


of old HSC clones was subsequently determined. We sorted single
transduced LSK4821501 HSCs of old and young origin from the
8 transplanted recipients into cytokine-supplemented medium and
grew colonies. Between 38 and 146 single cell colonies per mouse
were successfully expanded and barcode sequences were retrieved
and analyzed. Each animal contained between 15 and 53 uniquely
barcoded HSC clones. Contrary to our expectations,13 in each mouse,
the number of unique old LSK4821501 clones exceeded the number
of young clones (Figure 6C) in the 2:1 ratio of originally mixed HSCs.
These results argue against the previously suggested decreased
homing potential of oldHSCs.However, old clones were significantly
smaller than their young counterparts, resulting in lower overall
contributions to the LSK4821501 pool and to blood cell production
(Figure 6D). We did not observe enrichment for clones carrying
multiple inserts or for larger clone size, both in young and old HSCs
(supplemental Figure 6).

Discussion

Detailed investigations of HSC clonality in the hematopoietic system
require reliable heritable marking of HSCs to trace their progeny in
time (reviewed in Bystrykh et al16). In this article, a barcoding
method has been used to provide quantitative and dynamic tracking
of individual HSCs regarding their lineage contribution and pool
composition upon aging.

We show here that cellular barcoding reliably measures the num-
ber of clones contributing to hematopoiesis. The observed concor-
dance between barcoding and limiting dilution in granulocytes
indicates that most of HSC clones contribute to hematopoiesis.
However, neither method can exclude the presence of quiescent stem
cells. The notion of dormant HSCs is supported by the detection of
clones that were prominently contributing to LSK4821501, but not
to mature blood cells (supplemental Figure 5). Additional hemato-
poietic stress, such as secondary transplantation or longer observa-
tion time might be necessary to activate these cells.

This study confirmed the view that blood sampling at early
time points post-transplantation is not representative for long-term
repopulating cells.25 However, the clonal make-up of blood
starting 3 months post-transplantation was consistent for all time
points for all individual lineages. At the same time, tracking clones
for longer time periods was essential for understanding the
dynamics of clonal fluctuations. Our data agree best with the
theory of clonal stability of hematopoiesis. However, the rele-
vance of other models cannot be excluded, because the definition
of clones varies and clonal behavior is heterogeneous. For
instance, clonal fluctuation between active and quiescent states will
be unnoticed if only a fraction of 1 barcoded clone will undergo those
changes. We also cannot exclude that progeny of an originally
barcoded HSC does not participate in hematopoiesis sequentially on
the basis of their division history, as proposed by the theory of
clonal succession.1

Although most differentiated cells originated from a common
precursor, the number of uniquely barcoded clones in myeloid and
lymphoid cells substantially varied. Interestingly, also the clonal
repertoire of B and T cells was only moderately correlated, demon-
strating that HSC clones do not only differentially contribute to the
myeloid and lymphoid lineages, but similar bias was observed within
the lymphoid lineage. In the future, barcode analysis of progenitor
populations can help to identify the stages of differentiation in which
such commitment occurs.

Figure 5. Clonal dynamics in long-term hematopoiesis. (A-B) Barcode fluc-

tuations from 6 to 54 weeks after transplant are shown for one mouse in granulocytes

(A) and T lymphocytes (B). Different colors represent different barcodes. (C) Pearson

correlations of clonal sizes with time trend for clones detected at 0.5% or higher

frequency at any of the time points in the respective lineage. Positive correlation

indicates that the clone is consistently growing, and negative correlation reflects

decline. Proportions of T cells (red) and granulocytes (blue) are plotted. The green line

shows randomly expected correlations for 200 clones simulated 20 times (average

values and standard deviations for 20 simulations are shown). Fluctuations in

granulocytes reflect behavior of 107 barcodes and in T cells of 187 barcodes. Mice

used for this analysis were transplanted with sorted barcoded cells (that were

identified in Figure 2 with dark squares).

BLOOD, 25 JULY 2013 x VOLUME 122, NUMBER 4 QUANTITATIVE ANALYSIS OF STEM CELL HETEROGENEITY 529

 For personal use only. at University of Groningen on August 6, 2013. bloodjournal.hematologylibrary.orgFrom 



Unexpectedly, in mice transplanted with a cell dose close to
limiting dilution, lymphoid, and myeloid populations were supported
by different groups of barcodes, suggesting more hematopoietic
clones than predicted (Figure 3C).

Previous studies we conducted, and others,13,14 suggested an
;twofold decrease in functionality of old purified stem cells. This
was mostly attributed to a defect in homing of aged HSCs.10,13 In
concordance with these data, we observed that transplantation of
twice as many old than young LSK4821501 cells resulted in lower
chimerism of old LSK4821501 cells in recipient animals (Figure 6).
However, barcode analysis of individual LSK4821501 cells showed
that the initial 2:1 relation between the number of old and young
clones was preserved (Figure 6), although old clones were smaller
compared with clones from young HSCs. This argues against the
previously described homing defect of old HSCs.10,13 In addition,
the output of old HSCs to mature blood lineages was drastically
lower than that of young cells. In classical competitive repopula-
tion assays, this would result in a lower frequency of old HSC,
because the contribution of many old HSCs would remain below
the detection threshold.

Previously, it was suggested that transduction of hematopoietic
cells leads to clonal dominance26 and preferential survival of clones
with multiple insertions.27 Observations made in our study did not
confirm these data. First, although we detected abundant clones con-
tributing more than 20% of a respective cell population, the number of
barcoded clones found .3 months post-transplantation correlated
well with the expected HSC frequency, arguing against clonal selec-
tion (Figure 2). The presence of such large clones is likely reflecting

intrinsic differences in repopulating capacity of HSCs. Secondly, we
observed neither preferential survival nor larger clone size in HSC
with multiple insertions amongx150 young and old HSCs 6-months
post-transplantation (supplemental Figure 6).

Recently, we discussed methodologic constraints that can lead to
misinterpretation of clonal tracking studies.16 Limited resolution,
insufficient quantification, and failure of noise detection can se-
verely impact conclusions of the analysis. Here, we define principles
of establishing cutoff values for minimizing noise. We demonstrate
that this approach allows robust quantitative clonal tracking in
clones present at frequencies of less than 1% of the transduced
population. We believe that our current experimental design
compares favorably to several related barcoding approaches,
including our own, that had lower sensitivity,17 did not use high-
throughput sequencing,18 or did not allow quantitative compar-
ison of clones within the same animal.19 We briefly summarized
several methodological steps that can influence clonal count
analysis in Figure 7.

Although the setup of our experiments, using a conservative 0.5%
detection threshold, would preclude detection of .200 (equally rep-
resented) barcodes, we would argue that an exact count of HSCs in
complex polyclonal situations is neither possible nor relevant. First,
there is the problem of discrimination between signal and noise at the
very small clone sizes. We expect that some false positive and false
negative clones will persist through any statistical filtering of noise.
Second, the question of biologically relevant clone size has to be
addressed. Large clones are most important, whereas small clones are
biologically less relevant. We expect that some small contributors

Figure 6. Analysis of HSC pool in mice transplanted with old and young cells. (A) Shows experimental setup of LSK4821501 cells that were purified from CD45

congenic young (4 months) and old (24 months) donor mice, mixed in 1:2 ratio and transduced with the barcoded vector library. There were 20 500 transduced cells

transplanted simultaneously with W41 or previously transplanted B6 cells into 2 cohorts of 4 lethally irradiated B6 mice. There were 6 mice sacrificed 6 months post-

transplantation, and 2 additional mice sacrificed at 8 months after transplantation. GFP1 LSK4821501 cells of young and old origin were single-cell sorted in 96-well plates

and expanded in liquid culture in presence of cytokines for subsequent barcode analysis. (B) Contribution from young (white bars) and old (gray bars) to different cell

populations before (starting) and after transplantation. (C) Number of uniquely barcoded clones detected in expanded colonies of young and old LSK4821501 cells. Lines

connect data points derived from the same mice. The number of clones detected within the old compartment was significantly higher than the number of clones within the

young population (P 5 .0011, paired two-sided t test). (D) Contribution of individual young and old LSK4821501 HSCs to the stem cell compartment. Horizontal lines indicate

mean values. Young LSK4821501 cells produced larger clones than old LSK4821501 cells (P , .0001, two-tailed Mann Whitney nonparametric U test).
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identified in our study would not satisfy the stem cell definition
accepted in single-cell transplantation studies.

In conclusion, our data document heterogeneity inmultiple aspects
of HSC functioning and demonstrate how HSC clones comanifest
themselves in polyclonally reconstituted recipient animals. Further
studies will demonstrate how suchHSC behavior can be influenced by
hematopoietic stress or can contribute to the development of blood
malignancies.
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