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HEMATOPOIESIS AND STEM CELLS

Cellular barcoding tool for clonal analysis in the hematopoietic system
Alice Gerrits,1 Brad Dykstra,1 Olga J. Kalmykowa,1 Karin Klauke,1 Evgenia Verovskaya,1 Mathilde J. C. Broekhuis,1

Gerald de Haan,1 and Leonid V. Bystrykh1

1Department of Cell Biology, Section Stem Cell Biology, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands

Clonal analysis is important for many
areas of hematopoietic stem cell re-
search, including in vitro cell expansion,
gene therapy, and cancer progression
and treatment. A common approach to
measure clonality of retrovirally trans-
duced cells is to perform integration site
analysis using Southern blotting or poly-
merase chain reaction–based methods.
Although these methods are useful in
principle, they generally provide a low-
resolution, biased, and incomplete as-

sessment of clonality. To overcome those
limitations, we labeled retroviral vectors
with random sequence tags or “bar-
codes.” On integration, each vector intro-
duces a unique, identifiable, and heritable
mark into the host cell genome, allowing
the clonal progeny of each cell to be
tracked over time. By coupling the barcod-
ing method to a sequencing-based detec-
tion system, we could identify major and
minor clones in 2 distinct cell culture
systems in vitro and in a long-term trans-

plantation setting. In addition, we demon-
strate how clonal analysis can be comple-
mented with transgene expression and
integration site analysis. This cellular bar-
coding tool permits a simple, sensitive
assessment of clonality and holds great
promise for future gene therapy proto-
cols in humans, and any other applica-
tions when clonal tracking is important.
(Blood. 2010;115(13):2610-2618)

Introduction

Hematopoiesis involves the tightly coordinated process of blood
cell production and is maintained by a small number of hematopoi-
etic stem cells (HSCs). Resolving the exact number of HSCs that
actively contributes to hematopoiesis at any given time and
tracking the contribution of individual HSCs to each of the
different blood cell lineages is important for a better understanding
of both normal and malignant hematopoiesis. Performing such
analyses in systems containing multiple HSC-derived clones has
remained challenging because under normal circumstances the
progeny of genetically identical HSCs are indistinguishable from
each other. Therefore, analyzing the behavior of normal HSC
clones has been limited to measuring their behavior on an
individual basis by limiting dilution1-3 or single purified cell4-6

assays. However, clonal analysis has also been successful in
hematologic disorders in which abnormal cells often descend from
a single common ancestor and in which malignant clones could be
identified by tracking unique genetic rearrangements, deletions or
point mutations (reviewed in Gilliland et al7).

The realization that unique genetic mutations could be exploited
for clonal analysis, combined with the discovery that retroviral
vectors could be used to introduce new genetic material into
HSCs,8-10 led to the development of an alternative method to
perform clonal analysis on hematopoietic cell populations. In
recipients that received a transplant with retrovirally transduced
HSCs, it was possible to distinguish between different HSC-
derived clones by considering retroviral integration sites as unique
clonal marks.11,12 In this type of analysis, genomic DNA is
fragmented with restrictases that cut within the vector and through-
out the genome, resulting in fragments that consist of a small part
of the vector and adjacent genomic DNA. Different integration

sites thereby generate fragments of different lengths that can be
detected by Southern blotting.13-15 Alternatively, these fragments
can be amplified with the use of polymerase chain reaction
(PCR)–based approaches in which linear fragment ends are self-
ligated (inverse PCR)16 or in which primer tags are attached to the
fragment ends (eg, ligation-mediated PCR and linear amplification–
mediated PCR).17,18 Although these retroviral-marking experi-
ments did confirm the long-term self-renewal activity and multilin-
eage differentiation potential of HSCs, the methods used have
serious shortcomings and could therefore provide only a rough
estimation of clonality. Southern blotting relies on restriction
digestions; therefore, integrations without an appropriately posi-
tioned restriction site cannot be detected. Further, the method lacks
sensitivity as well as discriminatory power to count the total
number of integrated vectors. Although the PCR-based approaches
are more sensitive, they still depend on restriction digestions and
are prone to experimental error because of unequal PCR amplifica-
tion caused by variations in template melting properties and
relative differences in fragment length.

To overcome these limitations, we constructed a retroviral
plasmid library that consisted of vectors containing a variable
random sequence tag or “barcode.” On stable chromosomal
integration, this barcode introduces a unique, identifiable, and
heritable mark into the genome, allowing the clonal progeny of the
host cell to be tracked over time. Here, we couple the concept of
cellular barcoding to a sequencing-based detection system and
show the efficacy of the barcoding method to track clonal dynamics
in 2 distinct cell culture systems in vitro and in a hematopoietic
transplantation setting in vivo. We also show that this cellular
barcoding method can be complemented with transgene expression
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analysis and integration site analysis, providing additional layers of
information.

Methods

Mice

C57Bl/6 (CD45.2) and DBA/2 mice were purchased from Harlan. C57Bl/
6.SJL (CD45.1) mice were bred, and all animals were housed at the Central
Animal Facility of the University of Groningen. All animal experiments
were approved by the Groningen University Animal Care Committee.

Construction of barcoded vector libraries

The SF91 vector was kindly provided by Prof C. Baum (Hannover Medical
School, Hannover, Germany), and the MIEV vector was kindly provided by
Prof C. Jordan (University of Rochester, Rochester, NY). The barcode
linker was created by annealing two 5�-phosphorylated primers (forward,
5�-GTACAAGTAANNATCNNGATSSAAANNGGTNNAACNNTGTAA-
AACGACGGCCAGTGAG-3�; reverse, 5�-GATCCTCACTGGCCGTC-
GTTTTACANNGTTNNACCNNTTTSSATCNNGATNNTTACTT-3�; Bio-
legio). Primers were dissolved in 0.5� ligation buffer (Fermentas) at a
concentration of 100�M. After heating the mixture for 5 minutes at 95°C,
the primers were allowed to anneal at gradually decreasing temperature.
The annealed barcode linker was ligated into the BsrGI-BamHI site of the
SF91 or MIEV vector (Figure 1A) at equimolar ratio. The resulting vector
was transformed into 10-beta competent Escherichia coli cells (New
England Biolabs) and grown overnight on LB plates supplemented with
50 �g/mL ampicillin (Sigma-Aldrich). Colonies were pooled by flushing
plates with LB supplemented with 50 �g/mL ampicillin. After overnight
culture, plasmid DNA was extracted with the use of the GenElute HP
Plasmid Midiprep Kit (Sigma-Aldrich).

Validation of barcoded vector library

From an SF91 vector library created by combining approximately 800 bac-
terial clones, barcode sequences were amplified with primers directed
against internal vector sequences (SF91 eGFP forward,: 5�-CTGCCCGA-
CAACCACTACCTG-3�; SF91 WPRE forward, 5�-CCCTAAAAATGTA-
AATGATTGCCCCACC-3�). The resulting mixture of equal-sized PCR
products (ie, “crude” PCR product) was purified and sequenced by
ServiceXS or StarSEQ with a primer directed against eGFP (eGFP forward,
5�-GCGATCACATGGTCCTGCTG-3�). The complexity of this SF91 li-
brary was validated by retransforming it into 10-beta competent E coli
(New England Biolabs). Single colonies were picked and grown in LB
supplemented with 50 �g/mL ampicillin and 30 �g/mL kanamycin (Sigma-
Aldrich). Plasmid DNA from each bacterial clone was isolated with the use
of the GeneJET Plasmid Miniprep Kit (Fermentas) and sequenced with the
same primers as for the crude PCR sequencing. Pictogram (http://
genes.mit.edu/pictogram.html) was used to visualize the combined mono-
clonal sequence traces.

Cell culture

The 32D (murine myeloid progenitor) cell line was cultured in RPMI-1640
medium with L-glutamine (PAA Laboratories) supplemented with 10% fetal
bovine serum, penicillin and streptomycin (Invitrogen), and 10 ng/mL
recombinant murine interleukin-3 (R&D Systems). Bone marrow (BM)
cells were isolated from mice 4 days after intraperitoneal injection of 150 mg/kg
5-fluorouracil (Pharmachemie Haarlem) and cultured in StemSpan (StemCell
Technologies) supplemented with 10% fetal bovine serum, 300 ng/mLpolyethyl-
ene glycol–complexed recombinant rat stem cell factor (Amgen), 20 ng/mL
recombinant murine interleukin-11 (R&D Systems), 1 ng/mL Flt3 ligand
(Amgen), and penicillin and streptomycin.

Retroviral transduction procedure

The 32D cell line and primary BM cells were transduced as previously
described.19 Briefly, Phoenix ecotropic packaging cells were transfected

with 1 �g of barcoded SF91 or MIEV vectors. Virus-containing supernatant
harvested 24 and 48 hours later was used to transduce 2 � 105 32D cells or
7.5 � 105 BM cells per 3.5-cm well. Transduction efficiencies were deter-
mined by flow cytometry (FACSCalibur; Becton Dickinson) and were
greater than 90% for 32D cells and 30% to 50% for BM cells. 32D cells
were transduced with a barcoded SF91 vector library containing approxi-
mately 700 barcodes, BM cells for culture were transduced with a barcoded
MIEV vector library containing approximately 700 barcodes, and BM cells
for transplantation studies were transduced with either a low complexity
(LC) or high complexity (HC) SF91 barcode library containing approxi-
mately 50 or approximately 800 barcodes, respectively.

Initiation of polyclonal and monoclonal cultures

Four days after the initial transduction, 2 � 104 eGFP� 32D cells were
sorted with the use of a MoFlo flow cytometer (Beckman Coulter). The
resulting polyclonal culture was maintained for 5 weeks; extensive barcode
analysis was performed at weeks 2 and 5. Monoclonal cultures were
initiated by sorting single eGFP� 32D cells into 96-well round-bottom
plates and culturing those for approximately 3 additional weeks; 2 of these
were selected for extensive barcode analysis. Polyclonal DBA/2 BM
cultures were initiated with 8 � 105 transduced cells, without sorting for
eGFP expression. These cultures were maintained for 5 weeks; extensive
barcode analysis was performed for one selected culture at weeks 1 and 5.
To generate monoclonal BM cultures, single eGFP�Sca-1�CD48�EPCR�

cells from day 7 transduction cultures of C57Bl/6 BM were sorted into
96-well round-bottom plates, and clones reaching population sizes of
approximately 30 000 were selected for further analysis.20

Transplantation and cell purification

LC- and HC-barcoded C57Bl/6.SJL BM cells (transduction efficiencies
35% and 50%, respectively) were transplanted into lethally irradiated
(9.5 Gy; IBL 637 137Cs �-source; CIS Biointernational) C57Bl/6 mice
without prior sorting for eGFP expression. Of both the LC- and the
HC-barcoded cells 106 and 5 � 106 were transplanted into 2 recipients
each. At 8, 17, and 33 weeks after transplantation, blood samples were
taken from the retro-orbital plexus. Erythrocytes were lysed in ammonium
chloride solution, and the remaining cells were stained with APC-
conjugated antibody to Gr-1 (clone RB6-8C5) and PE/Cy7-conjugated
antibody to CD3� (clone 145-2C11; both from BD Biosciences Pharmin-
gen). eGFP� granulocytes (Gr-1hi, SSChi) and T cells (CD3�, SSClo) were
sorted with the use of a MoFlo flow cytometer and were stored in RNAlater
(QIAGEN) for barcode analysis. One of the mice that received a transplant
with 106 LC-barcoded cells (recipient 2) was excluded from further analy-
sis, because the number of eGFP� cells that could be isolated was not
sufficient for barcode analysis.

Barcode recovery and identification

Genomic DNA was extracted from cultured 32D and BM cells with the use
of the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich).
From the purified blood cells, genomic DNA was extracted with the use of
the REDExtract-N-Amp Tissue PCR Kit (Sigma-Aldrich) followed by a
clean-up step with the use of the Nucleospin Plasma XS kit (BioKe,
Macherey-Nagel). Total RNA was isolated from cultured 32D cells with the
use of the RNeasy Mini kit (QIAGEN), and standard cDNA synthesis
(Invitrogen) was performed. Barcode sequences were amplified with
primers directed against internal vector sequences (SF91 eGFP forward and
SF91 WPRE reverse; MIEV eGFP forward, 5�-CTGCCCGACAACCAC-
TACCTG-3�, and MIEV long terminal repeat reverse, 5�-CCAAACCTA-
CAGGTGGGGTCTTTCATTC-3�). The mixture of equal-sized PCR prod-
ucts (ie, crude PCR product) was purified and sequenced as already
described. To obtain individual barcodes for sequencing, the crude PCR
products were subcloned into pCR4-TOPO-TA (Invitrogen) and trans-
formed into 10-beta competent E coli cells (New England Biolabs).

Binomial distribution modeling

To estimate barcode frequencies we applied a binomial model. The
binomial distribution determines the probability P(k;n,p) of observing a
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particular barcode k times in n sequencing trials, given a probability p of
observing this barcode in a single trial. Under the assumption that all
barcodes have an equal chance of being selected, the probability p equals
the inverse of the barcode complexity B (ie, p � 1/B) for all barcodes.
Assuming independence of the individual barcode detections, the expected
frequency of observing some barcode k times within n sequencing trails has
been estimated by multiplying the number of barcodes B with P(k;n,1/B).
To estimate the barcode complexity B we minimized the mean square
distance between the expected and the experimentally observed frequencies.

Integration site analysis

To simultaneously identify barcodes and retroviral integration sites, inverse
PCR was performed. DNA (0.1 �g) from monoclonal MIEV-transduced
BM cultures was digested with TatI (Fermentas), followed by heat
inactivation. DNA fragments were then diluted to a concentration of
0.7 ng/�L and ligated overnight with 10 U of T4 DNA ligase (Fermentas).
After purification of circular fragments (BioKe), a first round of PCR
amplification (1-PCR) was initiated with 9 ng of DNA and PCR master mix
(Fermentas), under the following conditions: 94°C for 2 minutes; 30 cycles:
94°C for 1 minute, 59°C for 1 minute, 72°C for 3.5 minutes; 72°C for
10 minutes (forward,: 5�-ACCTGTAGGTTTGGCAAGCTAGCTTAAG-
3�; reverse, 5�-CAAACCTACAGGTGGGGTCTTTCATTC-3�). A second
round of PCR amplification was initiated with 2 �L of 1-PCR reaction,
under the following conditions: 94°C for 2 minutes; 20 cycles: 94°C for

1 minute, 58°C for 1 minute, 72°C for 3 minutes; 72°C for 10 minutes
(forward, 5�-GTTTGCATCCGAATCGTGGACTC-3�; reverse, 5�-CCT-
CACTGGCCGTCGTTTTAC-3�). After electrophoresis, observed frag-
ments were cut from the gel, subcloned in pCR4-TOPO-TA (Invitrogen),
and sequenced. Subsequently, retroviral integration sites were identified for
2 monoclonal cultures performing a Mouse BLAT Search on the University
of California Santa Cruz Genome Browser (Assembly July 2007, NCBI
Build 37).21

Results

Construction of barcoded vector library

Random sequence tags or barcodes were generated by annealing
2 synthetic oligonucleotides consisting of sets of random nucleo-
tides separated by fixed triplets. The resulting double-stranded
linker was then ligated into different types of retroviral vectors
(Figure 1A). The fixed triplets in the barcode linker served a dual
purpose. First, they enabled the annealing of forward and reverse
primers into the barcode linker during initial construction of the
barcoded vector library. Second, the fixed triplets facilitated the
analysis of sequencing results by providing an internal standard to

Figure 1. Construction and validation of barcoded
vector library. (A) Insertion of the barcode linker into
retroviral vectors SF91 and MIEV. The linker contains a
variable sequence part that consists of pairs of degener-
ate nucleotides (N or S) flanked by fixed triplets. The
crude PCR sequence trace of the resulting vector batch
suggests the random insertion of nucleotides at N and S
positions. (B) The HC vector library, created by combin-
ing approximately 800 bacterial clones, was retrans-
formed into Escherichia coli. By combining the se-
quence traces of the 88 resulting clones, the crude PCR
sequence trace could be reconstructed. (C) Distribution
plot showing observed and expected barcode frequen-
cies for the HC vector library; given that 88 sequencing
trials were performed. Binomial distribution modeling
estimates a barcode complexity of approximately 440.
(D) Distribution plot showing the observed number of
nucleotide differences between all 78 barcodes in the
HC library by performing pairwise comparisons. Also
shown is the distribution of the predicted number of
differences based on the simulation of 78 random bar-
codes (average of 10 simulations). LTR indicates long
terminal repeat; Psi, packaging signal; eGFP, enhanced
green fluorescent protein; WPRE, woodchuck hepatitis
virus posttranscriptional regulatory element; pPGK, phos-
phoglycerate kinase promoter; IRES, internal ribosome
entry site.
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evaluate the quality of each sequence trace. The primer binding site
was added to the barcode sequence so that barcode-positive and
-negative clones could be easily distinguished with the use of PCR.
Although in theory more than 4 million (410 � 22) possible linker
variants could be generated, in practice the number of variants was
restricted to the number of bacterial clones generated on transforma-
tion. By combining different numbers of bacterial clones, vector
libraries of different complexities (ie, consisting of different
numbers of barcodes) were generated. From each resulting vector
library, barcode sequences were amplified with primers directed
against internal vector sequences, after which the resulting mixture
of equal-sized PCR products was sequenced. The resulting crude
sequence traces suggested that a largely random mixture of
sequence tags was generated, because N and S positions were
found to be essentially equal in all 4 (A, T, C, and G) or 2 channels
(C and G), respectively (Figure 1A). With the use of both
restriction analysis and PCR, we could not detect unbarcoded
vectors, demonstrating that the efficiency of vector barcoding was
close to 100% (data not shown).

Validation of barcoded vector library

To validate the complexity of the prepared barcode libraries, we
transformed a HC vector batch (created by combining 	 800
bacterial clones) back into E coli and performed monoclonal
sequence analysis. Of 88 sequencing trials, 78 represented unique
barcodes. By combining the sequence traces of all 88 trials the
crude PCR sequence trace could be reconstructed (Figure 1B),
confirming that the insertion of nucleotides at each variable
position was close to random. We next applied a binomial model to
approximate the total complexity of the library (for details see
“Binomial distribution modeling”) and estimated it to be approxi-
mately 440 (Figure 1C). It should be noted that this prediction of
the barcode complexity is only a rough estimate, because the
number of sequencing trials was much lower than the complexity
of the barcoded library. The accuracy of this prediction becomes
progressively higher as the number of sequencing trials approaches
or exceeds the number of barcodes in the library.

We also assessed the number of nucleotide differences between
the 78 unique barcodes identified in the vector library and found
that most barcodes differed in 9 of 12 variable nucleotides. When
this was compared with data generated by simulating the genera-
tion of 78 random barcodes, the frequency distributions were
almost identical (Figure 1D). Together, these data confirmed that
the number of bacterial clones that are combined to generate vector
libraries can be used as a rough estimate of the complexity of these
libraries and that the generated vector libraries are indeed com-
posed of vectors marked with randomly generated barcodes.

Clonal analysis of polyclonal 32D culture

As a first validation of the cellular barcoding method, we per-
formed clonal analysis on an immortalized cell line that is known to
be highly susceptible for retroviral transduction, with high transduc-
tion efficiencies and multiple retroviral integrations per cell. We
transduced 32D cells with a barcoded vector library and initiated a
polyclonal culture. After 2 weeks of culture, the crude PCR
sequence trace showed a complex barcode signature that was
comparable to the sequence trace of the barcoded vector library.
Subclone sequencing confirmed the high degree of polyclonality in
this culture, because 77 unique barcodes were identified of 105 se-
quencing trials. After 3 additional weeks of culture with semi-
weekly passaging, 68 unique barcodes were identified of 95 se-

quencing trials (Figure 2A). By applying a binomial model, we
were able to estimate that the complexity of this culture decreased
slightly from approximately 210 at week 2 to approximately 160 at
week 5 (Figure 2B). Nevertheless, as would be expected for an
immortalized cell line, the barcoded culture largely retained its
polyclonal nature over time.

Enumeration of integration sites in 32D monoclones

We also initiated monoclonal cultures with single transduced 32D
cells. Genomic DNA was isolated from 2 selected monoclonal
cultures, and barcode sequences were amplified. The crude PCR
sequence traces of these 2 cultures showed dissimilar levels of
complexity, although both were noticeably simpler than the poly-
clonal culture (Figure 2C). Subclone sequencing was then per-
formed to identify the underlying barcodes. The monoclonal
culture with the simpler crude PCR signature (monoclone I) was
found to contain 2 different barcodes, whereas the more complex
(monoclone II) was found to contain 9 different barcodes (Figure
2D). Because these cultures were initiated with single cells, each
identified barcode represents a unique retroviral insert. It could be
determined with confidence that the barcodes detected represented
the actual number of integrations, because the probabilities of
having missed a third integration site in monoclone I or a tenth
integration in monoclone II were only .035 and .022, respectively.
Compared with traditional methods for integration site analysis, the
barcoding method can determine the actual number of integrations
in monoclonal populations with greater confidence. Overall, the
crude PCR signatures proved to be a good representation of the
actual underlying barcodes, because by combining the individual
barcode sequence traces the crude PCR sequence trace could be
reconstructed (Figure 2D).

Transgene expression analysis in 32D monoclones

Because the barcode tag is positioned immediately downstream of
the eGFP coding sequence, each eGFP mRNA molecule contains
the same barcode as the DNA from which it was transcribed. As
such, the presence of barcodes at the RNA level permits the direct
analysis of clone-dependent and/or integration site–dependent
eGFP expression. To demonstrate this, the proportion of eGFP
expression corresponding to each of the integrated vectors in the
2 monoclones was measured by isolating RNA and amplifying the
expressed barcode sequences. This transgene expression analysis
showed that in both monoclones eGFP molecules could be detected
that were driven from each of the different integration sites (Figure
2E). Although 1 of 9 barcodes from monoclone II (marked by an
asterisk) appeared to be overrepresented on the RNA level, this
finding did not reach statistical significance (P � .066), in part
because the number of subclones sequenced was relatively small
compared with the number of integrations. Nevertheless, if a
sufficient number of subclones are sequenced, the barcoding
method will be able to identify clones and/or integrations that
dominate expression within mixed cell populations.

Clonal analysis of primary BM cell culture

To further validate the cellular barcoding method, we performed
clonal analysis on primary BM cultures that are less susceptible to
retroviral transduction and would probably exhibit decreased
clonal complexity over time. BM cells were transduced with a
barcoded vector library, and the barcode compositions of the
cultures were measured at 2 different points in time. One culture
was selected for barcode analysis, and its clonal complexity was
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measured over time (Figure 3A). After 1 week of culture, the
estimated barcode complexity was approximately 110, and the
observed and expected barcode frequency distributions were
almost identical (Figure 3B left). In contrast, after 4 additional
weeks of culture one barcode was clearly found to dominate in the
culture, being found in 36 of 50 sequencing trials. When this
obviously overrepresented barcode was removed from the ob-
served frequencies, the estimated complexity of the remaining
culture was approximately 20, assuming that the remaining bar-
codes were equally distributed (Figure 3B right).

Integration site identification in BM monoclones

To show that clonal analysis can be complemented with integration
site analysis, we purified single MIEV-transduced BM progenitor
cells by fluorescence-activated cell sorting and initiated monoclo-
nal cultures. Genomic DNA was isolated from several of these
cultures, and inverse PCR was performed to simultaneously
identify integration sites and corresponding barcodes of the in-
serted retroviral vector (2 examples are shown in Figure 3C).

Clonal analysis of repopulation dynamics in vivo

Having established the feasibility of using cellular barcoding as a
tool for clonal analysis in vitro, we next used this method to track
hematopoietic repopulation dynamics in vivo after transplantation
of barcoded HSCs. First, to track general trends in hematopoietic
reconstitution, we transduced BM cells with a relatively small
number of barcodes (LC, 	 50) and transplanted 5 million cells.
Second, to directly track the clonal behavior of individual HSCs,
we transduced BM cells with a relatively high number of barcodes
(HC, 	 800) and transplanted only 1 million cells. At 8, 17, and
33 weeks after transplantation, eGFP� granulocytes and T cells
were sorted from the peripheral blood, and barcode analysis was

performed by sequencing 19 to 30 subclones from each blood cell
type at each time point (Figure 4).

In both mice, the barcode signature was dominated by relatively
few barcodes at all time points, suggesting that within the eGFP�

population only a few stem/progenitor cells were the main contribu-
tors of granulocytes and T cells. It should be noted that the
LC-barcoded mouse probably contains multiple HSC-derived
clones marked with the same barcode, and so it is likely that the
actual number of clones in this mouse exceeds the number of
clones in the HC-barcoded mouse.

In both recipients, the barcode signatures of the T cells isolated
at 8 weeks after transplantation differed substantially from the
signatures of T cells and granulocytes at all other time points. This
might be explained by the long life span of T cells relative to
granulocytes. T-lineage cells produced in the first few weeks by
transduced multipotent or lineage-restricted progenitors might still
result in T cells to be present in the blood at 8 weeks after
transplantation. In contrast, most or all multipotent or myeloid-
restricted progenitors targeted during the transduction procedure
would not continue producing peripheral blood granulocytes for
8 weeks after transplantation. In addition, some barcodes were
present in granulocytes at early time points, but appeared in T cells
only at later time points. This might also reflect the difference in
life span of both cell types, in combination with the difference in
time required for these cells to undergo maturation and migrate to
the peripheral blood.

Whereas some barcodes marked both granulocytes and T cells,
others were identified in only 1 of the 2 cell types. It is possible that
these barcodes may have distinguished multipotent HSCs that
contributed to both myelopoiesis and lymphopoiesis from those
that were myeloid-biased or lymphoid-biased in their lineage
contributions.

Figure 2. Barcode analysis of polyclonal and monoclo-
nal 32D cell cultures. (A) Tracking the complexity of a
polyclonal 32D cell culture over time. Subclone sequenc-
ing showed 77 unique barcodes of 105 sequencing trials
after 2 weeks of culture, and 68 of 95 after 5 weeks of
culture. White bars represent barcodes that were identi-
fied at 1 time point only, and colored/patterned bars
represent barcodes that were found at both time points.
(B) Distribution plots showing the observed and expected
barcode frequencies for the 2 time points. Binomial distri-
bution modeling predicts that the barcode complexity in
this culture remained complex over time. (C) Crude PCR
sequence traces of 2 monoclonal cultures provide an
estimate of the total number of retroviral integrations per
cell. The sequence trace for monoclone I shows that all
variable positions in the barcode are restricted to 1 or
2 nucleotides, suggesting the presence of only 2 integra-
tion sites. The sequence trace for monoclone II is more
complex, but 1 nucleotide is missing at several of the
variable positions. (D) Subclone sequencing identified
the unique barcodes that underlie the crude PCR se-
quence traces. Different barcodes are represented by
different colors. Monoclone I contains 2 integrated retrovi-
ral vectors per cell, whereas monoclone II contains
9 integrated retroviral vectors per cell. Also shown are the
actual barcode sequences identified for both mono-
clones. The sequence consensus pictograms show how
the crude PCR sequence traces in panel B can be
reconstructed by combining all identified barcodes in
silico. (E) Gene expression analysis identified barcodes
that were present at the RNA level. One of 9 barcodes in
monoclone II (marked with an asterisk) appears to be
overrepresented on the RNA level, but this finding does
not reach statistical significance. Note that identical
barcodes in panels D and E of this figure are represented
with matching colors.
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Figure 3. Barcode analysis of primary bone marrow
cell cultures. (A) Tracking the clonal complexity of a
primary BM culture over time. Subclone sequencing
shows 54 unique barcodes of 78 sequencing trials after
1 week of culture, and only 11 of 50 after 5 weeks of
culture. White bars represent barcodes that were identi-
fied at 1 time point only, and colored bars represent
barcodes that were found at both time points. (B) Distribu-
tion plots showing the observed and expected barcode
frequencies for the 2 time points. Binomial distribution
modeling predicts that the barcode complexity in the
culture markedly decreased over time. Note that the
model for week 5 excludes the outlier that was found
36 times and is therefore calculated for 14 trials only.
(C) Inverse PCR identifies the integration site and the
corresponding barcode for 2 monoclonal cultures initi-
ated with single transduced BM progenitor cells. LTR,
long terminal repeat.

Figure 4. Clonal dynamics of in vivo hematopoiesis. Clonal
composition of peripheral blood granulocytes and T cells over
time in one recipient that received a transplant with 5 � 106 LC-
barcoded BM cells (A) and a second recipient that received a
transplant with 106 HC-barcoded cells (B). White bars represent
barcodes that were found in only 1 cell type and time point, and
colored bars represent barcodes that were found in both cell types
and/or multiple time points.
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Combined, these data suggest that cellular barcoding can be
used for the simultaneous tracking of clones contributing to
hematopoiesis. Depending on the complexity of the vector library
and the number of subclones sequenced, the resolution of this
technique could be increased to track minor clones with more
confidence.

Clonal analysis of long-term HSC activity in vivo

Next, we used the barcoding method to measure the relative
activity of individual HSCs in a polyclonal BM transplantation
setting. As a surrogate measurement for stem cell activity, we
analyzed the barcodes present in granulocytes, which have a short
life span and must therefore be constantly replenished by the
currently active HSC clone(s). eGFP� granulocytes were isolated
at 33 weeks after transplantation from the peripheral blood of
3 recipients of LC-barcoded cells and 4 recipients of HC-barcoded
cells, and 33 to 54 barcodes were sequenced from each sample
(Figure 5A). In all recipients at least 1 major clone could be
identified that was represented at a level higher than would be
expected by chance because of random sampling error from an
equally distributed population. Conversely, at least 1 and up to
8 barcodes were detected only once. This suggests that long-term
hematopoiesis is for the most part maintained by a few HSC-
derived clones, but that underneath these major clones a whole
spectrum of minor clones may exist. Indeed, the fact that several
barcodes were only seen once suggests that the number of
identified minor clones is probably an underestimation of the actual
number of minor clones in the population. By increasing the depth

of sequencing a more accurate snapshot of the HSC compartment
can be taken.

As would be expected, a much higher proportion of barcodes
was found to be shared between the LC-barcoded mice (5 of
15 barcodes shared between 3 mice) than the HC-barcoded mice
(1 of 37 barcodes shared between 4 mice; Figure 5B). This indi-
cates that redundantly marked HSCs were indeed transplanted into
the LC-barcoded mice, whereas the complexity of the HC library
was sufficient to mark almost all HSCs uniquely.

Discussion

In this study, we demonstrate that cellular barcoding can be used as
a powerful tool for clonal analysis in the hematopoietic system.
This method overcomes many of the limitations of the Southern
blot– and PCR-based techniques that were used for clonal analyses
in the past, because the sequencing-based barcode detection system
does not depend on restriction digestion or probe hybridization, and
it is less prone to unequal PCR amplification. Therefore, we can
identify with greater confidence both major and minor clones
within complex cell populations in vitro and in vivo.

The data presented here provide important insight into the spectrum
of active stem cell clones in a transplantation setting. In particular, our
observations suggest that hematopoiesis at any given time appears to be
dominated by a few HSC-derived clones, with additional contributions
from a number of minor clones. Although the exact number of minor
clones that are contributing at any given time remains undefined because
of a lack of sequencing depth, it is still interesting to speculate about

Figure 5. Barcode profiles of long-term HSC activity. (A) Clonal
composition of granulocytes at 33 weeks after transplantation in
3 recipients of LC-barcoded cells and 4 recipients of HC-barcoded
cells. White bars represent barcodes that were identified in
1 recipient only, and colored bars represent barcodes that were
shared between recipients. (B) Venn diagrams showing the de-
gree of redundant barcoding between multiple recipients receiving
the same starting cells. Recipients 1 and 2 received a transplant
with 1 million cells, recipients 3 and 4 received a transplant with
5 million cells. Note that a portion of the barcodes shown for LC
recipient 4 and HC recipient 1 are also presented in Figure 4.
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their biologic identity. Although their behavior could be due to simple
stochastic variation, they might represent one or more functionally
distinct HSC subtypes. A further implication is that current functional
definitions for HSCs may need to be reconsidered, given that the output
of some minor clones might not exceed the commonly used thresholds
for repopulation.

Cellular barcoding can also be applied to help resolve other
outstanding questions in HSC biology. For example, the concept of
lineage-biased HSCs has been suggested,6,22 but it is still controver-
sial. By tracking barcodes in various cell types, lineage-biased
clones could be directly confirmed in a competitive polyclonal
setting. Similarly, the concept of dormant or hibernating HSCs has
been suggested by several groups.23-25 Cellular barcoding has the
potential to measure the differentiated cell output from individual
HSCs at different points in time, thereby enabling the identification
of dormant or hibernating HSCs. It would be interesting to continue
tracking these same clones after subjecting them to serial transplan-
tation or other hematopoietic insult, to determine whether their
properties can be reset or modified. In addition, different subpopu-
lations of the primitive hematopoietic hierarchy could be purified
by fluorescence-activated cell sorting from a recipient that received
a transplant with barcoded HSCs, and the clonal relationships
between the cell compartments could be analyzed. Compared with
previous studies that used single-cell transplants, the amount of
information that could be gleaned from one transplant recipient
would be considerable. As well, such data would be useful to
corroborate or further inform long-standing theoretical concepts
and quantitative models on the clonal dynamics of HSCs.26,27

Collectively, these applications of the cellular barcoding method
have the potential to greatly increase our understanding of clonal
dynamics in a BM transplantation setting.

In 2 recent reports, cellular barcoding was coupled to a high-
throughput microarray-based detection system to study lineage relation-
ships between T-cell subsets28 and T-cell recruitment and expansion in
response to infection.29 Although this approach does allow clonal
analysis to be performed on the population level, it requires a labor-
intensive selection of barcodes and custom-made microarrays. In
contrast, the approach described in this study can be more easily
implemented. At the same time, a limitation of the approach presented
here is that the resolution by which minor clones in a complex mixture
can be identified is restricted by the number of subclones sequenced. To
overcome this limitation, we are in the process of coupling the method to
a high-throughput sequencing-based detection system, which will
permit the simultaneous measurement of all uniquely marked clones at
the population level.

Although retroviral vectors have already been used for decades
as tools to introduce new genetic material into HSCs,8-10 it has
become clear only recently that insertional mutagenesis from the
retroviral integrations themselves can trigger clonal expansion of
HSCs.18,30 Particularly in this context it is of great added value to
barcode retroviral vectors in such a way that clonal analysis can be
complemented with transgene expression and integration site
analysis. To streamline this process in future experiments, we have
now designed a next-generation vector in which the barcode is
placed closer to the long terminal repeat. By first enriching for
retroviral inserts, followed by high-throughput sequencing, we
anticipate that integration sites, and their corresponding barcodes
can be recovered simultaneously. At the same time, barcoded
cDNA from the same cell populations could be sequenced. By
normalizing the barcodes found in the cDNA to those found in the
DNA, expression could be determined for each integration site in

the entire population. Such multilevel analysis would be impos-
sible using unbarcoded vectors.

Recently, a successful HSC gene therapy trial involving 2 pa-
tients with X-linked adrenoleukodystrophy was reported,31 which
has renewed interest and optimism in the gene therapy field.32,33 It
is exciting to consider how future applications of clinical gene
therapy protocols would benefit from the use of barcoded vectors
because this would allow a simple and sensitive detection of clonal
dominance. For this purpose, the complexity of the library need not
be particularly high, because the events triggering clonal domi-
nance are rare. For example, a barcode-to-HSC ratio of 10:1 would
already result in an average of approximately 90% uniquely
marked cells (assuming equal representation of barcodes and
disregarding the possibility of multiple integrations per HSC).
Increasing this ratio to 20:1 or 40:1 would only result in an
additional 5% or 7% uniquely marked cells, respectively. In the
adrenoleukodystrophy gene therapy trial, patients were trans-
planted with approximately 250 transduced HSCs (assuming 25 kg
of body mass, HSC frequency of 1 in 105 transfused cells, and 17%
gene transfer efficiency into HSCs). A barcode library with a
complexity of approximately 2500, which could be generated
within a week in a regular laboratory, would uniquely mark
approximately 90% of the transduced HSCs in these patients, with
the remaining HSCs sharing a barcode with only 1 or 2 others. This
would be easily sufficient to detect clonal dominance, even in its
early stages. Because of the simple and flexible nature of the
barcoding method, it is applicable to other viral (or even nonviral)
gene delivery approaches and to systems other than hematopoietic.
Therefore, we advocate the use of barcoded vectors in all future
clinical gene therapy protocols.
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