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A B S T R A C T   

The importance of cholesterol in hair follicle biology is underscored by its links to the pathogenesis of alopecias 
and hair growth disorders. Reports have associated defects in ABCA5, a membrane transporter, with altered 
keratinocyte cholesterol distribution in individuals with a form of congenital hypertrichosis, yet the biological 
basis for this defect in hair growth remains unknown. This study aimed to determine the impact of altered ABCA5 
activity on hair follicle keratinocyte behaviour. Primary keratinocytes isolated from the outer root sheath of 
plucked human hair follicles were utilised as a relevant cell model. Following exogenous cholesterol loading, an 
increase in ABCA5 co-localisation to intracellular organelles was seen. Knockdown of ABCA5 revealed a dys-
regulation in cholesterol homeostasis, with LXR agonism leading to partial restoration of the homeostatic 
response. Filipin staining and live BODIPY cholesterol immunofluorescence microscopy revealed a reduction in 
endo-lysosomal cholesterol following ABCA5 knockdown. Analysis of oxysterols showed a significant increase in 
the fold change of 25-hydroxycholesterol and 7-β-hydroxycholesterol following cholesterol loading in ORS 
keratinocytes, after ABCA5 knockdown. These data suggest a role for ABCA5 in the intracellular compartmen-
talisation of free cholesterol in primary hair follicle keratinocytes. The loss of normal homeostatic response, 
following the delivery of excess cholesterol after ABCA5 knockdown, suggests an impact on LXR-mediated 
transcriptional activity. The loss of ABCA5 in the hair follicle could lead to impaired endo-lysosomal choles-
terol transport, impacting pathways known to influence hair growth. This avenue warrants further investigation.   

1. Introduction 

ABC transporters are a family of membrane proteins responsible for 
the energy-dependent, active transport of substrates across biological 
membranes [1]. A little-known member of this family, ABCA5, has yet to 
be assigned a conclusive function and specific allocrites remain un-
known. Some research has suggested a role for ABCA5 in cholesterol 
transport and/or trafficking, potentially influencing the efflux of 
cholesterol across the plasma membrane [2,3] or intracellular accu-
mulation within cytosolic compartments [4]. Recently, mutations in 
ABCA5 were also associated with a form of congenital hypertrichosis 

[5–7], possibly resulting from alterations in free cholesterol (FC) accu-
mulation within hair follicle (HF) keratinocytes. 

The importance of cholesterol in cutaneous physiology is under-
scored by its essential role in the development and repair of the 
epidermal permeability barrier [8–10]. Additionally, cholesterol acts as 
a precursor for the synthesis of local steroid hormones [11,12], plays a 
role in melanogenisis [13], is involved in corneocyte desquamation 
[14,15], and influences keratinocyte differentiation [14,16,17]. 
Furthermore, cholesterol modifications have been associated with 
numerous signalling pathways which are essential for HF morphogen-
esis and cycling, such as sonic hedgehog (Shh) [18,19], Wnt/β-catenin 
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[20] and BMP [21]. 
Expression of steroidogenic enzymes involved in the synthesis of 

androgens, oestrogens and glucocorticoids are present in the HF [22]. 
Most cells furnish their cholesterol needs via endogenous biosynthesis; 
however, in steroidogenic tissues, exogenous sources of cholesterol can 
be utilised. This can include receptor-mediated endocytosis of lipopro-
tein cholesterol, often LDL [23]. Alternatively, the bidirectional trans-
porter, scavenger receptor class B member 1 (SCARB1), can facilitate 
uptake of cholesterol esters from HDL [24]. Such tissues also have the 
capacity to limit the accumulation of potentially harmful unesterified 
cholesterol, generally described as FC, by reducing de novo biosynthesis, 
increasing esterification, or increasing active efflux across the cell 
membrane. This can include efflux by other members of the ABC 
transporter superfamily, commonly ABCA1 and ABCG1, which transport 
FC to ApoA1 and HDL, respectively [25–27]. De novo cholesterol 
biosynthesis is tightly regulated through SREBP2 mediated transcrip-
tion. Small fluctuations in ER cholesterol levels facilitate the transport of 
the SREBP2 precursor from the ER to the Golgi, where it undergoes 
proteolytic processing into its mature isoform. Under high cholesterol 
conditions excess cholesterol is oxidised into oxysterols through both 
enzymatic and autoxidation, leading to the retention of SREBP2 in the 
ER through binding of SCAP and INSIG with cholesterol and INSIG, 
respectively. 

We recently reviewed the burgeoning evidence shedding light on the 
important role for cholesterol in HF biology, noting that maintenance of 
cholesterol homeostasis is an important process for normal HF 
morphogenesis, growth and cycling [28]. As such, disruption of 
cholesterol homeostasis may have a profound impact on HF biology, 
which could explain the link between ABCA5 mutation and hyper-
trichosis [5,6]. 

To further examine the biological role of ABCA5 and the impact of 
reduced ABCA5 activity, this study examined the homeostatic response 
of HF derived primary human outer root sheath (ORS) keratinocytes 
along with ex vivo HF culture, to cholesterol loading, before and after 
ABCA5 knockdown. 

2. Materials and methods 

2.1. Outer root sheath keratinocyte isolation & culture 

ORS keratinocytes were isolated from plucked HFs, obtained from 
consenting donors. Briefly, cells were incubated in 0.25 % Trypsin-EDTA 
(Gibco™, Massachusetts, USA) and agitated periodically, as previously 
described [29–32]. Cells were seeded onto mitomycin C treated human 
dermal fibroblast feeder layers until confluent. Initial isolation media 
consisted of DMEM (Sigma-Aldrich, Dorset, UK) 3:1 Ham's F12 (Lonza, 
Basel, Switzerland) supplemented with 10 % foetal bovine serum 
(Gibco™), 2 mM L-glutamine, 0.4 μg/ml hydrocortisone (Acros Or-
ganics, Geel, Belgium), 5 μg/ml insulin, 2.4 μg/ml adenine (Alfa 
Aesar™, Massachusetts, USA), 2 nM triiodothyronine (Sigma-Aldrich), 
0.1 nM cholera toxin (CTX) (Sigma-Aldrich), 10 ng/ml epidermal 
growth factor (Sigma-Aldrich), 1 mM ascorbyl-2-phosphate (Sigma- 
Aldrich), 100 UI/ml penicillin G (Alfa Aesar™) and 25 μg/ml genta-
mycin (Gibco™). Subculture was achieved through incubation with 1x 
TrypLE Express (Gibco™) and subsequent growth performed in Epilife 
media (Gibco™) supplemented with human keratinocyte growth sup-
plement (HKGS) (Gibco™). 

2.2. siRNA transfection and cell treatments 

Non-targeting (NT) and ABCA5 SMARTpool ON-TARGETplus siRNA 
(Dharmacon, Horizon, Cambridge, UK) were transfected at 10 nM using 
Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen™) in 
Opti-MEM™ (Gibco™) as per manufactures guidelines. Following in-
cubation with siRNA, cells were treated with 25 μM FC or 10 μM 
T091317 for 24 h (or appropriate vehicles; 0.5 % ethanol or 0.05 % 

DMSO respectively). Alternatively, cells were analysed 72 h after initial 
transfection. Cells for ABCA5 immunocytochemistry were either treated 
with vehicle or 25 μM FC. 

2.3. Immunocytochemistry and fluorescent staining 

ORS keratinocytes were seeded onto 13 mm coverslips (Sarstedt) at 
67 × 104 cells per ml in 30 μl droplets prior to addition of growth media. 
Cells were fixed in either Methanol (ABCA5) or 4 % paraformaldehyde 
(Filipin). For ABCA5 staining in HFs, sections were air dried for 10 min 
at room temperature and subsequently fixed for 10 min in 100 % 
Acetone. Non-specific blocking was performed with 10 % normal goat 
serum (Sigma-Aldrich), and coverslips were incubated overnight at 4 ◦C 
with primary antibodies. All primary antibodies were supplied from 
Abcam; Rabbit anti-ABCA5 1:200 (ab99953), Mouse anti-LAMP1 
[H4A3] 1:200 (ab25630), Mouse anti-PDI [RL90] 1:200 (ab2792), 
Mouse anti-ATBP [3D5] 1:1000 (ab14730). Secondary antibodies, Goat- 
anti-Rabbit Alexa Fluor® 594 (A11012, Invitrogen™) and Goat-anti- 
Mouse Alexa Fluor® 488 (A11001, Invitrogen™) were incubated for 
45 min at room temperature at 1:200 dilutions (or 1:500 for PDI). Filipin 
(Sigma-Aldrich) staining for FC was performed following fixation in 4 % 
paraformaldehyde (PFA) for 10-minutes, quenched with 10 mg/ml 
glycine (Fisher); Filipin was added at 100 μg/ml in 1× PBS with 10 % 
FBS for 2 h at room temperature. Counterstaining (for ABCA5) was 
performed for 1 min with 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI; 
Sigma-Aldrich). MemGlow™ NR12A membrane polarity probe (Cyto-
skeleton, Inc.) staining was performed at 20 nM for 10 min at room 
temperature. 

2.4. Preparation of BODIPY-cholesterol 

BODIPY-cholesterol (TopFluor® Cholesterol; Avanti lipids, Alabama, 
USA) was prepared by complexing at a molar ratio of 1:10 with 25 mM 
Methyl-β-cyclodextrin. This stock solution was sonicated in a water bath 
at 37 ◦C for 30-minutes, then placed into an orbital shaker for 2 h, and 
stored at − 20 ◦C. Immediately prior to use BODIPY-cholesterol solution 
was sonicated in a water bath at 37 ◦C for 30-minutes, then a working 
solution of 25 μM was prepared in HBSS-HEPES. 

2.5. Live cholesterol staining 

Cells were seeded into micro-Insert 4 Well in 35 mm μ-Dish with ibidi 
treat polymer coverslips (ibidi, Planegg, Germany) at 2 × 104 cells per 
ml and incubated overnight. Following transfection, cells were washed 
once in HBBS-HEPES and then incubated first with ER Staining Kit - Red 
Fluorescence - Cytopainter (ab139482; abcam) at 1:500 for 15 min, 
followed by Mitochondrial Staining Reagent - Blue - Cytopainter 
(ab219940; abcam) at 1:500 and LysoTracker™ Deep Red (L12492; 
Invitrogen™) at 1:20,000 for 30 min. Immediately prior to imaging cells 
were incubated with 25 μM BODIPY-cholesterol. 

2.6. Masson's Fontana 

Silver nitrate stock solution was prepared using 10 % silver nitrate 
(Honeywell, North Carolina, USA) in distilled water, ammonium hy-
droxide (Fisher) was added dropwise until the solution turned brown 
and back to clear again. The stock solution was left in the dark for 24- 
hours to develop. The working solution was used at 1:4 dilution in 
distilled water. Slides were air-dried for 10-minutes, then fixed in a 2:1 
ethanol: glacial acetic acid mixture for 10-minutes. Slides were placed 
into silver nitrate working solution and microwaved for 2–3-minutes, 
followed by incubation with 5 % sodium thiosulfate (Fisher) solution for 
1-minute. Counter staining with Mayer’s Haematoxylin (Sigma-Aldrich) 
was performed for 2-minutes. Brightfield images were acquired with 
Axio observer Z1/7 microscope (Zeiss, Oberkochen, Germany). Images 
were analysed using ImageJ Fiji, by converting to 8-bit, then inverting 
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grayscale. Epithelial components of the bulb were outlined using the 
polygon line tool and mean pixel intensity was measured. 

2.7. Ki67-TUNEL staining 

Tissue sections were air-dried for 10-minutes, and fixed with 
ethanol-glacial acetic acid (2:1) for 5-minutes. Click-iT™ Plus TUNEL 
Assay Kits for In Situ Apoptosis Detection (C10619; Invitrogen™) was 
utilised as per manufacturer's instructions to detect apoptosis via TUNEL 
(terminal deoxynucleotidyl transferase dUTP nick end labelling). 
Following TUNEL staining, slides were washed with PBS, blocked in 10 
% NGS for 20-minutes and incubated with primary Rabbit anti-Ki67 
antibody [SP6] (ab16667) at 1:200 dilution in 2 % NGS in a humidi-
fied chamber at 4 ◦C overnight. Following washes with PBS, sections 
were incubated with Alexa Fluor Goat anti-rabbit IgG 555 (H + L) Cross- 
Adsorbed Secondary Antibody (Invitrogen™) was incubated for 45-mi-
nutes at room temperature in a 1:200 dilution in 2 % NGS. Subse-
quent washed in PBS and counterstaining with DAPI at 1 μg/ml was 
performed. 

2.8. Microscopy 

Confocal microscopy was performed using either a Zeiss laser scan-
ning microscope 880 or 800 Axio-Observer using Zen Black v2.3 soft-
ware for acquisition (or Zen blue for 800). Images were acquired with 
Plan-Apochromat 40×/1.4 Oil DIC M27 objective. Airyscan processing 
was performed using Zen software. 

For live cell imaging, images were acquired with a LD LCI Plan- 
ApochromatAprochromat 40×/1.2 Imm Korr IC M27 objective with a 
Z-stage Piezo and glycerol immersion using fast Airyscan. Z-stack set-
tings for 20 μm from the centre were optimised for complete coverage of 
all 4 regions and allowed for changes in Z position over time. Six time 
points were acquired over a period of 3 h. Image registration was per-
formed using Zen Blue to correct for Z-drift. Images were split into 
separate time points subsequent to image analysis. 

For tissue sections, images were acquired with an Axio obsever Z1/7 
microscope (Zeiss) using a Plan-Apochromat 63×/1.4 Oil DIC M27 with 
objective AxioCam 305 mono camera or with Vectra Polaris (Akoya 
Biosciences) using the 20× objective. 

2.9. Flow cytometry 

CTX-FITC (Sigma-Aldrich) was reconstituted at 2.5 mg/ml stock in 
water. Cells were seeded at 10 × 104 per ml in 24 well plates prior to 
siRNA transfection. Cells were washed twice in ice cold PBS and then 
fixed with 1 % PFA (w/v) for 5-minutes on ice. Following fixation cells 
were washed twice in ice-cold PBS containing 3 % BSA, then incubated 
with 6 μg/ml CTX-FITC (Sigma-Aldrich) for 30 min at room tempera-
ture. Two more washes in ice-cold PBS with BSA were performed before 
cells were scraped in ice-cold PBS. Flow cytometry analysis was per-
formed using a Guava® easyCyte™ SL 5 flow cytometer (Merck). 

Streptolysin O was reconstituted at 14.5 mM in dithiothreitol (DTT), 
diluted to a working solution of 29 nM in media containing 5 μg/ml 
propidium iodide (PI) and incubated for 1 h. Cells were subsequently 
washed 2× with PBS and then isolated with TrypLE. Following centri-
fugation cells were resuspended in FACS flow. Flow cytometry was 
performed using a FACS Symphony A5 (BD biosciences). Gating was 
determined in FlowJo using PI and DTT + PI treated negative controls. 

2.10. Protein extraction 

Cells were seeded at 4 × 104 cells per cm2 into three wells of a 6 well 
plate and scraped in ice-cold PBS. Both nuclear and membrane protein 
extracts were isolated using Nuclear Extraction kit (ab113474; abcam) 
as per manufacturers' instructions. Membrane fractions were supple-
mented with additional SDS to a final volume of 0.1 %. Cell lysates were 

sonicated for 30 s using a probe sonicator. 

2.11. Western blotting 

40 μg of total protein was loaded into NuPage™ 3–8 % tris acetate 
gels (Invitrogen™) and run for 1 h at 150 V. Transfer was performed on 
iBlot2 (Invitrogen™) using PVDF membrane transfer stacks (Invi-
trogen™) for 10 min. Membranes were incubated in Intercept® TBS 
blocking buffer (Licor®, Nebraska, USA) for 1 h and primary antibodies 
were incubated overnight at 4 ◦C on a rocker. ABCA1 (ab18180, abcam), 
ABCA5 (ab99953, abcam), ABCG1 (ab52617, abcam) (1:500), SCARB1 
(1:1000; ab217318, abcam), containing β-Actin (1:40000; rabbit 
ab8227, abcam or mouse MAB1501, Millipore Limited, Hertfordshire, 
UK). Membranes were washed with TBS-T then incubated with sec-
ondary antibodies at 1:1000 dilution, Goat-anti-mouse Alexafluor 790 
(Invitrogen™) or Goat-anti-rabbit Alexafluor 690 (Invitrogen™) for 1 h 
at room temperature. Membranes were imaged using Odyssey imaging 
system (Licor®). Densitometry was performed using image studio lite 
(Licor®). 

2.12. SREBP2 transcription factor activity assay 

Nuclear fractions were thawed and immediately used for the assay 
with 30 μg of protein per reaction. SREBP2 assay was measured via 
ELISA method as per manufacturers' instructions using SREBP2 tran-
scription factor assay kit (abcam; ab133111). Absorbance was measured 
at 450 nm on a BMG Labtech SPECTROstar Nano. 

2.13. Cholesterol efflux assay 

ORS keratinocytes were seeded at 2 × 104 per well in 48 well plates 
and transfected for 72 h as described above. Cells were washed in Epilife 
prior to incubation with 25 μM BODIPY-cholesterol. Cells were washed 
in Epilife and equilibrated for 24 h with Acyl-CoA:cholesterol acyl-
transferase (ACAT) inhibitor, 2 μg/ml Sandoz 58-035 (Sigma-Aldrich) 
for 22 h. Cells were washed in a 10 mM HBSS-HEPES solution (Lonza) 
and efflux was initiated by adding cholesterol acceptors, 10 μg/ml 
ApoA1 (Sigma-Aldrich) or 25 μg/ml HDL (Sigma-Aldrich) for 4 h. 
Background efflux was performed in the absence of cholesterol accep-
tors. Media was removed and fluorescence measurements performed in 
black-walled 96 well plates (excitation 485/20 nm, emission 528/20 
nm). 

2.14. Gene expression analysis 

ORS keratinocytes were seeded into 12 well plates at 20 × 104 cells 
per well and cultured overnight. Following transfection (as described 
above) cells were incubated with either 25 μM FC (or 0.025 % ethanol 
vehicle control) or 5 μM T0901317 (or 0.05 % DMSO vehicle control) 
(Sigma-Aldrich) for 24 h. ORS keratinocytes were pelleted prior to RNA 
extraction. RNA extraction was performed using Relia prep (Promega, 
Wisconsin, United States) according to manufacturer's instructions. 
cDNA synthesis was achieved using Tetro cDNA synthesis kit (Bioline, 
London, UK) converting 100–1000 ng of RNA. qPCR was performed 
using TaqMan™ gene expression assays (Applied biosciences™, Mas-
sachusetts, USA) and Precision Fast mastermix (Primerdesign, South-
ampton, UK) with a StepOne plus instrument (Applied biosciences™). 
Analysis was performed using ΔΔCT method. Taqman assay IDs: ABCA1; 
Hs01059118_m1, ABCA5; Hs00363322_m1, ABCG1; Hs00245154_m1, 
PPIA; Hs99999904_m1, HMGCR; Hs00168352_m1, SCARB1; 
Hs00969821_m1, SREBP2; Hs01081784_m1. 

2.15. Lipidomic analysis 

Cells were seeded at 4 × 104 per cm2 in three wells of a 6 well plate 
subsequent to transfection (as described above). After 48 h incubation 
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25 μM FC (or 0.25 % ethanol vehicle control) was added for 24 h. Cells 
were lysed using 1xTrypLE for 10-minutes and centrifuged at 200g for 8 
min. Supernatant was removed and pellets were immediately snap- 
frozen on dry ice and stored in − 80 ◦C until further analysis. Oxy-
sterols were extracted from cell pellets spiked with 1 ng of deuterated 
internal standards (24-OHCd7, 25-OHCd6, 27-OHCd6, 7β-OHCd7 and 7- 
KCd7). Briefly, cell pellets were resuspended in 50 μl water and mixed 
with 450 μl methanol containing 50 μg/ml BHT, vortexed for 30 s and 
sonicated for 10 min before centrifugation at 14,000 ×g for 10 min. The 
methanolic supernatant was collected and dried under a vacuum. 

The lipid extracts were dissolved in 100 μl of 40:60 Methanol: H2O 
and analysed with a liquid chromatography UltiMate 3000 HPLC system 
(Dionex, Thermo Scientific Ltd.) coupled on-line with an electrospray 
tandem triple quadrupole-linear ion trap mass spectrometer (QTrap 
5500, ABSciex) as described previously (Dias et al., 2018). 

2.16. Hair follicle organ culture 

Temporal scalp skin was obtained via surplus material from face lift 
surgeries (Caltag Medsystems Ltd., Buckingham, UK). Tissue was ob-
tained with informed consent and storage was in accordance with the 
Human Tissue Act 2004 in the Huddersfield Skin & Hair Biobank. HFs 
were cultured in accordance to [33–35] in Williams E medium (Gibco™) 
supplemented with 1 % penicillin-streptomycin, 1 % L-glutamine, 10 μg/ 
ml insulin and 10 ng/ml hydrocortisone. Prior to treatment HFs were 
incubated overnight to acclimatise. The following day the media was 
replaced with fresh HF media containing either 25 μM FC and incubated 
for 24-hours, 5 mM MβCD and incubated for 1-hour with 23-hours re-
covery time, or incubated for 72-hours with Accell Human ABCA5 
siRNA (E-004345-00-0005; Horizon discovery) or Accell Non-Targeting 
control pool (D-001910-10-05), followed by 24-hours with 25 μM FC or 
vehicle control. Following treatment HFs were snap frozen in Richard- 
Allan Scientific™ Neg-50™ Frozen Section Medium (Thermo Scienti-
fic™) and cryosectioned at 7 μm thickness. 

2.17. Image analysis 

To determine the co-localisation of either ABCA5, filipin or BODIPY- 
cholesterol to intracellular markers, ImageJ FIJI [36] was used. Macros 
were written to determine the mean pixel intensity within the masked 
area of the organelle via Otsu thresholding. NR12A images were ana-
lysed for intensity per cell and the ratio was generated by dividing the 
intensity of Lo (550–600 nm) by Ld (600–650 nm). Ratiometric images 
were generated using RatioloJ plugin developed by Romain Vauchelles 
[37]. For HFs, manual annotations were performed in QuPath v0.4.2 
[38] and mean pixel intensities of whole follicles for ABCA5 were uti-
lised. Stardist plugin [39] for qupath was utilised to detect positive 
nuclei in Ki67 TUNEL images using a threshold value of 8 and 25 for 
Ki67 and TUNEL respectively. Masson Fontana analysis was performed 
in ImageJ FIJI, converting images to 8-bit and inverting before 
measuring mean pixel intensity. 10 images with a minimum of 90 cells 
per donor were analysed. For live imaging 2 images containing. 

2.18. Statistical analysis 

Statistical analysis was performed using Prism (GraphPad, Califor-
nia, USA). Normality testing via Shapiro-Wilk testing was performed 
prior to two-tailed, one-sample t-tests, unpaired t-tests or one-way 
ANOVA with Dunnett's comparisons, as appropriate. Statistical signifi-
cance was described as * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 

3. Results 

3.1. Exogenous cholesterol loading alters ABCA5 co-localisation with 
intracellular organelles 

Firstly, the intracellular localisation of ABCA5 was examined by 
immunofluorescence co-localisation with intracellular organelle 
markers for endo-lysosomes (lysosomal associated membrane protein 1; 
LAMP1), ER (protein disulfide isomerases; PDI) and mitochondria (ATP 
synthase subunit beta; ATPB). Fig. 1 shows moderate co-localisation of 
ABCA5 to intracellular organelles. Following 72-hours FC exposure, a 
significant increase in ABCA5 co-localisation with PDI was observed 
(2.7-fold; P < 0.05). A 2.8-fold increase in mean pixel intensity for total 
ABCA5 protein was also seen (P = 0.053). This was confirmed by 
western blot analysis (Fig. 1C) where a 3.2-fold change in the 400 kDa 
oligomeric isoform of ABCA5 was found following cholesterol loading. 
ABCA5 protein detected by western blotting also revealed isoforms at 
99, 187 and ~300 kDa; no change in these isoforms was observed with 
the addition of FC. Neither LXR activation [40] nor FC loading increased 
ABCA5 mRNA expression (Fig. S1). 

3.2. ABCA5 knockdown alters cholesterol distribution following loading 

Next, to help establish the role of ABCA5 in cholesterol compart-
mentalisation, an ABCA5 knockdown was established in ORS keratino-
cytes. A 79 % reduction in mRNA was achieved 24 h after treatment with 
siRNA (Fig. 2A). Analysis of ABCA5 immunofluorescence (Fig. 2B) 
revealed a 22 % reduction in mean ABCA5 pixel intensity (Fig. 2C). By 
Western blot (Fig. 2D), a 50 % reduction in the oligomeric 400 kDa 
isoform (P = 0.062) and a 70 % reduction in the 99 kDa ABCA5 protein 
was observed (Fig. 2E). 

The cellular response to exogenous cholesterol loading was exam-
ined following ABCA5 knockdown. ORS keratinocytes were exposed to 
25 μM FC in the presence or absence of ABCA5 knockdown. Changes in 
FC distribution were examined by filipin staining (Fig. 3A) Excess 
intracellular cholesterol can accumulate in the lysosome for transport to 
the PM for efflux, or alternatively be converted into oxysterols via 
autoxidation or through enzymes located in the ER or Mitochondria. 
Furthermore, small fluctuations in cholesterol at the ER alters SREBP2 
signalling [41], therefore these organelles were chosen to investigate 
cholesterol distribution. 

In the absence of ABCA5 knockdown, FC loading led to a significant 
increase in total (Fig. 3E) and endo-lysosomal cholesterol (Fig. 3B), as 
shown by the increased co-localisation with LAMP1 (Fig. 3A). Knock-
down of ABCA5 did not alter FC distribution in the absence of exogenous 
cholesterol loading. By contrast, ABCA5 knockdown substantially 
decreased the FC loading induced endo-lysosomal cholesterol (P = 0.062 
Fig. 3B). Mitochondrial cholesterol was significantly reduced by the 
addition of FC, with no impact of ABCA5 knockdown observed (Fig. 3D). 

In order to assess plasma membrane cholesterol levels three tech-
niques were employed: membrane polarity probe NR12A, Streptolysin O 
pore formation and detection of lipid rafts with cholera toxin (CTX). 
NR12A exhibits a 50 nm spectral shift from lipid ordered (Lo) compared 
to lipid disorder (Ld). Danylchuk et al. [42] demonstrated small changes 
in the 550–600/600–650 (Lo/Ld) ratio of cells enriched or depleted of 
cholesterol. FC treatment alone increased the Lo/Ld ratio from 1.469 to 
1.472, a further increase to 1.538 was observed in ABCA5 knockdown 
cells. In contrast, ABCA5 knockdown cells treated with FC revealed a 
subtle decrease in Lo/Ld ratio from 1.538 to 1.519 (Fig. 4A+B). 

Streptolysin O is a cholesterol-dependant cytolysin produced by 
Streptococcus pyogenes which forms pores in the plasma membrane. 
When utilised in conjunction with PI, which is normally in unable to 
penetrate live intact cells, SLO can indicate alterations in plasma 
membrane cholesterol [43]. Flow cytometry analysis (Fig. 4C) revealed 
a 2.208 fold change in PI in NT siRNA cells treated with FC. Likewise, a 
2.169 fold change was detected in ABCA5 knockdown cells, indicating 
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Fig. 1. ABCA5 co-localises to intracellular organelles with free cholesterol treatment in outer root sheath keratinocytes. (A) Dual immunocytochemistry staining of 
ABCA5 (green) with endo-lysosomal marker LAMP1 (magenta), ER marker PDI (magenta) and mitochondrial marker ATPB (magenta) in ORS keratinocytes treated 
with 25 μM FC or 0.5 % ethanol vehicle control for 72 h. Counterstained with DAPI (cyan), yellow arrows represent co-localisation of ABCA5 when treated with FC to 
endo-lysosomes, ER and mitochondria. Scale bars represent 5 μm. (B) Image analysis for fold change in mean pixel intensity masked to organelle marker or total pixel 
intensity. Data are mean ± SEM for N = 3 or 9 (total), 5 images per donor (total 93–102 cells per treatment). One-sample t-test performed; significance denoted by * 
P ≤ 0.05. (C) Western blotting of ABCA5 in ORS keratinocytes treated with 25 μM FC or 0.5 % ethanol vehicle control for 72 h. (D) Protein densitometry values 
relative to reference protein β-Actin. Data are mean ± SEM for N = 5/4 donors. 
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Fig. 2. ABCA5 mRNA and protein levels are significantly reduced with siRNA. (A) ABCA5 gene expression changes in ORS keratinocytes transfected with NT or 
ABCA5 siRNA for 24 h show a significant reduction in mRNA. Gene expression relative to NT and normalised to PPIA. (B) ABCA5 immunocytochemistry staining 
(green) in ORS keratinocytes transfected with NT control or ABCA5 siRNA for 72 h. Scale bars 20 μm, counterstained with DAPI (magenta) for nuclei. (C) Fold change 
in mean pixel intensity per cell of ABCA5 immunocytochemistry staining (Total of 3114 and 2756 cells per treatment). (D) Western blot for ABCA5 in ORS kera-
tinocytes transfected with NT or ABCA5 siRNA for 72 h. (E) Protein densitometry values relative to reference protein β-Actin. Data are mean ± SEM for N = 4 donors. 
One sample t-test performed; significance denoted by * P < 0.05, ** P < 0.01, *** P < 0.005. 
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higher levels of cholesterol in the plasma membrane. In conjunction 
with the NR12A data, FC treated ABCA5 knockdown cells had a signif-
icantly reduced fold change in PI fluorescent intensity in comparison to 
both ABCA5 knockdown cells and NT siRNA FC treated cells. 

Assessment of CTX-FITC fluorescence (Fig. 4D) showed no changes in 
lipid raft cholesterol following ABCA5 knockdown or exogenous 
cholesterol loading. 

3.3. Endo-lysosomal BODIPY-cholesterol accumulation is reduced by 
ABCA5 knockdown 

Next, live cell imaging using BODIPY-cholesterol was utilised to 
determine real-time cellular cholesterol distribution following 

exogenous loading. BODIPY-cholesterol (25 μM) was complexed 1:10 
with methyl-β-cyclodextrin to enable a rapid uptake of cholesterol for 
live cell tracking, as previously reported by Holtta-Vuori et al. [44]. As 
shown in Fig. 5A, which shows a time-lapse of 150-minutes with 30-min-
ute intervals, after entering the cell, cholesterol accumulates intracel-
lularly, increasing in intensity over time. Dual staining with organelle 
markers for endo-lysosomes, ER and mitochondria were performed in 
tandem with the BODIPY-cholesterol loading. Cholesterol co- 
localisation with all three markers increased substantially over time. 
Endo-lysosomal accumulation was significantly reduced by ABCA5 
knockdown at 30, 90, 120 and 150-minutes (P = 0.035, 0.044, 0.034, 
0.048, respectively) (Fig. 5B). This confirms the changes detected with 
filipin staining (Fig. 3B). No changes were observed for cholesterol 

Fig. 3. ABCA5 knockdown alters endo-lysosomal cholesterol. Filipin staining (green) in ORS keratinocytes cells transfected with NT or ABCA5 siRNA for 48 h, with 
the addition of 25 μM FC or 0.5 % ethanol vehicle control for 24 h. Dual immunocytochemistry staining was performed (magenta) with antibodies for LAMP1 (A), PDI 
(B) and ATPB (C). Scale bars represent 20 μm. Image analysis of fold change in mean pixel intensity masked to organelle marker (D–F) or total pixel intensity per cell 
(G). Data are mean ± SEM from 10 images (209–223 cells per treatment) for N = 4/5 donors, total N = 13. One-way ANOVA were performed with Fisher's multiple 
comparisons test; significance denoted by * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.005. 
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Fig. 4. Membrane lipids with ABCA5 knockdown. Analysis of membrane lipids in ORS keratinocytes transfected with NT or ABCA5 siRNA for 48 h, with the addition 
of 25 μM FC or 0.5 % ethanol vehicle control for 24 h via confocal microscopy NR12A (A,B) or flow cytometry of propidium iodide following streptolysin O mediated 
pore formation (C) or CTX-FITC (D). (E) Representative figure created in Biorender of biochemical techniques utilised to measure membrane lipids. NR12A shows a 
50 nm spectral shift in lipid order vs lipid disordered domains (represented by blue to red colour change). Streptolysin O binds to the accessible cholesterol pool in the 
plasma membrane forming pores and allowing the transport of propidium iodide into the cell. CTX conjugated with FITC binds to ganglioside GM1 representing the 
lipid raft pool of cholesterol. Data are median ± SEM N = 3–4 donors, One-way ANOVA performed, significance denoted by * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.005 
For NR12A 105–135 cells were analysed per treatment. 
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Fig. 5. Endo-lysosomal cholesterol accumulation is significantly reduced in ABCA5 knockdown outer root sheath keratinocytes. (A) ORS keratinocytes cells 
transfected with NT or ABCA5 siRNA for 48 h incubated with 25 μM of BODIPY cholesterol (green), LysoTracker (magenta), ER Cytopainter (red), Mitochondria 
Cytopainter (blue). Time-lapse images taken at 30-minute intervals for 150-minutes. Scale bars 5 μm. Quantification of mean peak intensities of BODIPY cholesterol 
masked to organelle marker (B–D) or total (E) per cell. Data are mean ± SEM from 2 images per N = 4 donors, containing a total of 200/209 cells (NT/ABCA5). Two- 
way ANOVA performed with Fisher's multiple comparisons test; significance denoted by * P ≤ 0.05. 
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accumulation within the ER or mitochondria (Fig. 5C and D). ABCA5 
siRNA knockdown had no impact on the total accumulation of BODIPY- 
cholesterol (Fig. 5E). 

3.4. ABCA5 knockdown impedes cholesterol efflux to ApoA1 through 
reduction in ABCA1 

To investigate the influence of ABCA5 activity on the extrusion of 
cholesterol across the plasma membrane, BODIPY-cholesterol efflux 
assays were performed following ABCA5 knockdown. The two primary 
pathways for the efflux of intracellular cholesterol are ABCA1 and 
ABCG1-mediated efflux, both of which are expressed in keratinocytes of 
the epidermis and HF [45–47]. ABCA1 and ABCG1 move cholesterol to 
the acceptor molecules ApoA1 and HDL, respectively [48,49]. Efflux to 
HDL was much greater (~13 %) than to ApoA1 (~8 %) in the NT cells. 
Following ABCA5 knockdown, no change in efflux to HDL was observed 
(Fig. 6C). Conversely, a significant drop in ABCA1-mediated efflux to 

ApoA1 was seen (Fig. 6D). 
To investigate the reduction in cholesterol efflux to ApoA1, western 

blot analysis was performed for ABCA1, ABCG1 and SCARB1, to un-
derstand whether reduction of the expression of cholesterol efflux pro-
teins occurred as a result of ABCA5 knockdown (Fig. 6A, B). No 
significant changes were detected for SCARB1, with a non-significant 
increase in ABCG1 protein observed. A non-significant reduction in 
ABCA1 protein was also seen (P = 0.055). These results prompted 
further investigation into whether cholesterol homeostatic pathways 
may be more broadly disrupted by ABCA5 knockdown. 

3.5. ABCA5 knockdown disrupts the homeostatic response to exogenous 
cholesterol in outer root sheath keratinocytes 

Delivery of exogenous cholesterol elicits a cellular homeostatic 
response, generally through the activation or repression of lipid sensi-
tive transcription factors. Excess cellular cholesterol can be converted 

Fig. 6. ABCA5 knockdown reduced cholesterol efflux to ApoA1. (A) Protein expression of ABCA1, ABCG1 and SCARB1 in ORS keratinocytes cells transfected with NT 
or ABCA5 siRNA for 72 h. Protein densitometry values relative to reference protein β-Actin. Data are mean ± SEM for N = 4 donors. BODIPY cholesterol efflux in ORS 
keratinocytes cells transfected with NT or ABCA5 siRNA for 72 h. Efflux to ApoA1 (C) or HDL (D). Data are mean percentage change in efflux ± SEM N = 6 (C) N = 3 
(D) donors. Unpaired t-test performed; significance denoted by * P ≤ 0.05. 

M.A. Palmer et al.                                                                                                                                                                                                                              



BBA - Molecular and Cell Biology of Lipids 1868 (2023) 159361

11

into oxysterols, which in turn activate LXR leading to an increase in 
transcription of ABC transporters associated with sterol efflux [26]. 
SREBP2 is associated with the transcription of genes involved in de novo 
cholesterol biosynthesis [26,27]; binding of cholesterol to SCAP and 
oxysterols to INSIG results in the retention of SREBP2 in the ER, pre-
venting transportation to the Golgi, where SREBP2 would undergo 
proteolytic cleavage to form the mature transcription factor [26]. 

Addition of 25 μM exogenous cholesterol to ORS keratinocytes 
increased the expression of genes responsible for cholesterol efflux 

(ABCA1, ABCG1 and SCARB1) with no change in ABCA5 expression 
(Fig. 7). However, expression of HMGCR, the gene encoding the rate- 
limiting enzyme in cholesterol biosynthesis, was reduced (Fig. 7I). 
Knockdown of ABCA5 did not significantly alter the expression of 
ABCA1, ABCG1, SCARB1 or HMGCR. Strikingly, ABCA5 knockdown 
lowered the FC-mediated increases in ABCA1 and ABCG1 (Fig. 7B, C). 
Furthermore, HMCGR was downregulated to a much greater degree 
following addition of FC to the ABCA5 knockdown cells (Fig. 7I). 

These data suggested that the homeostatic response to FC loading 

Fig. 7. ABCA5 knockdown disrupts cholesterol homeostasis. Gene expression changes in ORS keratinocytes transfected with NT or ABCA5 siRNA for 48 h, with 25 
μM FC or 0.5 % ethanol vehicle control (A-D,I-J), or 5 μM T0901317 or 0.05 % DMSO vehicle control (E-H,K-L) for a further 24 h. Gene expression reported relative to 
vehicle control and normalised to PPIA. Data are mean ± SEM for N = 5/N = 3 (FC/T0901317). One-way ANOVA were performed with Fisher's multiple comparisons 
test; significance denoted by * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.005. (M) Transcriptional activity of SREBP2 in ORS keratinocytes transfected with NT or ABCA5 
siRNA for 72 h. Data are mean ± SEM for N = 4 donors. Unpaired t-test performed; significance denoted by ** P ≤ 0.01. 
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was altered. To determine whether this was the result of impaired LXR 
activation, ORS keratinocytes were treated with the agonist T0901317. 
In the absence of ABCA5 knockdown, LXR activation significantly 
increased ABCA1 and ABCG1 expression, with a small reduction in 
HMGCR (Fig. 7F, G, K). As HMGCR is primarily be regulated by acti-
vation of SREBP2, a significant reduction in expression may not be ex-
pected following LXR activation. Importantly, T0901317 addition to 
ABCA5 knockdown ORS keratinocytes continued to elicit the typical 
LXR response, namely ABCA1 and ABCG1 were increased in comparison 
to ABCA5 knockdown alone, with no significant differences noted in 
control cells (Fig. 7F, G). This is in sharp contrast to the addition of FC, 

which could not induce ABCA1 and ABCG1 expression in the ABCA5 
knockdown cells (Fig. 7B, C). 

Further analysis demonstrated that SREBP2 transcription was 
significantly reduced by 22.1 % following ABCA5 knockdown (Fig. 7M). 
Loading with FC reduced SREBP2 mRNA, which was reduced to a much 
greater degree in ABCA5 knockdown ORS keratinocytes following FC 
loading (Fig. 7J). This may account for the extreme reduction in HMGCR 
mRNA levels detected in FC-loaded ABCA5 knockdown ORS 
keratinocytes. 

Furthermore, although there were no changes to either total or 
intracellular cholesterol levels following knockdown of ABCA5, a 

Fig. 8. Lipidomic analysis of free cholesterol-loaded outer root sheath keratinocytes with ABCA5 knockdown. Mass spectrometry analysis of ORS keratinocytes 
transfected with siRNA for 48 h and subsequently exposed to 25 μM FC or 0.5 % ethanol vehicle control for 24 h. Blue box donates mitochondrial derived oxysterols, 
red box for ER derived oxysterols and green box for autoxidised oxysterols. Data are mean ± SEM of N = 6 donors, except for 4β-hydroxycholesterol, 7α,25- 
hydroxycholesterol, 5,6-epoxycholesterol (N = 4) and 24-hydroxycholesterol (N = 2). One-way ANOVA or Kruskal Wallis tests were performed; significance denoted 
by * P ≤ 0.05, *** P ≤ 0.005. 
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reduction in the transcription of HMGCR was shown (Fig. 7I, K). This 
could be explained in terms of the reduction in SREBP2 transcriptional 
activity (Fig. 7M). 

3.6. Sterol profile in free cholesterol-loaded outer root sheath 
keratinocytes 

Next lipidomic analysis was performed to determine whether ABCA5 
knockdown impacted the sterol profile (FC and oxysterols) in ORS ker-
atinocytes. Oxysterols are oxidised forms of cholesterol and known to 
cross membranes faster than cholesterol. Oxysterols can also activate 
transcription factors such as LXR and suppress SREBP2, and are an 
important component in the homeostatic control of cellular sterol status 
[50]. 

As shown with the filipin staining, lipidomic analysis demonstrated a 
significant increase in the concentration of cellular FC following FC 
treatment for 24 h; both in NT and ABCA5 knockdown ORS keratino-
cytes (Fig. 8). Concentrations of individual oxysterols are displayed in 
Table S1, with Fig. 8 showing the normalised fold change. The most 
abundant oxysterols were 27-hydroxycholesterol, 4β-hydrox-
ycholesterol, 7-ketocholesterol and 7β-hydroxycholesterol. 

7α, 25-Dihydroxycholesterol significantly increased with FC loading, 
and was not altered by ABCA5 knockdown. A significant increase was 
detected for 7β-hydroxycholesterol in ABCA5 siRNA-treated keratino-
cytes following exogenous FC loading, which did not occur in NT cells 
(Fig. 8). A significant increase in 25-hydroxycholesterol was observed in 
ABCA5 siRNA keratinocytes loaded with exogenous FC; this was 
significantly higher than that observed in FC loaded NT siRNA kerati-
nocytes (Fig. 8). A significant reduction in 27-hydroxycholesterol was 
observed in NT-treated keratinocytes following loading with FC; the 
reduction in ABCA5 siRNA-treated cells did not reach the level of 
significance. 

3.7. Ex vivo culture of hair follicles with ABCA5 siRNA promotes anagen 

Loss of function mutations in ABCA5 have been reported in patients 
with congenital hypertrichosis [5–7]. In order to assess the function of 
ABCA5 in hair growth, ex vivo culture of human HFs with self-delivering 
siRNA was performed. HFs follow a cycle through periods of highly 
proliferative growth (anagen), apoptosis mediated regression (catagen) 
and relative quiescence (telogen). Results from a pilot study (N = 1 
donor) indicated that knockdown of ABCA5 may promote hair growth 
through prolongation of anagen (Fig. S2). We therefore assessed the 
exposure of HFs to FC for 24 h following 72 h siRNA (Fig. 9), to deter-
mine the hair growth response to excess exogenous cholesterol. 

Analysis of ABCA5 protein levels following knockdown revealed 
significant decreases in pixel intensity for both ABCA5 siRNA alone and 
HFs treated with FC. Whereas, addition of FC to NT-treated follicles 
resulted in an increase in ABCA5 protein expression (Fig. 9D). Analysis 
of HF lengths revealed a significant increase in growth and the number 
of anagen HFs with ABCA5 knockdown in comparison to control 
(Fig. 9B+C). 

FC treated control HFs did not show any significant increases in 
proliferation, however a significant reduction in the number of TUNEL+
cells of the bulb was detected. ABCA5 knockdown resulted in a signifi-
cant increase in the percentage of Ki67+ cells and decrease in TUNEL+
cells in the bulb and DP stalk (Fig. 9E, F). Both ABCA5 knockdown and 
treatment with FC alone increased the number of cells in the bulb and DP 
(Fig. 9G). No significant differences for TUNEL+ cells or cell numbers 
were detected in ABCA5 knockdown HFs when cultured with or without 
FC, however there was a significant decrease in proliferation in FC 
treated ABCA5 knockdown HFs, in comparison to ABCA5 knockdown 
alone (Fig. 9E). No changes in pigmentation were observed with Masson 
Fontana staining for any treatment group (Fig. 9H). 

These results share similarities with non-transfected cultured HFs 
where neither FC nor methyl-β-cyclodextrin treatment altered 

proliferation, apoptosis or pigmentation (Fig. S3+4). 

4. Discussion 

Here, we provide a deeper insight into the potential roles of ABCA5 
in cholesterol transport and homeostasis in ORS keratinocytes. Using a 
physiologically relevant concentration of FC based on previous litera-
ture [51], we confirmed that ABCA5 protein localisation can be modu-
lated by changes in cellular cholesterol levels, which also altered 
intracellular co-localisation to endo-lysosomes, ER and mitochondria. 
Using siRNA-mediated knockdown, ABCA5 was implicated in the 
maintenance of cholesterol homeostatic pathways. Furthermore, endo- 
lysosomal cholesterol trafficking was found to be influenced by 
ABCA5 levels. 

Previously, we reported intracellular ABCA5 expression in the 
human HF, along with plasma membrane localisation specifically in the 
hair shaft cuticle [40]. It is possible that, like ABCA1 [52], ABCA5 
shuttles between endo-lysosomes and the plasma membrane to modu-
late plasma membrane efflux of cholesterol. However, as ABCA5 
knockdown was shown to reduce ABCA1 mRNA and protein abundance 
in our study, it could also be postulated that the reduction in ApoA1 
stimulated efflux observed is a result of ABCA1 loss, rather than being 
caused by changes in ABCA5 functioning directly in plasma-membrane 
cholesterol efflux. In support of this, no change in cholesterol efflux to 
HDL was detected, which is also consistent with the lack of change in 
ABCG1 and SCARB1 expression, both of which utilise HDL as an 
acceptor for cholesterol efflux. Notably, this conflicts with data seen in 
mouse derived Abca5− /− macrophages, where the loss of cholesterol 
efflux to HDL and not ApoA1 was observed [53]. 

We have previously reported low-levels of ABCG1 expression in the 
HF when compared to both ABCA1 and ABCA5 [40]. This could indicate 
a lower capacity for ABCG1-mediated cholesterol efflux. Species-specific 
differences in cholesterol transport may also exist. The murine Abca5− /−

model reported by Ye et al. [53] demonstrated increased Abca1 
expression, whereas we report a reduction in ABCA1 following ABCA5 
knockdown in human ORS keratinocytes. This may explain the differ-
ences in cholesterol efflux observed between the current study, and that 
reported by Ye et al. [53]. Furthermore, there is evidence of tissue- 
specific differences in the predominant routes for cholesterol trans-
port, with divergent ABC transporter expression patterns described in 
peripheral tissues [1,54]. 

Knockdown of ABCA5 in ORS keratinocytes reveals a disruption in 
the regulatory pathways controlling cholesterol homeostasis. This in-
cludes the loss of SRBEP2 gene expression and transcriptional activity, 
along with dysregulation of the normal homeostatic response of LXR 
target genes to excess cholesterol. As co-localisation of ABCA5 to 
intracellular organelles increases with cholesterol loading, ABCA5 may 
be an integral component of intracellular cholesterol movement. Thus, a 
loss of ABCA5 following siRNA treatment would be expected to impair 
cholesterol movement, altering both efflux pathways and the rate of 
oxysterol production. Increased levels of di-hydroxy oxysterol upon FC 
loading indicates that ORS keratinocytes upregulate cholesterol meta-
bolism pathways to maintain cholesterol homeostasis via oxysterol 
efflux, to reduce the intracellular accumulation. 

There is a notable lack of evidence for whether exogenous sources of 
cholesterol are involved with hair growth. Indeed, HFs express LDLR 
and SRB1 which suggest a capacity for the uptake exogenous sources of 
cholesterol from LDL and HDL, respectively. Moreover, whereas an as-
sociation of high circulating cholesterol levels and AGA has been re-
ported by numerous studies [55–68], no differences in the activity of the 
rate limiting enzyme of cholesterol biosynthesis, HMGCR, has been 
detected in hypercholesteraemic patients in comparison to healthy 
controls [69]. Additionally, cohort studies have indicated no direct 
relationship between the use of cholesterol lowering statins and hair loss 
[70]. As we also showed that the addition of FC or cholesterol depletion 
in ex vivo HF culture did not significantly alter hair growth, small 
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Fig. 9. Ex vivo HF culture with ABCA5 siRNA. (A) Immunofluorescence staining of ABCA5 (Green), Ki67 (Magenta) and TUNEL (cyan), along with Masson Fontana 
staining of ex vivo HFs transfected with NT or ABCA5 siRNA for 72 h followed by 25 μM FC for 24 h. Image analysis of (B) mean pixel intensity of ABCA5, (D) 
percentage of ki67+ cells below Auber's line, (F) percentage of TUNEL positive cells or (G) total nuclei in bulb, dermal papilla (DP) and DP stalk of hair follicle, (H) 
mean pixel intensity of Masson Fontana staining. (C) Percentage of HFs in anagen, early catagen and mid catagen (N = 2). (E) Hair follicle growth. Data are mean ±
SEM for n = 26 follicles from N = 2 donors. One-way ANOVA tests were performed; significance denoted by * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.005. 
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changes in circulatory cholesterol levels are unlikely to influence hair 
loss. 

Yet, loss of function mutations in ABCA5 have been observed in 
congenital hypertrichosis patients, and in line with this we report 
increased hair growth in ABCA5 knockdown HFs. Treatment of HFs with 
the LXR agonist T0901317 was reported to reduce hair growth ex vivo 
[71]; taken together with our data showing a reduction in the expression 
of LXR target genes in ABCA5 knockdown keratinocytes, this could 
suggest that the increase in hair growth observed following ABCA5 
knockdown in cultured HFs, as well with patients with congenital 
hypertrichosis, may be caused by a reduction in LXR signalling. 

Given the range of signalling molecules (i.e. Shh, Wnt/β-catenin, and 
the JAK/STAT pathway) known to influence HF morphogenesis, hair 
growth and hair cycling, with which cholesterol and its metabolites 
interact, there remain several additional possibilities that might explain 
how altered cholesterol homeostasis caused by ABCA5 deletion results 
in the excessive hair growth experienced by patients with congenital 
hypertrichosis. In brief, membrane lipids are important for the activa-
tion of Shh and Wnt/β-catenin signalling cascades [20,72], and binding 
of cholesterol to dishevelled is associated with activation of canonical 
over non- canonical Wnt signalling [73]. Inhibition of the JAK/STAT 
pathway has been shown to induce hair growth [74], and interactions of 
ABCA1 with APOA1 have been shown to activate the JAK/STAT 
pathway [75–77]. 

Here, we show that ABCA5 knockdown results in the dysregulation 
of cholesterol homeostasis, including a reduction in cholesterol efflux to 
ApoA1. These data suggest that ABCA5 plays a role in maintaining 
cellular cholesterol levels, with the potential for ABCA5 to function in 
intracellular cholesterol movement via endo-lysosomal transport. These 
data also provide some insight into the potential mechanisms for 
excessive hair growth in certain individuals. An ABCA5 loss-of-function 
mutation, and subsequent alterations in cholesterol homeostasis, have 
the potential to alter signalling pathways integral to the control of hair 
morphogenesis and growth, including Shh, Wnt/β-catenin or JAK/ 
STAT. Further research into the roles played by both cholesterol and 
ABCA5 could help establish new avenues of investigation for treating 
disorders of hair growth. 
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