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MicroRNAs of the miR-17~9 family maintain adipose tissue macrophage
homeostasis by sustaining IL-10 expression
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Figure 1. miR-17~92 family miRNAs protect mice from obesity. (A) A representative photograph (left panel) and body weight (right panel) of the Lyz2-

Cre (WT) and miR-106a~363�/� miR-106b~25�/� miR-17~92flox/flox Lyz2-Cre (TKO) mice at the age of 30 weeks, n = 14–16 per group. (B and C) Visceral

adipose tissue (VAT) weight (B) and VAT percentage of body weight (C) of WT and TKO mice at the age of 30 weeks. (D and E) Total adipose tissue

weight (D) and its percentage of body weight (E) of WT and TKO mice were measured by scanning the whole mice with magnetic resonance imaging

(MRI) machine at the age of 30 weeks. (F–J) WT and TKO mice were fed with a high-fat diet (HFD) and were sacrificed on 13–20 weeks post HFD. Body

weight of each mouse was measured weekly, n = 8 per group (F); VAT weight (G), VAT percentage of body weight (H), total adipose tissue weight (I),

and its percentage of body weight (J) were measured. (K–O) C57BL/6J mice were irradiated and transferred with WT (WT fi WT) or TKO (TKO fi WT)

bone marrows (BMs). Then these BM chimeras were fed with an HFD and were sacrificed on 16–28 weeks post HFD. Body weight of each mouse was

measured weekly, n = 7–8 per group (K); VAT weight (L), VAT percentage of body weight (M), total adipose tissue weight (N), and its percentage of

body weight (O) were measured. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 (unpaired Student’s t-test). Data are pooled from four (A–C), two (D,

E, F, K, L, and M), or five (G and H) independent experiments (mean ± s.e.m.), or are representative of one independent experiment (I, J, N, and O).
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Figure 1—figure supplement 1. Schematic representation of the miR-17~92 family miRNAs. (A and B) Schematic representation of three miRNA

clusters of miR-17~92 family miRNAs (A) and their target sequences (B). The mature miRNAs in different families are shown in different colors. Yellow:

members of the miR-17 family; Red: members of the miR-18 family; Blue: members of the miR-19 family; Green: members of the miR-25 family. The

‘seed region’ of each mature miRNA is shown in bold format.
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Figure 1—figure supplement 2. The miR-17~92 family miRNAs are efficiently deleted in TKO BMDMs. (A–C) qPCR analysis of various mature miRNAs

(horizontal axes) in the miR-17~92 cluster (A), miR-106a~363 cluster (B), and miR-106b~25 cluster (C) in Lyz2-Cre (WT) and miR-106a~363�/� miR-

106b~25�/� miR-17~92flox/flox Lyz2-Cre (TKO) BMDMs; results are presented as relative expression normalized to the control small RNA U6. Data are

representative of two independent experiments (mean + s.d.).
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Figure 1—figure supplement 3. miR-17~92 family miRNAs play an important role in protection of mice from obesity. (A–B) Body weights of the Lyz2-

Cre (WT) and TKO male (A) or female (B) mice at the age of 30 weeks (n = 7–9 per group). (C) Body weights of WT and TKO mice fed with regular chow

diet, n = 4 per group. (D) Brown adipose tissue (BAT) weights of WT and TKO mice at the age of 30 weeks. (E) CD45.1 mice were irradiated and

transferred with 106 donor bone marrow (BM) cells from WT (WT fi WT) or TKO (TKO fi WT) mice. Six weeks post BM transfer, CD45.1 and CD45.2

expression on adipose tissue macrophages (ATMs) was analyzed by flow cytometry. One representative experiment was shown in the left panel and

cumulative data were shown in the right panel (n = 4 per group). (F) Body weights of chimeric mice transferred with WT (WT fi WT) or TKO (TKO

fi WT) BMs fed with regular chow diet (n = 8 per group). Each symbol represents an individual mouse. *p<0.05, **p<0.01 and ****p<0.0001 (unpaired

Student’s t-test). Data are representative or are pooled from two (A, B, D, and E) or one (C and F) independent experiments (mean ± sem).
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Figure 2. miR-17~92 family miRNAs maintain adipose tissue macrophage (ATM) homeostasis. (A) Glucose tolerance test in WT and TKO mice (left

panel); area under curve (AUC) of left panel (right panel), n = 6 per group. (B) qPCR analysis of Tnf and Il10 mRNA in visceral adipose tissue of WT and

TKO mice. (C and D) Flow cytometry of ATM population in WT and TKO mice. (C) A representative figure showing the ATM population of CD45+ cells;

(D) cumulative quantification of ATM population as in (C). (E and F) ATMs were sorted from WT and TKO mice fed with regular chow diet, RNA samples

of ATMs were extracted and pooled from two mice, and genome-wide RNA profiling analyses were performed. (E) Gene ontology (GO) analysis of WT

and TKO ATM RNA-seq datasets showing the enriched GO terms in TKO ATMs; (F) RNA-seq analysis showing RNA expression in TKO ATMs versus

those in WT cells. RNAs upregulated in TKO ATMs were colored red, whereas RNAs downregulated were colored blue, gene Tnf was pointed out and

colored orange, and gene Il10 was pointed out and colored green. Top 10 upregulated genes (Ighg2b, Gm11843, Dcdc2a, Mmp7, Slc38a5, Tenm2,

Cdh16, Ptn, Ighv1-42, and Nanp) were colored yellow and top 10 downregulated genes (Csf2ra, Zfp125, Cxcl5, Ighv14-3, Igkv4-59, Igkv6-20, Igkv16-104,

Fth-ps2, Igkv4-91, and B230303A05Rik) were colored bright blue. (G and H) qPCR analysis of Tnf (G) and Il10 (H) mRNA in ATMs of WT and TKO mice.

Results were shown as relative expression normalized to those expressions in one WT mice of each experiment. NS, not significant (p>0.05); *p<0.05,

***p<0.001, and ****p<0.0001 (unpaired Student’s t-test). Data are representative of three independent experiments (C) or are pooled from two (A),

three (B and D), or five (G and H) independent experiments (mean ± sem).
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Figure 2—figure supplement 1. miR-17~92 family miRNAs inhibit TNF and promote IL-10 expression in adipose tissue. (A and B) Protein levels of TNF

(A) and IL-10 (B) in serum of WT and TKO mice measured by ELISA. (C and D) qPCR analysis of Tnf (C) and Il10 (D) mRNA with additional primer pairs in

WT and TKO adipose tissues. *p<0.05, **p<0.01 (unpaired Student’s t-test). Data are pooled from three (A–D) independent experiments (mean ± s.e.

m.).
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Figure 2—figure supplement 2. The miR-17~92 family miRNAs are efficiently deleted in TKO adipose tissue macrophages (ATMs). (A and B) Flow

cytometry analysis of RFP expression in ATMs (A) and peritoneal macrophages (B, positive control) from Lyz2-Cre and Lyz2-RFP mice. (C–E) qPCR

analysis of various mature miRNAs (horizontal axes) in the miR-17~92 cluster (C), miR-106a~363 cluster (D), and miR-106b~25 cluster (E) in Lyz2-Cre (WT)

andTKO ATMs; results are presented as relative expression normalized to the control small RNA U6. Data are representative of two independent

experiments (mean + s.d.).
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Figure 2—figure supplement 3. The adipose tissue macrophage (ATM) populations are not changed in TKO mice. (A–E) Flow cytometry analysis of

CD11c (A), CD64 (B), CX3CR1 (C), MerTK (D), and Ly6C (E) expression in ATMs from Lyz2-Cre (WT) and TKO mice. Data are representative of two

independent experiments.
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Figure 2—figure supplement 4. Adipose tissue macrophages (ATMs) in TKO mice are more inflammatory. (A and B) WT and TKO mice were fed with

regular chow diet or high-fat diet (HFD) for 8 weeks; ATMs were sorted for a genome-wide RNA profiling analysis. (A) Gene ontology analysis of RNA-

seq datasets of ATMs from WT mice fed with chow diet or HFD. (B) Inflammatory score of WT and TKO mice fed with chow diet or HFD. Inflammatory

score = sum of log (FPKM+1) of representative pro-inflammatory genes (Tnf, Il6, Cxcl1, Ccl2, and Ccl8) � sum of log (FPKM+1) of representative anti-

inflammatory genes (Il10, Il4, Il5, and Il13). (C and D) qPCR analysis of Tnf (C) and Il10 (D) mRNA with an additional set of primers in WT and TKO ATMs.

*p<0.05 (unpaired Student’s t-test). Data are representative of one (A and B) or are pooled from two (C and D) independent experiments (mean ± s.e.

m.).
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Figure 3. miR-17~92 family miRNAs balance the production of TNF and IL-10 in macrophages. (A and B) qPCR analysis of Tnf (A) and Il10 (B) mRNA in

WT and TKO BMDMs without stimulation. (C and D) qPCR analysis of Tnf (C) and Il10 (D) mRNA in WT and TKO BMDMs stimulated for the indicated

periods with LPS. (E and F) ELISA of TNF (E) and IL-10 (F) in supernatants from WT and TKO BMDMs stimulated for the indicated periods with LPS. (G)

ELISA of TNF in supernatants from WT and TKO BMDMs pre-treated 1 hr with indicated dose of IL-10 and then stimulated with LPS for 6 hr. (H) WT

and TKO mice were injected with PBS or anti-TNF (10 mg/kg) weekly and were fed with a high-fat diet. Body weight of each mice was measured

weekly. NS, not significant (p>0.05); *p<0.05, **p<0.01, and ***p<0.001 (paired Student’s t-test and two-way ANOVA). Data are representative of or are

pooled from five (A–D), four (E and F), three (G), or one (H) independent experiments (mean + s.d. in A–G and mean ± sem in H).
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Figure 3—figure supplement 1. miR-17~92 family miRNAs regulate the production of TNF and IL-10 in macrophages. (A and B) qPCR analysis of Tnf

(A) and Il10 (B) mRNA with an additional set of primers in WT and TKO BMDMs without stimulation. (C and D) qPCR analysis of Tnf (C) and Il10 (D)

mRNA with an additional set of primers in WT and TKO BMDMs stimulated for the indicated periods with LPS. (E and F) qPCR analysis of Tnf (E) and

Il10 (F) mRNA in WT and TKO BMDMs stimulated for the indicated periods with Pam3CSK4. (G) ELISA of TNF in supernatants from WT and TKO

BMDMs pre-treated 0.5 hr with anti-IL-10R or anti-IgG (2 mg/ml) and then stimulated with LPS for 6 hr. NS, not significant (p>0.05); *p<0.05 (paired

Student’s t-test). Data are representative of five (A–D) or two (E and F) (mean + s.d.) or are pooled from four (G) independent experiments (mean + s.e.

m.).
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Figure 4. Three clusters of miR-17~92 family miRNAs regulate the expression of TNF and IL-10 collectively in macrophages. (A–D) qPCR analysis of Tnf

mRNA in WT and miR-17~92flox/flox Lyz2-Cre (17/92 KO) (A), miR-106a~363�/� (106a KO) (B), miR-106b~25�/� (106b KO) (C), or miR-106a~363�/� miR-

106b~25�/� (106a 106b DKO) (D) BMDMs stimulated for the indicated periods with LPS. (E–H) qPCR analysis of Il10 mRNA in WT and 17/92 KO (E),

106a KO (F), 106b KO (G), or 106a 106b DKO (H) BMDMs stimulated for the indicated periods with LPS. (I and J) qPCR analysis of Tnf (I) and Il10 (J)

mRNA in WT and various knockout (horizontal axes) BMDMs stimulated for 1 hr with LPS; results are presented relative to those of LPS-stimulated WT

BMDMs. **p<0.01 (paired Student’s t-test). Data are representative of two (A–C and E–G) or three (D and H) independent experiments or are pooled

from two to three (I and J) independent experiments (mean + s.d.).
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Figure 5. miR-17~92 family miRNAs promote the expression of Fos in macrophages. (A) RNA-seq analysis showing RNA expression in TKO BMDMs

versus those in WT cells. RNAs upregulated in TKO BMDMs were colored red, whereas RNAs downregulated were colored blue, gene Fos was pointed

out and colored bright blue, and genes Phlpp2, E2f1, Pten, and Bim were pointed out and colored green. Top 10 upregulated genes (Atp6v0c-ps2,

Hmga1-rs1, H2-Q6, H2-Ea-ps, Gm8580, Gm8909, Sap25, LOC547349, H2–l, and H2–Q10) were colored yellow and top 10 downregulated genes

(Mir8114, 0610010B08Rik, Gm14430, Gm8615, Asb4, Gm14305, 6230416C02Rik, Gm38431, Pira7, and Cpt1b) were colored purple. (B and C) qPCR

analysis of Fos mRNA in WT and TKO BMDMs stimulated for the indicated periods with LPS. (D) Immunoblotting analysis of c-Fos ad p38 (loading

control) in whole-cell lysates of WT and TKO BMDMs treated for the indicated periods with LPS. (E) Quantifications of c-Fos protein abundance in

unstimulated condition in (D) by densitometry from four independent experiments. (F) qPCR analysis of Il10 mRNA in WT and TKO BMDMs transfected

with control or Fos overexpression vector and stimulated for the indicated periods with LPS. (G) Cumulative results from three independent

experiments of Il10 levels in LPS-stimulated 6 hr results as in (F), normalized to mRNA expression in control vector transfected WT cells. (H) ELISA of IL-

10 in supernatants from WT and TKO BMDMs transfected with control or Fos overexpression vector and stimulated with LPS for 12 hr. *p<0.05 and

Figure 5 continued on next page
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Figure 5 continued

**p<0.01 (paired Student’s t-test). Data are representative of six (B), four (D), or three (F) independent experiments or are pooled from six (C), four (E),

or three (G and H) independent experiments (mean + s.d.).
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Figure 5—figure supplement 1. The regulation of TNF and IL-10 by miR-17~92 family miRNAs is independent of PTEN. (A and B) qPCR analysis of Tnf

(A) and Il10 (B) mRNA in WT and TKO BMDMs stimulated with or without LPS for 3 hr in the presence or absence of a PTEN inhibitor SF1670 (2 mM).

Data are representative of three independent experiments (mean + s.d.).
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Figure 5—figure supplement 2. miR-17~92 family miRNAs sustain Fos expression in TKO BMDMs. (A and B) The whole immunoblots of c-Fos (A) and

p38 (B) in whole-cell lysates of WT and TKO BMDMs treated for the indicated periods with LPS.
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Figure 5—figure supplement 3. The expression of Jun is comparable between WT and TKO BMDMs. (A) qPCR analysis of Jun mRNA in WT and TKO

BMDMs stimulated for the indicated periods with LPS. (B) Immunoblotting analysis of c-Jun and p38 (loading control) in whole-cell lysates of WT and

TKO BMDMs treated for the indicated periods with LPS. Data are representative of two independent experiments (mean + s.d.).
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Figure 5—figure supplement 4. Overexpression of Fos reduces the expression of TNF in TKO BMDMs. (A and B) qPCR analysis of Fos (A) and Tnf (B)

mRNA in WT and TKO BMDMs transfected with control or Fos overexpression vector and stimulated with or without LPS for 6 hr. Data are

representative of three independent experiments (mean + s.d.).
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Figure 6. miR-17~92 family miRNAs target YY1 to promote Fos expression in macrophages. (A) qPCR analysis of Yy1 mRNA in WT and TKO BMDMs

stimulated for the indicated periods with LPS. (B) Immunoblotting analysis of YY1 and p38 (loading control) in whole-cell lysates of WT and TKO

BMDMs treated for the indicated periods with LPS. (C) Quantifications of YY1 protein abundance in unstimulated condition in (B) by densitometry from

three independent experiments. (D) Schematic illustration of predicted binding sites of miR-17 family miRNAs (red) in wild-type (YY1-WT) or mutated

(YY1-Mut) Yy1 30 untranslated region (UTR). (E) Luciferase reporter assays of Rluc gene expression containing the wild-type or mutated binding sites (as

in D) in Yy1 30UTR in 293 T cells co-transfected with the luciferase reporter vector and negative control (Control), miR-17~92 cluster (17/92), miR-

106a~363 cluster (106a), or miR-106b~25 cluster (106b) miRNAs overexpression vector. Results are presented as Rluc/Luc activity ratio and are

normalized to values in the control vector group. (F) qPCR analysis of Fos mRNA in TKO BMDMs transfected with control or YY1 short interfering RNAs

(siRNAs), normalized to mRNA expression in control siRNA transfected cells. (G) Immunoblotting analysis of c-Fos and p38 (loading control) in whole-

cell lysates of TKO BMDMs transfected with control or YY1 siRNAs. (H) Quantifications of c-Fos protein abundance in (G) by densitometry from four

independent experiments. (I and J) qPCR analysis of Tnf (I) and Il10 (J) mRNA in TKO BMDMs transfected with control or YY1 siRNAs and stimulated

with LPS for 1 hr. (K and L) ELISA of TNF (K) and IL-10 (L) in supernatants from TKO BMDMs transfected with control or YY1 siRNAs and stimulated with

LPS for 6 hr. *p<0.05 and **p<0.01 (paired Student’s t-test). Data are representative of three (A, B, I, and J) or four (G) independent experiments or are

pooled from three (C, K, and L), six (E), or four (F and H) independent experiments (mean + s.e.m.).
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Figure 6—figure supplement 1. YY1 expression is efficiently knocked down by RNA interference. (A) qPCR

analysis of Yy1 in WT BMDMs transfected with control or YY1 siRNAs, normalized to mRNA expression in control

siRNA transfected cells. (B and C) qPCR analysis of Yy1 (B) and immunoblotting analysis of YY1 and p38 (loading

control, C) in TKO BMDMs transfected with control or YY1 siRNAs, qPCR results were normalized to mRNA

expression in control siRNA transfected cells. **p<0.01 (paired Student’s t-test). Data are pooled from (A) or are

representative of (B) four independent experiments (mean + s.d.).
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Figure 6—figure supplement 2. Fos is upregulated after knocking down YY1 in WT BMDMs. (A and B) qPCR

analysis of Fos (A) and immunoblotting analysis of c-Fos and p38 (loading control, B) in WT BMDMs transfected

with control or YY1 siRNAs. Data are representative of two independent experiments (mean + s.d.).
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Figure 6—figure supplement 3. A model depicting functions and mechanisms of action of miR-17~92 family miRNAs in adipose tissue macrophages.

MicroRNAs of miR-17~92 family target YY1 to release its repression on Fos, allowing optimal production of IL-10 and subsequently repress production

of TNF, thus inhibiting chronic inflammation such as obesity. Overall, miR-17~92 family miRNAs act as crucial regulators of the balance between pro-

and anti-inflammatory cytokines in macrophages to maintain adipose tissue homeostasis.
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