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Abstract

Non-healing wounds are a major threat to public health throughout the United States. Tissue 

healing is complex multifactorial process that requires synchronicity of several cell types. 

Endolysosomal trafficking, which contributes to various cell functions from protein degradation 

to plasma membrane repair, is an understudied process in the context of wound healing. The 

lysosomal trafficking regulator protein (LYST) is an essential protein of the endolysosomal system 

through an indeterminate mechanism. In this study, we examine the impact of impaired LYST 

function both in vitro with primary LYST mutant fibroblasts as well as in vivo with an excisional 

wound model. The wound model shows that LYST mutant mice have impaired wound healing 

in the form of delayed epithelialization and collagen deposition, independent of macrophage 

infiltration and polarisation. We show that LYST mutation confers a deficit in MCP-1, IGF-1, 

and IGFBP-2 secretion in beige fibroblasts, which are critical factors in normal wound healing. 

Identifying the mechanism of LYST function is important for understanding normal wound 

biology, which may facilitate the development of strategies to address problem wound healing.
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1 | INTRODUCTION

In 2019, 8.2 million Medicare beneficiaries in the United States were wound care patients 

with a cost of care ranging from $28.1 to $96.8 billion,1 highlighting the enormous public 

health burden of non-healing wounds. To address this growing problem, an expanded 

understanding of fundamental processes of normal wound healing is necessary to provide 

new targets for therapeutic consideration. Despite the biologic importance and phylogenetic 

conservation, basic understanding of wound biology is limited for certain fundamental and 

critical cell processes including endolysosomal-mediated protein trafficking. We sought to 

investigate the role of a protein at the centre of the endolysosomal system, the lysosomal 

trafficking regulator (LYST), in the context of cutaneous wound healing.

LYST encodes a protein of approximately 430 kDa that is involved with vesicle size and 

trafficking through an unknown mechanism. Homozygous germline mutations in LYST 

cause Chediak-Higashi syndrome (CHS), a rare autosomal recessive disease, and the beige 

(Bg) mouse analogue.2–5 For the Bg mouse, specifically, a three base-pair deletion resulting 

in a single isoleucine loss near the C-terminus is sufficient to disrupt protein function. 

CHS and Bg mutations result in phenotypic enlarged cellular granules including lysosomes, 

melanosomes, platelet dense bodies, and other lysosome related organelles.6–9 Debate still 

exists as to whether the enlarged granules are a result of abnormal fusion,10–12 decreased 

fission,5,13 or a combination.14 Prior work has predominately characterised the role of 

LYST in cytotoxic lymphocytes and platelets due to the susceptibility of CHS patients to 

infection.9,15–18 However, LYST is ubiquitously expressed in other tissues and cell types 

including fibroblasts.19 The exact molecular mechanisms by which LYST functions are still 

unknown, especially in areas outside of inflammation and thrombosis.

We characterised the wound healing impact of the LYST mutation, in vivo, using a splinted 

excisional murine model of wound healing in Bg mice. Findings revealed that the LYST 

mutation confers delayed wound healing of skin, hallmarked by decreased collagen and 

delayed epithelialization, independent of macrophage infiltration and polarisation. Due to 

fibroblast importance in inflammation/tissue repair, we sought to characterise tissue-healing 

mediators derived from LYST mutant fibroblasts, in vitro. We hypothesised that LYST 

mutant fibroblasts would have abnormal protein secretion (e.g., growth factors, cytokines, 

chemokines) compared to control fibroblasts due to dysregulation of lysosomal trafficking. 

We found that MCP-1, IGF-1, and IGFBP-2 were all present in lower levels in media 

derived from primary LYST mutant fibroblasts harvested from Bg mice compared to wild 

type mice controls. Together, these findings highlight the importance of endolysosomal 

trafficking in normal cutaneous wound healing, and define a role for LYST, specifically, in 

this process.
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2 | MATERIALS AND METHODS

2.1 | Animals

The Nationwide Children’s Hospital Institutional Animal Care and Use Committee approved 

all experimental procedures involving animals. All animals received care in compliance 

with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory 

Animals (NIH, Bethesda, MD, USA). Wild type (WT) (C57BL/6J) and beige (Bg) (C57BL/

6J-Lystbg-J/J) mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). 

Male mice 8–12 weeks of age were used for wound healing experiments.

2.2 | Splinted excisional wound model

For wound healing assessment, 30 WT and 30 Bg mice were divided into cohorts of 10 

mice that were sacrificed at specific time points (3, 7, and 28 days). A splinted excisional 

model was used as previously described.20,21 Briefly, mice were anaesthetised and shaved 

to expose the dorsal surface. Sterile scissors were used to create full-thickness wounds 

approximately 6 mm in diameter extending through the panniculus carnosus muscle. A 

silicone ring, 13 mm internal diameter and 0.8 mm thick (Grace Bio-Labs, OR, USA), 

was secured with 3–0 nylon suture around the wound to prevent the panniculus carnosus 

from contracting. Mastisol® (Eloquest Healthcare®, Inc., MI, USA) liquid adhesive was 

applied around the outer edge of the splint to improve adherence of the surgical dressing that 

consisted of Tegaderm™ (3M™, MN, USA) followed by an elastic bandage wrap (Gentle 

Tape, CVS Health™, RI, USA). Mice were housed in individual cages and allowed to fully 

recover in an incubator at 32°C until they became mobile.

2.3 | Wound evaluation

Mice were monitored daily to ensure the dressings and splints remained in place. Wounds 

were evaluated at 0, 3, 7, 10, and 14 days for 2-D planimetry analysis and then followed 

until complete healing. Wounds were imaged with a Leica M80 microscope (Leica Camera 

AG, Germany). Image files were blinded, and wound area measurements were made using 

ImageJ (NIH, MD, USA). Wound area values were normalised to the initial wound area. 

Different cohorts of mice were sacrificed at days 3, 7, and 28 post excision.

2.4 | Mechanical testing

To assess the strength of healed skin, biopsies (30 mm × 80 mm) were obtained from the 

healed scar 28 days after wounding. Non-wounded control samples were simultaneously 

harvested from each animal. Each rectangular-shaped skin biopsy was stored in a 50 ml 

polypropylene conical tube containing normal saline solution and placed in ice for 2–4 h 

until cut into a dog bone–shaped specimen (gauge length of 5 mm and gauge width of 3 

mm) for tensile testing. The harvested skin was placed in a position such that the biopsied 

site was in the centre of the gauge length and width. Each specimen was then mounted into 

the grips of a TestResources mechanical tester model 1000R12 (TestResources, MN, USA) 

with a 2.2 lbf load cell. All skin samples were strained at a rate of 2 mm/s until failure and 

maximum load was recorded in newtons (N).
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2.5 | Transepidermal water loss

A separate cohort of WT and Bg male mice (n = 10 per group) were shaved, and the 

epithelial barrier was disrupted with repeated abrasion using surgical tape as previously 

described.22 10–15 tape applications per mouse resulted in a repeatable and measurable 

disruption of barrier function, but without creation of a wound. Transepidermal water 

loss (TEWL) was measured as an assessment of barrier function of the skin prior to the 

procedure and at 0, 1, 3, 6, and 24 h post procedure. TEWL was obtained by measuring 

the humidity of the air directly above the skin relative to the humidity in the ambient 

environment using a DermaLab® Combo (Cortex Technology ApS, Denmark). TEWL was 

calculated as grams of water lost per square metre of skin per hour. Higher values indicate 

more water loss and therefore less barrier function. TEWL measurements were taken three 

times at each time point on each animal and averaged to account for variability. TEWL 

measurements of wounds were normalised to the pre- and post-procedure TEWL readings to 

determine the % recovery through the following formula:

%Recovery = Post−Current
Post−Pre × 100%

where Pre, Post, and Current represent the average TEWL recordings immediately before 

adhesive stripping, after adhesive stripping, and at the current time point, respectively.

2.6 | Histology and immunohistochemistry

Wounds from day 3 and day 7 cohorts were excised from mice following euthanasia. Scar 

and surrounding skin were fixed with pins to keep tissue in a flattened shape then fixed 

in 10% formalin for 24 h at 4°C. Fixed samples were paraffin-embedded and 4 μm thick 

sections were mounted onto slides. Tissue sections were stained with H&E, Picro-Sirius 

Red, and Movat’s Pentachrome using standard techniques to examine cellularity, collagen, 

and other extracellular matrix constituents. For immunohistochemistry, slides were first 

deparaffinised in xylene followed by serially diluted alcohol washes. Antigen retrieval 

was performed utilising a citrate buffer with pH 6.1 (Cat# S1699, Agilent Technologies, 

CA, USA). Sections were blocked for endogenous peroxidase activity with 3% hydrogen 

peroxide (Thermo Fisher Scientific, MA, USA) followed by blocking for background 

with 3% normal goat serum (NGS) (Cat# S-1000–20, Vector Laboratories, CA, USA) in 

Background Sniper (Cat# BS966M, Biocare Medical, LLC, CA, USA) for 1 h at room 

temperature. Sections were incubated with primary antibody diluted in Antibody Diluent, 

Background Reducing (Cat# S3022, Agilent) overnight at 4°C. Primary antibodies and 

dilutions used were as follows; Cytokeratin (1:500, Cat# 9377, Abcam PLC, UK), Ki67 

(1:2000, Cat# 15580, Abcam), F4/80 (1:500, Cat# 16911, Abcam), CD68 (1:2000, Cat# 

125212, Abcam), iNOS (1:250, Cat# 15323, Abcam), CD206 (1:8000, Cat# 64693, Abcam), 

CD31 (1:500, Cat# 28364, Abcam), MMP-1 (1:1000, Cat# bs-0463R, Sapphire Bioscience, 

Redfern, Australia), TIMP-1 (1:2000, Cat# 211926, Abcam) and MMP-9 (1:1000, Cat# 

38898, Abcam). Slides were then stained with appropriate secondary biotinylated antibodies 

(Vector Laboratories) at a 1:1500 dilution in PBS for 1 h at room temperature. Slides 

were subsequently incubated in streptavidin horseradish peroxidase (Cat# PK-7100, Vector 

Laboratories) with colour development with 3,3-diaminobenzidine (Cat# SK-4105, Vector 
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Laboratories), and nuclei counterstaining with Gill’s haematoxylin (Cat# H-3401–500, 

Vector Laboratories). Slides underwent dehydration in alcohol and clearing xylene before 

applying cover slips with mounting medium (Cat# H-5000–60, Vector Laboratories).

2.7 | Primary fibroblast culture

Cultures were prepared as previously described.21 Briefly, primary fibroblasts were isolated 

from ear biopsies of 2-to 6-month-old Bg and WT mice (2–3 mice per fibroblast line). 

For each experiment conducted (antibody array, ELISA, immunofluorescence staining, 

RT-qPCR) new fibroblast lines were derived. Ear samples were minced and digested for 

1 h in collagenase/dispase (4 mg/ml) in one well of a 24-well plate. One millilitre of 

fibroblast media (Dulbecco’s Modified Eagle Medium, 16% foetal bovine serum, penicillin/

streptomycin, L-glutamine, amphotericin B) was then added and cells were incubated 

overnight at 37°C in low oxygen conditions (5%). Cells were then triturated, filtered with a 

70 μm cell strainer and cultured in fibroblast media and allowed to recover. All cells used for 

experimental purposes were subsequently passaged once into serum-free media containing 

basic fibroblast growth factor (Catalogue# M2267SF-Kit, Cell Biologics, IL, USA) and 200 

μM ascorbic acid.

For the migration assay, fibroblasts were derived as stated above and followed previously 

published protocols.23 Briefly, cells were plated in 6-well tissue culture treated dishes with 

inserts (Ibidi Cat# 80209) added at time of plating to create a divided space for cells to 

migrate across. Images were captured at the indicated time points after insert removal on a 

ZEISS AxioImager.A2 microscope with a Zeiss AxioCam MRc 5 (colour) digital camera.

2.8 | Mouse protein antibody array and ELISAs

Conditioned media from passage one primary fibroblasts was harvested 24 h after the first 

passage and applied to a 96 protein RayBiotech Mouse Cytokine Antibody Array (Cat# 

AAM-CYT-1000, RayBiotech, GA, USA) and processed according to the manufacturer’s 

protocol. Chemiluminescence with film development was used for positive spot detection 

and semi-quantitative analysis of signal intensity was performed using ImageJ.24,25 

Background intensity was subtracted out and measurements were normalised relative to 

positive controls on each membrane.

Mouse monocyte chemoattractant protein-1 (MCP-1; Cat# ELM-MCP-1), insulin-like 

growth factor-1 (IGF-1; Cat# ELM-IGF1–1), and insulin-like growth factor binding 

protein-2 (IGFBP-2; Cat# ELM-IGFBP2–1) quantitative ELISAs from RayBiotech were 

used for detection and quantification of protein secretion. Experiments were performed 

according to the manufacturer’s guidelines and quantified for absorbance values read on a 

SpectraMax M5 (Molecular Devices, CA, USA).

2.9 | RT-qPCR analysis

Cultured fibroblasts were removed from plates with 0.25% trypsin, centrifuged, and washed 

in PBS at 24-, 48-, and 72-h intervals after the first passage. Cells were stored in 

RNAlater Stabilisation Solution (Cat# AM7020, Thermo Fisher Scientific) at –80°C until 

RNA extraction. RNA extraction was performed with the Zymo Quick-RNA Miniprep 
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kit (Cat# R1054, Zymo Research, CA, USA) according to the manufacturer’s protocol. 

Genomic DNA was removed using a DNA eliminator spin column followed with on column 

DNA digestion with DNAse I. RNA was then processed with the Zymo RNA Clean & 

Concentrator Kit (Cat# R1031).

For gene expression analysis of wound samples, surgery was performed as described above. 

At time of surgery, excised skin was snap frozen in liquid nitrogen to serve as a baseline 

control (non-wounded skin) for comparison to excised wounded skin at days 3, 7, and 10. 

At time of sacrifice, wounded skin was excised and snap frozen in liquid nitrogen. For 

RNA extraction, RNase clean mortar and pestles were pre-chilled in liquid nitrogen. Normal 

skin and wounded skin samples were ground into a fine powder in the pre-chilled pestles. 

Samples were then processed with the Qiagen RNeasy Fibrous Tissue Mini Kit according 

to manufacturer instructions (Cat# 74704). Genomic DNA was eliminated via on-column 

digestion using DNase.

RNA from fibroblasts and skin samples was quantified on a Nandrop2000c for concentration 

with a 260/280 ratio greater than 2.0. Select samples were analysed on an Agilent 

Bioanalyzer to validate the protocol with an RNA integrity number greater than 7.0. 

RNA to cDNA conversion was completed with the Applied Biosystems High-Capacity 

RNA-to-cDNA kit (Cat# 4387406, Thermo Fisher Scientific) and run on a Verti Fast 

Thermocycler. Taqman Fast Advanced Master Mix (Cat# 4444557, Thermo Fisher 

Scientific) with the following hybridization probes were utilised for qPCR of cDNA 

samples: LYST (Cat# Mm00465000_m1), CCL2 (Cat# Mm00441242_m1), IGF1 (Cat# 

Mm00439560_m1), IGFBP2 (Cat# Mm00492632_m1), Col1a1 (Cat# Mm00801666_g1), 

Col1a2 (Cat# Mm00483888_m1), and Col3a1 (Mm00802331_m1). Samples were run 

on an Applied Biosystems StepOnePlus Real-Time Fast PCR System. Plate design 

followed a sample maximisation approach with no template controls and reverse-

transcriptase negative controls.26 A pilot run was utilised to determine the most stably 

expressed reference gene between samples comparing GAPDH (Cat# Mm99999915_g1), 

ACTB (Cat# Mm02619580_g1), B2M (Cat# Mm00437762_m1), and HPRT (Cat# 

Mm00446968_m1). Resulting cycle-threshold values were analysed with the online tool 

RefFinder, a combination of BestKeeper, NormFinder, geNorm, and the comparative delta-

Ct method.27–31 ACTB was determined to be the most stably expressed reference gene for 

fibroblasts. B2M was determined to be the most stably expressed reference gene for skin 

samples. Respective reference genes were subsequently used for delta–delta Ct calculations.

2.10 | Immunofluorescence

For cell culture experiments, cells were grown on sterile, gelatin-coated glass cover slips and 

were fixed at 24 h after the first passage with 4% paraformaldehyde for 20 min at room 

temperature. Cells were permeabilized and background blocked with 0.3% Triton X-100 

+ 10% NGS in PBS for 45 min at room temperature. Primary antibodies were diluted 

in 1% NGS + 0.3% Triton X-100 + 1% BSA in PBS and incubated on slides overnight 

at 4°C. The primary antibodies and dilutions used were as follows: LAMP-1 (1:1000, 

Cat# 14–1071-82, Invitrogen, CA, USA), MCP-1 (1:500, Cat# MA5–17040, Invitrogen), 

IGF-1 (1:250, Cat# PAJ-27207, Invitrogen), and IGFBP-2 (1:250, Cat# MAB797, R&D 
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Systems, NE, USA). Slides were incubated with appropriate secondary antibodies at a 

1:300 dilution (AlexaFluors, Thermo Fisher Scientific). Samples stained for actin were 

incubated with ActinGreen 488 Ready Probe (Cat# R37110, Invitrogen). Slides were 

mounted with mounting medium containing DAPI nuclear counterstain (Cat# S36938, 

Thermo Fisher Scientific). Slides with secondary but no primary antibodies were used as 

negative background controls.

2.11 | Imaging and quantification

Photomicrographs were acquired with a ZEISS AxioImager.A2 microscope with a Zeiss 

AxioCam MRc 5 (colour) digital camera or a ZEISS AxioObserver.21 inverted microscope 

with a ZEISS AxioCam 105 (colour) digital camera (Carl Zeiss AG, Germany). For 

histological stains (H&E and Picro-Sirius Red), a 10× objective was used and several 

images were tiled and stitched together to capture the entire wound sample. For 

immunohistochemical stains (F4/80, iNOS, CD206, MMP-1, MMP-9, TIMP-1) a 40× 

objective was used to capture four images along the length of the wound bed. The exceptions 

to this are the stains for Cytokeratin, Ki67, and CD31 that were taken as tiled images of 

the entire wound bed using a 10× objective. Representative immunofluorescence (IF) images 

were captured in using a 63× objective and a ZEISS Apotome.2 was used to achieve high 

focal plane contrast.

Quantification of images was performed using ImageJ (NIH). Cellular and vessel counts 

were made using pixel specific thresholding based on values of hue, saturation, and 

brightness as well as size exclusion. These values were chosen based on positive control 

sections of murine splenic tissue. Values were averaged for stains with multiple images 

per section. Collagen area of the wounds was measured using similar methods to isolate 

coloured pixels and normalised to the area of the entire wound bed.

2.12 | Statistical analysis

Data are presented as mean values ± standard deviation. All statistical tests were 

performed using GraphPad Prism 8.0 (GraphPad Software, CA, USA). A p ≤ 0.05 was 

considered statistically significant. Planimetry and TEWL values were compared using 

two-way repeated measures ANOVA with mouse strain and time being the independent 

factors and using Geisser–Greenhouse’s correction as needed. Sidak’s post hoc test was 

used for multiple comparisons. Relative protein integrated density values, ELISA protein 

readouts, and healing time were compared with two-tailed Student’s t-test. Mechanical, 

histological, and RT-qPCR delta–delta Ct values were compared using two-way ANOVA 

with independent variables of skin type/mouse genotype for mechanical values and time/

mouse genotype for histology and PCR values. Sidak’s test was performed post hoc if there 

was a significant effect of either variable or a significant interaction between variables.

3 | RESULTS

3 1 | Wound closure is delayed in Bg mice

We performed an in vivo assessment of wound healing in wild type (WT) (C57BL/6J) 

and beige (Bg) (C57BL/6J-Lystbg-J/J) mice. Full thickness cutaneous wounds (Figure 1A) 
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were serially monitored, and area measurements (Figure 1B) showed that WT mice had 

significantly greater wound closure than Bg mice at days 3 (p = 0.0030), 10 (p = 0.0017), 

and 14 (p = 0.0082). The average number of days to complete healing (Figure 1C) was 

3 days longer in Bg mice (p = 0.0098). Overall, these data illustrate the delayed healing 

response in Bg mice.

As expected for a healed wound, normal skin of both WT and Bg mice had greater average 

max stress (Figure 1D) in comparison to scar tissue 28 days post excision (p = 0.0378 for 

WT, p = 0.0169 for Bg). The scar tissue of Bg mice was stiffer (Figure 1E) on average 

than normal skin of Bg mice (p = 0.0444), while there was not a difference between WT 

normal and scar skin stiffness. No significant differences in max stress or stiffness were seen 

between WT and Bg mice.

3 2 | Bg mice have normal macrophage presence and vascularization

Anti-F4/80 was used to assess the presence of macrophages in the wound bed (Figure 2A,B). 

The number of F4/80+ cells per high-powered field (HPF) decreased significantly in WT 

wound between days 3 and 7 (p = 0.0149) while Bg did not (p = 0.4327). Similar results 

were seen with the neutrophil marker MPO (Figure 2C), where WT wounds saw a decrease 

in MPO+ cells between days 3 and 7 (p = 0.0404) while Bg did not (p = 0.6496). Antibodies 

against iNOS (Figure 2D) and CD206 (Figure 2E) were used to identify inflammatory and 

anti-inflammatory macrophages, respectively. The average number of iNOS+ cells increased 

significantly between days 3 and 7 in Bg wounds (p = 0.0022) but not in WT wounds (p 
= 0.1744). No differences were seen in CD206+ cellularity over time. No direct differences 

were seen between Bg and WT using these markers.

CD31 staining for vascular density (Figure 2F) showed an increase in vessel formation 

between days 3 and 7 for both WT (p = 0.0007) and Bg (p = 0.0142) sections at the leading 

edge of the wounds (Figure 2G). The vessel densities of the wound bed were far lower than 

those at the leading edge and did not vary significantly between Bg and WT wounds at 

either days 3 and 7 (Figure 2H).

3 3 | Decreased collagen density in Bg wounds and increased Col1a1 gene expression

Movat’s Pentachrome (Figure 3A) was used to qualitatively assess ECM constituents, such 

as elastin and ground substance, but no gross differences were seen. No differences were 

seen in average wound bed area over time (Figure 3B) when assessed by excised margins 

of the panniculus carnosus muscle, indicating no unintentional contracture had occurred. 

Cellularity in the wound bed, based on H&E staining (Figure 3C), was higher at day 7 than 

day 3 for both WT (p = 0.0004) and Bg (p = 0.0049) samples (Figure 3D). There were no 

differences in cellularity between WT and Bg wounds at either time point. Collagen was 

assessed by staining wound sections with Picro-Sirius Red (Figure 3E). Collagen density 

increased from day 3 to day 7 for both WT and Bg wounds (p < 0.0001 for both) (Figure 

3F). The density of collagen was 10% lower at day 7 in Bg compared to WT wounds (p = 

0.0387). In wounded samples, Col1a1 gene expression significantly increased in Bg mice at 

day 10 compared to days 3 and 7 (p = 0.0141 and p = 0.0215, respectively), whereas Col1a1 

gene expression did not significantly change between days 3, 7, and 10 in WT mice. Col1a2 
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gene expression in wounded skin was significantly increased in WT mice at day 7 compared 

to day 3 (p = 0.0070), but this was not seen in Bg wounded skin (Figure 3G). Similarly, 

Col3a1 gene expression was relatively stable for both Bg and WT wounded skin across days 

3, 7, and 10.

The degree of matrix metalloproteinases-1 (MMP-1) staining increased significantly from 

days 3 to 7 for both WT (p = 0.0200) and Bg wounds (p = 0.0251) (Figure 4A,B). The 

ratio of MMP-1 staining compared with the tissue inhibitor of metalloproteinases (TIMP-1), 

did not vary significantly between days 3 and 7. Positive staining of the gelatinase MMP-9 

decreased from days 3 to 7 but was significant only for WT wounds (p = 0.0049), not for Bg 

(p = 0.7686) (Figure 4C,D). A similar trend was seen when examining the ratio of MMP-9: 

TIMP-1 staining, which showed only a significant decrease in WT wounds (p = 0.0004).

3 4 | Rate of epithelialization and barrier function are diminished in Bg mice

The epidermis was assessed with a pan-cytokeratin antibody (Figure 5A). Between days 3 

and 7, WT wounds became more epithelialized (p = 0.0015) while Bg wounds did not (p 
= 0.2127). Bg wounds at day 7 showed significantly less epithelialization compared to WT 

wounds (p = 0.0015) (Figure 5B). Proliferation of the epithelial layers was assessed with a 

Ki67 antibody (Figure 5C). No differences were seen in either the fraction of Ki67+ cells to 

total cells or density of Ki67+ cells (Figure 5D).

To determine the effect of LYST mutation on keratinocyte barrier function, transepidermal 

water loss (TEWL) analysis following adhesive stripping was performed on a separate 

cohort of WT and Bg mice (Figure 5E). At 1-h post procedure, Bg mice had only recovered 

54.0 ± 20.4% while WT mice had recovered 72.8 ± 11.3% (p = 0.0325). By 3 h, recovery 

was no longer different between groups and by 24 h barrier function returned to baseline for 

both groups.

3 5 | Bg fibroblasts have lower MCP-1 and IGFBP-2 in media

Media from passage one primary fibroblasts of WT and Bg mice was extracted 24 h after 

the first passage and applied to RayBiotech Mouse Cytokine Antibody Arrays (see Figure 

S2). The protein secretion assay was used to distinguish extracellular protein secretion 

from intracellular total protein production that predominates in vivo IHC staining. Blots of 

proteins of interest (Figure 6A) were measured and the relative integrated densities (Figure 

6B) of monocyte chemoattractant protein-1 (MCP-1), insulin-like growth factor (IGF-1), and 

IGF binding protein-2 (IGFBP-2) were found to be significantly less in Bg samples (p = 

0.0083, p = 0.0159, and p = 0.0111, respectively). Representative densities are demonstrated 

for factors that were not found to be significantly different (macrophage inflammatory 

protein-2 (MIP-2), stromal cell-derived factor 1α (SDF-1α), and IGF binding protein-3 

(IGFBP-3)). There were no examples where Bg samples demonstrated a significant increase 

in signal. Confirmatory ELISAs were performed (Figure 6C) and Bg fibroblasts were shown 

to produce less MCP-1 (p = 0.0068) and IGFBP-2 (p = 0.0498) in comparison to WT 

fibroblasts. IGF-1 production was below the level of sensitivity for the available ELISA 

assay methodology. Overall, Bg fibroblasts showed a deficiency in secretion of select 

proteins known to be important in normal tissue healing.
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3 6 | IGF-1 and IGFBP-2 gene expressions are altered in Bg fibroblasts

Lysosomes were observed with immunofluorescence of lysosome-associated membrane 

glycoprotein-1 (LAMP-1) and characteristic enlarged lysosomes were seen in Bg fibroblasts 

compared to WT fibroblasts (Figure 7A). Gene expression of LYST was not different 

between WT and Bg cells over a 72-h time course after the first passage (Figure 7B). 

MCP-1 expression was highly cytoplasmic (Figure 7C), and no differences were seen in 

gene expression between WT and Bg cells across time (Figure 7D). IGF-1 showed high 

nuclear localization with strong affinity for nucleoli (Figure 7E). Gene expression of IGF-1 

(Figure 7F) was similar between WT and Bg fibroblasts for the first 48 h, but at 72 h Bg 

cells showed a significant increase in expression compared to WT (p = 0.0156). IGFBP-2 

primarily localised in the nuclei of both fibroblast genotypes (Figure 7G). Gene expression 

of IGFBP-2 in Bg cells was downregulated compared to WT cells at 24 h (p = 0.0083) but 

normalised by 48 hours (Figure 7H). These gene expression data combined with the protein 

secretion data (Figure 6) suggest LYST mutation impacts gene expression and secretion of 

IGF-1 and IGFBP-2, but only secretion of MCP-1.

3 7 | IGF-1R co-localises with LAMP-1 on enlarged vesicles in Bg fibroblasts

IGF-1 and IGFBP-2 demonstrated colocalization in the nucleus of fibroblasts but not the 

cytoplasm (Figure 8A). Interestingly, IGFBP-2 was not seen in the nucleoli where IGF-1 

expression was also found. IGF-1 receptor (IGF-1R) was also examined due to its role in 

nuclear localization of IGF-1.32 However, IGF-1 and IGF-1R did not show colocalization 

(Figure 8B). IGF-1R expression appeared primarily cytoplasmic. Upon staining with 

LAMP-1, IGF-1R was found to colocalize on lysosomes in both cell genotypes including 

prominent localization on the enlarged lysosomal structures of Bg cells (Figure 8C).

3.8 | Fibroblast migration rate is unaffected by LYST mutation

To determine if migration is limited in LYST mutant cells, a scratch assay was performed 

on primary fibroblasts from Bg and WT mice. There were no differences in the rate of 

fibroblast migration over a time course of 48 h (see Figure S1).

4 | DISCUSSION

As a ubiquitously expressed, evolutionarily conserved protein, LYST is known to impact a 

wide range of biological processes. Indeed, the phenotype of the LYST mutant Bg mouse 

and patients with CHS highlights symptoms of a multi-organ system disease including 

disruptions of the neurologic system,33–37 hematologic and immunologic systems,7,15,38–40 

and skin.9 However, the role of LYST on the cutaneous wound healing response has not 

been investigated in either CHS patients or the Bg mouse.

In this study, we examined the effects of the Bg mutation of the LYST gene on the wound 

healing response in vivo utilising a splinted excisional wound model. Serial imaging and 

measurements of wound area closure over a 14-day period revealed that LYST mutant Bg 

mice had decreased closure at days 3, 10, and 14 compared to WT mice. Ultimately, Bg 

mice achieve wound closure, but require significantly more total days. This finding of a 

delayed, but ultimate complete healing response, reflects similar investigations into mouse 
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models of proteins critical for normal wound healing such as MCP-1, CCXR-2, MMP8, and 

SPARC.41–44 We next evaluated whether the structural quality of the scar tissue in Bg mice 

was significantly altered after healing through mechanical testing. There were no significant 

differences in the max stress handled and in the stiffness of the scar tissue between Bg and 

WT mice 28 days post excision.

We performed histological evaluation of excised wounds at days 3 and 7 to characterise 

the cellular infiltration and wound remodelling process between Bg and WT mice. Bg 

mice have been previously described to have dysfunction of innate immune cells including 

macrophages.45,46 Given the importance of phenotypically diverse pro-inflammatory/anti-

inflammatory macrophages in wound healing,47 we assessed the degree and phenotype of 

macrophages in excised wounds. Neutrophil (MPO+) and macrophage (F4/80+) staining 

revealed no direct differences in the number of macrophages present in the wound bed 

between Bg and WT. Staining for M1 inflammatory (iNOS+) and M2 anti-inflammatory 

(CD206+) markers similarly revealed no differences between Bg and WT as well. 

Interestingly, WT excised wounds did experience a significant decrease in macrophage 

(F4/80+) and neutrophil (MPO+) staining between days 3 and 7 whereas Bg saw a 

less robust decrease between these two time points. Additionally, Bg excised wounds 

experienced a significant increase in M1 inflammatory staining cells (iNOS+) between days 

3 and 7 whereas WT wounds did not see such a response. These observations potentially 

indicate dysregulation in resolution of the normal inflammatory response to wound healing 

within the Bg wounds and are reflective of the delayed wound progression that is observed. 

Further, we did not assess for macrophage functional deficits, and it should be noted 

that granulocytes are known to have decreased lytic degranulation in Bg mice.16,18,48 

We evaluated neovascularization within the wound bed and the junction between normal/

wounded tissue for degree of vessel formation. Quantification of CD31+ vessels revealed no 

differences between Bg and WT wounds at days 3 and 7. However, we acknowledge that an 

evaluation of later time points would increase the strength of these findings, as more time 

may be needed to observe differences in angiogenesis.

Extracellular matrix evaluation with Picro-Sirius Red demonstrated a decrease in collagen 

formation at day 7 in the Bg mice wounds. To determine if this deficiency was attributable 

to aberrations in collagen deposition or collagen remodelling, we analysed wound beds for 

MMP-1 and 9, as well as, TIMP-1. MMP-1 and MMP-9 are known to be involved in normal 

wound healing through extracellular matrix remodelling.49–51 The ratios of MMP-1:TIMP-1 

and MMP-9:TIMP-1 have been shown to serve as predictors of wound healing in chronic 

wounds, where a higher ratio of MMP-1: TIMP-1 and a faster decline in the ratio of 

MMP-9:TIMP-1 are predictors of robust wound healing.52 Both Bg and WT wounds showed 

a similar increase in the amount of MMP-1+ staining. WT wounds had a slight elevation in 

MMP-1:TIMP-1 ratio between days 3 and 7 but overall neither Bg or WT had significant 

differences in the ratio across time. MMP-9+ expression decreased in WT wounds between 

days 3 and 7 but remained elevated in Bg wounds. This was also illustrated with the ratio of 

MMP-9:TIMP-1 staining.

We further assessed wounds for gene expression of Col1a1, Col1a2, and Col3a1 to 

determine if aberrant gene expression of precursors for collagen type 1 (Col1a1, Col1a2) 
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and collagen type 3 (Col3a1), both of which are critical components in normal skin repair 

following wounding, was involved in the observed delayed Bg wound collagen deposition.53 

Indeed, we found that Bg wounds had increasing Col1a1 gene expression overall in serial 

time points with day 10 wounds having significantly increased Col1a1 gene expression 

compared to days 3 and 7. In comparison, WT wounds had relatively stable Col1a1 gene 

expression, particularly between days 7 and 10. The increase in Col1a1 gene expression in 

Bg wounds, peaking at day 10, could represent a compensatory response to the decreased 

collagen deposition observed within the wounds of Bg mice. For both Bg and WT wounds, 

Col1a2 and Col3a1 gene expression was relatively stable throughout a 10-day time course 

indicating potentially less involvement of these collagen precursors in the observed wound 

healing deficit noted in Bg mice.

We assessed pan-cytokeratin to determine the degree of re-epithelialization and found that 

Bg mice had significantly decreased wound epithelialization at day 7. Indeed, by day 7 WT 

mice had achieved near 100% re-epithelization as compared to Bg mouse wounds, which 

were less than 50% re-epithelialized. Other models have found that delayed re-epithelization 

can be attributable to decreased proliferation of keratinocytes.54,55 Therefore, we assessed 

the wounds with Ki67 to determine the degree of proliferating (Ki67+) cells. We found no 

Ki67+ differences between Bg and WT wounds at days 3 and 7 indicating that delayed 

epithelization was not attributable to impaired proliferation capacity of basal keratinocytes. 

We hypothesise that keratinocyte migration is delayed as a result of paracrine abnormalities 

in the wound, and not an intrinsic, structural migration defect. This is partially supported 

by a migration assay performed on primary fibroblasts where we observed no differences 

in migration rate between Bg and WT in full serum, which would mask any paracrine 

deficiency. However, keratinocyte migration was not directly assessed and represents an area 

for future investigation. It is possible that paracrine signalling from other cell types in the 

wound bed that wound normally stimulate keratinocyte migration is lacking. For example, 

elevated levels of MMP-9 have been associated with the prevention of dermal/epidermal 

junction reestablishment, which limits epithelial migration,56 and elevated levels of MMP-9 

were maintained in Bg wounds in contrast to WT wounds which showed a significant 

decline between days 3 and 7.

We considered the possibility of abnormal paracrine signalling based on the fact that 

LYST mutation is known to impact many cell types whose function relies on the release 

of granules.7,15,33,38–40,57 This corresponds with the broader role of the endolysosomal 

system for protein trafficking and exocytosis. Beyond its traditional characterisation as a 

protein degradation organelle, lysosome function is now known to participate in diverse 

cellular processes including antigen presentation, plasma membrane repair, cell adhesion/

migration, metabolic signalling, and protein trafficking.58 Lysosomal trafficking to the 

plasma membrane is known to be impaired in LYST mutant cells,59 potentially through the 

regulation of synaptotagmin-mediated Ca2+ sensing that facilitates lysosomal docking and 

exocytosis.60 Given the increased evidence of lysosomal involvement in exocytic processes 

and the relevance to the complex wound healing environment,61 we performed a cytokine 

screen of secreted proteins from passage one primary Bg and WT murine fibroblasts. The 

screen and confirmatory ELISAs highlighted a significant deficiency in MCP-1, IGFBP-2, 

and potentially IGF-1 secretion from Bg fibroblasts. We further investigated these findings 
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with immunofluorescence staining and gene expression analysis to determine if cellular 

localization of the proteins and gene regulation contributed to the decreased secretion. 

However, cellular localization and quantity was similar between Bg and WT fibroblasts 

for all three. Gene expression data showed no differences between WT and Bg fibroblasts 

across three times points (24, 48, 72 h) for MCP-1 expression. Interestingly, Bg fibroblasts 

had significantly increased IGF-1 gene expression data at 72 h and significantly decreased 

IGFBP-2 gene expression at 24 h compared to WT fibroblasts.

The in vivo findings of delayed wound healing characterised by decreased collagen 

deposition, epidermal barrier function, and delayed epithelization is not surprising in the 

context of the observed MCP-1 secretion defect from Bg fibroblasts. MCP-1–/– mice 

have a similar phenotype for abnormal wound healing that includes decreased collagen 

deposition, decreased re-epithelization, but with the ability to ultimately obtain healed 

wounds beyond 10–14 days.41 MCP-1 is a chemokine best known for mediating the 

recruitment of monocytes following tissue injury.62 Fibroblasts, monocytes, macrophages, 

and keratinocytes are all important sources of MCP-1 production,63–66 and it is possible that 

LYST mutation impacts MCP-1 release from multiple cell types in the wound in response to 

injury resulting in our in vivo findings. Indeed, work aimed at attenuating MCP-1 signalling 

through FAK inhibition found it to reduce scar formation and collagen production in a 

wound healing model.67 Similarly, MCP-1–/– mice do not demonstrate differences in the 

number of infiltrating macrophages or in the polarisation of macrophages between pro and 

anti-inflammatory states.

IGF-1 is a polypeptide growth factor that is involved in tissue repair and is secreted by 

platelets, macrophages and fibroblasts during this process.68,69 IGF-1 increases proliferation 

and migration in keratinocytes and, when complexed with IGFBP-1, induces collagen 

contraction in fibroblasts.70,71 By itself, IGF-1 can also stimulate wound epithelization.72 

IGF-1 expression is increased in subcutaneous and incisional wounds but is notably 

reduced in chronic diabetic wounds.68,69 IGFBP-2 is a critical regulator of IGF-1 activity 

and transport in the pericellular space with the ability to bind IGF-1 in the ECM as a 

reservoir.73 In the wound healing context, IGFBP-2 has been shown to increase migration 

and proliferation of dermal fibroblasts.74 Therefore, the decreased secretion and initial 

decreased gene expression of IGFBP-2 observed in the Bg fibroblasts would have broader 

implications for IGF-1 activity.

The dynamic relationship between IGF-1, IGFBP-2, and IGF-1R, in addition to our 

findings that LYST mutation causes dysfunction in IGF-1/IGFBP-2 secretion and gene 

expression, prompted us to further examine cellular localization. The nuclear localization 

of IGF-1 and IGFBP-2 was similar between Bg and WT fibroblasts and supports recent 

work showing IGFBP-2 nuclear localization and IGF-1 nucleolus localization.32,75,76 We 

observed co-localization of IGF-1R with LAMP-1 on the membrane of the enlarged 

lysosomes that characterise the Bg mutation, which may impact receptor trafficking. IGF-1R 

is internalised from the plasma membrane in endocytic vesicles and may then traverse 

different pathways including ubiquitination, lysosomal degradation, membrane recycling, 

and, nuclear localization.77–79 While LYST mutant cells do not appear to have deficient 

endocytosis according to prior work,80 the exocytic pathway may be impacted.59 The 
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finding that IGF-1R heavily co-localises to enlarged Bg lysosomes raises the possibility 

for interruptions in IGF-1R recycling to the plasma membrane, IGF-1R trafficking for 

degradation, and, potentially nuclear localization.81 This would align with recent work 

highlighting the role of the endolysosomal system for maintaining expression of various 

receptors at the plasma membrane, such as synaptic AMPA receptors.82

This work is not without limitations. Given the central role of the LYST protein in this 

study, further evaluation of the protein itself, would have provided additional insight into 

its involvement in our findings. However, commercially availability anti-LYST antibodies 

are limited, and do not have validated success across multiple experimental techniques. 

Additionally, our in vitro findings are limited to fibroblasts; however, we recognise that 

the LYST mutation affects numerous cell types in the wound bed. Indeed, our findings 

suggest that keratinocyte biology is particularly susceptible to disruptions in endolysosomal 

trafficking; and this forms the basis for future work. We initially selected primary fibroblasts 

as our cell type of interest due to their relevance in wound healing, and due to previous 

literature highlighting defective cellular processes in Bg fibroblasts.59 We also acknowledge 

our fibroblasts were harvested from mouse ears instead of dorsal surface skin and there is 

known heterogeneity in fibroblasts.83 Given the complexity of the wound healing response, 

investigating additional cell types in the context of this study would provide further insight. 

For example, aberrant degranulation of macrophage lytic granules and platelet dense bodies 

could contribute to abnormal wound healing. Conditional genetic knockout strategies of 

LYST will be used to evaluate these contributions in future studies. Lastly, aside from 

intrinsic cellular functions, LYST mutation may confer abnormal responses to extrinsic 

factors in the wound environment. Given the immunodeficiency observed with CHS, 

we highly suspect LYST mutation would confer an increased susceptibility to bacterial 

pathogens, which would complicate wound healing.

5 | CONCLUSIONS

The increasing incidence of problem wounds highlights the importance of identifying and 

characterising novel proteins that are essential to normal wound healing to provide a 

foundation for future therapeutic intervention. Presently, we identified for the first time 

that LYST is a necessary protein in normal wound healing marked its mutation leading to 

delayed wound closure, impaired collagen deposition, and delayed wound re-epithelization. 

We further demonstrated that the LYST protein is necessary for normal secretion of 

MCP-1, IGF-1, and IGFBP-2 from fibroblasts. While lysosomal involvement in secretory 

exocytosis has received recent interest, the mechanistic understanding of this process is 

limited. Therefore, the importance of the role of LYST in secretory exocytosis that we have 

described extends beyond wound healing to potentially involve a wide range of critical 

biological processes. Further, from a translational lens, these results identify LYST as 

a potential therapeutic target in disease processes characterised by dysregulated wound 

healing and excessive collagen production, notably hypertrophic scar and keloid formation. 

Future work aimed at identifying molecular intervention points for LYST regulation may 

provide promising therapeutic targets for modulating LYST during wound healing processes.
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FIGURE 1. 
Bg, mice have delayed wound healing. (A) Representative serial images of WT and Bg 

splinted, excisional wounds over the course of 2 weeks. Scale bar = 5 mm. (B) Planimetry 

measurements taken from serial images over time (n = 17 per group) show significantly less 

wound closure in Bg mice at 3, 10, and 14 days post procedure (p = 0.0030, p = 0.0017, 

and p = 0.0082, respectively). (C) Analysis of time needed until wounds were healed (n 
= 6 per group). Bg mice required 16.7 ± 2.1 days to heal, compared to WT mice which 

required 13.7 ± 1.0 days (p = 0.0098). (D) Mechanical testing of normal skin and scar tissue, 

28 days post procedure (n = 9 per group). Scar tissue had a significant loss in maximum 

stress for both genotypes (p = 0.0378 for WT and p = 0.0169 for Bg). (E) Bg scar tissue 

was significantly stiffer than normal skin (p = 0.0444) while WT tissue demonstrated similar 

stiffness values between scar and normal skin. *p ≤ 0.05, **p ≤ 0.01 [Color figure can be 

viewed at wileyonlinelibrary.com]
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FIGURE 2. 
Macrophage characterisation and wound vascularization. (A) Representative images of 

F4/80+ macrophage infiltration in the wounds. (B) Quantification of the number of F4/80+ 

cells per high powered field (HPF) show no differences between genotypes at either time 

point but WT did decrease between days 3 and 7 (p = 0.0388). (C) Similar results are seen 

with MPO+ neutrophils, with no differences between genotypes at either time point but WT 

did show a decrease between days 3 and 7 (p = 0.0404). (D) iNOS, an inflammatory marker, 

showed an increase in the number of iNOS+ cells between days 3 and 7 for Bg wounds (p 
= 0.0022) but no differences between genotypes. (E) CD206, an anti-inflammatory marker, 

showed no differences between genotypes or time points. (F) Whole wound sections stained 

to show CD31+ vessels with representative high magnification images of the leading edge 

of the wound (*) and the wound bed (+). (G) The number of CD31+ vessels per area in the 

leading edge of the wound increased between days 3 and 7 (p = 0.0007 for WT and p = 
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0.0142 for Bg) but no differences were seen between genotypes. (H) The number of positive 

vessels in the wound bed showed only an increase in vessels in WT between days 3 and 7 (p 
= 0.0123). Scale bars for high magnification images = 40 μm and low magnification images 

= 1 mm. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (n = 9–10 per group)
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FIGURE 3. 
Histological evaluation of wound cellularity and collagen deposition. (A) Sections stained 

with Movat’s Pentachrome. No qualitative differences were observed. (B) Wound area 

measurements showed that average Bg wound area was larger compared to WT at day 7 (p 
= 0.0411). (C) Images of wound cross sections stained with H&E. (D) Wound cellularity 

(cells/mm2) increased between days 3 and 7 (p = 0.0004 for WT and p = 0.0049 for Bg) 

but no differences were seen between genotypes. (E) Sections stained with Picro-Sirius Red 

and imaged with polarised light to examine collagen content of the wound area. (F) Collagen 

area fraction (collagen area/total area) increased between days 3 and 7 (p < 0.0001 for WT 

and Bg) and at day 7 Bg wounds had a significantly lower collagen area fraction compared 

to WT (p = 0.0387). (G) Both COL1A1 and COLA2 were under expressed in wounds at day 

3 but both became upregulated in WT wounds but not in Bg. COL1A1 became upregulated 

in Bg wounds by day 10 but COL1a2 remained downregulated. COL3a1 fluctuated over 
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time but was comparable between groups. Scale bars = 1 mm. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.001, ****p ≤ 0.0001 (n = 9–10 per group)
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FIGURE 4. 
MMP analysis. (A) Wounds sections stained for collagenase with antibody of MMP-1. (B) 

MMP-1+ pixels per high powered field (HPF) measurements showing an increase in positive 

staining with WT and Bg samples between days 3 and 7 (p = 0.0200 and p = 0.0251, 

respectively). (C) The ratio of MMP-1+ to TIMP-1+ staining was not different between 

any groups. (D) Stained sections of MMP-9, a gelatinase. (E) MMP-9+ pixels per HPF 

measurements show a decrease in positive staining wit WT samples between days 3 and 7 (p 
= 0.0049). (F) The same difference is seen as a ratio of MMP-9+ to TIMP-1+ staining (p = 

0.0004). Scale bar = 40 μm. * p ≤ 0.05, **p ≤ 0.01 (n = 7–8 per group)
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FIGURE 5. 
Epithelialization, proliferation, and barrier function. (A) Tissue sections were stained with 

a pan-cytokeratin marker to examine the epithelialization of wounds between groups. Scale 

bar = 1 mm. (B) Measurements of epithelialization (cytokeratin positive cellular migration 

distance/full wound length) showed an increase in epithelialization in WT sections between 

days 3 and 7 (p = 0.0015) but not Bg (p = 0.2127). Furthermore, Bg wounds at day 7 were 

significantly less epithelialized compared to WT wounds at day 7 (p = 0.0058) (n = 9–10 per 

group). (C) Tissue stained with Ki67 were used to measure the proliferation of the epithelial 

layer. Scale bar = 200 μm. (D) There were no differences seen in either the number of Ki67 

positive cells per area or the number of Ki67 positive cells per total cells (n = 9–10 per 

group). (E) Transepidermal water loss measurements taken showed that Bg mice had a delay 

in recovery of barrier function at 1-h post procedure (p = 0.0325) compared to WT mice. 

After 24 h, barrier function had been restored in both groups (n = 7–8 per group). *p ≤ 0.05, 

**p ≤ 0.01
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FIGURE 6. 
Assessment of protein levels in conditioned media from primary fibroblast culture. (A) 

Representative blots of relevant cytokines, chemokines, and growth factors from RayBiotech 

Mouse Cytokine Antibody Arrays demonstrating WT and Bg fibroblasts’ relative protein 

secretion in conditioned media. Fibroblasts lines were derived from 2 to 3 mice from each 

genotype and experiments were done with 3–5 technical replicates. (B) Quantification of 

the integrated densities (n = 3 per group). Integrated densities are relative to manufacturer 

controls. Relative integrated densities of MCP-1, IGF-1, and IGFBP-2 were significantly 

decreased in Bg samples (p = 0.0083, p = 0.0159, and p = 0.0111, respectively). (C) 

Confirmatory ELISAs of MCP-1 and IGFBP-2 (n = 5 per group) show decreased protein 

secretion from Bg fibroblasts (p = 0.0068 and p = 0.0498, respectively). *p ≤ 0.05, **p ≤ 

0.01
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FIGURE 7. 
Protein localization and gene expression in fibroblasts. (A) LAMP-1 immunofluorescent 

(IF) images of WT and Bg fibroblasts demonstrate enlarged lysosomes in Bg fibroblasts. 

(B) RT-qPCR analysis shows no change in relative gene expression of lysosomal trafficking 

regulator (LYST) between WT and Bg fibroblasts. (C) MCP-1 staining shows primarily 

cytoplasmic staining of similar degree between genotypes. (D) Gene expression of MCP-1 

is comparable between genotypes at all time points. (E) Representative images of IGF-1 

also show high nuclear localization with presence in nucleoli in both genotypes. (F) IGF-1 

gene expression between cell types is similar at 24 and 48 h. At 72 h, Bg cells show a 

higher degree of gene expression (p = 0.0156). (G) Representative IF images of IGFBP-2 

show a high degree of nuclear localization in both genotypes. (H) Relative gene expression 

of IGFBP-2 is decreased in Bg fibroblasts at 24 h (p = 0.0083) but is comparable to WT 

cells starting at 48 h. Fibroblasts lines were derived from 2 to 3 mice from each genotype 
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and experiments were done with 5–6 technical replicates. DAPI was used to visualise nuclei 

(blue). Actin is represented with green, and proteins of interest are red. Scale bar = 20 μm. 

*p ≤ 0.05, **p ≤ 0.01 (n = 5–6 per group)
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FIGURE 8. 
Localization of IGF associated proteins in fibroblasts. (A) Co-stain of IGF-1 (red) and 

IGFBP-2 (green) shows nuclear colocalization (yellow) of the proteins based on the 

microscopic resolution (0.24 μm). Colocalization is not seen in the cytoplasm or in the 

nucleoli of the nucleus. (B) IGF-1 (red) and IGF-1 receptor (IGF-1R) (green) do not appear 

to colocalize. IGF-1R appears mostly cytoplasmic. (C) Lysosomes stained with LAMP-1 

(red) and IGF-1R (green) show colocalization associated with the membrane of lysosomes. 

DAPI (blue) is used to visualise nuclei and void regions in nuclei are nucleoli. Scale bar = 

20 μm
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