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Skin mesenchymal niches maintain and protect

AML-initiating stem cells

Lakshmi Sandhow!@®, Huan Cai**®, Elory Leonard™@®, Pingnan Xiao'®, Luana Tomaipitinca'®, Alma Ménsson'®, Makoto Kondo'®, Xiaoyan Sun’®,
Anne-Sofie Johansson'®, Karl Tryggvason*®, Maria Kasper?®, Marcus Jards*®, and Hong Qian'®

Leukemia cutis or leukemic cell infiltration in skin is one of the common extramedullary manifestations of acute myeloid
leukemia (AML) and signifies a poorer prognosis. However, its pathogenesis and maintenance remain understudied. Here, we
report massive AML cell infiltration in the skin in a transplantation-induced MLL-AF9 AML mouse model. These AML cells
could regenerate AML after transplantation. Prospective niche characterization revealed that skin harbored mesenchymal
progenitor cells (MPCs) with a similar phenotype as BM mesenchymal stem cells. These skin MPCs protected AML-initiating
stem cells (LSCs) from chemotherapy in vitro partially via mitochondrial transfer. Furthermore, Lama4 deletion in skin MPCs
promoted AML LSC proliferation and chemoresistance. Importantly, more chemoresistant AML LSCs appeared to be retained
in Lama4~/~ mouse skin after cytarabine treatment. Our study reveals the characteristics and previously unrecognized roles of
skin mesenchymal niches in maintaining and protecting AML LSCs during chemotherapy, meriting future exploration of their

impact on AML relapse.

Introduction

Leukemia cutis (leukemic cell infiltration in skin) is one of the
commonly observed extramedullary manifestations in acute
myeloid leukemia (AML; Bakst et al., 2011; Gouache et al., 2018)
and associated with poor survival (Gouache et al., 2018; Krooks
and Weatherall, 2018; Wang et al., 2019). However, our under-
standing of its pathogenesis is very limited. This has been mainly
due to lack of knowledge about the extramedullary niches where
AML cells infiltrate and are maintained.

For decades, great efforts have been put to elucidate the
contribution of the hematopoietic niche in bone marrow (BM) to
normal and malignant hematopoiesis. The BM niche consists of
various types of cells including mesenchymal stem cells (MSCs),
mesenchymal progenitor cells (MPCs), osteoblasts, and endo-
thelial cells. Accumulating evidence has shown that BM MSCs
and MPCs play important roles in maintaining normal hema-
topoiesis and in the development of myeloid malignancies, in-
cluding AML (Hoggatt et al., 2016; Xiao et al., 2018b). Molecular
alterations in these niches could lead to malignant transforma-
tion of hematopoietic cells (Dong et al., 2016; Raaijmakers et al.,
2010; Xiao et al., 2018a). During leukemia development, the

leukemic cells can alter the BM niche, which renders the niche
to become favorable for leukemic cell growth but harmful for
normal hematopoiesis (Hanoun et al., 2014; Jeong et al., 2018;
Kim et al., 2015; Schepers et al., 2013; Xiao et al., 2018b). Using a
Cre-LoxP mouse model allowing for selective deletion of the MSC
population, we have shown that loss of MSCs accelerates AML
progression (Hanoun et al., 2014; Xiao et al., 2018b). However,
these markers are not unique for the mesenchymal cells in BM,
thus it is not clear whether the mesenchymal cell niches in ex-
tramedullary organs like skin are also affected, thereby con-
tributing to the AML progression.

Besides BM, extramedullary organs such as adipose tissue
have been reported to accommodate hematopoietic stem and
progenitor cells (HSPCs) in the stromal vascular fraction (Han
et al,, 2010). In blast crisis of chronic myeloid leukemia, the
gonadal white adipose tissue is infiltrated by leukemic cells that
adapt to the extramedullary niche and transform into resistant
leukemia-initiating stem cells (LSCs) marked by CD36 expres-
sion (Ye et al., 2016). These findings indicate that extramedul-
lary organs may serve as niches for HSPCs and LSCs.
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Existing evidence suggests that skin might contain an MSC-
like cell population (Kimlin and Virador, 2013; Toma et al., 2001;
Vaculik et al., 2012; Viswanathan et al., 2019). However, their
biological properties and contribution to hematopoiesis and
leukemia remain unexplored. Knowledge of this would be essen-
tial for understanding the pathology of extramedullary leukemia
in the skin and would thus provide new insights into identifying
new potential therapeutic targets that may be translated into new
treatment strategies for AML patients with leukemia cutis.

We, here in a transplantation-induced AML mouse model,
detected massive infiltration of AML cells in the skin. Impor-
tantly, these skin AML cells at steady state or after chemother-
apy could regenerate AML after secondary transplantation, even
with a low dose of 10 cells/mouse. Characterization of the AML
niche revealed the molecular features and developmental hier-
archy of the skin MPCs. The MPCs expressing Early B cell Factor
2 (Ebf2) contribute to mesenchymal cell turnover in the skin and
were reduced after AML onset. The skin MPCs could maintain
and protect AML LSCs, and loss of Lama4 in skin MPCs promoted
AML cell proliferation and resistance to chemotherapy. Alto-
gether, our study revealed the characteristics and a previously
unrecognized role of skin MPCs in maintaining AML LSCs
during AML development and chemotherapy.

Results

The AML cells infiltrated in skin can regenerate AML

after transplantation

We have here studied extramedullary leukemia in skin by using
an MLL-AF9* AML cell transplantation-induced AML mouse
model (Fig. 1 A). After symptomatic AML onset (day 21-30 after
transplantation), we detected the AML cell infiltration in the
dorsal skin by fluorescence-activated cell sorting (FACS; Fig. 1,
B-D) and hematoxylin and eosin staining (Fig. S1 A). The AML
frequency was higher than that in the blood but lower than that
in BM and spleen (Fig. 1, B and C). There was no clear correlation
between the AML burden in skin and that in blood (Fig. S1 B,
left). However, interestingly, the AML engraftment level in the
skin correlated with a faster AML onset (Fig. 1 D) but not with
the AML burden in blood (Fig. S1 B, right), pointing to a possible
predicting value of AML cells in skin for AML progression.
Confocal imaging showed that these AML cells mainly resided at
perivascular sites in the skin (Fig. 1 E). The skin total cellularity
was not affected (Fig. S1 C).

It is not known whether the AML cells infiltrated in skin
contain LSCs capable of regenerating leukemia, particularly af-
ter chemotherapy. We, therefore, analyzed the AML cells in the
skin 3 d after 5-d treatment with cytarabine (Ara-C)/normal saline
(NS) or at the endpoint when the mice became moribund (Fig. 1F).
The AML engraftment in skin remained lower than that in BM
and spleen after Ara-C treatment (Fig. 1 G and Fig. S1 D); however,
there was no clear difference in the fraction of chemoresistant
CD36* AML cells and colony-forming unit in culture (CFU-C) in
the AML cells from different tissues (Fig. 1, H and I).

To functionally assess the frequency of the AML-initiating
LSCs in the skin and BM, we sorted the AML cells from the
primary recipient mice after Ara-C treatment (100 mg/Kg, daily)
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and performed secondary transplantation into non-irradiated
mice in limiting dilution at doses of 10, 100, 1,000, and 5,000
cells per mouse (Fig. 1 F). The primary recipients treated with
NS showed clear severe symptoms on days 22-33, resulting in
ethical endpoint with an estimated median survival of 23.5 d.
The median survival of the Ara-C-treated mice was 32 d
(Fig. 1]). The AML cells were sorted at 2-3 d after the last in-
jection of Ara-C or NS. Notably, these AML cells in the skin could
generate AML even at a low dose (10-100 cells/mouse; Fig. 1,
J-0), as shown by the survival (Fig. 1 ]), low-platelet counts
(Fig. 1K), splenomegaly (Fig. 1 L), and high AML engraftment in
the BM at the endpoint (Fig. 1, M and N). Extreme limiting di-
lution analysis (Hu and Smyth, 2009) revealed that the frequency
of residual AML-initiating LSCs in the skin (1/51) is similar to that
in the BM (1/42) after Ara-C treatment but seemed to be some-
what higher than that (1/92) from the nontreated skin (Fig. 1 O).
Given the higher AML cell frequency in the BM and spleen, the
percentage of the AML-initiating LSCs and CFU-Cs in BM and
spleen became higher than that in the skin (Fig. S1 E and Fig. 1 P).
These data demonstrate the leukemia-initiating capacity of the
AML cells in the skin tissue under steady state and after chemo-
therapy, indicating their potential impact on AML relapse.

Skin harbors Ebf2* and Ebf2- MPC subsets with similar
immunophenotype to BM MSCs

To understand how the leukemic cells were maintained in the
skin tissue, we explored the role of the extramedullary micro-
environment in the skin using a similar approach as was used
for characterizing the BM niche. BM MSCs have been shown to
be involved in AML progression in mice (Xiao et al., 2018b).
They are defined by a phenotype of lacking expression of CD44,
hematopoietic (CD45/TERI119), and endothelial (CD31) cell
markers, but positive for PDGFRa/CD140a, SCAl, and CD51
(Morikawa et al., 2009; Pinho et al., 2013; Schepers et al., 2013;
Xiao et al., 2018a; Xiao et al., 2018b). The primitive MSCs in
mouse BM can be identified by Ebf2 expression (Qian et al.,
2013) and can generate MSCs that lack Ebf2 (Xiao et al.,
2018b). However, the phenotype of native skin MSCs remains
unknown. The question is whether the cells with similar fea-
tures exist in skin and play a role in AML cell maintenance
under steady state and following chemotherapy. To answer
this, we first characterized mesenchymal stem and progenitors
in the skin by using the Ebf2-Egfp reporter mice. Similar to BM,
a fraction of CD45-TER119-CD31- skin stromal cells expressed
Ebf2 (Fig. 2 A). The Ebf2* cells accounted for about 2 and 5% of
total live cells and CD45-TER119-CD31- stromal cells, respec-
tively (Fig. 2, B and C). Phenotypically, skin Ebf2* cells highly
expressed PDGFRa/CD140a and SCA1 (PaS) whereas about 41%
of the Ebf2- cells were PasS cells (Fig. 2 D).

Functionally, both the Ebf2* and Ebf2- cells contained CFU
in fibroblast (CFU-Fs), a colony-forming unit characteristic for
MSCs (Fig. 2 E and Fig. S2 A). The CFU-Fs in the Ebf2* cells were
generated exclusively by the SCA1* population (Fig. 2 F). Both
Ebf2* and Ebf2-PaS cell populations showed similar prolifera-
tion kinetics after passages 5-6 (Fig. S2 B) and were able to
differentiate toward osteogenic and adipogenic lineages in vitro
albeit to a different degree (Fig. S2, C and D). However, they
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Figure 1. AML cells infiltrated in skin are capable of regenerating AML after transplantation. (A) Strategy to generate MLL-AF9 AML mouse model. MLL-
AF9 transduced AML cells expressing CD45.1 were transplanted into non-irradiated CD45.2 C57BL/6 mice. (B) FACS profile showing AML engraftment analysis
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in BM, PB, spleen, and dorsal skin at the end stage of AML. The numbers in the panel are the mean frequencies. (C) Proportion of the AML cells within total
hematopoietic (CD45*) cells in blood, skin, BM, and spleen. Data were from two independent experiments and each dot represents data from one mouse. The
horizontal bars represent mean values. n = 4-9 per group, *P < 0.05, **P < 0.01, ****P < 0.0001, determined by paired t test, except the comparison between
skin and blood where unequal number of mice were included. (D) The inverse correlation between AML engraftment in the skin with symptomatic AML onset.
*P < 0.05, determined by Spearman correlation. Each dot represents data from a single recipient mouse, n = 18 mice. (E) Confocal image showing distribution of
MLL-AF9* AML cells expressing DsRed at perivascular sites in dorsal skin. The AML cells were injected after sublethal irradiation of the mice. The endothelial
cells were marked by CD31 expression (white). Scale bars are 50 um. (F) Experimental strategy to assess AML-initiating capacity of the AML cells infiltrated in
mouse skin by serial transplantation. The primary recipient mice (CD45.2) that developed AML after AML cell (CD45.1) transplantation were treated with Ara-C
(100 mg/Kg) or saline (NS, untreated) for 5 d. The residual CD45.1* AML cells from skin were sorted at 2-3 d after the last injection of Ara-C and transplanted
into secondary non-irradiated recipient CD45.2 mice at doses of 10, 100, 1,000, and 5,000 (5K) cells/mouse. The AML development was monitored by FACS
and hematology analyzer Sysmex. The mice were sacrificed when found moribund. (G) AML engraftment in blood, skin, BM, and spleen of the primary re-
cipients under steady state and 3 d after Ara-C treatment. Each dot represents data from a single mouse. n = 5 per group, *P < 0.05, ***P < 0.001, determined
by paired t test. (H) The fraction of CD36* AML cells in the skin, BM, and spleen. Each dot represents data from a single mouse. ns, no significant difference,
determined by paired t test. (1) The frequency of CFU-Cs derived from the residual AML cells in skin, spleen, and BM. (J) The Kaplan-Meier survival curve of the
primary and secondary recipient mice. The curve was generated by Log-rank (Mantel-Cox test). Each dot represents an endpoint when the mice were found
dead or sacrificed because of being moribund. Data were from two independent experiments. n = 5-8 primary recipients treated with Ara-C (n = 5) or NS
(untreated), n = 5-7 secondary recipients per group. (K) Platelet counts in PB of the secondary recipient mice at the endpoint. Each dot represents data from a
single mouse. (L) Spleen size of the secondary recipient mice at the endpoint. Each dot represents data from a single mouse. (M) FACS profile showing the
engraftment of skin-derived AML CD45.1* cells in BM of the secondary recipient mice. (N) AML engraftment of the skin-derived AML CD45.1* cells in BM of the
secondary recipient mice. Each dot represents data from a single mouse. (0) The frequencies of the secondary recipient mice that developed AML after
injection of skin-derived AML cells. The frequency of AML-initiating LSCs was determined by extreme limiting dilution analysis (Hu and Smyth, 2009) based on
the number of mice that developed AML after secondary transplantation. ns, no significant difference, determined by Chi square test. (P) The percentage of
AML-initiating LSCs in BM and skin. The percentages were calculated based on the frequencies of AML-initiating LSCs determined by transplantation and
shown in G and the percent AML cells within total CD45* mononuclear cells in each tissue. Each dot represents data from a single mouse. n = 5-8 per group, ns,

no significant difference, ***P < 0.001, determined by unpaired t test. See also in Fig. S1.

failed to differentiate into chondrocytes in either monolayer or
micromass pellet culture in which condition BM MSCs could
differentiate into chondrocytes (Fig. S2 E). These data indi-
cate that the Ebf2* and Ebf27PaS cells in mouse skin may
represent bipotential MPCs although they have the same
immunophenotype as BM MSCs.

Single-cell assay confirms osteo-adipo bipotentials of skin
Ebf2* and Ebf2-PasS cells

To validate the identity of the skin stromal subsets, we charac-
terized these cells at a single-cell level. The limiting dilution
experiment revealed that the CFU-F frequency in both skin
Ebf2* and Ebf2-PasS fractions was as high as 1 in 4 (Fig. 2, G and
I). Of 13 randomly selected CFU-Fs from single Ebf2* cells, nine
(69.2%) showed both osteogenic and adipogenic differentiation
potency, although to different degrees (Fig. 2, H and K). How-
ever, only 45.4% (5 of 11) of the Ebf2-PasS cells showed bilineage
potency toward osteoblasts and adipocytes (Fig. 2, ] and K). The
chondrogenic potency, however, was not evaluated at single-cell
level since none of these cell subsets differentiated into chon-
drocytes at the bulk level. The self-renewal capacity of the Ebf2*
and Ebf2- cells was evaluated by serial replating of single CFU-F
derived from the single sorted cells. 11 out of 25 CFU-Fs initially
generated by single Ebf2* cells could be serially replated for
beyond 10 passages (Fig. 2 L). Meanwhile, only 4 in 20 CFU-F
clones derived from Ebf2-PasS cells could be serially replated for
over 10 passages (Fig. 2 L), indicating a limited self-renewal
capacity of the Ebf2-PasS cells. These data further support the
notion that the skin Ebf2* and Ebf2-PasS cells are enriched with
osteo-adipogenic MPCs.

Skin Ebf2* cells are mainly located at perivascular sites
Similar to that in mouse BM, the skin Ebf2* cells did not express
endothelial cell marker CD31 (Fig. S3 A). However, the Ebf2*
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cells highly expressed PDGFRb/CD140b, a marker expressed in
pericytes (Armulik et al., 2011) and niche-forming perivascular
cells in BM (Kusumbe et al., 2016; Fig. S3 B), pointing to a per-
icyte phenotype. Confocal imaging illustrated that the majority
of the Ebf2* cells were adjacent to the endothelial cells in the
skin (Fig. 3, A and B; and Fig. S3 C). Some scattered Ebf2* cells
were also found in dermal panniculus carnosus, a layer of stri-
ated muscle (Fig. 3 A). Approximately 55 and 41% of the Ebf2*
cells were positive for the pericyte marker NG2, respectively
(Fig. S3, D and F), and 81% of them expressed a-smooth muscle
actin (SMA; Fig. S3, E and F), reported to mark pericytes in BM
(Baryawno et al., 2019). Altogether, these data suggest a peri-
vascular origin and heterogeneity of the skin Ebf2* cells.

The Ebf2* cells in skin contribute to the mesenchymal
cell turnover
To understand how mesenchymal cell niche in the skin is
maintained, we determined the physiological contribution of the
Ebf2* stromal cells to the niche formation by lineage tracing
using TgEbf2-Egfp X CreFRT2 X Rosa26-tomato mice (Fig. 3 C). This
mouse model allowed us to track the fates of the Ebf2* cells
in vivo since the Ebf2* cells express GFP and their progeny is
marked by Tomato after tamoxifen (TAM) injection. About 15%
of total Ebf2* cells were Tomato* (Ebf2*Tomato*) cells at 3 mo
after TAM induction (Fig. S4, A and B). The Ebf2*Tomato*
cells could generate Ebf2-PaS MPCs and more mature
CD45-TER119-CD31-CD44-CD140a*SCAI- stromal cells (Fig. 3, D
and E), indicating the important role of the Ebf2* cells in
maintaining the mesenchymal cell compartment in the skin.
The fraction of the Ebf2*Tomato* cells within stromal cells
remained constant up to 12 mo after TAM induction (Fig. 3 E),
which is likely attributed to their self-renewal ability. However,
the Ebf2-Tomato* cells which were produced by the Ebf2*Tomato*
cells increased from 11% at 3 mo to 21% at 6 mo after TAM injection
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Figure 2. Identification of skin MPC subsets by Ebf2 expression. (A) A representative FACS profile showing FACS sorting/analysis of the Ebf2* and Ebf2-
cells in dorsal skin. The cells were first gated within non-hematopoietic (CD45-TER119~) and non-endothelial (CD31-) live (PI-) stromal cells. These cells lacking
expression of CD44 were further analyzed for their expression of SCA1, PDGFRa/CD140a (PaS), and CD51. The numbers in the panel are the mean frequencies.
(B and C) The Ebf2* cell frequency within total PI~ (B) or PI"CD45-TER119-CD31~ stromal cells (C) in dorsal skin. (D) The fractions of PaS cells within the Ebf2*
and Ebf2- stromal cells. Each dot in B-D represents data from a single mouse in three to six experiments with the horizontal line as a mean value. (E) CFU-Fs in
the Ebf2* and Ebf2- stromal cells. (F) CFU-Fs were exclusively found in the Ebf2*SCA1* cell fraction. Data in E and F are from three independent experiments
and each dot represents replicate assays from two to three mice in each experiment. The horizontal line represents mean value. ***P < 0.001, determined by
Wilcoxon matched-signed pair rank test. (G-J) Single-cell analysis of CFU-Fs and lineage differentiation from the FACS-sorted Ebf2* (G and H) and Ebf2-PasS (1 and J)
stromal cells. The CFU-F frequencies (G and 1) were determined by limiting dilution at a density of 1, 2, 5, and 10 cells per well in a 96-well plate and the frequency of
the single cells with bilineage plasticity (H and J) were assessed by multilineage differentiation potential of single CFU-Fs derived from the cells. The simple linear
regression was used to determine the dose responses in G and I. (K) Representative images of the osteogenic and adipogenic differentiation from single CFU-F clones
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derived from Ebf2* and Ebf2-PasS cells. Scale bars in the images for Ebf2* cells are 100, and 250 and 100 pm in the images for osteogenic and adipogenic differ-
entiation from Ebf2-PasS cells. (L) PDT of randomly selected CFU-Fs derived from single Ebf2* and Ebf2-PasS cells. Each line represents the growth kinetics of a single

clone. See also in Fig. S2.

and then remained stable (Fig. 3 E). Within the newly generated
Ebf2-Tomato* cells, the majority were PaS MPCs and about 5%
were the CD140a*SCAL" cells (Fig. 3 F). Inversely, within the total
PaS MPCs, only 0.5% were Ebf2*Tomato* cells and 30% were the
newly generated Ebf2-Tomato* PaS cells at 6 mo after TAM (Fig. S4,
C-E). These data suggest a substantial contribution of the Ebf2*
MPCs to generating the Ebf2-Tomato*PaS MPCs while maintaining
the Ebf2* cell pool.

Similar to the Ebf2* cells, the Ebf2-Tomato* cells were mainly
distributed in the lower dermis and adjacent to CD31* endo-
thelial cells (Fig. 3 G). However, they lacked NG2 expression
(Fig. S4 F). Only 19% and 28% of the Ebf2-Tomato* cells ex-
pressed NESTIN and a-SMA, respectively (Fig. S4, G-I).

Altogether, skin harbors Ebf2* and Ebf2-PaS MPCs with a
similar phenotype as BM MSCs. The Ebf2* MPCs reside at the
top of the developmental hierarchy and contribute to mesen-
chymal cell generation in the skin.

Skin MPCs play a role in maintaining normal hematopoietic
and AML cells in vitro

Identification of the skin MPC populations made it possible to
analyze their potential role in the maintenance of AML cells. We
first evaluated the function of skin MPC subsets in supporting
normal hematopoietic stem cells (HSCs) in a coculture system
and compared it with BM MSCs (Fig. S5 A). Similar to their BM
counterparts, both skin Ebf2* and Ebf2-PaS MPCs were able to
maintain HSC activities, indicated by similar numbers of CFU-Cs
generated from the Lineage~ SCAI*KIT*(LSK) CD150* cells after
the coculture with skin MPCs or BM MSCs (Fig. S5, B and C).
Further, similar cobblestone area-forming cells (CAFCs) were
generated from the BM LSK cells cocultured with the skin MPCs
or BM MSCs (Fig. S5, D and E). The BM Ebf2-PaS cells displayed
better capacity in supporting CAFC formation from the LSK cells
than the BM Ebf2* MSCs (Fig. S5 F). Altogether, these data in-
dicated that skin MPCs possessed similar hematopoiesis sup-
portive function as BM MSCs.

To assess the role of skin MPCs in supporting AML LSC
growth, we next performed CAFC assay of MLL-AF9* AML cells
(Fig. 4 A). Like BM MSCs, skin MPC subsets could support CAFC
formation from the AML cells, but to a lesser degree than the BM
Ebf2-PasS cells (Fig. 4, B and C).

Increasing evidence suggests that BM stromal cells may
protect leukemia cells from cytostatic drugs (Alonso et al., 2015;
Iwamoto et al., 2007; Jin et al., 2008; Xu et al., 2016; Zhang et al.,
2013). However, it is not known if extramedullary stromal cells
have similar functions. We then tested the chemoprotective
function of skin MPCs by CAFC assay. We administered Ara-C
2 d after seeding the MLL-AF9* AML cells to the MPCs to allow
for efficient cell-cell interactions (Fig. 4 A). Both skin Ebf2* and
Ebf27PaS cells could protect the AML LSCs from Ara-C treat-
ment, demonstrated by the persistence of residual CAFCs after
Ara-C treatment, in striking contrast to the efficient killing of
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the AML cells cultured alone (Fig. 4, D and E). No difference in
the frequency of KIT* AML cells representing AML LSCs
(Somervaille and Cleary, 2006) was observed among all the
cocultures (Fig. 4 F). However, the numbers of the residual KIT*
LSCs were significantly increased in the cocultures with the
stromal cells compared with the monoculture after Ara-C treat-
ment (Fig. 4 G). CD36 was reported to be a marker for chemo-
resistant leukemic cells (Farge et al., 2017; Landberg et al., 2018; Ye
et al,, 2016). After Ara-C, the CD36* AML cells were selectively
enriched in all the cocultures except that with skin Ebf2-PaS
MPCs (Fig. 4 H); however, only in the culture with skin MPC
subsets, significantly more CD36* AML cells were retained (Fig. 4
I). These data indicate a previously unrecognized role of skin
MPCs in AML LSC maintenance and protection.

The altered mesenchymal niches in the skin during

AML development

Niche remodeling in BM has been considered one of the mech-
anisms contributing to leukemia progression (Ahsberg et al.,
2020; Cai et al., 2022; Duarte et al., 2018; Xiao et al., 2018b).
By confocal imaging, we observed the perivascular location of
the AML cells (Fig. 1 E) and the localization adjacent to the skin
Ebf2/GFP* MPCs (Fig. 4 ]). We then evaluated whether the skin
cellular niches were remodeled by the AML cells. The proportion
of Ebf2* MPCs but not the Ebf2-PasS cells in the skin stromal cells
were reduced after symptomatic onset of AML (Fig. 4, K-N).
While this finding seems to be contrary to our previous obser-
vation of BM MSC increase in AML mouse BM, it is somewhat
consistent with the reduced PasS cell fraction within the Ebf2*
cells in the AML mouse BM (Xiao et al., 2018b). In addition,
while the total CD31* endothelial cells were unaltered, as ob-
served in BM (Xiao et al., 2018b), the CD31*SCAI* arteriolar
endothelial cells were significantly increased (Fig. 4, O and P),
indicating an increase of arterioles in dorsal skin during AML
development.

Molecular evidence for the role of skin MPCs in hematopoiesis
and AML

To investigate the molecular mechanisms behind the
hematopoiesis-supportive function of the skin MPCs, we per-
formed RNA sequencing on the freshly sorted skin Ebf2* and
Ebf2-PaS MPCs. This revealed a distinct transcriptional profile
of skin MPCs and BM MSCs with 1,150 and 816 genes differen-
tially expressed between skin Ebf2* and Ebf2-PaS MPCs com-
pared with BM MSCs, respectively (Fig. 5 A). However, only 135
genes were differentially expressed between the skin Ebf2* and
Ebf2-PaS cells. Among them, the genes associated with TNFa
signaling, angiogenesis, and epithelial-to-mesenchymal transi-
tion were upregulated, while the cell proliferation genes were
downregulated in the more primitive Ebf2* cells (Fig. 5 B). We
then compared skin MPC pool (Ebf2* and Ebf2-PaS) with BM
MSCs. The genes related to skin tissue maintenance (Krtl4, Krt19)
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Figure 3. Distribution and hierarchical relationship of skin MPCs. (A) Localization of Ebf2* cells in skin perivascular area and dermal panniculus carnosus
(DPC). The endothelial cells in the vessels were identified by MECA32 staining. Arrows point to the Ebf2* cells in the DPC area. Scale bars are 100 pm.
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(B) Representative image showing the perivascular localization of Ebf2* cells adjacent to CD31* endothelial cells in dorsal skin. Scale bars are 10 um.
(C) A scheme showing strategy for lineage tracing of the Ebf2* cells in skin. The Ebf2/GFP*Tomato* cells and their progenies (Ebf2/GFP-Tomato*) were traced by
FACS at 3, 6, 12 mo after TAM injection. (D) A representative FACS profile showing analysis of activated Ebf2* cells (GFP*Tomato*) and their progeny (GFP-Tomato*).
The gates for different cell subsets were defined with FMO from bitransgenic or single-transgenic mice. Each stromal cell subset (PI~CD45-TER119-CD31-) was gated
within the CD44- fractions and subsequently gated for PaS cells based on CD140a and SCAL expression. (E) The frequencies of Ebf2/GFP*Tomato* cells and its
progenies (Ebf2/GFP-Tomato*) within stromal cells. Each dot represents data from each mouse from two to three independent experiments. Horizontal bars rep-
resent the mean, *P < 0.05, determined by unpaired t test. (F) The fractions of PaS and Ebf2-CD140a*SCA1- cells within total GFP-Tomato* cells generated by Ebf2*
cells. Each dot represents data from each mouse from two to three independent experiments. Horizontal bars represent the mean, ***P < 0.001, determined by
unpaired t test. (G) Distribution of the single Ebf2/GFP*Tomato cells (green arrows), activated Ebf2/GFP*Tomato* cells (orange arrows), and Ebf2/GFP-Tomato* (red

arrows) cells at 3 mo after TAM injection. Scale bars are 20 pm. See also in Figs. S3 and S4.

and adipogenesis (Fabp4) were upregulated in the skin MPCs
(Fig. 5, C and D), showing tissue origin-related characteristics of
these cells. Consistent with the limited chondrogenic differen-
tiation capacity of skin MPCs (Fig. S2, C and D), the genes as-
sociated with chondrogenesis were downregulated in the cells
(Fig. 5 E). Conversely, skin MPCs were enriched with genes re-
lated to fatty acid metabolism and oxidative phosphorylation,
indicating a distinct metabolic profile between the skin and BM
MSCs (Fig. 5, D and E). Furthermore, the genes related to in-
flammatory response were enriched in the skin MPCs relative to
BM MSCs (Fig. 5, E and F), indicating a possible proinflammatory
phenotype of skin MPCs.

Notably, there was no overall significant difference in the
hematopoiesis supportive gene expression between the skin
MPCs and BM MSCs (Fig. 5 G). The findings were confirmed by
qPCR of the genes in these freshly sorted cells (Fig. 5 H). Similar
to BM MSCs, both skin MPC subsets expressed Cxcli2, Kitl, Jagl,
Lama4, and Angptll, all of which are known to be critical for
hematopoiesis maintenance and regeneration (Arai et al., 2004;
Calvi etal., 2003; Greenbaum et al., 2013; Gu et al., 2003; Omatsu
et al., 2010; Poulos et al., 2013; Susek et al., 2018; Thorén et al.,
2008). The expressions of Kitl, Jagl, and Lama4 were even sig-
nificantly higher in skin Ebf2* and Ebf2-PaS cells than that in
BM MSCs. Moreover, the expression of Sppl, a negative regu-
lator of HSC expansion (Stier et al., 2005), was lower in skin
MPCs than that in BM MSCs (Fig. 5, C and H). These data provide
molecular evidence for the supportive function of skin MPCs for
HSCs and AML LSCs.

Enhanced mitochondrial transfer from skin MPCs to AML cells
associated with increased chemoprotection of AML cells

To reveal the mechanisms underlying the function of skin MPCs
in maintaining and protecting AML LSCs, we examined the
metabolic activity of skin MPCs in supporting AML cells since
the genes related to oxidative phosphorylation and fatty acid
metabolism are enriched in the skin MPCs. Mitochondrial
transfer has been reported as one of the protective mechanisms
during chemotherapy in leukemias by providing energy support
and antioxidant machinery to counteract oxidative stress in-
duced by chemotherapy (Batsivari et al., 2020; Cai et al., 2022;
Marlein et al., 2017; Moschoi et al., 2016). Consistent with their
gene expression profile, our FACS analysis showed increased
mitochondrial mass of skin MPCs compared with BM MSCs
(Fig. 6, A and B). Further, in a coculture with mitochondria-
prelabeled skin MPCs (Fig. 6 C), we detected enhanced mito-
chondrial transfer from skin MPCs to the AML cells compared
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with BM MSCs (Fig. 6, D and E). Correspondingly, the AML cells
cocultured with skin MPCs showed lower ROS levels and higher
viability during Ara-C treatment (Fig. 6, F and G). The mito-
chondrial transfer and chemoprotection could be partially re-
versed by the treatment with microtubule inhibitor nocodazole
and colchicine in the cocultures (Fig. 6, H-J). Similar to a pre-
vious report (Moschoi et al., 2016), the mitochondrial transfer
seemed to be leukemia-specific since little or no mitochondrial
transfer from skin MPCs to normal HSPCs (LSK BM cells) was
detected in the cocultures (Fig. 6, K and L). Together, these data
indicated that skin MPCs could maintain AML LSCs and protect
them from Ara-C treatment in vitro partially by reducing oxi-
dative stress.

Lama4 loss in skin MPCs enhanced AML LSC proliferation and
chemoprotection in vitro

Lama4 was highly expressed in skin MPCs (Fig. 5 H), and we
have found that Lama4 loss in mice promoted AML LSC prolif-
eration, chemoresistance, and relapse (Cai et al., 2022). This has
tempted us to test the impact of Lama4 deletion in skin MPCs on
AML LSC growth (Fig. 6 M). We observed increased AML cell
proliferation and chemoresistance to Ara-C at 24 h after cocul-
ture with Lama4~/~ skin MPCs (Fig. 6 N). Further CAFC assay
indicated that Lama4~/~ skin MPCs promoted AML LSC prolif-
eration and chemoresistance to Ara-C (Fig. 6 0), suggesting a
suppressive impact of Lama4 expression in skin MPCs on AML
cell growth and chemoresistance.

The increased chemoresistant AML cells in Lamad4~/- mouse
skin after Ara-C treatment

To further explore the molecular mechanism involving the role
of the extramedullary niche in the skin for maintaining residual
AML cells after chemotherapy, we here took advantage of
Lama4~/~ mice where AML progression and relapse are accel-
erated (Cai et al., 2022). To facilitate imaging of engrafted AML
cells, DsRed-expressing MLL-AF9 AML cells were transplanted in
sublethally irradiated Lama4*/* and Lama4~/~ mice (Fig. 7 A).
The mice were treated with either Ara-C or NS for 5 d on day 15
after AML transplantation. Interestingly, 1 d after Ara-C treat-
ment, confocal imaging illustrated more AML cells in Lama4~/~
mouse skin compared with that in Lama4*/* mice following ei-
ther NS or Ara-C treatment (Fig. 7 B). However, such a differ-
ence was not detected by FACS while there was a clear reduction
of the AML cells in the peripheral blood (PB) and skin after Ara-
C treatment (Fig. 7 C). It is possible that some of the remaining AML
cells were lost during enzymatic digestion of the skin for FACS
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Figure 4. Skin MPCs support AML LSC growth and protect them from chemotherapy. (A) Experimental strategy for assessing the role of the skin MPC
and BM MSC subsets for AML growth by CAFC assay. (B) Representative images of CAFCs derived from the AML cells. Scale bars are 100 pm. (C) Total

Sandhow et al.
Extramedullary mesenchymal cell niche in AML

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220953

9of21


https://doi.org/10.1084/jem.20220953

numbers of CAFCs generated from 150 MLL-AF9* AML cells. (D) A proportion of residual CAFCs from AML cells after Ara-C treatment relative to the NS-treated
controls. (E) The total number of the AML cells at 10 d after Ara-C treatment. (F and G) The frequency (F) and the numbers (G) of the KIT* AML LSCs. (H and 1)
The frequency (H) and the numbers (1) of the CD36* chemoresistant AML cells. Data in C-I were from three to four independent experiments and each dot
represents the mean of replicate assays. The horizontal bars represent mean values. *P < 0.05, **P < 0.01, ***P < 0.001, determined by unpaired (C, D, G, and I)
or paired (E, F, and H) t test between Ara-C treated and nontreated cocultures within the same stromal cell type. #P < 0.05, ##P < 0.01, ###P < 0.001
determined by unpaired t test when comparing the Ara-C treated AML cells in cocultures with BM MSCs or skin MPCs with the Ara-C treated AML mono-
culture. (J) Colocalization of AML cells (red) with the Ebf2* cells. Ebf2 was determined by GFP (green) and the endothelial cells were marked by CD31 (white).
Scale bars are 20 um. (K) Representative FACS plot showing analysis of Ebf2* MPCs in AML mouse dorsal skin. (L) The frequency of the Ebf2* MPCs within
stromal cells in dorsal skin tissue at end stage of AML. Data were from six independent experiments, and each dot represents data from one mouse. The
horizontal bars represent mean values. **P < 0.01, determined by unpaired t test. (M) Representative FACS plot showing analysis of the skin Ebf2-PaS MPCs in
healthy controls and AML mice. (N) The frequency of the Ebf2-PaS cells within stromal cells in dorsal skin at the end stage of AML. Data were from six
independent experiments and each dot represents a mouse. The horizontal bars represent, mean values. ns, no significant difference, determined by unpaired
t test. (0) FACS profile showing analysis of CD31* cells in the dorsal skin of healthy and AML mice. (P) The frequency of total endothelial cells (CD31*) and

arteriolar endothelial cells (CD31*SCA1*). ns, no significant difference, *P < 0.05, determined by Mann-Whitney test.

whereas confocal imaging was performed on the tissue fixed directly
after dissecting. It is important to note that the chemoresistant CD36*
AML cells (Farge et al., 2017; Ye et al,, 2016), not KIT* cells, were
enriched in Lama4~/~ mouse skin after Ara-C treatment (Fig. 7 D),
which was not observed in the BM (Cai et al., 2022). It is worth
mentioning that there was no homing preference of the AML cells to
Lama4~/~ skin and BM compared with that in Lama4*/* mice
(Fig. 7, E-G), suggesting that the observation of more AML
cells in Lama4~/~ mouse skin was not related to the initial
homing of the AML cells. Further, the AML cell homing to skin
and BM was similar at 3 h after transplantation (Fig. 7 H),
pointing toward a possibility that the skin tissue may act as an
independent AML niche from the BM.

To functionally evaluate AML-initiating LSCs, we performed
serial transplantation with limited cell doses (10, 100, and 1,000
cells/mouse) and CFU-C assay after Ara-C treatment (Fig. 8 A).
Extreme limiting dilution analysis (Hu and Smyth, 2009) indi-
cated no significant difference in the frequency of AML-
initiating LSCs within the residual AML cells from Lama4*/*
and Lama4~/~ mouse skin (Fig. 8, B and C). However, due to a
relatively higher percentage of total AML cells in the donor
Lama4~/~ mouse skin than that in the Lama4*/* mice (Fig. 8 D),
the calculated percentage of the AML-initiating LSCs and AML
CFU-Cs in the Lama4~/~ skin appeared to be higher than that in
the Lama4*/+ skin (Fig. 8 E). These data suggest that Lama4 ex-
pression in skin mesenchymal niche plays a role in maintaining
the chemosensitivity of AML cells in the skin to Ara-C.

Discussion

Leukemia cutis is commonly observed in patients with mono-
cytic AML, and pediatric patients with congenital leukemia are
prone to develop leukemia cutis (Parsi et al., 2020). Despite its
association with a poor prognosis (Bakst et al., 2011; Gouache
et al., 2018; Wang et al., 2019), the pathogenesis and impact of
leukemia cutis on AML relapse remain largely unknown. We
here have demonstrated in a transplantation-induced MLL-AF9
AML mouse model that the AML cells infiltrate in mouse skin,
similar to leukemia cutis observed in patients with AML. Impor-
tantly, these skin-derived AML cells can efficiently regenerate AML
after transplantation even at a low dose (10 cells per mouse), in-
dicating their high capacity in regenerating AML and pointing to a
possible involvement of these leukemic cells in the relapse of AML.
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Currently, little is known about the leukemia microenvi-
ronment or niche in the skin, which has limited our under-
standing of how leukemia cutis is maintained. We report that
skin harbors two MPC subsets distinguished by Ebf2 expression,
the Ebf2* and Ebf2-PasS cells, sharing a similar phenotype with
BM MSCs (Morikawa et al., 2009; Qian et al., 2013; Qian et al.,
2012). The skin Ebf2* MPCs coexpress pericyte markers like
CD140b/PDGFRD and a-SMA and show pericyte phenotype. The
adjacent localization of the Ebf2* cells to the AML cells in skin
indicated a possibility that these cells act as a niche com-
ponent for maintaining AML cells. This notion is supported
by another important finding in this study that skin MPCs,
similar to BM MSCs, show a supportive/protective function
for AML LSCs. During AML progression, the skin mesen-
chymal cell niches are also altered with increased arteriolar
endothelial cells and reduced Ebf2*, but not Ebf2-PaS MPCs,
after symptomatic AML onset. The niche remodeling might
in turn further promote AML progression since Ebf2* cell
deletion in mice accelerated AML development, as reported
(Xiao et al., 2018b).

We have here attempted to address the potential mechanisms
mediating the supportive role of skin MPCs. It is most likely that
multiple mechanisms are involved in the AML protective role of
skin MPCs. Mitochondrial transfer from stromal cells to leuke-
mic cells has been reported to be one of the mechanisms to
protect leukemic cells to survive chemotherapy by providing an
antioxidant system to counteract the therapy-induced oxidative
stress (Forte et al., 2020). We find an increased mitochondrial
mass in skin MPCs and enhanced mitochondrial transfer from
skin MPCs to the AML cells during chemotherapy compared
with that in BM MSCs. Blocking mitochondrial transfer by mi-
crotubule inhibitors in the coculture could compromise the
protective effects of skin MPCs. These data suggest that skin
MPCs may protect the AML cells by providing metabolic support
via mitochondrial transfer. This notion was further supported
by the enrichment of genes related to oxidative phosphorylation,
fatty acid metabolism, and glycolysis in skin MPCs. Further-
more, the skin MPCs express a higher level of Lama4, Kitl, and
Jagl than BM MSCs, which are known to be important for nor-
mal hematopoiesis maintenance and leukemic cell proliferation
(Cai et al., 2022; Poulos et al., 2013; Somervaille and Cleary,
2006; Thorén et al., 2008). Our data indicate that Lama4 ex-
pression in skin MPCs may have an impact on AML LSC
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Figure 5. RNA sequencing revealed the molecular profile of skin Ebf2* and Ebf2-PaS MPCs. (A) Venn diagram showing differentially expressed genes
(DEG) among the skin Ebf2* MPCs, skin Ebf2-PaS MPCs, and BM MSCs. (B) GSEA revealed the enrichment of genes associated with different biological
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processes and cellular responses in the skin Ebf2* and Ebf2-PaS MPC subsets. (C) A volcano plot showing differentially expressed genes between skin MPCs
(Ebf2* and Ebf2-PaS) and BM MSCs. (D) GSEA revealed the enrichment of gene sets associated with various biological processes and cellular responses in the
skin MPCs (Ebf2* and Ebf2-PaS) and BM MSCs. (E) GSEA plots showing the enrichment of genes related to oxidative phosphorylation, inflammatory, interferon
a response, and chondrocyte differentiation in the skin MPCs compared to that in BM MSCs. FDR, false discovery rate. *P < 0.05, ***P < 0.001, determined by
GSEA software. (F) Heatmap showing the expressions of selected inflammatory cytokines in skin Ebf2* cells, Ebf2-PaS cells, and BM MSCs. The heatmap was
created in Excel using conditional formatting. The color scale was set based on the minimum, midpoint, and maximum values of each gene in each row. Red
correlates with high expression and green correlates with low expression. (G) Gene set enrichment plot showing hematopoiesis supportive niche genes in skin
MPC subsets and BM MSCs, and the heatmap showing the gene expression levels. ns, no significant difference, determined by GSEA software. (H) gPCR of HSC
niche genes in BM MSCs and skin Ebf2* and Ebf2-PaS MPCs. Each dot represents mean of triplicate measurement of the gene expression relative to Hprt.
Horizontal bars represent the mean values. Data were from three independent sorting experiments. ns, no significant difference, *P < 0.05, **P < 0.01,

determined by unpaired t test.

chemosensitivity since Lama4 deletion in skin MPCs led to
enhanced proliferation and chemoprotection of AML LSCs.
More work is required for assessing the potential impact of
other niche factors like Kitl, Jagl, and Angptll. In addition, the
upregulation of inflammatory cytokines including inter-
feron, Il6, Il18, Il4, and Cxcll0 in the skin MPCs points to
another possible mechanism contributing to the AML
maintenance in the skin, as these cytokines affect leukemic/
cancer cell growth (Madapura et al., 2017; Manshouri et al.,
2011; Pefia-Martinez et al., 2018; Welner et al., 2015).

The origin of the AML cells in the skin remains an open
question. In patients, leukemia cutis is usually present concur-
rently with AML cell infiltration in BM. However, in some cases,
it may precede systemic involvement (Krooks and Weatherall,
2018). Therefore, it is unclear whether the leukemic cells in-
filtrated in the skin originate from BM. We here find that the
AML engraftment in the skin does not correlate with that in the
blood, suggesting AML cell maintenance in the skin may not be
dependent on the circulating AML cells although they were
initially derived from the injected AML cells. On the contrary,
the AML burden in skin inversely correlates with the time of
AML symptomatic onset, which is in line with the association of
leukemia cutis with poor prognosis in patients with AML
(Krooks and Weatherall, 2018).

In summary, we here report that skin harbors primitive
Ebf2* MPCs and the downstream Ebf2~ MPCs. These MPCs are
colocalized with AML cells at perivascular sites during AML
development. The residual AML cells in the skin after chemo-
therapy can regenerate leukemia after transplantation, indicat-
ing the existence of AML LSCs in the skin. The skin MPCs can
provide metabolic support for AML cells to protect them from
chemotherapy in vitro. We for the first time provide evidence
for the characteristics of skin mesenchymal cell niches and their
roles in AML LSC growth and chemotherapy response, as well as
the impact of Lama4 expression in the niches on the chemo-
protection of AML LSCs. These findings warrant future studies
on the role of skin mesenchymal niches in chemotherapy re-
sponse and relapse of AML patients.

Materials and methods

Mice

Ebf2-Egfp reporter FVB/N mice (RRID:MGI:4421814; Qian et al.,
2013) 8-14 wk old were used. Transgenic Ebf2-Egfp X Ebf2-
CrefRT2 X Rosa26°¥Stop'**P-Tomato mice were generated by
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crossing Ebf2-Egfp with Ebf2-CrefRT2 X Rosa26'°*PStop!o*P-To-
mato mice for lineage tracing. To activate Cre, TAM (Sigma-
Aldrich) was intraperitoneally injected at 3 mg/20 g body
weight three times every second day (Xiao et al., 2018b).
Lama4~/~ C57BL/6 mice were generated as described (Thyboll
et al., 2002). All mice were maintained in specific-pathogen-
free conditions in the animal facility of Karolinska Institute.
Animal procedures were approved by the local ethics com-
mittee (ethical number 15861-2018) at Karolinska Institute
(Stockholm, Sweden).

Generation of MLL-AF9-induced AML mouse model

AML mouse model was induced as previously described (Xiao
et al., 2018b). Briefly, 250,000 MLL-AF9 expressing cells were
intravenously injected into non-irradiated mice to generate the
AML mouse model. For detecting AML infiltration in dorsal skin
tissue, 1 x 10° of MLL-AF9 previously generated in DsRed
C57BL/6] transgenic mice (Hartwell et al., 2013) were intrave-
nously injected into sublethally irradiated (6 Gy) Lama4*/* and
Lama4~/~ mice, as described (Cai et al., 2022). On day 15, the
mice were treated intraperitoneally with Ara-C (Jena Biosci-
ence) at a dose of 100 or 700 mg/kg body weight, daily for five
consecutive days. For non-irradiated mice, the treatment started
on day 20. The mice were sacrificed 1 d after the last injection for
AML engraftment analysis in PB, BM, and dorsal skin by FACS.
The distribution of residual AML cells in dorsal skin was visu-
alized by confocal imaging.

Skin MPC isolation by FACS

Mouse dorsal skin was minced and digested with 0.2% colla-
genase II (CLSII Worthington Biochemicals) in PBS supple-
mented with 20% FBS for 60 min at 37°C. After washing with
PBS/20% FBS followed by PBS, the digested skin tissue was
treated with 0.05% trypsin-EDTA (GIBCO) for 10-15 min at 37°C.
The cell suspension was spun down at 300 g for 10 min. Mon-
onuclear cells were then incubated with FcR (CD16/32) antibody
and stained with CD45, TER119, CD31, CD44, CD140a, and SCA1 for
15 min at 2-8°C. Dead cells were excluded by propidium iodide (PI)
staining. For sorting native skin MPCs, hematopoietic and endo-
thelial populations were firstly excluded (CD45 TER119-CD31")
and Ebf2 gate was then defined based on fluorescence minus one
(FMO) using skin mononuclear cells from a non-transgenic
mouse. Skin Ebf2* and Ebf2- cells were sorted on a FACS Aria
III Sorp (BD Biosciences). See Table S1 for detailed antibody
information.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220953

12 of 21


https://doi.org/10.1084/jem.20220953

A Mitochondrial mass B Cc
& 2000+ Gated within live MSCs
2 —_ )
E 1500 £ ey e cE—— +I-Ara-C
E ’\. g -u 3-4h —_cg 0. 00 |4-6h 0.5 yM 200 _
[ >
8 10004 £ Pre-label MPCs Co-culture with AML cells
'E, 1 with MitoTracker
S o
% 500 = _
= MitoTracker red
E = Skin MPCs unstained
0- = Skin MPCs
BM MSCs skin MPCs = BM MSCs unstained
—— BM MSCs
*kk i
@ —_ -
] o Within live CD45.1+ AML cells s
2 @ 300 * * ° < 3 *
a= A g Monoculture £ —_ )
<§( E —_ ) s \' 8
g 3 822 g
3 3 N = i S <
5 2 T - £ & [}
82 £ A g% N 2
Sh S S 8%, ™~ z
?_ % MitoTracker red E ES
E 5 BM MSCs+NS 2
S BM MSCs+Ara-C 0 T
= —  Skin MPCs+NS \4 »
—  Skin MPCs+Ara-C P A
%cﬁ & ch’ &
KR
d B &
H I J +Ara-
Within live CD45.1+ AML cells = Ara-C
[} 90000 *% 50000 *%
S % 3 Co-culture: — L "
©
% ° E E /\e— +Ara-C % 80000 %40000- '
=
so© = 4 +Ara-C+Colchi =
= g § +Ara-C+Noco :§(‘ 70000 <§( 300004 °
S< 5 1 nontreated 2 60000 H o [
Q£ £ ] = =
= 5 g 2 20000
5 z 50000
° T Ty T
MitoTracker green 40000 10000 T T
&
& x(,& exéo
R 5 \gzc’% §o
. &
& F
K LSK only BM MSCs+LSK SkinMPCs+LSK M
2 3 3
IJEJ 4 9
- . ] ] ] Count AML cells
g o Lama4**/Lama4”  Add MLL-AF9
FE Skin MPCs AML cells +Ara-C/INS
i Rt eI b e ——— S —
" 1 l N
g @ @ © ©@—>  Count CAFCs
5 1 k| ) 1 Day-1 Day0 75 cells/well +Ara-C/NS  Day7
g | £ 1 ] i
S i 1
s T . T Ty Ty
CD45
L 10 AML cells at day 1 O AML CAFCs atday 7
N4
2 137 — 13 x 2 i
= 8 g . — 2 150 —_ 407 p—_——
[} < A 125
5 6 SE A 1i2 A 5 30 A
S : © A%aa
g . E § 1.2 ,: 100 .\ AAA
] o % 7y o ] A
£ 5 241 N 1 A 2(:75 mom T4 20 -t R
= . [ 50
xX @ 1.0 [ A i‘ ] AA 10 —— A
0 = 1.0- me== 2 25 ] LN
Ara-C - -+ - 0.9 0
BMMSCs + - - - Lama4” Lama4" Lamad”* Lamad" Lama4”  Lama4* Lama4™ Lama4*
Skin MPCs - + i - MPCs MPCs MPCs MPCs MPCs MPCs MPCs MPCs
+ LSK +NS +Ara-C +NS +Ara-C

Figure 6. Mitochondrial transfer and Lama4 deficiency in skin MPCs contributed to the chemoprotection of AML cells from Ara-C. (A and B) Increased
mitochondrial mass in skin MPCs compared to that in BM MSCs. (A) MFI of MitoTracker red in BM MSCs and skin PaS MPCs. Each dot represents an individual
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assay in triplicate from three independent experiments. *P < 0.05, determined by paired t test. (B) Representative FACS histograms showing MitoTracker red
staining in the skin MPCs and BM MSCs. (C) Experimental strategy for determining mitochondrial transfer from stromal cells to AML cells in vitro. Skin MPCs
and BM MSCs that were prelabeled with MitoTracker red were cocultured with MLL-AF9* AML cells for 24 h. Ara-C was added 4-6 h after seeding the AML
cells. The stromal cell-derived mitochondria were detected by MFI of MitoTracker in the AML cells at 24 h after coculture by FACS. (D) MFI of MitoTracker
showing increased mitochondrial transfer from skin MPCs to AML cells than that from BM MSCs in the cocultures. Data shown are normalized MitoTracker MFI
in the AML cells based on the values of that in the AML cells cocultured with BM MSCs without Ara-C treatment. Each dot represents mean values of three to
four replicated measurements in each experiment of four. Horizontal bars are median values. *P < 0.05, **P < 0.01, ***P < 0.001, determined by
Kolmogorov-Smirnov test. (E) Representative FACS histograms showing MitoTracker staining in the AML cells 24 h after coculture with the stromal cells. The
MFI from AML cells in the monoculture without the prelabeled MPCs was used as a negative control. (F) Reduced ROS levels in the AML cells cocultured with
skin PaS MPCs compared to that with BM MSCs 24 h after Ara-C treatment. Each dot represents the average value of triplicate assays from each experiment of
three. Horizontal bars are mean values. *P < 0.05, determined by paired t test. (G) The percentage of PI~ live AML cells in the cocultures 24 h after Ara-C
treatment. Each dot represents mean values of three to four replicated measurements in each experiment of four. Horizontal bars are median values. The
statistical differences were determined by unpaired t test, ns, no significant difference, **P < 0.01, ***P < 0.001. (H-J) Impaired protective mitochondrial
transfer from skin MPCs to AML cells in the cocultures after treatment with microtubule inhibitors. (H) MFIs of MitoTracker green in AML cells cocultured with
skin MPCs and treated with colchicine, nocodazole alone, or in combination with Ara-C. The MFls were normalized to the nontreated controls, from four
independent experiments. Each dot represents a single measurement. *P < 0.05, **P < 0.0, determined by unpaired t test. (I) Representative histogram
showing fluorescence intensity of MitoTracker green in the AML cells. (J) The numbers of live AML cells cocultured with skin MPCs after the treatments. **P <
0.01, determined by unpaired t test. (K and L) Little mitochondrial transfer from skin or BM MSCs to normal BM HSPCs 24 h after coculture. The purified LSK
cells were cocultured with MitoTracker green prelabeled skin MPCs for 24 h. The MitoTracker green* LSK cells were analyzed after coculture based on CD45
expression, as shown in the FACS profile (K and L) the percentage of MitoTracker green* LSK cells in cocultures and monoculture. Each dot represents a
replicate measurement. (M) Experimental layout for assessing the impact of Lama4 loss in skin MPCs for AML growth in vitro using a coculture system. The
Lama4*/+ and Lama4~/~ skin MPCs were cocultured with MLL-AF9 AML cells in a 96-well plate. For CAFC assay, Ara-C was added 2 d after seeding of AML cells.
The numbers of total AML cells and CAFCs were counted at 24-28 h and day 7 after seeding AML cells, respectively. (N) Fold changes in the number of the AML
cells in the cocultures with Lama4~/~ skin MPCs in relation to that with Lama4*/* MPCs 24 h after Ara-C or NS treatment. Data were from four independent
experiments and each dot represents the mean of triplicate assays. The horizontal bars represent mean values. *P < 0.05, **P < 0.01, determined by paired
t test. (O) The number of CAFCs derived from AML cells in the cocultures with Lama4*/* and Lama4~/~ skin MPCs treated with NS or Ara-C. Data shown are
triplicate values from two to three independent experiments. The horizontal bars represent mean values. *P < 0.05, **P < 0.01, determined by unpaired t test.

Serial transplantation

To test the leukemia-initiating capacity of the AML cells in-
filtrated in skin tissue, the AML CD45.1* cells were sorted from
skin tissue of the mice that have developed AML after AML cell
injection. The mice were treated with normal saline or Ara-C for
5 d at day 20-21 after AML cell injection. The AML cells in skin
were collected 2-3 d after the last injection, sorted by FACS, and
transplanted into non-irradiated secondary C57BL/6] recipient
mice via tail vein at a dose of 10, 100, 1,000, or 5,000 cells per
mouse. The AML development was monitored by blood analysis
using FACS and Sysmex as well as by assessing the general
health conditions. The survival rate of the mice was estimated
based on the date when the mice were found dead or in mori-
bund status. Bones and blood were collected for determining
AML engraftment.

In vivo lineage tracing

This was performed as previously described (Xiao et al., 2018b).
Dorsal skin from triple transgenic Ebf2-Egfp x Ebf2-CrefRT? x
Rosa26!PStop!oP- Tomato mice (Xiao et al., 2018b) were collected
at 3, 6, and 12 mo after TAM injection. Approximately, 1 x 1 cm of
dorsal skin tissue was fixed and embedded in OCT for whole-
mount immunofluorescence. For evaluating the frequency of
Ebf2* cells and their progeny (Tomato*), 2 x 2 cm of dorsal
skin tissue was processed for skin MPC isolation by FACS (BD
FACS Aria III). For defining the gates for GFP* and Tomato*
cells, cells from bitransgenic or single transgenic mice were
used as FMO controls. After excluding dead cells by PI stain-
ing, the CD45-TER119-CD31" stromal cells were gated. Subse-
quently, the CD44" fractions were divided based on CD140a
and SCA1 expression.

Sandhow et al.
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Skin MPC expansion and proliferation kinetics in vitro

For in vitro expansion, CFU-Fs from FACS-sorted skin Ebf2* and
Ebf2-PaS cells were trypsinized with 0.05% trypsin-EDTA
(GIBCO), collected, and plated to T-25 flasks at 400 cells/cm?.
Cells were then expanded in complete Dulbecco-modified Eagle
Medium (DMEM, 31966; GIBCO) containing 10% FBS, 10 mM
Hepes (1 M), 100 U of penicillin/streptomycin, and 10-* M
2-mercaptoethanol (M7522; Sigma-Aldrich) under hypoxic
condition (1-2% O,) until 80-90% confluence was reached. Pro-
liferation rates of skin Ebf2* and Ebf2-PaS cells were evaluated
by population doubling time (PDT) assays. PDT was calculated by
dividing the number of days for culturing the cells with the
number of population doublings (PDs) using the following for-
mula: PDT = Culture time (days)/PD where PD = log (NH/NTI)/
log,, NH is the harvested cell number, and NI is the initial cell
number.

Dorsal skin wholemount immunofluorescence staining

Dorsal skin specimens were fixed in 4% PFA for 10 min followed
by washing with PBS prior to embedding in OCT-Compound
(4583; Sakura Tissue Tex). For immunofluorescence staining,
150 pm dorsal skin sections were first blocked with skim milk,
fish skin gelatin (G7765; Sigma-Aldrich), and Triton X-100
(T8787; Sigma-Aldrich) for 1 h at room temperature. To visualize
Ebf2* cells in mouse dorsal skin, the sections were incubated
with anti-GFP and additionally stained with either anti-mouse
MECA32, CD31, NG2, NESTIN, or a-SMA antibodies. All stain-
ings were performed at 2-8°C overnight prior to washing with
PBS and stained with secondary antibody. Imaging was per-
formed with confocal microscopy at Live Cell Imaging facility
after the section was mounted in Mountant PermaFlour
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Figure 7. A high level of residual AML cell infiltration in skin tissue of AML-promoting Lama4~/~ mouse model post Ara-C treatment. (A) Experimental
setup. Lama4*/* and Lama4~/~ mice were first injected with DsRed-expressing MLL-AF9 AML cells after sublethal irradiation and treated with NS or Ara-C at day
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15 after injection. PB and BM were collected for FACS and confocal microscopy at 1 d after NS or Ara-C treatment. (B) Representative confocal images showing residual
AML cells in dorsal skin at 1 d after Ara-C treatment. Scale bars are 500 um in the panoramic images and 50 um in the ROl images. (C) Frequency of AML cells in PB and
skin at 1d after Ara-C treatment. (D) Proportion of CD36* and KIT* AML LSCs in skin at 1d after Ara-C treatment. Data were from two to five experiments and each dot in
Cand D represents data from a single mouse. The horizontal bars represent the mean values. n = 5-6 per group. **P < 0.01, ***P < 0.001, determined by unpaired t test.
(E) Experimental layout for assessing homing of the AML cells into Lama4*/* and Lama4~/~ mice 3 h after transplantation. CD45.1* MLL-AF9* AML cells (10 million per
mouse) were transplanted into the mice via tail vein injection without prior irradiation. Dorsal skin, bones, blood of the recipient mice were harvested 3 h after AML cell
transplantation and the homing of the CD45.1* AML cells was examined by FACS based on CD45.1 expression. (F) Representative FACS profiles showing the gatings of
CD45.1* AML cells and CD45.2* host cells. The gate for CD45.1* cells was determined based on the FMO control without CD45.1 staining. (G) The frequencies of the AML
cells in total live cells in the recipient skin and blood. ns, no significant difference, determined by unpaired t test. The horizontal bars represent mean values. Each dot
represents individual recipient mouse, n = 3-4 per group. (H) The frequencies of the AML cells of total live cells in the Lama4*/* and Lama4~/~ recipient skin and BM. ns, no

significant difference, determined by unpaired t test. The horizontal bars represent mean values. Each dot represents an individual recipient mouse.

(TA-030-F19; Thermo Fisher Scientific). See Table S2 for anti-
bodies used for the confocal imaging.

Quantification of the Ebf2* or Ebf2/GFP-Tomato* cells ex-
pressing NESTIN, NG2, or a-SMA was performed with NIS-
element AR-analysis ver 5.20.00 64-bit software (Nikon). From
100-pm sections, 30-40 pm thickness was scanned with a con-
focal microscope to localize Ebf2* and Ebf2* progenies (Ebf2/
GFP-Tomato* cells). Areas where Ebf2* and Ebf2/GFP-Tomato*
cells were distributed were further imaged every 1-1.1 pm depth
to obtain region of interest (ROI). Within ROI, positive expres-
sion of NESTIN, NG2, or a-SMA was defined based on control
sections stained with secondary antibodies only while GFP* sig-
nal was set based on samples from non-GFP reporter mice. Three
to four mice were included for the quantification.

RNA sequencing

Total RNA from freshly sorted skin Ebf2* cells, skin Ebf2- PasS
cells, and BM MSCs were isolated with RNeasy Micro Kit (Qia-
gen) according to the manufacturer’s protocol. cDNA was pre-
pared using SMART-Seq v4 Ultra Low Input RNA Kit for
Sequencing (634898; Takara Bio.). The cDNA quality was ex-
amined on Agilent TapeStation system (RRID:SCR_019547) using
a High Sensitivity D5000 ScreenTape (5067-5592; Agilent). 1 ng
cDNA was used for library preparation using Nextera XT DNA
Library Preparation Kit (FC-131-1024 & FC-131-1096; Illumina).
The yield and quality of the amplified libraries were analyzed
using Qubit by Thermo Fisher Scientific and the Agilent Ta-
pestation System. The indexed cDNA libraries were sequenced
on the Illumina 2000 or Nextseq 550 (Illumina) for a 75-cycle v2
sequencing run generating 75 bp single-end reads. About 7-20
million reads/sample were obtained. Sample quality was as-
sessed using FastQC (v0.11.8) and MultiQC (v1.7). Reads were
aligned to a reference built from Ensembl GRCm38 genome se-
quences using STAR (RRID:SCR_004463, v2.6.1d). All mapped
counts to each gene were further calculated by FeatureCounts
function from Subread package (Liao et al., 2013) installed in R.
Genes with reads per kilobase of transcript per million mapped
reads values more than 0.1 were considered as being actively
transcribed and proceeded to the analysis of differential gene
expression (Mortazavi et al., 2008). The normalized read counts
assigned to each sample were generated by Deseq2 (RRID:
SCR_015687). The differentially expressed genes between the
cell subsets were identified by adjusted P value (Padj < 0.05)
using Benjamini-Hochberg correction for multiple testing, to-
gether with thresholds at log,fold changes >1 (upregulated) or
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<-1 (downregulated). For the Gene Set Enrichment Analysis
(GSEA), the normalized read counts were imported into the
GSEA (v4.0.3) platform from Broad Institute (http://www.
broadinstitute.org/gsea/index.jsp), with three gene sets being
tested, including gene ontology (c5.all.v5.symbols.gmt), hall-
mark (h.all.v5.symbols.gmt), and Kyoto Encyclopedia of Genes
and Genomes (c2.kegg.v5.symbols.gmt). Gene sets tested were
considered to be statistically enriched when the nominal P value
<0.01 and false discovery rate < 0.25.

CAFC assay using primary skin MPCs

This was done as previously described (Cai et al., 2022; van Os
et al., 2008). Briefly, 30,000 skin/BM MPCs were first plated
into a 24-multiwell plate and maintained in complete DMEM
(31966; GIBCO) containing 10% FBS, 10 mM Hepes (1 M), 100 U
of penicillin/streptomycin, and 10-*M 2-mercaptoethanol
(M7522; Sigma-Aldrich) under hypoxic condition (1% O,). 1 d
after, 150-300 MLL-AF9 AML or LSK cells were then added on
the stromal cells in Myelocult (M5300; Stem Cell Technologies)
with 106 M hydrocortisone (07904; Stem Cell Technologies),
1% penicillin/streptomycin, and 1 ng/ml IL-3 (R&D). The co-
cultures were performed at 32°C in 5% CO, for 7-14 d. A CAFC
was defined as a cluster of more than three cells underneath the
MSCs/MPCs. The CAFCs were visualized and scored with an
inverted microscope (CKX41; Olympus) on days 7 and 10. The
cells were thereafter trypsinized and collected for FACS.

Detection of ROS level and mitochondrial transfer
This was done as recently described (Cai et al., 2022). The MSCs/
MPCs or AML cells were harvested and washed with PBS and
incubated with 2 uM of H,-DCFDA (C6827; Thermo Fisher Sci-
entific) in DMEM at 37°C for 40 min to detect ROS level. The cells
were then rinsed twice with PBS and resuspended with 150 pl of
PI (1:1,000) in 5% FBS/PBS. ROS levels were measured by FACS.
For mitochondrial transfer, MSCs or MPCs were stained with
100 nM MitoTracker red or green FM (M22426 or M7514;
Thermo Fisher Scientific) at 37°C for 40 min, according to the
manufacturer’s instructions. The cells were washed twice
with PBS, then incubated for 3-4 h to remove unbound probe
before a final wash. Subsequently, 15,000-25,000 MLL-AF9
AML cells in Myelocult (M5300; StemCell Technologies) were
plated and cocultured with prelabeled MSCs for 24 h. Mito-
chondrial transfer was quantified in AML cells (CD45.1%) by
FACS and analyzed for mean fluorescence intensity of the
MitoTracker red.
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Figure 8. Serial transplantation indicated more residual AML-initiating LSCs in the Lama4~/~ mouse skin after Ara-C treatment. (A) Experimental
setup for determining the residual AML-initiating LSCs in the skin of Lama4*/* and Lama4~/~ mice. The mice were injected with MLL-AF9 AML cells and treated
with NS or Ara-C at day 20 after AML cell injection. The CD45.1* AML cells were sorted from the skin at 3 d after Ara-C treatment and intravenously
transplanted in limiting cell doses (10, 100, 1,000 cells/mouse) into secondary recipients without prior irradiation. The AML onset was monitored by FACS of
AML cells in blood, spleen, and BM. (B) The Kaplan-Meier survival curve of the secondary recipient mice that received skin-derived AML cells sorted from
primary recipients after treatment with Ara-C. The dates were the days when the mice were found dead or moribund. The survival curve was generated by Log-
rank (Mantel-Cox test). n = 5-8 per group. (C) The frequencies of AML-initiating LSCs in the Lama4*/* and Lama4~/~ mouse skin after Ara-C treatment. The
frequency was determined by extreme limiting dilution analysis based on the frequencies of the secondary mice that developed AML (Hu and Smyth, 2009). ns,
no significant difference, determined by Chi square test. (D) The percentage of total AML cells in the skin of the donor Lama4*/* and Lama4~/~ mice. Each dot
represents data from a single mouse. The horizontal bars represent the median values. (E) The percentage of AML-initiating LSCs (left) and CFU-Cs (right)
within total CD45* cells in the skin. The data were calculated based on percentage of AML cells in skin and the frequency (C) of the LSCs and CFU-Cs, re-
spectively. Each dot represents data from a single primary recipient mouse. The horizontal bars represent the mean values. *P < 0.05, determined by unpaired
t test. Data were from two transplantation experiments.

Multilineage differentiation assay

This was done as described (Xiao et al., 2018b). The skin Ebf2*,
EDbf2-, and Ebf2-PasS cells were expanded in culture and plated at
400 cells/cm? to each well of a 24-well plate. For osteogenic
differentiation, cells were cultured with complete osteogenic
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medium mixed with human/mouse StemXVivo osteogenic/adi-
pogenic base medium (CCMOO07; R&D Systems) and mouse
StemXVivo osteogenic supplement (CCMO009; R&D Systems)
under normoxic condition for 14-21 d. Differentiation toward
osteoblast was evaluated by 1% alizarin red S (A5533; Sigma-
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Aldrich) staining after cell fixation with cold methanol. For ad-
ipogenic differentiation, the culture was performed with DMEM
containing 10% FBS, 10 mM Hepes (1 M), 100 U of penicillin/
streptomycin, 104 M 2-mercaptoethanol (M7522; Sigma-Aldrich),
5 pg/ml insulin (I6634; Sigma-Aldrich), 20 uM Indomethacin
(17378; Sigma-Aldrich), 0.0115 mg/ml isobutylmethylxanthine (I-
7018; Sigma-Aldrich), and 106 M dexamethasone (D2915; Sigma-
Aldrich) for 2-3 wk. Cells were first stained with 500 pl of 2 uM of
Bodipy 500/510 (D3823; Invitrogen) for imaging live adipocytes,
then fixed with 10% formalin, and stained with 0.5% Oil Red O
(01391; Sigma-Aldrich). Chondrogenic differentiation was induced
in monolayer culture where cells were cultured at 37°C under
hypoxic conditions (2% O,) with DMEM high glucose containing
10 mM Hepes (1 M), 100 U of penicillin/streptomycin, 104 M 2-
mercaptoethanol (M7522; Sigma-Aldrich), 2 mM pyruvate (P5280;
Sigma-Aldrich), 0.35 mM L-proline (P5607-25G; Sigma-Aldrich),
ITS*3 (1-3146; Sigma-Aldrich), 5 ug/ml L-ascorbic acid 2-phosphate
(A7506; Sigma-Aldrich), 107 M dexamethasone (D2915; Sigma-
Aldrich), and 10 ng/ml TGF-B3 (100-36E; Peprotech). To assess
chondrogenic differentiation, toluidine blue (T3260; Sigma-Aldrich;
pH 2.0-2.5) was used to stain proteoglycan. Images were then taken
under an inverted microscope (CKX41; Olympus).

In vitro chondrogenic induction in micromass pellet

After in vitro expansion, 2.5 x 10° of BM MSCs or skin Ebf2* or
skin Ebf2-PaS MPCs were collected in a 15-ml tube and spun
down at 300 g for 7 min. After removal of supernatant, 500 uM
of chondrogenic medium consisting of DMEM high glucose with
10 mM Hepes, 100 U of penicillin/streptomycin, 10* M 2-
Mercaptoethanol (M7522; Sigma-Aldrich), 2 mM pyruvate
(P5280; Sigma-Aldrich), 0.35 mM L-proline (P5607-25G; Sigma-
Aldrich), ITS*3 (I-3146; Sigma-Aldrich), 5 pg/ml L-ascorbic acid
2-phosphate (A7506; Sigma-Aldrich), 107 M dexamethasone
(D2915; Sigma-Aldrich), and 10 ng/ml TGF-3 (100-36E; Pepro-
tech) were added. The chondrogenic induction was performed at
37°C under hypoxic conditions (2% O,). Every 2-3 d, the medium
was replaced until day 28. For evaluating the chondrogenic in-
duction, the micromass pellets were washed with PBS prior to
being fixed in 4% PFA for 2 d. After dehydration with 70% eth-
anol, the pellets were stained with toluidine blue (T3260; Sigma-
Aldrich) at pH 2.0-2.5 for 15-30 min. Thereafter, the stained
pellets were washed with 70% ethanol and embedded in OCT-
compound (4583; Sakura Tissue Tex). To visualize the formation
of proteoglycan, the embedded pellet was cut to 10 pm, mounted,
and observed by an inverted microscope (Axio Observer.Zl;
Zeis). Images were processed with Zen software (GmbH 2011;
Carl Zeiss Microscopy).

LSKCD150* cell isolation

The LSKCD150* HSCs were isolated from femurs and tibias of
young adult mice, as described (Xiao et al., 2018a). See Table S1
for antibody detail information.

Coculture of skin MPCs with LSKCD150* cells and CFU-C assay

25,000 expanded Ebf2* or Ebf2-PaS MPCs from skin and BM at
passages 4-13 were plated into each well of a 12-well plate and
maintained in complete DMEM (31966; GIBCO) containing 10%

Sandhow et al.

Extramedullary mesenchymal cell niche in AML

FBS, 10 mM Hepes (1 M), 100 U of penicillin/streptomycin, and
10~* M 2-mercaptoethanol (M7522; Sigma-Aldrich) under hy-
poxic conditions (2% O,) for 24 h prior to coculture. The co-
cultures were started by plating 2,000 sorted LSKCD150* to each
well in Myelocult medium (M5300; Stem Cell Technologies)
supplemented with 106 M hydrocortisone (74142; Stem Cell
Technologies) and 1% penicillin/streptomycin. After a 3-d co-
culture in 5% CO, at 37°C, the medium containing hematopoietic
cells and trypsinized cells were collected for FACS analysis and
CFU-C assay in methylcellulose M3434 (Stem Cell Technologies).
After 10 d of culture at 37°C in 5% CO,, the CFU-Cs were stained
with 2,7-diaminofluorene and scored with an inverted micro-
scope (CKX41; Olympus). A cell cluster with a minimum of 50
cells is defined as one colony. Colonies with 2,7-diaminofluorene
staining were defined as erythrocytes-containing colonies in-
cluding CFU-granulocyte-macrophage-erythrocyte (GME) and
burst-forming unit erythrocyte, as performed (McGuckin et al.,
2003; Xiao et al., 2018a).

Quantitative RT-PCR (qPCR)

BM and skin Ebf2* and Ebf2" PaS MPCs were freshly sorted into
RLT buffer (Qiagen) + 2-Mercaptoethanol and stored at -80°C.
RNA extraction was performed with RNeasy Micro Kit (Qiagen)
by following the manufacturer’s protocol. To synthesize cDNA,
RNA was reverse transcribed using SuperScript IV (Invitrogen)
and random primer (Invitrogen). qPCR was performed with
Biorad C1000 after mixing cDNA with 2x Tagman universal PCR
master mix, RNase-free H,0, and 20xTaqMan primer-probe mix
(Invitrogen). See Table S3 for information of Assays-on-Demand
probes.

Statistical analysis

Unless mentioned, either unpaired t test or Mann-Whitney test
was used to determine the difference between the groups or cell
subsets. All statistical tests were performed with GraphPad
Prism 8 software (RRID: SCR_002798), with P < 0.05 considered
statistically significant.

Online supplemental material

Fig. S1 shows AML cell distribution, absolute numbers in skin,
BM, spleen, and blood from AML mice under steady state and
after chemotherapy. Fig. S2 illustrates in vitro expansion and
differentiation of the Skin Ebf2* and Ebf2-PasS cell subsets. Fig.
S3 provides additional evidence for the perivascular location and
expression of a-SMA and NG2 of skin Ebf2* cells. Fig. S4 shows
additional data from lineage-tracing studies suggesting that skin
Ebf2* cells generated Ebf2- cells while maintaining themselves
in vivo. Fig. S5 shows the data from in vitro coculture experi-
ments indicating that skin MPCs have a similar hematopoiesis-
supportive function to BM MSCs. Table Sl is a list of antibodies
used for flow cytometry. Table S2 is a list of antibodies used for
fluorescence staining. Table S3 is a list of probes used for qPCR.

Data availability

The RNA sequencing data in Fig. 5 are available at GEO under
accession number GSE167562. All other data are available in the
article or upon reasonable request to the corresponding author.
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Figure S1. AML cell distribution in skin, BM, spleen, and blood from AML mice under steady state and after chemotherapy. Data were from two
independent experiments and each dot represents a single mouse with AML. The mice were treated with cytarabine (Ara-C) at day 20 after AML trans-
plantation for 5 d and the AML engraftment was analyzed at 3 d after the treatment. (A) Hematoxylin and eosin staining of skin derived from a healthy and AML
mouse. Scale bars are 50 um. (B) No significant correlation between AML engraftment in blood and that in the skin (left) or time to AML symptomatic onset
(right). No significant difference (ns) was determined by Spearman correlation. (C) Total cellularity in the skin of mice with AML and healthy controls (Ctrl).
Each dot represents data from one mouse. ns, no significant difference was determined by unpaired t test. (D) The absolute numbers of AML cells in blood,
skin, BM, and spleen. (E) The frequency of CFU-Cs derived from the AML cells in BM, skin, and spleen of nontreated (left) and Ara-C-treated (right) mice. The
frequencies were calculated based on the frequencies of CFU-Cs within the sorted AML cells and the percent AML cells in each tissue. Each dot represents data
from one mouse. *P < 0.05, **P < 0.01, ***P < 0.0001, determined by unpaired t test (B, D, left) and paired t test (D, right).
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Figure S2. In vitro expansion and differentiation of the skin Ebf2* and Ebf2- PaS cell subsets. (A) Images of CFU-Fs derived from the Ebf2* and Ebf2- cell
subsets. Scale bars are 500 pm. (B) PDT of the skin CD45-TER119-CD31-Ebf2* and Ebf2- stromal cells in culture. PDT was calculated based on culture time
(CT)/cell doubling (CD) where CD = log (NH/NI)/log 2, NH is harvested cell number, and NI is the initial cell number. (C) Representative images of osteogenic,
adipogenic, and chondrogenic differentiation of the skin Ebf2* and Ebf2-Pa$S cells. Scale bars are 500 pum (osteogenic), 100 um (adipogenic), and 20 um
(chondrogenic). (D) Bodipy 500/510 and oil red O staining of differentiated adipocytes from single skin Ebf2* and Ebf2-PaS cells-derived CFU-F clones 21 d
after the induction. Green and red represent adipocytes stained with bodipy 500/510 and oil red O, respectively. Scale bars are 100 um. (E) Representative
images of toluidine blue staining on micromass pellet after chondrogenic induction in vitro. The chondrogenic differentiation in a micromass pellet culture was
performed on culture expanded BM MSCs and skin Ebf2* and Ebf2- cell subsets. Scale bars are 20 um. Related to Fig. 2.
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Figure S3. Skin Ebf2* cells are perivascular cells. (A) Frequencies of Ebf2* cells expressing CD31. Data are from five sorting experiments. Each dot
represents one skin sample from one mouse. (B) Representative FACS plots showing analysis of CD140b expression in the skin Ebf2* and Ebf2-PasS cells.
(C) Perivascular localization of Ebf27/GFP* cells. The vessels were identified by MECA32 staining in mouse dorsal skin tissue. The arrowheads indicate
Ebf2/GFP* perivascular cells. Scale bars are 20 um. (D and E) Representative images showing localization of Ebf2*/GFP* cells in relation to expression of
NG2 (D) and a-SMA (E) in skin. Red arrow indicates a Ebf2* cell without a-SMA expression. Scale bars in are 100 pum (D), 50 um (E, left), and 10 um
(enlarged images in E). (F) Quantification of Ebf2*/GFP* cells expressing a-SMA and NG2. Data were from three mice. Related to Fig. 3.
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Figure S4. Skin Ebf2* cells generated Ebf2- cells in vivo. (A) Representative FACS plot showing the gating of Ebf2/GFP*Tomato™ and Ebf2/GFP*Tomato*
cells within skin stromal cells (CD45-TER119-CD31-) at 3 mo after the last TAM injection. Non-transgenic mice were used as controls for background signals of
GFP and tomato in samples from Tg Ebf2-Egfp x CrefR72x tomato mice. (B) The proportion of the Ebf2*Tomato* cells within total Ebf2* cells at 3 mo after TAM
injection. Each dot represents data from one mouse. Data are from three independent experiments and the horizontal bar represents mean. (C) One rep-
resentative FACS profile showing the Tomato* cell subsets within total CD140a*SCA1* (PaS) cells at 3 mo after TAM injection. (D and E) Proportion of
Ebf2*Tomato* (D) and Ebf2-Tomato* cells (E) within total PaS MPCs. ns, no significant difference by unpaired t test in D. **P < 0.0, by unpaired Mann-
Whitney test (E). (F-H) Localization of the Tomato* cells in relation to NG2 (F), NESTIN (G), and a-SMA expression (H) at 3 mo after TAM injection. The
panorama image was presented as maximum intensity projection and a magnified area was shown as single Z-stack image. Scale bars are 50 um (F-H left) and
10 um (enlarged images in H). (1) The fractions of Tomato* cells expressing NG2, NESTIN, and a-SMA at 3 mo after TAM injection. Related to Fig. 3.
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Figure S5. Skin Ebf2* and Ebf2-PaS MPCs exhibit similar hematopoiesis supportive function to BM MSCs. (A) The experimental layout. LSKCD150*
(HSCs) were used for the cocultures with skin MPCs and BM MSC subsets. The cells were analyzed phenotypically at 3 d after the coculture. (B) Phenotypical
analysis of LSKCD150* HSCs after 3-d coculture with either skin Ebf2* (circle) or Ebf2-PaS (square) MPCs or BM MSCs. (C) CFU-Cs from LSKCD150* HSCs
after being cultured with skin or BM MSCs for 3 d. CFU-granulocyte-macrophage (GM) and CFU-GME were scored at day 10. The CFU-Cs from fresh
sorted LSKCD150* HSCs were presented as condition controls. ns, no significant difference by unpaired t test. (D) The experimental setup for CAFC
assay. (E) Representative images of the CAFCs from the LSK cells cocultured with the MSCs. Scale bars are 100 um. (F) The numbers of CAFCs after
7-14 d of coculture. Data are presented as mean + SEM from three to five independent experiments. Each dot represents mean of replicate measurements in each
experiment and the horizontal bars represent median values. *P < 0.05, determined by unpaired t test was used for statistical analysis. Related to Fig. 4.
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Provided online are three tables. Table S1 is a list of antibodies used for flow cytometry. Table S2 is a list of antibodies used for
fluorescence staining. Table S3 is a list of probes used for qPCR.
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