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SUMMARY
Transforming growth factor b (TGF-b) family ligands are key regulators of dendritic cell (DC) differentiation
and activation. Epidermal Langerhans cells (LCs) require TGF-b family signaling for their differentiation,
and canonical TGF-b1 signaling secures a non-activated LC state. LCs reportedly control skin inflammation
and are replenished from peripheral blood monocytes, which also give rise to pro-inflammatory monocyte-
derived DCs (moDCs). By studying mechanisms in inflammation, we previously screened LCs versus moDCs
for differentially expressed microRNAs (miRNAs). This revealed that miR-424/503 is the most strongly
inversely regulated (moDCs > LCs). We here demonstrate that miR-424/503 is induced during moDC differ-
entiation and promotes moDC differentiation in human and mouse. Inversely, forced repression of miR-424
during moDC differentiation facilitates TGF-b1-dependent LC differentiation. Mechanistically, miR-424/503
deficiency in monocyte/DC precursors leads to the induction of TGF-b1 response genes critical for LC differ-
entiation. Therefore, the miR-424/503 gene cluster plays a decisive role in anti-inflammatory LC versus pro-
inflammatory moDC differentiation from monocytes.
INTRODUCTION

Whereas most known dendritic cell (DC) subsets populate tis-

sues in the steady state, monocyte-derived DCs (moDCs) are

predominantly associated with inflammatory lesions, such as

psoriatic cutaneous manifestations (Tang-Huau and Segura,

2019). Human moDCs can be generated in vitro frommonocytes

in response to granulocyte-macrophage colony-stimulating fac-

tor (GM-CSF) plus interleukin-4 (IL-4) (Sallusto and Lanzavec-

chia, 1994) and are phenotypically similar tomoDCs in inflamma-

tory skin lesions in psoriasis and atopic dermatitis patients

(Rescigno and Di Sabatino, 2009; Rimoldi et al., 2005; Wollen-

berg et al., 2002). Another skin-associated DC subset, i.e.,

epidermal Langerhans cells (LCs), is known to counteract and

limit skin inflammation in chronic psoriatic lesions (Glitzner

et al., 2014). LCs form dense cellular networks in basal/supra-

basal epithelial layers that are established prenatally from em-

bryonic and fetal precursors and can also be replenished from

circulating monocytes in response to injury and inflammation

(Honda et al., 2019). Therefore, monocytes can give rise to two
This is an open access article under the CC BY-N
DC subsets with contrasting functions in skin inflammation,

i.e., anti-inflammatory LCs versus pro-inflammatory moDCs.

However, little is still known about the intracellular mechanism

underlying LC versus moDC differentiation from monocytes.

Monocyte committed progenitor cells (moPs) originate from

shared progenitor cells with conventional DCs and plasmacytoid

DCs (Nutt and Chopin, 2020). Further differentiation of moPs into

monocytes/macrophages is induced by the master transcription

factor Kruppel-like factor KLF4 (Feinberg et al., 2007; Naik et al.,

2007). Sublineage commitment of monocytes into moDCs oc-

curs at the expense ofmacrophage differentiation and is induced

by the transcription factors AhR and IRF4 whereas being

repressed by MafB (Goudot et al., 2017; Nutt and Chopin,

2020). Conversely, monocyte-to-LC differentiation depends on

the induction of the master positive regulator of LCs, RUNX3

(Fainaru et al., 2004), which is transcriptionally induced by

PU.1 (Chopin et al., 2013), and requires transforming growth fac-

tor b1 (TGF-b1) signaling in precursors undergoing LC differenti-

ation in vitro (Jurkin et al., 2017). RUNX3 gene expression is

negatively regulated by KLF4, which in turn is repressed by
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Notch signaling, thus enabling LC differentiation from mono-

cytes in vitro (Jurkin et al., 2017). Despite this current knowledge

on transcription factors controlling moDC versus LC differentia-

tion, how extracellular signal input in monocytes is relayed to

induce downstream transcriptional programs leading to LC

versus moDC fate decisions still remained poorly understood.

Given that LCs versus other DCs are differentially affected by

deletion of Dicer, the key enzyme in microRNA (miRNA) process-

ing (Kuipers et al., 2010), we rationalized that miRNAs might

represent switch factors involved in binary LC versus moDC

fate decisions of monocytes. Thus, we previously searched for

miRNAs inversely expressed by LCs versus moDCs generated

in vitro from human monocytic cells (Jurkin et al., 2010; Lim

et al., 2020). Among several differentially expressed miRNAs,

themiR-424/503 gene cluster stood out as themost differentially

expressed miRNA (Jurkin et al., 2010). Interestingly, miR-424

was shown to promote monocyte/macrophage differentiation

in human HL-60 cells (Kasashima et al., 2004) and CD34+ he-

matopoietic progenitor cells (Rosa et al., 2007). However, a po-

tential role of miR-424 in LC versus moDC subset differentiation

remained unexplored and its in vivo role in myelopoiesis has not

been addressed thus far.

Using human and murine models, we here show that the miR-

424(322)/503 gene cluster is induced during moDC differentia-

tion from monocytes and its upregulation is required for inflam-

mation-linked moDC differentiation. In contrast, miR-424/503

knockdown in vitro facilitated TGF-b1-dependent LC differentia-

tion at the expense of moDC differentiation.

RESULTS

miR-424/503 is induced during moDC and repressed
during LC differentiation of monocytic cells
A previously performed screen revealed that miR-424 is 6 times

more highly expressed in moDCs than in LCs generated in vitro

(Jurkin et al., 2010). miR-424 is expressed as a gene cluster

with miR-503 from a locus located in the X chromosome (Forrest

et al., 2010). miR-424 and miR-503 belong to the same miRNA

family, and share seed sequence and target profile (Forrest

et al., 2010). Interestingly, it has been reported that miR-503

has a much lower expression level (�100 times) than miR-424

(Llobet-Navas et al., 2014a). Expectedly, miR-503 showed the

same pattern of expression as miR-424 and its expression was

3 times higher in moDCs than in LCs; however, its expression

compared to miR-424 was very low (Figure S1A). Because of

the low expression of miR-503, together with previous findings

showing that miR-424 plays a non-redundant functional role in

human monocyte/macrophage differentiation (Kasashima

et al., 2004; Rosa et al., 2007), we decided to focus on miR-

424 in subsequent experiments.

To study the role of miR-424 in DC subset specification, we

employed a previously described in vitro differentiation model

(Jurkin et al., 2010). Briefly, a combination of cytokines induces

the pre-generation of monocytic precursor cells from human

CD34+ hematopoietic progenitor cells, which then can be

induced to differentiate into CD1a+CD207+ LCs in response to

GM-CSF and tumor necrosis factor a (TNF-a) plus TGF-b1 or

into CD1a+CD11b+CD209+ moDCs in response to GM-CSF
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plus IL-4 (Figure 1A). Importantly, the omission of TGF-b1 from

the LC generation cultures (‘‘LC mix’’) leads to abrogation of

LC differentiation, in favor of CD11b+ cells, the latter exhibiting

similarities with interstitial/dermal DCs (Platzer et al., 2004).

Moreover, IL-4 represses LC characteristics when added to

TGF-b1-dependent LC generation cultures (Caux et al., 1999;

Göbel et al., 2009).

The comparison of miR-424-5p and -3p expression levels in

different myeloid cell types showed that freshly isolated CD14+

blood monocytes, CD34+ cells, and peripheral blood neutro-

phils express very low levels of miR-424, and miR-424 levels

remain low during GM-CSF-induced monocyte-derived macro-

phage (moMac) generation (Figure 1B). In contrast, miR-424

expression is strongly increased during moDC differentiation,

irrespective of whether GM-CSF/IL-4-dependent moDCs are

generated from monocytes or from CD34+ cells (Figure 1B).

In-vitro-generated moPs (schematically shown in Figure 1A) ex-

hibited inverse regulation of miR-424 expression upon their dif-

ferentiation into LCs versus moDCs (Figure 1B), consistent with

our previous data (Jurkin et al., 2010). Omission of TGF-b1 from

day 7 LC generation cultures (i.e., containing GM-CSF and

TNF-a but no exogenous TGF-b1) resulted in elevated miR-

424 expression levels (Figure 1C), indicating that TGF-b1 re-

presses miR-424 during LC differentiation. Inversely, miR-424

expression levels gradually increased in response to IL-4 co-

stimulation within 48 h during moDC differentiation from

moPs (Figure 1D, left); similarly, IL-4 promoted miR-424 upre-

gulation during moDC differentiation from peripheral blood

monocytes (Figures 1D, right and S1B). Thus, miR-424 is

induced during moDC differentiation, and IL-4 promotes miR-

424 induction during moDC differentiation.

miR-424 is required for human moDC but not LC
differentiation
We next studied whether miR-424 is required for moDC versus

LC differentiation. Lentiviral-vector-mediated silencing revealed

50%–70% decreases in miR-424 levels (Figure S1C). Trans-

duced GFP+ cells were analyzed for marker combinations spe-

cific for moDCs (CD1a+CD11b+CD209+) or LCs (CD1a+CD207+)

on day 4 of differentiation from moPs. Whereas miR-424 knock-

down resulted in diminished frequencies of moDCs relative to

parallel cultures of control transduced cells (Figure 1E, upper),

TGF-b1-dependent LC differentiation remained unimpaired;

instead, on average, slightly higher percentages of LCs were

observed in response to miR-424 knockdown (Figure 1E, lower).

To see whether the kinetics of differentiation is simply delayed,

we analyzed cells at a later time point (day 7). As can be seen

in Figure S1D, the phenotype of the cells remained stable even

at day 7. Furthermore, we activated moDCs and LCs with

Toll-like receptor (TLR) agonists lipopolysaccharide (LPS) or

peptidoglycan (PGN) and analyzed DC activation markers

CD80, CD83, and CD86 (Figures S1E and S1F). No significant

difference in these markers by LCs and moDCs was observed

in response to miR-424 knockdown. Taken together, miR-424

is induced during moDC differentiation and promotes moDC dif-

ferentiation. Inversely, endogenous miR-424 is repressed during

LC differentiation and miR-424 knockdown failed to impair LC

differentiation.



Figure 1. miR-424 is required for moDC but not LC differentiation from human CD34+ hematopoietic progenitor cells in vitro

(A) A schematic representation of moDC and LC differentiation from CD34+ cells in vitro is shown.

(B) Relative expression of miR-424-5p and miR-424-3p in different human myeloid cell types measured by quantitative TaqMan PCR (n = 3–5, ±SEM).

(C) Representative flow cytometry analysis of CD34+ cells differentiated for 7 days into LCs in cytokine cocktail with andwithout TGF-b1. The graph shows relative

expression of miR-424 in ±TGF-b1 LCs on day 7 after differentiation from CD34+ progenitors (n = 3, ±SEM).

(D) The graph shows relative miR-424 expression in ±IL-4 moDCs generated frommoPs (n = 6, ±SEM) in the left panel and from CD14+ monocytes (n = 3, ±SEM)

in the right panel. Data were analyzed using paired 2-tailed Student’s t test, *p < 0.05.

(E) Lineage marker profile of gated GFP+CD1a+ miR-424 knockdown, induced into moDC or LC differentiation under lineage-specific conditions on day 4 of

differentiation. Data represent the mean ± SEM of 3–6 donors, 2-tailed Student’s t test, ***p < 0.001.

See also Figure S1.
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miR-424(322)/503 is required for moDC differentiation
in vivo

To investigate the role of miR-424/503 in moDC differentiation

in a tractable in vivo model, we turned our studies to a miR-

knockout (miR-KO) mouse model. For this, we used the

miR-424(322)/503 model. miR-322 is the murine ortholog of

human miR-424 (Llobet-Navas et al., 2014b). First, we

induced psoriasis-like inflammation in miR-KO versus wild-

type (WT) mice by topical application of the TLR7 agonist imi-

quimod (IMQ) during 6 consecutive days. Then, we analyzed

the frequencies of Ly6CintMHCIIhigh (T3) and Ly6ClowMHCIIhigh

(T4) moDCs in the skin of IMQ-treated miR-KO mice versus

WT mice (Figure 2A). Expectedly, WT mice showed a substan-
tial increase in frequencies of moDCs (Figure 2B). Consistent

with our human in vitro findings, we observed that moDC sub-

sets were diminished in the dermis of miR-KO relative to WT

mice upon inflammation. Conversely, there was no detectable

difference in the numbers of moDCs in the steady state (Fig-

ure 2B). In addition to exhibiting lower frequencies of moDCs,

miR-KO mice also exhibited reduced frequencies of macro-

phages (T1) in the inflamed dermis. Gated T1 macrophages

were heterogeneous in terms of MerTK expression. However,

percentages of MerTKhigh versus MerTKlow cells did not signif-

icantly differ between WT and miR-KO mice (data not shown).

Frequencies of CD103+ cDCs, CD11b+ cDCs, and Ly6Chigh

monocytes (T2) remained equivalent in miR-KO mice versus
Cell Reports 35, 109049, April 27, 2021 3



Figure 2. miR-424(322) is required for moDC differentiation in vivo

(A) Gating strategy for cell subset identification in the dermis of mouse ears on day 7 of the experiment: macrophages (T1), monocytes (T2), Ly6C2+ moDCs (T3),

and Ly6C+ moDCs (T4). A schematic overview of IMQ-induced psoriasis-like skin inflammation in mice is shown.

(legend continued on next page)
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WT controls (Figure 2C). Overall, these results indicate that

miR-424(322)/503 promotes murine moDC (T3+T4) differentia-

tion. moDCs are known as the principal contributors to skin

inflammation, and DC depletion prevents IMQ-induced skin

inflammation (Singh et al., 2016). Consistently, IMQ-treated

miR-KO mice displayed significantly attenuated ear swelling

relative to WT mice, confirmed by microscopical measure-

ments of the epidermis at day 7 (Figure 2D). In line with

changes in local inflammation, there was no difference in

body weight loss between the groups (Figure 2E). In conclu-

sion, miR-KO mice displayed decreased frequencies of

moDCs associated with diminished psoriatic-like skin inflam-

mation relative to WT mice.
miR-424(322)/503-deficient mice exhibit elevated
numbers of CD86-negative LCs
Immunohistology of epidermal sheets prepared from untreated

mice revealed an undisturbed network of LCs, with on average

slightly increased frequencies of CD207+ LCs in miR-KO mice

relative to WT control (Figure S2A); however, these differences

were not statistically significant. Fluorescence-activated cell

sorting (FACS) analysis of mouse epidermal sheets revealed

that LCs from miR-KO mice exhibit reduced percentages of

CD86+ cells compared to WT mice in steady state and after

IMQ treatment (Figure S2B), indicative of a less activated LC

phenotype (Bobr et al., 2012). Upon activation, LCs emigrate

from the epidermis to the skin-draining lymph nodes. Fre-

quencies of LCs among CD45+ cells in draining lymph nodes be-

tween IMQ-treated miR-KO and WT mice were not statistically

significant (p = 0.3194; Figure S2C).
moDC precursors in the bone marrow are present at
equivalent frequencies in WT and miR-424(322)/503-
deficient mice
We reasoned that the diminished frequencies of moDCs

observed in vivo in IMQ-treated miR-424(322)/503-deficient

mice might be mediated by defects in their bone marrow (BM)

precursors. To evaluate this possibility, we phenotypically

analyzed freshly isolated BM cells of WT versus miR-KO mice

to identify precursors of moDCs (lin�CD115+Ly6C+FLT3+

CD11c�; i.e., R2 cells; Figure S3A) (Menezes et al., 2016). Murine

Ly6C+ monocytes comprise a heterogeneous population and

give rise to iNOS+ macrophages (R1), inflammatory moDCs

upon GM-CSF exposure (R2), or FLT3-dependent DCs (R3) (Me-

nezes et al., 2016). WT and miR-KO mice exhibited equivalent

frequencies of R1, R2, and R3 cells (Figure S3A). Therefore, pre-

viously described BMprecursors ofmoDCs are present at equiv-

alent frequencies in miR-KO versus WT mice.
(B) The graph represents the percentage of phenotypically defined moDC subs

experiment (n = 6, ±SEM, one-way ANOVA, *p < 0.05, **p < 0.01).

(C) The graph represents the percentage of phenotypically defined macrophag

quantified by flow cytometry on day 7 (n = 6–10, ±SEM, one-way ANOVA, *p < 0

(D) Ear swelling of both mouse ears in WT and miR-424-KOmice measured on the

****p < 0.0001). Epidermal thickness of each mouse measured by hematoxylin and

way ANOVA, **p < 0.01, ****p < 0.0001). Each dot represents a mean of 4 or 5 m

(E) Body weight in WT and miR-424-KO mice on the indicated days (n = 6–8 mic

See also Figure S2.
Altered gene expression profile in GM-CSF-stimulated
miR-424(322)/503�/� versus WT BM cells
GM-CSF-stimulated bulk cultures of murine BM cells give rise to

several (sub)lineages of monocyte/macrophage and DC subsets

(Helft et al., 2015). Monitoring of miR-424(322) expression levels

revealed a transient upregulation of miR-424(322), peaking at

48 h after GM-CSF stimulation (Figure 3A). We rationalized that

GM-CSF-induced BM cultures are optimally suited to identify

genes up- or downregulated in response to miR-424(322)/503

deficiency in macrophage/DC precursors. First, we studied

whether miR-424(322)/503 is required for GM-CSF-dependent

DC differentiation. Indeed, phenotypic analysis of day 7 gener-

ated cells from miR-KO versus WT mice revealed diminished

generation of MHCII+Ly6C+CD11c+CD11b+ BMDCs in miR-KO

mice (Figure 3B). We next performed RNA sequencing (RNA-

seq) to identify genes differentially expressed by WT versus

miR-KO BM cells early in response to GM-CSF stimulation.

Expectedly, unstimulated BM cells from WT versus miR-KO

mice on day 0 exhibited only minor differences in gene expres-

sion (Figure 3C). After 48 h of GM-CSF stimulation, 418 genes

were significantly up- or downregulated in theWT condition (Fig-

ure 3D). Then, we determined those genes among GM-CSF

response genes that are differentially expressed by WT versus

miR-KO cells at 48 h (Figure 3E). Most of these genes were sub-

stantially upregulated in response to GM-CSF stimulation, with

portions of these being more strongly or weakly expressed in

miR-424(322)/503-deficient cultures relative toWT control. Addi-

tionally, 19 genes were downregulated, with some being more

strongly downregulated in WT (e.g., TINAGL-1, SH3FC2); others

were more strongly downregulated in miR-KO cells (e.g., DNTT).

Therefore, miR-424(322)/503 deficiency in 48-h GM-CSF-stimu-

lated BM cells results in altered expression of several GM-CSF

response genes.

Induction of TGF-b1 genes in GM-CSF-stimulated miR-
KO BM cells
TGF-b1 induces LC differentiation from monocytic cells at the

expense of macrophage and moDC differentiation in vitro

(Geissmann et al., 1998; Strobl et al., 1996, 2019). Because we

observed impairment of moDCs and macrophages, but not of

LCs, in IMQ-treated miR-KO mice (Figures 2B, 2C, and S2), we

next asked whether TGF-b1 response genes are induced in

GM-CSF-stimulated miR-KO BM cells. We identified 1,395

differentially expressed genes (day 2, GM-CSF-stimulated WT

versus miR-KO BM cells) (Figure 3F), among them 47 differen-

tially expressed transcription factors (Figure 3G). Next, we

crossed the miR-424(322)/503 predicted targets from TargetS-

can (Lewis et al., 2005) with miR-424(322)-KO upregulated

genes in our BM RNA-seq data (Figure 3H). 19 genes were
ets T3 and T4 in mouse dermis quantified by flow cytometry on day 7 of the

es (T1), CD103+ cDCs, CD11b+ cDCs, and monocytes (T2) in mouse dermis

.05, **p < 0.01, ****p < 0.0001).

indicated days (n = 6–8 mice per group, ±SEM, two-way ANOVA, ***p < 0.001,

eosin (H&E) staining on experimental day 7 (n = 4 mice per group, ±SEM, one-

easurements. Right: representative H&E staining picture of the mouse ear.

e per group, ±SEM).

Cell Reports 35, 109049, April 27, 2021 5



Figure 3. miR-424(322) promotes ex vivo BMDC differentiation

(A) miR-424(322) endogenous levels in BMDC cultures over time.

(B) Flow cytometry analysis of CD11c, Ly6C, and CD11b expression on CD45+MHCII+ cells. The graph shows the percentage of BMDCs in GM-CSF BM cultures

(n = 4 mice per group, ±SEM, 2-tailed Student’s t test, **p < 0.01).

(C) Volcano plot representation of differential expression analysis of genes in unstimulated BM cells from WT versus miR-KO mice (day 0).

(D) Volcano plot representation of differential expression analysis of genes in BM cells from WT mice on day 0 versus day 2 of GM-CSF stimulation.

(E) The graph shows differential gene expression between WT and miR-424(322)/503-KO cells at days 0 and 2.

(F) Volcano plot representation of differential expression analysis of genes in BM cells from WT versus miR-KO mice on day 2.

(G) Volcano plot representation of differential expression of transcription factors in BM cells from WT versus miR-KO mice on day 2.

(H) The Venn diagram shows the number of putative miR-424(322) targets using the TargetScan database (Table S3).

See also Figure S3 and Table S1.
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Figure 4. Loss of miR-424 facilitates LC at the expense of moDC differentiation

(A) Gene set enrichment analysis (GSEA) performed on comparisons of TGF-b and miR-424(322)/503-KO signature genes.

(B) Gene expression data of TGF-b signature genes at different time points of LC differentiation overlappedwith genes upregulated inmiR-424(322)/503-KOmice.

(C) Lineage marker profile of human in-vitro-generated LCs, according to Figure 1A. The graph shows the effect of IL-4 addition to LC cytokines.

(D) Lineage marker profile of human gated GFP+ miR-424 knockdown versus control (CTRL) cells. In-vitro-generated moPs (Figure 1A) were first stimulated with

GM-CSF plus IL-4, followed by LC cytokine mix to generate LCs. Data represent the mean ± SEM of 7 donors, 2-tailed Student’s t test, **p < 0.01.

See also Table S2.
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identified as putative targets of miR-424(322)/503 in BMDCs

(padj < 0.05) (Table S1).

Loss of miR-424/503 facilitates TGF-b1-dependent LC
at the expense of moDC differentiation
Because we previously identified genes induced (at 6 and 24 h)

by TGF-b1 during LC commitment from monocyte committed

progeny of purified human CD34+CD45RAhiCD19� progenitors
(Jurkin et al., 2017), we asked whether these genes are included

in the upregulated genes in miR-KO BM cultures. Gene set

enrichment analysis (GSEA) revealed that this is indeed the

case (Figure 4A). Specifically, 33 genes among the previously

identified TGF-b1 LC response genes were identified to be

significantly induced in miR-KO versus WT cells (Figure 4B),

among them transcriptional regulators previously shown to be

essential for LC commitment, i.e., RUNX3 (Fainaru et al., 2004),
Cell Reports 35, 109049, April 27, 2021 7
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ID2 (Hacker et al., 2003), and TGF-b1 (Kaplan et al., 2007) as well

as the surface molecule CDH1/E-cadherin, functionally impli-

cated in LC differentiation (Mayumi et al., 2013; Riedl et al.,

2000) (Table S2). Therefore, loss of miR-424(322) in GM-CSF-

stimulated BM cells leads to the induction of genes previously

shown to be essential for LC commitment and differentiation.

To validate the above findings, we next studied whether miR-

424 knockdown in human monocytic cells indeed results in

augmented TGF-b1-dependent LC differentiation. As described

above, moDC differentiation of monocytic cells in response to

GM-CSF plus IL-4 stimulation is accompanied by the induction

of miR-424/503 within 48 h (Figure 3A). Therefore, we specifically

asked whether lentiviral miR-424 knockdown facilitates TGF-b1-

dependent LC differentiation from 48-h GM-CSF/IL-4 pre-stimu-

lated monocytic cells. We first evaluated consequences of IL-4

addition to LC generation cultures (LC mix; Figure 4C). It was

previously shown that IL-4 addition to GM-CSF/TNF-a-contain-

ing cultures of CD34+ hematopoietic progenitor cells represses

TGF-b1-induced LC differentiation in favor of DCs and macro-

phages (Caux et al., 1999). Expectedly, the addition of IL-4 re-

presses LC differentiation in favor of CD209+(DC-SIGN+)

moDC differentiation (Figure 4C). Next, we pre-treated in-vitro-

generated moPs (according to Figure 1A) with GM-CSF plus

IL-4 for 48 h to induce miR-424/503, followed by the addition

of TGF-b1-containing LC cytokine mix. Parallel cultures were

maintained with GM-CSF plus IL-4, but without LC cytokine

mix. miR-424 knockdown led to the generation of higher per-

centages of CD207+CD1a+ LCs and lower percentages of

CD209+(DC-SIGN+) moDCs relative to control transduced cul-

tures (Figure 4D). Therefore, miR-424/503 induced concomitant

with moDC differentiation functionally interferes with TGF-b1-

dependent LC differentiation. This is consistent with the above

observation of induced TGF-b1 LC response genes in miR-KO

versus WT BM cells (Figure 4B). Moreover, these data support

that miR-424/503 is involved in alternative lineage fate decisions

of monocytes toward LCs versus moDCs.

DISCUSSION

LCs inhibit (Glitzner et al., 2014), whereas moDCs promote,

inflammation (Singh et al., 2016). Both arise from monocyte

committed cells (Collin and Milne, 2016; Lutz et al., 2017). How

monocytes undergo binary lineage decisions to LCs versus

moDCs remained poorly understood. We here demonstrated

that the miR-424/503 cluster is induced downstream of IL-4

concomitant with moDC differentiation but is repressed during

LC differentiation. IL-4 addition is known to inhibit TGF-b1-

dependent LC differentiation (Caux et al., 1999). Consistently,

LC differentiation potential is rapidly lost during GM-CSF/IL-4-

dependent moDC differentiation. We showed that knockdown

of miR-424/503 during moDC differentiation leads to the induc-

tion of TGF-b pathway genes involved in LC differentiation. In

line with this, miR-424/503 knockdown impaired moDC differen-

tiation in human and murine systems but failed to impair LC dif-

ferentiation. Moreover, LCs from miR-424(322)/503-deficient

mice seemed to be less activated than LCs fromWTmice as evi-

denced from diminished percentages of CD86+ LCs (Bobr et al.,

2012); moreover, we observed on average lower numbers of LCs
8 Cell Reports 35, 109049, April 27, 2021
in skin-draining lymph nodes. Therefore, our data suggest that

miR-424 is functionally involved in regulating anti-inflammatory

LC versus pro-inflammatory moDC fates of monocytes.

We propose a model whereby TGF-b1 ligands repress miR-

424/503 in monocytic LC precursors within the epidermis, which

in turn augments TGF-b genes required for TGF-b1/BMP7-medi-

ated LC differentiation. Thus, low expression of miR-424/503

may participate in a feedforward signaling loop promoting LC

commitment and differentiation within the epidermal microenvi-

ronment. Evidence for the existence of such amechanism is pro-

vided by our observations (1) that TGF-b addition to GM-CSF

plus TNF-a (LC cytokine mix) leads to low expression of miR-

424/503 concomitant with LC differentiation from monocytic

cells; and (2) that miR-424/503 deficiency during moDC differen-

tiation leads to the induction of several genes induced in

response to TGF-b1 during LC differentiation. Consequently,

the repression of miR-424/503 may impact the expression of

previously shown TGF-b1-inducible anti-inflammatory effector

genes in LCs, such as AXL (Bauer et al., 2012).

We previously performed a screen for differentially regulated

miRNAs in TGF-b1-dependent LCs versus TGF-b1-independent

moDCs (Jurkin et al., 2010). miR-424 stood out in that among

all the 32 miRNAs identified it was most strongly inversely regu-

lated. Additionally, it was co-regulated with miR-503 exhibiting

identical target specificity (miR-424/503 cluster) (Jurkin et al.,

2010). By applying this semi-functional screen (i.e., TGF-b1

signaling in LC commitment), it was not surprising to identify a

miRNA that modulates TGF-b signaling. Interestingly, miR-146a

was another hit from the same screen, exhibiting opposite regula-

tion relative to miR-424 (i.e., induced in LCs relative to moDCs).

miR-146a is expressed at high levels in LCs and represses TLR-

dependent nuclear factor kB (NF-kB)/p38-dependent LC activa-

tion. However, in contrast to miR-424/503, miR-146a failed to

modulate LC versus moDC differentiation (Jurkin et al., 2010). It

will be interesting to further study whether miR-424/503 repres-

sion might promote miR-146a induction during LC commitment

and differentiation, toward identifying a gene/miRNA regulatory

network securing a non-activated LC state.

It was previously shown that IL-4 inhibits TGF-b1-dependent

LC differentiation (Caux et al., 1999; Göbel et al., 2009), whereas

TGF-b1 addition to GM-CSF/IL-4 moDC cultures promotes

certain LC characteristics (Geissmann et al., 1998). Our observa-

tions that TGF-b1 co-signaling represses miR-424 during LC dif-

ferentiation, whereas IL-4 co-stimulation induces miR-424 dur-

ing moDC differentiation, together with functional data,

suggest that miR-424 represents a downstream factormediating

TGF-b1 versus IL-4 effects on LC versus moDC differentiation.

Interestingly, RNA-seq revealed that loss of miR-424(322)/503

in GM-CSF-stimulated BM cells caused elevated RUNX3, and

the miR-424 promoter contains a predicted binding site for

RUNX3, indicating that RUNX3 might repress miR-424

downstream of TGF-b1 (data not shown). Conversely, miR-424

induction in moDCs (promoted by IL-4 when added to GM-

CSF-supplemented cultures of monocytes) might inhibit

RUNX3, potentially mediating impairment in LC differentiation

in GM-CSF/IL-4-supplemented moDC differentiation cultures.

We previously provided evidence that RUNX3 is controlled by

Notch-dependent repression of KLF4 in moDCs (Jurkin et al.,
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2017). Additional myeloid/DC-associated transcription factors

are predicted to bind to the miR-424 promoter (i.e., TCF4,

TCF3, ETV2, and HOXA2; data not shown) and these together

with PU.1, which is known to regulate miR-424 (Rosa et al.,

2007), might also participate in a transcription factor network

downstream of TGF-b1, IL-4, and Notch signaling during LC

versus moDC differentiation. For example, TCF4 is regulated

downstream of Notch/WNT signaling (Evans et al., 2010), a

pathway involved in LC differentiation (Hoshino et al., 2005; Ju-

rkin et al., 2017). In this context, it is interesting that Li et al. pre-

viously found that miR-424/503 suppresses Smad7 and Smurf2

expression, two key inhibitory factors of TGF-b signaling (Li et al.,

2014). These factors were, however, not differentially expressed

between KO and WT in GM-CSF-stimulated BM cells according

to our RNA-seq data. This might not be surprising because

miRNA targeting is context dependent, and in fact it has been

shown that miR-424(322)/503 can downregulate targets such

as cyclin-E1 in monocytes and endothelial cells (Forrest et al.,

2010; Nakashima et al., 2010) but not in the context of mammary

epithelium (Llobet-Navas et al., 2014a, 2014b).

Our data in human and murine differentiation models indicate

that miR-424(322)/503 represents a cell-intrinsic regulator of

myeloid/DC fates. It has to be considered that miR-424(322)/

503 is broadly expressed by many cell types including epithelial

cells and T cells. However, we previously showed that keratino-

cytes do not express detectable levels of miR-424(322)/503 (Llo-

bet-Navas et al., 2014a, 2014b). Additionally, a comprehensive

study on all cell types in the skin confirmed our finding showing

that the only cell that expresses miR-424(322)/503 is the dermal

papilla located in thehair follicle (Sennett et al., 2015). Additionally,

it has to be considered that epidermal LCs do not get replenished

byBM-derived cells in the steady state (Merad et al., 2002) or dur-

ing IMQ-induced skin inflammation (Xiao et al., 2017). Neverthe-

less, a limitation of our study is that we restricted our analysis to

a whole-body miR-KO mouse strain. Future studies should

consider BM transplantation experiments to address cell-intrinsic

versus microenvironmental roles of miR-424(322)/503 in immune

cell function in normal tissues and carcinomas shown to express

miR-424(322)/503 (Rodriguez-Barrueco et al., 2017).

Another limitation of our study is that we did not quantify miR-

424(322) in various murine DC subsets in vivo. Although we stud-

ied miR-424(322)/503 regulation in GM-CSF-stimulated BM cells

and in various human cell subsets, future detailed studies are

required toFACSpurifydifferentmurineDCandmacrophagepop-

ulations in the steady state versus IMQ-dependent inflammation

and quantifymiR-424(322)/503 levels. Notably, dermal cell prepa-

rations also include low numbers of migratory LCs that might co-

segregate with moDCs. However, changes in the frequencies of

moDCs do not seem to be substantially influenced by the pres-

enceof these cells, becausewedid not find significant differences

among LCs in lymph nodes betweenWT and miR-KOmice. Like-

wise, despite our observations of on average slightly higher fre-

quencies of epidermal-resident LCs in miR-KO mice versus WT

mice, these differences were not statistically significant.

A growing body of literature has previously examined the role

of the miR-424(322)/503 gene cluster in cancer cell proliferation

(Wang et al., 2018) and epithelial-mesenchymal transition (Shu

et al., 2019) and found that miR-424(322)/503 acts as a tumor
suppressor in different types of cancer (Jin et al., 2017; Li

et al., 2015; Wang et al., 2017). miR-424(322)/503-KO mice

were previously described as a breast cancer tumor model (Ro-

driguez-Barrueco et al., 2017). Interestingly, the tumor microen-

vironment contains monocyte-derived DC subpopulations at

different maturation stages (Laoui et al., 2016), and amoDC tran-

scriptional signature was revealed in breast cancer tissue, corre-

lating with prognosis in breast cancer patients (Michea et al.,

2018). Given the role of tumor-derived TGF-b in DC maturation

(Hargadon et al., 2016), it would be interesting to study whether

tumor infiltrates of miR-424(322)/503-deficient mice contain

altered moDCs. Further studies are needed for understanding

the precise role of moDC differentiation in tumor immunity in

miR-424(322)/503-KOmice. Furthermore, miR-424/503 has pre-

viously been functionally linked to TGF-b signaling in epithelial

cells: miR-424/503 is transcriptionally induced by TGF-b1 in

mammary epithelial cells (Llobet-Navas et al., 2014b), showing

opposite regulation from here observed in TGF-b1-induced LC

differentiation, and it promoted cancer proliferation through tar-

geting the TGF-b signaling pathway (Wei et al., 2016). In this

context it is worth mentioning that E-cadherin shows opposite

regulation by TGF-b1 in epithelial cells versus during LC differen-

tiation (Eger et al., 2004; Riedl et al., 2000). Future studies are

required to functionally assess the role of miR-424/503 in DC

subsets both in humans and mice. Interestingly, we observed

similar upregulation of T cell co-stimulatory molecules CD80,

CD83, and CD86 by miR-424 knockdown versus control in hu-

man DCs; however, these data do not rule out effects of miR-

424 on DC function.

The downstream targets of miR-424(322)/503 mediating

impairment of moDC differentiation remain to be elucidated.

miR-424(322)/503 is induced within 48 h in BM cells stimulated

by GM-CSF, and we observed 418 genes to be up- or downre-

gulated in response to GM-CSF stimulation (i.e., ‘‘GM-CSF

response genes’’). Among these, 81 were found to be differen-

tially regulated in WT versus KO cells, including 19 genes

downregulated (e.g., tubulointerstitial nephritis antigen-like 1, TI-

NAGL-1; more strongly downregulated in WT than in KO cells)

and 62 upregulated. Because moDC differentiation is driven by

GM-CSF, candidate genes among this list of 81 might be func-

tionally involved downstream of miR-424(322)/503 during

moDC differentiation. Generally, we identified 1,395 genes to

be differentially expressed by 48-h cultured cells (WT versus

KO), including many genes not classified as GM-CSF response

genes. Interestingly, 19 of these 1,395 genes represent pre-

dicted direct targets of miR-424(322)/503. Importantly, GSEA

revealed 33 genes associated with LC commitment and differen-

tiation (including RUNX3, ID2, and TGF-b1). It has to be consid-

ered that despite the fact that we did not add exogenous TGF-b1

to the cultures, TGF-b family signaling is likely induced in the

GM-CSF BM cultures due to autocrine/paracrine or serum-

derived TGF-b ligands. Therefore, these genes might also regu-

late moDC differentiation downstream of miR-424(322)/503.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies (clone)

Anti-human CD1a (HI149) BD Biosciences Cat# 563938

Anti-human CD83 (HB15e) BD Biosciences Cat# 551073

Anti-human CD80 (L307.4) BD Biosciences Cat# 56113

Anti-human CD86 (FUN-1) BD Biosciences Cat# 561128

Anti-human CD11b (ICRF44) Biolegend Cat# 301306

Anti-human CD207 (DCGM4) Beckman Coulter Cat# IM3577

Anti-human CD209 (eB-h209) eBioscience Cat# 12-2099-42

Anti-human/mouse CD207(929F3.01) Acris Antibodies Cat# DDX0362

Anti-mouse MHC II/ I-A/I-E (M5/114.15.2) Biolegend Cat# 107607

Anti-mouse CD103 (2E7) eBioscience Cat# 50-150-43

Anti-human/mouse CD207 (4c7) Biolegend Cat# 144205

Anti-human/mouse CD11b (M1/70) Biolegend Cat# 101207

Anti-mouse MHC II/ I-A/I-E (M5/114.15.2) Biolegend Cat# 107619

Anti-mouse Ly-6C (HK 1.4) Biolegend Cat# 128017

Anti-mouse CD86 (GL-1) Biolegend Cat# 105013

Anti-mouse CD11c (418) Biolegend Cat# 117325

Anti-mouse CD45 (30-F11) Biolegend Cat# 103108

Anti-mouse EpCAM (G8.8) Biolegend Cat# 118227

Anti-mouse CD64 (290322) R&D Cat# FAB20741c

Anti-mouse MerTK (108928) R&D Cat# FAB5912N

Anti-mouse CD117/c-kit (2B8) Biolegend Cat# 105815

Anti-mouse CD135 (A2F10) Biolegend Cat# 135309

Anti-mouse CD115/CSF-1R (AFS98) Biolegend Cat# 135531

Anti-mouse CD172a/SIRPa (P84) Biolegend Cat# 144011

Anti-mouse CD16/32 (93) Biolegend Cat# 101301

Bacterial and virus strains

MiR Zip-424 anti-miR-424 microRNA

construct

System Biosciences (SBI) Cat# MZIP424-PA-1

MiR Zip Scramble Hairpin control System Biosciences (SBI) Cat# MZIP000-PA-1

TLR4 agonist - LPS-EK Ultrapure InvivoGen Cat# tlrl-peklps

PGN from Staphylococcus aureus Sigma Aldrich Cat# 77140

Chemicals, peptides, and recombinant proteins

Recombinant human GM-CSF Peprotech Cat# 300-03

Recombinant human TNF-a Peprotech Cat# 300-01A

Recombinant human SCF Peprotech Cat# 300-07

Recombinant human TGF- b1 R&D systems Cat# 240-B-010

Recombinant human TPO Peprotech Cat# 300-18

Recombinant human FLT3L Peprotech Cat# 300-19

Recombinant human IL-4 Peprotech Cat# 200-04

Recombinant human M-CSF Peprotech Cat# 300-25

Recombinant murine GM-CSF Peprotech Cat# 315-03

GlutaMAX ThermoFisher Cat# 35050038

Pennicilin/Streptomycin PAA Cat# P11-010

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Retronectin Takara Cat# T100B

Lymphoprep Axis Shield Cat# 1114547

RNase-Free DNase Set QIAGEN Cat#79254

Red Blood Cell Lysing Buffer Hybri-Max Sigma-Aldrich Cat# R7757

DNase I Stem Cell Cat# 07900

Liberase Roche Cat# 5401119001

Hoechst 33342 ThermoFisher Cat# H3570

Imiquimod 5% cream Perrigo N/A

Zombie NIR Fixable Viability Kit Biolegend Cat# 423105

Critical commercial assays

EasySep human CD34 positive selection kit StemCells Cat# 18056

CD14 MicroBeads, human Miltenyi Cat# 130-050-201

TaqMan MicroRNA Assay hsa-miR-424-5p ThermoFisher Cat# 4427975 (Assay ID: 000604)

TaqMan MicroRNA Assay hsa-miR-424-3p ThermoFisher Cat# 4427975 (Assay ID: 002309)

TaqMan MicroRNA Assay hsa-miR-503-5p ThermoFisher Cat# 4427975 (Assay ID: 001048)

TaqMan MicroRNA Assay U6 snRNA ThermoFisher Cat# 4427975 (Assay ID: 001973)

miRNeasy Mini kit QIAGEN Cat# 217004

TaqMan microRNA reverse transcription kit ThermoFisher Cat# 4366596

KAPA RNA HyperPrep Kit with

RiboErase (HMR)

Roche N/A

Deposited data

Raw and analyzed data This paper GEO: GSE169717

Experimental models: Cell lines

HEK293T Forster et al., 2014 N/A

Experimental models: Organisms/strains

miR-424(322)/503 knockout mice (Llobet-Navas et al., 2014a) N/A

Software and algorithms

FlowJo TreeStar https://www.flowjo.com

ImageJ NIH https://imagej.nih.gov/ij/

FACS DIVA BD Biosciences N/A

Prism 6 GraphPad https://www.graphpad.com

TargetScan 7.2 Lewis et al., 2005 http://www.targetscan.org/vert_72/

GSEA software Subramanian et al., 2005 http://www.gsea-msigdb.org/gsea/

index.jsp

Salmon Patro et al., 2017 https://bioinformaticshome.com/tools/

rna-seq/descriptions/Salmon.html
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Herbert

Strobl (herbert.strobl@medunigraz.at).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The RNA-seq dataset generated during this study is available at the NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/

geo) under the GEO Accession number GEO: GSE169717.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cell isolation and in vitro differentiation model
Human cord-blood CD34+ cells were isolated bymagnetic sorting using EasySep humanCD34 positive selection kit (StemCell Tech-

nologies) according tomanufacturer’s protocol. Cord bloodwas collected during healthy, full-term deliveries Ethical approval (EK 26-

520 ex 13/14) was obtained from theMedical University of Graz. CD34+ cord-blood cells were cultured for 2-3 days under progenitor

expansion conditions (serum free X-Vivo media, 50 ng/ml SCF, 50 ng/ml FLT3L and 50 ng/ml TPO). For direct LC differentiation

CD34+ cells were cultured for 7 days in a 24 well tissue culture plate (5x104 cells per well) in serum free CellGro DC medium (Cell-

Genix, Freiburg, Germany) supplemented with Glutamax, penicillin/streptomycin, 2.5 ng/ml TNFa, 100 ng/ml, GM-CSF, 50 ng/ml

FLT3L, 20 ng/ml SCF and 1 ng/ml TGF-b1. For moDCs generation from CD14+ monocytes, CD14+ monocytes were isolated from

PBMC by positive selection using Miltenyi Biotec kit. Then, cells were cultured for 6 days in RPMI medium +10% FCS either with

addition of 100 ng/mL GM-CSF and 35 ng/mL IL-4 or 100 ng/mL GM-CSF alone. For indirect moDCs and LCs differentiation previ-

ously described two-step culture model was applied with slight modifications (Caux et al., 1997; Jurkin et al., 2010). Briefly, CD34+

cells were plated (53 104 to 1x 105 / ml per well) in 24-well tissue culture plate in CellGro DC medium supplemented with 10% FCS,

100 ng/mL GM-CSF, 20 ng/mL SCF, 50 ng/mL FMS-FLT3L, and 2.5 ng/mL TNF-a for 3-5 days and subsequent differentiation in

RPMI (Sigma, St Louis, Mo; +10% FCS) either with 100 ng/mL GM-CSF, 35 ng/mL IL-4 for moDCs or100 ng/mL GM-CSF,

2.5 ng/mL TNF-a, and 1 ng/mL TGF-b1 for LCs for 5-6 days. To generate moMacropages, CD14+ monocytes isolated from buffy

coat were differentiated in RPMI medium supplemented with 100 ng/mL GM-CSF and 2 ng/mL M-CSF in the presence of 10%

FCS for 6-7 days. Granulocytes were generated fromCD34+ cord-blood cells by plating 300.000 cells in FCS free RPMImedium sup-

plemented with 100 mg/mLG-CSF and 20 mg/mL SCF.On day 5 and 8 cells were replated in freshmedium and harvested on day 10 of

differentiation. All cell cultures were supplemented with GlutaMAX (2.5 mmol/L; Invitrogen, Grand Island, NY) and penicillin/strepto-

mycin (125 U/ml each; PAA, Pasching, Austria). Neutrophils were isolated from peripheral blood by density-gradient centrifugation

using Lymphoprep (Axis-Shield PoC AS, Oslo, Norway) according to the manufacturer’s protocol. Cytokines tumor necrosis factor a

(TNFa), thrombopoietin (TPO), stem cell factor (SCF), Fms-like tyrosine kinase 3 ligand (FLT3-L), granulocyte-macrophage colony

stimulating factor (GM-CSF), interleukin-4 (IL-4) were purchased from PeproTech, UK. Human recombinant transforming growth fac-

tor-b1 (TGF-b1) was purchased from R&D, USA.

Mice
Animalmaintenance and experimentswere performed under the Institutional Animal Care andUseCommittee (IACUC) guidelines. Pro-

tocol number is IACUC-2018-0008. Experiments were performed using 8-14weeks oldmiR-424(322)/503 KOmalewith homogeneous

FvB/NJ background. This model has a deletion of the miR-424(322)/503 cluster and its generation has been previously described (Llo-

bet-Navas et al., 2014a). There, several tissues including the thymus, spleen, adipose depots, mammary epithelium, liver and kidney

were evaluated, confirming that the expression of both mir-424(322) and mir-503, was almost undetectable (> 95% reduction by RT-

PCR in all tissues).We additionally confirmed thatmiR-424(322) was virtually undetectable in d.0 BMDCs fromWTversusmiR-424(322)

cells (Figure S3B). MiR-424(322) can target G protein-coupled estrogen receptor-1, mediating estrogen signaling in multiple cell types

(Li et al., 2020). To exclude the impact of the estrogen levels in our model, we decided to include only male subjects to our studies.

Imiquimod-induced inflammation miR-424(322)/503 KO mice was more pronounced in male than female mice.

METHOD DETAILS

Lentiviral transduction of human CD 34+ cells
To silence miR-424 the GFP tagged lentiviral vectors that express antisense hsa-miR-424 (MZIP424-PA-1) and corresponding

scramble control lentiviral vectors (MZIP000-PA-1) were purchased from SBI (System Biosciences). Transfection of HEK293T pack-

aging cell line (Forster et al., 2014) was performed using calcium-phosphate protocol and infection of target cells was done as previ-

ously described (Platzer et al., 2004). In general, lentiviral supernatant was added to CD34+ cells in the RetroNectin (Takara) precoated

24-well suspension plate according tomanufacturer protocol. Infections were repeated 2-3 times and on day 5 cells were replated into

lineage-specific cytokinemix and further differentiated for 5-7 days as previously described. Taqman qPCR of GFP+ FACS sorted cells

at 4 day of differentiation under lineage-specific conditions revealed 50%–70% decrease in miR-424 levels (Figure S1C).

RNA-isolation and real time PCR
The extraction of RNA was performed using miRNAeasy Mini Kit (QIAGEN) with DNase I treatment according to the manufacturer

protocol. RT-PCR was performed using TaqManTM MicroRNA Assay. Probes for TaqManTM MicroRNA Assay (hsa-miR-424-3p,

hsa-miR-424-5p, U6 snRNA control) were purchased from ThermoFisher. All the steps were performed according to manufacturer’s

instructions.

Imiquimod treatment
Mice were topical applied of 62 mg of 5% imiquimod cream as previously was determined as the most optimal dose to induce ear

inflammation (van der Fits et al., 2009). Both ears of each individual mouse were treated with imiquimod every day for 7 days. Ear
Cell Reports 35, 109049, April 27, 2021 e3
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thickness was measured daily using electronic measurement device C1X018 (Kroeplin, GmbH). The ear thickness of each individual

mouse was normalized to the value at day 0, before first imiquimod application.

Generation of mouse BMDCs
BM-derived dendritic cells were generated in vitro from mouse bone-marrow precursors. In brief, femur and tibiae were removed

from 8-12-week-old mice. BM cells were flushed out with ice-cold PBS, washed and incubated in 1 mL Red Blood Cell Lysing Buffer

(Hybri-Max, Sigma-Aldrich) for 1 minute. After washing cells were plated in 24-well tissue culture plate (0.5 3 106 /ml per well) in

DMEM supplemented with 1% penicillin/streptomycin (Lonza #CC-4136), 10% FCS and 1% MEM non-essential amino acids solu-

tion (ThermoFisher) under lineage specific cytokine condition for LCs (20 ng/ml GM-CSF, 1 ng/ml TGF-b1) andmoDCs (20 ng/ml GM-

CSF). On day 3, the medium was changed and cells were differentiated until day 7.

Flow cytometry
All flow cytometry experiments were performed on LSRII and LSR Fortessa flow cytometers (BD Biosciences, USA). The data was

analyzed using the DIVA (BD Biosciences) and FlowJo software (Tree Star, Inc.USA). For FACS sorting the FACS Aria instrument (BD

Biosciences) was used. Human cells were harvested, resuspended in 40 mL of staining buffer and stained on ice for at least 1 hour. Fc

receptors were blocked by incubating for 15 minutes on ice before staining with antibodies. Mouse ears were harvested and sepa-

rated for ventral and dorsal sheets. The sheets were incubated for 1 hour at 37 �C in 0.8% Trypsin solution. Then epidermal and

dermal sheets were digested separately as previously described (Singh et al., 2016). Single cell suspension was incubated for

1:1000 diluted purified anti-mouse CD16/32 (Biolegend) for at least 20min on ice before adding antibodies. Dead cells were excluded

by using Zombie NIR viability dye (Biolegend). All the flow cytometry antibodies were summarized in the Key resources table.

Immunohistochemistry on mouse epidermal sheets
Epidermal sheets of mouse ears were fixed in 4%PFA for 30 minutes and incubated for 2 hours in blocking solution (1%BSA, 0,05%

horse serum, 20%Triton in PBS) at RT. Staining was performed using 1:1500 dilution Hoechst 33342 (ThermoFisher), 1:500 diluted

MHCII/I-A/I-E PE (M5/114.15.2, Biolegend) and 1:200 diluted CD207 AF488 (929F3.01, Acris Antibodies, USA) FACS antibodies.

Epidermal sheets were washed twice with PBS and analyzed on the Zeiss Axio Obzerver Z1 microscope. Images were processed

using ImageJ software.

Histological measurement of epidermal thickness
Mouse ears were fixed in formalin for 1-2 days. After paraffin embedding the sections were stained H&E (Sigma, USA) and processed

at Leica DM4000 Bmicroscope (Leica Cambridge Ltd) equipped with Leica DFC320 Video camera (Leica Cambridge Ltd). Epidermal

thickness (10X magnification) was measured in 10 random fields on 3 pictures per sample. Analysis was performed using ImageJ

software.

QUANTIFICATION AND STATISTICAL ANALYSIS

mRNA sequencing and data analysis
Cells for total RNA sequencing were collected after extraction from mouse BM and 48h after addition of GM-SCF and frozen in lysis

buffer until RNA extraction. Total RNA was isolated using either RNeasy Micro Kit (QIAGEN) or miRVana isolation kit (Ambion). RNA

quality was checked at Bioanalyser before library preparation. Stranded RNA libraries were prepared with 100ng total RNA using the

KAPA RNA HyperPrep Kit with RiboErase (HMR) (Roche). RNA sequencing was performed on Illumina NovaSeq 6000 system (Illu-

mina). Gene expression was quantified in counts using Salmon (Patro et al., 2017). Each data point has 3 biological replicates. In both

day 0 and day 2, differential expression between miR-424(322)/503 KO and wild-type was estimated using DESeq2. Differential ex-

pressed genes were selected based on the adjusted P value with cut off equal 0.05. Gene set enrichment analysis was performed

using the GSEA software (Subramanian et al., 2005).

Statistical analysis
Statistical analysis was carried out using GraphPad Prism Version 9.0.0(86) (GraphPad software, San Diego, California USA). Stu-

dent’s t test was used for comparing differences between two groups.Multiple groupswere subjected to one-way and two-way anal-

ysis of variance (ANOVA) analysis. P values < 0.05 were considered statistically significant.
e4 Cell Reports 35, 109049, April 27, 2021
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Figure S1. Analysis of miR-424 role in human dendritic cell differentiation in vitro.  

Related to Figure 1. 
A. Relative expression of miR-424 and miR-503 in moDCs and LCs measured by Taqman RT-PCR (n=3, 
± SEM). B. Phenotype of moDCs differentiated from CD14+ monocytes with GM-CSF+IL-4 or GM-CSF 
alone. C. miR-424 and miR-503 expression in sorted GFP+ cells on day 4 of differentiation under 
lineage-specific conditions (n=3, ± SEM, 2-tailed Student’s t test, *P<0.05). D. Graph shows the 
percentages of moDCs and LCs after miR-424 KD on day 7 of differentiation. Data represent the mean ± 
SEM of 3 donors, 2-tailed Student’s t test, *** P<0.001. E. Expression of CD80, CD83, CD86 activation 
markers in LPS-stimulated moDCs after miR-424 KD (n=3, ± SEM). F. Expression of CD80, CD83, CD86 
activation markers in PGN-stimulated LCs after miR-424 KD (n=3, ± SEM). 
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Figure S2. miR-424(322)/503 deficient mice exhibit on average slightly elevated numbers of CD86 
negative LCs. Related to Figure 2. 
A. Frequency of CD207+ LCs in MHCII+ DCs in immunofluorescent staining of mouse epidermal sheets 
in the steady-state (n=4-5 mice per group, ± SEM).  B.  Flow cytometry gating strategy for live, single, 
CD207+MHC+LCs in the mouse epidermis. Activation of LCs in the epidermis of the ear on day 7 of IMQ 
experiment. Graph shows frequency of CD86+ LCs in the epidermis of mouse ear (n=8 mice per group, ± 
SEM, one-way ANOVA **** P<0.0001).  C. Flow cytometry gating strategy for live, single, CD45+, 
MHCII+, EpCam+, CD11c+ LCs in the mouse lymph nodes Flow cytometry gating strategy for 
CD207+MHC+LCs in the mouse epidermis. Graph shows frequency of LCs in draining lymph nodes on 
day 7 of IMQ experiment (n= 5 mice per group, one-way ANOVA, *P<0.05).
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Gene d0:log2FC d0:pvalue d0:padj d2:log2FC d2:pvalue d2:padj

1 Sh3bgrl2 -0,56 1,58E-03 1,04E-01 0,77 2,06E-12 1,22E-09

2 Kpna4 -0,22 9,77E-02 8,06E-01 0,21 6,76E-04 2,59E-02

3 Rybp -0,20 1,46E-01 9,02E-01 0,26 1,76E-04 1,04E-02

4 Grk5 -0,11 3,00E-01 9,94E-01 0,34 1,31E-04 8,41E-03

5 Nbeal1 -0,10 3,86E-01 9,94E-01 0,27 9,50E-05 6,78E-03

6 Rap2c -0,09 5,99E-01 9,94E-01 0,32 1,94E-04 1,11E-02

7 Rock1 -0,06 5,52E-01 9,94E-01 0,23 8,70E-04 3,12E-02

8 1810013L24Rik -0,03 7,93E-01 9,94E-01 0,25 3,44E-04 1,66E-02

9 Tmcc1 -0,02 8,68E-01 9,94E-01 0,40 5,33E-07 1,17E-04

10 Cask 0,00 9,99E-01 1,00E+00 0,32 4,17E-04 1,92E-02

11 N4bp1 0,00 9,62E-01 9,98E-01 0,25 4,74E-04 2,09E-02

12 Msl1 0,11 3,43E-01 9,94E-01 0,23 1,57E-03 4,53E-02

13 G0s2 0,11 5,77E-01 9,94E-01 0,48 2,22E-04 1,22E-02

14 Dach1 0,13 4,11E-01 9,94E-01 0,33 2,49E-06 4,24E-04

15 Phip 0,14 1,28E-01 8,74E-01 0,27 1,73E-04 1,03E-02

16 Tmem154 0,21 1,03E-01 8,17E-01 0,27 5,30E-04 2,23E-02

17 Il7r 0,21 7,00E-02 7,25E-01 0,33 6,88E-04 2,63E-02

18 Bmpr1a 0,23 1,58E-01 9,22E-01 0,56 6,04E-05 4,95E-03

19 Ago3 0,27 6,06E-03 2,23E-01 0,31 3,44E-05 3,36E-03

Table S1. List of predicted targets of miR-424(322) in BMDCs. Related to Figure 3H.



Gene 6h.logFC 6h.P.Value 24h.logFC 24h.P.Value

1 OLR1 4,66 8,16E-07 5,83 5,16E-07

2 SKIL 3,11 2,27E-04 3,26 1,19E-04

3 RGS16 2,99 3,06E-04 3,56 4,21E-05

4 VASH1 2,49 1,57E-05 2,77 2,22E-05

5 DOCK4 2,36 1,51E-04 3,02 5,14E-04

6 RGS1 2,35 5,54E-05 2,99 1,33E-05

7 PLXDC2 2,32 4,23E-04 2,62 5,11E-05

8 CDH1 2,20 7,81E-04 4,45 8,31E-06

9 TNFSF14 2,19 3,59E-04 1,97 1,50E-04

10 FMNL3 1,81 5,38E-04 1,46 5,42E-04

11 MS4A7 1,70 5,39E-04 2,05 1,04E-04

12 TRIM36 1,67 9,38E-04 1,82 1,77E-04

13 MMP2 1,57 4,72E-04 1,60 6,92E-04

14 CD9 1,51 8,91E-04 2,65 8,37E-05

15 HAMP 1,51 1,25E-03 2,58 6,23E-04

16 PDGFA 1,45 2,01E-03 2,42 4,83E-05

17 FAM43A 1,41 1,63E-03 1,57 9,84E-04

18 CDH26 1,34 8,31E-04 1,74 2,60E-04

19 ID2 1,33 6,90E-04 1,62 3,47E-04

20 RUNX3 1,29 1,99E-04 1,28 3,98E-04

21 TGFBI 1,24 1,70E-02 2,40 7,24E-04

22 PROCR 1,20 5,63E-03 1,87 1,25E-04

23 P2RY13 1,06 6,57E-03 1,49 6,05E-04

24 SNX7 1,03 1,90E-03 1,99 3,32E-04

25 RASGRP3 1,00 1,40E-02 1,56 7,88E-04

26 LAPTM5 0,75 4,84E-04 1,03 8,98E-05

27 STX6 0,65 2,48E-02 1,31 9,56E-04

28 B3GNT7 0,60 2,59E-01 1,85 7,85E-04

29 ST14 0,60 7,71E-02 1,74 2,54E-04

30 IL18 0,58 2,80E-01 1,84 8,27E-04

31 LCP2 0,57 3,11E-02 1,41 4,05E-04

32 SH3BP4 0,40 1,86E-01 1,34 9,14E-04

33 LAYN 0,38 1,61E-01 1,56 7,34E-04

Table S2. List of TGF-β1 response genes upregulated in miR-424(322)/503 KO BMDCs. 
Related to Figure 4B.
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