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SUMMARY

Identifying molecular circuits that control adipose tissue macrophage (ATM) function is necessary 

to understand how ATMs contribute to tissue homeostasis and obesity-induced insulin resistance. 

In this study, we find that mice with a myeloid-specific knockout of the miR-23–27-24 clusters 

of microRNAs (miRNAs) gain less weight on a high-fat diet but exhibit worsened glucose and 

insulin tolerance. Analysis of ATMs from these mice shows selectively reduced numbers and 

proliferation of a recently reported subset of lipid-associated CD9+Trem2+ ATMs (lipid-associated 
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macrophages [LAMs]). Leveraging the role of miRNAs to control networks of genes, we use 

RNA sequencing (RNA-seq), functional screens, and biochemical assays to identify candidate 

target transcripts that regulate proliferation-associated signaling. We determine that miR-23 

directly targets the mRNA of Eif4ebp2, a gene that restricts protein synthesis and proliferation 

in macrophages. Altogether, our study demonstrates that control of proliferation of a protective 

subset of LAMs by noncoding RNAs contributes to protection against diet-induced obesity 

metabolic dysfunction.

In brief

Trem2+CD9+ lipid-associated macrophage (LAM) accrual has been reported to support white 

adipose tissue function in obesity. Sprenkle et al. demonstrate that myeloid-specific expression 

of miR-23–27-24 confers protection against obesity-induced defects in glucose metabolism and 

promotes LAM proliferation, in part, by suppressing the expression of Eif4ebp2, a negative 

regulator of translation.

Graphical Abstract

INTRODUCTION

Obesity is a risk factor for metabolic diseases, including type 2 diabetes and cardiovascular 

disease, by promoting peripheral insulin resistance (IR).1 Visceral white adipose tissue 

(WAT) IR is a crucial contributor to obesity-induced metabolic impairments due to its 
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roles as a primary lipid storage depot and dynamic endocrine organ.2 Accompanying WAT 

dysfunction in obesity is dramatic cellular and physiological remodeling within the myeloid 

cell compartment.3,4 A critical event contributing to WAT IR is macrophage accumulation 

and sterile activation. In lean WAT, adipose tissue macrophages (ATMs) maintain tissue 

integrity by fostering an immunosuppressive microenvironment and regulating tissue iron 

and lipid homeostasis.5–8 In contrast, chronic overnutrition and increased visceral adiposity 

incite local proliferation of tissue-resident macrophages and recruitment of monocyte-

derived macrophages into WAT, where they acquire an activation program that promotes 

aberrant production of pro-inflammatory factors that disrupt adipocyte function.9–14

While early studies assigned ATMs as key drivers of WAT dysfunction by propagating low-

grade tissue inflammation, recent evidence indicates that the lipid-handling and phagocytic 

capabilities of monocyte-derived CD9+Trem2+ ATMs can confer protection against 

adipocyte hypertrophy and systemic metabolic dysregulation in obesity.4 Mechanistically, 

it has been proposed that these lipid-associated macrophages (LAMs) accrue within crown-

like structures and phagocytize dying lipid-laden adipocytes from the microenvironment 

to prevent lipid spillover that results in pathology.4 Importantly, the regulation of LAMs 

is poorly defined. While most work has focused on Trem2 as a major driver of the 

transcriptional and functional profile of LAMs, reports on the metabolic consequences 

of Trem2 ablation are mixed.4,15,16 This suggests that other key regulators could 

be involved in LAM function and highlights a complex interaction between innate 

immunity and WAT physiology. Mechanisms driving macrophage accumulation in obese 

WAT and their physiologic functions remain incompletely understood. Determining the 

molecular regulation and function of macrophage subpopulations in obesity is essential for 

understanding the pathophysiology of obesity-associated metabolic diseases.

Small RNAs, such as microRNAs (miRNAs), have emerged as essential regulators of 

macrophage function.17–19 Unlike messenger RNAs (mRNAs), miRNAs do not encode 

protein products and instead contribute to post-transcriptional gene silencing of target 

mRNAs. Therefore, miRNA expression patterns are negatively correlated with the 

expression of target transcripts. Although each individual miRNA-mRNA interaction 

typically results in modest reductions in protein levels, miRNAs have evolved to regulate 

key signaling hubs and target tens to hundreds of mRNAs in a cell.20,21 Together, these 

properties allow miRNAs to fine-tune complex gene networks that govern specific functional 

programs to control immune responses. Many miRNAs are located in co-transcribed 

clusters containing multiple miRNAs that have evolved to co-regulate common molecular 

pathways by either silencing the same gene or different genes involved in similar biological 

processes.22–24

Observations from our group and other laboratories indicate that the cooperative regulation 

of gene expression by the paralogous miR-23a-27a-24–2 (Mirc11) and miR-23b-27b-24–1 
(Mirc22) clusters−together referred to as the miR-23–27-24 clusters here−controls effector 

immune cell responses.23,25–27 In macrophages, expression of miR-23a or miR-27a has been 

reported to restrain interleukin (IL)-4-induced alternative “M2-like” macrophage activation, 

a functional state associated with homeostasis, tissue repair, and wound healing.18,27 

Nevertheless, how the miR-23–27-24 clusters regulate ATM programming in obesity and 
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the physiologic outcomes of these interactions remains unknown due to the heterogeneous 

nature of ATMs in vivo and the lack of published studies utilizing macrophage-specific 

methods to investigate the biology of the clusters in models of obesity. In this study, we 

used a myeloid-specific deletion of the miR-23–27-24 clusters to test the function of these 

miRNAs in ATMs, identify genes regulated by these clusters, and define a role for these 

miRNAs in obesity-associated metabolic function.

RESULTS

Expression of the miR-23–27-24 clusters in myeloid cells protects against obesity-induced 
glucose and insulin intolerance

Given the important role of macrophages on obesity-induced metabolic outcomes,4,9–12 and 

studies demonstrating the ability of the miR-23–27-24 clusters to regulate macrophage 

function,18,23,27 we sought to study how loss of expression of these miRNAs in 

macrophages regulates metabolic function in an in vivo murine model of obesity. We 

generated mice from embryonic stem cells with a targeted allele for Mirc11 (the 

miR-23a-27a-24–2 cluster)28 and crossed them to mice with a targeted allele for Mirc22 
(the miR-23b-27b-24–1 cluster)25 and mice with Lyz2Cre to generate Mirc11fl/flMirc22fl/fl 

(fl/fl) control and Mirc11fl/fl Mirc22fl/flLyz2Cre (MyelΔ) mice. In bone marrow-derived 

macrophages (BMDMs) (Figure S1A), peritoneal macrophages (Figure S1B), and bead-

selected F4/80+ ATMs from mice fed a high-fat diet (HFD; 60% kcal of fat) (Figure S1C), 

miR-23, miR-24, and miR-27 expression was reduced by ≥70%–95% in MyelΔ compared 

to fl/fl controls. These results indicate that the clusters were effectively deleted in bone 

marrow-derived and tissue-resident macrophage populations.

To determine how expression of the miR-23–27-24 clusters in myeloid cells regulates 

systemic metabolic function, we first examined metabolic parameters in young lean mice. 

Neither male nor female MyelΔ mice exhibited altered body weights (Figure S1D), fasting 

glucose levels (Figure S1E), or glucose tolerance (Figure S1F). Additionally, myeloid cell 

numbers in visceral-like epididymal WAT (eWAT) were not different between genotypes 

(Figure S1G). These findings demonstrate that lean fl/fl and MyelΔ mice display similar 

immunometabolic characteristics.

To test how expression of these clusters in myeloid cells regulates systemic metabolic 

function in obesity, male fl/fl and MyelΔ mice were fed a HFD (60% kcal of fat) for 20 

weeks to induce obesity (Figure 1A). Male MyelΔ mice gained less body weight over 20 

weeks of HFD feeding (Figures 1B and 1C). Fat mass was ~3 g lower in obese MyelΔ mice, 

while lean mass remained unchanged (Figure 1D). Slopes for cumulative energy intake 

curves differed significantly between fl/fl and MyelΔ mice (98.58 vs. 92.93 kcal/mouse/

week, respectively) over the dietary intervention (Figure 1E), suggesting reduced energy 

consumption may have contributed to reduced fat accumulation. The rate of weight gain was 

also lower in MyelΔ versus fl/fl female mice on HFD for 20 weeks (Figures S1H and S1I). 

Like males, MyelΔ female mice accrued less fat mass (~5 g) following dietary intervention 

(Figure S1J).
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We then assessed glucose tolerance between both genotypes following HFD feeding. While 

no differences in fasting blood glucose or insulin levels were observed (Figure 1F), obese 

male MyelΔ mice exhibited a significant delay in glucose clearance during an intraperitoneal 

(IP) glucose tolerance test (GTT; Figure 1G). To determine if insulin responsiveness 

was impaired in MyelΔ mice, an IP-insulin tolerance test was performed. Obese male 

MyelΔ mice exhibited blunted insulin-induced glucose clearance compared to obese control 

mice (Figure 1H). Myeloid-specific deletion of the miR-23–27-24 clusters did not impair 

glucose tolerance in HFD-fed female mice (Figures S1K and S1L). Studies testing sex-

specific responses toward HFD feeding show that female mice are protected against 

obesity-driven impairments in glucose metabolism compared to their male counterparts.29–31 

This protective response has been proposed to be mediated, in part, by sex-dependent 

suppression of low-grade tissue inflammation, reduction in ATM accrual, and increased 

WAT vascularization, leading to improved WAT function. These findings indicate that the 

myeloid cell-specific expression of the miR-23–27-24 clusters in male mice protects against 

obesity-induced impairments in glucose regulation.

miR-23–27-24 cluster expression promotes LAM accumulation in obese adipose tissue

Because obese male MyelΔ mice are more glucose and insulin intolerant, we hypothesized 

that deleting the clusters in myeloid cells would exacerbate obesity-induced inflammatory 

ATM accumulation. To examine if myeloid-specific expression of the miR-23–27-24 
clusters remodels the myeloid cell compartment of obese eWAT, we immunophenotyped 

the stromal vascular fraction (SVF) of eWAT from male obese fl/fl and MyelΔ mice by 

flow cytometry. We defined ATMs based on their expression of the surface antigens F4/80 

and CD64 and lack of expression of the neutrophil marker Ly6G and the eosinophil marker 

Siglec F (Figure 2A).32 Contrary to our initial hypothesis, we observed a selective decrease 

in ATMs in MyelΔ compared to control mice by flow cytometry (Figure 2B).

Next, we sought to determine whether deletion of the miR-23–27-24 clusters in myeloid 

cells alters the function or polarization of ATMs to enhance tissue inflammation, despite 

reducing total ATM numbers. However, no differences in levels of mRNA encoding the 

pro-inflammatory cytokines IL-6 and tumor necrosis factor alpha (TNF-α) in whole eWAT 

(Figure 2C) or serum levels of IL-6 and TNF-α (Figure 2D) were observed. In addition, 

flow cytometric analysis showed a significant decrease in surface levels of CD11c on 

macrophages in the obese adipose tissue of MyelΔ mice, an integrin molecule often 

expressed by inflammatory ATMs (Figure 2E).33–35 We also examined the expression of 

markers associated with an insulin-sensitizing M2-like macrophage phenotype on ATMs. 

However, we did not detect differences in the numbers of CD163+ ATMs or surface levels of 

the M2-like markers CD71 and CD206 between genotypes (Figures 2F and 2G). Levels of 

the M2-like macrophage-associated genes Cd38, Chil3, Egr2, Irf4, Mrc1, Retnla, and Lyve1 
were also unchanged in eWAT from obese MyelΔ compared to control fl/fl mice (Figure 

S2A). Together, these findings demonstrate that overall adipose tissue inflammation is not 

increased after miR-23, miR-24, and miR-27 deletion in myeloid cells.

To test for tissue inflammation in another insulin-sensitive site, we examined the liver in 

male mice. While we observed significantly elevated Il6 mRNA levels in whole MyelΔ 
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hepatic tissue, we did not detect differences in mRNA expression levels of other pro-

inflammatory factors, M2-like macrophage markers, rate-limiting gluconeogenic enzymes 

(i.e., G6pc and Pck1), or enzymes involved in lipid biosynthesis or storage (Figures S2B–

S2E). Furthermore, quantification of neutral lipids in the livers of obese fl/fl and MyelΔ 

mice showed no differences in pathologic lipid deposition (Figure S2F). These findings 

suggest that the systemic impairment in glucose metabolism found in obese MyelΔ mice 

is not correlated with changes in metabolism and inflammation in other insulin-sensitive 

tissues.

Because we found no evidence to suggest that MyelΔ ATMs exacerbated pathologic 

inflammation, we sought to determine if deleting the clusters in myeloid cells alters LAM 

accumulation. CD9+Trem2+ LAMs are a lipid-laden subset of ATMs that accumulate in 

crown-like structures within obese WAT and confer protection against obesity-induced 

pathology in some,4,36 but not all,15,16 studies. Flow cytometric analysis for the LAM 

marker CD9 revealed a significant reduction in surface levels of CD9 on obese MyelΔ 

ATMs in male mice (Figure 2H). This was accompanied by a selective decrease in the 

absolute counts of CD9+ ATMs from obese MyelΔ eWAT (Figure 2I) and Trem2 mRNA 

levels in whole MyelΔ eWAT (Figure 2J). As in males, total ATM and LAM numbers 

were significantly reduced in female MyelΔ perigonadal WAT (Figures S3A and S3B). We 

also observed a decrease in crown-like structures in the obese adipose tissue of MyelΔ 

mice (Figures 2K and S2G). Overall, our findings identify a role for miR-23–27-24 cluster 

expression in LAMs and link a reduction in the number of protective LAMs in eWAT with 

worsened systemic glucose regulation in obese MyelΔ mice.

The miR-23–27-24 clusters support LAM proliferation in obesity

Since LAMs may provide a protective adaptation in expanding adipose tissue, we 

investigated the cellular mechanisms by which loss of expression of the miR-23–27-24 
clusters in myeloid cells decreased LAM accumulation. LAMs are derived from monocytes,4 

thus we began by comparing numbers of circulating and eWAT-resident monocytes between 

fl/fl and MyelΔ mice after HFD feeding. We did not detect any differences in blood 

monocytes by complete blood count (Figure 3A), arguing against a defect in the production 

or survival of monocytes in circulation. Total SSC-AloLy6C+ monocytes within eWAT were 

also equivalent in fl/fl and MyelΔ mice (Figure 3B). We then characterized monocytes 

and ATMs based on the receptor for CCL2, a chemotactic factor important for monocyte 

infiltration into obese eWAT.9 Although we did not find differences in CCR2+ monocytes 

in obese mice among both genotypes (Figure 3B), we found significant reductions in 

both CCR2− and CCR2+ ATMs in MyelΔ eWAT compared to control (Figure 3C). These 

findings indicate that loss of the miR-23–27-24 clusters in myeloid cells diminishes absolute 

ATM numbers in this visceral fat depot through a mechanism downstream of monocyte 

recruitment.

Because ATM proliferation represents a key event contributing to ATM accumulation in 

obese eWAT,37 we next investigated whether loss of the clusters in myeloid cells impaired 

LAM proliferation by staining for Ki67, a nuclear antigen expressed by cells undergoing 

proliferation. Consistent with a proliferation defect, we observed a significant reduction in 
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Ki67+ CD9+ LAMs, but not Ki67+ CD9− ATMs, in MyelΔ eWAT (Figures 3D–3F). This 

included both an ~50% reduction in the total number of Ki67+ cells per gram of adipose 

tissue (Figure 3E), as well as a relative reduction in the percentage of Ki67+ CD9+ LAMs 

among CD9+ LAMs in MyelΔ compared to fl/fl controls (Figure 3F). Furthermore, MyelΔ 

BMDMs cultured under metabolically activating conditions (MMe BMDMs) to promote 

an obese-like ATM phenotype12 exhibited a significant defect in proliferation compared to 

fl/fl MMe BMDMs (Figures 3G and 3H). To determine which miRNAs of the cluster were 

capable of regulating proliferation, we treated wild-type (WT) MMe BMDMs with locked 

nucleic acids (LNAs) to selectively deplete miR-23, miR-24, or miR-27. We found that acute 

inhibition of miR-23 or miR-24, but not miR-27, expression in WT BMDMs was sufficient 

to reduce the number of Ki67+ cells in MMe conditions (Figure 3I). These findings indicate 

that expression of the miR-23–27-24 clusters supports LAM proliferation in obese eWAT 

and in MMe macrophages.

Finally, we performed assays to determine whether augmented cell death contributed 

to reduced LAM accumulation in obese MyelΔ eWAT. We detected no differences in 

apoptotic (AnnexinV+7-AAD−) or late apoptotic/necrotic (AnnexinV+7-AAD+) LAMs 

between genotypes (Figures 3J and 3K). Furthermore, Casp ase-3 activity was similar 

between fl/fl and MyelΔ BMDMs cultured under MMe conditions (Figure 3L). These 

findings argue against elevated cell death being responsible for the observed defect in 

LAM numbers. Overall, our data demonstrate that expression of the miR-23–27-24 clusters 

supports LAM accrual in obese eWAT by promoting proliferation.

The miR-23–27-24 clusters enhance the expression of multiple genes involved in the 
negative regulation of cell proliferation

Because miRNAs attenuate the expression of networks of genes, we set out to identify 

candidate target mRNA transcripts regulated by miR-23, miR-24, and miR-27 in ATMs. 

We bead selected F4/80+ ATMs from male fl/fl and MyelΔ mice after 20 weeks of 

HFD and performed bulk RNA sequencing (RNA-seq). Differential expression analysis 

identified multiple genes that were selectively regulated in ATMs with deletion of the 

miR-23–27-24 clusters (Figure S4A; Tables S1 and S2). Consistent with the proposed 

function of CD9+Trem2+ macrophages in phagocytosis4 and within the central nervous 

system,38 pathway analysis identified lysosome, phagosome, and microglial gene signatures 

as downregulated in MyelΔ ATMs (Figure S4B). To further test whether myeloid-specific 

deletion of these miRNA clusters leads to reduced LAMs, we performed gene set 

enrichment analysis of our data with a list of genes generated from published single-cell 

RNA-seq data comparing LAMs to lean ATMs.4 We found that ATMs from obese fl/fl mice 

were significantly enriched in this gene signature compared to ATMs from MyelΔ mice 

(Figure S4C). Also consistent with our previous data, we did not detect global changes in the 

expression of M2-like macrophage genes, although Mrc1 and Retnla were slightly increased 

in MyelΔ ATMs (Figure S4D). Finally, we did not detect differences in gene signatures 

for inflammation or apoptosis between groups (Figure S4E); however, we did detect an 

increased a leukocyte proliferation signature in fl/fl ATMs (Figure S4E).
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Given that we observed a proliferation defect in miR-23–27-24 cluster-deficient BMDMs 

cultured in MMe conditions, we also performed RNA-seq in these cells (Figure S5A; Tables 

S3 and S4). In these in vitro conditions, we found similar differentially regulated pathways 

in MyelΔ macrophages when compared with fl/fl controls (Figure S5B). There was an 

overall strong concordance between differentially expressed genes within both datasets that 

highlighted lysosome, phagosome, and microglia-like pathways (Figure S5C and S5D). 

Gene set enrichment analysis also showed an enrichment in a LAM-like transcriptional 

profile in control fl/fl BMDMs in MMe conditions and no changes in inflammatory or 

apoptotic gene signatures (Figure S5E). Together, these RNA-seq data support our previous 

findings that loss of miR-23, miR-24, and miR-27 expression leads to selective reduction of 

LAMs in obese adipose tissue and that miR-23–27-24 cluster-deficient BMDMs cultured in 

MMe conditions share similar transcriptional changes.

Because mRNA decay is the predominant mechanism for miRNA-mediated gene silencing, 

we first tested whether loss of the clusters resulted in elevated expression of predicted 

mRNA targets in our RNA-seq data. Cumulative distribution frequency plots showed a 

statistically significant global upregulation (right shift) of predicted high-confidence 8mer 

target mRNAs in MyelΔ versus fl/fl ATMs for miR-23, miR-24, and miR-27 (Figure 4A) as 

well as MyelΔ versus fl/fl MMe BMDMs (Figure S5F). We observed no change in global 

expression of predicted target mRNAs of miR-21 and miR-223, two unrelated miRNAs that 

have previously demonstrated important roles in macrophage biology39 (Figures 4A and 

S5F). Together, these data demonstrate that loss of miR-23–27-24 specifically upregulates 

numerous predicted target genes regulated by this cluster but not predicted targets of other 

miRNAs in MMe BMDMs and obese ATMs.

Next, to generate a list of candidate target mRNAs regulated by the three miRNAs encoded 

in the miR-23–27-24 clusters, we leveraged our RNA-seq dataset comparing fl/fl and MyelΔ 

obese ATMs. Candidate target genes were selected based on the following criteria: (1) 

the 3′ UTR of the mRNA contained complementary sequences(s) to the 5′ seed sequence 

of miR-23, miR-24, and/or miR-27; and (2) the transcript was differentially upregulated 

(adjusted p value ≤0.05) in obese MyelΔ ATMs. Using these criteria, we identified 78, 

42, and 76 candidate target genes for miR-23, miR-24, and miR-27, respectively (Figure 

4B; Table S5). Finally, since loss of the miR-23–27-24 clusters selectively reduced LAM 

proliferation (Figures 3D–3F), we hypothesized that these miRNAs would be specifically 

important for suppressing the expression of negative regulators of cell proliferation. 

Therefore, we compared the list of candidate targets with gene sets annotated to negatively 

regulate cell proliferation and biosynthetic processes or signaling pathways involved in cell 

proliferation. We identified the following candidate genes through this approach: Dusp5, 

Eif4ebp2, Sesn2, Socs6, Spry1, and Tmem127 (Figure 4C).

In MMe conditions, we also identified numerous predicted targets of miR-23, miR-24, and 

miR-27 that were significantly upregulated (Figure S5G). More than 60% of significantly 

differentially expressed predicted target transcripts of all three miRNAs were upregulated 

in both MMe BMDMs and ATMs, with relatively few targets that were upregulated in one 

cell population but not the other (Figure S5H). Although gene set enrichment analysis did 

not show differences in enrichment of leukocyte proliferation genes in MMe conditions 
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(Figure S5E), most predicted targets significantly upregulated in MyelΔ ATMs showed 

concordant upregulation in MyelΔ MMe BMDMs when compared to fl/fl controls, including 

candidate targets identified as potential regulators of cell proliferation in ATMs (Figure S5I). 

qPCR studies confirmed that MyelΔ MMe BMDMs expressed two to four times greater 

levels of Dusp5, Eif4ebp2, Sesn2, Socs6, Spry1, and Tmem127 mRNAs relative to control 

MMe macrophages (Figure 4D). Interestingly, there were no significant differences in levels 

of any of the candidate target transcripts between control and MyelΔ BMDMs under non-

stimulating (BSA) conditions (Figure 4D), indicating that the differential expression of these 

transcripts was selectively observed during metabolic activation.

Next, we reconstituted individual miRNA expression in MyelΔ MMe BMDMs using 

miRNA mimics to determine which miRNAs were essential to suppress the expression of 

each candidate target gene. Transfection of miR-23 in MyelΔ MMe BMDMs significantly 

reduced Dusp5, Eif4ebp2, Socs6, and Tmem127 mRNA levels (Figure 4E). In contrast, 

reconstituting miR-24 only attenuated the expression of Eif4ebp2 mRNA, even though it 

was not predicted to be a target by the TargetScan predication algorithm40 (Figures 4C–

4E). Finally, despite being predicted to target several of these candidate regulators of cell 

proliferation, miR-27 overexpression had no notable impact on mRNA levels of any of 

the genes of interest (Figures 4C–4E). Altogether, we identified candidate target transcripts 

differentially regulated by the miR-23–27-24 clusters in obese ATMs and obese-like MMe 

BMDMs that are known regulators of cellular proliferation.

The miR-23–27-24 clusters suppress Eif4ebp2 expression to promote metabolically 
activated macrophage proliferation

To test which of the candidate target genes might regulate proliferation in macrophages 

exposed to obese-like conditions, we performed a small interfering RNA (siRNA) screen 

for the six candidate target genes identified by RNA-seq analysis in MyelΔ ATMs from 

obese eWAT using our MMe in vitro model. We hypothesized that, if negative regulation 

of candidate target genes by the miR-23–27-24 clusters promotes proliferation, then siRNA-

mediated knockdown of these genes would also enhance macrophage proliferation. Among 

the candidates, only siRNA-mediated knockdown of Eif4ebp2 increased MMe BMDM 

proliferation (Figure 5A). Interestingly, this was also the only candidate target suppressed 

by miR-23 transfection and by miR-24 transfection (Figure 4E), the two miRNAs encoded 

by this cluster that supported proliferation in these macrophages (Figure 3I). To verify the 

results of this screen, we tested whether knockdown of Eif4ebp2 could enhance proliferation 

of primary ATMs from obese adipose tissue. Consistent with our cell culture results, F4/80-

selected ATMs from MyelΔ obese eWAT transfected with siEif4ebp2 proliferated more ex 
vivo compared to obese ATMs transfected with control siRNA (Figure 5B). Together, these 

findings indicate that the negative regulation of Eif4ebp2 contributes to MMe BMDM and 

ATM proliferation.

Since miRNAs can affect the expression of target mRNAs directly or indirectly, we 

next sought to test whether members of the miR-23–27-24 clusters directly regulate 

Eif4ebp2 expression. To do this, we performed immunoprecipitation assays of Argonaute 

2 (AGO2), an RNA-binding protein that facilitates miRNA-mRNA engagement to facilitate 
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post-transcriptional silencing of target transcripts as part of the RNA-induced silencing 

complex (RISC).41 We detected a significant enrichment of Eif4ebp2 mRNA after 

immunoprecipitation of AGO2 (AGO2-IP) in control MMe BMDMs, indicating that AGO2 

interacts with Eif4ebp2 mRNA during metabolic activation (Figure 5C). Next, we compared 

the enrichment of Eif4ebp2 mRNA isolated from primary fl/fl and MyelΔ MMe BMDM 

lysates following AGO2-IP. Consistent with Eif4ebp2 mRNA being directly regulated by the 

clusters, we detected a ~35% reduction in enrichment of Eif4ebp2 mRNA associated with 

AGO2 in MyelΔ MMe BMDMs relative to fl/fl MMe BMDMs (Figure 5D).

Because Eif4ebp2 mRNA is predicted to be directly regulated by miR-23 (Figure 4C), but 

its expression can be reduced by transfection of MMe macrophages with either miR-23 

or miR-24 (Figure 4E), we sought to determine which of these miRNAs directly target 

Eif4ebp2 mRNA in macrophages. Depletion of miR-23 by LNAs in immortalized WT 

BMDMs cultured in MMe conditions reduced Eif4ebp2 mRNA enrichment in AGO2-IPs 

by ~20% (Figure 5E). Contrary to miR-23 inhibition, loss of miR-24 did not reduce 

enrichment of Eif4ebp2 mRNA in AGO2-containing complexes (Figure 5E). These findings 

indicate that Eif4ebp2 mRNA is a direct target of miR-23 in macrophages during metabolic 

activation.

Eif4ebp2 encodes a member of the eukaryotic translation initiation factor 4E binding protein 

(4E-BP) family. Canonically, 4E-BP2 binds to and sequesters the translation initiation 

factor eIF4E, repressing translation of eIF4E-sensitive transcripts.42,43 Upon mTORC1 

activation, 4E-BP2 releases eIF4E to initiate cap-dependent translation. Therefore, 4E-BP2 

normally restricts anabolism and proliferation within cells. In MMe BMDMs lacking 

miR-23–27-24 cluster expression, we observed increased levels of the protein product of 

Eif4ebp2 (4E-BP2) (Figure 5F). To test whether this increased protein expression of 4E-BP2 

correlated with an inhibition of protein translation within miR-23–27-24 cluster-deficient 

cells, we performed a puromycin incorporation assay to measure changes in active protein 

synthesis. Supporting our hypothesis, we observed a reduction in the generation of nascent 

polypeptides in MyelΔ MMe BMDMs relative to control MMe BMDMs (Figure 5G). To 

test whether the clusters control Eif4ebp2-regulated protein synthesis, we quantified protein 

levels of Bhlhe40 (DEC-1), which has previously been reported to depend on loss of 4E-

BP1/2 translational repression to promote macrophage proliferation.44,45 siRNA-mediated 

knockdown of Eif4ebp2 increased levels of DEC-1 in WT MMe BMDMs, supporting 

that DEC-1 expression is negatively regulated by 4E-BP2 in these cells (Figure 5H). 

Furthermore, DEC-1 levels were markedly reduced in MyelΔ MMe BMDMs relative 

to control MMe BMDMs (Figure 5I). Overall, these findings support that the miR-23–
27-24 clusters promote protein synthesis during metabolic activation, in part, by relieving 

inhibition of eIF4E-dependent translation through suppressing Eif4ebp2 mRNA.

DISCUSSION

Accumulation of macrophages in adipose tissue is a hallmark of obesity, a condition with 

growing worldwide prevalence that can significantly increase the risk of type 2 diabetes, 

cardiovascular disease, and cancer.46–48 Cells of the innate immune system play a complex 

role in the regulation of obesity-induced IR. While the accumulation of inflammatory 
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ATMs has been linked to metabolic outcomes associated with chronic obesity,9–14 recent 

evidence demonstrates that ATMs can also protect against the metabolic complications 

of obesity through proposed lipid-handling and phagocytic capabilities.4 Because the key 

molecular mechanisms driving ATM adaptations in obesity and their influence on systemic 

IR remain incompletely understood, we hypothesized that miRNAs might both serve as 

important molecular regulators of this critical cell population and provide insight into the 

gene networks and pathways that control ATMs.

miRNAs control macrophage-driven inflammation in obesity and obesity-associated 

metabolic diseases. miR-155 promotes macrophage-driven inflammation in atherosclerotic 

plaques, while miR-146a and miR-223 restrain aberrant inflammatory activation in obese 

adipose tissue.49–51 In addition, the regulation of lipid metabolism by miR-33 promotes 

development of atherogenic macrophages and progression of artherosclerosis.52,53 Although 

published data demonstrate that miRNAs of the miR-23–27-24 clusters can limit M2-like 

macrophage differentiation and function,18,27 we did not observe an increase in M2-like 

macrophages in obese adipose tissue. Furthermore, male mice with a myeloid-specific 

deletion of these clusters showed worsened glucose and insulin tolerance rather than 

protection from obesity-associated metabolic dysfunction. This finding is consistent with 

a recent study showing that global deletion of the miR-23b-27b-24–1 (Mirc22) cluster 

aggravated glucose intolerance in mice fed an HFD.54 Of note, we did not observe 

differences in systemic glucose handling in female mice with a myeloid-specific deletion of 

the miR-23–27-24 clusters, which adds to literature showing discordant regulation of obesity 

and metabolism in females and males.29–31 However, we identified that the miR-23–27-24 
clusters support LAM accrual in WAT during chronic obesity in both males and females, 

a subset of macrophages that are Trem2+CD9+, accumulate late in obesity, and may play 

a role in improving systemic glucose tolerance.4 Importantly, this impairment of systemic 

metabolic function occurred in the absence of increased weight gain, uncoupling the degree 

of adiposity from metabolic function through the selective regulation of these noncoding 

RNAs in myeloid cells.

Next, we identified the cellular and molecular mechanisms whereby miR-23, miR-24, and 

miR-27 were required for LAM accumulation in obese adipose tissue. We determined a 

selective defect in the proliferation of CD9+ LAMs in vivo and metabolically activated 

BMDMs in vitro in miR-23–27-24-deficient cells. Combining ex vivo RNA-seq analysis 

with miRNA-mRNA target interaction prediction algorithms allowed us to identify relevant 

candidate target genes of the clusters in obese ATMs. Importantly, miR-23–27-24 deficiency 

in metabolically activated BMDMs drove similar transcriptomic changes in LAM-associated 

gene signatures and pathways observed in obese ATMs, with a congruent expression in 

many candidate target genes identified in vivo. Subsequent functional siRNA screening 

in primary cells and studies of a subset of those targets identified Eif4ebp2 as a direct 

target of the clusters whose suppression supports macrophage proliferation. Interestingly, 

both miR-23 and miR-24 independently suppress proliferation as well as attenuate the 

expression of this transcript in macrophages. Therefore, two members of these clusters may 

be acting collaboratively to control a key regulatory node in the gene networks of this 

cell, highlighting one mechanism of how miRNAs of a cluster may evolve together. Of 

note, assaying AGO2-containing complexes identified miR-23 as a direct regulator of this 
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transcript but showed that miR-24 is likely to act indirectly through other undiscovered 

targets to regulate this gene.

This work also demonstrates how miRNA-directed pathway discovery can be used to 

identify genes important for immune cell function in physiology and disease. First, the 

identification of a requirement for the miR-23–27-24 clusters selectively in CD9+ ATMs 

highlights subset-specific requirements for regulatory function that can be used to query 

deep mechanisms of immune cell function and could be leveraged for selective therapeutic 

intervention. They add to the theory that LAMs contribute to maintaining metabolic health 

in obese adipose and suggest that the miR-23–27-24 clusters may exert broader regulation 

than even single-gene changes in this cell population, given that loss of Trem2 alone does 

not worsen diet-induced obesity in all studies. Identification of the translational repressor 

Eif4ebp2 as a critical target of these miRNA clusters also points to the importance of 

eIF4E-dependent transcripts and their upstream regulator mTORC142,43 in the function of 

LAMs. Indeed, studies in the central nervous system of a related population of CD9+Trem2+ 

microglia in mouse models of Alzheimer’s disease have identified mTORC1 as an important 

downstream mediator of Trem2 signaling, controlling autophagy and metabolism in these 

cells.55

In summary, our study indicates that myeloid-specific expression of the miR-23–27-24 
clusters supports the proliferation of LAMs through the regulation of Eif4ebp2, with 

protection against obesity-induced metabolic dysfunction. It highlights opportunities for 

investigations of the layered complexity of post-transcriptional regulation at the intersection 

of immunometabolism, cellular immunology, and RNA biology. Findings from this study 

provide insights into the identification of functionally relevant miRNAs and corresponding 

downstream signaling pathways in immune cells that may be exploited therapeutically to 

modify the immune system to improve obesity-induced metabolic outcomes.

Limitations of the study

Although we identified Eif4ebp2 as a target gene important for ATM proliferation, there 

are likely other critical miRNA-mRNA interactions among the 163 significantly regulated 

predicted targets in our RNA-seq dataset. miRNAs almost always act to inhibit multiple 

critical target genes to exert a biological effect. Indeed, it remains possible that the additional 

candidate targets implicated in negatively regulating pro-proliferative mTORC1 and MAPK 

signaling pathways, Dusp5,56 Sesn2,57 Socs6,58 Spry1,59 and Tmem127,60 may be critical 

for the in vivo function of LAMs despite not affecting in vitro proliferation in metabolically 

activating conditions. Moreover, due to the nature of miRNAs, we anticipate that, in 

addition to regulating cellular proliferation, target genes inhibited by the miR-23–27-24 
clusters may coordinate additional cell-autonomous changes in aspects of ATM biology 

that dictate macrophage function in systemic metabolic homeostasis and obesity. Therefore, 

testing additional functions for miR-23, miR-24, and miR-27 within ATMs may identify 

critical characteristics of cell subsets within this tissue. Finally, we cannot exclude that loss 

of the miR-23–27-24 clusters in macrophages outside eWAT contributes to the observed 

metabolic phenotype. For example, loss of this cluster’s expression in liver macrophages 

may also be important, as liver macrophages have been intimately linked to obesity-induced 
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defects in systemic glucose regulation, and LAM signatures have been reported in hepatic 

tissue in murine obesity.4,61,62 It will be important in the future to determine whether the 

miR-23–27-24 clusters contribute to the function of other macrophage populations found 

in metabolic and other diseases, including in atherosclerosis,63,64 liver dysfunction during 

obesity,4 within the tumor microenvironment,65,66 and in Alzheimer’s disease.67

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr. Heather Pua 

(heather.pua@vumc.org).

Materials availability—All unique reagents generated in this study are available from the 

lead contact with a completed materials transfer agreement.

Data and code availability

• All transcriptomic data have been deposited at the Gene Expression Omnibus 

and are publicly available as of the date of publication. Accession numbers 

for deposited RNA sequencing data are GSE222351 and GSE235186 and are 

referenced in the key resources table.

• All original code used in this study is freely and fully available (DOI listed in the 

key resources table).

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and diets—All animal studies were performed after obtaining approval from 

the Vanderbilt Institutional Animal Care and Use Committee. C57BL/6 ES cells were 

targeted using constructs generated as a resource for the conditional deletion of miRNA 

clusters as described28 to produce chimeric mice with a conditionally mutant allele of 

the miRNA cluster containing miR-23a, miR-27a, and miR-24–2 (the Mirc11 cluster). 

These chimeras were crossed to Rosa26-Flp mice (Gt(ROSA)26Sortm1(FLP1)Dym; JAX: 

009086) to delete the selection cassette. Mice previously generated with a conditionally 

mutant allele containing miR-23b, miR-27b and miR-24–1 (the Mirc22 cluster)25 were 

backcrossed for 10 generations to C57BL/6J mice (JAX: 000664). These two lines were 

intercrossed, and the progeny crossed to Lyz2Cre mice (B6.129P2-Lyz2tm1(cre)Ifo/J; JAX: 

004781) to generate mice with myeloid cells lacking expression of Mirc11 and Mirc22 
clusters in myeloid cells (MyelΔ). For the diet-induced obesity model, 7–9-week-old male 

or female Mirc11fl/flMirc22 fl/fl and Mirc11fl/flMirc22fl/flLyz2Cre mice were fed a high-fat 

diet (HFD, 60% kcal fat; Research Diets) for 20+ weeks. Body weight and food intake were 

recorded weekly. Body composition measurements, collection of fasting blood samples, and 

intraperitoneal glucose and insulin tolerance tests were performed before or during HFD 

feeding. All other analyses were performed after the mice were euthanized.
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Primary and immortalized bone marrow-derived macrophage cultures—
Primary bone marrow-derived macrophages (BMDMs) were prepared by culturing bone 

marrow of female and male mice in RPMI-1640 media supplemented with 20% L929-

conditioned medium, 10% FBS, gentamicin, glutamine, HEPES, non-essential amino acids, 

and penicillin-streptomycin for 7+ days at 37°C. Media was changed on Day 1, then every 

three days of culture. To plate for experiments, BMDMs were detached from the flask using 

cold PBS containing 0.5–5 mM EDTA and plated into tissue culture plates at a concentration 

of 1×106 cells/mL.

Origin and details of the Cas9+ immortalized bone marrow-derived macrophage cell line 

used in this study are summarized in this paper’s key resources table. Conditionally 

immortalized macrophages were derived from male Cas9+ mice. These cells are not 

commercially available, and therefore do not have reference STRs for authentication.

All cell lines were maintained at 37°C in RPMI-1640 medium supplemented with 10% FBS, 

gentamicin, glutamine, HEPES, non-essential amino acids, and penicillin-streptomycin. 

To metabolically activate primary and immortalized BMDMs, BMDMs were cultured in 

supplemented DMEM media containing 25 mM glucose, 10 nM insulin (Novolin), and 

150–250 mM palmitic acid (MP Biomedicals) conjugated to BSA (Research Products 

International) for 24 h–48 h. BMDMs in the control group were cultured in supplemented 

RPMI-1640 medium (11 mM glucose) containing BSA alone.

METHOD DETAILS

Body composition—Fat and lean mass were quantified at the Vanderbilt University 

Mouse Metabolic Phenotyping Center via nuclear magnetic resonance (Bruker Minispec, 

Woodlands, TX).

Bulk RNA sequencing—F4/80-selected ATMs from perigonadal fat pads were 

homogenized with TRIzol Reagent (Life Technologies). Large RNA (>200 nt) was isolated 

using the RNeasy Mini Kit (Qiagen) and submitted to the Vanderbilt Technologies for 

Advanced Genomics Core for sequencing on the NovaSeq 6000 (Illumina). Data were 

processed on the Vanderbilt computing cluster (ACCRE) using the lab’s RNA-seq pipeline 

(https://github.com/parkdj1/RNASeq-Pipeline). Briefly, FastQC was used to evaluate data 

quality, adaptors were trimmed using Cutadapt, and alignment with quantification was 

performed using Salmon. Primary data was deposited in GEO (accession numbers in the key 

resources table). Downstream analysis included differential expression (DESeq2) and gene 

set enrichment (www.broadinstitute.org/gsea). IDs of the following GSEA gene sets were 

used to identify candidate target transcripts: GO: 0070373, GO: 0008285, GO: 0043409, 

GO: 1904262, GO: 0009890, GO: 0097696, Reactome: R-HSA-5675221.

Caspase 3 activity assay—BMDMs were plated into tissue culture plates (1 × 106 

cells/mL) and allowed to rest overnight. Media was replaced the next day, and cells were 

subjected to metabolic activation for ~24h. Afterward, cleaved caspase 3 assay was carried 

out using EnzChek Caspase 3 Assay Kit (Molecular Probes) according to the manufacturer’s 

instructions.
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Electroporation—One to two million BMDMs from the indicated genotype resuspended 

in 100 μL Buffer R were mixed with 500 nM miRNA mimic (miRIDIAN) or 100 nM siRNA 

(siGENOME), then electroporated using the Neon Transfection System (Thermo-Fisher) at 

pulse code (10 ms x 3 pulses) using 100 μL Neon tips (Thermo-Fisher) at 1500 V. Following 

electroporation, cells were slowly pipetted into wells of tissue culture plates containing 

prewarmed supplemented RPMI-1640 medium containing 20% L929 conditioned media. 

Cells incubated in media for 24–48h, then were subjected to metabolic activation.

Fasting glucose, insulin, and glucose/insulin tolerance tests—Fasting blood 

samples were collected from the tail vein following a 5–6 h fast. After collecting baseline 

blood samples, mice underwent an intraperitoneal glucose or insulin tolerance test. In 

brief, blood samples were collected by massaging the tail at the indicated time points 

after receiving an intraperitoneal injection of glucose (1 g/kg lean body mass) or insulin 

(0.5 U/kg lean body mass), respectively. Blood glucose levels were measured using a 

CONTOURNEXT glucometer. Fasting plasma insulin concentrations were determined using 

a radioimmunoassay; insulin measurements were carried out by the Hormone Assay & 

Analytical Services Core at Vanderbilt University.

Locked nucleic acid treatments—BMDMs were plated into tissue culture plates (1 × 

106 cells/mL) and allowed to rest overnight. Media was replaced the next day, and cells were 

treated with 50 nM of the indicated locked nucleic acid inhibitor (miRCURY LNA miRNA 

Power Inhibitors). Cells incubated with inhibitors for 24h, then subjected to metabolic 

activation.

Luminex analysis—Serum samples from mice fed an HFD were sent to Vanderbilt 

Hormone Assay & Analytical Services Core for Luminex analysis. Analytes examined in 

this study were chosen from their “Mouse Metabolic Hormone Panel”.

miRNA and mRNA quantification via RT-qPCR—TRIzol Reagent (Life 

Technologies) was used to extract and purify RNA from tissues and cultured cells. Small 

RNA (<200 nt) of F4/80-selected adipose tissue macrophages from perigonadal fat pads was 

isolated using the RNeasy Mini Kit (Qiagen). For miRNA quantitation, the Mir-X miRNA 

First-Strand Synthesis Kit (Takara) was used for cDNA synthesis. For mRNA quantitation, 

the SuperScript IV First-Strand Synthesis System Kit (Invitrogen) was used for cDNA 

synthesis. Real-time PCR of cDNA was performed on a CFX96 Real-Time PCR Detection 

System (BioRad) located at the Vanderbilt Cell & Developmental Biology Equipment 

Resource Core using FastStart Universal SYBR Green master mix (Roche). Expression of 

the indicated genes was normalized to β-actin (Actb) using the 2−ΔΔCt method.

Palmitic acid-BSA preparation—Palmitic acid (MP Biomedical) was dissolved in 

Molecular Biology Grade Ethanol (Fisher BioReagents) by alternating between heating at 

70°C and vortexing to produce a 1M palmitic acid solution. Immediately afterward, the 

dissolved palmitic acid was conjugated to BSA by gently mixing and heating (70°C) 40 μL 

of the 1 M palmitic acid solution with 960 μL of a 10% BSA in HEPES (Gibco) solution for 

20–30 min, creating a 40 mM palmitic acid-BSA solution. Before cell culture treatment, the 

40 mM palmitic acid-BSA solution was shaken at 50°C for 20 min prior to dispensing into 
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a tube containing supplemented DMEM media which was then incubated with cells. 10% 

BSA in HEPES solution was used as the vehicle control.

Puromycin incorporation assay—Puromycin (10 μg/mL; InvivoGen) was added to 

BMDMs 15 min before harvest. Cells were then washed with ice-cold PBS twice, and 

protein was collected and processed for Western blotting. A “no puromycin” treatment 

group served as a negative control.

RNA-Argonaute 2 immunoprecipitation—Primary or immortalized BMDMs68 were 

cultured in 150 mm tissue culture plates until they reached 100% confluence. Following 

indicated treatments, ribonucleoprotein complexes were crosslinked with 300 mJ/cm2 UV 

(wavelength 254 nm). To isolate RNAs complexed with Argonaute 2 (AGO2), we first 

conjugated 5 μg of anti-AGO2 (Wako; clone 2D4) to 50 μL of protein G Dynabeads 

(Invitrogen; 10004D) by incubating both at room temperature for 1 h while rotating. Beads 

were then collected using the DynaMag-2 magnet (Invitrogen; 12321D) and washed 3x 

with lysis buffer. After which, cell lysate from crosslinked cells incubated with anti-AGO2 

conjugated beads for 2 h at 4°C while rotating. Beads were washed 3x with high-salt buffer 

(50 mM Tris-HCl pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium 

deoxycholate), then 3x with wash buffer (20 mM Tris-HCl pH 7.4, 10 mM MgCl, 0.2% 

Tween). Proteins were then digested with proteinase K to release AGO2-associated RNA. 

TRIzol LS Reagent (Life Technologies) was used to isolate RNA, then treated with DNase 

to remove contaminating genomic DNA. cDNA synthesis and qPCR of cDNA were carried 

out as described above. Prior to proteinase K digestion, a small fraction of beads was 

collected and used to confirm successful pull-down of AGO2. Pull-down with mouse IgG1κ 
isotype control (Invitrogen) served as a negative control.

Stromal vascular fraction isolation and flow cytometric analysis—The stromal 

vascular fraction (SVF) from perigonadal fat pads were isolated following collagenase 

digestion and differential centrifugation.69 Adipose tissue (AT) myeloid cells were 

characterized via flow cytometry using fluorescent anti-mouse antibodies (described in the 

key resources table) against the following antigens: F4/80, Ly6G, Siglec F, CD9, CD64, 

CD11c, CD163, CD206, CCR2, Ly6C, TCRβ. Dead cells were identified with e780 viability 

dye (ThermoFisher).

For Ki67 staining, cells were first stained with surface antigen fluorescent antibodies, 

then were fixed and permeabilized using the Foxp3/Transcription Factor Staining Buffer 

Set (ThermoFisher). Afterward, intracellular staining was performed using either PE anti-

Ki67 or PE IgG1, κ isotype control from the PE Mouse Anti-Ki67 Set (BD Biosciences) 

according to the manufacturer’s instructions. % Ki67+ cells were calculated by subtracting 

% PE+ cells stained with isotype control from % PE+ cells stained with anti-Ki67 [% PE+ 

(anti-Ki67) - % PE+ (isotype)]. For Annexin V and 7-AAD staining, SVF cells were stained 

using reagents from the FITC Annexin V Apoptosis Detection Kit with 7-AAD (TONBO) 

as described by manufacturers. For BrdU staining, BMDMs were metabolically activated 

for 24 h then labeled with 10 μM BrdU overnight with the eBioscience BrdU Staining 

Kit (Invitrogen). Afterward, cells were harvested, stained with e780 viability dye, fixed, 

subjected to DNase I digestion, then intracellularly stained with APC anti-BrdU as described 

Sprenkle et al. Page 16

Cell Rep. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by manufacturers. All flow cytometry was performed on an 8-color FACSCANTO II flow 

cytometer (BD Biosciences) provided by the Division of Molecular Pathogenesis. FlowJo 

was used to process data.

Western blotting—Cells were lysed in Pierce Ripa buffer (ThermoFischer) supplemented 

with a Halt protease and phosphatase inhibitor cocktail (ThermoFischer) on ice. Lysed 

cells were scraped off tissue culture plates, and lysates were cleared by centrifugation 

at 4°C at 12,000 x g for 15 min. Protein concentrations were quantified with the Pierce 

BCA Protein Assay Kit (ThermoFischer), and equal amounts of protein (20–30 μg) 

were loaded on BoltTM 4–12% Bis-Tris Plus precast gels for SDS-PAGE. Proteins were 

transferred onto nitrocellulose membranes with a tank blotting system (Invitrogen), blocked 

with 5% milk in TBS-T for 30min – 1h after transfer, then incubated with antibodies 

specific for the following proteins of interest overnight: 4E-BP2 (2845), β-Actin (8457), 

GAPDH (5174), puromycin (MABE343), and BHLHE40/DEC-1 (17895). Anti-4E-BP2, 

anti-β-Actin, and anti-GAPDH antibodies were from Cell Signaling Technology. Anti-

puromycin antibody (clone 12D10) was from Millipore. Anti-BHLHE40/DEC-1 was from 

Proteintech. Following overnight incubation with primary antibodies, the membrane was 

washed with TBS-T, then incubated with HRP-conjugated goat anti-rabbit or anti-mouse 

secondary antibodies (ThermoFisher) for 1h. Blots were imaged using an AI600 Imager (GE 

Healthcare) housed at the Vanderbilt Cell & Developmental Biology Equipment Resource 

Core. Images and quantifications were obtained using ImageJ software.

QUANTIFICATIONS AND STATISTICAL ANALYSIS

Results are shown as mean ± SEM. Statistics were done on experiments with 3+ 

biological replicates or independent experiments as outlined in figure legends. Analyses 

were performed using R (www.r-project.org) and GraphPad Prism8 (GraphPad Software, 

Version 8.02). p values of less than 0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• miR-23-27-24 expression in myeloid cells supports glucose metabolism in 

obesity

• Genetic deletion of miR-23-27-24 impairs Trem2+ CD9+ macrophage 

proliferation

• miR-23-27-24 regulates a network of genes in obese adipose tissue 

macrophages

• Suppression of Eif4ebp2 by miR-23 promotes macrophage proliferation
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Figure 1. Myeloid-specific expression of the miR-23–27-24 clusters protects against obesity-
induced glucose and insulin intolerance
(A) Schematic of dietary interventions. Mirc11fl/flMirc22fl/fl (fl/fl) and 

Mirc11fl/flMirc22fl/flLyz2Cre (MyelΔ) mice were fed a high-fat diet (HFD) for 20 weeks.

(B–E) Body weight curves (B) (two-way ANOVA with Šídák’s multiple comparison 

test), final body weights and weight gain (C) (two-tailed t test), final body composition 

measurements by NMR (D) (two-tailed t test), or cumulative energy intake (E) (simple linear 

regression).

(F) Fasting glucose and insulin levels were recorded following HFD feeding (two-tailed t 

test).

(G–H) Intraperitoneal glucose (1 g/kg lean mass) (G) or insulin tolerance tests (0.5 U/kg 

lean mass) (H) were performed on fl/fl and MyelΔ mice after dietary intervention (two-way 

ANOVA with Šídák’s multiple comparison test for curves; two-tailed t test for area under 

curve [AUC] comparisons). Male mice 8–10 weeks old at beginning of dietary intervention. 

Each dot in bar graphs represents one mouse after HFD feeding. B&E, 18–21 mice per 

genotype. ±SEM. #p = 0.07, *p ≤ 0.05, **p < 0.01, ***p < 0.001. See also Figure S1.
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Figure 2. Expression of the miR-23–27-24 clusters promotes LAM accumulation in obese eWAT
(A) Representative flow panels identifying ATMs from obese fl/fl and MyelΔ mice.

(B) Myeloid cell numbers were compared between obese fl/fl and MyelΔ mice (two-way 

ANOVA with Šídák’s multiple comparison test). ATE, adipose tissue eosinophil; ATM, 

adipose tissue macrophage; ATN, adipose tissue neutrophil.

(C and D) mRNA levels in whole eWAT (C) or serum levels (D) of IL-6 and TNF-α were 

compared between obese fl/fl and MyelΔ mice (two-tailed t test).

(E–G) Quantification of M1-like and M2-like markers on ATMs via flow cytometry; 

two-tailed t test for comparison of (E) and (F), two-way ANOVA with Šídák’s multiple 

comparison test for (G).

(H and I) Expression of CD9 on ATMs (H) and number of CD9+ ATMs (I) by flow 

cytometry (two-tailed t test).

Sprenkle et al. Page 25

Cell Rep. Author manuscript; available in PMC 2023 December 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(J) Trem2 mRNA levels from whole fl/fl and MyelΔ eWAT compared via RT-qPCR (one-

sample t test).

(K) Representative image of eWAT sections stained with anti-F4/80 to visualize crown-like 

structures (orange star) with quantitation (one-tailed t test). Each dot represents one male 

mouse after HFD feeding. ±SEM. *p ≤ 0.05, ***p < 0.001, ****p < 0.0001. See also 

Figures S2 and 3.
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Figure 3. The miR-23–27-24 clusters promote LAM proliferation
(A–C) Circulating monocyte numbers (A), total monocytes and CCR2+ monocytes in eWAT 

(B), or CCR2− or CCR2+ ATMs (C) were compared between obese fl/fl and MyelΔ mice 

(two-tailed t test).

(D–F) Representative flow panel of Ki67 proliferation index of CD9+ ATMs from obese fl/fl 

and MyelΔ mice (D) with quantitation of number of Ki67+ ATMs (E) (two-way ANOVA 

with Šídák’s multiple comparison test) and percentage of proliferating cells (F) (one-sample 

t test).

(G and H) Ki67 (G) and bromodeoxyuridine (BrdU) (H) staining of BMDM from fl/fl and 

MyelΔ mice cultured under metabolically activating conditions (MMe) (one-sample t test).
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(I) Relative changes in Ki67+ WT MMe BMDMs treated with the indicated miRNA locked 

nucleic acid (LNA) inhibitor (one-sample t test).

(J and K) Representative Annexin V and 7-AAD cell death staining gated on CD9+ ATMs in 

the SVF from obese fl/fl and MyelΔ mice (J) with quantitation (K) (two-tailed t test).

(L) Caspase 3 activity was quantified in fl/fl and MyelΔ MMe BMDMs (two-way ANOVA 

with Šídák’s multiple comparisons test). Each dot represents (A–F) one male mouse after 

HFD feeding or (G–L) one biological replicate. ±SEM. *p ≤ 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. The miR-23–27-24 clusters negatively regulate multiple genes involved in suppressing 
cell proliferation
(A) Cumulative distribution frequency plots depicting global mRNA expression by RNA 

sequencing as log2(MyelΔ/fl/fl) plotted against the cumulative fraction of all genes (black); 

miR-23, miR-24, or miR-27 8mer targets (red); miR-21 targets (blue); or miR-223 targets 

(green) (Kolmogorov-Smirnov test). Target predictions were made using TargetScan.

(B) Venn diagram depicting number of shared or unique candidate target genes whose 

3′ untranslated region (3′ UTR) is predicted to be regulated by miR-23, miR-24, and/or 

miR-27.
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(C) Table and heatmap representing predicted interactions and expression of candidate target 

genes involved in negatively regulating cell proliferation or proliferative signaling.

(D and E) mRNA levels of candidate target genes were compared between fl/fl and 

MyelΔ unstimulated (BSA) or MMe BMDMs (D) (two-way ANOVA with Šídák’s multiple 

comparisons test) or MyelΔ MMe BMDMs transfected with miR-23, miR-24, or miR-27 

mimics via RT-qPCR (E) (one-way ANOVA with Dunnett’s multiple comparison test). 

Three to five biological replicates per group. ±SEM. *p ≤ 0.05, **p < 0.01, ****p < 0.0001. 

See also Figures S4, S5, and Tables S1–S5.
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Figure 5. Eif4ebp2 is a direct target of miR-23 and suppresses macrophage proliferation
(A) Relative changes in Ki67+ MyelΔ MMe BMDMs following treatment with the indicated 

siRNA (one-way ANOVA with Dunnett’s multiple comparisons test).

(B) Relative changes in Ki67+ MyelΔ obese ATMs following treatment with the indicated 

siRNA (one-sample t test).

(C) Western blot for AGO2 following pull-down with immunoglobulin (Ig) G-conjugated 

or anti-AGO2-conjugated Dynabeads. Each lane represents a technical replicate. CL, cell 

lysate. Relative enrichment of Eif4ebp2 mRNA pulled down from WT MMe BMDM cell 

lysate using anti-AGO2 antibodies compared to anti-IgG negative control (one-sample t 

test).

(D) Relative enrichment of Eif4ebp2 mRNA pulled down from cell lysate of fl/fl and MyelΔ 

MMe BMDMs following AGO2-IP (one-sample t test).

(E) Relative enrichment of Eif4ebp2 mRNA pulled down from cell lysate of immortalized 

BMDMs cultured under metabolically activating conditions and treated with either control, 
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miR-23, or miR-24 LNA inhibitor following AGO2-IP (one-sample t test for miR-23 LNA 

data).

(F) Representative blot and quantification (two-tailed t test) of 4E-BP2 expression in fl/fl 

and MyelΔ MMe BMDMs (each lane in blot represents technical replicate; four biological 

replicates represented in quantification).

(G) Puromycin incorporation assay to measure nascent protein synthesis in fl/fl or MyelΔ 

MMe BMDMs. Quantified are values from three independent experiments (two-tailed t test).

(H and I) Western blot for DEC-1 was examined between MMe BMDMs transfected with 

the indicated siRNA (H) or fl/fl and MyelΔ MMe BMDMs (I). UT, untransfected; NC, 

negative control siRNA. Each dot represents sample from one biological replicate. ±SEM. 

*p ≤ 0.05, **p < 0.01.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-mouse CD9 (MZ3) BioLegend Cat# 124812, RRID:AB_2783071

eFluor450 anti-mouse CD9 (KMC8) Thermo Fisher Scientific Cat# 48-0091-82, RRID:AB_2574008

violetFluor450 anti-human/mouse CD11b (M1/70) Tonbo Bioscience Cat# 75-0112, RRID:AB_2621936

FITC anti-mouse CD11c (N418) Thermo Fisher Scientific Cat# 11-0114-85, RRID:AB_464941

eFluro506 anti-CD45 (30-F11) Thermo Fisher Scientific Cat# 69-0451-82, RRID:AB_2637147

APC anti-mouse CD64 (X54-5/7.1) Thermo Fisher Scientific Cat# 17-0641-82, RRID:AB_2735010

FITC anti-mouse CD64 (X54-5/7.1) BioLegend Cat# 139316, RRID:AB_2566556

PerCP/Cy5.5 anti-mouse CD64 (X54-5/7.1) BioLegend Cat# 139308, RRID:AB_2561963

PerCP/Cy5.5 anti-mouse CD71 (R17217) Leinco Technologies Cat# C1933, RRID:AB_2829014

PE anti-mouse CD163 (TNKUPJ) Thermo Fisher Scientific Cat# 12-1631-82, RRID:AB_2716924

PE anti-mouse CD170/Siglec F (1RNM44N) Thermo Fisher Scientific Cat# 12-1702-82, RRID:AB_2637129

BV421 anti-mouse CD192/CCR2 (SA203G11) BioLegend Cat# 150605, RRID:AB_2571913

PE-Cy7 anti-mouse CD206 (MR6F3) Thermo Fisher Scientific Cat# 25-2061-82, RRID:AB_2637424

PE-Cy7 anti-mouse F4/80 (BM8.1) Tonbo Bioscience Cat# 60-4801-U100

FITC anti-mouse Ly6G (1A8-Ly6g) Thermo Fisher Scientific Cat# 11-9668-82, RRID:AB_2572532

PE-Cy7 anti-mouse TCRβ (H57-597) Thermo Fisher Scientific Cat# 25-5961-82, RRID:AB_2573507

Anti-4E-BP2 rabbit Ab Cell Signaling Technology Cat# 2845, RRID:AB_10699019

Anti-β-Actin (D6A8) rabbit Ab Cell Signaling Technology Cat# 8457, RRID:AB_10950489

Anti-BHLHE40/DEC-1 rabbit Ab Proteintech Cat# 17895-1-AP, RRID:AB_2065351

Anti-GAPDH (D16H11) XP® rabbit Ab Cell Signaling Technology Cat# 5174, RRID:AB_10622025

Anti-Puromycin (12D10) mouse Ab Millipore Sigma Cat# MABE343, RRID:AB_2566826

Goat Anti-mouse IgG (H + L) secondary Ab, HRP Thermo Fisher Scientific Cat# A16078, RRID:AB_2534751

Goat Anti-mabbit IgG (H + L) secondary Ab, HRP Thermo Fisher Scientific Cat# 31460, RRID:AB_228341

Anti-mouse Ago2 (2D4) FUJIFILM Wako Shibayagi Cat# 018-22021, RRID:AB_1106838

Mouse IgG1 kappa Isotype Control (P3.6.2.8.1) Thermo Fisher Scientific Cat# 14-4714-82, RRID:AB_470111

Critical commercial assays

eBioscience™ BrdU Staining Kit for Flow
Cytometry APC

Thermo Fisher Scientific Cat# 8817-6600-42, RRID:AB_2575274

EnzChek™ Caspase-3 Activity Assay Kits Thermo Fisher Scientific Cat# E13183

FITC Annexin V Apoptosis Detection Kit with 7-
AAD

BioLegend Cat# 640922

Foxp3/Transcription Factor Staining Buffer Set Thermo Fisher Scientific Cat# 00-5523-00

PE Mouse Anti-Ki-67 Set BD Bioscience Cat# 556027, RRID:AB_2266296

Deposited data

Raw and analyzed RNA sequencing data - adipose 
tissue macrophages

This paper GEO: GSE222351

Raw and analyzed RNA sequencing data - cultured 
metabolically activated macrophages

This paper GEO: GSE235186
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Cas9+ immortalized murine bone marrow-derived 
macrophages

Laboratory of Jeffery Cox. 
Roberts et al. (2019, eLife)

N/A

Experimental models: Organisms/strains

B6.129P2-Lyz2tm1(cre)Ifo/J The Jackson Laboratory JAX: 004781

C57BL/6J The Jackson Laboratory JAX:000664

Mirc11 fl/fl Mirc22 fl/fl Laboratory of Mark Ansel. Pua 
et al. (2016, Cell Rep.). And 
Laboratory of Heather Pua. This 
paper.

N/A

Oligonucleotides

See Table S6 for oligonucleotides used in this 
study

IDT, Qiagen, Dharmacon N/A

Software and algorithms

Original code of RNA-seq pipeline This paper https://doi.org/10.5281/zenodo.8143940

GSEA Subramanian, Tamayo, et al. 
(2005, PNAS) and Mootha, 
Lindgren, et al. (2003, Nature 
Genetics).

https://www.gsea-msigdb.org/gsea/index.jsp

ImageJ Schneider et al.(2012, Nature 
Methods)

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

FlowJo™ v10.6 Software BD Life Sciences Flojo.com

Graphpad Prism 8 Dotmatics https://www.graphpad.com/

R studio Integrated Development for R www.r-project.org

FastQC v0.11.8 Babraham Bioinformatics https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/

Cutadapt v1.18 Martin et al. (2011, EMBnet) https://cutadapt.readthedocs.io/en/v1.18/

Salmon Patro et al. (2017, Nat. Methods) https://github.com/COMBINE-lab/Salmon

DESeq2 Love et al. (2014, Genome Biol.) https://bioconductor.org/packages/release/bioc/html/
DESeq2.html

Other

Albumin, Bovine Fraction V [BSA] RPI Products International CAS Number: 9048-46-8

Dynabeads™ Protein G for Immunoprecipitation Thermo Fisher Scientific Cat# 10004D

DynaMag™-2 Magnet Thermo Fisher Scientific Cat# 12321D

Palmitic acid, ≥99% MP Biomedicals SKU: 02100905-CF

Puromycin InvivoGen Cat# Ant-pr-1
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