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COMMENT Open Access
Open questions: A rose is a rose is a rose -
or not?
Ronald N Germain
The first to be afflicted were immunologists and hema-
tologists, but now genomicists have succumbed to 'split-
ter’s disease'. 'Lumpers' have lost the fight, largely due to
new technology, whether it is advanced flow cytometry
methods such as mass spectrometry-based analysis of
cells (CyTOF [1]) that can analyze more than 40 discrete
parameters at one time, cell by cell, or methods for
single cell transcriptomics [2-4]. For example, using
CyTOF to analyze effector T lymphocytes, a cornucopia
of apparently new functional cell types emerges -
lymphocytes making these but not those cytokines in
a mind-numbing array of combinatorial possibilities [5].
At the RNA level, each cell in what was thought to be a
rather homogeneous population shows differential ex-
pression of transcripts across the genome [2-4]. Indeed,
at a recent meeting, one presenter studying a gene
whose allelic forms show strong quantitative expression
variation at the RNA level (eQTL) in cell populations
concluded that genetics don’t determine expression at
the individual cell level. This was the interpretation of
the data even though summing expression from each
allele over many individual cells gave the same biased
distribution of expression as seen using bulk popula-
tions, as of course must be true unless the techno-
logy is flawed.
What could this apparent lack of genetic regulation in

single cells reflect? Only two major possibilities present
themselves. The first is that each cell behaves differently,
transcribing its allelic copies in an individualistic manner
at relative levels that may differ substantially from the
overall proportions seen at the population level. Some-
how, however, the entire population adjusts its mix of
these patterns in a communal fashion to give the overall
bias in expression that is seen in bulk analyses. There
are precedents for such population control of behavior
that is stochastic at the individual cell level - Arthur
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Lander previously commented on this issue when dis-
cussing how hematopoietic stem cells maintain their
numbers [6]. Rather than the stereotypic view that stem
cell division is invariably asymmetric, giving rise to one
daughter cell that differentiates and one that retains self-
renewal capacity, he and others [7] propose that any
given division of a stem cell may yield not only the
classical distinct fates just mentioned but also either
two differentiating daughter cells or two self-renewing
cells; feedback monitoring of the results of such events
ensures that these decisions are biased over time in
the total stem cell population to yield a balance of dif-
ferentiating and self-renewing cell progeny.
Such community-based feedback control is unlikely,

however, to be the explanation for the genomicist’s data
on eQTL and transcript abundance at the single cell
level, given that the quantitative trait is encoded directly
in the DNA. An alternative, much more likely explan-
ation is asynchronous bursts of RNA generation from
each allele [8,9]. As a consequence, any given cell at any
given moment could be at the nadir of transcript abun-
dance for the generally better expressed allele and near
the apex of transcript accumulation of the generally less
well expressed copy. At that instant, a snapshot of the
cell will show a transcript ratio that does not reflect the
time integral of expression that controls the protein
level, which is likely to be less spikey. It is precisely the
use of snapshot analysis rather than measurement of dy-
namic behavior that obscures the possibility (likelihood?)
that, over time, the cell will have more transcripts and
more protein representing the allele revealed at the
population level to be more highly expressed. Evidence
for this view of things comes from analysis of protein ex-
pression by immune cells and studies on the fate of
hematopoietic stem cells (HSCs) with a range of surface
marker expression. There is always some heterogeneity
of protein expression, even amongst cells of the most
stringently defined subpopulation. For some lymphocyte
proteins, sorting the cells at the extremes of the distribu-
tion and then maintaining them in a viable state without
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cell division leads to recovery of the original distribution
of protein expression seen for the entire starting popula-
tion (JN Mandl and RN Germain, unpublished observa-
tions). This makes it clear that each cell does not occupy
a narrow expression bin, with the overall population
distribution arising from a sum of cell behaviors con-
strained to these small bins, but rather that each cell
moves over time through the entire range of expression
seen in the population, occupying a different position in
this distribution at any moment. Likewise, for HSCs,
sorting for specific cell surface markers produces subsets
of cells biased in the tendency to develop along the
myeloid or erythroid lineages under the influence of
specific cytokines, but regrowth of the sorted cells in
HSC-maintaining conditions results in regeneration of
the original distribution of markers and cells in the
myeloid- versus erythroid-biased microstates [10].
What does all this mean biologically? Interestingly, the

snapshot view has some value in thinking about cell be-
havior. For example, T lymphocytes are activated in
lymph nodes when they encounter dendritic cells dis-
playing their specific antigen. A migrating T lymphocyte
(Figure 1) searching for the right antigen-bearing cell
will vary over time in its expression of key molecular
components (integrins, kinases, and so on) involved in
its ability to bind to the dendritic cell or to transmit a
signal through the antigen receptor. At the moment it
finds the relevant antigen-displaying dendritic cell, the
T cell might be at the low end of the spectrum of ex-
pression of one or more of these key components
and unable to mount an effective response (think of
a sleep-derived student doing poorly on a difficult test).
The same T cell some hours later meeting the same
dendritic cell, but with high expression of the same cru-
cial components, would ‘ace the test’. Considered in this
Figure 1. Migrating T cell. Scanning electron micrograph of a
T cell (pink) crawling along stromal cells (blue) forming specialized
conduits in the lymph node.
light, the instantaneous state of a cell as revealed by
CyTOF or single cell transcriptomic studies could be
relevant to how that cell functions biologically. How-
ever, we shouldn’t draw overly simplistic conclusions
from such considerations - data from several labs indi-
cate that cells expend energy trying to co-ordinate such
fluctuations in expression among components in a
pathway so as to limit excursions of cell state to the
extremes of hyper- and hypo-responsiveness [11,12],
so one needs to take care to examine the overall
functionality of such networks and not just the expres-
sion of an individual member in evaluating momentary
cell behavior.
Given the evidence that cell state changes over time, it

seems clear that if the time constant of such fluctuation
is short and the length of exposure to a stimulus sub-
stantially longer, each cell in a population might show
‘average’ behavior rather than the highly individualistic
functionality described above [10-13]. And even if this
were not the case, cells of the same differentiation type
that are not in temporal synchrony for their state vari-
ation would show in an ensemble manner the average
behavior represented by the distribution of signaling
capacities in the population - in many cases, this would
represent the relevant biology, not the instantaneous sin-
gle cell variation in response [13]. Whether the personal-
ized, snapshot state or this population average state is of
predominant importance in vivo might vary with the size
of the relevant cell subset. For nearly unique immune
cells with clonal receptors, it would be difficult to ave-
rage out the response over a population and the instant-
aneous state could predominate at the moment of cell
triggering by antigen, whereas for cells lacking such
clonality, the distributed population behavior could be
more relevant.
Even for immune cells, however, one needs to be cau-

tious about inferring too much from snapshot data, such
as flow studies at a fixed time after stimulation. There
will be temporal variation in the onset and peak of tran-
scription and translation of products of distinct cytokine
loci, for example, and thus, a population of effector cells
will appear much more heterogeneous in their behavior
when analyzed at one point than if each cell was
followed over time to see the entire set of responses
made to the stimulus. This perspective emphasizes the
critical value of dynamic analysis of molecular expres-
sion in single cells for understanding cell fate decisions
[14,15].
We have entered an era in which our technologies en-

able us to collect increasingly fine-grained data about
cells and their states and the resulting insight into cellu-
lar heterogeneity poses important issues for biologists.
With this new knowledge comes a responsibility to avoid
being so enamored of the methodology that we lose
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track of the meaning of the data in the context of an
integrated biological system. As I have noted here, pic-
tures of cells frozen in time can be useful, but also
misleading with respect to each one’s ultimate behavior
as well as that of the population to which they belong.
We need to tell the roses from the daffodils, but also
be careful not to call two roses a rose and a lily.

Acknowledgement
This work was supported by the Intramural Research Program of NIAID, NIH.

Published: 31 January 2014

References
1. Bendall SC, Simonds EF, Qiu P, Amir E-AD, Krutzik PO, Finck R, Bruggner RV,

Melamed R, Trejo A, Ornatsky OI, Balderas RS, Plevritis SK, Sachs K, Pe'er D,
Tanner SD, Nolan GP: Single-cell mass cytometry of differential immune
and drug responses across a human hematopoietic continuum. Science
2011, 332:687–696.

2. Islam S, Kjällquist U, Moliner A, Zajac P, Fan J-B, Lönnerberg P, Linnarsson S:
Characterization of the single-cell transcriptional landscape by highly
multiplex RNA-seq. Genome Res 2011, 21:1160–1167.

3. Hashimshony T, Wagner F, Sher N, Yanai I: CEL-Seq: single-cell RNA-Seq by
multiplexed linear amplification. Cell Rep 2012, 2:666–673.

4. Ramsköld D, Luo S, Wang Y-C, Li R, Deng Q, Faridani OR, Daniels GA, Khrebtukova I,
Loring JF, Laurent LC, Schroth GP, Sandberg R: Full-length mRNA-Seq from
single-cell levels of RNA and individual circulating tumor cells. Nat Biotechnol
2012, 30:777–782.

5. Newell EW, Sigal N, Bendall SC, Nolan GP, Davis MM: Cytometry by time-of-flight
shows combinatorial cytokine expression and virus-specific cell niches
within a continuum of CD8+ T cell phenotypes. Immunity 2012, 36:142–152.

6. Lander AD: The “stem cell” concept: is it holding us back? J Biol 2009,
8:70.

7. Grossman Z, Levine RF: A non-programmatic approach to hemopoiesis.
Prog Clin Biol Res 1986, 215:51–69.

8. Cook DL, Gerber AN, Tapscott SJ: Modeling stochastic gene expression:
implications for haploinsufficiency. Proc Natl Acad Sci 1998, 95:15641–15646.

9. Ozbudak EM, Thattai M, Kurtser I, Grossman AD, van Oudenaarden A:
Regulation of noise in the expression of a single gene. Nat Genet 2002,
31:69–73.

10. Chang HH, Hemberg M, Barahona M, Ingber DE, Huang S: Transcriptome-wide
noise controls lineage choice in mammalian progenitor cells. Nature 2008,
453:544–547.

11. Sigal A, Milo R, Cohen A, Geva-Zatorsky N, Klein Y, Liron Y, Rosenfeld N,
Danon T, Perzov N, Alon U: Variability and memory of protein levels in
human cells. Nature 2006, 444:643–646.

12. Feinerman O, Veiga J, Dorfman JR, Germain RN, Altan-Bonnet G: Variability
and robustness in T cell activation from regulated heterogeneity in
protein levels. Science 2008, 321:1081–1084.

13. Altschuler SJ, Wu LF: Cellular heterogeneity: do differences make a
difference? Cell 2010, 141:559–563.

14. Loo L-H, Lin H-J, Singh DK, Lyons KM, Altschuler SJ, Wu LF: Heterogeneity in
the physiological states and pharmacological responses of differentiating
3 T3-L1 preadipocytes. J Cell Biol 2009, 187:375–384.

15. Coutu DL, Schroeder T: Probing cellular processes by long-term live
imaging–historic problems and current solutions. J Cell Sci 2013,
126:3805–3815.

doi:10.1186/1741-7007-12-2
Cite this article as: Germain RN: Open questions: A rose is a rose is a rose -
or not? BMC Biology 2014 12:2.


	Acknowledgement
	References

