One of the proteins identified through this
screen was CD44, a cell membrane-bound glyco-
protein involved in cell adhesion and migration
(38). The spatial organization of CD44 upon
ephrin-A1l stimulation was found to antilocalize
with the assembly of EphA2 (Fig. 4D), validat-
ing the involvement of CD44 in cell-driven
EphA2 receptor reorganization. The system-
wide correlation analysis does not necessarily
provide the mechanistic details leading to EphA2
sorting; instead, it identifies proteins and genes
that may serve as surrogate markers to centripetal
transport.

In conclusion, we report a spatio-mechanical
regulation of the EphA2 signaling pathway. Upon
membrane-bound ligand stimulation, EphA?2 is
transported radially inwards by an actomyosin
contractile process. Physical interference with
this transport, which necessarily involves the
imposition of opposing forces on EphA2, alters
ligand-induced EphA2 activation as observed
by the recruitment of the protease ADAMI10
and cytoskeleton morphology. Quantitative mea-
surement of centripetal receptor transport across
a library of mammary epithelial cell lines re-
veals a high correlation with invasion potential
and with specific gene and protein expression.
These observations suggest that spatio-mechanical
aspects of ephrin-Al expressing cells and their
surrounding tissue environment may functionally
alter the response of EphA2 signaling systems
and could play a contributing role in the onset
and progression of cancer.
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Lgr6 Marks Stem Cells in the Hair
Follicle That Generate All Cell
Lineages of the Skin

Hugo ]. Snippert,’* Andrea Haegebarth,* Maria Kasper,? Viljar Jaks,? Johan H. van Es,*
Nick Barker,” Marc van de Wetering,* Maaike van den Born,* Harry Begthel,* Robert G. Vries,*
Daniel E. Stange,” Rune Toftgard,” Hans Clevers't

Mammalian epidermis consists of three self-renewing compartments: the hair follicle, the sebaceous
gland, and the interfollicular epidermis. We generated knock-in alleles of murine Lgré, a close relative
of the Lgr5 stem cell gene. Lgr6 was expressed in the earliest embryonic hair placodes. In adult hair
follicles, Lgré6+ cells resided in a previously uncharacterized region directly above the follicle bulge.
They expressed none of the known bulge stem cell markers. Prenatal Lgré6+ cells established the hair
follicle, sebaceous gland, and interfollicular epidermis. Postnatally, Lgré6+ cells generated sebaceous
gland and interfollicular epidermis, whereas contribution to hair lineages gradually diminished with
age. Adult Lgré+ cells executed long-term wound repair, including the formation of new hair follicles.
We conclude that Lgré marks the most primitive epidermal stem cell.

n the adult skin, interfollicular epidermis
(IFE) and sebaceous glands (SGs) are subject
to constant self-renewal, whereas hair fol-
licles (HFs) cycle between growth, involution,
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and resting phases (fig. S1) (/). Under normal
conditions, these three skin cell populations are
each believed to be maintained by their own dis-
crete stem cells (2). When tissue homeostasis is
disrupted, however, any of the three stem cell
populations is capable of producing all three
structures (2, 3). The IFE can be maintained
without the recruitment of stem cells from the HF
bulge (4-8), yet the exact identification of IFE
stem cells has remained elusive. Within the SG,
progenitors reportedly maintain this structure
independent of the HF (5, 9). HF stem cells
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reside in the bulge, express CD34 and cytoker-
atin 15 (/0—12), and retain DNA or histone labels
(13-15). However, stem cells may reside in other
areas of the HF as well (16-19).

We recently identified Lgr5 [leucine-rich
repeat—containing G protein (heterotrimeric gua-
nine nucleotide-binding protein)—coupled recep-
tor 5] as a marker of cycling stem cells in the
intestine (20). Subsequently, we demonstrated
that Lgr5 marks HF stem cells, which over very
long periods of time contribute to all hair lineages
but not to the SG or IFE (27). A closely related
gene exists in the mammalian genome, Lgré
(22). To evaluate a potential involvement of Lgr6
in stem cell biology, we obtained LacZ- and
EGFP-Ires-CreERT2 (where EGFP is enhanced
green fluorescent protein and Ires is internal ribo-
somal entry site) knock-in alleles (23) (figs. S1
and S2). Both integrations create null alleles.
Homozygous mice of both strains were healthy
and fertile. In adult Lgr6LacZ and EGFP-Ires-
CreERT? knock-in mice, we noticed prominent
expression in rare cells in brain, mammary gland,
lung, and skin. In the latter tissue, in situ
hybridization confirmed the pattern observed
with the knock-in alleles (Fig. 1 and figs. S1 to
S3). Lgr6 was first observed around embryonic
day 14.5 (E14.5) (Fig. 1A). Expression was evi-
dent throughout the epithelial compartment of
placodes, whereas the epidermis was entirely neg-
ative (Fig. 1B). Lgr6 is thus one of the earliest
placode markers, resembling Sonic Hedgehog

Fig. 1. Lgr6 is ex-
pressed in early hair
progenitor cells and
becomes restricted to a
limited number of cells
at the central isthmus.
(A) Whole-mount picture
of a Lgré-LacZ embryo at
E14.5. Scale bar indi-
cates 500 um. (B to F)
Cross sections of dorsal
skin from Lgr6-LacZ
knock-in mice obtained
at various developmen-
tal stages (E14.5, P1, P7,
P20, and P37, respective-
ly) reveal restricted Lgré
expression (blue) above
the bulge. Scale bars,
50 um. Confocal micros-
copy reveals limited over-
lap with known hair
follicle stem cell markers
(in red) CD34 (G), Mts24
(H), and Lrigl (I) in
Lgr6-EGFP-Ires-CreERT2
mice analyzed at telo-
gen stages. Scale bars,
25 um. Bu, bulge; Sg,
sebaceous gland; and
Ul, upper isthmus.

(24) and Sox9 (25). Lgr6 expression persisted
during hair peg development (Fig. 1C and fig.
S2C). The resulting hair breaks through the over-
lying epidermis postnatally. Lgr6+ cells appeared
in the IFE coincident with the emergence of hair
(Fig. 1D and fig. S2D), suggesting an origin in
the developing follicles. Epidermal Lgr6 expres-
sion peaked around postnatal day 7 to 15 (P7 to
P15) and then became gradually more restricted,
with expression persisting within adult HFs on
the back and tail throughout life (Fig. 1, E and F,
and fig. S2, E to I).

Detailed analysis in the first (P20) and second
(P56) resting states (telogen) revealed that Lgr6
marked a unique population, located directly
above the CD34 and keratin 15—positive bulge
(Figs. 1G and 2A and fig. S1). Lgr6 cells did not
retain the DNA label 5-bromo-2’-deoxyuridine
(BrdU) (fig. S4). MTS24 and Lrigl (upper-
isthmus markers) (17, 19) and Blimpl (SG) (9)
showed limited overlap with the tight Lgr6 cell
cluster (Figs. 1, H and I, and 2A and fig. S1).
Analysis of LacZ staining in telogen follicles of
Lgr4 (26), Lgr5 (20), and Lgr6 LacZ knock-in
mice confirmed that Lgr6 marked the central
isthmus directly above the bulge, whereas Lgr4
expression was present in both the Lgr5+ and the
Lgr6+ domains (Fig. 2B).

In agreement with our findings, gene expres-
sion profiles of late embryonic (E17.5) HF stem
cells revealed Lgr5 and Lgr6 at the top of the
enriched-gene list (27). We directly compared

E14.5

gene expression profiles of sorted Lgr5™e" and
Lgr6"e" cells isolated from P20 dorsal skin. As
expected, the Lgr5 population was strongly
enriched for bulge markers such as CD34 (Fig.
2C). The only gene in the Lgr6 profile impli-
cated in stem cell biology and HF development
was Tnfrsf19/Troy (28, 29). Another gene, //1r2,
marks cells at a corresponding position below
the SGs in human HFs (30). Thus, Lgr6 marked
a unique, tight cell cluster at the central isthmus
of the HF (Fig. 2B). Of note, although embryonic
expression in nascent whiskers resembled that
of other hair follicle types, no Lgr6+ zone was
established postnatally at the equivalent location
(fig. S9).

To study lineage relationships of Lgr6+ cells,
we intercrossed Lgr6-EGFP-Ires-CreERT2 with
the Cre reporter R26R-LacZ mice. Without ta-
moxifen, we essentially noted no leakiness of
Cre activity. Single tamoxifen injections facili-
tated genetic tracing of Lgro+ cells and their
offspring. We first genetically marked Lgro+
cells at E17.5, when Lgr6 expression is restricted
to hair pegs (fig. SSA). Subsequent postnatal
LacZ stainings were performed at various phases
of the hair cycle. In all cases, widespread labeling
of all three skin compartments was observed
(Fig. 3B and fig. S95).

When lineage tracing was induced at P20,
sporadic single LacZ-labeled cells first became
visible at P23 (Fig. 3A). The overwhelming ma-
jority of labeled cells still appeared at the isthmus,
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Fig. 2. Lgr6 marks a dif- A c

ferent stem cell popula- CD34 MTS24 L"bc‘;
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members illustrates that
Lgr5 HF stem cellsare lo- g
cated at the bulge (21),
whereas Lgr4 has a wider
expression pattern, includ-
ing the tight cluster of
Lgré6+ stem cells at the
central isthmus. Scale bar,
50 um. Cl, central isth-
mus; HG, hair germ; and
DP, dermal papilla. (C)
Gene expression analysis
of Lgr5+ HF stem cells
and Lgré+ stem cells fur-
ther indicates that Lgré
marks a separate popu-
lation with no overlap of
bulge HF stem cells. Color
scale bar represents log,
differences.

Fig. 3. After hair morphogenesis, Lgré+ stem cells
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tracing. (B) Quantification of lineage tracing from
Lgré stem cells initiated at E17.5, P20, and P56,
respectively. (Left) In postnatal mice, the vast
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the isthmus. (Right) Tracing events remain constant A o0 sl
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age of the mice. Error bars indicate standard
deviation. (C to E) LacZ analysis of dorsal skin from
Lgr6-EGFP-Ires-CreERT2/R26R-LacZ mice after
CreERT2 induction at P20. Analysis during anagen
at P38 [(C) and (D)] or after >1 year (E) with whole-
mount microscopy or HC, respectively. Lgr6+ stem
cells persistently trace toward epidermal [(D) and
(E), upper left images], SG lineages [(D) and (E),
lower left images], and occasional HF [(D) and
(E), right images]. (F) HC analysis of transplanted
Lgré+/LacZ+ stem cells onto backs of nude mice
confirmed multipotency.
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Fig. 4. Lgré6+ stem cells permanently contribute to wound
healing, including hair neogenesis. (A) Top view of a wound
in dorsal skin 2 days postwounding (dpw). White dashed line
marks edge of the wound. Incision was made at day P25, 5
days after tracing initiation. Right image is magnification of
the area marked by the white box. (B) Cross section of the
wound reveals marked progeny migrating into the wound.
Black arrowhead points to the edge of the wound. Scale bars
IHC, 50 um; Ow, open wound. (C and D) As in (A) and (B),
dorsal wound 7 dpw. (E and F) As in (A) and (B), 49 dpw
Lgré6+ stem cells made persistent contributions. Ki67+ basal
layer of scar tissue is Lgré6-derived (black arrows). (G and H)
As in (A) and (B). After >100 dpw, Lgré progeny is still
present within the wound. Moreover, newly formed hairs

1388

within the wound are occasionally LacZ positive.

implying limited mobility in the intervening 3-
day period (Fig. 3B). When analyzed 18 days
after induction, blue clones were observed in
SGs, the IFE, and, to a lesser extent, in the hair
(Fig. 3, C and D). Even after >1 year, extensive
lineage tracing was readily observed (Fig. 3E and
fig. S6). Tracing induced at P56, the second
telogen phase, yielded identical observations,
albeit HF potential was further diminished (Fig.
3B and fig. S7). Quantification of lineage tracing
initiated at E17.5, P20, or P56 underscored that,
in virtually all cases, labeling was restricted to
single cells in the isthmus 3 days after induction
(Fig. 3B). Contribution to SG and IFE was
relatively constant between E17.5, P20, and P56,
whereas the contribution to the hair decreased
with age (Fig. 3B).

In order to further document the stemness
potential, we transplanted Lgr6+ stem cells, iso-
lated at first telogen, onto the backs of nude mice.
As expected, Lgro+ cells reconstituted fully
formed HFs. Multipotency of donor stem cells

was confirmed by activating the R26R-LacZ locus
in vivo 4 days before isolation. A small subset of
Lgr6+ stem cells became LacZ-positive and con-
tributed, once transplanted, to all skin lineages
(Fig. 3F and fig. S6F).

The contribution of Lgr6+ cells to wound
repair was assessed by inducing lineage tracing at
first telogen (P20), followed by excision of 1 cn®
of full-thickness back skin 5 days later. Lgro
progeny was traced over >3 months after wound-
ing. As observed previously when bulge stem
cells were LacZ-labeled (6), convergent bands of
blue cells emanated from the border of the wound
and migrated toward its center (Fig. 4, A to D).
Such bands originating from HF bulge stem cells
disappear by 20 days postwounding (6). The blue
clones derived from Lgro+ cells involved cells in
the basal layer of the wound epithelium (Fig. 4, E
and F), whereas the clones persisted for >3
months within the newly formed epidermis. As
reported by Cotsarelis and colleagues (37), HF
growth occurred de novo within the wound epi-

thelium. When scored in a 60- and 100-days
postwounding mouse, about 10% of these new
HFs were derived from LacZ-marked Lgro+
stem cells (3 in 34 and 4 in 31, respectively),
comparable to the estimated percentage of sur-
face area comprising LacZ-marked keratinocytes
in the same wounds (7% and 11%, respectively)
(Fig. 4, G and H, and fig. S8).

Our study identifies Lgr6 as a marker for a
distinct population of stem cells giving rise to all
lineages of the skin. Unlike the Lgr5 gene, we
found no evidence that Lgr6 is controlled by Wnt
signaling. This is in agreement with the notion that
the active hair lineage in the lower bulge requires
Wnat signaling, whereas the sebaceous and epider-
mal lineages are Wnt-independent (2). A picture
thus emerges in which a Wnt-independent Lgr6
stem cell pool can renew sebaceous cells and seed
the epidermis throughout life, whereas a Wnt-
dependent LgrS stem cell pool derives from the
Lgr6 pool early in life but then becomes relatively
independent.
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Structural Sources

of Robustness in

Biochemical Reaction Networks

Guy Shinar® and Martin Feinberg?*

In vivo variations in the concentrations of biomolecular species are inevitable. These variations in
turn propagate along networks of chemical reactions and modify the concentrations of still other
species, which influence biological activity. Because excessive variations in the amounts of certain
active species might hamper cell function, regulation systems have evolved that act to maintain
concentrations within tight bounds. We identify simple yet subtle structural attributes that impart
concentration robustness to any mass-action network possessing them. We thereby describe a large
class of robustness-inducing networks that already embraces two quite different biochemical
modules for which concentration robustness has been observed experimentally: the Escherichia coli
osmoregulation system EnvZ-OmpR and the glyoxylate bypass control system isocitrate
dehydrogenase kinase-phosphatase—isocitrate dehydrogenase. The structural attributes identified

here might confer robustness far more broadly.

iological systems require robustness, that
B is, the capacity for sustained and precise

function even in the presence of structural
or environmental disruption (/—/7). Examples of
robustness exist over multiple scales of biological
organization, from the biochemical circuit level
[robust exact adaptation in bacterial chemotaxis
(2—4)] to the cellular level [robustness of meta-
bolic functions to changes caused by mutations
(12)].

A biological system shows absolute concentra-
tion robustness (ACR) for an active molecular
species if the concentration of that species is iden-
tical in every positive steady state the system might
admit. The function of an ACR-possessing system
is thereby protected even against large changes in
the overall supply of the system’s components.
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We identify simple yet subtle structural at-
tributes that will impart ACR to any mass-
action network that includes them. We provide
a mathematical theorem that precisely delin-
eates a very large class of ACR-possessing
systems, a class that embraces networks that
differ in size, detail, and complexity. This class
contains different ACR-possessing models (9, 11)
of known examples for which approximate con-
centration robustness has been verified experimen-
tally. We thus uncover an underlying mathematical
unity found at the heart of robustness-producing
mechanisms that are biochemically quite different.

To elucidate the concept of ACR, we first
consider the toy two-species mass-action system

A+B%2B 0
B A

where A is the active form of a protein, B is the

inactive form, and o and B are rate constants.

Suppose the protein is synthesized and degraded

over long time scales, so that the total protein

concentration can be regarded as constant over

the system's equilibration time scale. Under this
assumption, the differential equations governing
the time evolution of the molar concentrations of
A and B, denoted c, and cg, are

¢A = —ocacs + Pep
¢g = acacs — Pep

(2)

The positive steady states of Eq. 2 are given by
B

¢ (3)
o i

where O is the conserved total protein concen-
tration: © = ca + cg = ca(0) + cp(0). Eq. 3
shows that system (1) has ACR: There is a
positive steady state for each value of © ex-
ceeding B/, and in each of these steady states c5
has precisely the same value.

In contrast, consider the simple module

A_B
B

(4)

Here, the positive steady states are given by

B@
CA = B
L — 0® ()
CB =

The steady state values of both cs and cp are
proportional to the conserved total concentration
® = cp + cg. Thus, as O varies, both ¢, and cg
vary in step. The system does not have ACR.
To state our main result, we require some
terminology from chemical reaction network
theory (/3—16). The display in Fig. 1A is an
example of a standard reaction diagram, that is, a
directed graph whose nodes (/7) are the distinct
linear combinations of chemical species that sit at
the heads and tails of the reaction arrows. In Fig.
1A, the chemical species are A, B, C, D, E, and F,
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Lgré Marks Stem Cells in the Hair Follicle That Generate All Cell Lineages of the Skin
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Hair Today, Skin Tomorrow

The epidermis of mammals contains hair follicles, sebaceous glands, and interfollicular epidermis, but it has not
been clear how the development and repair of these structures is regulated. Snippert et al. (p. 1385) show that a
stem-cell cluster in the hair follicle, characterized by the expression of Lgr6, a close homolog of the Lgr5 marker for stem
cells in the small intestine and colon, resides directly above the hair bulge and gives rise to all cell lineages of the skin.

Skin wounds in adult mice

are repaired by Lgr6 stem cells in the hair follicles that flank the damage. After hair

morphogenesis, Lgré stem cells give rise to epidermal and sebaceous gland lineages to generate fully differentiated new

skin.
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