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Abstract 

Accumulation of excess cholesterol and cholesteryl ester in macrophage ‘foam’ cells within 

the arterial intima characterises early ‘fatty streak’ atherosclerotic lesions, and is accompanied 

by epigenetic changes, including altered expression of microRNA sequences which determine 

of gene and protein expression.  This study established that exposure to lipoproteins, including 

acetylated LDL, induced macrophage expression of microRNA hsa-let-7d-5p, a sequence 

previously linked with tumour suppression, and repressed expression of one of its target genes, 

high mobility group AT hook 2 (HMGA2).  A let-7d-5p mimic repressed expression of HMGA2 

(18%; p<0.05) while a marked increase (2.9-fold; p<0.05) in expression of HMGA2 was noted 

in the presence of let-7d-5p inhibitor.  Under these conditions, let-7d-5p mimic significantly 

(p<0.05) decreased total (10%), free (8%) and cholesteryl ester (21%) mass, while the inhibitor 

significantly (p<0.05) increased total (29%) and free cholesterol (29%) mass, compared with 

the relevant controls.   Let-7d-5p inhibition significantly (p<0.05) increased endogenous 

biosynthesis of cholesterol (38%) and cholesteryl ester (39%) pools in macrophage ‘foam’ 

cells, without altering the cholesterol efflux pathway, or esterification of exogenous 

radiolabelled oleate.  Let-7d-5p inhibition in sterol-loaded cells increased the level of HMGA2 

protein (32%; p<0.05), while SiRNA knockdown of this protein (29%; p<0.05) resulted in a 

(21%; p<0.05) reduction in free cholesterol mass.  Thus, induction of let-7d-5p, and repression 

of its target HMGA2, in macrophages is a protective response to the challenge of increased 

cholesterol influx into these cells; dysregulation of this response may contribute to 

atherosclerosis and other disorders such as cancer. (243 words). 
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1.0 INTRODUCTION 

Accumulation of macrophage ‘foam’ cells, laden with cholesterol and cholesteryl ester, at key 

sites within the arterial intima is an established feature of early ‘fatty streak’ atherosclerotic 

lesions, which can progress to complex, calcified plaques susceptible to rupture and thrombosis 

(1–3).   Excess lipid accumulation in macrophages occurs via multiple routes, including uptake 

of low density lipoprotein (LDL) modified within the intima by reactive oxygen species, 

hypochlorous acid, peroxynitrite or lipoxygenase enzymes (4).  Recognition and uptake of 

oxidized LDL (OxLDL) by macrophages can occur via scavenger receptors (SR) including SR-

A1, SR-B1, cluster of differentiation 36 (CD36; SR-B2) and lectin-like oxidized LDL receptor 

(LOX-1; SR-E1) (5).    Macro- and micro-pinocytosis (6,7), phagocytosis (8) and autophagy 

(9) can also contribute to the formation of lipid droplets in macrophages.  Cholesterol derived 

from receptor-dependent and –independent pathways can be esterified to droplets of cholesteryl 

ester via Acyl CoA: Cholesterol Acyltransferase (ACAT-1) (8,10) or accumulate as cholesterol 

crystals (11).   

Further, oxidized LDL and components derived from this lipoprotein (free cholesterol, 

cholesterol crystals, cholesteryl ester hydroperoxides and 7-ketocholesteryl-9-

carboxynonanoate) can variously activate Nuclear Factor-κB (NF-κB) (12,13), mitogen 

activated protein kinase (14,15) and nod-like receptor 3 (NLRP3) inflammasome (11) 

signalling pathways, promoting a pro-inflammatory response (Interleukin [IL]-1β, IL-6, 

Tumour Necrosis Factor [TNF]-α, IL-12 and IL-23) in M1-like macrophages and expression 

of pro-inflammatory mediators in macrophages polarised to the anti-inflammatory (M2) 

phenotype (16–18).   However, other components of oxLDL, such as oxysterols and 9-

oxonanoyl cholesterol, enhance expression of the anti-inflammatory and pro-fibrotic cytokine 

Transforming Growth Factor β (TGF-β) (19,20), promoting the M2 phenotype characterised 

by expression of IL-4 or IL-10 cytokines (21).  In murine macrophages, oxidized phospholipids 

induce a distinct phenotype (Mox) exhibiting reduced expression of markers associated with 

M1 and M2 macrophages, and enhanced expression of nuclear factor erythroid 2- related factor 

2 (Nrf2) dependent antioxidant genes (22–24). This apparent discrepancy between 

inflammatory versus anti-inflammatory signalling may be due to the degree or nature of 

oxidation of the LDL particle (4,25,26) or the extent of lipid deposition within cells (27). 

One key response to accumulation of (oxy)sterol within macrophages is activation of nuclear 

Liver X receptors (LXRα) which induce the expression of multiple genes (ABCA1, ABCG1, 
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APOE, NR1H3) encoding proteins involved in the atheroprotective cholesterol efflux pathway 

(27–31).  Activation of the LXRα pathway also represses inflammatory responses, in part via 

trans-repression of NF-κB (30,31), but also due to induction of ABCA1 and production of anti-

inflammatory HDL (32,33).  However, it is becoming increasingly clear that epigenetic 

mechanisms, including DNA methylation (34,35), histone acetylation and methylation (35–

37), long non-coding RNA (lncRNA) sequences (38,39) and microRNA (miRNA) sequences 

(40,41), are important determinants of gene and protein expression in macrophage ‘foam’ cells.    

MicroRNA are non-coding single-stranded RNA sequences, 20-25 nucleotides in length, that 

silence gene expression by binding to the 3’-UTR of multiple target mRNA sequences with 

varying degrees of complementarity, thereby inducing either degradation or translational 

repression (41,42).   Each miRNA interacts with and regulates a large number of genes (41,42), 

in a manner that can be both tissue-specific and concentration-dependent (43–46), and multiple 

miRNA sequences have been reported to contribute to the pathogenesis of foam cell formation 

(39,40,44).  This study focused on hsa-let(lethal)-7d-5p, a member of the let-7 family situated 

within the let-7a-1/let-7f-1/let-7d cluster located on chromosome 9q22.3 in the human genome 

(GenBank, NCBI database).  A preliminary miRNA screen indicated upregulation of let-7d-5p 

in human THP-1 macrophages exposed to acetylated LDL, an intriguing finding as let-7d-5p 

has not previously been linked with cholesterol metabolism or foam cell formation (39,40,44–

46). Instead, this sequence is reported to act as a tumour suppressor, regulating expression of 

multiple oncogenes, promoting cell differentiation and deregulated in several cancers (47–49).   

Validated/or predicted targets for let-7d-5p include LIN 28 (lin-28 homolog B) which is 

responsible for pluripotency (49), members of the ‘high mobility group’ (HMGA) protein 

family of transcription factors (47,49) that regulate cell growth, proliferation, differentiation 

and death, and TGFβ-receptor 1 (TGFBR1), which has long been linked with susceptibility to 

cancer (49,50).   

This study investigated the expression and function of let-7d-5p in human (THP-1) 

macrophages treated with modified forms of LDL, and determined the role of this sequence, 

and its target HMGA2, in macrophage ‘foam’ cell formation. 

2.0 METHODS 

2.1 Cell culture and generation of macrophage ‘foam’ cells 
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Human (THP-1) monocytes were obtained from the European Collection of Authenticated Cell 

Cultures (ECACC 88081201), and maintained in ‘complete’ RPMI 1640 medium (Hyclone) 

supplemented with foetal bovine serum (FBS; 10%, v/v), HEPES buffer (10mM; Hyclone), 

sodium bicarbonate (0.0075%, v/v; Gibco) and penicillin/streptomycin (50 U ml-1,50 µg ml-1 

respectively; Gibco) at 37oC and 5% CO2.   Monocyte differentiation into macrophages was 

induced by addition of 250nM phorbol-12-myristate acetate (PMA) (Alfa Aesar) for 7 days, 

before stimulation with 75 μg ml-1 of native (Athens Research; PA USA) or modified forms of 

LDL for 24 h in serum free RPMI 1640. Acetylation of LDL was performed as described 

(51,52) and copper oxidized-LDL obtained commercially (Athens Research); hypochlorite-

modified LDL was generated by addition of HOCl (200µM; EMD Millipore) to native LDL 

(0.5 mg ml-1) for 1h at room temperature.  The electrophoretic mobility of modified LDL, 

relative to native LDL (REM), was determined by agarose gel electrophoresis (Helena 

Biosciences). 

2.2 Lipid extraction and analysis 

Cellular lipids were extracted using hexane:isopropanol (3:2, v/v), dried at 37oC under nitrogen 

gas and resuspended in isopropanol. Total cholesterol was measured using a colorimetric kit 

(Alpha Labs); 5µl of resuspended lipid extract, or cholesterol standard (0-8µg ml-1) was 

incubated with 20 µl of reagent at 37oC for 30 minutes at 37oC (52).  Total cholesterol, 

cholesteryl ester and free cholesterol were quantified using the Amplex Red fluorescent assay 

(Fisher Scientific), according to the manufacturer’s instructions.   

Neutral lipids were quantified in THP-1 macrophages by flow cytometry (FACS) using Nile 

Red (100ng ml-1; Sigma Aldrich) staining (15 min at room temperature); cells were washed in 

phosphate buffered saline, and FACS buffer (phosphate buffered saline, FBS (1%, v/v), 1mM 

EDTA), before final suspension in FACS buffer; fluorescent staining was determined using 

FACScalibur flow cytometer (BD Bioscience).  Cell debris and dead cells were excluded via 

gating of the live cell population (20,000 cells) using forward scatter versus side scatter dot 

plot; neutral lipids were quantified by detection of fluorescence through the yellow/gold 

(585/42nm BP) channel after excitation using a 488 nm laser.   

Cholesterol esterification (4h) and endogenous lipid biosynthesis in macrophage ‘foam’ cells 

was determined using [3H]oleate/BSA (1µCi ml-1; 10µM; Perkin Elmer), and [14C]acetate 

(1µCi ml-1; Perkin Elmer) , respectively, as previously described (52); radiolabelled lipids were 

extracted and separated by t.l.c., using petroleum ether:diethyl ether:glacial acetic acid 
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(90:30:1, by vol.) as the mobile phase.   Radiolabelled lipids were identified by co-migration 

with authentic standards; dpm were normalised to mg cell protein, determined using a BCA 

protein assay kit (Thermo Fisher Scientific) (52). 

Cholesterol efflux (4h) was determined in the presence and absence of ApoA-I (10 µg ml-1; 

Athens Research) in cells previously radiolabelled with [3H]cholesterol (1µCi ml-1; Perkin 

Elmer) for 20h, in the presence of Ac-LDL (75 µg ml-1), and after equilibration (1h) in media 

containing 0.1% (w/v) fatty acid free bovine serum albumin (BSA; Sigma Aldrich) (52).  Efflux 

was calculated as % Efflux = (dpm media)/(dpm media +dpm cells) x100%, as previously (52). 

2.3 RNA isolation and Q-PCR 

Total RNA was collected using miRNeasy Mini Kit (Qiagen) and cDNA generated from 250ng 

RNA using the miScript II RT kit (Qiagen) according to manufacturer’s instructions. Relative 

quantitative PCR (Q-PCR) for miRNA and gene expression performed, using the primer 

sequences defined in Table 1 (Supplementary Data) using EvaGreen qPCR Mix (Solis 

BioDyne) on a ViiA 7 Real-Time PCR System.  Melting curves were generated to confirm 

production of a single DNA duplex. Expression of target microRNA and gene sequences were 

determined using the 2-ΔΔCt method relative to GAPDH internal control; statistical analyses 

were performed using the ∆Ct values, compared with the relevant housekeeping sequence.  

2.4 Western Blot Analysis 

Cells were lysed in RIPA buffer containing protease inhibitors (Roche) and the protein 

concentration determined using a BCA protein assay kit.   Cellular proteins (25 μg) were 

separated on a 12% SDS-polyacrylamide electrophoresis gel, transferred to a 0.2 μm 

nitrocellulose membrane (GE Healthcare) and blocked for 1 hour in 3% (w/v) BSA or 5% (w/v) 

semi skimmed milk, according to manufacturers’ instructions. The membranes were incubated 

overnight at 4oC with antibodies against HMGA2 (1:1000 dilution; R&D Systems) and β-actin 

(1:1000 dilution; St. John’s Laboratory). The membranes were then incubated with secondary 

antibodies (1:10,000; donkey anti-goat IRDye 800CW, and goat anti-mouse IRDye 860RD) 

and the protein levels detected by fluorescence imaging (Odyssey FC image analyser). 

2.5 Transfection of miRNA Mimics and Inhibitors 

Differentiated THP-1 cells (0.12 x 106 cells/well; 24-well plate) were transfected with either 

miR-let-7d mimic (5nM) or scrambled mimic control (5nM) (Qiagen), miR-let-7d inhibitor 

(100nM) or a scrambled inhibitor control (100nM) (Qiagen) using HiPerFect Transfection 
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Reagent (Qiagen) for 24 h according to the manufacturers’ instructions. Briefly, transfection 

complexes (100μl) were added to cells in ‘complete’ RPMI 1640 (100μl) and incubated for 4 

h prior to the addition of further ‘complete’ RPMI 1640 (400μl). The cells were incubated for 

20 hours at 37oC and 5% CO2 prior to analysis. In cholesterol-loading experiments, serum-free 

RPMI was used during the initial transfection, and serum-free RPMI-1640 media supplemented 

with Ac-LDL (75 μg/ml) added 4 hours after the initial transfection and incubated for a further 

20 hours prior to analysis. 

2.6 SiRNA knockdown of HMGA2 

Short interfering RNA (siRNA) specific for the coding sequence of Exon 2 of the HMGA2 

transcript was purchased from Integrated DNA Technologies (Design ID hs.Ri.HMGA2.13.2). 

THP-1 cells (1.2 x 106 cells/well) were differentiated in a 24-well plate prior to transfection 

with targeting and control siRNA using HiPerFect transfection reagent. After incubation for 24 

h, HMGA2 transcript and protein levels and cellular cholesterol composition were analysed.  

2.7 Statistical Analysis  

Data is expressed as means ± SEM of at least three experiments. Statistical analysis was 

performed by one-way ANOVA and post-test, or Student’s t test, where appropriate. All 

statistical testing was performed using Graph Pad Prism software; *p<0.05; **p<0.01 and 

***p<0.001. 

3.0 RESULTS 

3.1 Let-7d-5p is induced in macrophages exhibiting sterol accumulation and an ‘M2-like’ 

phenotype 

Human THP-1 macrophages that were differentiated for 7 days (PMA; 250nM), and incubated 

with modified forms of LDL with a range of electrophoretic mobility relative to native LDL 

(REM) (Figure 1A), exhibit distinct patterns of gene expression (Figure 1B-1E).  The 

inflammatory markers examined suggested that both native and modified forms of LDL 

induced an anti-inflammatory phenotype under the conditions tested, evidenced by modest 

reductions in IL6 and TNFA, and marked increases in IL10 gene expression (Fig 1B).   Oxidized 

(Cu2+) and acetylated LDL (Ac-LDL) markedly increased gene expression of scavenger 

receptors, CD36 and CD68 (Fig 1C); these modified forms of LDL also variously induced 

significant reductions in the gene expression of Sterol Regulatory Element Binding Protein 

(SREBP)-2, HMG CoA reductase and the LDL receptor (Figs 1C and 1D).  These outcomes, 



8 
 

.   

combined with increased expression of LXRα and ABCA1 (Fig 1E), indicate a high flux of 

sterol in macrophages treated with Ac-LDL.  This was confirmed by assessment of total 

macrophage cholesterol content (Fig 1F) and significantly altered biosynthesis of cholesterol 

and cholesteryl ester from [14C]acetate (Fig 1G).   The extent of LDL modification, assessed 

by REM (Fig 1A) indicates a threshold for accumulation of sterol mass (Fig 1F), further 

evidenced by Nile Red staining, assessed by flow cytometry (Fig 1H) and visualised as lipid 

droplets (Fig1I).  Notably, despite significantly increasing macrophage cholesterol content, 

hypochlorite-modified LDL did not elicit classical cholesterol homeostasis responses, as 

judged by expression of SREBF2, HMGCR, LDLR, NR1H3 or ABCA1 (Fig 1C-1E).    

Under these defined conditions, macrophage expression of let-7d-5p was transiently increased 

by exposure to native LDL, but this was not sustained at later time points; by contrast, HOCl-

LDL and Ac-LDL significantly increased expression of let-7d-5p at 48h by 22.8% and 43.5%, 

respectively (Figure 1J).  The other members of the let-7 cluster on chromosome 9q 22.3 were 

also examined under the same conditions; no significant changes in expression of let-7a-5p 

were noted.  Only one significant (P=0.0325) change was noted: a very modest change in 

expression of let-7f-5p (1.154 ±0.0324 fold; n=3) at 48h, compared with control, after treatment 

with hypochlorite-modified LDL.  Importantly, let-7d-5p was also detected (ratio to RNU6-2: 

0.207 ± 0.040; n=3) in a pooled sample of RNA isolated from four to seven human aortae 

(Clontech).  

Expression of the let-7d-5p target, HMGA2 (high mobility group AT-hook 2) was repressed by 

exposure to native and modified lipoproteins (Figure 1K) after 48h, with the most marked 

(38.9%) reduction noted in macrophages treated with Ac-LDL.  A significant (P=0.0003) 

correlate between fold changes in let-7d-5p (data reported in Fig 1J) and reduced expression 

of HMGA2 (data reported in Fig 1K) emerged from linear regression analysis.  Together, these 

findings suggested a possible role for let-7d induction, and repression of HMGA2, in 

macrophage cholesterol homeostasis.    Finally, since the expression and/or activation of E2F 

transcription factor has been linked with changes in HMGA2 expression (53, 54), gene 

expression of E2F was measured after 48h, after treatment with modified lipoproteins (above) 

: no significant changes in gene expression were noted (n=3). 
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Figure 1: Characterisation of THP-1 macrophage ‘foam’ cells  

A representative agarose gel indicating electrophoretic mobility of modified forms of LDL, 

relative to native LDL is shown in Figure 1A; in three independent experiments, the following 

REM (mean ± SEM) were determined for Cu2+-OxLDL (1.45 ± 0.024), HOCl-LDL (2.86 ± 

0.082) and Ac-LDL (3.66 ± 0.257).   Expression of genes encoding cytokines (Figure 1B), 

receptors involved in uptake of (modified) LDL (1C), proteins involved in cholesterol 

homeostasis responses (1D) and the cholesterol efflux pathway (1E), after incubation with 



11 
 

.   

native and modified forms of LDL (75 µg ml-1; 24h); values are mean ± SEM; *p<0.05; 

**p<0.01 compared with the control incubation, determined using one-way ANOVA and 

Dunnett’s post-test.  Changes in macrophage cholesterol mass (Figure 1F) in response to native 

and modified forms of LDL (75 µg ml-1; 24h) compared with the control incubation; **p<0.01, 

***p<0.001 determined for between three and five independent experiments, using one-way 

ANOVA and Dunnett’s post-test.  Changes in incorporation of [14C]acetate into free (FC) and 

esterified cholesterol (CE) pools, normalised to cellular protein, in response to incubation with 

Ac-LDL (75 µg ml-1; 24h; n=5), are shown in Figure 1G; *p<0.05, **p<0.01, compared with 

the control incubation, determined by t-test (2-way; paired).  Representative traces for FACS 

analysis (FL2-H) of THP-1 macrophages stained with Nile Red (Fig 1H), after treatment with 

Ac-LDL (red) and HOCl-LDL (purple) (75 µg ml-1;24h), compared with the control incubation 

(green); ***p<0.001 for 20,000 gated cells.  Visualisation of lipid droplets at excitation 

wavelengths of 488nm (neutral lipids) and 561nm (phospholipids) in THP-1 macrophages, 

treated with Ac-LDL and HOCl-LDL (75 µg ml-1; 24h), after Nile Red staining, compared with 

the control incubation; nuclei were stained with DAPI, and images captured using a Zeiss 

Airyscan confocal microscope (Fig 1I). Expression of let-7d-5p (Fig 1J) and HMGA2 (Fig 1K) 

in macrophages, induced by exposure to native and modified forms of LDL (75 µg ml-1; 12-

48h; n=3), expressed as fold-changes (mean ± SEM) compared with the control incubation; 

statistical significance was determined by t-test (2-way; paired) to analyse ∆Ct values from 

RNU6-2 and GAPDH, respectively. 

 

3.2 Delivery and efficacy of hsa-let-7d-5p mimic and inhibitor in THP-1 macrophages 

Transfection efficiency in differentiated THP-1 macrophages (above), in the absence of a 

cholesterol load, was initially established by Q-PCR using a miR-1 mimic (5nM), as this 

sequence is expressed at very low levels in this cell line; substantive increases (p<0.001) in this 

transcript were noted compared with the relevant siRNA control after 24h (Figure 2A).   

Cellular levels of let-7d-5p also significantly (p<0.001) increased compared with control 

following delivery of a mimic under the same conditions; however, no significant knockdown 

was observed in the presence of let-7d-5p inhibitor (100nM) after 24h (Fig 2A).    

The efficacies of let-7d-5p mimic and inhibitor were confirmed by a reduction (25%; p<0.05) 

and increase (15%; p<0.05), respectively in expression of CCL7 (C-C motif chemokine ligand 

7) compared to the relevant siRNA control, generating a significant (p<0.05) difference in 
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expression between cells treated with mimic and inhibitor (Fig 2B), and indicating an anti-

inflammatory role for let-7d-5p in these macrophages.  No significant changes in expression of 

HMGA2 were noted under the same conditions.  Notably, when macrophages were transfected 

with let-7d-5p mimic and inhibitor, and then incubated with Ac-LDL (above), marked 

differences in expression of these target genes, compared to control, were evident (Fig 2C).  

Let-7d mimic reduced expression of HMGA2 by a modest amount (17.7%; p<0.05), but the 

presence of the inhibitor in sterol-loaded cells elicited a marked 2.9-fold (p<0.05) increase in 

expression of HMGA2 (Fig 2C).  No significant impact of either mimic or inhibitor on 

expression of CCL7 (data not shown) or cytokine genes (Fig 2D) were noted in Ac-LDL treated 

cells, including TGFB, another pathway targeted by let-7d-5p (49).   

Notably, let-7d mimic significantly decreased total (10%; p<0.05) and free cholesterol (8%; 

p<0.05) and cholesteryl ester mass (21%; p<0.05), in Ac-LDL treated macrophages (Fig 2E), 

while let-7d inhibitor significantly increased total (29%; p<0.05) and free (29%; p<0.05) 

cholesterol mass, compared with their relevant SiRNA controls; comparisons between the fold 

change in total and free cholesterol mass (Fig 2E) also differed significantly between let-7d 

mimic and inhibitor.  Expression of a number of genes involved in cholesterol homeostasis, 

and in uptake of modified LDL were examined, with only LOX-1 upregulated in the presence 

of let-7d mimic (32%; p<0.05), an increase which also proved significant compared with let-

7d inhibitor (Fig 2F).  Further investigation of the impact of the let-7d inhibitor on genes 

involved in the cholesterol efflux pathway (ABCA1, ABCG1, APOE, NR1H3, nCEH), 

endosomal cholesterol trafficking (NPC1, NPC2, STARD3) and mitochondrial cholesterol 

transport (STARD1) also did not reveal any biological significance in three independent 

experiments (data not shown). A potential role for let-7d in regulation of lipophagy was also 

examined via expression of the predicted let-7d target, MAP4K3, which encodes mitogen-

activated protein kinase kinase kinase kinase 3.  Lipophagy is impeded by oxLDL through 

inhibition of stearoyl CoA desaturase-1 (SCD1) and transcription factor EB (TFEB) (55). 

MAP4K3 phosphorylates TFEB prior to mTORC1 (mammalian target of rapamycin complex 

1) regulation of autophagy (56). However, no significant changes in MAP4K3 expression were 

observed in response to either the let-7d inhibitor or mimic (data not shown).  Together, these 

data suggest the impact of let-7d inhibition requires sterol loading to be manifest and possible 

novel roles for let-7d and HMGA2 in modulating macrophage lipid accumulation.   
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Figure 2: Delivery and efficacy of let-7d mimic and inhibitor: impact on macrophage 

phenotype 

Delivery of miR-1 and let-7d mimics (5nM; 24h) and let-7 inhibitor (100nM; 24h) determined 

by Q-PCR (Figure 2A), relative to RNU6-2, in four independent experiments, ***p<0.001; 

whiskers indicate minimum to maximum, with the mean indicated ‘+’.  Efficacy of let-7d 
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mimic and inhibitor determined by Q-PCR of target gene, CCL7 (n=5) (Figure 2B); values are 

expressed as fold change to the relevant SiRNA control, with significance determined using a 

paired t-test (two-way) to analyse ∆Ct values from RNU6-2; *p<0.05.   Fold-changes in 

expression of CCL7 between mimic and inhibitor, were also compared using a paired t-test 

(two-way); ***p<0.001.  Figure 2C shows the impact of let-7d mimic (5nM; 24h) and inhibitor 

(100nM; 24h) on the expression of HMGA2, in macrophage foam cells (Ac-LDL 75 µg ml-1; 

24h), expressed and analysed as indicated for Fig 2B; *p<0.05.    Expression of genes encoding 

cytokines (Fig 2D) after treatment with let-7d mimic (5nM; 24h) and inhibitor (100nM), in 

macrophage foam cells (Ac-LDL; 75µg ml-1;24h), analysed and expressed as described for Fig 

2B; *p<0.05.    Changes in cholesterol mass due to treatment with let-7d mimic (5nM; 24h) 

and inhibitor (100nM), in macrophage foam cells (Ac-LDL; 75µg ml-1; 24h) are expressed 

relative to the appropriate SiRNA control (Figure 2E); significance was determined using a 

paired t-test (two-way) to analyse mass values (µg cholesterol (ester) mg-1 cell protein).  

Percentage-changes in cholesterol mass between mimic and inhibitor, were also compared 

using a paired t-test (two way); *p<0.05 for four independent experiments.  Expression of genes 

(n=3) encoding key proteins involved in cholesterol homeostasis and uptake of modified 

lipoproteins, in macrophage ‘foam’ cells (Ac-LDL; 75 µg ml-1; 24h) after treatment with let-

7d mimic (5nM; 24h) and inhibitor (100nM; 24h) (Figure 2F), expressed and analysed as 

described for Fig 2B; *p<0.05. 

 

3.3 Let-7d-5p inhibition and cholesterol metabolism in THP-1 macrophages 

The pathway by which let-7d inhibition promotes sterol deposition in macrophages treated with 

Ac-LDL was investigated using functional assays assessing distinct cholesterol homeostasis 

responses in the presence of this modified lipoprotein (Figure 3).    There were no significant 

changes in flux of exogenous [3H]oleate into the cholesteryl ester pool (Fig 3A) or efflux of 

[3H]cholesterol in the presence or absence of apoA-I (Fig 3B) in sterol-loaded cells treated 

with let-7d inhibitor, compared with SiRNA control.  However, incorporation of [14C]acetate 

into endogenously synthesized cholesterol and cholesteryl ester pools increased by 38% 

(p<0.05) and 39% (p<0.05), respectively (Fig 3C) in the presence of Ac-LDL.    Notably, 

addition of apoA-I was able to reverse the increase in total (but not free) cholesterol mass due 

to the presence of let-7d inhibitor (Fig 3D).   Overall, these data suggest that let-7d inhibition 

expands a pool of endogenously synthesized cholesterol amenable to efflux via ABCA1; 
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intriguingly, however, this pool does not seem available for esterification to exogenous 

[3H]oleate and does not alter efflux to apoA-I from cells labelled with exogenous 

[3H]cholesterol.  It remains possible that longer efflux periods would yield a different outcome, 

as different pools of cholesterol, such as those sequestered within droplets of cholesteryl ester, 

are accessed. Previous studies have highlighted a reduced rate of cholesteryl ester hydrolysis 

in THP-1 foam cell models compared to murine macrophages (57).  

 

 

Figure 3: Impact of let-7d inhibitor on cholesterol metabolism in macrophage ‘foam’ cells 

All experiments were performed in macrophage ‘foam’ cells generated by treatment with Ac-

LDL (75 µg ml-1; 24h), pre-treated with either let-7d inhibitor (100nM; 24h) or the relevant 

SiRNA control under the same conditions; all values are mean ±SEM.  Incorporation of 

[3H]oleate (10µM; 1µCi ml-1; 4h) into the cholesteryl ester pool, normalised to mg cell protein 

(Figure 3A) in four independent experiments, and tested for significance using a paired t-test 

(two-way).  Efflux of [3H]cholesterol to apoA-I (10µg ml-1; 4h) (Fig 3B) in three independent 

experiments, was tested for significance using one-way ANOVA and Tukey-Kramer multiple 

post-test; *p<0.001.  Incorporation of [14C]acetate into lipid pools (4h), normalised per mg cell 
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protein (Fig 3C) in three independent experiments, and tested for significance using a paired t-

test (two-way); *p<0.05 .  Changes in cholesterol mass due to treatment with let-7d inhibitor 

in macrophage foam cells, expressed relative to the appropriate SiRNA control, and in the 

presence or absence of apoA-I (10µg ml-1; 4h) (Fig 3D); significance was determined using a 

paired t-test (two-way) to analyse mass values (µg cholesterol mg-1 cell protein).  Percentage-

changes in cholesterol mass between cells treated with and without apoA-I were also compared 

using a paired t-test (two way); *p<0.05 for four independent experiments; *p<0.05; 

***p<0.001. 

 

3.4 Let-7d-5p targets high mobility group AT-hook 2 (HMGA2) in THP-1 ‘foam’ cells 

The impact of let-7d inhibition on expression of HMGA2 (Figure 2C) in sterol-loaded cells 

translated into a significant (32%; p<0.05) increase in the level of HMGA2 protein, relative to 

β-actin, in THP-1 macrophages treated with Ac-LDL (Figure 4A).  Notably, HMGA2 has been 

linked with increased adipogenesis (58,59), but no changes in expression of PPARG or CEBPB 

were detected in THP-1 macrophage ‘foam’ cells after treatment with let-7d inhibitor (data not 

shown).  Gene expression of E2F was also investigated under the same conditions, with no 

significant change noted in three independent experiments (data not shown).  The role of this 

protein in sterol accumulation due to Ac-LDL was therefore investigated, using siRNA (10nM; 

24h) directed against HMGA2 (Fig 4B) to achieve a 29% (p<0.05) reduction in protein 

compared with the SiRNA scrambled control; higher concentrations of siRNA, or longer 

incubation periods, did not increase the extent of knockdown achieved.   

 

Stable knockdown experiments are warranted to reduce the level of HMGA2 more 

substantively, overcoming the potential role of IMP3 ribonucleoproteins (RNPs) in protecting 

the HMGA2 transcript from degradation while avoiding the increase in apoptosis described in 

human prostate cancer cell lines (60,61). However, this modest decrease in HMGA2 was 

accompanied by a 21.1% (p<0.05) reduction in free cholesterol mass over the same time period 

(Fig 4C), supporting a role for this protein in cholesterol homeostasis.   
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Figure 4: Changes in expression of HMGA2 and cholesterol mass in macrophage ‘foam’ 

cells 

All experiments were performed in macrophage ‘foam’ cells (Ac-LDL; 75 µg ml-1, 24h) and 

significance determined using a paired t-test (two-way).  Expression of HMGA2 protein after 

treatment with let-7d inhibitor (100nM; 24h) or the same concentration of SiRNA control, 

normalised to β-actin, in three independent experiments (Figure 4A); *p<0.05.   Knockdown 

of HMGA2 protein using SiRNA (10nM; 24h) (Fig 4B) compared with the same concentration 

of a scrambled SiRNA control, normalised to β-actin, in three independent experiments; 

*p<0.05.  Macrophage cholesterol mass, normalised to mg cell protein (Fig 4C), in cells treated 

with SiRNA (10nM; 24h) against HMGA2 compared to the same concentration of scrambled 

SiRNA control; p<0.05. 

 

3.5 STRING analysis of protein-protein interactions for HMGA2 

A high stringency analysis of (putative and established) proteins which may interact with 

HMGA2, is shown in Figure 5, highlighting proteins previously linked with modulation of 

cholesterol metabolism by publication listed in PubMed (NCBI).  These proteins, which do not 

necessarily interact directly with HMGA2 but may act as functional partners, include signal 
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transducers of TGFβ receptor signalling (SMAD2/3/4), tumour suppressor protein p53, nuclear 

lamin B1, and another member of the HMGA family of transcription factors, HMGA1.    

 

Figure 5 

 

Figure 5: STRING analysis of predicted functional partners for human HMGA2 

Analysis performed (25/06/2020) using the highest confidence level (0.9) and reporting only 

the first shell (level) of interactions (10); network lines (edges) represent functional interactions 

derived from curated databases (blue), experimental determinations (purple) and text mining 

(green).  Proteins highlighted (red boxes) have published experimental data (PubMed; NCBI; 

25/06/2020) linking their function with cholesterol metabolism.  Abbreviations: ASF1A 

(Anti-silencing function 1 histone chaperone); H1F0 (H1 histone family member 0); HMGA1 

(High mobility group AT hook 1); HIST1H1A (Histone cluster 1 H1 family member A); 

LMNB1 (Lamin B1); SMAD (Mothers against decapentaplegic homolog 2); RB1 

(Retinoblastoma protein 1); TP53 (Tumour protein p53). 

4.0 DISCUSSION 

This study reveals a hitherto unsuspected role for let-7d-5p induction in cholesterol 

homeostasis which may conceivably link to its established role as a tumour suppressor (47–

49).   Notably, inhibition of let-7d-5p revealed a marked ‘foam’-cell specific induction of its 

target HMGA2, positing a role for both in regulating sterol accumulation in ‘M2-like’ 

macrophages; this was confirmed by reciprocal alterations in cholesterol mass after treatment 

with a let-7d mimic and inhibitor, and by knockdown of HMGA2 using SiRNA.   Enhanced 

endogenous cholesterol biosynthesis due to inhibition of let-7d-5p may contribute to increased 
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mass of cholesterol in macrophage ‘foam’ cells, while failure to sustain a rise in let-7d-5p may 

predicate increased sterol accumulation. 

Indeed, the responses of THP-1 macrophages to differently modified forms of LDL are 

intriguing, while confirming previous studies (11–13,16–21).  Both native and modified LDL 

induced expression of IL-10 in differentiated (day 7) THP-1 macrophages, but more marked 

differences were noted when the expression of genes involved in cholesterol uptake, 

esterification and homeostasis were examined, not all of which could be related to the extent 

of sterol accumulation in THP-1 macrophages (CD36, CD68, SOAT1, NR1H3) (Figure 1).  

Acetylated LDL induced the most consistent, predicted changes in expression of genes 

associated with cholesterol homeostasis (SREBF2, HMGCR, NR1H3, ABCA1), while 

hypochlorite-modified LDL failed to do so, indicating defective cholesterol homeostasis as one 

contributor to increased sterol mass in macrophages exposed to this type of modified LDL 

(Figure 1F).  Together, these data, combined with the sustained induction of let-7d in cells 

treated with Ac-LDL (Figure 1J) and reductions in its target gene, HMGA2, (Figure 1K), 

suggested a protective mechanism for this microRNA sequence in promoting effective 

cholesterol homeostasis responses.   

While induction of let-7d in macrophage ‘foam’ cells generated by treatment with Ac-LDL has 

not previously been described, the promoter region for the let-7a, let-7f and let-7d gene cluster 

is regulated in response to serum, glucose and inflammatory cytokines (62).  The let-7d family 

also modulate inflammatory responses: overexpression of let-7 in smooth muscle cells inhibits 

inflammatory responses, monocyte adhesion and NF-κB activation (63).  Levels of let-7d are 

upregulated in the bloodstream of C57BL/6 mice exposed to lipopolysaccharide (64) and the 

sequence is found in the aortic root of apoE-/- mice (63); notably, reductions in let-7d levels 

inhibited M2 polarisation, by targeting HMGA, while macrophage infiltration was suppressed 

via the let-7/IGF2BP/PTEN axis (65).  Further, exosomes derived from mesenchymal stem 

cells, which are proved enriched in let-7d, also repressed plaque development, macrophage 

infiltration and induced M2 macrophage polarisation (65); findings consistent with the anti-

inflammatory macrophage phenotype indicated in this study.    Expression of the let-7 family 

is decreased in diabetic apoE-/- mice, and in diabetic human carotid plaques, suggesting loss of 

expression is associated with accelerated disease progression (63).  Further, Brennan et al 

(2017) have posited let-7 as a new anti-inflammatory target to treat diabetic vascular disease; 

this study, via notation of the effect of this sequence on sterol metabolism, provides additional 

support for this hypothesis. However, it should be recognised that inhibition of let-7 family 
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members has been associated with protection of beta cell function (66) and cardioprotection 

against ischaemia-reperfusion injury in diabetic mice (67), and increased expression of this 

sequence is linked with impaired glucose tolerance and resistance in skeletal muscle (68), 

suggesting context and tissue-specific effects of this microRNA family needs careful 

consideration. 

The impact of let-7d on macrophage sterol metabolism has not previously been described, but 

this sequence has been linked with reductions in lipid accumulation in adipocytes (59,69). 

Induction of mmu-let-7d-5p by the capsaicin analog, nonivamide, decreased lipid accumulation 

in 3T3-L1 cells by around 10%; this effect was mediated by binding and activation of the 

transient receptor potential cation channel subfamily V member 1 (TRPV1), and repression of 

let-7d target, PPARγ (69).  Ηowever, no changes in expression of PPARG were noted in this 

study, which may reflect the predominant isoform (PPARγ1) in macrophages compared with 

adipocytes (PPARγ2) (69,70).  Instead, the relationships between changes in gene and protein 

expression of HMGA2, revealed by use of a let-7d inhibitor, and macrophage foam cell 

formation were explored.   

The high mobility group AT-hook 2 (HMGA2) gene is an established target for the let-7 family 

(49), including let-7a (71–73), let-7b (74, 75), let-7c (76), let-7d-5p (49) and let-7d-3p (77,78).  

It is also targeted by hsa-miR-150 (79), another sequence implicated in foam cell formation 

(80), and emergent from our initial screen of sequences altered in THP-1 macrophages after 

treatment with Ac-LDL.    The HMGA2 protein is a non-histone architectural transcription 

factor that modulates expression of several genes by binding to AT-rich sequences in the minor 

groove of B-form DNA, altering the chromatin structure, and influencing the cell cycle, DNA 

damage repair, apoptosis and senescence; overexpression of HMGA2 is feature of malignancy 

and predicts the efficacy of chemotherapeutic agents (47, 49).   The let-7/HMGA2 axis plays a 

recognized role in lung cancer (71, 81), squamous cell carcinoma (72), melanoma (73), 

hepatocellular carcinoma (82, 83) and cholestasis (84), and thyroid cancer (84, 86). 

In haematopoietic stem cells, enhanced expression of HMGA2 increases the number of 

Ly6Chigh monocytes (87), and HMGA2 acts a driver for expression and release of pro-

inflammatory cytokines by activation of the NF-κB pathway (88); whether reduced expression 

of HMGA2 contributes to the anti-inflammatory phenotype observed in macrophages treated 

with Ac-LDL, remains to be established (Figure 1B).  There are no previous studies which 

direct link HMGA2 with sterol metabolism (Figure 4), but this sequence is targeted by miR-
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33a (89) and miR33b (90), both of which are involved in regulation of lipid metabolism and 

cholesterol homeostasis.   Variants of HMGA2 associate with risk of (equine) metabolic 

disease (91), and of type 2 diabetes (92), and maternal single nucleotide polymorphisms in this 

gene associate with offspring birthweight (93).  The permanent activation of HMGA2 in 

lipomas associates with gain of adipose tissue (94), and HMGA2 cooperates with STAT3 in 

promotion of adipogenesis (58).  In transgenic mice overexpression of HMGA2 in salivary 

acinar cells, down-regulated a cluster of genes, including Ppara, Phyh and Cidea, encoding 

proteins involved in regulation of mitochondrial and peroxisomal fatty acid oxidation, and lipid 

droplet formation (95).   Thus, a number of studies implicate HMGA2 in promotion of lipid 

accumulation in differing cell types.  

Knockdown of HMGA2 reduces the mass of the free cholesterol pool in THP-1 macrophages 

(Figure 4), while inhibition of let-7d expands the total cholesterol pool, and increases 

endogenous biosynthesis of cholesterol and cholesteryl esters (Figure 4).  Intriguingly, 

however, there was no increase in esterification from exogenous [3H]oleate, and no change in 

efflux of [3H]cholesterol, despite the fact that the increased cholesterol mass in macrophages 

treated with the let-7 inhibitor could be reversed by addition of apoA-I (Figure 4).    Together, 

these data suggest the let-7 inhibitor mediates expansion of a pool of endogenously synthesized 

cholesterol that has direct access to ACAT-1 and apoA-I, but does not use exogenous oleate as 

a substrate or equilibrate with exogenous [3H]cholesterol. 

The mechanisms which bring about these effects remain unknown, as nearly all of the genes 

involved in cholesterol synthesis, uptake, mobilisation of cholesteryl esters and endosomal and 

mitochondrial trafficking, are not regulated by let-7d inhibition (Figure 2).  It seems likely that 

a detailed analysis of the distribution of cholesterol within differing cellular pools may prove 

illuminating in this regard.  Alternatively,  a search for putative functional partners of the 

HMGA2 protein (Figure 5) identify some proteins linked with cholesterol metabolism and 

atherogenesis.  For example, activation of SMAD2/3 expression and phosphorylation is 

triggered by a modest reduction in free, membrane-associated cholesterol (96), SMAD2 and 

SMAD3 inhibit uptake of modified LDL by macrophages (97) and elevated levels of 

SMAD2/3/4 are found in atheromatous plaque in a rodent model of acute coronary syndrome 

(98).  The tumour suppressor protein, p53, is regulated by cholesterol metabolites (99), has 

been linked with increased expression of HMG CoA reductase and the LDL receptor (100) and 

mutations in this protein can promote ovarian cancer metastasis by increasing cholesterol 

synthesis (101).  A HMGA1 gene variant is associated with altered HDL cholesterol levels, via 
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regulation of the insulin receptor gene (102), and Lamin B1 regulates a number of genes 

involved in cholesterol metabolism, interacting dynamically with the gene encoding lanosterol 

synthase (103). 

Certainly, the findings are reminiscent of those of Cignarella et al (1998) who described a role 

for lovastatin in preventing translocation of plasma membrane cholesterol to the ER, promoting 

endogenous biosynthesis of cholesterol and cholesteryl ester, in the absence of a cholesterol 

load (104).  The impact of let-7d inhibition in macrophage ‘foam’ cells is consistent with 

reduced efficiency of the non-vesicular pathway which trafficks lipoprotein (Ac-LDL) derived 

cholesterol from late endosomes/lysosomes via the plasma membrane, to the ER (105-107).   

Das et al (2014) have identified three pools of plasma membrane cholesterol, only one of which 

is labile and susceptible to expansion by lipoprotein-derived cholesterol, and which can 

subsequently expand the ER cholesterol pool to regulate cholesterol homeostasis (106).  Loss 

of delivery to the ER is consistent with increased endogenous biosynthesis of cholesterol in the 

face of a sterol ‘load’ (Ac-LDL); this dysregulation could be mediated by a number of factors, 

including disrupted egress of cholesterol from late endosomes, loss of plasma membrane-ER 

contact sites, or altered expression of members of other sterol transport proteins not 

investigated here (ORPs, STARTs) (106-109).   

We conclude that induction of let-7d in macrophages is a protective mechanism, improving the 

efficiency of sterol homeostasis in response to the challenge of increased cholesterol flux into 

these cells.  More work is needed to define the pathways by which the let-7d target, HMGA2, 

alters cellular cholesterol mass, and whether this property relates not only to atherosclerosis, 

but to dysregulated cholesterol metabolism in other disorders such as cancer. 
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Gene Primer 
Source 

Forward Sequence Reverse Sequence 

ABCA1 IDT TGTCCAGTCCAGTAATGGTTCTGT AAGCAGAGATATGGTCCGGAT 
ABCG1 IDT ACGTGCCCTTTCAGATCATGT GACGGCTGCGACGTCATC 
ADIPOR2* IDT GCCTCTACATCACAGGAGCTGC CCTGGAGGTTTGAGACACCATG 
APOE IDT TGGGTCGCTTTTGGGATTAC CCATCAGCGCCCTCAGTT 
CCL7* IDT GAGAGCTACAGAAGGACCAC GTTTTCTTGTCCAGGTGCTTC 
CD36 Qiagen N/A N/A 
CD68 Qiagen N/A N/A 
C-EBPβ* IDT CGCAACACACTGGTAACTGTC AACAACCCCGCAGGAACAT 
E2F* IDT CATCCCAGGAGGTCACTTCTG GACAACAGCGGTTCTTGCTC 
GAPDH Qiagen N/A N/A 
HDAC4 Qiagen N/A N/A 
HMGA2* IDT ACTTCAGCCCAGGGACAAC TTGAGCTGCTTTAGAGGGAC 
HMGCR IDT TGATTGACCTTTCCAGAGCAAG CTAAAATTGCCATTCCACGAGC 
hsa-miR-1-
3p 

Qiagen N/A N/A 

hsa-miR-
let-7a-5p 

IDT GCAGTGAGGTAGTAGGTTGT GAATCGAGCACCAGTTACGC 

hsa-miR-
let-7d-5p 

IDT CGCAGAGCGGTAGTAGGTTG GAATCGAGCACCAGTTACGC 

hsa-miR-
let-7d-5p 

IDT CGCAGTGAGGTAGTAGATTG GAATCGAGCACCAGTTACGC 

hsa-miR-
150-5p 

IDT CTCCCAACCCTTGTACCA GAATCGAGCACCAGTTACGC 

IL1β Qiagen N/A N/A 
IL6 Qiagen N/A N/A 
IL10 Qiagen N/A N/A 
LDLR Qiagen N/A N/A 
NCEH1* IDT AGACCTACATTCTGACGTGTGA CGGCACTCTCCAAACGCTT 
NPC1* IDT GCACCTTTTACCATCACTCCTG GGCCACAGACAATAGAGCAGT 
NPC2* IDT CAAAGGACAGTCTTACAGCGT GGATAGGGCAGTTAATTCCACTC 
NR1H3 IDT GAAACAACTGGGCATGATCGA AAGGAGCGCCGGTTACACT 
MAP4K3* IDT AACCCCGGCTTCGATTTGTC AACATTCCGTGCCTTGTAGAC 
MMP14* IDT AAACATCAAAGTCTGGGAAGG ACTTGGGATACCCTGGCTCT 
OLR1* IDT TTGCCTGGGATTAGTAGTGACC GCTTGCTCTTGTGTTAGGAGGT 
PPARA IDT CATTACGGAGTCCACGCGT ACCAGCTTGAGTCGAATCGTT 
PPARG IDT GAGAGATCCACGGAGCTGAT AGGCCATTTTGTCAAACGAG 
SOAT1* IDT CCACTGGTCCAGATGAGTTTAG GGGAACATGCAGAGTACCTTT 
SCARA1 Qiagen N/A N/A 
SREBF2 IDT CCTGGGAGACATCGACGAGAT TGAATGACCGTTGCACTGAAG 
STARD1* IDT GGGAGTGGAACCCCAATGTC CCAGCTCGTGAGTAATGAATGT 
STARD3* IDT AAGTTCCCTTTCACGGCAAGA TGCAGACACGTCATAGGAGAT 
TGFβ* IDT CAATTCCTGGCGATACCTCAG GCACAACTCCGGTGACATCAA 
TNFA IDT CCCTGAAAACAACCCTCAGA CCACGATCAGGAAGGAGAAG 
RNU6-2 IDT TGACACGCAAATTCGTGAAG GAATCGAGCACCAGTTACGC 
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