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Abstract

Adult tissues replace lost cells via pools of stem cells. However, the mechanisms of cell self-

renewal, commitment, and functional integration into the tissue remain unsolved. Using imaging 

techniques in live mice, we captured the lifetime of individual cells in the ear and paw epidermis. 

Our data suggest that epidermal stem cells have equal potential to either divide or directly 

differentiate. Tracking stem cells over multiple generations reveals that cell behavior is not 

coordinated between generations. However, sibling cell fate and lifetimes are coupled. We did not 

observe regulated asymmetric cell divisions. Lastly, we demonstrated that differentiating stem 

cells integrate into preexisting ordered spatial units of the epidermis. This study elucidates how a 

tissue is maintained by both temporal and spatial coordination of stem cell behaviors.

Tissue homeostasis requires the ability to replace damaged or lost cells while maintaining 

tissue structure and function. A model for studying this process is the mouse adult 

interfollicular epidermis (IFE), where organized layers of progressively differentiated 

epithelial cells form a barrier from which suprabasal cells are continuously shed and 

replenished by an underlying proliferative basal layer (1–3). Understanding how basal stem 

cell proliferation and terminal differentiation remain balanced in homeostasis is a central 

question in both epithelial and stem cell biology.

Initial models of epidermal maintenance recognized the three-dimensional organization of 

discrete columns, called epidermal proliferative units (EPUs), which are defined by the 
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perimeter of the most external, terminally differentiated cells (4–6). An important 

implication of the EPU model is that each unit is autonomously maintained by an 

asymmetrically dividing, basally located stem cell, with slow-cycling characteristics (7–9). 

Recent studies support the presence of slow-cycling stem cells in mouse epidermis (10, 11). 

However, long-term lineage-tracing studies show that basal clones do not strictly adhere to 

the columnar borders of EPUs and support a model based on a single stem cell population 

that makes stochastic fate choices, while still relying on mostly (60 to 84%) asymmetric 

divisions to generate one stem cell and one terminally differentiated cell (12–16). These 

studies provide critical insights into epidermal homeostasis but remain disconnected and 

don’t explain how individual stem cells and their progeny are integrated into the existing 

structure of a tissue.

A major challenge in elucidating cell fate has been the inability to resolve individual cell fate 

choices within clones. Individual cell behaviors have been indirectly inferred from time 

series of fixed clonal samples (17). Therefore, we developed an in vivo pulse/chase system 

for single-cell genetic label retention to continuously track entire lineages across multiple 

generations and capture the fate of individual basal cells within them (18) (Fig. 1A and fig. 

S1A). For that, we acquired serial optical sections of the epidermis from the same live adult 

mice at successive time points and captured the differentiation state of single labeled cells by 

position and cellular morphology within the entire volume of the IFE (fig. S1B) (19–22). To 

distinguish between region-specific characteristics and more general epidermal principles, 

we performed our lineage tracing in both ear and plantar epidermis. Cells that committed to 

differentiation were scored by their departure from the basal layer and their gradual 

movement toward the surface of the skin, which was irreversible in all cases (fig. S1C). Cell 

divisions in the basal layer generated two daughter cells that remained within the basal layer 

upon division (fig. S1D).

Analysis of division and differentiation events in clonal lineage trees provided direct access 

to lifetimes and fate choices of individual basal cells, and revealed fate correlations that 

could not be addressed from static clonal analysis (Fig. 1, B and C, and fig. S2A). We tested 

two key hypotheses: First, we asked whether the basal layer is maintained through a 

proliferative hierarchy by a small population of stem cells (10, 11); if so, mother and 

daughter cell fates should be correlated, because only stem cells should give rise to daughter 

stem cells. We performed this multigenerational analysis in the ear epidermis and detected 

no mother-daughter bias in fate choice [supplementary theory (ST) S5] or in their lifetimes 

(Pearson correlation R = −0.11, P = 0.2). Second, we tested whether asymmetric fate 

divisions are the main mode of self-renewal, as widely suggested from static lineage tracing 

(10, 11, 15, 23). Asymmetric divisions should result in anticorrelated sister cell fates, but we 

found that sister cell fates were either independent (ear) or positively correlated (paw). In 

both tissues, we found that sister cells had strongly correlated lifetimes (Fig. 2, A and B, and 

ST S4). Such sibling correlations could be indicative of coupled activities due to spatial co-

localization or co-inheritance.

These results suggest a simple model for stem cell fate without hierarchy or division 

asymmetry (23) (Fig. 2, B and C; figs. S2, B to E, and S3; and STs S2 and S3). This model 
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excludes fate asymmetry, does not imply fate commitment at birth, and demonstrates the 

temporal and fate coordination of adult sister stem cell behaviors in vivo.

To date, our work, along with the field in general, has relied on genetic approaches based on 

Crerecombinase lineage tracing, which could potentially introduce bias (10, 11, 24). We 

therefore used two additional independent lineage-tracing approaches to track single cells 

and populations within the epidermis, respectively. First, we engineered a transgenic mouse 

that expresses a light-activatable fluorescent reporter (26) in the epidermis (fig. S4 and 

movie S1). Using two-photon illumination to randomly label and track individual basal cells, 

we found that basal cell behavioral kinetics are comparable to those shown by our Cre 

lineage-tracing analysis, supporting our proposed stem cell model (Fig. 3, A and B, and fig. 

S5). Furthermore, we labeled geometrically defined regions within different epidermal 

layers to track the uniformity of population cell fate over time (movie S2). By these means, 

we found a global basal layer turnover as well as rapid progression of committed cells 

through the suprabasal layers within only a few days (Fig. 3C). Second, we used a 

previously developed tetracycline-inducible H2B-GFP (GFP, green fluorescent protein) label 

retention system (10, 11, 18) to track cells for up to 2 weeks in the ear epidermis and found 

global dilution of the H2B-GFP signal already by 1 week. No cells (n = 11,370) retained 

their GFP label, even after correcting for background signal decay, suggesting that all basal 

cells cycle at similar rates (fig. S6, A to F). Collectively, our work has demonstrated that the 

basal layer of the epidermis is composed of a single equipotent stem cell population, through 

the utilization of three powerful and complementary label retention approaches in live mice.

We next sought to understand how these seemingly random cell fate decisions in the basal 

layer contribute to organized suprabasal differentiated layers. Previous work has 

demonstrated that cells in the basal layer are not constrained to column boundaries, and it 

has been proposed that cells could differentiate through self-assembling processes (23, 27, 

28). To interrogate the mechanism by which cells transit through suprabasal layers, we used 

a dual membrane fluorescent reporter to differentially label neighboring cells in the ear 

epidermis (fig. S1). We find that neighboring cells independently transit through the 

differentiated epidermal layers before they are shed from the skin (Fig. 4A). This suggests 

that within layers, the lateral connections between cells are dynamic during differentiation. 

Analysis of cell borders showed that the global organization in the terminally differentiated 

granular layer remained relatively unchanged in the short term (fig. S8A).

To reconcile the highly dynamic reorganization of the basal layer with the seemingly 

unchanged architecture of the terminally differentiated layers, we examined the trajectory of 

individual cells from the basal to the cornified layers. We find that the majority of committed 

cells align into vertical columns, giving rise to the structures that inspired the EPU 

hypothesis (29) (figs. S7 and S8). Therefore, we propose that such columns are epidermal 

differentiation units (EDUs), rather than EPUs. These columns persist over time as newly 

differentiated cells move upward to recycle the same space occupied by preceding cells, but 

they are not entirely stable because a minority of cells (~10%) do not funnel into preexisting 

EDUs but instead form new units as they transit through the layers of the epidermis (Fig. 4, 

C and D). Furthermore, our lineage-tracing data show that although cells inhabiting the basal 

and spinous layers have the flexibility to switch to neighboring EDUs as cells arrive in the 
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granular layer, their fate is vertically fixed into a supply chain for the cornified layers above 

(Fig. 4E). Analysis of the distribution of residence times of cells in the suprabasal layers 

shows that cell maturation in the spinous layer spans the same typical time for almost all 

cells, and their subsequent exit from the granular layer appears to be stochastic (ST S2). This 

suggests that after departure from the basal layer, the granular layer spatially coordinates the 

transition to cornified tissue by acting as a buffer zone. Furthermore, the identification of a 

small percentage of cells that are capable of creating new differentiation paths suggests a 

mechanism to confer flexibility for epidermal remodeling over time (Fig. 4E).

These results support a simple model of epidermal maintenance proposed over 50 years ago 

(18, 24), in which basal cells are born as uncommitted stem cells, with an equal chance to 

ultimately proliferate or differentiate. Sibling stem cells coordinate fate commitment and 

temporal execution of their behaviors. Finally, as cells depart from the basal layer, they 

funnel predominantly into metastable EDUs. Taken together, this study demonstrates how 

spatiotemporal coordination in both the proliferative and differentiated layers sustains 

epidermal maintenance and function. This provides a foundation for future work to 

investigate the largely unknown regulatory mechanisms that coordinate cell-cell interactions 

on a tissue scale, during homeostasis. Furthermore, such progressive acquisition of cell fate 

could allow for cells in the epidermis to remain flexible in response to environmental 

demands, as was recently suggested from work on human keratinocytes in vitro (30), and 

therefore has potential relevance to pathological states and regeneration.
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Fig. 1. Subclonal lineage tracing of basal epidermal cells
(A) Experimental approach for epidermal fate tracking by single-cell label retention. After 

clonal induction with tamoxifen, K14CreER;R26flox-stop-tTA/mTmG; pTREH2BGFP mice 

were treated with doxycycline to evaluate H2BGFP label retention. (B) The fate and 

subsequent behavior of identified cells were determined by live imaging at 2-day intervals. 

The epidermis is composed of cellular layers starting from the most external, cornified layer, 

then moving inward to the granular, spinous, and finally basal layer. The dashed outlines 

indicate the boundaries of the traced clone. (B) and (C) Representative time sequence of a 

single-cell label retention experiment, showing the resulting lineage tree (C), with individual 

cell fate choices identified through label dilution within the same clone. Scale bar, 25 μm.
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Fig. 2. Basal stem cells make stochastic fate choices that are temporally coordinated
(A) The proportion of divisions leading to symmetric and asymmetric fates, and the 

magnitude and significance of sister cell lifetime correlations, measured directly from 

lineage trees (n = 136 divisions across n = 40 trees in the ear, and n =101 divisions across n 
= 92 trees in the paw). Color shows the statistical significance of correlations: P > 0.05 

(blue), P < 10−4 (red). (B) A stochastic model of cell fate, with each cell dividing or directly 

differentiating after a minimum refractory period, with a fluctuating division probability P 
balanced at 50% in homeostasis. Spatial or lineage-coupled fluctuations in P between sister 

cells, measured by the variance in P, lead to correlated sister cell fates. τ, average cell 

lifetime, γ, stochastic division/differentiation rate after a refractory period. The model is 

mathematically defined in ST S3. (C) A fit of the model to the distribution of clone sizes 

(basal cells per clone) over time (n = 40 clones); error bars, SEM.

Rompolas et al. Page 7

Science. Author manuscript; available in PMC 2016 July 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Unbiased epidermal fate tracking by single-cell photolabeling
(A) Representative examples of cell division and differentiation fates. (B) Quantification of 

cell division and differentiation events. (C) Representative time sequence of a region labeled 

with a photoactivatable reporter. At day 0, two adjacent square areas were scanned to 

activate the H2BPAmCherry reporter in the granular and basal layer, respectively. Scale bars, 

25 μm.
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Fig. 4. Basal cells transit into preexisting epidermal differentiation units
(A) Optical section of a single plane of the top granular layer of the epidermis, taken over 3 

days, depicting individually labeled differentiating cells as they transit through at different 

time points. The majority of differentiating cells arrive at the same space as their 

predecessors (yellow arrows), as indicated by the unchanging cell boundaries. (B) 

Quantification of epidermal differentiation behaviors (n = 40 cells); error bars represent SD. 

(C) Representative examples of differentiating epidermal cells switching or integrating into 

existing units (green and yellow arrows, respectively). (D) Quantification of the frequency of 

unit switching for each epidermal layer (n = 40 cells); Error bars represent SD. (E) 

Schematic for epidermal homeostasis. Basal stem cells stochastically commit to 

differentiation and transit through the suprabasal layers by predominately using existing 

columnar units. Scale bars, 25 μm.
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