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Hematopoietic Stem-Progenitor 

Cells

Jordan, N Engl J Med 2006

üMature blood cells are short-lived
×e.g. Granulocytes: hrs-days in blood

üTill, McCulloch, Sachs, Metcalf, Thomas, 

and many others
×Proposed hierarchal model of hematopoiesis

×Developed HSPC functional assays, providing 

HSPC footprints
Çin vitro colony-forming units

Çin vivo transplantation

üHSPCs can be obtained for lab studies 

from adult humans in health and with 

hematopoietic diseases

üParadigm for normal and 

leukemia/cancer stem cell research

üProblem: In vitro CFU-GM/BFU-E assays and in vivo CFU-S and 
engraftment assays provided only footprints of HSPCs. For molecular studies, 
need to isolate the rare HSPCs.



HSPCs comprise ~1% of marrow

üDecided that the most interesting hematopoietic system cells were the HSPCs that 
sustain the blood-immune system: Need to isolate this needle in the haystack 
subset for research and clinical transplant: Worthy target for Mab development



Civin, Strauss, Brovall, 

Fackler, Schwartz, Shaper

J Immunol 1984



Multicolor FACS Tracing Erythropoiesis

ü Loken, Shah, Dattilio, Civin. Flow Cytometric Analysis of Human Bone Marrow: 
I. Normal Erythroid Development.  Blood 1987

CD34 as an anchor to identify erythroid progenitors



Multicolor FACS Tracing B Lymphopoiesis

ü Loken, Shah, Dattilio, Civin. Flow Cytometric Analysis of Human Bone Marrow. II. Normal 
B Lymphocyte Development. Blood, 1987

CD34 as an anchor to identify lymphoid progenitors



Multicolor FACS Identifying the Earliest CD38- HSPCs in the 
CD34+ Cell Compartment

ü Civin, Almeida-Porada, Lee, Olweus, Terstappen, Zanjani. Sustained, 
retransplantable, multilineage engraftment of highly purified adult human bone 
marrow stem cells in vivo. Blood, 1996

CD34+/38-



CD34+ cells reconstitute hematopoiesis in 
transplants for cancer patients: Icon

ü Civin, Trischmann, Kadan, Davis, Noga, Cohen, Duffy, Groenewegen, Wiley, 
Law, Hardwick, Oldham, Gee. Highly purified CD34-positive cells reconstitute 
hematopoiesis. J Clin Oncol, 1996



Stem Cells: Hype, Reality, Political Science?

Sometimes I wonder if there s more to life than 

unlocking the mysteries of the universe



Purified CD34+ Cells for Laboratory Research



Stem 

cells

Multipotent

progenitors

Committed

progenitors

Mature cells

Regulators:

IL-1 IL-6 G-CSF

IL-3 IL-11 GM-

CSF

G-CSF   IL-4      M-CSF

IL-2 IL-6 Epo IL-7

HSC self renewal is limited, ex vivo

SCF TPO FL

üLimited in vitro self renewal capacity appears to be an inherent 
limitation of all types of ñadult stem cells,ò in addition to their limited 
ability to differentiate to multiple tissue types



Transcriptomic clues to molecules that might 
be important in stem cells

Expression profiling of purified hematopoietic stem-

progenitor cell subsets to indentify candidate proteins and 

microRNAs that might regulate stemness properties

Kaplan The Biomedical 

Engineering Handbook 2010

Translational goal:  High performance 
stem cells

Expansion Maintenance

× Survival

× Quiescence

× Self-renewal

× Differentiation

× Fate 
specification

× Homing



Genes differentially over-expressed in

CD34+/[Lin/CD38]- HSC-enriched cells

Georgantas Cancer Research

2004

üSpecial note: 81 genes were 
differentially over-expressed in 
enriched HSCs from all 3 
tissues; these gene products
could be critical for HSC ñstem-
nessò

Cord Blood: 889

Mobilized Blood: 605

926 100 575

81
77 127

314

Bone Marrow: 1190

qRT-PCR and Serial Analysis of Gene 

Expression (SAGE) confirmed ~ all 

over-expressed genes



KLF4-/- mice lacked inflammatory monocytes
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Jon Alder, PhD

One gene, one grad student?



But what is KLF4 doing in HSCs and other stem 
cells?

Lund Stem Cell Center
KLF1

KLF2

KLF3

KLF6

KLF4?

KLF4

One gene, many grad students???



Mystery intensified: KLF4 induces reprogramming of adult 
human fibroblasts to pluripotent ES like state

Mature human 

fibroblasts (from 

foreskin or adult skin) 

were engineered with 

Nanog-GFP or Oct4-

Neo reporter retro- or 

lenti-vectors

Retroviral infection 

with

OCT4/SOX2/MYC/KLF

4 or OCT4, SOX2, 

NANOG, and LIN28

Transduced pluripotent

stem cells were green

or Neo-resistant

Reprogrammed fibroblasts could be 

propagated (maintaining undifferentiated 

markers) for >20 passages or induced to 

undergo multilineage differentiation (to 

form all 3 germ layers both in embryoid 

body assays in vitro and in teratoma 

assays in immunodeficient NOD/SCID 

mice)



Lund Stem Cell Center

Regulation of hematopoiesis

926 100 575

81
77 127

314

Bone Marrow: 1190

Mobilized Blood: 605

Cord Blood: 889

Some of the results puzzled us (ñexpression paradoxò):

üWhy are so many genes required for later development already 

expressed in hematopoietic stem cells (e.g. GATA-1, GATA-2, RUNXs, 

PU.1)?

üWhy doesnôt this cause HSCs to differentiate? HSCs might be primed 

to develop along the hematopoietic lineage pathways, but held in check 

at some post-transcriptional step

Thus, the gene expression profiles provided direction:

üStudy the 81 genes that are highly expressed in stem cells vs

progenitors to understand the key properties of stem cells: self-renewal, 

differentiation, etc



And for some HSC-expressed mRNAs, the 
encoded protein was not expressed

ü MiRs may regulate >30% of the human genome, affecting essentially every cellular 

process, including cell proliferation and survival

× Which microRNAs are expressed in HSPCs and which mRNAs do they regulate?

ü MicroRNAs (miRs) are a set of ~22bp nocoding RNAs that bind to partially 

complementary sites in mRNAs (usually in 3ôUTR) to negatively regulate mRNA stability 

and/or translation

× 1 miR can regulate multiple mRNAs

× 1 mRNA can be regulated by multiple miRs



Informatic prediction that miRs might negatively regulate 
hematopoietic differentiation, like a coiled spring

 
Georgantas PNAS 2007

Self -renewal

Differentiation



Several thermodynamically-predicted microRNA 
targets were verified by luciferase assays

3ôUTR constructs were electroporated into 

K562 cells, which express most of the HE-

microRNAs

Regulation of systems of molecular pathways



MiR-155 over-expression blocked myeloid and 
erythroid colony formation from primary cells

FUGW control FUGW-miR-155

FUGW control FUGW-miR-155

Normal donor CD34+ HSPCs  were lentivirally transduced with hsa-miR-155/GFP dual 

promoter expression constructs. Transduced cells were sorted based on GFP 

expression, and grown in standard CFC assays



Selected differentially HSPC-expressed miRs using F-test in 
Limma:

üDefines significance of expression changes by comparing between-
group variation to within-group variation (replicates)

ü12 candidates chosen (10a, 146a, 125a, 125b, 99a, 99b, 582, 338, 149, 
486, 223, 451)

MiR microarray profiling in HSPC subsets

KSL CD34+ 

FLT3-

KSL CD34-

FLT3-

KSL CD34+ 

FLT3+

Kit/Sca-mid 

IL7RŬ+

Kit+Sca- FcRɔ-mid 

CD34-mid

Kit+Sca- FcRɔ+ 

CD34+

Kit+Sca- FcRɔ-

CD34-

ñKSLò (LIN- KIT+ 

SCA+)

Diane Heiser

Ian Kaplan PhD

Due to rarity of these 
populations, a bone ñcrushò 
method was used (Scadden Lab 
Journal of Visualized 
Experiments) and 20 mice were 
pooled for each replicate. 
Magnetic depletion for lineage 
markers (B220, CD3, Ter119, 
GR-1) was followed by 
enrichment for c-kit, a marker 
expressed on all HSPC 
populations of interest. Enriched 
cells were then stained for 
subset-defining cell surface 
markers and FACS-sorted.



Potential for my lab to collaborate with 
industry and investors on microfluidic cell 

purification for diagnosis and therapy
2 ongoing NIH STTR grants shared with GPB LLC and 
Princeton Deptof Physics
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MiR-27a and miR-10a levels in acute leukemia cell lines and patient samples 

determined by qRT-PCR and normalized to levels in normal CD34+ HSPCs. 

A: AML; B: B precursor ALL (B-ALL); C: T cell ALL (T-ALL)

MiR-27a and miR-10a were downregulated in many 

ALL and AML cell lines and human patient samples



OncomiRs and TS miRs

üMiRs play pathophysiologic roles in many 

cancers, including leukemias, as 

oncogenes or tumor suppressors.
× MiR-17~92 cluster level is upregulated in 

lymphomas (Cooperates with MYC, targeting 

E2F1, BIM and PTEN to act as an oncomiR)

× MiR-181a is downregulated in poor prognosis CLL 

and AML (Targets TCL-1, BCL-2, CD69 and 

TCRŬ, and acts as a TSmiR)



Hypothesis: MiR-27a and miR-10a function as 

TSmiRs in some acute leukemias

ü MiR-10a has recently been found to be downregulated in CML 

and to promote USF2 (transcription factor; direct target of miR-

10a)-mediated cell growth.

ü HOXA1, a direct target of miR-10a in K562 cells, inhibits 

hematopoietic differentiation and contributes to cellular 

transformation.

MiR-10a

ü MiR-27a is found in the miR-23a cluster (consisting of 3 coordinately 

transcribed miRs --miR-23a, miR-27a, miR-24-2 -- which are all down-

regulated in many (but not all) cases of AML and ALL).

ü Overexpression of the miR-23a cluster induces apoptosis in human 

embryonic kidney cells.

ü RUNX1 and BMI1, targets of miR-27a, are essential for normal 

hematopoiesis and play important roles in ALL and AML.

MiR-27a



MiR-27a re-expression in acute leukemia cells 

slowed growth and promoted cell death

MiR-27 induced apoptosis in 

AML cell lines

MiR-27 induced death in pre-

B-ALL REH cells over time

MiR-27 induced death in 

K562 AML cells over time

FUGW
FUGW/miR -27a

MiR-27 resulted in decreased cell growth over time; the effect 

was dependent on the ñdoseò of miR-27a



MiR-27a targeted 14-3-3-ɗ

Kara A. Scheibner, PhD

Asst Professor, UMSOM



MiRsin cancer treatment

Systemically administered miRs, including miR-34, 
have cancer treatment efficacy in mice

But since inefficient clinical delivery of miRs is a 
problem, drugs that regulate miR levels might 

potentially serve as superior antileukemia agents



MiR-34 family members are important 

mediators of tumor suppression by p53

From ñThe miR-34 family in cancer and apoptosisò - H Hermeking. Cell Death and Differentiation. 

(2010) 



FL-miR-34a reporter

Drug upregulates miR-
34a

MiR-34a binds to miR
trap transcript

Entire transcript 
degraded by RNAi

mechanism

FL signal decreases

Xiaochun Chen PhD



Conducted high-throughput screen (HTS)

Johns Hopkins Clinical Compound Library: ~4000 approved 
drugs

Seed reporter cells in 384-well plates

Add compounds (final concentration: 
10ɛM)

Incubate cells at 37°C for ~48 
hours

Lyse cells and add 
substrates (robotic)

Measure 
luminescence



HTS data analysis

Potential miR-34a upregulator

(ñhitò)

Potential miR-34a downregulator (ñhitò)

FL signal was divided by RL 
signal to normalize for cell 

number

FL/RL of drug-treated cells was 
divided by average FL/RL of 

vehicle-treated cells to normalize 
to obtain % control signal

Found 244 drug hits that up- or downregulated one or more 

of the target miRs (10a, 27a, 34a, 150)



Artemisinins
Artemisinin is the active 

compound in a 
traditional Chinese 

herbal treatment for 
malaria

But the natural plant 
compound has poor 

pharmacological 
properties

Semi-synthetic 
derivatives Artesunate

and Artemether are 
now in use as anti-

malarial drugs

Artesunateis the 
WHO-recommended 

drug for severe malaria

Artemisininshave also 
been shown to have 
anti-cancer activity:

A 2001 study tested 
ArtesunateΩǎ ŀŎǘƛǾƛǘȅ 
against 50 cancer cell 

lines

ARTwas most active 
against leukemia 

όƳŜŀƴ DLрлΥ м˃aύ ŀƴŘ 
colon cancer cell lines 
όƳŜŀƴ DLрлΥ н˃aύ

ART-838 is a new, more 
ǇƻǘŜƴǘΣ άōŜǎǘέ 

derivative

Obtained from Posner, 
with whom we have 

established a 
collaboration



Chemical structures of 3 Artemisinins:
Artesunate(ART) monomer, ART-838 

and ART-832-4 dimers



Artemisininsinhibited growth of HL60 
and ML2 myeloid leukemia cell lines

Jennifer Fox
GPILS Yr3



Artemisininsinhibited growth of 14/14 tested 
lymphoid and myeloid acute leukemia cell lines

Table 1. Sensitivity of human acute leukemia cell lines to Artemisinins

Cell Line Leukemia Type IC50 (mM) Potency relative to ART***

ART ART-838 ART-832-4 ART-838 ART-832-4

ML2 AML 2.1 0.05 0.06 42 35

KOPN8 B-ALL 1.2 <0.06 0.004 20 300

HL60 AML 4.3 0.11 0.10 39 43

Jurkat T-ALL <10.0 0.22 0.07 45 143

Kasumi2 B-ALL <20.0 <0.25 <0.06 80 333

K562 AML* 1.0 0.25 0.05 4 20

NALM6 B-ALL <20.0 <0.5 <0.12 40 167

SUPB15 B-ALL <20.0 <0.5 <0.12 40 167

U937 AML** <20.0 <1.0 <0.06 20 333

RCHACV B-ALL <20.0 <1.0 <0.12 20 167

KG1a AML <20.0 <1.0 <0.25 20 80

REH B-ALL <20.0 <1.0 <1.0 20 20

Kasumi1 AML <2.0 ND ND ND ND

CEM T-ALL <20.0 ND ND ND ND



Time course of Artemisineffects on leukemia 
cell growth



Artemisininsreduced K562 and HL60 colony 
formation

HL60 K562

A cytocidal, not merely cytostatic effect: apoptosis = cellular mechanism?



Artemisininsinhibited growth of 
primary human AML and ALL cells



Molecular mechanism? Signaling pathways possibly activated 
by Artemisinin-induced reactive oxygen species (ROS)

	

But K562 and HL60 leukemia cells lack functional TP53



MiR-34a-transduced cells were progressively out-
competed by untransducedcells during culture

Tom Fuller
GPILS Yr4



Artemisinin treatment increased pri-miR-34a 
and miR-34a expression in K562 cells

ART

ART-838

Vehicle

Mature miR-34a

ART

ART-838

Vehicle

pri-miR-34a



Known cisand trans regulators of 
miR-34a transcription

E1ô E2ô E1 E2   

NFkB

p53 AP-1

pre-miR-34a
ELK1

C/EBPŬ



Artemisininsactivated transcription of pri-miR-34a through 2 
segments of its upstream genomic sequence



Determine lead compound effects on human 

leukemia cell lines and primary cases, including 

primary xenografts (ñprimagraftsò)

ü Secondary and tertiary validation assays of lead compounds

ü Dose titration of best several lead compounds on a panel of human 

AML and ALL cell lines in vitro

ü Test the best few lead compounds on primary AML and ALL cases 

in vitro, including colony-forming assays 

ü Test the best upregulatory lead compounds and the best 

downregulatory lead compounds by primagraft assays



Titrations of transplanted cell dose to quantitate 
precursor B ALL LSC frequencies: ALL case#1
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TIme to leukemia (days post-transplant)

ALL case#1

Primary 1

Primary 2

Dose titration

Secondary 1

Secondary 2

· Time to leukemia was dose-dependent

· The transplant of 10 cells was sufficient to 

elicit the generation of a leukemia-like 

proliferation in NSG recipientsUnpurified ALL blasts: 106, 

105,104,103 ,102 ,10, 1



Potential for my lab to collaborate with 
industry and investors to discover and 

develop drugs that regulate miRs

ÅDrugs already discovered

ÅNew drug screening



Functional assay for growth-inhibiting 
TSmiRsand growth-promoting OncomiRs

Wen-Chih Cheng PhD



LentiviralmiRlibrary and quantitation 
by nested qPCR



The sizes of the populations containing each 
miRwere sensitively and reproducibly 

monitored by nested qPCR



Patterns of dropdown in population size



άhǊǘƘƻƎƻƴŀƭέ ǾŀƭƛŘŀǘƛƻƴ ōȅ ǘǊŀƴǎŦŜŎǘƛƻƴ ƻŦ 
chemically-stabilized miRmimics



Apoptotic mechanism involved in 3



Potential for my lab to collaborate with 
industry and investors to attack novel 

miRs/targets

Goals:
ÅKill leukemia/cancer cells
ÅExpand stem cells: e.g. 

hematopoietic, cardiac



Many productive fishing expeditions


