W

MEDICAL UNIVERSITY
OF VIENNA

Cell Reports

Single-Cell Transcriptomics of Traced Epidermal
and Hair Follicle Stem Cells Reveals Rapid
Adaptations during Wound Healing

Graphical Abstract

hair follicle
stem cells

Wound cell states

Molecular heterogeneity

upregulation

of receptors

in stem cell
niche

Early adaptation

wound
stroma

Lgr6* IFE
stem cells

IFE-like
wound
identity

Hair follicle
bulge identity

Transcriptomic convergence

Wound signatures

Authors

Simon Joost, Tina Jacob, Xiaoyan Sun,
Karl Annusver, Gioele La Manno,
Inderpreet Sur, Maria Kasper

Correspondence
maria.kasper@ki.se

In Brief

Joost et al. elucidate how skin stem cells
from different niches respond uponinjury.
Single-cell transcriptomics revealed that
Lgrb and Lgr6 progeny molecularly
converge during wound healing. Instant
cell adaptations of Lgr5 cells within their
original niche permit interactions with the
wound environment, an ability Lgr6 cells
already possess before wounding.
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different stem cell reservoirs in adult mouse HF

timing of SC activation & subsequent long-term
contribution to re-epithelialized wound area varies

majority of Krt15 progeny from bulge SC rapidly lost
following wound healing

progeny from Sox9, Glil, Lrigl SCs in bulge/isthmus, JZ
contribute to long-term regeneration


Vorführender
Präsentationsnotizen
Not only the timing of stem cell activation but also the subsequent long-term contribution to the re-epithelialised wound area vary between different populations of stem cells (reviewed by Plikus et al., 2012). For example, the majority of progeny that derive from Krt15-expressing bulge stem cells appear to be rapidly lost following wound healing (Ito et al., 2005), whereas progeny from stem cell populations expressing Sox9, Gli1 and Lrig1 located in the bulge, isthmus and JZ contribute to long-term regeneration (Nowak et al., 2008; Brownell et al., 2011; Page et al., 2013). One of two possible models might therefore describe the regenerative response; a selective model, in which specific stem cell progeny are retained within the regenerated area at the expense of others; or a stochastic model, whereby the fraction of retained stem cell progeny within the regenerated tissue is proportional to their initial contribution (Fig. 3). 
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so far two hypothesis of stem cell (SC)
contribution to wound healing:

Stochastic model
e fraction of retained SC progeny =
proportional to initial contribution

Selective model

e specific SC progeny are retained
within regenerated area (at expense
of others)

Schepeler et al Development. PMID: 24961797




key method: single cell RNA sequencing

Bulk seq scRNA seq
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key method: single cell RNA sequencing
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https://www.10xgenomics.com/technology
https://medicine.uiowa.edu/humangenetics/genomics-division/single-cell-analysis/single-cell-profiling-rna-seq-and-atac-seq
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R26-tdTomato

4mm wound

breeding of tomato-mice to cre-recombinase harbouring mice = STOP cassette deleted in offspring in the cre-

expressing tissue/cells = tdTomato (red) fluorescence

Tamoxifen treatment (7wks) induces cre-expression

Post wound; tomato traced cells were sorted and sequenced

wound S

S { ® @ wound cells

traced (Lgr5ToM) ) @ @ @ @ @
\* single-cell @ @

cells migrating \o/
into wound™ Facs RNA-seq computation

control S
) ®® SIROL
traced (Lgr5™") _.°. @ @ @ @
Lgrs™ @@© 60 0¢

cells remaining Ve/
in niche
control cells

/Lgr5-EGFP-Ires-CreERTZ2 / tdTomato

Time points sampled for single-cell RNA-sequencing
> 1 month

0 days 1day 4 days 7 days 10 days
———————————— : : I ] I : : I 1 : , Postwound
one week 0days 1day 3days ~ S5days  7days 10days  12days  >1montn nduction (PW)
Time points sampled for imaging and validation




Spatial distribution of traced cells during wound
healing

1 day PWI

10 days PWI 12 days PWI >1 month PWI

Lgr5-Tomato

Lgr6-Tomato

Dermis

e sign. difference in temporospatial distribution
e Lgr6 at leading edge (wound front) from beginning on
e Lgr5 progeny reached WF after 3-5 days
* Lgr5 progeny less abundant in closed wound/remodeled wound
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Comparing transcriptome profiles of sorted
Ler5/6 from unwounded skin

sorted Lgr5™M sorted Lgr6™M

Basal cells (unsorted) from Joost et al. 2016

Isthmus
Upper
* 8 |outer .":::a..?':\_‘ outer bulge
) f|bulge Yt .
: Outer bulge

e Lgré showed almost exclusively interfollicular epidermis (IFE)-like signature
* Only few Lgr6 showed isthmus-like signature
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ldentification of activated vs. non-activated
Ler5/6 cells

D Wound cell selection in Lgr5™" samples E Wound cell selection in Lgr6™" samples (compared to both IFE and isthmus control)

Homeostatic (Lgr5) bulge Interfollicular epidermis (IFE) cells Isthmus (IST) cells
0-day control - IST

Transcriptome of unwounded day | 0O-day control 0-day control - IFE
(LOOCV) (LOOCV) (LOOCV)
0 cells
2 . L1 0
_ Control area L Control area I Control area
mﬂjﬂmﬂ_ mn (negative control) ﬁﬂ h (negative control) H””—H o (negative control)
il il . R e
Wound area

W { mwﬂﬂﬂﬂm\mw Wound area - _ Wound area
i nﬂﬂﬂﬂ ( il ;Wﬂ TJ WHWH Do 0 oom o Jﬂmﬂ HWWTH Wn o .
“ ‘ Selected wo(und ?%I(Ias) Selected wound cells” Selected wound

n =

(n=106) cells* (n = 108)
D

Definition of expected gene
expression variability

Frequency
Frequency
Frequency

= =

Wound area cells with transcriptome profile # homeostatic Lgr5/Lgr6 niche 2>
classified as (activated) wound cells
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Profiling transcrlptlonal heterogeneity of Lgr5/Lgr6

SC progeny

e Lgr5 & Lgr6 cells did not only cluster by
time point (PWI)
e each cluster contained different
wound healing time points

A and B not necessarily imply temporal order but expression of early
wound signature
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t-SNE visualization of wound cells

Lgr5-EGFP-Ires-CreERT2 / tdTomato (Lgr5™")

Lgr6-EGFP-lres-CreERT2 / tdTomato (Lgré™M")
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Profiling transcriptional heterogeneity of
Ler5/Lgr6 SC progeny

C Barplot visualization of gene expression in single cells
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* Several marker genes converged in Lgr5 and Lgr6 cells
e Lgr5 cells showed higher expression of outer bulge markers
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ldentification of gene signature switch upon
W O u n d re S p O n S e A Pseudotimeline of Lgr5™" cells based B Expression of outer bulge markers in Lgr5™" cells along pseudotime
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Molecular interactions of Lgr5/Lgr6 SC progeny
in homeostasis & early wound response

Crosstalk between epidermis & wound environment

= central in orchestrating cell recruitment into A Analytical approach
wou nd 9 re_epithe“alization 1. Combine Lgr5™" and Lgr6™" 2. |dentify receptors and ligands 3. Screen for potential
single-cell data with bulk-cell data upregulated compared to control receptor-ligand pairs
(epidermis + stroma)
5t 2
g g é
Combination of sequencing data of early S0
wound cell populations + bulk seq 2=
. @
containing stromal and epithelial wound- 55 -
=l o
parts g2 %J 2
<3
5 % CTRL WND

- Identification of potential receptor-
ligand interactions between activated
wound cells & environment
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Molecular interactions of Lgr5/Lgr6 SC progeny
in homeostasis & early wound response

* Primarily receptors expressed in B Potential interactions between Lgr5™"and Lgr6™M control and early wound cells (state 1)
epithelial cells and the wound environment (1 day PWI)

ligands originating from wound LgrsTon Lgréron

environment

e Striking difference in # receptors 39 45

<0.0000

<0.0000

expressed in Lgr5 & Lgr6 cells

12 19
0.0492 0.0184

# receptors

Lgr6é 0-day Lgr6 early
] control cells wound cells
Before wounding 10 45
34 38
upon [ nj ury 39 48 <0.0000 0.0000

— Lgr5 cells capable of gaining competence
to react to signals from wound environment
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A Receptor-ligand pairs with the wound environment C RNA-FISH staining of wound-induced receptors

° (1 day PWI) shared by Lgr5™" and Lgr6™" early and ligands in early wounds (1 day PWI)
ey liganda-receptor i
Ligands induced in the global wound environment e W AR
. t t . ¥ ") )

Receptors induced in Lgr5™" / Lgr6™" wound cells
* Most commonly found epithelial receptors for
wound signals:
e (Cd44
e Alpha & beta integrins

Hmgh §

Ligands overexpressed in the global wound environment

Receptors induced in Lgr5/Lgr6 wound cells

e Thbs1 = Itgbl interaction partner
* Highest expression in newly forming wound aLigands Intoed i LorS Lart™ewound cute
matrix (1 day PWI)
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Receptors overexpressed in the
global weund environment

- Lgr6 cells in IFE = already primed for interactions _
with wound environment - —

- Lgr5 cells actively shape their responsiveness upon = E::;j“‘“" s
wounding i 2
adaptation starts within 24hrs upon wounding | ’@» .
while still residing in natural niche “’ e o

Ligands induced in Lgr5/Lgr6
wound cells

Expression [log,]
4
> o
Expression [leg,]

Expression [log,]
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Profiling common wound-healing

transcriptome signature

Steroid biosynthesis [KEGG]
RMA pol lIl transcription [Reactome]
Myc targets [Hallmark]

* Gene enrichment analysis revealed enrichment in both Lgr5 MTORC1 signaiing (Hallmark]
Proteasome [KEGG]
& Lgr6 progeny IFE basal layer [Joost et al. 2076)
Destabilisation of mRNA by Auf1 [Reactome]
Prefoldin mediated transfer of substrate to CCT/TriC [Reactome]
Protein folding [Reactome]

Wound-activated signature

* Early wound-cell state associated with basic cell- Regulation of omithine decarboxylase (ODC) [Reaclome]
. . Metabolism of amino acids and derivatives [Reactome]
P hy5|o | ogica | processes Signaling by Wnt [Reactome]
. ER-phagosome pathway [Reactome]
d Ene rgy p roduction Cardiac muscle contraction [KEGG]
Cytosolic tRNA aminoacylation [Reactome]
* Ce ” CYC'G M/G1 transition [Reactome]
° Migration Mitotic M / M-G1 phase [Reactome]
h . S phase [Reactome]
* mMRNA Synt eslIs TCA cycle and respiratory electron transport [Reactome]

mRNA Splicing [Reactome]
Metabolism of nucleotides [Reactome]
Processing of capped intron-containing pre-mRNA [Reactome]

e Later wound-cell states associated with Mismatch repair [KEGG]
e Ribosome formation Activation of MRNA [Reactome]

SRP-dependent protein targeting to membrane [Reactome]
i Translation 3-UTR mediated translational regulation [Reactome]
o Protein processing Translation [Reactome]
Reactive oxygen species (ROS) pathway [Hallmark]
IFE suprabasal layer [Joost et al. 2016]

Basal and differentiated
wound epithelium

H L . . RNA Migration / “ - o
* Only NFkB significantly enriched in Lgr5 state O B oo B celiGontacton oo T
. . . . Protein ) ell cycle
=> probably cells that remained in bulge but sensed injury B rodhen W cetoe (] oos[ I
D ﬁ%?; !‘(;Iism . ﬁggset":t]sal. 2016) " Emmh[gﬂlL%Egrqgrmaﬁgggiahms
ntermediate . 0.05 —max
. lntetabo[?srrg . Miscellaneous ns. L“”“[E%L’L L_grl;g;::;;l)igggiations
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Convergent & niche-specific gene expression

cornified envelope

B Comparison of Lgr5™" and Lgr6™" wound cell states 1
Lgr5™" and Lgre™" Lgr5™" unique Lgr6™" unique
== &> < =
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Pkm o @ Tpm1 75 Gm5416|<>__ e
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. 7 ” - -0 &— - & —
* High number of “shared genes” in Lgr5 & stooat1| o, e Lreipt| o BC117000—
G o >
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o 2 4 &6 & o 2 4 & [ T T
Expression [log? - PP] Expression [log® - PP] Expression [log? - PP]

mmunosiaining o n I an r cells a
C taining of STFA1 in Lgr6™ and Lgr5™ cells (1 day PWI)

STFA1 + STFA1 +L

Wound front

Stfal = cysteine proteinase inhibitor

@ MEDICAL UNIVERSITY Klas Katharina

OF VIENNA




conclusion

e Lgr5 & Lgr6 exhibit at each time point high degree of cellular heterogeneity

e Rapid receptor remodeling in Lgr5 cells
— Early upregulation of receptors could serve as “initial priming”
rendering Lgr5 cells susceptible for migration

e Lgr6 cells = already primed for potential interaction with wound
environment

e Transient lineage adaptation during wound repair
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