing 10% donkey serum (Jackson ImmunoResearch
Laboratories, West Grove, PA). They were stained for at least 10 minutes at 4°C,
and then postfixed with 4% paraformaldehyde in PBS for 20 minutes at 4°C.
Because PE is not a suitable fluorochrome for immunofluorescence microscopy,
we counterstained the AC133-labeled cells with Cy3-conjugated AffiniPure Fab
fragment donkey anti-mouse IgG (1:20; Jackson ImmunoResearch Laboratories)
diluted in PBS containing 10% donkey serum for at least 10 minutes at 4°C.
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Remaining mouse epitopes were saturated with unconjugated AffiniPure Fab
fragment rabbit anti-mouse IgG (1:10; Jackson ImmunoResearch Laboratories).
Cells were divided in different aliquots and stained with 1 of the following
primary mouse antibodies: anti-CD43-FITC (1G10; BD PharMingen), anti-
CD44-FITC (J173; Coulter Immunotech, Krefeld, Germany), anti-CD50-FITC
(TU41; BD PharMingen), anti-CD54-FITC (84H10; Coulter Immunotech),
anti-CD53-FITC (HI29; BD PharMingen), anti-CD62L (FREGS56; Coulter
Immunotech), anti-CD63-FITC (H5C6; BD PharMingen), or anti-CD71
(YDJ1.2.2; Coulter Immunotech). These antibodies were counterstained using
Cy2-conjugated secondary antibodies (1:100; goat anti-mouse IgG; Jackson
ImmunoResearch Laboratories).

For the intracellular staining procedure, cultured and prefixed CD34*
cells were fixed with 4% paraformaldehyde in PBS for 20 minutes at 4°C
and permeabilized using 0.1% Triton X100 (Sigma-Aldrich Chemie) in
PBS. After blocking in 10% donkey serum (Jackson ImmunoResearch
Laboratories), cells were incubated with the anti-CD63 antibody (1:50;
HS5CS; BD PharMingen) for at least 30 minutes at room temperature and
counterstained with Cy3-conjugated AffiniPure Fab fragment donkey
anti-mouse IgG (1:100; Jackson ImmunoResearch Laboratories) diluted in
PBS containing 10% donkey serum for another 30 minutes at room
temperature. After saturating remaining mouse epitopes with unconjugated
AffiniPure Fab fragment rabbit anti-mouse IgG (1:10; Jackson ImmunoRe-
search Laboratories), cells were stained with the anti-CD71 antibody (1:50;
YDJ1.2.2; Coulter Immunotech) and counterstained with Cy2-conjugated
secondary antibodies (1:400 goat anti-mouse IgG; Jackson ImmunoRe-
search Laboratories).

Labeled cells were mounted in 75% glycerin containing propylgallat
(50 mg/mL) and DAPI (200 ng/mL; Roche, Mannheim, Germany) and
observed with an Axioplan 2 fluorescence microscope (Carl Zeiss, Goettin-
gen, Germany) using a Zeiss Plan-Neofluar 100X objective lens (1.3 NA
O). Pictures were taken with an Axiocam digital camera and processed
using Axiovision 4.5 Software (Carl Zeiss).

Functional assays

For the long-term culture-initiating cell (LTC-IC) assays, approximately
6000 sorted cells were cocultured in a limiting dilution with the irradiated
murine fetal liver stroma cell line AFT024 in IMDM (Invitrogen) supple-
mented with 12.5% FCS, 12.5% horse serum (Cell Systems, St. Katharinen,
Germany), 2 mM L-glutamine (Invitrogen), 1000 U/mL penicillin, 100
U/mL streptomycin (Invitrogen), and 10-¢ M hydrocortisone as extensively
described previously.!42* Briefly, cultures were maintained for 5 weeks in a
humidified atmosphere at 37°C and 5% CO, and fed once a week. At week
5, all wells were overlaid with clonogenic methylcellulose medium
(Methylcel MC; Fluka, Sigma-Aldrich Chemie) in a final concentration of
1.2% containing IMDM, supplemented with 30% FCS for colony-forming
cells (CFCs), 5 U/mL erythropoietin (Cell Systems), and supernatant of the
bladder carcinoma cell line 5637 (10%). Wells were scored for the
occurrence of secondary CFCs after an additional 10 days.

Statistics

Experimental results from different experiments were reported as standard
deviation of the mean. Significance analyses were performed with the
paired Student 7 test. LTC-IC frequencies were calculated as the reciprocal
of the concentration of test cells that gives 37% negative cultures using
Poisson statistics and the weighted mean method.

Results
Proliferation kinetics of cultured CD34"* cells

Recently, we have shown that human CD34* cells grown for 5 days
in the presence of early- or late-acting cytokines in suspension
cultures segregate into CD34+*CD133" and CD34"CD133l"/~
subfractions. Furthermore, we realized that early-acting cytokines
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stimulate proliferation of CD34* cells more homogeneously than
late-acting cytokines.!” Since we aimed to study the subcellular
distribution of antigens in dividing human CB—derived primitive
hematopoietic cells and had the experimental requirement to obtain
sufficient mitotic cells numbers, we first estimated the proliferation
kinetics of CD34" cells labeled with the fluorescence dye PKH2
and subsequently cultured in the presence of early-acting cyto-
kines. Cells were harvested at different time points, counted, and
the expression of PKH2, CD133, and CD34 was analyzed by flow
cytometry. According to the PKH2 staining (Figure 1) and in
agreement with our previous studies,” only a few CD34" cells
undergo cell division within the first 48 hours of cultivation. The
proportions of both CD133* cells (Figure 1) and CD347 cells (data
not shown) were not altered during this period. Analysis of the
PKH2 staining at later time points revealed that most of the CD34+
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Figure 1. Flow cytometric analyses of PKH2-stained CD34*-enriched cells.
PKH2-stained CD34*-enriched cells, either noncultivated (d0) or cultivated in the
presence of early-acting cytokines for 2, 3, 4, or 5 days (d2, d3, d4, d5), were
measured after labeling with anti-CD34 and anti-CD133 antibodies. The size and the
granularity of all cells is plotted in the panels of the first column, and the PKH2 and
anti-CD133 staining of the cells located in the live gates (shown in the first column) in
the panels of the second column. Quadrants are adjusted according to corresponding
isotype controls. Upon cultivation, CD34* cell increase in size and slightly up-
regulate CD133 on their cell surface (compare dO with d2 plots). Starting at day 3, the
content of CD133" cells and the intensity of the PKH2 staining diminishes over time.
Since PKH2 is a plasma membrane intercalating dye, its staining gets diluted with
each cell division; the PKH2 intensity therefore reflects the number of cell divisions a
given cell has performed during cultivation. The perpendicular lines should help to
cluster cells regarding the number of cell divisions they had performed. The amount
of cells depicted in all plots is normalized to the cell numbers of day 0; therefore, plots
can be compared semiquantitatively. Note the small population with the weaker
PKH2 staining follows the same kinetics as the large brightly stained population,
demonstrating the reliability of the PKH2 experiment.
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cells in vitro undergo their first cell division between day 2 and day
3 in culture, and subsequent divisions during the next few days
(Figure 1). In agreement with our previous report,'” the content of
CD34" cells does not change during the first 5 days of culture (data
not shown). However, with the onset of cell division, the proportion
of CD133" cells decreases between day 2 and 5 in culture (Figure
1). This corresponds to the maximum expansion period of CD34*
cells between days 3 and 4 seen in 3 different CB-derived CD34*
cell samples (expansion rate, 2.3 = 0.4 times).

Because upon stimulation with late-acting cytokines CD133 expres-
sion was associated with the more primitive, slowly dividing CD34*
cell fraction,'” we assumed and verified (fourth paragraph of Re-
sults section) that cultivated CD34"CD133" cells are more
primitive than CD34*CD133!%/~ cells, and decided to preferen-
tially analyze CD34*CD133" cells in the course of this project.
Since the content of CD347CD133" cells was significant higher
at culture day 3 compared with days 4 and 5 (day 3,
57.5% * 1.9%; day 4, 44.7% * 1.6%; day 5, 33.0% = 5.2%;
Paaysigays < -003;5 Pyayziaays < -02; n = 3), we mainly used day-3
CB-derived CD34+ cells for our further analyses.

Distribution of uropod markers in dividing CD34* cells

We have recently shown that several surface molecules, and especially
CD133, become distributed in a localized fashion in cultivated primitive
hematopoietic cells.”> Now, we have studied their distribution in
dividing CD34" cells. To minimize extrinsic effects on the distribution
of these molecules, we generally cultured the cells under stroma-free,
nonadherent culture conditions before staining. We analyzed in total
2409 mitotic CD34" cells from 14 different CB samples that were
cultured for 3 or 4 days, respectively. A total of 1379 mitotic cells
represented late mitotic stages (telophase), in which the 2 cellular poles
can clearly be discriminated (Figure 2). Of the latter, 899 (65.2%) were
found to be positive for CD133, a ratio consistent with the content of
CD133" cells within the fraction of CD34" cells at day 3 of culture. In
892 of these mitotic cells, CD133 was distributed in a symmetrical
fashion, displaying its highest concentration at the cleavage furrow or at
the midbody, respectively (Figure 2). Only 7 (0.8%) late mitotic cells
were found in which the anti-CD133 staining was not symmetrically
distributed to the 2 prospective daughter cells; however, according to the
appearance of these cells, the nonsymmetric distribution was nonspe-
cific rather than specific.

Furthermore, we analyzed the distribution of other uropod markers
in late mitotic CD34* cells (CD43, CD44, ICAM-1, and ICAM-3). All
of these proteins were highly enriched at the cleavage furrow or
midbody of the stained cells studied (Table 1; Figure 2). In none of the
latter cells we did find any evidence for an asymmetric distribution of
these proteins. Together with the results presented in paragraph 6 of the
Results section, we assume that under the conditions used here, CD133
and the other uropod markers become highly enriched at the cleavage
furrow and at the midbody of all dividing CD34*CD133" cells, and
thus do not identify putative asymmetric cell divisions.

Phenotypical characterization of the CD34*CD133* versus the
CD34+CD133'°"~ cell fraction

Although our data argues against the possibility that CD133
segregates asymmetrically in dividing CD34*CD133% cells, the
kinetics of the cultured CD34* cells are principally compatible
with a model in which asymmetric cell divisions give rise to more
primitive cells that will maintain the CD347CD133* phenotype,
and to committed cells that will reduce their CD133 surface
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Figure 2. Cell-surface distribution of uropod markers in late
mitotic CB-derived CD34+*CD133* cells. Before double labeling
with anti-CD133 (red staining) and either anti-CD43, anti-CD44,
anti-ICAM-1, or anti-ICAM-3 antibodies (green staining), cells were
cultured for 3 days in serum-containing medium supplemented with
early-acting cytokines. Note that CD133 as well as the other uropod
markers are highly enriched at the cleavage furrow or midbody of
dividing CD34*CD133" cells. Column 1 shows anti-CD133 staining;
column 2, anti-CD43, anti-CD44, anti—ICAM-1, and anti—ICAM-3
staining of cultivated CD34" cells; column 3, merge of columns 1 and
2; column 4, DAPI staining; and column 5, light microscopy images of
the stained cells.

expression postmitotically. At this point we hypothesized that if
CD347CD133" cells indeed can divide asymmetrically to give rise
to CD347CD133" and CD34*CD133"%~ cells, any protein that is
expressed differentially among these populations might be a
candidate for a protein that segregates differentially in asymmetri-
cally dividing CD347CD133* cells.

Thus, to challenge this hypothesis, we next screened for proteins that
are expressed differentially on both populations. For the screening
procedure, we cultured CB-derived MNCs in the presence of early-
acting cytokines for 3 days. Then, cells were stained with anti-
CD133-PE and anti-CD34-PCy5 antibodies as well as with 1 of 58
different FITC-conjugated antibodies that recognize different surface
antigens. The expression levels of the corresponding antigens were
measured by flow cytometry. Using a gating strategy on CD34* cells,
the expression of the different antigens on CD34+*CD133* cells as well
as on CD347CD133"%~ cells was analyzed and compared with each
other (Figure 3). According to our results, 39 of these antigens were
judged to be expressed on cultivated CD34" cells, with 19 of them
uncovering differences between the CD347CDI133* and
CD34+CD133%%~ subpopulations (data not shown).

Following this initial screening procedure, we chose a panel of 11
different antibodies and studied the expression of the corresponding
antigens on 2 additional CB-derived MNC fractions. While CD47 and
CD59 were expressed homogeneously on CD34* cells, CD13, CD3l1,
CD53, CD62L, CD63, CD71, CD74, and CD105 were expressed in
different amounts on CD34*CD133" cells compared with
CD347CD133"%~ cells in all samples. The expression levels of CD164
on these subpopulations were not consistent among the different
samples (data not shown). It should be mentioned that in comparative
analyses, we have studied the expression of these proteins on MNCs of 2

Table 1. Analyses of the uropod marker distribution in mitotic
CD34+ cells

No. stained Content of CD133+
n telophases telophases, %
CD43 3 95 74.7
CD44 3 195 87.2
ICAM-1 3 124 95.2
ICAM-3 4 135 80.7

n indicates number of CB samples analyzed. The distribution of different antigens
was studied in late mitotic cells counterstained with CD133. In all of the late mitotic
cells analyzed, antigens were distributed in a symmetric fashion.
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BM-derived and 2 PB-derived MNC fractions as well and obtained
comparable results (data not shown).

According to our results, the expression levels of CDS53,
CD62L, CD63, and CD71 displayed the highest contrast between
CD347CD133* and CD34"CD133!"~ cells of the MNC fractions
(Figure 3). To exclude any influence of CD34~ MNCs on the
expression levels of these antigens, we analyzed the expression of
CDS53, CD62L, CD63, and CD71 on purified CB-derived CD34*
cells that were cultured for 3 days in the presence of early-acting
cytokines and obtained comparable results (Figure S1).

5497

ICAM-1

ICAM-3

Functional characterization of the newly identified
CD34* subpopulations

To functionally characterize the newly identified CD34* subfractions,
we have purified CD133* and CD133"%~ fractions in combination
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Figure 3. Flow cytometric analyses of CB-derived MNCs that have been
cultivated for 3 days in the presence of early-acting cytokines. Plots represent
MNCs that are ungated or gated on CD34" cells. The CD34" gate used is shown in
the first plot of the first row. The size of these cells plotted against their granularity is
shown in the second plot of row 1. The remaining plots represent the intensity of
CD1383 staining against the intensity of the isotype control, an anti-CD38, anti-CD47,
anti-CD53, anti-CD62L, anti-CD63, or anti-CD71 staining, respectively. Quadrants
are adjusted according to isotype controls of CD34 negative cells. Note that
CD34*CD133" cells contain different levels of CD53, CD63, CD62L, and CD71 than
CD34+CD133"%~ cells.
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with CD38, CD53, CD62L, CD63, or CD71 by fluorescent cell sorting
(Figure S1B) and analyzed their primitive myeloid developmental
capacity, measured as LTC-ICs. CD34" cells of the same samples were
purified in parallel and analyzed as controls. According to our results,
the LTC-IC frequency within the purified CD34"CD133" cell fractions
was significantly higher than in their CD34+CD133"%~ counterparts or
in the total CD34% cell fractions (Table 2). Compared with the
subfraction of cultivated CD133*CD38!°"~ and CD133 CD71¥ cells,
cells of the CD133*CD53*, CD133*CD62L*, and CD133*CD63lv
subfractions can be recognized as distinct cell populations (Figures 3,
S1). Therefore, CD53, CD62L, and CD63 provide markers, which can
be used in combination with CD133 to objectively identify potentially
more primitive cells within the fraction of cultivated CD34™" cells.

Subcellular distribution of identified antigens in polarized
CD34+CD133* cells

To subcellularly localize the identified antigens on polarized
CD34" cells, we stained CD34% cells cultured for 3 days with
antibodies against these markers and an anti-CD133 antibody.
CD53 and CD63 were highly concentrated in vesicular-like
structures at the base of the uropod. CD71 was distributed over the
cell surface, including the leading edge of CD34* cells; in addition,
it was highly concentrated in vesicular-like structures at the base of
the uropod. CD62L was highly concentrated at the tip of the
uropod, where it seemed to colocalize with CD133; in addition,
faint staining was sometimes found at the base of the uropod
(Figure 4). It should be mentioned that compared with the staining
with the other antibodies, the anti-CD62L antibody staining is
generally very weak on fixed cells.

CD53, CD62L, CD63, and CD71 segregation during mitosis
of CD34tCD133+ cells

Hence, the proteins identified in our screen are candidates that
might segregate differently during mitosis. Therefore, we have
analyzed the distribution of CD53, CD62L, CD63, and CD71 on
CD34"CD133" cells of late mitotic stages (telophase). On approxi-
mately 20% of the mitotic cells studied, CD53* (19.6%), CD63*
(20.5%), and CD71% (22.1%) vesicular structures were found
preferentially in 1 of the prospective daughter cells, suggesting that
these structures segregate differentially (Table 3, Figure 5). We also
found late telophase CD347CD133" cells that displayed an
asymmetric distribution of the CD62L antigen (15.2%). However,
due to the weak anti-CD62L antibody staining of fixed cells, the
number of asymmetrically dividing CD133*CDG62L* cells might
be underestimated.
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Intracellular distribution of CD63 and CD71 in late mitotic
CD34* cells

Since CD53, CD63, and CD71 are expressed on vesicular-like
structures and have been reported to be associated with the
endosomal traffic,>>28 the vesicular-like structures might corre-
spond to budding endosomes. To exclude the possibility the
asymmetric distribution of these structures is connected to a very
dynamic process, which might frequently switch among the
daughter cells, we decided to study the intracellular distribution of
the identified antigens. Due to an incompatibility between the
anti-CD53 antibody and the intracellular staining procedure, we
double-stained cultured CD34* cells with anti-CD63 and anti-
CD71 antibodies. In all cases studied, the anti-CD63 and the
anti-CD71 staining colocalized (Figure 5B). In support of the data
presented in the previous paragraph, we found an asymmetric
distribution of the anti-CD63— and anti-CD71—stained structures in
approximately 20% of the mitotic cells (Table 3, Figure 5B).

Discussion

Challenging the hypothesis of asymmetric cell division within the
primitive hematopoietic cell compartment, we demonstrate here for
the first time that primitive human hematopoietic cells indeed
contain capabilities to divide asymmetrically. Furthermore, we
report the identification of cell surface proteins that, in combination
with CD133, can be used to define more primitive hematopoietic
cells within the CD34+ cell fraction. In addition, these proteins led
to the discovery of a potentially new subcellular plasma-membrane
domain on migrating CD347 cells in which endosomes seem to be
formed to bud into the interior of the cell.

Asymmetric cell division of primitive hematopoietic cells

It has been suggested that HSCs can divide asymmetrically to
give rise to 1 cell maintaining stem cell fate and to a daughter
that is committed to differentiate. In agreement with this
hypothesis, the findings of several groups, including our own,
have demonstrated that primitive hematopoietic cells give rise
to daughter cells adopting different cell fates or realizing
different proliferation kinetics, respectively.!?-1>-17 Following a
definition in which a cell division is defined as asymmetric or
symmetric according to the cell fates of its daughter cells,?
these results would clearly demonstrate that primitive hemato-
poietic cells divide asymmetrically. However, if a more restric-
tive definition is used, in which asymmetrically dividing cells

Table 2. Functional analyses of sorted CD34+ sub-fractions in LTC-IC assays

LTC-IC PCD133* to PCD133* to
frequency n CD34',% CD133*, % CD133low/~ % CD133low/~ CD34*
CD38 3 42 *+ 35 CD38%%, 13.4 + 1.8 CD38+%,0.3 0.4 < .01 < .02
CD53 5 34 +27 CD53%,79 =42 CD53w/~ 1.1 +1.0 < .03 < .03
CDhe2L 5 3.4 27 CD62L", 8.9 = 3.9 CD62L"%/~, 0.3 + 0.1 < .01 < .01
CD63 5 53+28 CD63°%/~, 11.4 + 3.0 CD63%,0.3 0.2 < .01 < .01
CD71 5, 34 +27 CD71'% 12.7 = 10.0 CD71%,1.0 = 0.8 < .06 < .05

n indicates number of experiments; CD34*, LTC-IC frequency of CD34" cells purified at culture day 3 (note: identical CB- samples for CD53, CD62L, and CD71
analyses were used); CD133*, LTC-IC frequency of purified, cultured CD34* CD133 cell fractions which are CD38'*%, CD53*, CD62L*, CD63'*%~, or CD71'o%,
respectively; CD133°%, LTC-IC frequency of purified, cultured CD34* CD133'°%~ cell fractions which are CD38*, CD53'ow/~, CD62L'w~, CD63*, or CD71*,
respectively; P CD133* to CD133"°%/~, P values of significance analyses of the LTC-IC frequency of CD34+CD133" cell fractions compared with that of corresponding
CD34*CD133'"~ cell fractions; PCD133* to CD34*, P values of significance analyses of the LTC-IC frequency of CD34+*CD133* cell fractions compared with that of
corresponding CD34" cell fractions.
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Figure 4. Localization of CD53, CD62L, CD63, and CD71 in
polarized CD34+CD133* cells. CD53, CD63, and CD71 are local-
ized in vesicular-like structures at the base of the uropod. In addition,
CD71 is expressed all over the cell surface, including the leading edge
(left side of the cell shown in column 2). CD62L is highly localized at
the tip of the uropod and colocalizes with CD133. Column 1 shows
anti-CD133 staining; column 2, anti-CD53, anti-CD62L, anti-CD63,
and anti-CD71 staining of CD34* cells; column 3, merge of columns 1
and 2; column 4, DAPI staining; and column 5, light microscopy
images of the stained cells.

are defined as cells that by the different segregation of certain
molecules become qualitatively different, these results are not
sufficient to demonstrate asymmetric cell divisions within the
primitive human hematopoietic cell compartment. The observed
differences in the cell fate or the proliferation kinetics could
theoretically be a result of extrinsic mechanisms that act
postmitotically and alter the developmental capacities of ini-
tially identical daughter cells. A well-analyzed process in which
cells with identical developmental capacities become different
is the process of lateral inhibition, sometimes also referred as
mutual inhibition or lateral specification. In this process, cells
with identical developmental capacities mutually influence each
others cell fate to become different.??! Since this process is
mediated by the Notch signaling pathway, which plays impor-
tant roles during early and late hematopoiesis,? its action is one
of several other predictable, postmitotically acting mechanisms
which theoretically could account for the observed differences.

However, by the identification of marker proteins that
segregate differently in approximately 20% of the mitotic,
CB-derived CD341tCD133* cells, it now becomes evident that
primitive hematopoietic cells can indeed give rise to qualita-
tively different daughter cells and thus divide asymmetrically.
Since we raised the cells in stroma-free suspension cultures, and
the cells grew nonadherently, we suppose that the asymmetric
distribution of the proteins in mitotic cells is assigned intrinsi-
cally rather than induced by extrinsic signals that might directly
affect the subcellular localization of the identified proteins. This
assumption is further enforced by the findings that (1) the ratio
of late mitotic cells with asymmetric protein distributions fits
into the same range with which primitive human hematopoietic
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cells deposited as single cells in suspension cultures generate
daughter cells realizing different cell fates and different prolifera-
tion kinetics, and (2) that the latter rate was not influenced by the
different cytokine conditions used to raise these cells in vitro.!*16
Although we cannot exclude that daughter cells inheriting
different levels of the identified marker proteins can compensate
for these differences and adopt identical developmental poten-
tials, this congruency suggests that there is a high correlation
between the marker distribution and the acquired cell fates of
the daughter cells, which is supported by the fact that CD133
and the expression of the marker proteins we describe here
correlates very well with the primitive state of CD34% cells.
More primitive CD34*CD133% cells express higher levels of
CD53 and CD62L as well as lower levels of CD63 and CD71
than the more mature CD34*CD133!%~ cells. In this context, it
should be noted that, in combination with CD133 and CD62L,
CDS53 or CD63 more objectively defined subpopulations of
CD34+ cells can be recognized and purified than with the CD38
antigen, which is commonly used to discriminate more primitive
human HPCs (CD34*CD38°%~) from more mature ones
(CD347CD38%).31:32 According to our findings, we postulate
that asymmetrically dividing CD34*CD133* cells obtaining
more CD53 or CD62L or less CD63 are more primitive than
their sister cells. As CD71 is distributed along the whole plasma
membrane, we suggest that the daughter cells inheriting more of
the CD71-stained vesicular-like structures will express higher
levels of CD71 than their sister cells. Since CD347CD133*CD71'%
cells are more primitive than CD34+*CD133"°"CD71" cells, we
assume that the daughter cells inheriting more of the CD71°
vesicular-like structures are more mature than their sister cells.

Table 3. Distribution of CD53, CD62L, CD63, and CD71 in late mitotic CD34+* cells

Total no. Total no. asym Content of asym Average rate of asym
Antigen n telophases telophases telophases, % telophases per CB, %
CD53/CD133 3 97 19 19.6 18.9 = 9.4
CD62L/CD133 4 112 17 15.2 17.8 +13.7
CD63/CD133 5 146 30 20.5 28.6 = 6.5
CD71/CD133 4 131 29 221 29.9 = 16.3
CD63/CD71 4 221 40 18.1 20.3 = 6.5

The distribution of different antigens was studied in late mitotic cells counterstained with CD133 or in cells that were intracellularly stained with CD63 and CD71.

n indicates number of CB samples analyzed; asym, asymmetric.
*Data shows telophases.
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Figure 5. Localization of CD53, CD62L, CD63 and CD71 in dividing CD34+CD133+
cells. (A) Cell-surface distribution of CD53, CD62L, CD63, and CD71 on late mitotic
CD34+CD133* cells. For each of these markers, 1 mitotic cell is shown containing a
symmetric distribution of the given antigen (top row), and 1 containing an asymmetric
distribution (bottom row; green staining). Cells are counterstained with an anti-CD133
antibody (red staining) and DAPI (blue staining). Light microscopy images of the
stained cells are presented in the fifth column. (B) Intracellular distribution of CD63
(red staining) and CD71 (green staining). The overlay of the 2 is given in the third
column.
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This view is supported by the result of our intracellular staining
procedure, in which CD63" vesicular-like structures, which are
supposed to label more mature cells, cosegregate with the
CD71-stained structures. In addition, and consistent with our
functional data, it was reported several years ago that
CD34+tCD71'% cells are more primitive than CD34*CD71"
cells.333* Similarly, previous evidence showed that CD62L
expressing CD34% cells are more primitive than CD62L~
CD34% cells.?>3¢ To our knowledge, neither CD53 nor CD63
have been associated with the fate of CD34" cells. Therefore,
we have qualified these as new markers to discriminate primitive
cultured CD347 cells from more mature cells.

Tetraspanins

Both CD53 and CD63 encode members of the evolutionary
conserved tetraspanin family, a large superfamily of small cell-
surface membrane proteins characterized by 4 transmembrane and
2 extracellular domains. At present, 28 members of this family have
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been documented in humans, many of them expressed on multiple
cell types. They seem to organize novel types of cell-surface
membrane microdomains, the tetraspanin-enriched microdomains
(TEMs), novel signaling platforms which are distinct from lipid
rafts.’”3% However, little is known about their function, though
tetraspanins seem to take part in regulating the activation, motility,
and antigen presentation of different leukocytes.?’3® Interestingly,
it has been shown that, in addition to the cell surface, many
tetraspanins, including CD53 and CD63, are localized on the
internal vesicles of multivesicular endosomes and on exosomes.?
Due to the interaction between CD63 and subunits of AP-2 and
AP-3 complexes, it is linked to clathrin-dependent endocytotic
pathways and seems to play a role in the recycling of plasma
membrane components and their transport to appropriate intracellu-
lar compartments.?>-27-39-42

Since the transferrin receptor (CD71) also cycles between the
plasma membrane and the endosomal compartment and can be
secreted on exosomes,?®3 3 of the 4 identified proteins that
frequently segregate asymmetrically in dividing CD34*CD133*
cells are linked to the endosomal/exosomal compartment. This,
together with the fact that anti-CD53, anti-CD63, and anti-CD71
staining is highly enriched in vesicular-like structures in polar-
ized as well as in mitotic CD34*CD133" cells, suggest that the
vesicular-like structures correspond to budding endosomes. This
assumption is further supported by our finding that in living
CD34% cells, antibodies against CD63 and CD71 become
internalized within the region that is highly enriched for these
vesicular-like structures (data not shown). Since these presump-
tive budding endosomes are highly enriched in a region at the
base of the uropod, they define a membrane domain that to our
knowledge has not been previously described in polarized
CD347" cells. Furthermore, these results reveal a link between
the endosomal compartment and mechanisms governing the
asymmetric cell division of primitive human hematopoietic
cells. It will, in the future, be interesting to determine the
similarities between this asymmetric cell division in human
HPCs and the role of the endosomal compartment and mecha-
nisms governing asymmetric cell divisions that have been
described in Drosophila.*?
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ABSTRACT

The targeted manipulation of the genetic program of single cells as well as of complete organisms
has strongly enhanced our understanding of cellular and developmental processes and should also
help to increase our knowledge of primary human stem cells, e.g., hematopoietic stem cells (HSCs),
within the next few years. An essential requirement for such genetic approaches is the existence of
a reliable and efficient method to introduce genetic elements into living cells. Retro- and lentiviral
techniques are efficient in transducing primary human HSCs, but remain labor and time consum-
ing and require special safety conditions, which do not exist in many laboratories. In our study, we
have optimized the nucleofection technology, a modified electroporation strategy, to introduce plas-
mid DNA into freshly isolated human HSC-enriched CD34* cells. Using enhanced green fluores-
cent protein (eGFP)-encoding plasmids, we obtained transfection efficiencies of approximately 80%
and a mean survival rate of 50%. Performing functional assays using GFU-GEMM and long-term
culture initiating cells (LTC-IC), we demonstrate that apart from a reduction in the survival rate
the nucleofection method itself does not recognizably change the short- or long-term cell fate of
primitive hematopoietic cells. Therefore, we conclude, the nucleofection method is a reliable and ef-
ficient method to manipulate primitive hematopoietic cells genetically.

INTRODUCTION

OR MORE THAN 30 YEARS, hematopoietic stem cells

(HSCs) have been successfully used in a various num-
ber of clinical applications (1). However, the current un-
derstanding about the molecular and cellular mechanisms
governing the biology of these cells remains limited. In a
variety of different organisms (e.g., Drosophila and
Caenorhabditis elegans) or cellular systems, the under-
standing of different cellular processes was fundamentally
improved by genetic approaches (2). In this regard over- or
ectopic-expression studies, as well as inhibition of expres-
sion by RNA interference, revealed important results, sim-

ilar to naturally occurring mutations. Therefore, an effec-
tive method to manipulate human HSCs or hematopoietic
progenitor cells (HPCs) genetically should help to increase
the current understanding of the basic mechanisms gov-
erning the biology of human HSCs and HPCs. Addition-
ally, an effective transfection method might help to improve
HSC/HPC applications in clinical trials.

In principle, there are different strategies to manipu-
late human HSCs/HPCs genetically, i.e., techniques
based on viral or nonviral gene transfer. Although viral
strategies are highly efficient to transfer genes into pri-
mary cells (up to 90%) (3), they are time consuming and
require special safety precautions to minimize the risk of
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exposure to biohazards (4), most nonviral techniques, e.g.
electroporation, require a prestimulation of the corre-
sponding cells and result in a maximal, regularly non-
permanent transfection efficiency of 30% (5,6).

Recently, a new and highly efficient nonviral method
called nucleofection technology was described. This
modified electroporation strategy, which delivers the
transfected nucleic acids directly into the nuclei of most
cell types investigated so far, permits transient transfec-
tion of primary cells without any prestimulation (7-10).
Indeed, we and others have successfully applied this tech-
nique to transfect freshly isolated human CD34% cells
and have obtained transfection efficiency rates of up to
80% when using green fluorescent protein (GFP)-encod-
ing plasmids (11,12). Because the survival rate of trans-
fected cells dropped significantly with decreasing cell
numbers used in a single nucleofection reaction, we now
have optimized the technology to transfect as little as 2 X
10° freshly isolated CD34% cells.

For many experiments, especially those involving im-
mature cell types, it is required that the cell fate of treated
cells is not significantly altered by the transfection
method itself. Therefore, we have also assessed whether
the optimized nucleofection technology has any influence
on the developmental potential of human HSCs/HPCs.

MATERIALS AND METHODS
Cell preparation

Umbilical cord blood (CB) samples were obtained
from donors after informed consent according to the De-
claration of Helsinki. Mononuclear cells were isolated
from individual samples by Ficoll (Biocoll Separating
Solution, Biochrom AG, Berlin Germany) density gradi-
ent centrifugation. Remaining red blood cells were lysed
at 4°C in 0.83% ammonium chloride with 0.1% potas-
sium hydrogen carbonate, followed by a phosphate-
buffered saline (PBS) washing step. CD34% cells were
isolated by magnetic cell separation using the MidiMacs
technique according to the manufacturer’s instructions
(Miltenyi Biotec, Bergisch Gladbach, Germany), yield-
ing CD34™ cells of 80.2 = 8.6 % purity (n = 19).

Transfection of CD34™" cells

The pEGFP-N1 vector (BD Clontech, Heidelberg, Ger-
many) was amplified in Escherichia coli strain DH12S
(Invitrogen GmbH, Karlsruhe, Germany) and purified us-
ing an Endofree-Plasmid-Maxi-preparation kit (Qia-
gen,Hilden, Germany) according to the manufacturer’s
instructions.

CD34*-enriched cells were divided into aliquots of equal
size (2-5 X 107 cells per aliquot) and were either not trans-
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fected, transfected without DNA (mock), or transfected
with 5 ug of the vector pPEGFP-NI1 as described in the text.
By rinsing the transfection cuvettes two times with 1 ml of
120 [Iscove’s modified Dulbecco’s medium (Invitrogen
GmbH) supplemented with 20% fetal calf serum (FCS;
Biochrom, Berlin, Germany)] transfected cells were trans-
ferred into a 15-ml plastic tube and washed in a total vol-
ume of 10 ml of 120. Pelleted cells were incubated for 15
min in a humidified atmosphere at 37°C and 5% CO,, then
they were resuspended in 1 ml of Myleocult H5100 (Stem
Cell Technologies Inc, Vancouver, Canada) supplemented
with early-acting cytokines (fetal liver tyrosine kinase-3 li-
gand [FLT3L], stem cell factor [SCF], thrombopoietin
[TPO], each at 10 ng/ml final concentration [all PeproTech,
Inc., Rocky Hill, NJ]). Cells were cultured at a density of
~] X 10° cells/ml, either in the presence or absence of the
general caspase inhibitor Z-VAD-FMK (BD Biosciences,
Heidelberg, Germany) in a humidified atmosphere at 37°C
and 5% CO..

Flow cytometry and cell sorting

After 2 days, cultivated mock- and GFP-transfected cells,
as well as nontransfected cells, were stained with an anti-
CD34-PeCy5 antibody (clone 581; BD Pharmingen, Hei-
delberg, Germany). CD34" cells of the controls and
successfully transfected CD34 " GFP™ cells were highly pu-
rified using a Coulter EPICS Elite ESP fluorescence cell-
sorting system equipped with the Expo32 software (Beck-
man Coulter, Krefeld, Germany). For functional assays,
defined numbers of appropriate cells were immediately
sorted into corresponding media. Flow cytometric analyses
were performed on a Cytomics FC 500 flowcytometer
equipped with the RXP software (Beckman Coulter).

Functional assays

Primitive hematopoietic progenitors were assessed as
long-term culture initiating cells (LTC-IC) as described be-
fore (13). Briefly, 5,000 cells were sorted into LTBMC
medium consisting of Iscove’s modified Dulbecco medium
(IMDM,; Invitrogen GmbH) containing 12.5% horse serum,
12.5% FCS for human myeloid LTC (both Stem Cell Tech-
nologies Inc), 2 mM L-glutamine, 100 U/ml penicillin, and
100 U/ml streptomycin (all Invitrogen GmbH). The cells
were transfered into 96-well tissue culture plates (Costar,
Corning Incorporated, New York) containing irradiated
stroma cells of the murine fetal liver cell line AFT024 (14)
in limiting dilutions (LDA; 22 replicates per concentration:
150, 50, 15, 5 cells/well). Half-medium exchanges were per-
formed once a week. After 5 weeks of culture in a humid-
ified atmosphere at 37°C and 5% CO,, all medium was re-
placed by secondary clonogenic methylcellulose medium
consisting of 1,12% methylcellulose (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) in IMDM (Invitro-
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gen GmbH) containing 30% FCS for human myeloid CFC
(Stem Cell Technologies, Inc.), 2 U/ml erythropoietin
(EPO; NeoRecormon; Roche Diagnostics GmbH, Mann-
heim, Germany), and 10% supernatant of the human blad-
der carcinoma cell line 5637 (13,15). Cells were cultured
for another 2 weeks before individual wells were scored for
the presence or absence of secondary colony-forming units
(CFU). Using Poisson statistics and the weighted mean
method, the frequencies of LTC-IC were calculated (15,16).

To perform CFU-GEMM assays, 250 cells were sorted
into MethoCult GF H4434 containing recombinant human
SCF, interleukin-3 (IL-3), granulocyte/macrophage colony-
stimulating factor (GM-CSF), and EPO (Stem Cell Tech-
nologies Inc). The cells were incubated in a humidified
atmosphere at 37°C and 5% CO,. Hematopoietic colonies
were scored after 1014 days as described before (13,15).

Stromal feeders for LTC-IC assays

The murine fetal liver cell line AFT024 was used as a
stromal feeder layer to support hematopoietic growth in
LTC-IC assays. The cell line was maintained at 33°C in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen
GmbH) containing 20% FCS (Biochrom AG) and 160 uM
2-mercaptoethanol (Invitrogen GmbH). The 96-well plates
(Costar, Corning Incorporated) used for the LTC-IC assays
were coated with 0.1% gelatin (Stem Cell Technologies,
Inc.) and seeded with AFT024 cells. Cells were grown to
confluence and irradiated with 2,000 rad. One day after ir-
radiation, all medium was replaced by LTBMC medium.

Immunofluorescence and microscopy

Analyses of living cells were performed at 37°C in a
humidified, 5% CO, atmosphere using a DMIRB inverse
fluorescence microscope (Leica, Bensheim, Germany).
Pictures were taken with an Axiocam digital camera and
processed using Axiovision Software (Carl Zeiss, Goet-
tingen, Germany).

Statistics

Experimental results from different experiments were
reported as mean * standard deviation of the mean (SD).
Significance analyses were performed with the paired
Student’s #-test.

RESULTS

Optimization of the nucleofection technology to
transfect primitive hematopoietic cells

As described recently, we have successfully applied the
nucleofection technology to transfect freshly isolated

CD34% cells with different GFP-encoding plasmids (12).
When following the manufacturer’s instructions (espe-
cially using the nucleofection program UO8) and using
more than 5 X 10° CD34*-enriched cells, we obtained sat-
isfying transfection and survival rates. However, when us-
ing less than 5 X 103 CD34"-enriched cells in a single
transfection reaction, the survival rate decreased dramati-
cally, and transfection buffer-derived floe-like structures
arose within the concomitant cell culture. To overcome
these difficulties when transfecting as little as 2 X 10°
CD34*-enriched cells, we tested different nucleofection
programs and obtained the best results using the nucleo-
fection program UO1. However, even a large proportion of
the transfected cells were still viable at day 1 post trans-
fection (p.t.), most of them died within two days p.t. (data
not shown). In accordance with the original protocol, we
initially cultured transfected CD34 % cells in the presence
of the transfection buffer. When the transfection buffer was
removed immediately after the transfection procedure, the
survival rate of cultivated, transfected cells was obviously
increased (data not shown).

Electroporation processes create minipores in cell
membranes that selectively enable the passage of small
ions, resulting in a colloidal osmotic swelling that kills
cells (18,19). Because the postpulse pelleting procedure,
i.e., the immediate precipitation and incubation of pel-
leted, transfected cells for 15 min at 37°C, was reported
to suppress this swelling in human primary hematopoi-
etic stem cells (19,20), we adapted this procedure to our
protocol. Using our improved protocol and 5 ug of Endo-
free-preparted plasmid DNA (pEGFP-N1), we now ob-
tain survival rates at day 2 p.t. of 52.9% * 18.9% (n =
19) with a mean transfection efficiency of 79.8% =
14.1% (n = 19). Upon usage of higher amounts of plas-
mid DNA (10 wg), the viability of transfected cells
dropped down (data not shown).

Effects of apoptosis inhibitor Z-VAD-FMK on
cell survival

Recently, it was shown that the electrotransfection-in-
duced DNA uptake resulted in the induction of large-scale
apoptosis in CD34™" cells isolated from peripheral blood,
and that this apoptotic effect was clearly reduced when cas-
pase inhibitors, e.g., Z-VAD-FMK, were added to the post-
pulse culture media (20). To analyze whether inhibition of
caspases also increase the survival rate of nucleofected
CD34* cells, we compared the survival rate of nontrans-
fected, mock-transfected, and GFP-transfected CD34 7"
cells that were cultured in the presence or absence of
Z-VAD-FMK (20 uM or 120 uM) for 2 days (n = 6). As
depicted in Table 1, we did not find any significant impact
of Z-VAD-FMK on the survival rate of GFP transfected
CD347" cells; a slight increase was observed when added
at a final concentration of 120 uM (Table 1).
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TABLE 1. MEAN SURVIVAL RATE OF CULTURED NONTRANSFECTED AND
TRANSFECTED CELLS 2 DAYS PosT TRANSFECTION
Untreated 20 uM Z-VAD-FMK 120 uM Z-VAD-FMK
Control 84.5% + 4.8% 76.3% * 12.4% 78.9% * 11.0%
p = 0.061 p=0.171
Mock 76.7% = 10.5% 76.3% * 10.7% 76.1% £ 6.2%
p = 0.246 p = 0.045
GFP 49.5% = 19.0% 52.8% * 16.3% 60.4% * 7.6%
p =0.130 p = 0.044

Content of CD34" cells, 78.8% =+ 11.6%; GFP transfection rate, 85.1% = 5.0%; n = 6; p Val-
ues are given in relation to corresponding untreated cell fractions.

Effects of the nucleofection procedure on the cell
growth of CD34% cells

As we have described recently, upon cultivation
CD34™ cells increase in size and acquire a dynamic, po-
larized cell morphology, forming a leading edge at the
front and an uropod at the rear pole (12). To analyze
whether the nucleofection procedure has any morpholog-
ical effect on CD34 " cells, we compared GFP-transfected,
mock-transfected, and nontransfected cells. We realized
that most cultivated mock- or GFP-transfected CD34"
cells acquire a polarized cell shape similar to that of non-

transfected cells (Fig. 1). However, whereas nontrans-
fected CD34* cells reach their final size at culture day 2,
transfected CD34% cells seem to be delayed in their cell
growth. This difference vanishes largely until day 3 post-
transfection (Fig. 2A). It should be mentioned that we ob-
served an additional reduction in cell growth upon treat-
ing transfected cells with Z-VAD-FMK (data not shown).

To analyze whether the transfection procedure has
any obvious influence on the expression of stem cell-
associated surface marker, we compared the content of
CD34 and CD133 expression of nontransfected as well
as of GFP-transfected cells over time. Under the con-

FIG. 1.

Upon cultivation, nontransfected as well as transfected CD34* cells acquire a polarized cell shape. (A) Nontransfected

CD347 cells. (B) Mock-transfected CD34* cells. (C,C’) GFP-transfected CD34* cells. All depicted cells were derived from the
same CD34™" preparation. Apart from the nucleofection reaction, cells were treated the same. Photos were taken at day 2 post
transfection. GFP-transfected cells are clearly smaller than non- or mock-transfected cells (compare C to A or B, respectively).
Note that most cells, even the GFP-transfected cells, acquired a polarized cell shape.
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FIG. 2. Flow cytometric analysis of nontransfected and GFP-transfected cells. (A) Comparison of the size (FSC-height) and gran-
ularity (side scatter) of freshly isolated CD34" (day 0) and GFP-transfected cells (GFP) versus nontransfected cells CD34" cells at
day 2, day 3, or day 9 past transfection. Upon cultivation, cultured cells increase in size and granularity. While cultivated control cells
reach their final size after 2 days, the growth of GFP-transfected cells is delayed approximately 1 day. The “live” gate includes the
living and excludes the dead cells. (B) Expression of CD34 and CD133 in GFP-transfected or nontransfected control cells that were
cultured for 2 or 9 days in the presence of early-acting cytokines. Note that GFP-transfected cells express comparable levels of CD34
and CD133 expression than non-transfected cells. Only cells within the live gate (shown in A) are plotted.

ditions used, we observed similar dynamics of CD133
and CD34 expression in cultivated nontransfected or
GFP-transfected CD34 7" cells, respectively (Fig. 2B).
Starting from culture day 3, CD133 and CD34 expres-
sion declines over time leaving approximately 20%
CD133*CD34" cells at day 9 p.t. (Fig. 2B). In this con-
text, it is worth mentioning that although the strength
of GFP expression decreases more than 20-fold, ap-
proximately 50% of the cultured offspring of originally
GFP-transfected cells still express GFP after 9 days
(Fig. 2B).

Colony-forming potential of GFP-nucleofected
CD34% cells

To identify potential effects of the nucleofection pro-
cedure on the colony-forming potential of CD34% cells,

we performed CFU-GEMM assays of either transfected
or nontransfected CD34 ™" cells. To allow transfected cells
to recover from the transfection procedure and to express
the trans-gene, they were cultured for 2 days in the
presence of early-acting cytokines. Then, viable GFP™
CD34% cells or CD34™* cells of the controls were puri-
fied by cell sorting and transferred in discrete numbers
into the CFU-GEMM assay.

According to our data, GFP transfected CD34 " cells
form fewer colonies than non- and mock-transfected con-
trol cells do. However, we did not find any significant
alteration in the ratio of erythroid to myeloid to mixed
colonies in our assays (Table 2). The addition of the cas-
pase inhibitor Z-VAD-FMK to the cultures of the 2-day
lasting recovery phase did not reveal any positive effect
on the frequency of colony formation of transfected or
nontransfected cells (data not shown).
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TaBLE 2. MEAN CoLONY FORMATION OF NONTRANSFECTED AND TRANSFECTED CELLS AND RATE OF
WHITE To RED TO MiXED COLONIES OF COLONIES FORMED

Colonies per 250

Survival rate CD34™" cells

Rate of red
colonies

Rate of white
colonies

Rate of mixed
colonies

Control 82.3% *+ 6.0% 119.6% + 64.7%

Mock 742% *+ 9.7% 108.6 =+ 56.0
p = 0.007 p = 0331

GFP 50.5% + 17.5% 86.3 + 76.2
p < 0.001 p = 0.097

18.2% = 11.3%
15.3% = 12.1%

p = 0206
16.0% * 10.5%
p = 0288

62.8% = 14.2%
64.0% = 16.9%

p = 0440

60.3% * 15.8%

p = 0.245

19.0% = 11.6%
20.8% * 12.8%

p = 0.386
23.7% = 20.8%
p = 0.177

Content of CD34™" cells, 78.8% = 10.0%; GFP transfection rate, 79.6% * 15.6%, n =10, p values are given in relation to

corresponding control cell fractions.

LTC-IC content of GFP-nucleofected
CD34% cells

To test if more primitive hematopoietic cells within the
CD34%" cell fraction can be transfected without losing
their primitive cell fate, we performed LTC-IC assays of
successfully transfected CD34% cells in comparison to
CD34" cells of the controls. Again, to allow the cells to
recover from the transfection procedure, we cultured
them for 2 days in the presence of early-acting cytokines,
before, either in the presence or in the absence of Z-VAD-
FMK.

According to our results, we detected a slight reduc-
tion in the LTC-IC frequency of transfected versus non-
transfected cells (Table 3). A beneficial effect of the cas-
pase inhibitor was not observed (data not shown).

DISCUSSION

In addition to their clinical relevance, primary human
HSCs provide an attractive and challenging system to
study certain biological processes, e.g., the process reg-
ulating the decision whether a stem cell is maintained as
a stem cell or becomes committed to differentiate. To an-
alyze such processes genetically, it is extremely helpful
to have a reliable and highly efficient method to geneti-
cally manipulate these cells without altering their cell fate
just by the method itself. As we and others have pub-
lished recently, the nucleofection technology is very ef-
ficient method to transfect human HSC-enriched CD34*
cells transiently (11,12). Herein we report the optimiza-
tion of the nucleofection protocol to transfect transiently
as little as 2 X 103 freshly isolated, human HSC-enriched
CD34% cells and the effects of the transfection procedure
on the short-term as well as on the long-term cell fate of
these cells.

Using our optimized conditions and an enhanced (e)
GFP-encoding plasmid, we obtained transfection effi-
ciencies of 80.2% * 8.6% (n = 19) and survival rates of

52.9% = 18.9% at day 2 post transfection. This rate is
higher than that reported of the manufacturers, in which
precultured human CD34 7 cells were transfected with an
efficiency of ~70% and a mean survival rate of less than
40% at day 2 post transfection (11). Optimized classical
electroporation procedures of human CD34* cells result
in transfection efficiencies of around 30% and survival
rates up to 77%, but require a precultivation of trans-
fected cells (5,6), which frequently alters the cell fate of
primitive hematopoietic cells (21,22). In several studies,
freshly isolated CD34% cells were electroporated with
only low transfection efficiencies (6.9% and 12%) (5,23).
Comparable to classical electroporation procedures,
transfection rates obtained with liposome-based tech-
nologies remain far below the efficiency obtained with
the nucleofection technology (24).

Compared to nontransfected control cells (82.3% =+
6.0%; n = 10), the cell survival rate of mock-transfected
cells is only slightly decreased (74.2% = 9.7%; n = 10)
whereas many of the GFP-transfected cells die within the
first 48 h post transfection (survival rate, 50.0% *
17.5%; n = 10). These results clearly demonstrate that
the lethality observed in our experiments is more related
to the presence of the DNA or to the strong GFP ex-
pression than to the nucleofection procedure itself. In-

TaBLE 3. MEAN LTC-IC RATE OF NONTRANSFECTED
AND TRANSFECTED CELLS
LTC-IC in
Survival rate surviving cells
Control 79.7% =+ 7.5% 51% *= 1.5%
Mock 74.9% =+ 14.3% 49% * 0.5%
p = 0.183 p = 0.353
GFP 53.0% = 23.8% 34% * 1.3%
p = 0.028 p = 0.059

Content of CD34% cells, 79.1% + 3.3%; GFP transfection
rate, 66.7% * 18.7%, n =4, p Values are given in relation to
corresponding control cell fractions.
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deed the occurrence of DNA-induced cell death in elec-
troporation experiments and the induction of apoptosis
by high levels of GFP expression have been reported be-
fore (19,20,25-27).

Consistent with these observations, we realized a re-
duced colony-forming frequency of isolated GFPTCD34 *
cells in CFU-GEMM and LTC-IC assays compared to that
of isolated CD34 % cells of the mock-transfected or non-
transfected controls (Tables 2 and 3). Because the ratio of
erythroid to myeloid to mixed colonies formed by
GFP*CD34" cells was largely the same as that of the
CD34* control cells, we assume that the DNA and/or
GFP-induced cell death is rather unspecific than specific
for any of the CD34* cell subtypes. In summary, these
results suggest that DNA transfer into freshly isolated hu-
man CD34* cells by the nucleofection procedure reduces
the overall survival rate but has no major impact on the
cell fate of surviving cells. Therefore, the nucleofection
method is indeed a highly efficient and reliable method
to manipulate primitive hematopoietic cells genetically.

Although we observed that approximately 50% of the
offspring of the initially transfected cells still express low
levels of GFP after 9 days, it was not our aim to analyze
whether these cells were stably transfected or whether
GFP-encoding plasmids remained transiently in those
cells. As mentioned before, culture conditions have a ma-
jor impact on the fate of HSCs and HPCs; under most
stroma-free culture conditions, the majority of primitive
cells become committed within the first few days of cul-
ture (21,22).

Thus, the nucleofection method is a useful technique
to manipulate and dissect the genetic programs that reg-
ulate the maintenance or early commitment of HSCs or
HPCs. As shown here, by performing CFU-GEMM or
LTC-IC assays, it can easily be analyzed whether ex-
pression of certain genes modifies the colony-forming
frequency or the ratio of erythroid to myeloid to mixed
colonies in progenitor assays. As the morphology of cul-
tivated transfected CD34 7 cells is not recognizably al-
tered in comparison to cultivated control cells, this
method is also very applicable to study the subcellular
distribution of introduced GFP-fusion proteins (12). Ac-
cording to the high transfection efficiency, the method
might also be helpful for in vivo applications of trans-
fected HSCs/HPCs in scientific or clinical approaches.
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Abstract

Hodgkin/Reed—Sternberg (HRS) cells of classical Hodgkin’s lymphoma (cHL) are thought
to be derived from germinal centre B-cells in almost all cases. However, expression profiling
has revealed that HRS cells do not show a germinal centre B-cell-like phenotype. Although
the nature of this aberrant phenotype and the underlying molecular mechanisms remain
largely unknown, it has been reported that the activity of NOTCHI1 plays an important
role in the growth and survival of HRS cells. In some leukaemic cell lines, the effect of
Notch signalling is mediated by the early transcription factor GATA-2. This and the fact
that HRS cells lack expression of PU.1, which can repress Gata-2, led to an investigation of
GATA-2 expression in HRS cells. GATA-2 expression was found in all the cHL-derived cell
lines studied, but not in a Burkitt lymphoma-derived cell line. In addition, 50% of biopsies
from patients with cHL contained GATA-2-expressing HRS cells. In contrast, neither normal
germinal centre B-cells nor malignant cells of nodular lymphocyte-predominant Hodgkin’s
lymphoma, Burkitt lymphoma or diffuse large B-cell lymphoma expressed GATA-2. Thus,
GATA-2 expression was found specifically in HRS cells of cHL, suggesting that GATA-2 is
important in establishing the abnormal B-cell phenotype of HRS cells.

Copyright © 2004 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

Classical Hodgkin’s lymphoma (cHL) is a lymphopro-
liferative malignancy caused by malignant Hodgkin
and Reed—Sternberg (HRS) cells. In most of the
cases studied, clonally related HRS cells contain non-
functional immunoglobulin genes with somatic muta-
tions in their V-region genes, suggesting that they are
malignant derivatives of germinal centre (GC) B-cells
that have escaped the normal negative selection pro-
gramme of apoptosis [1—-4]. In addition, HRS cells are
characterized by an unusual immunophenotype; they
lack a number of B-cell lineage markers [5—-7] and
specific transcription factors, eg PU.1 [8§-11], pos-
sibly resulting in a general defect in B-cell lineage
gene expression, as described recently [12]. However,
HRS cells express transcription factors such as Pax-
5, which is essential for B-cell commitment in fetal
liver and progression of B-cell development beyond
an early stage in the adult bone marrow [13—16], pro-
viding more evidence for a frequent B-cell origin of
HRS cells.

One important transforming factor in the course of
Hodgkin’s disease could be NOTCHI. It has been

reported that NOTCHI is highly expressed on the sur-
face of B-cell-derived HRS cells and activation of the
Notch signalling pathway plays an important role in
the growth and survival of HRS cells [17]. As in many
other developmental processes, the Notch pathway
plays an important role during cell fate specification
in normal haematopoiesis, for example maintaining
haematopoietic stem cell fate [18,19] and governing
several lineage decision processes, such as B-cell ver-
sus T-cell development [20]. Furthermore, members
of the Notch signalling pathway can be involved in
malignant diseases. For example, the human Notch
allele Tan-1, which encodes a constitutive active form
of human NOTCH], is a major oncogene in acute lym-
phocytic leukaemia [21]. In vitro experiments revealed
that constitutive active forms of NOTCH are able
to suppress differentiation programmes effectively by
regulating the expression of certain transcription fac-
tors [22,23]; one of these transcription factors is
GATA-2, the expression of which is sustained in a
NOTCH-dependent manner in myeloid progenitor and
erythroleukaemia cells [24].

GATA-2 belongs to the GATA family of transcrip-
tion factors which contain a two-zinc-finger domain

Copyright © 2004 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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structure and share a consensus binding sequence,
WGATAR [25]. GATA 1-3 are important transcrip-
tion factors in haematopoietic cells [25,26]. Beside
its high expression in enriched haematopoietic stem
and progenitor populations [27], GATA-2 is normally
expressed in early erythroid cells, mast cells, and
megakaryocytes [28—31]. While the loss of GATA-2
function is dispensable for erythroid and myeloid dif-
ferentiation, GATA-2 is required for both proliferation
and survival of haematopoietic stem and progenitor
cells and for the formation of mast cells [32,33]. Over-
expression experiments revealed that enforced expres-
sion of GATA-2 increases the number of immature
haematopoietic cells [34] and inhibits the terminal dif-
ferentiation of erythroid progenitors into erythrocytes
by promoting their differentiation into the megakary-
ocyte lineage [31,34,35].

Interestingly, PU.1, which directs the differentiation
of haematopoietic progenitors into macrophages, neu-
trophils, and B lymphocytes [36,37], interacts with
GATA proteins; that is, they antagonize each other’s
activities by direct protein—protein interactions. In
addition, PU.1 inhibits the expression of genes that
encode GATA factors [38—42]. In view of the observa-
tion that PU.1 is aberrantly not expressed in HRS cells,
and NOTCHI is an important transforming factor in
HD, together with the fact that both proteins regulate
GATA-2 expression, we wondered if GATA-2 might be
involved in HD. We have therefore analysed GATA-2
expression in different lymphoproliferative malignan-
cies at transcriptional and protein levels.

Materials and methods

Cell lines

We used the cHL-derived cell lines 1.428, 11236,
HDLM-2, KM-H2, and L591; the Burkitt lymphoma-
derived cell line BL41; and the T-cell lymphoma-
derived Jurkat cell line, grown in RPMI 1640 supple-
mented with 10% fetal calf serum and 100 U/ml peni-
cillin/streptomycin (Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) in a humidified atmosphere at
37°C and 5% CO,.

Biopsy samples

Formalin-fixed and paraffin wax-embedded lymph
node biopsies were collected from the archives of
the Department of Pathology, The Norwegian Radium
Hospital, Oslo, Norway and used in an anonymized
fashion. This procedure is in agreement with the
guidelines for the use of human biopsy material for
research purposes issued by the Ethics Committee of
the Norwegian Radium Hospital. The study included
50 cases of cHL, ten cases of nodular lymphocyte-
predominant HL, 30 cases of diffuse large B-cell
lymphomas (DLBCLs), ten cases of Burkitt lymphoma
(BL), and five lymph nodes and five tonsils with
follicular hyperplasia. All of the cases included were
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re-evaluated according to the WHO classification.
Only those BLs with cytogenetically proven c-myc
rearrangement were included in the study.

Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was extracted from cultured cell lines using
TRI-Reagent (Sigma-Aldrich Chemie GmbH) fol-
lowed by DNAse I treatment (1 U DNAse/l ug RNA,
RNAse-free DNAse, Promega GmbH, Mannheim,
Germany). cDNA was synthesized from total RNA
(5 ug RNA/I pl oligo(dT),, primers) using the
ThermoScript” RT-PCR System (Invitrogen GmbH,
Karlsruhe, Germany) with oligo(dT) primers. PCRs
were routinely performed by using the PCR Reagent
System (Invitrogen GmbH) according to the manufac-
turer’s instructions. By using human Gata-2 [43] or
human B-actin primers (Eurogentec sa, Seraing, Bel-
gium), cDNA was amplified for 40 (Gata-2) or 30
(B-actin) cycles using annealing temperatures of 61 °C
(Gata-2) or 58 °C (B-actin). Products were analysed by
agarose gel electrophoresis.

Western blot analysis

For western blotting, whole-cell protein extracts of
1 x 10° cells per lane were separated on a dis-
continuous SDS-PAGE and blotted onto nitrocellu-
lose filters (Hybond C extra, Amersham-Pharmacia
Biotech, Freiburg, Germany). Expression of GATA-
2 was analysed by using a monoclonal mouse anti-
GATA-2 antibody (1:100; sc267) or a goat poly-
clonal anti-GATA-2 antibody (1:250; sc1235, both
from Santa Cruz Biotechnology, Santa Cruz, USA).
For control purposes, the expression of B-actin was
analysed using a monoclonal mouse anti-g-actin
antibody (1:10000; Chemicon International, Temec-
ula, CA, USA). Specifically bound primary antibod-
ies were detected using a horseradish peroxidase
(HRP)-conjugated secondary goat anti-mouse antibody
(1:2000) or a rabbit anti-goat antibody (1:1000;
both from DakoCytomation GmbH, Hamburg, Ger-
many) and visualized by enhanced chemolumines-
cence (Amersham Biosciences Europe GmbH).

Flow cytometry

For flow cytometric analysis, cell aliquots of 1 x 10°
cells were processed with FIX&PERM® (An der Grub
GmbH, Kaumberg, Austria) according to the manufac-
turer’s instructions. Cells were stained with a mono-
clonal mouse anti-GATA-2 antibody (1 : 25; sc-267) or
a goat polyclonal anti-GATA-2 serum (1 : 25; sc-1235;
both from Santa Cruz Biotechnology), followed by flu-
orescein isothiocyanate (FITC)-conjugated goat anti-
mouse antibody or rabbit anti-goat antibody, respec-
tively (1:200; both DakoCytomation GmbH). Flow
cytometric analyses were performed using a FACSCal-
ibur flow cytometry system with Cell Quest software
(BD Bioscience, Heidelberg, Germany). Dot-plots
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were generated with WinMDI Version 2.8 (Joseph
Trotter).

Immunohistochemistry

Immunostaining was performed on formalin-fixed,
paraffin wax-embedded tissue sections as described
previously [10]. Goat polyclonal anti-GATA-2 serum
(1:500 dilution; sc-1235) was used as the primary
antibody and mouse anti-goat as the secondary anti-
body (1:100 dilution; both from Santa Cruz Biotech-
nology). Scoring of the intensity of the immunos-
taining was performed semi-quantitatively (no stain-
ing, weak expression = 10—-30% HRS cells positive;
strong expression = >30% HRS cells positive). Only
nuclear expression of GATA-2 was recorded.

In situ hybridization for small EBER RNAs from
Epstein—Barr virus (EBV) was performed as described
previously [44].

Results

Expression of Gata-2 transcripts in cHL-derived
cell lines

To analyse Gata-2 mRNA expression by cHL-derived
cell lines, we initially performed RT-PCRs using
DNAse-treated RNA isolated from both the cHL-
derived cell lines L1428, L1236, HDLM-2, KM-H2,
and L591, and the Burkitt lymphoma-derived cell line
BL41; the Jurkat cell line was used as a positive
control [according to Santa Cruz Biotechnology (Santa
Cruz, USA), Jurkat cells express GATA-2]. A band
corresponding to the expected size of 242 bp was
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<
—
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obtained for all the cHL-derived cell lines tested,
but not for the Burkitt lymphoma cell line BL41
(Figure 1). Using B-actin-specific control PCRs, we
detected specific bands of equal intensity for all the
cell lines; this served as a loading control (data not
shown). These data therefore indicate that Gata-2
mRNA is expressed in all the cHL-derived cell lines
analysed, but not in the Burkitt lymphoma-derived cell
line BL41.

GATA-2 protein is expressed in cHL-derived cell
lines

To analyse protein expression, we performed western
blot analysis using commercially available anti-GATA-
2 antibodies or a monoclonal mouse anti-S-actin
antibody as a loading control. Using the p-actin
antibody, we obtained bands of the expected size for
all the cell lines (data not shown). Both the goat
polyclonal anti-GATA-2 antibody (Figure 2) and the
mouse anti-GATA-2 monoclonal antibody (data not
shown) recognized a specific band of approximately
47 kD in whole-cell protein extracts of the cHL-
derived cell lines (L.428, L1236, HDLM-2, KM-H2,
and L591) and of the Jurkat cell line, which was
used as a positive control. Since GATA-2 has a
predicted size of 47 kD [28], we concluded that GATA-
2 protein is expressed in all the cHL-derived cell lines
tested.

Although the results obtained by RT-PCR and west-
ern blot analysis show that GATA-2 is expressed
in all the cHL-derived cell lines studied, it cannot
be concluded that all cells of a cHL-derived cell

Jurkat
neg. co.

BL41

€— GATA-2 (242 bp)

Figure |. Gata-2 mRNA is expressed in cHL-derived cell lines. Electrophoretic gel showing positive signal for GATA-2 in
cHL-derived cell line samples (L428, L1236, HDML2, KM-H2, and L591) and in a Jurkat sample (242 bp). No signal is observed in
the Burkitt lymphoma cell line BL4| sample or in the negative control (water; neg. co.). M = 100 bp DNA ladder
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Figure 2. Western blot analysis of GATA-2 protein in cHL-derived cell lines. Whole-cell protein extracts were analysed using a
specific polyclonal anti-GATA-2 antibody. A specific protein band of approximately 47 kD, which is found in all the cHL-derived
cell lines tested as well as in the Jurkat positive control, is indicated by an arrow
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line actually express GATA-2. Therefore, to gener-
ate more information about the number of GATA-2-
expressing cHL-derived cell line cells and, in particu-
lar, to discriminate GATA-2 expression by mononu-
cleated Hodgkin cells from that of polynucleated
Reed—Sternberg cells — which are both found in
the five cHL-derived cell lines tested — we analysed
GATA-2 expression by flow cytometry. We used both
the mouse monoclonal and the goat polyclonal anti-
GATA-2 antibodies for intracellular staining of 1428,
L1236, HDLM-2, KM-H2, and L591 cells; in addi-
tion, Jurkat and BL41 cells were stained with these

541

anti-GATA-2 antibodies as a positive or negative con-
trol, respectively. Furthermore, we performed corre-
sponding isotype controls of all the cell lines used.
In all cases, we obtained similar results with the poly-
clonal (Figure 3) and the monoclonal (data not shown)
anti-GATA-2 antibodies. As shown in Figure 3, all
the cHL-derived cell line cells and Jurkat cells are
positive for GATA-2, while BL41 cells are negative.
We therefore conclude that all Hodgkin cells and all
Reed—Sternberg cells of the cHL-derived cell lines
tested express GATA-2.
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Figure 3. Flow cytometry of GATA-2 protein in cHL-derived cell lines. After fixation and permeabilization, cell lines were stained
with either a mouse anti-GATA-2 antibody or a corresponding isotype IgG, followed by counterstaining with a FITC-conjugated
goat anti-mouse antibody. The X-axes indicate the relative size and the Y-axes the logarithm of the relative intensity of green
fluorescence of individual cells. The left panel of each individual cell line indicates the background fluorescence and the right panel
the GATA-2-specific fluorescence. While cells of the Burkitt lymphoma-derived cell line BL4| do not express GATA-2, all the
tested cHL-derived cell line cells (HDML-2, KM-H2, L1236, L428, and L591) as well as the cells of the Jurkat T-cell lymphoma cell
line express GATA-2; Jurkat cells were used as a positive control
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Figure 4. Immunohistochemical detection of GATA-2 expression (EnVision+®, DAB chromogen). Reed—Sternberg cells in
classical Hodgkin’s lymphoma express nuclear GATA-2 (A and B). Endothelial cells were also positive (C) (arrows). Rare small
lymphoid cells show strong expression of GATA-2 (dotted arrows in C and D; x200 magnification). About half of the cHLs
did not express GATA-2 (D). DLBCLs were generally negative (E), but one case expressed weak nuclear GATA-2 in 3% of the
malignant cells (full arrows). Expression appeared to be strong in mitotically active cells (dotted arrows) (F)
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GATA-2 expression in primary HRS cells in
classical Hodgkin lymphoma

To analyse if GATA-2 is expressed in primary HRS
cells, we performed anti-GATA-2 antibody staining
on formalin-fixed and paraffin wax-embedded lymph
node biopsies from patients with cHL, 25 cases of
nodular sclerosis, 20 of mixed cellularity, and five
cHLs not otherwise specified. All 50 samples of cHL
used in our study were positive for Pax-5 and CD30.
Eighty-two per cent of the cases studied were positive
for CD15 and none expressed nuclear PU.1. In cHL of
nodular sclerosis subtype, only 4/25 harboured EBV in
malignant cells. In contrast, 17/20 cases of the mixed
cellularity cHL subtype and 3/5 remaining cases were
associated with EBV (p < 0.0001, Fisher’s exact test).
An age histogram showed a bimodal distribution with
peaks at about 20-30 years and about 60—70 years
(data not shown).

Using these samples, we found nuclear GATA-2
expression in HRS cells in 50% of cHLs (Figures 4A
and 4B). No differences were found between the nodu-
lar sclerosis and mixed cellularity subtypes. The level
of expression varied, with about half of the positive
cases displaying weak expression (10-30% positive
HRS cells) and half strong (>30% HRS cells). GATA-
2 expression was not associated with either patient sex
or age. Since 50% of the cHLs studied express GATA-
2 and 50% are EBV-associated, we tested whether
there might be a correlation between GATA-2 expres-
sion and EBV status. According to our results, there
was a random distribution (Table 1), suggesting that
there is no relationship between GATA-2 expression
and EBV status.

As a control, we stained human reactive lymph
nodes and tonsils with the polyclonal anti-GATA-
2 antibody. No expression was found in either B-

Table I. GATA-2 expression and EBV status in cHL

EBV-negative EBV-positive Total
GATA-2-negative 12 I3 25
GATA-2-positive 14 Il 25
Total 26 24 50

Table 2. GATA-2 expression in malignant lymphoma

GATA-2
Diagnosis expression Comment
cHL 25/50 Variable nuclear expression of
GATA-2. Nuclear PU.| was not
expressed in any of the 50 cases
NLPHL 0/10 All cases expressed nuclear PU. |
DLBCL 1/30 Weak nuclear expression in 3% of
malignant cells
Burkitt lymphoma 0/10 Weak to moderate cytoplasmic

expression in one case

cHL = classical Hodgkin lymphoma; NLPHL = nodular lymphocyte-
predominant Hodgkin lymphoma; DLBCL = diffuse large B-cell
lymphoma.
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or T-zones of reactive lymph nodes or tonsils. Very
strong expression was observed in rare cells with mor-
phological features of small lymphocytes (Figures 4C
and 4D). The distribution of these cells appeared to
be random and they were also present in the reactive
background of cHL cases. We analysed TdT expres-
sion in five cHL cases and five reactive lymph nodes
which contained the largest number of small GATA-
2-positive lymphoid cells. In these samples, we found
TdT-positive small lymphoid cells in similar numbers
and distribution to the GATA-2-positive cells (data not
shown). We therefore believe that these cells are the
same as the small GATA-2-positive cells. It is possi-
ble that these cells correspond to lymphoid progenitors
which were readily identified in tonsils from children
and adults and rarely in reactive lymph nodes [45].

In addition, weak expression of GATA-2 was also
regularly noted in endothelial cells (Figure 4C) which
are known to be positive for GATA-2 [28,46].

To generate some information regarding whether
GATA-2 is expressed in malignant cells of other lym-
phoma entities, we also studied GATA-2 expression in
ten cases of nodular lymphocyte-predominant Hodgkin
lymphoma (NLPHL), 30 cases of diffuse large B-
cell lymphoma (DLBCL), and ten cases of Burkitt
Ilymphoma (BL). While we did not find any GATA-
2 expression in NLPHL (Figure 4E) and BL, one of
the 30 DLBCLs contained 3% of malignant cells with
weak expression of GATA-2 (Figure 4F and Table 2).

Discussion

It is generally thought that HRS cells derive from GC
B-cells. However, complex gene expression analysis
revealed that HRS cells not only have lost the typical
GC B-cell phenotype, but are also characterized by a
comprehensive defect in the B-cell lineage [47]. The
nature of this aberrant phenotype and the underlying
molecular mechanisms remain largely unknown.

In our study, we have shown that the early tran-
scription factor GATA-2 is expressed in all cells of
cHL-derived cell lines investigated, but not in a Burkitt
lymphoma-derived cell line. Furthermore, we found
that in 50% of all the cases studied, lymph nodes of
patients with cHL contain GATA-2-expressing HRS
cells, while nodular lymphocyte-predominant Hodgkin
lymphoma, Burkitt lymphoma, and diffuse large B-cell
Ilymphoma did not express GATA-2.

In summary, our data suggest that, among different
B-cell lymphomas, GATA-2 seems to be specifically
expressed in HRS cells of cHL. Since we did not
find any GATA-2 staining apart from endothelial cells
which are known to express GATA-2 [28,46] and
small lymphoid cells which were found in benign
areas of malignant lymph nodes, and in benign lymph
nodes and tonsils, we further conclude that GATA-2 is
generally not expressed in GC B-cells. In agreement
with our data, serial analysis of gene expression
(SAGE) profiles of different B-cell stages [48,49]
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did not reveal any GATA-2 expression in mature
B-cells including GC B-cells, even though GATA-
2 is expressed in pre-B-cells (M Miischen, personal
communication). We have therefore identified GATA-
2 as a new factor that is aberrantly expressed in HRS
cells of cHL.

The observation that, in comparison to primary
HRS cells, all cells of cHL-derived cell lines express
GATA-2 might be connected to the fact that primary
Hodgkin lymphomas do not grow well in culture.
Since there are only a few Hodgkin cell lines available,
it seems most likely that only a rare subset of primary
HRS cells are able to proliferate in vitro over several
passages. As all HRS cell lines studied express GATA-
2, one might speculate that GATA-2 activity is required
in such primary cells. Alternatively, it might be that
some of the Hodgkin cell lines tested might be
derivatives of originally GATA-2-negative HRS cells
and express GATA-2 due to secondary effects.

The function of GATA-2 is normally required to
maintain haematopoietic stem and early progenitor
cells in an undifferentiated state [34,50]. Since we
have found GATA-2 expression in HRS cells, we
speculate whether GATA-2 activity leads to dedif-
ferentiation of affected GC cells which have already
acquired somatic hypermutation, giving rise to cells
that re-acquire certain aspects of undifferentiated pro-
genitor cells. In this context, it is worth mentioning
that cHL-derived cell line cells were found to pro-
liferate in a SCF (stem cell factor or c-kit ligand)-
dependent manner comparable to other undifferenti-
ated cells, eg haematopoietic progenitors, melanocyte
precursors, and primordial germ cells [51], highlight-
ing some further primitive features of HRS cells.

Since we found GATA-2 expression not in all but
in 50% of the cHLs studied, it will be interesting to
see if other GATA factors are expressed in GATA-2-
negative cHLs, for example GATA-3, which is aber-
rantly expressed in three of the four cHL-derived cell
lines [47], and if there is a link between the expression
of GATA family members and the malignant pheno-
type of cHL, as has been described for acute myeloid
leukaemia (AML) [52—54]. In general, it may be pos-
sible that only a certain number of cHLs are associated
with the expression of GATA factors. A situation like
that has been described for EBV status in cHL, as there
is some indirect evidence that EBV is a causal agent in
up to 50% of cHLs in Caucasian patients [55]. How-
ever, we found a random distribution between GATA-2
expression and the EBV status of cHL, suggesting that
GATA-2 expression does not correlate with the EBV
status of cHL.
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ABSTRACT

For the lymphohematopoietic system, maturation-dependent
alterations in DNA repair function have been demonstrated.
Because little information is available on the regulatory mech-
anisms underlying these changes, we have correlated the ex-
pression of DNA damage response genes and the functional
repair capacity of cells at distinct stages of human hematopoi-
etic differentiation. Comparing fractions of mature (CD347),
progenitor (CD34%38%), and stem cells (CD34%387) isolated
from umbilical cord blood, we observed: 1) stringently regu-
lated differentiation-dependent shifts in both the cellular pro-
cessing of DNA lesions and the expression profiles of related
genes and 2) considerable interindividual variability of DNA
repair at transcriptional and functional levels. The respective
repair phenotype was found to be constitutively regulated
and not dominated by adaptive response to acute DNA

damage. During blood cell development, the removal of
DNA adducts, the resealing of repair gaps, the resistance to
DNA-reactive drugs clearly increased in stem or mature
compared with progenitor cells of the same individual. On
the other hand, the vast majority of differentially expressed
repair genes was consistently upregulated in the progenitor
fraction. A positive correlation of repair function and tran-
script levels was found for a small number of genes such as
RAD23 or ATM, which may serve as key regulators for DNA
damage processing via specific pathways. These data indi-
cate that the organism might aim to protect the small num-
ber of valuable slow dividing stem cells by extensive DNA
repair, whereas fast-proliferating progenitor cells, once
damaged, are rather eliminated by apoptosis. STEM CELLS
2006,24:722-730

INTRODUCTION

The cellular capacity to remove drug-induced lesions from
the nuclear DNA strongly determines the sensitivity of nor-
mal and malignant hematopoietic cells to DNA-reactive
agents, such as alkylator-type antineoplastic drugs [1-3].
Here, on the molecular level, a network of distinct and
evolutionary, highly conserved pathways has been identified,
that allows cells to repair their DNA when damaged by
adducts, crosslinks, or strand breaks [4, 5]. Studies in animals
defective for specific repair functions have underscored the
role of the DNA repair machinery in the response of mam-
malian hematopoietic cells to DNA damage [6—8], and this
notion is further supported by genetic or pharmacological
manipulation of DNA repair function in primary blood cells
[9-14]. However, little information is available on the reg-

ulation of this network, the exact role of individual pathways,
or crosstalk between pathways in the lympho-hematopoietic
system and other primary tissues.

In human leukocytes generated from peripheral blood or
umbilical cord blood samples, a broad spectrum of individual
DNA repair phenotypes has been observed regarding overall
repair capacity and distinct repair functions [15-18]. These
variations could be ascribed, at least partly, to polymorphisms
[19] or other genetic variances in the corresponding structural or
regulatory gene sequences [20]. In addition to the individual
repair phenotype, we and others have demonstrated distinct
shifts in functional DNA repair when comparing defined sub-
populations in the lymphohematopoietic differentiation process
such as CD34™" progenitor or mature CD34 ™~ cells [18, 21, 22].
The functional impairment of progenitor cells to process DNA
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alkylation damage was not restricted to a specific function or
component of the multipathway network [22] (Fig. 1), implying
some sort of differentiation-dependent regulation of the com-
plex DNA repair machinery during hematopoiesis. At present it
is not known, however, whether the repair capacity of primary
human cells is mainly determined by transcriptional regulation,
for example, of rate-limiting gene products along a given path-
way, or at subsequent steps like protein modification or cellular
localization of critical components. Therefore, we have ana-
lyzed the expression profiles of DNA damage response genes at
different stages of maturation in primary human hematopoietic
cells, with a specific focus on genes directly involved in major
repair pathways [23]. Additionally, we have correlated their
regulatory pattern to the kinetics of DNA damage processing in
these cells.

MATERIALS AND METHODS

Preparation of Cells

Umbilical cord blood was obtained from individual donors after
informed consent according to the Declaration of Helsinki.
Mononuclear cells were isolated by Ficoll gradient centrifuga-
tion and resuspended in prewarmed Roswell Park Memorial
Institute (RPMI) medium supplemented with 10% fetal calf
serum (FCS; PAA Laboratories, Linz, Austria, http://www.
paa.at). CD34™ cells were purified by immunomagnetic isola-
tion using the indirect MidiMACS technique (Miltenyi Biotech,
Bergisch Gladbach, Germany, http://www.miltenyibiotec.com).
The purity of CD34™ fractions was controlled by flow cytom-
etry and averaged 78% in samples for functional assays and
85% for gene expression analysis. CD34 "~ cells were taken from
the column flow-through.

For functional analysis the primitive, stem cell-enriched
fraction of CD34%38"" cells and the progenitor-enriched
CD34%38™ cell fraction were isolated from preselected CD34™
cells by fluorescence-activated cell sorting (FACS). After incu-
bation with CD34-fluorescein isothiocyanate (FITC), CD38-PE,

DNA Repair Pathways Functional Assays

ICA
(adduct-specific antibodies)

£

=5 DNA ——
‘ | MX| §SB — —
o
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Figure 1. Schematic outline of major DNA damage repair pathways
and functional assays. Primary adducts are detected by the immunocy-
tological assay (ICA) and secondary lesions by the comet assay. Ab-
breviations: BER, base excision repair; NER, nucleotide excision repair;
GGR, global genomic repair; TCR, transcription coupled repair; MMR,
mismatch repair; DSBR, double-strand break repair; HR, homologous
recombination; NHEJ, nonhomologous end joining; SSB, single-strand
break; DSB, double-strand break; MX, methoxyamine (a specific inhib-
itor of early BER).
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and CD45-PerCP-Cy5.5 antibodies (BD Pharmingen, San Di-
ego, http://www.bdbiosciences.com/pharmingen; 15 minutes in
phosphate-buffered saline (PBS)/1% FCS), cells were washed in
PBS and sorted by using a FACSVantage (BD Biosciences).
The purity of CD34738°% and CD34738% fractions was
>95%. During and after drug exposure, cells were kept in
supplemented RPMI medium at 37°C in a humidified atmo-
sphere containing 5% CO,.

For comparative microarray expression analysis of prim-
itive and progenitor cells, CD34*38'% and CD34 38" cells
were isolated from the CD34 " -enriched fraction by immu-
nostaining with CD3-FITC, CDI14-FITC, CDI16-FITC,
CDI19-FITC, CD20-FITC, and CD56-FITC (linl antibody
cocktail; BD Biosciences), as well as glycophorin A (GA)-
FITC, CD38-PE, and CD34-PeCy5 antibodies (BD Pharmin-
gen). linl " GA~CD34"CD38"" and linl " GA~CD34"CD38"
cells were highly purified using a Coulter EPICS Elite ESP fluo-
rescence cell-sorting system equipped with the Expo32 software
(Beckmann Coulter) with linl "GA~CD34*CD38'™ comprising
one-sixth of total linl " GA~CD34™" cells. Separated cell fractions
were frozen in TRIzol (Invitrogen, Carlsbad, CA, http://www.
invitrogen.com) and stored at —80°C until RNA was prepared.

Exposure to Drugs and Apoptosis Assay

For the measurement of repair kinetics, cells were exposed to
N-ethylnitrosourea (EtNU; Sigma, 100 pug/ml) for 30 minutes or
to melphalan (Alkeran; 10 wg/ml; GlaxoSmithKline, Research
Triangle Park, NC, http://www.gsk.com) in RPMI medium
(10% FCS, 5 mM HEPES) for 2 hours at 37°C. Thereafter, cells
were washed in PBS, resuspended in prewarmed RPMI, and
incubated at 37°C. Cell aliquots were taken prior and at different
time points after drug treatment. For expression profile analysis,
EtNU-exposed cells were postincubated for 2 hours prior to
RNA isolation. For repair inhibition studies, cells were prein-
cubated with 1 mM methoxyamine (MX; Sigma) for 1 hour
prior to EtNU exposure and throughout the experiment. Drug-
induced apoptosis in cells was measured 24 hours after the
addition of cisplatin (Platinex; Bristol-Meyers Squibb, New
York, http://www.bms.com), EtNU, or melphalan to the me-
dium. The fraction of apoptotic cells was determined by annexin
V-FITC staining (Annexin V Detection Kit I; BD Pharmingen)
and FACS analysis.

Comet Assay

DNA strand breaks in individual nuclei of small cell fractions
were measured by single-cell gel electrophoresis (“comet as-
say”) modified according to McNamee et al. [24]. In brief, from
8-well cell culture chamber slides (BD Falcon, Franklin Lakes,
NJ, http://www.bdbiosciences.com) the glass bottom was re-
moved and replaced by GelBond film (Cambrex, Walkersville,
MD, http://www.cambrex.com; Biozym, Hess, Oldendorf, Ger-
many, http://www.biozym.com). Aliquots of 10* cells were sus-
pended in 45 ul of low-melting point agarose (0.75% in PBS,
prewarmed at 42°C; Metaphor; Biozym) and cast into the wells.
After coagulation the frames were removed, and the gels on the
film were soaked overnight at 4°C in lysis buffer (2.5 M NaCl,
100 mM EDTA, 10 mM Tris, 10% dimethyl sulfoxide, 1%
Triton X-100, 1% n-laurylsarcosinate, pH 10). Nuclear DNA
was denatured by alkaline treatment (300 mM NaOH, 1 mM
EDTA, 10 mM Tris-HCI, pH 12.7) for 15 minutes, and GelBond
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films were subjected to alkaline electrophoresis in the same buffer
(20 minutes, 4°C, 1.5 V/cm). After neutralization (30 minutes, 400
mM Tris-HCI, pH 7.5), gels were dehydrated in absolute ethanol (1
h) and air-dried. Before evaluation of comet formation, gel films
were rehydrated, and the nuclear DNA was stained with SYBR-
Green (dilution 1:10,000; Roche Diagnostics, Basel Switzerland,
http://www .roche-applied-science.com).

Immunocytological Assay

Immunoanalytical measurement of melphalan-induced adducts
in the nuclear DNA of individual cells was performed as de-
scribed [22] with minor modifications: 10* cells/sample were
applied to precoated microscopic slides (ImmunoSelect;
Squarix, Marl, Germany, http://www.squarix.de) and immuno-
stained for melphalan-DNA adducts with rat monoclonal anti-
body Amp 4-42 (kindly provided by Dr. M. J. Tilby, University
of Newcastle upon Tyne, Newcastle upon Tyne, U.K.). Binding
of primary antibody was visualized by consecutive staining with
rabbit anti-(rat Ig) and goat anti-(rabbit Ig), both labeled with
Cy3 (Dianova).

Quantitative Image Analysis and Statistics

Comet assay and immunocytological assay (ICA) were evalu-
ated by quantification of fluorescence signals using a photomi-
croscope (Axioplan; Zeiss, Jena, Germany, http://www.zeiss.de)
and a multiparameter image analysis system (ACAS; Ahrens
Electronics, Bargteheide, Germany). Melphalan adduct levels of
individual cell nuclei were calculated by normalizing the anti-
body-derived fluorescence signals for the DNA content of the
same cell. The relative amount of DNA strand breaks (comet
assay) was determined using the olive tail moment [OTM =
(migrated DNA) X (distance between the head and center of
gravity of DNA in the tail)] [25]. Mean signal values (=SEM)
were calculated from >100 individual cells per sample. Data of
corresponding cell pairs from the same donor were analyzed by
paired 7 test.

RNA Preparation

Cells were homogenized using a QIAShredder column (Qiagen,
Hilden, Germany, http://wwwl.qiagen.com), and total RNA
was isolated according to the manufacturer’s instructions. RNA
concentrations were measured by fluorescence staining (Ribo-
Green Kit; Molecular Probes) using a microplate reader, and
RNA quality was verified by electrophoresis in 1% agarose gels.
Due to the small number of cells in the CD34%38'°Y fraction,
isolated RNA from four individual cord blood samples was
pooled and compared with pooled RNA from the CD3438"
fractions of the same four donors.

RNA Amplification

To obtain sufficient amounts of labeled material for the Gene-
Chip hybridization, RNA samples from individual CD34% or
CD34™ cell fractions were subjected to a two-round amplifica-
tion procedure according to Baugh et al. [26] with modifica-
tions. Briefly, total RNA (300 ng) was converted into cDNA
using 0.5 ug of an oligodeoxythymidine primer containing the
T7 RNA polymerase binding site (5'-GCATTAGCGGCCGC-
GAAATTAATACGACTCACTATAGGGAGA-(dT),,V-3")
(MWG Biotech, Ebersberg, Germany, http://www.mwg-
biotech.com) for first-strand synthesis in a total volume of 15 ul

of (1X First Strand Buffer [Invitrogen], 0.5 mM dNTPs, 10 mM
dithiothreitol [DTT], 200 U of SuperScript II [Invitrogen], 0.5
ng of T4gp32 [GE Healthcare, Piscataway, NJ, http://
www l.amershambiosciences.com], 30 U of RNasin [Promega,
Mannheim, Germany, http://www.promega.com]) for 45 min-
utes at 42°C, 10 minutes at 45°C, and 10 minutes at 48°C. After
heat inactivation for 15 minutes at 65°C, second-strand synthe-
sis in 100-ul reactions [1X Second-strand buffer (Invitrogen),
0.2 mM dNTPs, 1 U of RNase H (Takara, Otsu, Japan, http://
www.takara.co.jp), 20 U of Escherichia coli DNA polymerase [
(Invitrogen), 6 U of E. coli DNA ligase (Takara)] was per-
formed for 2 hours at 16°C. Subsequently, 8 U of T4 DNA
polymerase (Invitrogen) was added, and incubation continued
for 15 minutes at 16°C. Double-stranded cDNA was purified on
spin columns (Microarray purification kit; Roche Diagnostics),
precipitated with glycoblue (Ambion, Austin, TX, http://
www.ambion.com) and transcribed in 40 ul of [1X T7 RNA
polymerase buffer (Takara), 4 mM NTPs, 10 mM MgCl,, 1%
polyethylene glycol 20000, 6.25 mM DTT, 40 U of pyrophos-
phatase (USB), 40 U of RNasin (Promega), 1.5 pug of T7 RNA
polymerase] for 16 hours at 37°C. Reactions were treated
with 2 U of RNase-free DNase I (Ambion) for 30 minutes at
37°C before purification on spin columns (Roche) and quan-
titated by optical density measurement. For second-round
cDNA synthesis, 500 ng of first-round amplification products
was used in all cases. Reverse transcription with SuperScript
Il was performed with 0.5 wg of random hexamer primer
(Stratagene) in 15-ul reactions without T4gp32 as described
above. Following heat inactivation, RNA templates were
removed by digestion with 2 U of RNase H for 30 minutes at
37°C. After annealing of T7-dT,,V primer (100 ng) at 42°C
for 5 minutes, reactions were snap-cooled in ice water. Sec-
ond-strand cDNA synthesis was performed in a final volume
of 100-ul reactions (1X Second-strand buffer, 0.2 mM
dNTPs, 1 U of RNase H, 20 U of E. coli DNA polymerase I)
for 2 hours at 16°C and trimmed with 10 U of T4 DNA
polymerase for another 15 minutes at 16°C. CDNA was
purified, precipitated, and transcribed with T7 RNA polymer-
ase as described above, except that ribonucleotide concentra-
tions were 4 mM each for GTP and ATP, 1.4 mM each for
CTP and UTP, and 0.6 mM each for biotin-11-CTP and
biotin-11-UTP (PerkinElmer Life and Analytical Sciences,
Boston, http://www.perkinelmer.com). Pooled samples of
lin " CD34"38" or lin CD34*38'"%-derived RNA (500 ng)
were amplified by one round of cDNA synthesis using the
MessageAmp II aRNA kit (Ambion) and in vitro transcrip-
tion in the presence of biotinylated NTPs as described above.

Oligonucleotide Microarray Analysis

Biotin-labeled cRNA was purified on RNeasy columns (Qia-
gen), fragmented, and hybridized to HG-U133A GeneChips
(Affymetrix, Santa Clara, CA, http://www.affymetrix.com) fol-
lowing the Affymetrix standard protocol. The arrays were
washed and stained according to the manufacturer’s recommen-
dation and finally scanned in a GeneArray scanner 2500 (Agi-
lent, Palo Alto, CA, http://www.home.agilent.com). Array im-
ages were processed to determine signals and detection calls
(present, absent, and marginal) for each probe set using the
Affymetrix Microarray Suite 5.0 software. Scaling across all
probe sets of a given array to an average intensity of 1,000 was
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performed to compensate for variations in the amount and
quality of the cRNA samples and other experimental variables
of nonbiological origin.

Analysis of Microarray Data

For unsupervised hierarchical clustering, signals of individ-
ual probe sets were normalized to the mean probe set signal
of all included arrays and log transformed. Log transformed
ratios were subjected to UPGMA clustering using correlation
as similarity measure (Spotfire DecisionSite for functional
genomics). As additional criteria we used the present calls in
=30% of the samples and a ratio of means of =1.5 or =0.67.
To compare corresponding pairs of CD347/CD34~ or
CD34%38%/CD34%38' cells from the same donor for the
magnitude and direction of change, we employed the signal
log ratio (SLR) algorithm giving the differences as binary
logarithmic values.

Quantitative Reverse Transcription-Polymerase
Chain Reaction

For real-time polymerase chain reaction (PCR) analyses, total
RNA was reverse-transcribed using random primers (High Ca-
pacity cDNA Archive Kit; Applied Biosystems). PCR was car-
ried out in duplicate 20-ul reactions containing cDNA corre-
sponding to 5 ng of total RNA, 1 ul of Tagman-based assay, and
1X master mix reagents (Applied Biosystems). PCR was per-
formed on an ABI Prism 7900HT system as recommended by
the manufacturer using the glyceraldehyde-3-phosphate dehy-
drogenase assay (Hs99999905_m1) as the endogenous reference
and ATM (Hs00175892_m1), RAD23A (Hs00192541_m1), and
RADS50 (Hs00194871_m1) as target assays. Differential expres-
sion was estimated by the comparative C, method (ABI Prism
7700 Sequence Detection System User Bulletin #2: Relative
Quantification of Gene Expression [P/N 4303859]).

RESULTS

Expression of Damage Response Genes in CD34%
and CD34~ Cells

To assess the transcriptional activity of genes involved in DNA
damage response at different stages of lymphohematopoietic
differentiation, CD34 ™ progenitor cells and their mature CD34 ~
counterparts were prepared from seven individual cord blood
samples. Total RNA was isolated, and gene expression profiles
were determined using Affymetrix HG_U133A GeneChips. Hy-
bridization signals from 1418 probe sets, representing a total of
803 DNA damage response genes, were evaluated. By our
criteria (present calls in =30% of the samples), transcripts for
633 (79%) of these genes were detected. This set comprised 296
of 366 genes related to cell-cycle control, 254 of 330 genes
related to apoptosis, and 153 of 189 genes related to DNA repair
functions with some genes listed in more than one subgroup.
Pronounced interindividual variances in specific transcript lev-
els of DNA repair genes were observed at both stages of
differentiation. For instance, the amount of mRNA transcribed
from the mismatch repair gene MSH2 varied at a maximum
range of 7.5-fold (fluorescence signals: 286-2,145) among
CD34" and 4.6-fold (signals: 190—882) among CD34~ cell
samples. The corresponding values for RAD23A, a gene in-
volved in nucleotide excision repair, were 6.7-fold (signals:
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764-5,142) and 4.1-fold (signals: 2,909-12,024), respectively.
For the majority of genes, interindividual variations were found
in a 2.5- to 3.5-fold range, with a tendency to broader variations
in progenitor cells. On the other hand, a small number of genes
was expressed more constantly, showing less than 2-fold inter-
individual variations within either of the cell fractions. One
member of this group was the XPA gene coding for a key
component of both sub-pathways of nucleotide excision repair
(NER), that is global genomic (GGR) and transcription-coupled
repair (TCR).

Despite the pronounced interindividual variation at the level
of specific transcripts, stringently regulated, differentiation-de-
pendent shifts in gene expression profiles were observed. Un-
supervised hierarchical cluster analyses employing the whole set
of damage response genes revealed a clear-cut separation be-
tween progenitor and mature blood cells (Fig. 2A). A similar
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Figure 2. Expression profiles of DNA damage response genes separate
mature (CD347) and progenitor (CD34") cord blood cells. Fourteen
RNA samples from seven corresponding pairs of hematopoietic cells
were subjected to GeneChip analysis. Signals from individual probe sets
were normalized to the mean and log-transformed, and ratios were
analyzed by unsupervised hierarchical clustering (see Materials and
Methods; relative expression: red [significantly higher], green [signifi-
cantly lower], or black [mean]). The dendrograms and matrices repre-
sent the clustering of 962 probe sets (DNA damage response) (A), 102
probe sets (DNA repair) (B), and 219 probe sets (apoptosis) (C). Criteria
for the depicted probe sets in (A): present call in =30% of the CD34 ™
or the CD34~ samples; additional in (B), and (C): ratio of means =1.5
or =0.667.
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pattern was found when focusing on genes associated with DNA
repair functions or apoptosis (Fig. 2B, 2C), indicating that these
genes are stringently regulated during hematopoietic cell devel-
opment and that this regulation dominates interindividual vari-
ability in gene expression.

When transcript levels of individual pairs of CD34™ and
CD34™ cells from the same donor were compared using the
SLR algorithm, 37% (291/803) of the DNA damage response
genes were found to be significantly up- or downregulated
(cut-off: p values of SLRs = 0.005 or = 0.995 for at least
four of seven cell pairs). More than half (175) of these genes
displayed higher mRNA levels in the corresponding progen-
itor cell fraction. Among the genes related to DNA repair
mechanisms, 58 of 153 detectable gene products were up-
and 10 were downregulated in CD34™ cells. When focusing
on 97 genes coding for constituents of major DNA repair
pathways [23] (see Fig. 1), 37 of 83 detectable genes were
differentially expressed, namely 10/28 in base excision repair
(BER), 13/38 in NER, 7/16 in mismatch repair (MMR), and
12/33 in double-strand-break repair (DSBR; Fig. 3). Most of
these genes showed significantly higher transcript levels
(mean, 2.6-fold) in the corresponding progenitor cell frac-
tion. Only two genes (ATM and RAD23A) were identified as
clearly downregulated in the progenitor fraction of all seven
samples. These genes are employed in DSBR or NER func-
tions, respectively.

The array data were validated by real-time reverse tran-
scription (RT)-PCR reanalysis of RNA from five CD34"/
CD34~ cell pairs and three different transcripts (ATM,
RAD23A, and RADS0). In each single case the same mag-
nitude and direction of regulation was measured by both
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Figure 3. Most differentially expressed genes contributing to major
DNA repair pathways are consistently upregulated in progenitor com-
pared with mature cells. SLRs of 37 differentially expressed genes with
function in one or more of the major repair pathways: BER (A), NER
(B), MMR (C), and DSBR (D). White bars show the SLRs of individual
CD34"/CD34" cell pairs from the same donor; black bars represent the
mean SLRs of all seven samples (criterion for significant up- or down-
regulation: p =< .005 or =.995 for at least 4/7 CD34*/CD34 " cell pairs).
Abbreviations: SLR, single log ratio; BER, base excision repair; NER,
nucleotide excision repair; MMR, mismatch repair; DSBR, double-
strand break repair.

assays (mean SLRs: ATM, —1.78 and —1.65; RAD23A,
—2.05 and —1.64; and RADS50, 0.75 and 0.98 for RT-PCR
and microarray analysis, respectively).

Functional Analysis of Cellular DNA Repair and
Correlation with Gene Expression Profiles
The overall capacity of hematopoietic cells to process DNA
damage was measured by single-cell gel -electrophoresis
(“comet assay”), which determines repair-induced DNA strand
breaks in individual cell nuclei and by ICA allowing the direct
measurement of drug-induced DNA adducts (Fig. 1). To induce
a set of structurally defined DNA adducts, CD34" or CD34~
cell fractions in liquid holding were exposed to a short pulse of
EtNU, a fast-reacting monofunctional alkylator (z,, in cells:
7 minutes), which is not subject to active drug transportation.
EtNU interacts with the cellular DNA to form about a dozen
different ethylation products (among them 15% N’-guanine, 9%
O°-guanine, 9% O>-/0*-thymine, 4% N>-adenine, and 3% O°-
cytidine) [27], which simultaneously trigger repair responses via
various pathways such as NER, BER, and MMR or direct
removal by the alkyl-DNA alkyltransferase O°-methylguanine-
DNA methyltransferase (MGMT).

For quantitative evaluation of the repair kinetics by the
comet assay, two parameters were utilized: 1) the amount of
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Figure 4. Processing of DNA lesions in hematopoietic cells shows
high interindividual variation and is impaired in progenitor compared
with stem and mature cells. Following exposure to N-ethylnitrosourea
(EtNU; 100 pg/ml; 30 minutes), the kinetics of repair-induced DNA
strand breaks were determined by the comet assay (measurement of
OTM) in CD34" or CD34~ cells isolated from eight cord blood sam-
ples, as well as in CD34738Y or CD34 738 cells from four individual
samples. (A): Two parameters for the cellular repair capacity, the
efficiency of initial strand incision (OTM, t,), and the velocity of repair
gap resealing (AOTM/minutes) were determined. (B, C): Both param-
eters were significantly lower in the related CD34 ™" cell fractions (paired
t test: p = 0.004 and 0.018, respectively). Statistical evaluation is given
in the box (25-75 percentile) and whisker (5-95 percentile) plots. (D):
Kinetics for CD34%38'°" and CD34738" cell fractions from an indi-
vidual donor. (E, F): In addition to pronounced differences between four
individual samples, the frequency of initial DNA strand breaks and
repair velocity were consistently higher in the stem cell fraction. Ab-
breviation: OTM, olive tail moment.
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DNA strand breaks present directly after a 30-minutes period
of drug exposure (OTM, t¢,: representing the efficiency of
initial repair incision) and 2) the slope of the repair curve
(AOTM/At: depicting the efficiency of gap filling in religa-
tion steps) (Fig. 4A). Although analysis of both parameters
confirmed the high interindividual variance in the DNA re-
pair capacity of hematopoietic cells at the functional level,
repair kinetics between mature and progenitor cells from the
same donor differed markedly, too (Fig. 4B, 4C). Fewer early
incisions into adducted DNA (8/8 samples, p = .004) and
slower religation of repair gaps (7/8 samples, p = .018) both
indicate less efficient repair processing of EtNU-induced
DNA lesions in CD34™" progenitor cells.

To corroborate these findings for a different set of DNA
lesions, corresponding pairs of isolated cell fractions were chal-
lenged with the alkylating anticancer drug melphalan (10 g/
ml), which initially forms mono-adducts and, subsequently,
interstrand crosslinks, preferentially at the N’-position of gua-
nine. The level of primary DNA adducts, as measured 2 hours
after drug exposure by quantitative immunocytological analysis,
was significantly higher in progenitor compared with mature
cells (mean, 1.7-fold, n = 3, p < .05 [paired ¢ test]). Together
with the simultaneously lower frequencies of repair-induced
strand breaks in melphalan-exposed CD34 ™" cells (mean, 0.66-
fold), these data again reflect the limited capacity of progenitor
cells to deal with damaged DNA. A possible bias of these data
by differential drug uptake or efflux was excluded by chromato-
graphic analysis of extracts from exposed CD34" or CD34~
cells and demonstration of similar intracellular levels of mel-
phalan and its metabolites in both cell fractions.

To link the removal of primary and secondary DNA lesions
to chemosensitivity, the onset of apoptosis after exposure to
EtNU, melphalan, or cisplatin was investigated (Table 1). A
consistently higher apoptotic response in progenitor versus ma-
ture cells was observed, thus backing up our earlier observation
of accelerated induced cell death after treatment with DNA-
damaging agents in progenitor cells [22].

As both repair functions and drug sensitivity are very likely
affected by DNA replication, we have determined the cycle
distribution in the progenitor cell fraction immediately after
isolation. DNA histograms (FACS analysis) of 4,6-diamidino-
2-phenylindole-stained cells confirmed observations of other
groups that nearly all (>98%) CD34™" cord blood cells are in
G,/G, [28].

Table 1. Higher frequencies of apoptosis in progenitor versus
mature cord blood cells following ex vivo exposure to
DNA-reactive drugs

Apoptotic cells

L Factor
Drug CD34% CD34~ CD34*/CD34
EtNU (200 pg/ml, n = 1) 31 7 4.6
Melphalan (20 pg/ml, n = 2)° 16 4 43
Cisplatin (50 pg/ml, n = 3)° 36 10 3.6

 Positive staining for annexin V 24 hours after exposure,
fluorescence-activated cell sorting measurement.

® Mean values; p < .05 (paired ¢ test).

Abbreviation: EtNU, N-ethylnitrosourea.
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To address the relative contribution of individual pathways
to the overall repair activity, the pharmacological inhibitor MX
was employed, which prevents the strand incision as an early
step along the BER pathway [15] (Fig. 1). Thus, the proportion
by which MX reduces the frequency of DNA strand breaks after
drug treatment estimates the contribution of BER to the overall
repair capacity of a cell. When comparing CD34" and CD34~
cell pairs after exposure to EtNU alone or combined with MX,
the relative contribution of BER was consistently (4/4 samples)
higher in the CD34 ™" subset than in mature cells (mean = SEM:
51 = 7% and 21 * 12%, respectively). This observation is in
agreement with the augmented mRNA levels of all (10/10)
differentially expressed BER genes in the progenitor cell com-
partment (Fig. 3A).

No Immediate Transcriptional Response to
EtNU-Induced DNA Damage

It has been shown that exposure of human cell lines to DNA-
damaging agents can induce a significant shift in the expression
profile of DNA damage response genes [29]. Therefore, the
functional differences in repair capacity, which we observed
between CD34" and CD34~ cells, could be due to cell type-
specific rapid up- or downregulation of DNA damage-related
genes shortly after drug exposure. To investigate this possibility,
we have compared gene expression profiles in both cell frac-
tions prior to and 2 h after exposure to EtNU. However, no
major shifts in mRNA levels upon initial DNA damage were
observed either in mature or in progenitor cells (Fig. 5A, 5B).
The changes induced by EtNU treatment were by far less
pronounced than those observed between cells of different mat-
uration status (Fig. 5C).

Functional Repair Analysis and Expression Profiles
in Primitive CD34%*38'" Cells

To analyze DNA repair capacity and DNA damage response in
very early stages of hematopoietic differentiation CD34 38"
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Figure 5. Lack of transcriptional response in mature and progenitor
hematopoietic cells early after DNA alkylation stress. Scatter plots of
the hybridization signals from 1,418 probe sets (representing 803 DNA
damage response genes); comparison of cord blood—derived cells prior
to and 2 hours after ex vivo exposure to EINU (100 pg/ml) CD34™ (A);
CD34~ (B); and CD34™" versus CD34~, both untreated (C). Abbrevia-
tion: EtNU, N-ethylnitrosourea.
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cells were utilized. Repair kinetics after challenge with EtNU
revealed consistently (4/4 samples) higher frequencies of
initial strand breaks and faster resealing of repair gaps in
primitive CD34%38'% cells compared with the related pro-
genitor cells (Fig. 4D—4F). To reconcile functional analysis
and gene expression profiles, nRNA from linl ~CD34*38'°"
cells was subjected to microarray analysis. Due to the low
cell number in this fraction, RNA from four individual cord
blood samples was pooled. Analyzing the set of the 803 DNA
damage response genes or the 189 genes related to DNA
repair, 157 (20%) or 47 (25%) of them were differentially
expressed in CD34738"" versus CD34738" cells. Among
the 97 genes contributing to the major DNA repair pathways,
19 were significantly up- or downregulated. Interestingly,
and in contrast to the higher repair capacity of primitive
CD34%38'° cells, the vast majority of those genes (16/19)
had reduced transcript levels in the stem cell fraction (Fig. 6).
Again, ATM was among the few genes for which transcript
levels were positively correlated to the overall repair capac-
ity. This unique regulatory status was confirmed by RT-PCR
analysis in three independent individual pairs of CD34 %387/
CD34 738" cells (SLRs for ATM: —1.84, —0.79, and —2.28 by
RT-PCR vs. —0.3 by array analysis of pooled RNA).

DI1ScussIioN

Although pharmacotherapy with DNA-reactive agents has rep-
resented a cornerstone of systemic antineoplastic therapies for
more than half a century, crucial steps of the molecular mech-
anisms determining the therapeutic potential, but also the side
effects of these drugs, have remained ill-defined. We and others
have recently introduced the cellular DNA repair capacity as an
important modulator of drug susceptibility within the lympho-
hematopoietic system. In these studies, accentuated hematotox-
icity and increased apoptotic response were associated with a
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Figure 6. Genes for major DNA repair functions are differentially
expressed in primitive CD34738'°Y and CD34%38" progenitor cells.
Up- or downregulation of transcripts (single log ratio [SLR]; see Fig. 3)
as measured in pooled RNA samples from four cord blood specimens
(criterion for significance: p values of SLRs =.005 or =.995). Abbre-
viations: BER, base excision repair; NER, nucleotide excision repair;
MMR, mismatch repair; DSBR, double-strand break repair.

consistently lower DNA repair capacity in human CD34 " pro-
genitor cells compared with their mature CD34~ counterparts
[18, 22].

We now have employed gene array technology to allow a
correlation of functional and gene expression analysis and
have extended our studies to the hematopoietic stem cell
compartment. We show that the differentiation-dependent
alterations in DNA repair function and apoptotic response are
accompanied by characteristic and consistent shifts in the
expression profiles of related genes. Although genome-wide
transcriptional signatures have been described for distinct
stages of lymphohematopoietic differentiation [30, 31], very
limited information is available on the regulation of the DNA
repair machinery. For a small number of repair genes, such as
XPG, XPD, MSH2, KUS80, LIG3, or RAD23A, higher expres-
sion in bone marrow stem cells compared with terminally
differentiated cells has been reported in mice [29, 30]. How-
ever, no comparable data are available on distinct develop-
mental stages in the human system. The study presented here
now reveals a strict differentiation-dependent regulation
within the DNA damage response network of human hema-
topoietic cells. The uniform shift in transcript levels of reg-
ulated genes, up or down, in all seven cord blood specimens
investigated implies a high biological relevance for this ob-
servation.

Despite this stringent regulation during development, in-
triguingly high interindividual differences were observed in
repair gene expression, as well as functional repair capacity.
Similar individual variations were detected for the induction of
apoptosis following cytotoxic drug exposure (Table 1) or tox-
icity of chloroethylnitrosourea- or triazine-type alkylating
agents for human clonogenic progenitor cells (personal obser-
vation). It can be speculated also that the substantial differences
in antineoplastic response or hematotoxic side-effects observed
with DNA-damaging agents in the clinical situation may be
related to the individual DNA repair capacity of malignant or
physiologic cells, respectively. Thus, dosage based on prior
assessment of DNA repair capacity in tumor cells, as well as
normal tissue, may represent a way to individualize antineoplas-
tic therapy and improve results.

Rather surprising results were obtained when functional
and expression profiling data were compared. Despite their
significantly lower capacity to remove DNA adducts and
secondary strand breaks, progenitor cells contained higher
mRNA levels than their maturated progeny for 35/37 differ-
entially expressed pathway-related repair genes. Comparing
the progenitor and stem cell fractions, a similar discrepancy
was noted. Here, reduced expression for 16/19 pathway-
related genes in primitive cells was associated with higher
repair efficiency. A possible explanation for this observation
could be the impact of post-transcriptional control instances
on the performance of the repair system such as ubiquitina-
tion-triggered protein turnover [32-34], stability modulation
of protein complexes [35, 36], or intracellular/intranuclear
localization of key components [37, 38]. In addition, low
abundant gene products not detectable by oligonucleotide
arrays may represent rate-limiting ‘“bottleneck” positions
along a given repair pathway and significantly determine its
functional activity. Thus, important regulatory functions
might be associated with the substantial number of repair
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genes not qualifying for present calls in our analyses (14/97
in mature vs. progenitor cell analysis, 21/97 in progenitor vs.
stem cells).

On the other hand, the few pathway-related genes with shifts
in transcript levels being conform to the alterations in functional
repair may be essential for fine-tuning the cellular response to
DNA damage. One of these genes encodes for ATM, a protein
kinase that senses and signals the presence of DNA lesions, in
particular double-strand breaks, to essential checkpoints and
initiates rejoining [39]. Mammalian cells deficient for this pro-
tein are sensitive to radiation but also to DNA alkylation dam-
age [40], most likely due to an essential role of ATM in
stabilization and nuclear localization of mismatch repair com-
plexes [41]. Recently, functional ATM was shown to be in-
volved in counteracting oxidative stress in mouse bone marrow
cells. In this model, ATM represented a crucial factor for the
self-renewal capacity of hematopoietic stem cells but was less
important for their differentiation into progenitor cells [42].

The other gene with significantly diminished transcript lev-
els in progenitor versus mature cells is RAD23A. The RAD23
proteins are involved in the regulation protein turnover via the
ubiquitin/proteasome pathway [43, 44] and recently were found
to stabilize the XPC protein, which is the core damage recog-
nition factor initiating global repair via the NER pathway [35].
Thereby, they are ideal candidates to regulate the NER activity
by controlling the influx into the pathway without disrupting the
balance of the complex interaction of the other components.
Based on these findings, the RAD23 proteins have been sug-
gested to play a central role in a novel, newly emerging DNA
damage-dependent regulatory mechanism for DNA repair in
mammalian cells [45]. Interestingly, RAD23A is among the
repair genes with the broadest interindividual variation of tran-
script levels in the cord blood samples analyzed and thus may be
a key factor in controlling the individual repair capacity. Its
relevance for the handling of DNA alkylation products is further
strengthened by our observation that human XPC-RAD23 com-
plexes can recognize EtNU-induced adducts in DNA and are
essential for their NER-mediated excision in human lymphoid
cells (unpublished data). Also in line with the downregulation of
RAD23A and the reduced NER activity in progenitor cells is the
higher relative contribution of BER (no downregulated constit-
uents) to their overall repair capacity.

Thus, in contrast to expression levels of the majority of
genes involved, the least efficient DNA repair during hemato-
poietic differentiation resides within the progenitor cell com-
partment, whereas increased capacity is observed in more ma-
ture as well as more primitive cells. At first sight this may

appear surprising, as an organism can be expected to equip its
pool of particularly proliferation-competent cells with protective
mechanisms to counteract DNA damage and the emergence of
mutated daughter cells. From the perspective of the organism,
however, eliminating damaged cells via apoptosis rather than
attempting to restore their genomic integrity also represents an
efficient defense mechanism against genotoxic stress in critical
cell compartments. A well-known example of this principle is
intrathymic T-cell development, where cells expressing non-
functional T-cell receptors are eliminated via apoptosis [46].
Along a similar line, experiments with murine embryonic stem
(ES) cells have revealed their limited capacity to remove UV
photolesions from the genome [47, 48]. Interestingly, the rela-
tive repair deficiency of ES compared with fully differentiated
cells was not accompanied by an increased mutation rate, and
this was due to an effective induction of cell death programs
even at low levels of DNA damage. These data suggest that
apoptosis in stem cells is triggered preferentially by global
genomic damage, whereas transcription-blocking lesions in ac-
tive genes may represent the critical signals in maturated cells.
The model is in agreement with our observations in the human
lymphohematopoietic system, where the proliferation-compe-
tent progenitor cells exhibit reduced efficiency of global repair
and increased apoptotic response upon exposure to DNA-dam-
aging agents. Thus, this might be a general way to protect
somatic “cell replenishment compartments” from the accumu-
lation of genetic damage and thereby avoiding the expansion of
mutated cells and their potential malignant transformation.
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The Philadelphia chromosome (Ph) encoding the oncogenic BCR-ABL1 kinase defines a
subset of acute lymphoblastic leukemia (ALL) with a particularly unfavorable prognosis.
ALL cells are derived from B cell precursors in most cases and typically carry rearranged
immunoglobulin heavy chain (IGH) variable (V) region genes devoid of somatic mutations.
Somatic hypermutation is restricted to mature germinal center B cells and depends on
activation-induced cytidine deaminase (AID). Studying AID expression in 108 cases of ALL,
we detected AID mRNA in 24 of 28 Ph* ALLs as compared with 6 of 80 Ph~ ALLs. Forced
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expression of BCR-ABL1 in Ph~ ALL cells and inhibition of the BCR-ABL1 kinase showed
that aberrant expression of AID depends on BCR-ABL1 kinase activity. Consistent with
aberrant AID expression in Ph* ALL, IGH V region genes and BCL6 were mutated in many
Ph* but unmutated in most Ph~ cases. In addition, AID introduced DNA single-strand
breaks within the tumor suppressor gene CDKN2B in Ph* ALL cells, which was sensitive to
BCR-ABL1 kinase inhibition and silencing of AID expression by RNA interference. These
findings identify AID as a BCR-ABL1-induced mutator in Ph* ALL cells, which may be
relevant with respect to the particularly unfavorable prognosis of this leukemia subset.

Somatic hypermutation (SHM) and class-switch
recombination (CSR) represent physiological
processes that modify variable (V) and constant
regions of Ig genes in mature germinal center
B cells (1). Both SHM and CSR critically
depend on expression of activation-induced
cytidine deaminase (AID), which introduces
single-strand breaks into target DNA (2). AID-
mediated DNA single-strand breaks (DNA-
SSB) leading to SHM and CSR are specifically
introduced into V or constant regions of Ig
genes, respectively. At much lower frequency,
however, AID can also target non-Ig genes
in germinal center B cells (3, 4) and may even
act as a genome-wide mutator (5). Such target-
ing errors carry the risk of oncogenic muta-
tion leading to the transformation of a germinal
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center B cell, which may give rise to B cell
lymphoma. For instance, aberrant SHM or
CSR may lead to chromosomal translocation
of protooncogenes, including MYC, BCL2,
BCL6, and CCND1, and cause various types
of B cell lymphoma (3). Therefore, tight regu-
lation of AID expression in germinal center B
cells and control of DNA strand breaks related
to SHM and CSR are critical to prevent B cell
malignancy. In fact, previous work demon-
strated that Myc-Igh chromosome translocations
as they occur in human Burkitt’s lymphoma
are caused by Aid (6). The emergence of Myc-
Igh gene rearrangements is not only prevented
by tight regulation of Aid expression; the acti-
vation of DNA damage—induced checkpoints
during physiological AID-dependent CSR may
eventually lead to the activation of the tumor
suppressors ATM, NBS1, CDKN2D (INK4D,
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P19/ARF), and TP53 and is indeed critical to prevent onco-
genic Myc-Igh gene rearrangements (7).

RESULTS

Aberrant AID expression correlates with the Philadelphia
chromosome (Ph) in acute lymphoblastic leukemia (ALL)
ALL cells are typically derived from pro— or pre-B cells.
These B cell precursors do not express AID (Table I and
Fig. 1 A, left) and carry Ig genes that have neither under-
gone SHM nor CSR (8). Therefore, it was unexpected that
AID is expressed in a subset of ALL cell lines (Table I and
Fig. 1 A, right). Interestingly, AID expression correlates with
the presence of t(9;22)(q34;q11), resulting in the so-called
Philadelphia chromosome (Ph). Ph encodes the oncogenic
BCR-ABL1 kinase and defines a subgroup of ALL with a
particularly unfavorable prognosis (9). Studying AID mRNA
expression in 108 cases of ALL, AID mRINA was detected in
24 of 28 cases of Ph* ALL, but only in 6 of 80 cases of Ph™
ALL (Table I). Compared with normal germinal center B
cells, mRINA levels for AID are lower in most but similar in
some Ph™ ALL cell lines (Fig. 1 A, right).

SHM and CSR of Ig genes in Ph* ALL

This raises the possibility that Ig V region genes might ab-
errantly be targeted by SHM in Ph*™ ALL. Therefore, we
analyzed the sequence of Vi region genes in 60 Ph™ and
46 Ph* cases of ALL. Among Ph™ ALL, 6 of 60 cases carry
somatically mutated Vy region genes (Table I and Table S1,
which is available at http://www . jem.org/cgi/content/full/
jem.20062662/DC1). In contrast, 30 of 46 Ph™ ALL cases
harbor mutated Vi gene rearrangements (Table I and Table
S2). Counting only Ph* and Ph™~ leukemia cases, for which

information on both AID expression and Vy, region sequence
was available, this correlation was even more conspicuous:
16 of 18 Ph™ leukemia cases, all expressing AID, also carried
mutated Vi region genes, whereas 10 Ph™ leukemia cases, all
lacking AID expression, also all carried unmutated Vy; gene
rearrangements. The average mutation frequency was 34.5 * 4
mutations/10% bp in Ph™ and 4.9 = 1 mutations/10° bp in
Ph™ ALL among all sequences (means based on data from 70
and 76 sequences = SEM, P < 0.05; Tables S1 and S2). Also
among the six Ph™ cases carrying mutated Vy; region genes,
the mutation frequency was high, suggesting that in a small
subset of Ph™ ALL, aberrant SHM may also be induced by
other factors that are not related to BCR-ABL1.

Analyzing CSR of Ig Cy region genes in Ph™ and Ph~
ALL, we identified switched Cy1, Cy2, Cvy3, and Ca?2 tran-
scripts in 4 of 21 Ph* but not in any of 10 Ph™ ALL cases
(Table II). Based on the small number of cases studied, we
cannot give an estimate of the overall frequency of CSR in
Ph* ALL. Collectively, we conclude that Ig genes in Ph™*
ALLs can be targeted by SHM and in rare cases even undergo
CSR,, which is consistent with specific expression of AID in
this ALL subset.

Aberrant SHM of non-lg genes in Ph* ALL

Given that previous studies demonstrated that aberrant SHM
also involves mutation of non-Ig genes (3, 4), we also studied
known potential target regions of SHM within the BCL6 and
MYC genes (3, 4) in Ph™ and Ph™ cases. 7 of 10 Ph™ ALL cases
and 1 of 5 Ph™ ALL cases harbored a mutated BCL6 gene
(Table I and Table S3). In both Ph™ and Ph* ALL, the average
mutation frequency was above the error rate of the PFU DNA
polymerase used in this experiment. Comparing Ph* and Ph™~

Table I.  Aberrant SHM of Ig- and non-Ig genes in Ph* ALL cells

Cell type IGH\® BCL6 myc AID mRNA
expression

Mutated clones/ Mutations per Mutated clones/ Mutations per Mutated clones/ Mutations per
cases 10% bp cases 10° bp cases 10% bp

Pre-B cells (clones) 1/36 44+ 4 n.d. n.d. No

Naive B cells (clones) 0/12 3.1 %1 1/21° 0.05° 7/179¢ 0.05¢ No

Germinal center B cells

(clones) 12/14 402 = 12 5/15b 1.00 n.d. Yes

Memory B cells (clones) 52/54 452 +9 26/71¢ 1.38 + 0.34¢ 9/178¢ 0.09¢ No

Ph~ ALL (cases) 6/60 4.85 + 1.23 1/5¢ 0.11 £ 0.11 1/5¢ 0.16 = 0.11 6/80 cases

Ph* ALL (cases) 30/46 34.48 = 4.42 7/104 1.07 = 0.23 3/9¢ 0.51 = 0.15 24/28 cases

MYC-IGH

Burkitt's lymphoma 12/12° 69° 11/30° 0.4° 12/12° 1.9° Yes

(cases)

aFor normal B cell subsets, rearranged V,; gene segments were amplified, cloned, and sequenced from bulk populations. For leukemia and lymphoma cells, individual cases
were analyzed. Mutation frequencies are given as means (mutations per 103 bp) = standard error of the mean. Vy; gene rearrangements were amplified using Tag DNA
polymerase. V,; gene rearrangements amplified from ALL cases were considered mutated if the average mutation frequency of all amplified sequences was significantly (P <

0.01) above the error rate of Tag DNA polymerase.
®Data from reference 3.
Data from reference 4.

9BCL6 and MYC alleles were amplified using PFU DNA polymerase and sequenced from both DNA strands. BCL6 or MYC alleles amplified from ALL cases were considered
mutated if at least two mutated sequences were amplified per case with an average mutation frequency of all amplified sequences significantly (P < 0.01) above the error
rate of PFU DNA polymerase. Only mutations confirmed on both DNA strands were counted.
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cases, the average mutation frequency was significantly higher
in Ph* ALL (Table [ and Table S3; P < 0.05). Likewise, MYC
gene mutations were found in both Ph™ and Ph* ALL cells. In
this case, however, the difference between Ph* and Ph™ cells
was not significant (Table I; P = 0.13).

Besides rearranged IGH V region genes, CD19% B cell
lineage ALL cells frequently carry TCRB (10) and TCRG (11)
gene rearrangements. Consistent with these previous findings,
we were able to amplify TCRB and TCRG gene rearrange-

ARTICLE

ments from four of eight (TCRB) and seven of seven (TCRG)
cases of Ph* ALL (Table S3, available at http://www.jem
.org/cgi/content/full/jem.20062662/DC1). Given that trans-
genic expression of Aid in murine T cell lymphomas also in-
duces SHM of rearranged TCRB genes (12), we performed
sequence analysis of TCRB and TCRG gene rearrange-
ments in Ph™ ALL, as well as normal peripheral blood T cells
(Table S3). TCRB gene rearrangements amplified from Ph™*
ALL were somatically mutated in all four cases with an average
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Figure 1.

AID expression in Ph* ALL cells.

mRNA expression of AID

- AD

"= W GAPDH

Aid and Hprt mRNA expression (B). Protein lysates from STI571-treated or

was measured in normal human pro-B, pre-B, B1, naive, germinal center,
and memory B cells as well as plasma cells by RT-PCR (A). In a semiquanti-
tative RT-PCR analysis, AID mRNA expression in Ph* ALL cells was com-
pared with germinal center B cells and Ph~ ALL cells. GAPDH was used for
normalization of cDNA amounts (A). Ph* ALL cell lines (BV173 and Nalm1;
10 wmol/l STI571) and v-abl-transformed mouse pre-B cells (300-19;

1 wmol/l STI571) were treated with or without STI571 for 24 h and subjected
to semiquantitative RT-PCR analysis for human AID and GAPDH or murine

JEM

untreated Ph* ALL cells (BV173) were used for Western blotting (C) to-
gether with antibodies against AID and EIF4E (used as a loading control).
IL-3-dependent murine pro-B cells carrying a doxycycline-inducible BCR-
ABL1 transgene were incubated with or without 1 g/ ml doxycycline for
24 h and subjected to RT-PCR analysis of Aid, Oct2, and Obf1 mRNA ex-
pression (C). Ph~ ALL cells were transiently transfected with a pMIG vector
encoding GFP and/or GFP and BCR-ABL1. After 24 h, GFP-expressing cells
were sorted and subjected to RT-PCR analysis for AID expression (C).
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Table Il.  CSR in Ph* ALL cells
Case Vy Dy Jy rearrangement Cy region
LBCII (FACS-sort:  TATGTATTATTGTACGAAAGA GGGTTCAGCTATGG CCGACCTGAACTTCTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCAGGGAGTGCATCCGCCCCAA Cp
CD19* CD34+) TATGTATTATTGTACGAAAGA GGGTTCAGCTATGG CCGACCTGAACTTCTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCAGCCTCCACCAAGGGCCCAT Cy2
Case 22 in Table S2  _G C---G A-A A-T--T-TG---A

V,3-30 Dy5-5 144
LBCIII (FACS-sort:  GCCTTCTATTATTGTGCGCGA GGTGATACC ACAGTCAGCGGGA  CCAACTGGCTCGCCCCCTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCTGGGAGTGCATCCGCCCCAA Cp
CD19* CD347) GCCTTCTATTATTGTGCGCGA GGTGATACC ACAGTCAGCGGGA  CCAACTGGCTCGCCCCCTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCTGCCTCCACCAAGGGCCCAT Cy2
Case 23 inTable S2  ——_G-G-————- C A TG- A T-—-A A

Vy1-46 Dy2-21 15

Ph* cell line Nalm-1 AGTCTGAGAGCTGAGGACACC TGGGGG TACTTTGACT ACTGGGGCC
AGTCTGAGAGCTGAGGACACC TGGGGG TACTTTGACT ACTGGGGCC
AGTCTGAGAGCTGAGGACACC TGGGGG TACTTTGACT ACTGGGGCC

_________ Acmmmmeee I,
V,3-43 D3-9

Ph* cell line SD1 GCTGTCTATTATIGTGTGAAA CCGATGGGAC CCTACCGCGAG
GCTGTCTATTATTGTGTGAAA CCGATGGGAC CCTACCGCGAG
----- T | S S . S,
V,3-30 D,3-9

AGGGAACCCTGGTCACCGTCTCCTCAGGGAGTGCATCCGCCCCAA Cp.
AGGGAACCCTGGTCACCGTCTCCTCAGCTTCCACCAAGGGCCCAT Cy3
AGGGAACCCTGGTCACCGTCTCCTCAGCATCCCCGACCAGCCCCA Ca2

35
GCTTTTGATATCTGGGGCCAAGGGACAGTGGTCACCGTCTCTTCAGGGAGTGCATCCGCCCCAA Cpa
GCTTTTGATATCTGGGGCCAAGGGACAGTGGTCACCGTCTCTTCAGCCTCCACCAAGGGCCCAT Cy

A

13

Sequence alignments of the Vi, and Cy region genes of four Ph* ALL cases (top) are compared to germline sequences (bottom). Constant regions are underscored. CSR was analyzed in 31 cases of ALL,
including 10 cases of Ph~ ALL (0/10 Ph~ cases with CSR, all with Cu) and 21 cases of Ph* ALL (4/21 Ph* cases with CSR: 1 Cy1,2 Cy2, 1 Cy3, 1 Ca2, in all 21 Ph* cases also co-amplification of Cp).

mutation frequency of 6.2 mutations per 10° bp (+2.3 muta-
tions per 10° bp, SEM), which was substantially above the
mutation frequency of rearranged TCRB alleles amplified
from normal T cells. Only 2 of 30 TCRB gene rearrangements
amplified from normal T cells harbored a single mutation with
an average mutation frequency of 0.2 * 0.1 mutations per
103 bp (P < 0.01; Table S3). Likewise, five of seven TCRG
gene rearrangements amplified from Ph* ALL cases carried
somatic mutations with an average mutation frequency of
5.7 = 1.0 mutations per 10° bp. In contrast,only 1 in 16 TCRG
gene rearrangements amplified from normal T cells harbored a
single point mutation (average mutation frequency: 0.2 = 0.2
mutations per 103 bp, P < 0.01; Table S3). Collectively, these
data indicate that besides rearranged Ig genes, non-Ig genes,
namely BCL6, TCRB, and TCRG, can also be targeted by
aberrant SHM in Ph* ALL, which is consistent with aberrant
expression of AID in this leukemia subset.

BCR-ABL1-induced AID expression in Ph* ALL

We next investigated whether the Ph-encoded BCR-ABL1
kinase contributes to aberrant AID expression in Ph* ALL.
As shown in Fig. 1, inhibition of BCR-ABL1 kinase activity
by STI571 down-regulates AID expression in Ph* ALL at
the mRNA (Fig. 1 B) and protein levels (Fig. 1 C, left). Acti-
vation of transgenic expression of BCR-ABLI in a murine
pro—B cell line and forced transient expression of BCR-ABL1
in a Ph™ ALL (Fig. 1 C, middle and right) induce de novo
expression of AID in these cells. To validate the causative
link between BCR-ABL1 kinase activity and aberrant AID
expression also in patients suffering from Ph*™ ALL, we com-
pared four matched sample pairs of Ph* ALL before the onset
and during continued therapy with the BCR-ABL1 kinase
inhibitor STI571 (Fig. 2). Confirming in vitro observations,
primary patient—derived Ph* ALL cells down-regulate AID
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mRNA (Fig. 2 A) and protein (Fig. 2 B) levels under ex-
tended treatment with the BCR-ABL1 kinase inhibitor STI571.
We conclude that BCR-ABL1 kinase activity is essential for
aberrant AID expression in Ph* ALL cells.

Given that STI571 inhibits both oncogenic BCR-ABL1
as well as physiologic ABL1 kinase activity, we investigated
whether ABL1 kinase activity contributes to AID expression
in normal germinal center—derived B cells. To this end, we
isolated splenic B cells from C57/BL6 mice and cultured
them in the presence or absence of 10 wmol/1 STI571 in the
presence or absence of 1 ng/ml IL-4 and 25 pg/ml LPS, or
both IL-4/LPS and STI571 (Fig. S1, available at http://www
Jjem.org/cgi/content/full/jem.20062662/DC1). To compare
the effect of ABL1 kinase inhibition in normal B cells and
BCR-ABL1-transformed B cells, splenocytes from BCR-
ABL1—transgenic C57/BL6 litter mates were also cultured in
the presence or absence of 10 wmol/1 STI571. After 3 d, Aid
mRNA levels were measured by real-time PCR as a ratio of
Aid and Hprt mRNA levels. As described previously (13),
activation of splenic B cells resulted in a dramatic increase of
Aid mRNA expression. Aid mRNA levels in BCR-ABL1-
transgenic B cells were also constitutively higher than in
B cells isolated from wild-type littermates (Fig. S1). Interestingly,
ABL1 kinase inhibition through STI571 not only diminished
Aid mRNA levels in BCR-ABL I-transgenic B cells, but also
effectively prevented the up-regulation of Aid in normal B
cells upon stimulation by IL-4 and LPS. These findings are
paralleled by the blastoid morphology and the formation of
large cell aggregates of the Aid-expressing B cells. In the pres-
ence of STI571, however, IL-4 and LPS failed to induce a
blastoid morphology and formation of cell aggregates (Fig. S1).
Although we cannot exclude that the high concentrations
of STI571 used in this experiment may inhibit other signaling
molecules besides normal ABL1 in the splenic B cells, these
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Figure 2. AID expression in patient-derived Ph* ALL cells de-

pends on BCR-ABL1 kinase activity in vivo. Matched sample pairs
from four patients with Ph* ALL before the onset and during continued
treatment with the BCR-ABL1 kinase inhibitor STI571 were analyzed for
AID mRNA levels by semiquantitative RT-PCR (A). The content of Ph*
ALL cells in all samples was normalized by BCR-ABL1 fusion transcripts
(A), with "p190" and p210" indicating the two different breakpoints.
Protein lysates from the same Ph* ALL cases were also subjected to
Western blot analysis for AID expression using EIF4E as a loading
control (B). Protein lysates from CD19+ tonsillar B cells were used as

a positive control.

findings suggest that Aid induction in normal B cells also re-
quires ABL1 kinase activity. Further experiments that address
this possibility are currently under way. Of note, the same
concentration of STI571 had no significant effect on Aid
mRNA levels in a number of B cell lymphoma cell lines that
exhibit constitutive expression of Aid (Fig. S2).

Our finding that BCR-ABL1 induces aberrant AID ex-
pression in Ph* ALL cells is in agreement with a recent study
demonstrating that murine B cell precursors infected with the
Abelson murine leukemia virus (Abelson-MuLV) also exhibit
aberrant expression of Aid (14). The authors of this study
attribute aberrant Aid expression induced by the Abelson-
MuLV to retroviral infection and interpret aberrant Aid ex-
pression as an innate defense mechanism against the transforming
retrovirus. Because both BCR-ABL1 and the transforming
oncogene of the Abelson-MuLV, v-abl, share ABL1 kinase
activity, the results we present here suggest that v-abl kinase
activity may also contribute to aberrant expression of Aid
in the murine B cell precursors infected by Abelson-MuLV.
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To test this hypothesis, we analyzed Aid expression in an
Abelson-MuLV—transformed murine pre—B cell line (300-19) in
the presence or absence of STI571, which inhibits both BCR-
ABL1 and v-abl kinase activity (Fig. 1 B). In five repeat experi-
ments, inhibition of v-abl kinase activity resulted in substantial
down-regulation of Aid expression in the Abelson-MuLV-
transformed 300-19 cells (Fig. 1 B). We conclude that v-abl
kinase activity also contributes to Aid expression in Abelson-
MuLV-transformed pre—B cells. However, inhibition of v-abl
did not abolish Aid expression entirely, which indicates that
other factors leading to the up-regulation of Aid (e.g., the anti-
retroviral host defense proposed; reference 16) may indeed
contribute to Aid expression in these cells as well.

BCR-ABL1-induced up-regulation of AID involves repression
of ID2, a negative regulator of AID

Previous studies demonstrated that AID expression is tightly
regulated by the transcription factor pair PAX5 and E2A and
the E2A inhibitor ID2 (15, 16). Interestingly, previous work
showed that ID2 is among the genes that are transcriptionally
activated by STI571-induced ABL kinase inhibition in mu-
rine Abelson-MuLV—transformed pre—B cells (17). We there-
fore investigated the relationship between BCR-ABL1 kinase
activity, E2A/PAXS, and their inhibitor ID2 with respect to
regulation of AID expression in Ph* ALL. Analyzing Affyme-
trix U133A 2.0 microarray data on two Ph*™ ALL cell lines
(BV173 and SUP-B15; the full dataset is available through
GEO accession no. GSE7182) that were cultured in the pres-
ence or absence of 10 wmol/1 STI571 for 16 h, we confirmed
that inhibition of BCR-ABL1 kinase activity by STI571 in-
creased ID2 mRNA levels, whereas mRNA levels for PAX5
and E2A did not change significantly (Fig. 3 A). In addition,
the two Ph* ALL cell lines were treated with STI571 for 48 h,
and AID and ID2 protein levels were measured in the sur-
viving cells (annexin V™, propidium iodide ™) by flow cytom-
etry (Fig. 3 B). Although BCR-ABL1 kinase inhibition by
STI571 decreased AID protein expression, levels of ID2 were
clearly increased in the two Ph* ALL cell lines (Fig. 3 B).

To test whether up-regulation of ID2 (as observed upon
BCR-ABL1 kinase inhibition by STI571) leads to transcrip-
tional repression of AID in Ph™ ALL cells, we transduced two
AlD-expressing Ph™ ALL cell lines with a lentiviral vector
encoding ID2 and GFP or GFP alone as a control. GFP™ cells
were sorted and analyzed for mRNA levels of ID2 and AID
using GAPDH as a reference gene (Fig. 3 C). Lentiviral over-
expression of ID2 indeed resulted in transcriptional inactiva-
tion of AID in both Ph* ALL cell lines. These findings indicate
that up-regulation of AID by BCR-ABL1 involves transcrip-
tional repression of ID2, which would act as a negative regula-
tor of AID in the absence of BCR-ABLI1 kinase activity.

AID-induced DNA-SSB in Ph* leukemia cells

Consistent with an active SHM mechanism, we detected
footprints of ongoing subclonal diversification of Vi gene
segments in 11 of 46 cases of Ph* ALL (Table S2). Reflecting
their clonal evolution, several early mutations are common
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Figure 3. BCR-ABL1-mediated up-regulation of AID involves re-
pression of ID2, a negative regulator of AID. Two Ph* ALL cell lines
(BV173 and SUP-B15) were incubated in the presence or absence of 10
wmol/l STI571 for 16 h and subjected to microarray analysis using the
Affymetrix U133A 2.0 platform as described in Materials and methods (A).
mRNA levels of ID2 were compared with those of AID and its positive reg-
ulators E2A and PAXS. As controls, known STI571-inducible genes (/GKC,
RAG1, RAG2, and BACH2) are shown. (B) The two Ph* ALL cell lines were

among many subclones, which differ from each other by sub-
sequently introduced diversifying mutations. As an example,
genealogic trees for four Vi gene rearrangements amplified
from Ph* ALL cell lines are shown in Fig. 4. To test whether
AID expression and aberrant SHM are indeed causally linked
in Ph* ALL, we studied DNA-SSB within rearranged Ig V4
genes and the tumor suppressor gene CDKNZ2B in the pres-
ence and absence of AID.

CDKNZ2B encodes the p15/INK4B tumor suppressor,
which is frequently deleted in Ph* ALL and lymphoid blast
crisis (LBC) of Ph* chronic myeloid leukemia (18, 19).
Therefore, we silenced AID expression in three Ph™ ALL cell
lines by RNA interference (Fig. 5 A) and studied the effect
of AID knockdown on DNA-SSB in rearranged Vi, genes
and the CDKN2B locus. AID targeting and nontargeting
small interfering RNA (siRINA) duplexes were fluorochrome
labeled and repeatedly transfected into Ph* ALL cells by nu-
cleofection. At a transfection efficiency between 3 and 10%,
fluorochrome-labeled cells were sorted by flow cytometry
and subjected to further analysis. RNA interference substan-
tially reduced AID mRNA levels in all three Ph* ALL cell
lines (Fig. 5 A). Comparing Ph* ALL cells carrying nontar-
geting siRNAs with Ph*™ ALL cells carrying AID-specific
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cultured for 48 h in the presence or absence of STI571, and protein levels
of ID2 (top) and AID (bottom) were measured by flow cytometry. (C) To test
the functional relevance of BCR-ABL1-mediated down-regulation of ID2
in Ph* ALL cells, the effect of ID2 overexpression on AID mRNA levels was
measured in Ph* ALL cells. Therefore, the two Ph* ALL cell lines were sta-
bly transduced with a vector encoding only GFP (left) or both GFP and ID2
(right). Overexpression of ID2 was monitored together with mRNA levels of
AID. GAPDH mRNA levels were used for normalization of cDNA amounts.

siRINA duplexes, DNA-SSB were detected within rear-
ranged Vy; gene segments as well as within the CDKN2B
gene in the former but not in the latter case (Fig. 5 B). Like-
wise, inhibition of BCR-ABL1 kinase activity by STI571,
leading to down-regulation of AID (Fig. 1), largely reduced
the frequency of DNA-SSB within Vi; and CDKN2B genes
(Fig. 5 B). We conclude that DNA-SSB introduced into
both rearranged Vi region genes and the tumor suppressor
gene CDKN2B require AID expression. To search for actual
somatic mutations within the CDKN2B and the immediately
adjacent CDKN2A genes, we attempted to amplify genomic
fragments of these genes from multiple Ph™ and Ph™ leuke-
mia cell lines. Consistent with previous findings, however
(18, 19), we found that one or even both genes were already
deleted in Ph* (BV173, K562, Nalm1, SUP-B15) and Ph™
(REH, RS4;11) cell lines, which precluded a comprehensive
sequence analysis (not depicted). CDKN2A (INK4A, P16)
and CDKN2B (INK4B, P15) belong to a group of genes that
encode the INK4 family of tumor suppressors. Interestingly,
a recent study demonstrated that deletion of another mem-
ber of these gene families, CDKN2D (INK4D, P19/AREF),
was sufficient to render otherwise normal B cells highly
susceptible to aberrant chromosomal rearrangements during
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Figure 4. Tracing the clonal evolution of Ph* ALL cells by Vy
region gene mutations. Genealogic trees of ongoing SHM of V,, gene
segments amplified from the Ph* ALL cell lines NALM1 and BV173 are

AID-mediated CSR (7). Therefore, the loss of one or more
of these INK4 tumor suppressors in the context of aberrant
AID expression in Ph* ALL may further enhance genetic in-
stability in these leukemia cells.
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shown. Numbers indicate the mutated codons within the rearranged V
region. Each circle represents one V,, sequence amplified from a leukemia
subclone, and a and b denote distinct mutations within the same codon.

DISCUSSION

In summary, these findings identify AID as a mutator within
but also outside the Ig gene loci in Ph*™ ALL cells. Aberrant
expression of AID leading to SHM of Ig and non-Ig genes is
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Figure 5. AID induces DNA-SSB in Ig and non-Ig genes. To estab-
lish a causative link between AID function and the occurrence of DNA-
SSB, AID mRNA expression was silenced in three Ph™ ALL cell lines by RNA
interference using fluorochrome-labeled siRNAs against AID or nontar-
geting siRNA duplexes as a control. Fluorochrome-labeled cells were
sorted and analyzed for silencing efficiency and specificity by RT-PCR (A),
and for DNA-SSB within rearranged V},; gene segments and the CDKN2B

JEM

gene by LM-PCR (B). For BV173, Nalm1, and SD1 cells, DNA-SSB inter-
mediates in rearranged V,;3-21, V},;3-9, and V;3-30 gene segments were
amplified, respectively. As a loading control for genomic DNA, V,, gene
rearrangements and a genomic fragment of the CDKN2B gene were
amplified (B). The CDKN2A gene at chromosome 9p21 immediately adjacent
to CDKN2B was partly or entirely deleted in BV173 and Nalm1 cells,
precluding LM-PCR analysis of this locus in these cell lines (not depicted).
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driven by oncogenic BCR-ABL1 kinase activity and likely
contributes to the particularly unfavorable prognosis of Ph*
leukemia (9). Ph* leukemias typically carry secondary ge-
netic aberrations (Table S2) and develop resistance to che-
motherapy and inhibition of BCR-ABL1 kinase activity
within a short period of time (9). Further studies that address
a specific role of AID in the acquisition of mutations leading
to drug resistance in Ph* ALL are currently under way. Of
note, a small fraction of cases of Ph™ pre—B ALL carry mu-
tated Vi region genes (and presumably express AID) in the
absence of BCR-ABL1. This indicates that other aberrations
besides the Ph may likewise induce aberrant SHM in ALL
cells. Given that BCR-ABL1-induced up-regulation of AID
involves repression of ID2 and indirect activation of E2A,
one would envision that other factors that influence the bal-
ance between ID2 and E2A may have a similar effect in Ph~
leukemia cells.

MATERIALS AND METHODS

Patient samples and cell lines. Normal pro—B cells (CD19" CD34* w
chain™) and pre-B cells (CD19" VpreB* p chain™) were sorted from human
bone marrow (from four healthy donors; Cambrex) by flow cytometry using
antibodies from BD Biosciences and a FACSVantage SE cell sorter (BD Bio-
sciences). B1 cells (CD19" CD5™), naive B cells (CD19" CD27" IgD™),
and memory B cells (CD19" CD27" IgD™) as well as plasma cells (CD197"
CD20~ CD138%) were sorted from the peripheral blood of 12 healthy
donors (buffy coats were obtained from the Institute for Blood Transfusion,
Heinrich-Heine-Universitit Diisseldorf) by flow cytometry using the same
FACS sorter. Human germinal center B cells were isolated from tonsillar re-
sectates provided by T. Hoffmann (Heinrich-Heine-Universitit Diisseldorf).
To this end, tonsillar B cells were preenriched by MACS using immuno-
magnetic beads against CD19 (Miltenyi Biotec). Thereafter, CD20* CD38*
germinal center B cells were isolated by flow cytometry as described above
using antibodies from BD Biosciences.

In total, 108 cases of ALL were analyzed for AID expression. 28 cases of
Ph™* leukemia, including seven cell lines (BV173, CMLT1, K562, NALM1,
SD1, SUP-B15, and TOM1; DSMZ,) and 80 cases of Ph™ ALL, including
eight cell lines (BEL1, HBP-NULL, KASUMI2, MHH-CALL3, NALMG,
REH, RS4;11, and 697; DSMZ) were analyzed by RT-PCR (see below).
Ph* leukemia also included five cases of LBC CML (cases 21-25 in Table
S2). In these cases, CD19" CD34" B lymphoid leukemia cells were sorted
by flow cytometry from leukemic bone marrow samples using antibodies
from BD Biosciences.

Vy gene rearrangements were amplified and sequenced from 106 cases
of ALL, including 46 Ph* and 60 Ph™ cases. For 28 cases (18 Ph™, 10 Ph™),
information on both AID expression and Vi region gene sequence was
available. Cytogenetic data on the patient samples and cell lines studied are
given in Tables S1 and S2. Patient samples were provided from the Depart-
ment of Hematology and Oncology, Universitit Frankfurt (W.-K. Hofimann)
and the Department of Medical Biosciences, Pathology, Umea University,
Umea, Sweden (A. Li) in compliance with Institutional Review Board
regulations. Murine Abelson-MuLV—transformed pre—-B cells (300-19)
were provided by M. Reth (Max-Planck-Institute for Immunobiology,
Freiburg, Germany). Human Ph* ALL cells and v-abl—transformed mouse
pre—B cells were cultured in the presence or absence of 10 pmol/l STI571
(human ALL) or 1 pwmol/l STI571 (murine pre—B cells), respectively.
STI571 was provided by Novartis. Germinal center—derived B cell lines
(MHH-PREB1, MN60, Karpas-422, MC116, JEKO-1, and SJO) were
obtained from DSMZ.

Induced expression of BCR-ABL1 and ID2. A murine IL-3—dependent
pro—B cell line, TONB210, which carries an inducible BCR-ABL1 trans-
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gene under the control of a doxycycline-dependent promoter (provided by
G.Q. Daley, Harvard Medical School, Boston, MA), and Ph~ ALL cells
transiently transfected with pMIG-GFP or pMIG-GFP/BCR-ABL1 vectors
were studied in cell culture experiments as described previously (20). pMIG-
GFP or pMIG-GFP/BCR-ABL1 vectors encode either GFP only or GFP
and BCRABL1 and were transfected by electroporation (250 V and 950
WE). For both transfections, GFP* and GFP~ cells were sorted after 24 h and
subjected to further analysis. BV173 and SUP-B15 cells were transduced
with the lentiviral vector pCL1 (provided by H. Hanenberg, Heinrich-
Heine-Universitit Diisseldorf, Germany) encoding GFP or GFP and ID2 as
described previously (21). The coding sequence of the ID2 ¢cDNA (provided
by E. Hara, Science University of Tokyo, Noda, Japan) was excised with
BamHI and Xhol and subcloned into pIRESEGFP via BglII and Xhol. The
expression cassette containing ID2-IRES-EGFP was digested with Nhel and
BsrGI and cloned into the lentiviral vector pCL1. 10 d after lentiviral trans-
duction, GFP* cells were sorted by flow cytometry and further analyzed or
kept under cell culture conditions.

Sequence analysis of Vi and Cy region genes and semiquantitative
RT-PCR. To characterize the configuration of Vi and Cy region genes,
two primer sets were used to amplify the V region alone (using V- and
Jy-specific primers) or the V region together with the constant region (using
V- and Cy-specific primers) of Ig heavy chain transcripts as described pre-
viously (22) in two rounds of PCR using the primers listed in Table S4, which
is available at http://www.jem.org/cgi/content/full/jem.20062662/DC1.
PCR products were then cloned and sequenced.

Mutation analysis of BCL6 and MYC genes. For mutation analysis of
BCL6 and MYC genes, genomic fragments were amplified and sequenced as
described previously (3) using PFU DNA polymerase. For each PCR prod-
uct, both DNA strands were sequenced and mutations were only counted if
they were found both in the forward and reverse sequence. PCR primers
used for amplification of BCL6 and MYC fragments are listed in Table S4.

Mutation analysis of TCRB and TCRG V region genes. TCRB and
TCRG gene rearrangements were amplified from multiple leukemia sam-
ples, including Ph* ALL cell lines, primary leukemia cells from Ph* LBC
CML (CD19" CD34* B lymphoid cells were sorted from leukemic bone
marrow samples), and Ph™ ALL cell lines. As controls, TCRB and TCRG
gene rearrangements were amplified from normal CD3" T cells (purified by
CD3*" MACS from peripheral blood) using the primers listed in Table S4.

Affymetrix GeneChip analysis and semiquantitative RT-PCR. Total
RNA from cells used for microarray or RT-PCR analysis was isolated by
RNeasy (QIAGEN) purification. For microarray analysis, two human Ph*
ALL cell lines (BV173, SUP-B15) were cultured for 16 h in the presence or
absence of 10 wmol/1 STI571 (Novartis). Double-strand cDNA was gener-
ated from 5 g of total RNA using a poly(dT) oligonucleotide that contains
a T7 RNA polymerase initiation site and the SuperScript III Reverse Tran-
scriptase (Invitrogen). Biotinylated cRNA was generated and fragmented
according to the Affymetrix protocol and hybridized to U133A 2.0 micro-
arrays (Affymetrix). After scanning (scanner from Affymetrix), the expression
values for the genes were determined using Affymetrix GeneChip software.
For semiquantitative RT-PCR analysis of human AID, ID2, GAPDH, and
BCR-ABL1 and for RT-PCR analysis of murine Aid, Oct2, Obf1, and Hprt
transcripts, PCR primers are listed in Table S4.

Western blotting and flow cytometry. For the detection of AID by
Western blot, an antibody against human AID (L7E7; Cell Signaling Tech-
nology) was used together with the WesternBreeze immunodetection sys-
tem (Invitrogen). Detection of EIF4e was used as a loading control (Santa
Cruz Biotechnology, Inc.). For analysis of AID and ID2 expression by flow
cytometry, antibodies against ID2 (rabbit anti-human ID2 IgG; C-20; Santa
Cruz Biotechnology, Inc.) and AID (mouse anti-human AID IgG1; L7E7;
Cell Signaling Technology) were used together with secondary antibodies

ABERRANT SOMATIC HYPERMUTATION IN ACUTE LYMPHOBLASTIC LEUKEMIA | Feldhahn et al.

101

1002 ‘6 Aey uo Bio wal-mmm woly papeojumoq



(goat anti—rabbit IgG Cy2 and goat anti-mouse IgG Cy3; Jackson Immuno-
Research Laboratories). Before staining, cells were fixed with 0.4% para-
formaldehyde and incubated for 10 min in 90% methanol on ice.

Silencing of AID mRNA expression by RNA interference. For
silencing of AID mRINA expression, one previously validated siRINA (23)
and a nontargeting siRINA duplex were used. All siRINA duplexes (for se-
quences see Table S4) were labeled with fluorescein using an siRNA labeling
kit (Ambion) according to the manufacturer’s protocol. Fluorochrome-la-
beled siRNA duplexes were transfected into Ph* ALL cell lines (BV173,
Nalm1, SD1) by nucleofection according to the manufacturer’s protocol
(Amaxa). Transfection was repeated after 48 h and transfected fluorescein™
cells were sorted by FACS after 72 h as described previously (24). RNA
interference—mediated knockdown of AID mRNA expression was verified
by RT-PCR.

Ligation-mediated PCR (LM-PCR) for detection of DNA-SSB.
Genomic DNA from 2.5 X 10° cells containing a nick on the lower strand was
denatured for 10 min at 95°C. Thereafter, a gene-specific primer (Table S4)
was hybridized and extended to the position of the nick as described previ-
ously (first strand extension; reference 25), leaving a blunt end using Vent
DNA polymerase (New England Biolabs, Inc.). Next, a double-stranded
linker was ligated to the newly created blunt end using T4 DNA ligase
(Invitrogen) at 14°C overnight. The linker was constructed by annealing of
the oligonucleotides 5'- TTTCTGCTCGAATTCAAGCTTCTAACGAT-
GTACGGGGACATG 3’ and 3’ amino (C7)- GACGAGCTTAAGTTC-
GAAGATTGCTACATGCCCCT-5, and protruding 3" overhangs were
removed by 3’5" exonuclease activity of the Klenow fragment of
Escherichia coli DNA polymerase I (Invitrogen). LM-PCR (26) was performed
with modifications as described previously (27). In two semi-nested rounds
of amplification at an annealing temperature of 59°C, linker-ligated interme-
diates of DNA-SSB within various genes were amplified using gene-specific
primers together with two linker-specific primers (Table S4).

Online supplemental material. Fig. S1 shows the morphology mea-
surement of mRNA levels of Aid in normal mouse splenocytes that were
stimulated with IL-4 and LPS and treated with or without STI571. Fig. S2
shows mRNA levels in human B cell lymphoma cells that constitutively
express AID after treatment with or without STI571. Tables S1-S4 and
Figs. S1 and S2 are available at http://www.jem.org/cgi/content/full/jem
.20062662/DC1.
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